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ABSTRACT: This paper aims to compare the electrical and thermal performance of different designs
of hybrid photovoltaic-thermal collectors. The main advantage of photovoltaic-thermal collectors in
comparison to common photovoltaic modules is decreased cell temperature and an associated increase
in their electrical efficiency. In addition, the combination of photovoltaic module and solar thermal
collector makes it possible to produce both heat and electricity in a single device and reduces the area
required for collector and module installation. In this research, the electrical and thermal efficiency of
different designs of photovoltaic-thermal collectors is investigated. The heat transfer fluid considered
for heat dissipation is water. A theoretical analysis of eight types of different photovoltaic-thermal
collectors, including sheet and tube with spiral (circular cross-section) and parallel tube (circular,
square and rectangular cross-sections) designs were implemented based on thermal modeling. These
include collectors with different flow paths and different cross-section geometries. According to the
results, sheet and tube design with circular cross-section has minimum and sheet and tube design with
rectangular cross-section has maximum thermal and total efficiency. Also, glass cover reduces the
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electrical efficiency and increases the thermal efficiency and total thermal energy.

1. Introduction

One of the problems with photovoltaic modules is the
significant increase in their surface temperature due to solar
radiation. The increase in temperature, reduces module
efficiency. Among different methods to reduce the temperature
is to remove the heat from module’s backside through a fluid
such as water or air. The devices that operate on this basis are
called PhotoVoltaic-Thermal collectors (PV/T).

Various studies have been conducted in the last few decades
to analyze photovoltaic-thermal collectors, all of which point
to the superiority of the PV/T collector over photovoltaic
modules. Tiwari and Sodha observed an 18% increase in the
overall efficiency of the photovoltaic-thermal collectors [1].
Dubey and Tay showed that the average electrical efficiency
of the photovoltaic-thermal collector was about 0.4% higher
than the photovoltaic module [2]. Kazem compared the
electrical performance of the photovoltaic-thermal collectors
and the photovoltaic modules during three days of exposure to
environmental conditions and solar radiation and showed that
the PV/T had a better electrical performance [3]. Behmounesi
and Jafarkazemi designed and constructed a photovoltaic-
thermal collector and measured its performance in an outdoor
test facility [4]. The thermal performance was investigated
theoretically and experimentally.

According to the studies carried out, little research has
been done to compare thermal and electrical performance of
different PV/T designs. In this research, thermal modeling
of the photovoltaic module and eight different designs of
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unglazed and glazed PV/T collectors with water as the working
fluid was performed based on energy equation and the effect
of some geometrical parameters was evaluated. Theoretical
calculations were performed with MATLAB software.
Weather data (radiation, air temperature, wind speed), inlet
water temperature and physical parameters (cell material and
thickness, glass cover, backside insulation, absorber, etc.)
are considered as inputs and the thermal, electrical and total
efficiency are calculated as outputs.

2. Thermal Modeling

The assumptions made to write the energy equations are
a) one-dimensional heat transfer; b) quasi-steady conditions;
c¢) negligible heat capacity for cell, tedlar and insulation; d)
Almost 100% transmissivity for the EVA; ¢) Negligible ohmic
loss for the photovoltaic module; f) Average temperature is
considered for tedlar, EVA, PV glass, collector glazing and
absorber plate; g) Laminar regime for the air flowing over
the collector.

Three cases are modeled and compared as follows:

a) Photovoltaic module

b) PV/T collector without glass cover

¢) PV/T collector with one glass cover

Water is used as the working fluid for the PV/T. Flow
geometries considered are spiral tube with circular cross-
section and parallel tube with circular, square and rectangular
cross-sections. Governing equations are developed for
each case and analyzed. The governing equations for the
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instantaneous theoretical and experimental efficiency of
photovoltaic-thermal collector are as follows, respectively
[5, 6]:
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Outlet fluid temperature under the tedlar can be determined
from [7]:
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3. Electrical Modeling
Electrical power output of the PV module, unglazed PV/T
and glazed PV/T are calculated from Eq. (4).

PV 167, BA(t)
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Qu selectrical =

where Ac is the collector area and 7, is module electrical
efficiency which is a function of temperature as shown in Eq.

(%) [8].
V4 (T c - ) )] (5)
where 7, is reference module efficiency at a temperature

0f 298 K and solar irradiance of 1000 W/m’. Other parameters
in Eq. (5) may be found in [9].

et =T |:1_

4. Validation of Thermal and Electrical Models

In order to validate the theoretical results, outlet water
temperature and efficiency were compared with the data
from [2, 10]. Also, an experimental test has been done
according to the procedure mentioned in [4]. The comparison
of the theoretical and experimental results showed that the
maximum relative error between the measured values and the
theoretical calculations was less than 4%.

5. Results and Discussion

In this study, a photovoltaic module and eight types
of plate and tube type collector were modeled in the same
irradiation, ambient temperature and inlet water temperature
conditions. A summary of the results can be seen in Tables
1 and 2.

The results show that increasing wind speed and inlet fluid
temperature reduces the thermal efficiency of the system. To
increase the thermal efficiency of the photovoltaic-thermal
collector, the amount of solar radiation absorbed by the
module, ambient temperature and coolant flow rate must be
increased.

A comparison of the eight geometrical schemes examined
is shown in Table 1. In this table, collector efficiency factor F’
is a parameter related to the proper

construction of the collector and is affected by the total
heat transfer coefficient, the heat transfer coefficient of
the tube, the weld heat transfer coefficient and the proper
connection of the tube to the absorber plate and

the absorber plate to the back of the photovoltaic module.
Heat removal factor FR is also a parameter that is related to
the collector area, collector efficiency factor, mass flow rate
and heat capacity of the fluid in the tube.

The total thermal energy gain and outlet water temperature
in the unglazed photovoltaic-thermal collector is lower than
that of the glazed one as the glazing provides better absorption
of sunlight and increases the module surface temperature.
According to Table 2, the circular cross-section parallel
pipe design PV/T without glazing has the lowest efficiency
and lowest outlet water temperature. Also, the parallel pipe
glazed PV/T with rectangular flow cross-section design has
the highest efficiency and outlet water temperature whereas
square and spiral cross-sections have lower efficiencies.
This trend is also seen in the unglazed photovoltaic-thermal
collector. According to Tables 1 and 2, unglazed PV/T has
higher electrical efficiency but overall efficiency is higher in
the glazed type

6. Conclusions

Main conclusions of the paper are as follows: a) Although
glazing increases the thermal efficiency, the unglazed PV/T
has a higher electrical efficiency due to better cooling of the
PV module compared to the simple PV and glazed PV/T.
b) As the water temperature increases, the thermal and
electrical efficiency of PV/T decreases. Therefore, to achieve

Table 1. Comparison of the electrical efficiency of photovoltaic modules and PV/T collector at radiation 812 W/m?2, ambient

temperature 35 °C and inlet water temperature 43 °C

Description Symbol Photovoltaic Unglazed PV/T Glazed PV/T
Module Collector Collector

Module back plate Ty (° C) 73.0 43.90 44.02
temperature

Solar cell T.(° C) 76.32 50.68 51.70
temperature

Electrical efficiency Net (%0) 9.22 10.61 10.56

Output electrical O, et (W) 48.51 55.83 52.79

energy
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Table2. Comparison of Thermal Efficiency and outlet water temperature for the four sheet and tube photovoltaic - thermal collector

designs at radiation 812 W/m?, ambient temperature 35 °C and inlet water temperature 43 °C

Unglazed PV/T Collector Glazed PV/T Collector
. Parallel tube Parallel tube Parallel tube Spiral tube Parallel tube Parallel tube Parallel tube Spiral tube
Description Symbol . ) . . .
and circular and square and rectangular and circular and circular and square and rectangular and circular
Cross section Ccross section Ccross section Ccross section Cross section Ccross section Ccross section Cross section
Collector efficiency factor F' 0.826 0.8488 0.8572 0.8525 0.918 0.930 0.934 0.931
Heat removal factor Fr 0.7822 0.8026 0.8101 0.806 0.8948 0.906 0.910 0.9076
Useful thermal energy (W) Ouih 225.30 231.17 233.32 232.15 291.82 295.48 296.78 296.0
Overall thermal energy gain O, total 37222 378.09 380.25 379.07 430.74 434.40 435.70 434.92
W)
Outlet water temperature T out 48.38 48.52 48.57 48.54 49.96 50.05 50.08 50.06
(°C)
Instantaneous thermal ni 42.82 43.94 44.34 44.12 55.40 56.10 56.40 56.25
efficiency (%)
Total efficiency (%) o 53.43 54.54 54.95 54.73 65.90 66.60 67.0 66.81
Total thermal efficiency No, th 70.74 71.86 72.26 72.04 83.20 83.90 84.20 84.04

(%)

maximum output efficiency, the inlet water temperature must
be close to the ambient air temperature. c) Proper design,
manufacture and selection of materials increase collector
efficiency factor and collector heat removal factor. d) The
rectangular parallel tube glazed PV/T  has the maximum
amount of useful thermal energy, total thermal energy gain,
outlet water temperature, instantaneous thermal efficiency,
total efficiency and total thermal efficiency. In contrast, the
unglazed parallel tube design with circular cross-section has
the minimum output values. ) The idea of a sheet and tube
collector with rectangular flow passage cross-section may be
an idea design because of its high efficiency, however, due
to the cost and difficulties of manufacturing and the small
efficiency reduction of less than 2% in comparison to the
spiral type, it is suggested to use a spiral design (with circular
cross-section) in PV/T construction.
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Table 1. Photovoltaic - thermal collector parameters as mentioned in [9, 13]
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Table 2. Validation of instantaneous thermal efficiency and outlet water temperature with references [9, 13]
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Table 3. Parameters of the tested PV/T collector
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Table 4. Theoretical and experimental evaluation of output electric power, thermal efficiency and outlet water tempera-

ture; in PV/T collector and PV module for validation of theoretical equations
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Table 5. Design parameters of photovoltaic - thermal collector and thermal collector
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Table 6. Comparison of the electrical efficiency of photovoltaic modules and PV/T collector
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Table 7. Comparison of Thermal Efficiency and outlet water temperature for the four sheet and tube photovoltaic -
thermal collector designs at radiation 812 W/m?, ambient temperature 35°Cand inlet water temperature 43 °C

ledand Siday 1 st 255 Sl by 09 SS9t 25 2o T
9 sl 9 ssilpdyd  guiledy  guiledy  amybdy ssilpdy  gusiledy gl dy

37 g s glalie o plalie 35 gl oS ghleg o ghle  upeghie 35 bl
) -/aY¥ -JaY “JAA - IABYD - IABYY < INFAA -IAYF F SIS LIS
“13-YF -2y “3-7 < IARFA “IA+# “IAY ) <IN+ Y7 < IVAYY Fp o) S s
Yag/- YaFIVA YA0/FA YAV/AY LARZAT YYYITY YRANY YOI Quen (W) &)l aie (53,
FYF/AY FYO/N- FYE/E FYLIVE YAy YAIYO ¥YAI-4 YYYY  Qurotar (W) IS ) 550 o
0+ O/-A 04140 fa/a8 FAIDF FAIBY FAIDY FAIXA Tf out (°C) 25> o sles
A 08/F- 2R o0/f- FENY FEIVE fYaf FYIAY n; (/) haiod 5> 55t
£EIAN V- s5i5 - £0/4- OFIVY ISTANS ST Ov/FY Mo (/) U5 olead
Af/-¥ AYIY- AY/R- AYIY VY- VYIYF VAIAP VeIve Noyth (/) 05 o ol

Yayt



YAV B YR docio NVFre Jlo @ ojladd @Y 093 (puS ol Sl cuwidines 4y i

4295 b g oo SHlged Jooo gl sl il 5 (sudyo>
G D9 GG 0 05 b b slae dod 5LV Jga @
Tk oeizen wilge (25 ol glos 5 ledily (n e sl
b shlo jlagide (S6se 5o bt ghaile b (s5lge o)
e ghie &5 (Fy50 3 Cel (2oym ol sles 5 el lade
09N S > bl rl s $FGmb el 05 (e
SISV ooz 5 7 ooz 4 sl boogb oo oS o by
oledly Ll ojls 5V (So Sl o Shos idgr 9 (SS9
b 929 abauly 4 Gl plis aBbge YL b b g4 50 JS
Slesly cnlaS @8l cews 6551 5l 3V o e 5 Glowsly 4 o5 o
ol Sl Y% pl (Llatas g4 o tde (S5 1850 sl
4 Sl ggid Jgue o e (S 2SIl lenily b anslia jo S Lo,
SS9 PSS s cl .l ails (il 3 OVIA% ol
Jlail iz cenline Qbeil il ails S Wlgs oo 09>
(e pe Qs asie OU pas g QI dxian 4 Ay WS
gl 5 G 5 Qb iz Sl dedy) me JLas!
solitl el Ty o Vb pleasly s 45 US 0 o g o] g
Py 3y e Sse s Sl 0 ke ddd )b

Al g Cuglyl

G5 4 —F
058 51 oolisal b Sissess (S5l — Sltgsis S 5 4818
P SURILIE PN > O VI WU R W Jp-51 WYY KV WON CERY Y Iy 1
Joe 5l anlol jo il auslas jine ay0 90 b (55055 Laily, ol
2 b £ URe OsN S L8 5 all Sl e
Cand g olps axly oly] osBiils gand 3 (5,5l oliiules]
o Ol Ll 5 Jol (Ll Jo b Tl g el Jos @ (028
J%e e 0 9) Sotr sl rizmem o5 dglie o ol 5
=55 SIS Jae A cpl S 9 (So Sl (Gl o Shee S )
C e slbo MY WM™l byls o gyl - SSblggid
J3dley SeS a4 YmUs ob cae 5 FYC (53,5 o slos YO
B sl isu j0 ouds olo lalg, g Cdllas aslllas b asdls gloay

yayy

WIS SS Jlw 00y (929 46539,9 005 S Jlow sles clae
g9 9 Swbe (Slid 5y, Culs (( iy Bile iz g Culs
Jgde o alold 5 dids Cooles (ladlore diwg Cwles oSl
slos 5 0l Sty i3l 45 I 45 bl e s 5 Spltlagid
Slp ebios plas (Gl 035l A8 Crge (53959 Jlw
U Ol Wb (Gl - SSlidgend sl 5l 003l il
@ 9 e los (SHged g Lawgs ol iz G5
Sl Bl g iz mamne Ll ogl ol eanS S Jlw
@ FSas 08 Rl o)l Jil el e (i il
2SI 2l ey o n e VL) Sl plendl) 5 098 o Lanee
g abl e b a SIS cowlio cblo 4 oS Col (gl F!
eyl B & S i S 5 JUil s
w5 ile amio 4 alg) slio JLail 5 Lbez > Jlil
Sl b cnlply 0 pdy oo 530 SSLges Jooo oty 4 3>
cole Grizmes g wiid (VL ()l (Suile, glls o5 (golge
amio (e e S6ysba Juss 5SS el
cayd Ao Ll L P aie g ce 0iS5 Sobi Jpde o wilx
capo gL Colie 4 a5 Conl gl B F b S S
Fb Jbw ol cdb s obr e 20 oSS LK
ools &)l pleddly Jlade cupo cpl @ly j0 098 0 bogs e dly)
FLgsds @bl oy ¥V Jgaz 5o wasee plad ) Jlow 4 oud
oAby bl Ssss eyl Sl Fy ple S SIS w8
Slgs oo o) e 4 sl sael Cews 4 gy (9 £ 5 b
2 O sl layeists s o)l Jlasial 58, YL &
L sl 5SS sl rmizman 090 bogrje (g (9 £95 L dmalie
o) SeSE o b 9 ,5SI (2w po sk Jelatns ghaie
33 ol ik ) Al i s Je e 4 o
BBy idg sl oo 93 50 0pls dhaile b (e )b Gl
ek Silodal Cews A e g lopls ke I i idg
w2l sles (IS ol 650 oxe (Sl seke 550 sl 058
ol oleadly 5 U5 plenily glalad 5l 0ok (295
5L s (e ol slos 5 IS (ol 655l ose el 0l
SSos I eI L anlie )0 e H9h SSa L8SES

O e ode o Lilgy 9929 ) abl e yieS addg) SO



Yay. U yasy axao NYF-e- LJL.: A O)LM QY 0y9d ;)....S).:.ol «&u&n @”W A_v).u.u

g, dae

W/m?) sas iz s, 95 (5551
K) Lo

WM?K) IS o)l cdl ey o
M/s) g )b, ey

(M) gl 95 55T 0 o alols

M) Job ez 55 hmilyrs (Lol

N

2SI gl fsad g Jpao oS5 93516
Sy

kegm''s™) Salys ey

Ol.,o.\ﬂ)

(M) amio Cwlss

SRR o

M/8)  Silotms 23l

CCY Los o

Lo

Is2

Jlasl

(Ladloo aiwgy (SLiy amio) Jodo Caly
Josel Jobo - o>
Py

A

@ 0903

Jow Ol

Ayl g2 Jlw
Sggid Jse aded
Sladad iy
Sedgyen

g J2ls 1 ol )
$29)9

2SI Js

Lgie lade

FSlas

Aol IG5l 2 e
Albg Sy

Za
Jose | &)l > B>
JSPWIT

Sl — Sldggid
G

OgSebens

L

Sl

ol Jlw 3L

R 8 O, 3 R

14

b wsin)

a

air

max
o
one cov
out

p

pre

pv/t

Sladed (g (55,5 a8lal ) iidl Cews sl 4 Ol ¥
» 08 Sl obeadly Rl cage GSGsa seSES e
P Sl s 4 bey e SSae HSIS 0 & J
Sldggid Jose b angliie ;o (So Sl lond) (oS3l ggid oo
GIPIL Y b iy Gide Sl (S SIS g ool
sl 2 Gssn S s Sl eoil g5y ol sleo
slod Cumbios (295 plesdly Sl 4 Gaww; lp calple
5 cilo b T 0l ooy L glyn glod 4 (g35,5 ]
SSE cure 9 @bl cere GRIPcage Slge colie Sl
iy Bl Cubs Gl L =Y osh o S eSS ole)S
Ol pledily g 4l 1alS Ssg0 HSIS 25 5l ()l S
5 hebias ghis b sjloe (Ss90 eSS 0 ke I
S35l o (Sl dde 6551 Jlade pSlas sl s gy Sl
IS olesdl sl )1 035k s ors 2 ST slos (IS )~
35 ghis g sjloe dy) i Jlie yo el IS 51> plendly
By ol =F cunljlo |y (>, polde PBlas (iligy 8L cl> o
Tk Wy oo Y plenily (bls Jds @y (ilatas ahate b dlg)
M g Ay blad 4y Ll il S 0 ool Cya gio%l
el £55 L Y% 5 a8 a3l ST il 5 o o el
SSs Sl 205 e b g le dgf ik sl agd oo ooty

g ool
e Caw 8 -V
m) coluw A
(M) g ghie Jobo a
(M) gl elaiio e/ (M) Ss5 15550 25 b
A/KgK) Jlws o325 sle S ¢
(m) oyl ;L3 b
/S%) ooy G915 g
WM’ K) o)l Jisl oo ,s h
W) S (50,55 5 s 55 s !
WmK) )l colas K
WMEK) Jloos 5 eloe k
M) S350 Job |l L
Kg/s) Jlw oly> &5 m
laeonnd slaws N.n
Edwl sue Nu
Jxsly sae Pr
W) )l Jisl ¢ 3 Q
by sue Ra

YA



YAV B YR docio NVFre Jlo @ ojladd @Y 093 (puS ol Sl cuwidines 4y i

[12] F. Sarhaddi, S. Farahat, H. Ajam, A. Behzadmehr,
M.M. Adeli, An improved thermal and electrical
model for a solar photovoltaic thermal (PV/T) air
collector, Applied Energy, 87(7) (2010) 2328-2339.

[13] S. Dubey, A.A. Tay, Testing of two different types
of photovoltaic—thermal (PVT) modules with heat
flow pattern under tropical climatic conditions,
Energy for Sustainable Development, 17(1) (2013)
1-12.

[14] O. Rejeb, H. Dhaou, A. Jemni, A numerical
investigation of a photovoltaic thermal (PV/T)
collector, Renewable Energy, 77 (2015) 43-50.

[15]J. Allan, Z. Dehouche, S. Stankovic, L. Mauricette,
Performance testing of thermal and photovoltaic
thermal solar collectors, Energy Science &
Engineering, 3(4) (2015) 310-326.

[16]1. Singh, D. Singh, M. Singh, Thermal Modeling and
Performance Evaluation of Photovoltaic Thermal
(PV/T) Systems: A Parametric Study, International
Journal of Green Energy, 16(6) (2019) 483-489.

[17] H.A. Kazem, Evaluation and analysis of water-
based photovoltaic/thermal (PV/T) system, Case
Studies in Thermal Engineering, 13 (2019) 100401.

[18] A. Tiwari, M. Sodha, Parametric study of various
configurations of hybrid PV/thermal air collector:
experimental validation of theoretical model, Solar
Energy Materials and Solar Cells, 91(1) (2007) 17-
28.

[19] B. Agrawal, G.N. Tiwari, Building integrated
photovoltaic thermal systems: for sustainable
developments, Royal Society of Chemistry, 2010.

[20] S.A. Behmoonesi, F. Jafarkazemi, Computational
and Experimental Evaluation of Thermal and
Electrical Performance of PV Module and Solar
PV/T Water Modares
Engineering, 20(6) (2020) 1661-1676.

[21] A. Tiwari, M. Sodha, Performance evaluation of

Collector, Mechanical

hybrid PV/thermal water/air heating system: a
parametric study, Renewable energy, 31(15) (2006)
2460-2474.

Y414

Lo -A

[1]J.-H. Kim, J.-T. Kim, The experimental performance
of an unglazed PVT collector with two different
absorber types, International Journal of Photoenergy,
2012 (2012).

[2] Y. Tripanagnostopoulos, T. Nousia, M. Souliotis,
P. Yianoulis, Hybrid photovoltaic/thermal solar
systems, Solar energy, 72(3) (2002) 217-234.

[3] B. Huang, T. Lin, W. Hung, F. Sun, Performance
evaluation of solar photovoltaic/thermal systems,
Solar energy, 70(5) (2001) 443-448.

[4] L. Florschuetz, Extension of the Hottel-Whillier
model to the analysis of combined photovoltaic/
thermal flat plate collectors, Solar energy, 22(4)
(1979) 361-366.

[5] H. Hottel, A. Whillier, Evaluation of flat-plate solar
collector performance, in: Trans. Conf. Use of
Solar Energy;(), 1955.

[6] T. Bergene, O.M. Lovvik, Model calculations on a
flat-plate solar heat collector with integrated solar
cells, Solar energy, 55(6) (1995) 453-462.

[7] J.A. Duffie, W. Beckman, Solar Engineering of
Thermal Processes. Fourth, in, Published by John
Wiley & Sons, Inc., Hoboken, New Jersey.

[8] H.A. Zondag, D.d. de Vries, W. Van Helden, R.C.
van Zolingen, A. Van Steenhoven, The thermal and
electrical yield of a PV-thermal collector, Solar
energy, 72(2) (2002) 113-128.

[9] H. Zondag, D. De Vries, W. Van Helden, R. Van
Zolingen, A. Van Steenhoven, The yield of different
combined PV-thermal collector designs, Solar
energy, 74(3) (2003) 253-269.

[10] A. Tiwari, M. Sodha, Performance evaluation of
solar PV/T system: an experimental validation,
Solar energy, 80(7) (2006) 751-759.

[11] T.T. Chow, W. He, A. Chan, K. Fong, Z. Lin, J. Ji,
Computer modeling and experimental validation of
a building-integrated photovoltaic and water heating
system, Applied Thermal Engineering, 28(11-12)
(2008) 1356-1364.



Yay. b yYa.Y axiw NF- - JL.: A D)LM QY 0y9d ;)....5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

a serpentine absorber plate, Proc. Annu. Meet.-
Am. Sect. Int. Sol. Energy Soc.;(United States),
6(CONF-830622-) (1983).

[28] S. Dubey, G. Tiwari, Analysis of PV/T flat plate
water collectors connected in series, Solar Energy,
83(9) (2009) 1485-1498.

[29] F. Sarhaddi, S. Farahat, H. Ajam, A. Behzadmehr,
Exergetic performance assessment of a solar
photovoltaic thermal (PV/T) air collector, Energy
and Buildings, 42(11) (2010) 2184-2199.

[30] M. Rosli, K. Sopian, S.B. Mat, M.Y. Sulaiman,
E. Salleh, Heat Removal Factor of an Unglazed
Photovoltaic Thermal Collector with a Serpentine
Tube, in: Renewable Energy in the Service of
Mankind Vol 11, Springer, 2016, pp. 583-590.

[31] S. Armstrong, W. Hurley, A thermal model for
photovoltaic panels under varying atmospheric
conditions, Applied Thermal Engineering, 30(11-
12) (2010) 1488-1495.

[32] G. Vokas, N. Christandonis, F. Skittides, Hybrid
photovoltaic—thermal systems for domestic heating
and cooling—a theoretical approach, Solar energy,
80(5) (2006) 607-615.

[22] G.N. Tiwari,
photovoltaic modules and their applications, Royal
Society of Chemistry, 2009.

[23] F. Sobhnamayan, F. Sarhaddi, M. Alavi, S.

Farahat, J. Yazdanpanahi, Optimization of a solar

S. Dubey, Fundamentals of

photovoltaic thermal (PV/T) water collector based
on exergy concept, Renewable Energy, 68 (2014)
356-365.

[24] L. Sun, M. L1, Y. Yuan, X. Cao, B. Lei, N. Yu, Effect
of tilt angle and connection mode of PVT modules
on the energy efficiency of a hot water system for
high-rise residential buildings, Renewable Energy,
93 (2016) 291-301.

[25] A. Fudholi, K. Sopian, M.H. Yazdi, M.H. Ruslan,
A. ITbrahim, H.A. Kazem, Performance analysis
of photovoltaic thermal (PVT) water collectors,
Energy conversion and management, 78 (2014)
641-651.

[26] P. Charalambous, S. Kalogirou, G. Maidment,
K. Yiakoumetti, Optimization of the photovoltaic
thermal (PV/T) collector absorber, Solar Energy,
85(5) (2011) 871-880.

[27] M. Zhang, Z. Lavan, Thermal performance of

DOI: 10.22060/mej.2020.17344.6578

1S ooliiwl 1y @yl jldllio opl @ glo,l (gl
S. A. Behmoonesi, F. Jafarkazemi, Theoretical Comparison of Thermal and Electrical
Performance of Different Models of Sheet and Tube Type Solar Photovoltaic - Thermal Water
Collector, Amirkabir J. Mech. Eng., 53(5) (2021) 2903-2920.

yav.



