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Performance Evaluation and Optimization Study of Photovoltaic Modules
Incorporating Radiative Cooling Films
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(1. School of Electrical Engineering, Xinjiang University, Urumqi 830017, China; 2. Engineering Research Center
of Northwest Energy Carbon Neutrality, Ministry of Education, Urumgqi 830017, China)

Abstract This study systematically investigated the cooling efficacy and influencing factors of radiative cooling films across different
attachment positions on photovoltaic modules under varying weather conditions by establishing a thermoelectric coupling model for
integrated photovoltaic module-radiative cooling film assemblies and conducting numerical simulations. These findings indicate that
while attaching the cooling film to the rear surface of the PV module yields a slightly lower temperature reduction than the front-side
attachment, it avoids power losses caused by obstructing front-side irradiation, resulting in superior overall electrical performance. This
configuration achieves an average temperature reduction of 4. 55 °C and a power increase of 3. 7%. However, under ideal conditions, if
the cooling film exhibits high transmittance in the visible spectrum and high reflectance in the near-infrared spectrum, front-side
application achieves more pronounced cooling (9.59 °C) and power enhancement (7.83%). Under varying weather conditions, the
radiative cooling film demonstrates optimal cooling performance during sunny summer days. Conversely, under low-temperature, low-
irradiance conditions such as overcast winter days, the thermal resistance effect increases the module temperatures. Furthermore,
irradiance and ambient temperature exhibit positive correlations with cooling efficiency, whereas wind speed shows a negative correlation.
Among these factors, the irradiance exerts the most significant influence on the cooling performance of radiative cooling films.

Keywords radiative cooling; photovoltaic modules; thermal management; thermoelectric coupling
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Fig.1 Schematic diagram of thermal model
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under actual operating conditions

1117 588 S5 6 ¥ BB AE 0. 5~1. 2 o I BE A 38 R A%
I, A I A TE 280 JCIE IR 128 6 3R A 9 3z,
B AR E R R DR MO A A ) 4 FE G S A '
IREALPFFE A OR HAE

TEBRAR AT B v BBEAE 0. 4~1. 1 pum 3
B HA i S R LURIEA RO T 21K b R i, 78



VP2, 55 AR AR STV A OB AR GO PEREITAl S5 AL AR5

1. 1~4 pum % BEEA 8 O LA #0™ A4, JF H
FE 8~13 wm KA I BLEA & & S R LUK R
SFERES BEERE 7R

60 B TEALHRSE
I OE AR
SR ESTES 40
sol O E AR
435
40 + 30
< 258
X 30 A
20 + 15
10
10 +
15
0 0

Q AN @ AN @ O O O O O O
Q;.Q Q{b \39 \nj-’b \@ \&”P \5-.0 \5-“? \@ \(0-’.5 \,\-9
B %)

B 7 BEEZGTAREAGRERETEE

Fig.7 Performance comparison of different components

under ideal conditions

A T2 B e TR AR B ok W 3 AR T A
PRS- 9. 59 C, TR HE T 7. 83%; Rt , IF
RAEO. 4~1. 1 pm P BLEA RES 2 A6 1. 1~4 pm
PRI A R AT R S S 238 118 B S5 o ¥4 B N o e R A A
E T 6 TP R R S iR RE ) L EH B
3.3IARABRETESHEMHREXTLE

SR 5 i S ) V4 A AN i) L 0 SRS P o L Ak
MBS T HEE B R R AFHR 4
ZHR 4R I RS T 2 A A ERE , I F
i SV AR R AR BRI ) o AT 58
A5 IR 22, AP e 4 5
PERITh R 2, BAUSE ANE 8 FiR , 76 B 21 KT,
R 5 A e A A R S 4 R ) v AR
el SEYRRR 4. 5 °C, R4 T 2. 94%;

T 52 B I I 25 B AR A 4 S o4 A
PR R E 2 T B, P4 IR 1. 31 °CL YRy
$TF1. 66%:;

TE A ZR G R I, 6 2 PR TE 3 B A, A S i v Ao
Y R AL BE Z T B 5 75 12:00—15: 00 B, 4 HEEE
AR B SV AR SR PR e o B AR - Y R IR
1.96 °C, IR TH0. 39% , AR AE 15:30 Z ) , 4
RS 5 PR U B A, R A R R B R v T
e 2 B S T v AT A S R AL T
KRR

RN EMRRE T, S ER A, R A
1 ) R AL T 5 X T BSCARIOR 0 35 0 O s A 5 o

P REAE A FARH , BEAS T OGAR LA S 3 SR, DT
B AR T TEA IR, AR IR S R B U
JE A AR, B2 AN 10 (g) ~ (h) , 8 B ) 4 i s
AKAe A R VR
3.4 ZIME RS

R T ARG M S 1) 4 B A TR 80 R 1) S B R e
PRIZE, o0 S R IR XU A5 T 3 /1 s il [
RIBTFIGY i 45 il AR 5 | A9 e TR A A Bl
S PR R AR

BRAULZE SR AN 11 9 it/ , i 7 IEURE DA 200 W/m? T
%1200 W/m?, AT WA 0. 41 “CFFZ 6. 13 °C,AP 0. 04 W
T2 1.26 W, 4 FREE 8RS 4 S i v OR B G B
KU MO m/s FF 2 3 m/s, AT A 5.02 CFEZE 1. 88 °C,
AP JA0. 89 W 25 0. 38 W, XU ik /=5, 8 559 11 v2 5 SR
2% 5 B E PR R BE N -10 C T & 40 C, AT A
0.58 ‘CF+%E5.02 C,AP0.09 WFFZE 1. 18 W, 3 h5%E
T T A A AR R

X R A Bt A BB T e, AR R B Y
K PABE B R, AR K S A IR 25 K, 1B 3
S T4 SR RICRIK Bl 5 DR S o V2 B REL A o) i O 4
IR, R T 2 5 T ) 55 T AR X AT R, s 7 iR
WEETN A  H T 3R [ B 8 2H A7 Bl A 5
PR T HRE MR, HRR S AR o B3
3.5 g MES

SRyt A e PR 257 Ak R TR AR 5 D R AR TR
SR, AT T USRS AEARE TIOR3 45
i) S04 I R D 50% , FFTAR B A0 ARk %
SRR, 25 R E 10 PR .

W AT A T 3. 3T R IR 1
P R 52 ] 5 K 1 S 280, 53 1) D] 3% 0T o2 Yk 144 20 ) 52 il
Al RBUE RS Has, Horb SO0 TR R BUE R,
S R RUE R AR
AT — ATy,

S. = (26)
' TSTC

S, = AP~ APy (27)
PSTC

s AT RARHET B T AR 22, °C s T A BRIET0L
A AL IR C 5 AP R BRHE TR )R
22, W P APRUE T 00 R E @ AR 3R, W
B U S ) A Il 0 8 B R W e A, G
UK PRI R 5 10 XL T 93 IR 2 7 4 A0 o) 4 JSE o i
SR 5 T A5/ (IR 39 DX 1) 553 e A o v R o
R R QIR A IR 5 NS S Ry ISSE R YY1 S RO
i 8 A R, A S o) 4 B e A S el ) A
2, DRI HGAT oA A ek i d P2 AR 0 3 B2 T fe DAy WL 5 1
7



[ FZSi=pinlis
60 B T AL i 16
O TGS L) Em PR Al )
= 6 PO |14
—— AP
50 : 40 12
1.0
= e E 5
| 40 S W35 08 &
mE 3 < R
0.6
30 £ 30 04
1 0.2
20 .QQ .,,)Q .QQ .,\,}Q 'Q _,\)Q 'QQ :\)Q 'QQ :\,)Q 'QQ 0 25 'QQ %Q 'QQ %Q 'QQ ',;}Q 'QQ ',;}Q 'QQ ',,)Q .QQ 0
NIENZENCIENCIEN RN NN RN NN NZENZENCEENCIEN SN N RN NSNS
[iogl %1
(a) EZBRERILE (b) BFEHER IR
40 - 24 R 0.8
_E2 s S P m PO
, B T 30t S
O TG Ed ) 120 [ PG @A)
35 —~— AT 18 28t —— AP 0.6
16 26
Q-E( 30 }; 2 § Ml 04 £
‘ 28 K :
e 109 R2Z} 3
0.8 20}
% 0.6 - 02
0.4
02 161
20 0 14 0.0
QD VN 8 VN O VN O VN O VD QT VN O VN 8 VN O VN D VD
QB QO D e e 0 0 o 7y 2D QB QO O QO Q0 Q7 A
NZENZENENEN SN SNCINCIN NN Y NENARCHNCEN NN IR E
) HiF
(c) BZHRIRE (d) BFHRIR
8 R 14 487 mm PO L) 103
B TR - 3 P A i)
4 0 TGE AT {2
0 0
% 4 5 2
- 25
= =
-8 -4
13 -6
<16 -8 =32 ~02
Q VN 8 VN 8 VN 8 VN O VD QD VN 8 VN 8 VN 8 VN O VD
S PS B SSS S S PS D S S S
421 W21
() TN R BE () BRI R
8 mrsny 132 2 mm PG 120
6 B TCHISAL) {2.4 18 mm POEALfE) 118
0 TGS 16 —— AP 1.6
4 —— AT 1.6
14 1.4
- 08 12 12
% 0 0 o glo 10 2
= 2 083 & 8 08 5
~4 -1.6 6 06
) s 4 0.4
- - 2 0.2
-8 32 0 0
-10 ! ! ! ! ! ! ! ! ! 1 1 —4.0 -2 -02
QT VN O VN 8 VN OV NV O VN O VN N VN O VN OO VD
E IR 2 ngBD N O £ KRN el £, AN gl £ el N gl BN Q" 5 QO OH N 900 8.9 %0
\q}. \q}. \f\). \f\). \b‘. \b‘. \6. \6. \b. \b. \l,\. \f». \7)’. \/,1:. \/,1:. \’b‘. \b‘. \C.>. \6. \‘0' \ & ‘\(\.
21 Hif %)
(2) BRI E (h) ZZFBHRINEK

E 8 RE A XS THEA ERERTEE

Fig.8 Performance comparison of components under different typical weather conditions



VP2, 55 AR AR STV A OB AR GO PEREITAl S5 AL AR5

"".T :.: 7
! : : 30 9

= 20 5
2 )
0z || g
ey <

0 W 3

-10

000 ¢55 S 0.51'.@
fmﬁa&@/(w/mz)looolzoo 0T

(a) SHHAHEE I 0

(b) SRR ) 5
9 2 0m B 2= XF 48 4 1 RE Y &40

Fig.9 Impact of influencing factors on component

performance

A i P 3 o A 2 AP 1 e o T R SR 5 i 6 A A
RO L ] 58 /N T 4 R i A ) i TR
JIE 5 TR XGBU RIS i S ot V2 I 140 A S T o 1 4
BH, 75— 2 FE L RHAG T AR s 280 0 i AR

4 &5it

AR SO L 2 A AU AR A B AE
R SV I 8~13 o RURT 1 I Be N HLAT i A 4
AREVREE , RGUEUIE BT 1 R S v B T
ARELF: B8 P BRSO SO A R BSR4 8 T A P fE
R, R FE5HE

D) REASBIETE F 110 5 S5 o V4 U B Ol R 2 1 7
TET R 52 T L 1 O RS B DAy 3 R, B AR T R T S B
B0 A PRIR AR PR 7. 21 °C L HHAE ] IOl
P B IR IE B R BSOS, K B D3RR
A5 T A Dt S S B R 4. 55 °CRY R, 3
T A IR 3. 7%, A PERE AL

2) 7 PR T B0 T K i S5 o v JE 0t S A 6 AR 2
R IE O A, BEAE A B A v B T AR 0. 4~

8 -
Al I FEAE50%
B 71550%
4
X
% 2
=
= 9
3
2 . I
—4
oL fE 83 BRI
2SS
(a) XoF TSR A 5
2 —
I FEA%S50%
B F=50%
] L
BN
=
&= 0
™
N
-1
L s B
2SS

(OPSEIESISigvEsital
10 20 F 22 3 28 14 14 BE B 52 0
Fig.10 Impact of influencing factors on component

performance

11 pm 3 B i B DURIE AT RO 7 2038 i it )i
FE 1. 1~4 wm U Bt & B 98 DL 2D 5 #87 E 7 8~
13 pom RACHT B = &5 DK Bt 4 i 22 K25, A
AT

3) HRS IV B A B RAUR 32 R SR i 3
TE 5 700 K i IR SRR EE T, R IR S R
oI SE IR 4.5 °C, TR T 2. 94%; 1
2 25 [ AL IR SRR T, o S ) 2 S i 2
PRI fan A BEL i BELASH 2 IR, S B R T

4) Bifi 45 5 B TR A S A S v AR Y
568 5 IR TR I 2 e X I EBCEA L DT 1) 553 i 5 ) ¥4
7, B R SOR BE 2 08055 5 16 e iR SR A
K25 Z [A] (22 38 K, 4 A% PR i 1 HIAIUR 3 oy
02 R X SR 4 PR A YR A% ) 5 i e K 1
IR T , MR RCRIETE 6. 3%, SR AL & Bk &
T 1. 65% , HRJE FRBE IR , it XU Xof 4 S il 4 At
R TR R AR M /N

25 LRI R AR G IR A A B b LA
B ST, RS BBEFE AT LLF & AE 0. 4~1. 1 pum 3 Bt
B B B0 R UL AE 1. 1~4 pum B BEPN BLA 5 Ut

R 9 _



FRIVER STV 5%, IF7 B T O IR AL PR I T, DL
Rl 57 ERE )T , E— AR THOBRAUF R LA PERE

AR R FEA " F FR R —F LR AN A IUH
(2024TSYCQNTJO0018 ) 7 it 4 E /K [ 16 X 8 AR & Wi
181 (2025A01006-2) % Bl . (The project was supported by Youth
Support Project of Tianshan Talents Training Program of Xinjiang
Uygur Autonomous Region (No. 2024TSYCQNTJ0018) and Major
Science and Technology Projects of Xinjiang Uygur Autonomous

Region through the Grant (No. 2025A01006-2). )
S ik
(1] Ugochukwu A A, Ahmad F, Khalid M, et al. Recent

enhancement in photovoltaic cell efficiency performance,
stability, and cost reduction: a review [J]. Solar Energy,
2025, 300: 113853.

[2] Wu Tingting, Mo Lianjian, Hu Yanxin, et al. The thermal
improvement of cascade phase change thermal management
module for photovoltaic cells [J]. Applied Thermal
Engineering, 2025, 273: 126486.

[3] Okulu D, Selimefendigil F, Oztop H F, et al. A review
study for the application of heat pipe and nano-enhanced
PCM cooling methods on solar concentrated photovoltaic
panels: Sate-of-the-art designs, outcomes and future
trends [J]. Thermal Science and Engineering Progress,
2025, 66: 104052.

[4] Ibrahim T, Faraj J, Kisswani K, et al. Cooling
photovoltaic  panels with air convection-Parametric
environmental and economic analysis with case studies[J].
e-Prime-Advances in Electrical Engineering, Electronics
and Energy, 2025, 12: 101020.

[5] Bin Abdul Rahim M S, Naim bin Tajuddin M F, Saad M
S, et al. Experimental investigation on improving
photovoltaic module efficiency using adaptive fuzzy-PID
water cooling[]]. Solar Energy, 2025, 300: 113828.

(6]  WRRH, WIS, MBI, 55 KA il ToR K
BUIRS BT ]. #1274, 2022, 43(3): 1-14. (Guo
Chenyue, Pan Haodan, Xu Qihao, et al. Current status
and future perspectives of radiative sky cooling[J]. Journal
of Refrigeration, 2022, 43(3): 1-14.)

(7] ESREE, XI55, AR5E, 45 . Tl % e 4 15 WY AR 2
WA ST ()] V2440, 2024, 45(1) : 63-69. (Wang
Chenxi, Deng Fangfang, Zou Hao, et al. Investigating
transparent radiative film for greenhouse cooling [J].
Journal of Refrigeration, 2024, 45(1): 63-69.)

[8] Gao Kai, Shen Honglie, Liu Youwen, et al. Random
inverted pyramid textured polydimethylsiloxane radiative
cooling emitter for the heat dissipation of silicon solar cells
[J]. Solar Energy, 2022, 236: 703-711.

[9] Heo SY, KimD H, Song Y M, et al. Determining the

effectiveness of radiative cooler-integrated solar cells [J].
Advanced Energy Materials, 2022, 12(10): 2103258.

[10] Fang Huangyu, Zhou Lyu, Xu Lujia, et al. Radiative
cooling for vertical solar panels [J]. iScience, 2024, 27
(2): 108806.

[11] Tu Yiteng, Tan Xinyu, Yang Xiongbo, et al. Antireflection
and radiative cooling difunctional coating design for silicon
solar cells[ J]. Optics Express, 2023, 31(14): 22296.

[12] Li Fuxiang, Sui Yunren, Lin Haosheng, et al. Self-
adaptive interfacial evaporation for high-efficiency
photovoltaic panel cooling[ J . Device, 2025, 3(2): 100569.

[13] He Jiajun, Chen Yu, Guo Rui, et al. Bioinspired colored
films with humidity-induced dynamic reflectivity and
emissivity for self-adaptive, efficient radiative cooling[J].
ACS Nano, 2025, 19(33): 30361-30370.

[14] Gu Wenbo, Ma Tao, Shen Lu, et al. Coupled electrical-
thermal modelling of photovoltaic modules under dynamic
conditions[ J]. Energy, 2019, 188: 116043.

(15] 5%, B SeRACFEARFRENILLAF T R R A
(7). K BHRE# i, 2022, 43(2) : 169-175. (Ma Tao,
Shen Lu. Analysis of energy distribution of photovoltaic
module under non-standard test conditions [J]. Acta
Energiae Solaris Sinica, 2022, 43(2): 169-175.)

[16] Wu Runze, Ma Chao, Liu Zhao, et al. Thermal
characteristics evaluation of floating photovoltaic modules
based on an improved dynamic coupled thermal-electrical
model[J]. Renewable Energy, 2025, 248: 123061.

(17] Medd, BSCH, VP26 . a2 4 8L IR a1k 2
TP AR 40 AT [J/OL]. K BH B4 412, 2026. hitps://doi.
org/10.19912/j. 0254-0096. tynxb. 2025-0210. DOI: 10.
19912/j. 0254-0096. tynxb. 2025-0210. (Bi Tao, Gu
Wenbo, Xu Duowei. Seasonal Performance Analysis of
Radiative Cooling Composite Photovoltaic Modules [ J/OL].
Acta Energiae Solaris Sinica, 2026. https://doi. org/10.
19912/j. 0254-0096. tynxb. 2025-0210. DOI: 10.19912/j.
0254-0096.tynxb.2025-0210.)

[18] Wei Jia, Chen Hao, Liu Jingchong, et al. Radiative
cooling technologies toward enhanced energy efficiency of
solar cells: Materials, systems, and perspectives [7].

Nano Energy, 2025, 136: 110680.

BIEEEE AN

JoR ST e, 55, W Ho, B e R e R TR 4 B, E-mail
bobo1314@sjtu.edu.cn, BFFEJ5 ) : W] F-2E fE U F1 K FH GE HL
Pk 7/EL

About the corresponding author

Gu Wenbo, male, associate professor, School of Electrical
Engineering, Xinjiang University, E-mail: bobo1314@sjtu. edu.
cn. Research fields: renewable energy and thermal physics of

solar cells.



