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ABSTRACT

The share of solar photovoltaics (PV) in total electricity generation capacity has increased
steadily over the years, both in India and globally. However, several practical challenges continue
to limit their real field performance. Elevated operating temperature is a key concern, as it reduces
the PV efficiency and enhances the degradation rate, thereby diminishing the returns from a PV
system. Temperature non-uniformities within the PV system further worsen these adverse effects.
Thus, effective and viable thermal management of solar PV systems is essential for ensuring their
sustained and dependable operation. Besides, accurate prediction of real field temperature and

corresponding output is also necessary for smooth grid management.

The research work conducted under this thesis aims to predict and analyse the thermal
behaviour of PV systems, and to design and develop effective cooling strategies for their thermal
management. Firstly, a network-based transient thermal model is developed, which predicts the
experimental cell temperature with a mean error of 0.88°C (7.8%) only. Furthermore, a novel
hybrid function for PV efficiency is proposed which predicts efficiency and power with respective
errors of 1.62% and 1.32% on a sunny and with 1.25% and 1.04% on a cloudy day — showing
higher accuracy over pre-existing and popular PV efficiency functions. The thermal model
compares the contributions of free convection, forced convection and radiation heat transfer over
a wide range of wind speeds (V = 0.5-5 m/s), showing that free convection is relevant for V < 1
m/s, while radiation contributes significantly to the total heat transfer across all wind speeds. The
model further predicts 8.4% loss in annual output of a PV array in Delhi’s climate due to operating

temperature elevating above ambient.
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Subsequently, considering the inferences from the network-based thermal model, a novel
multi-cell computational heat transfer (CHT) model is developed for comprehensive analysis of
the thermal profile and convective characteristics of a free-standing PV module. The analysis is
performed in a wide range of field-representative wind conditions (V' = 0.5-5 m/s) and wind
directions (a = 0°-180°) — an area largely underexplored in the previous studies. An innovative
test rig is fabricated for direct measurement of cell temperature, obtaining the thermal profile and
efficiency of PV module, and validation of the CHT model. The experimental cell-to-back
temperature difference, normalised at one sun, ranges from 3.6°C to 4.4°C. These results validate
the findings from the multi-cell model and demonstrate its superiority over pre-existing single-cell
CHT models. Wind direction has a marginal effect of only up to 1.1°C on the average cell
temperature. However, temperature profile patterns show a correlation coefficient above 0.83 for
a specific wind direction across varying wind speeds, indicating those are largely dependent on the
wind direction and are predictable for a known wind rose pattern. The flow field and backside
convective behaviour are strongly influenced by the wind direction. Flow separation and vortex
formation on one side can increase convection by up to 1.8 times compared to the other side. The
detailed flow analysis offers valuable insights for improving the thermal behaviour of PV systems

and guiding the design of cooling methods.

Fins-based cooling emerges as a promising passive strategy for PV systems in the literature
due to reliable performance across diverse climates and negligible maintenance requirements.
Rectangular segmented fins are proposed in this work for enhanced flow mixing and higher
cooling potential, while also saving in material usage. The effects of the relevant fin parameters

on the cell temperature, thermal uniformity and economic viability are largely underexplored in
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the literature and constitute a major objective of this work. The heat sink performance evaluations
are conducted using a CHT model, which is further validated against experimental data from a
second test rig. Building on the insights from the preceding thermal analysis, heat sink
performance is investigated over a wide range of wind directions and tilt angles using detailed

flow and turbulence analysis.

For a PV system tilted at 25°, all fin configurations consistently provide the least cooling
under a@ = 0°- 45° and maximum cooling under & = 90°- 135°. The same is observed in the
experimental studies. The inclusion of a base plate is found to be critical for high degree of cooling
as well as improved temperature uniformity. Narrower fins with adequate segmentation gap
maximise the degree of cooling and material savings, with 4.5 wide fins at 2 cm segmentation gap
identified as the optimal configuration. A spacing of 2 cm between fin rows yields the maximum
benefit-to-cost ratio, offering 6.6°C cooling and 3% efficiency improvement at & = 135°. Longer
fins are found to be more effective than higher number of fin rows at a = 0°, 45° and 90°. For 8
cm long fins, @ = 90° observes maximum cooling of 6.5°C. Staggered fin arrangement provides
up to 20% higher cooling than linear arrangement at ¢ = 45° and 90° and almost similar cooling
in other wind directions. Overall, the optimised configuration improves the benefit-to-cost ratio by
more than 25% compared to conventional rectangular fin configuration reported in the literature.
Lowering the tilt angle increases the degree of PV cooling under a = 0° and 45° by up to 2 times,
indicating viability of fins-based cooling solutions in all wind directions for locations close to the
equator. The overall analysis offers crucial design improvements to enhance fin heat sink
performance in the thermal management of PV systems and informs the strengths and limitations
of their application for installations at specific latitudes and prevailing wind rose patterns.
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AR

IR BICACs® (PV) ST $d faggd Ide & H REERT HRA quT fay TR W aof 9
AR 56 Y81 8 | STelip, s SaTagiRe grtfaar it +ft 577 arafas vexi &t Hfid w81 3=
AT A9 U6 TE 9T B, N T8 PV ST G&fdl B Y HRal § a1 SHD &R0l I &R P
JEraT 3, Forad PV UGl § UTE B9 9Tl AT 9 STl 8 | PV JUIel! 3 ek qTa &t SRImTars 34
Ufdmd THTal BT SR SfE Fe1 4l & | STMT, IR PV HUNTerdl &1 UHTdl Ud dgrd ardig yee= 36
fTierd SR faya-ig Hared o GREE S & T 3cdd STawas 8| 59 SHfaRad, gare s
TaieH & forg ardfaes &g I quT 39 Safiid faggd IdTe &1 uei gargam ot Siaas® g

2 XY yeY & i fasan T ey sri py gunferdt & a1t sragR &1 gatga d fagaso
T TUT I AU T o forg Tt =fteer ol 3 fEee SiR fasr W Hfsd 81 gauuH,
TUH cad-3MYIRa &ffire aiig died fawRid faar war, S urifiies I arae™ &1 gara™ dbad
0.88°C (7.8%) I 3AITd FfC & 1Y FRal 81 3P SHfARad, PV &l & forg U 7dH g1=fs wad
TR forar T, St YU arel fa gerdT iR fad &1 Gaiqa SRl 1.62% 3R 1.32% Bt S & 1Y
IUT STEd a1 & 1.25% 3R 1.04% BT I F 1Y HRT § — S Yd-Uaferd R ABII PV Gl
W &l gaT H Hf® Jdwar gxifdr g | i Ared 0.5-5 mys B! fagd Tae a7 T IR Had Tag,
JAYGD Hag adT [AfB=0T &1 RIFTARU & I &1 gol Rl ¢, SR g WE glaTgs [ v <
1 m/s TR g a1 HgyUl 3T 8, STafeh Tl ua 37 IR Fdl ST RIHTeRU & fafesvur &1 aiem
IwIG1G 1 I6 1 § | T Hisd 31 Tg it q=Ifdr ¢ fob fereedt bl Sieraryg H ufaw dIoAH &t o |
31T HaTeH dATIHH & HRUT PV W & AT faggd Iare # 8.4% &1 g1 gl & |
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3% YA, "cde-ATYTRG aidd Hisd d W Fhsl &1 & ¥ I9d §U, Tdh d- 9g-9d
IO 1T 3 ST RITFIARUT (Computational Heat Transfer, CHT) HISd [debied fopdT 14T, dlfch Wad &4
I RIUA PV HieTd & d1UTd TithTSd a1 Yag faRvarsdl o1 rues fazayur fobar o e | I8 fazayo
Jrafas &g uRfufeat o1 ufafAfia SR ar faxgd ua- a=msif (v = 0.5-5 m/s) 747 ga femait
(a = 0°-180°) T fpar 7T — 7Y qdadif srezmat & 1wt g e 3aftid -Tel foba o &1 8 | /et arqAH
b U&l HIUH, PV HISYS & dTUId WthIsel Td G&fdl UTtd R Ul CHT HISd P FHTUIDRU & fog
T AT ULEI0T Y (test rig) TR 5T AT TH T (one sun) R IHFAHT TS J7-3-9%
T 3R 3.6°C H 4.4°C & sitdl Urd 77| 3 IR §g-9d Hied & Ayl &1 gy Fvd & auT ga-
T Thd-9d CHT AISdl &1 gaT & 39! ATl Uaiid & ¢ | Ta- o= &1 3fiad et aroaH
W Had 1.1°C b D1 A YHTT U1 77| Tefifcs, AITAM UIbTgel & UicRey fafie ua oflf |
farat fafdry ua fa=m & farw 0.83 ¥ 31t ey o UERid #vd €, forad Yard firear g i 3
TR o fe=m iR 1+ 10 8 a1 1d UaH f3aR0 UfaRed (wind rose pattern) & o Jaigaa &1 UaTg
& a1 RS HT 3R P Ydg- deR Ua- G F rferes THIad ST 8| Teh 3R UaTe GUahul adl
YR AT gt 3R B JorT H Yag- Y 1.8 TAT b S¢1 Jobdl & | U8 fawqd Uarg fazaiwor py gomfera
& ddi R § GUR quT Liider e 3 fEeige & R weayuf sidel uem srar gl

ifecd # ftb1-3meTRd e pv Hunferdl & fog Uep 3m=ireiies (fspy urifd & 0 |
IRl 7, Fifes g faflr Sierarg oRfufadt & fayaia uesi uem &rar § 9uT 39! T@REd
STIRAHATE F109 Bl § | 5 [Ny B H S5k YaTe Ay vd 3ifies e &a ud & & F1Y-
Y YRR I & 99d 3 SMAAIBR JfSd O (rectangular segmented fins) TATId fHT T §|
wifgd ® Heiferd b Al & el dTIHH, dTdid SHHd 7T 3Nfdfe srdgridl W UHTdl &1 Tud
3remg 3t ae et [ T ], TR U8t 39 o1 & U Il § A U g gl Rid b v @1
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i1 U CHT HISH &1 SUTRT B T 7T, fory 3T GRR TRIG0T T (test rig) W U UIRIEH
3fih sl gRT Fafud fapan | gdadf ardi faweo § o Siqeidal & MR |, gie Rid & U=
D1 ST [IXJd UdTE Td MR (turbulence) AN &b Hend  fafte ga f=maii quT gepra Hion
ot fawga tar o fosar

25° R FH! g8 PV YUl & forT, aHt fib1 fa=am « = 0°-45° TR AR gAaH e al o
= 90°-135° TR 3fad fda- UM oxd g | I8! Uaid Ui sremaet & of 38t TR | S TR &b
Maa IUT IgaR U THHT & folE SMUYR WIE (base plate) BT THIARM Sdd HE@YUl GrT T |
aftd WS 3fRTA (segmentation gap) AT bR b LA TR Td Wl sord &1 31f¥ddH Hd g,
e 2 At W R R 4.5 T S b o) Takaw oo & = u & ug=m= man| b digaal &
g 2 It 1 g ST aH ATY-B-aRTd ST TS Hal 8, R a = 135° TR 6.6°C b Xida aul
3% G&fdT I T B 81 @ = 0°, 45° 3R 90° TR 31fA T # O tfdadi &1 ga-m § dd O oifie
gyTdt e U 8 It dd A & AT, @ = 90° W 6.5°C BT Hf¥waq fda ure g3l hHfa=IRa
(staggered) fOF T START @ = 45° 3R 90° TR IRAH HTRIT &1 TAT H 20% TP 31D qer U™ HRl
8 U1 31 ga femmaft & T gu RfaeH St 81 I U 9, srgford famamy wfga & aftfa
RTINS SRR o Ao &t gemT & ary-3-anTd SiuTd § 25% I 31fie GYR Fa1 31 Hhid
DIV B BH P T o = 0° 3R 45° W PV e &1 AT H 2 T 9 i 8Id! 8, S YA 3G $
e Ry Rl & fore wvit e feemsfl & ft-snumia 2haed geyl &1 gagrid &1 axfarg | I8
HY f=eIwr Py YUMTRr o dTdtg et # i i i o UG =i &1 §gaR oM 8 Hew@qUi f$wirg
JYR YA HRal & 9T fafRry srerf=it 3R vraferd uaH faaRor ufeRel (wind rose patterns) aTa RIT TR
ST SN I Tl Td WATsit Bt AFBRT Ue Bl 2|
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NOMENCLATURE

A Area T, Ambient temperature
a Absorptance of PV system T, Backside temperature
ag | Absorption coefficient of ground Tr Frontside temperature
c Specific heat capacity Tfins | Temperature of fins
d Segmentation gap between fins T, Temperature of ground
d; Thickness of layer/domain Loy Temperature of PV module
E Energy of photon T Sky temperature
E, | Band gap ty Base thickness
f Packing density of PV module tr Fin thickness
FF | Fill factor AT Degree of overheating
G Solar irradiance U Overall heat transfer coefficient
h Convection coefficient u; Mean velocity component
1 Electric current u'; Fluctuating velocity component
Lyppp | Current at maximum power point 1% Electric voltage
I Short circuit current Vimpp | Voltage at maximum power point
k Turbulent kinetic energy Ve Open circuit voltage
k' | Thermal conductivity vV Wind speed
kr | Sky clearness index V' Volume
kp | Diffusion constant w Width of PV module
L Length of PV module y* Dimensionless distance
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l Fin length
m | Mass a Wind angle/direction
N | Number of fins B Temperature coefficient
P Pressure y Irradiance coefficient
P, | Electric power € Emissivity
Pnpp | Power at maximum power point U Dynamic viscosity
q Rate of heat transfer ) Specific dissipation rate
Q9°" | Volumetric heat generation rate p Density
Q" | Heat flux n PV efficiency
Ry | Thermal resistance 0 Tilt angle of PV system
S Fin row spacing T Transmittance of PV system
t Time T, Time constant
T Cell temperature v Kinematic viscosity
Abbreviations
CFD | Computational fluid dynamics PV Photovoltaics
CHT | Computational heat transfer RANS | Reynolds averaged Navier Stokes
c-Si Crystalline silicon SHJ Silicon hetero junction
DTNU | Degree of temp non-uniformity STC Standard testing conditions
EVA | Ethyl vinyl acetate SST Shear stress transport
LCOE | Levelized cost of electricity TFT Thin film temperature
RTD | Resistance temperature detector TKE Turbulent kinetic energy
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