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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 (𝛼 = 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 𝛼 = 0°- 45° and maximum cooling under 𝛼 = 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 𝛼 = 135°. Longer 

fins are found to be more effective than higher number of fin rows at 𝛼 = 0°, 45° and 90°. For 8 

cm long fins, 𝛼 = 90° observes maximum cooling of 6.5°C. Staggered fin arrangement provides 

up to 20% higher cooling than linear arrangement at 𝛼 = 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 𝛼 = 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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सार 

सौर फोटोवोʐाइक (PV) की कुल िवद्युत उȋादन Ɨमता मŐ िहˣेदारी भारत तथा िवʷ ˑर पर वषŘ से 

लगातार बढ़ रही है। हालांिक, कई ʩावहाįरक चुनौितयाँ अभी भी इनके वाˑिवक ŮदशŊन को सीिमत करती हœ। उǄ 

संचालन तापमान एक Ůमुख सम˟ा है, Ɛोिंक यह PV की दƗता को कम करता है तथा इसके Ɨरण की दर को 

बढ़ाता है, िजससे PV Ůणाली से Ůाɑ होने वाला लाभ घट जाता है। PV Ůणाली के भीतर तापमान की असमानताएँ इन 

Ůितकूल Ůभावो ंको और अिधक बढ़ा देती हœ। इसिलए, सौर PV Ůणािलयो ंका Ůभावी एवं ʩवहायŊ तापीय Ůबंधन उनके 

दीघŊकािलक और िवʷसनीय संचालन को सुिनिʮत करने के िलए अȑंत आवʴक है। इसके अितįरƅ, सुचाŜ िŤड 

Ůबंधन के िलए वाˑिवक Ɨेũीय तापमान तथा उससे संबंिधत िवद्युत उȋादन का सटीक पूवाŊनुमान भी आवʴक है। 

इस शोध Ůबंध के अंतगŊत िकया गया शोध कायŊ PV Ůणािलयो ंके तापीय ʩवहार का पूवाŊनुमान एवं िवʶेषण 

करने तथा उनके तापीय Ůबंधन के िलए Ůभावी शीतलन रणनीितयो ंके िडजाइन और िवकास पर कŐ िūत है। सवŊŮथम, 

एक नेटवकŊ -आधाįरत Ɨिणक तापीय मॉडल िवकिसत िकया गया, जो Ůायोिगक सेल तापमान का पूवाŊनुमान केवल 

0.88°C (7.8%) की औसत ũुिट के साथ करता है। इसके अितįरƅ, PV दƗता के िलए एक नवीन हाइिŰड फलन 

Ůˑािवत िकया गया, जो धूप वाले िदन दƗता और शİƅ का पूवाŊनुमान Ţमशः  1.62% और 1.32% की ũुिट के साथ 

तथा बादल वाले िदन 1.25% और 1.04% की ũुिट के साथ करता है — जो पूवŊ-Ůचिलत और लोकिŮय PV दƗता 

फलनो ंकी तुलना मŐ अिधक सटीकता दशाŊता है। तापीय मॉडल 0.5–5 m/s की िवˑृत पवन वेग सीमा पर मुƅ संवहन, 

बलपूवŊक संवहन तथा िविकरण ऊˆा ˕ानांतरण के योगदानो ंकी तुलना करता है, िजससे यह ˙ʼ होता है िक 𝑉 ≤ 

1 m/s पर मुƅ संवहन महȕपूणŊ रहता है, जबिक सभी पवन वेगो ंपर कुल ऊˆा ˕ानांतरण मŐ िविकरण का योगदान 

उʟेखनीय बना रहता है। यह मॉडल आगे यह भी दशाŊता है िक िदʟी की जलवायु मŐ पįरवेश तापमान की तुलना मŐ 

अिधक संचालन तापमान के कारण PV ऐरे के वािषŊक िवद्युत उȋादन मŐ 8.4% की हािन होती है। 
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इसके पʮात, नेटवकŊ -आधाįरत तापीय मॉडल से Ůाɑ िनʺषŘ को ȯान मŐ रखते Šए, एक नवीन बŠ-सेल 

संगणकीय ऊˆा ˕ानांतरण (Computational Heat Transfer, CHT) मॉडल िवकिसत िकया गया, तािक ˢतंũ ŝप 

से ̞ ािपत PV मॉǰूल के तापीय Ůोफ़ाइल तथा संवहन िवशेषताओ ंका ʩापक िवʶेषण िकया जा सके। यह िवʶेषण 

वाˑिवक Ɨेũीय पįरİ˕ितयो ंका Ůितिनिधȕ करने वाली िवˑृत पवन दशाओ ं(𝑉 = 0.5–5 m/s) तथा पवन िदशाओ ं

(𝛼 = 0°–180°) मŐ िकया गया — जो पूवŊवतŎ अȯयनो ंमŐ काफी हद तक अɋेिषत नही ंिकया गया Ɨेũ है। सेल तापमान 

के ŮȑƗ मापन, PV मॉǰूल के तापीय Ůोफ़ाइल एवं दƗता Ůाɑ करने तथा CHT मॉडल के Ůमाणीकरण के िलए 

एक अिभनव परीƗण संयंũ (test rig) तैयार िकया गया। एक सन (one sun) पर सामाɊीकृत Ůायोिगक सेल-से-बैक 

तापमान अंतर 3.6°C से 4.4°C के बीच पाया गया। ये पįरणाम बŠ-सेल मॉडल के िनʺषŘ की पुिʼ करते हœ तथा पूवŊ-

Ůचिलत एकल-सेल CHT मॉडलो ंकी तुलना मŐ इसकी ŵेʿता ŮदिशŊत करते हœ। पवन िदशा का औसत सेल तापमान 

पर केवल 1.1°C तक का सीिमत Ůभाव पाया गया। हालांिक, तापमान Ůोफ़ाइल के Ůितŝप िविभɄ पवन वेगो ंपर 

िकसी िविशʼ पवन िदशा के िलए 0.83 से अिधक सहसंबंध गुणांक ŮदिशŊत करते हœ, िजससे संकेत िमलता है िक वे 

मुƥतः  पवन िदशा पर िनभŊर होते हœ तथा ǒात पवन िवतरण Ůितŝप (wind rose pattern) के िलए पूवाŊनुमेय हœ। Ůवाह 

Ɨेũ तथा पीछे की ओर का संवहन ʩवहार पवन िदशा से अȑिधक Ůभािवत होता है। एक ओर Ůवाह पृथſरण तथा 

भंवर िनमाŊण दूसरी ओर की तुलना मŐ संवहन को 1.8 गुना तक बढ़ा सकता है। यह िवˑृत Ůवाह िवʶेषण PV Ůणािलयो ं

के तापीय ʩवहार मŐ सुधार तथा शीतलन िविधयो ंके िडजाइन के िलए महȕपूणŊ अंत Ŋ̊िʼ Ůदान करता है। 

सािहȑ मŐ िफन-आधाįरत शीतलन PV Ůणािलयो ं के िलए एक आशाजनक िनİʻय रणनीित के ŝप मŐ 

उभरता है, Ɛोिंक यह िविभɄ जलवायु पįरİ˕ितयो ंमŐ िवʷसनीय ŮदशŊन Ůदान करता है तथा इसकी रखरखाव 

आवʴकताएँ नगǻ होती हœ। इस शोध कायŊ मŐ बेहतर Ůवाह िमŵण एवं अिधक शीतलन Ɨमता Ůाɑ करने के साथ-

साथ सामŤी उपयोग मŐ बचत हेतु आयताकार खंिडत िफन (rectangular segmented fins) Ůˑािवत िकए गए हœ। 

सािहȑ मŐ संबंिधत िफन मानको ंके सेल तापमान, तापीय समानता तथा आिथŊक ʩवहायŊता पर Ůभावो ंका ʩापक 

अȯयन अभी तक नही ंिकया गया है, और यही इस कायŊ के Ůमुख उȞेʴो ंमŐ से एक है। हीट िसंक के ŮदशŊन का 
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मूʞांकन एक CHT मॉडल का उपयोग करके िकया गया, िजसे आगे दूसरे परीƗण संयंũ (test rig) से Ůाɑ Ůायोिगक 

आंकड़ो ंȪारा सȑािपत िकया गया। पूवŊवतŎ तापीय िवʶेषण से Ůाɑ अंत Ŋ̊िʼयो ंके आधार पर, हीट िसंक के ŮदशŊन 

का अȯयन िवˑृत Ůवाह एवं अशांित (turbulence) िवʶेषण के माȯम से िविभɄ पवन िदशाओ ंतथा झुकाव कोणो ं

की िवˑृत सीमा मŐ िकया गया। 

25° पर झुकी Šई PV Ůणाली के िलए, सभी िफन िवɊास 𝛼 = 0°–45° पर लगातार Ɋूनतम शीतलन तथा α 

= 90°–135° पर अिधकतम शीतलन Ůदान करते हœ। यही Ůवृिȅ Ůायोिगक अȯयनो ंमŐ भी देखी गई। उǄ ˑर के 

शीतलन तथा बेहतर तापीय समानता के िलए आधार ɘेट (base plate) का समावेशन अȑंत महȕपूणŊ पाया गया। 

पयाŊɑ खंडन अंतराल (segmentation gap) वाले संकरे िफन शीतलन ˑर एवं सामŤी बचत को अिधकतम करते हœ, 

िजसमŐ 2 सेमी खंडन अंतराल पर 4.5 सेमी चौड़े िफन को सवŖȅम िवɊास के ŝप मŐ पहचाना गया। िफन पंİƅयो ंके 

बीच 2 सेमी की दूरी अिधकतम लाभ-से-लागत अनुपात Ůदान करती है, िजससे 𝛼 = 135° पर 6.6°C तक शीतलन तथा 

3% दƗता वृİȠ Ůाɑ होती है। 𝛼 = 0°, 45° और 90° पर अिधक संƥा मŐ िफन पंİƅयो ंकी तुलना मŐ लंबे िफन अिधक 

Ůभावी पाए गए। 8 सेमी लंबे िफन के िलए, 𝛼 = 90° पर 6.5°C का अिधकतम शीतलन Ůाɑ Šआ। ŢमिवɊˑ 

(staggered) िफन ʩव˕ा 𝛼 = 45° और 90° पर रैİखक ʩव˕ा की तुलना मŐ 20% तक अिधक शीतलन Ůदान करती 

है तथा अɊ पवन िदशाओ ंमŐ लगभग समान शीतलन देती है। समŤ ŝप से, अनुकूिलत िवɊास सािहȑ मŐ विणŊत 

पारंपįरक आयताकार िफन िवɊास की तुलना मŐ लाभ-से-लागत अनुपात मŐ 25% से अिधक सुधार करता है। झुकाव 

कोण को कम करने से 𝛼 = 0° और 45° पर PV शीतलन की माũा मŐ 2 गुना तक वृİȠ होती है, जो भूमȯ रेखा के 

िनकट İ˕त ˕ानो ंके िलए सभी पवन िदशाओ ंमŐ िफन-आधाįरत शीतलन समाधानो ंकी ʩवहायŊता को दशाŊता है। यह 

समŤ िवʶेषण PV Ůणािलयो ंके तापीय Ůबंधन मŐ िफन हीट िसंक के ŮदशŊन को बेहतर बनाने हेतु महȕपूणŊ िडजाइन 

सुधार Ůˑुत करता है तथा िविशʼ अƗांशो ंऔर Ůचिलत पवन िवतरण Ůितŝपो ं(wind rose patterns) वाले ˕लो ंपर 

इनके अनुŮयोग की शİƅयो ंएवं सीमाओ ंकी जानकारी Ůदान करता है। 



x 

Contents 

S.No. Details  Page No. 

CERTIFICATE ...................................................................................................................... i 

ACKNOWLEDGEMENTS .................................................................................................. ii 

ABSTRACT ......................................................................................................................... iv 

Contents…………………………………………………………………………….……..x 

LIST OF FIGURES ........................................................................................................... xvi 

LIST OF TABLES ............................................................................................................ xxv 

CHAPTER - 1 ....................................................................................................................... 1 

1.1 Growth and potential of solar photovoltaic systems ............................................. 1 

1.2 Working of solar photovoltaics ............................................................................. 4 

1.3 Sources of heat generation within a PV system .................................................... 8 

1.4 Need for thermal management of PV systems .................................................... 10 

1.4.1 Effect of elevated PV temperature.................................................................... 10 

1.4.2 Effect of temperature non-uniformity............................................................... 12 

1.5 Organisation of thesis ......................................................................................... 13 

CHAPTER - 2 ..................................................................................................................... 15 

2.1 Review of thermal models to predict PV temperature and output ...................... 16 



xi 

2.1.1 Models to predict PV temperature .................................................................... 16 

2.1.2 Methods to predict PV efficiency ..................................................................... 20 

2.2 Review of computational models for thermal analysis of PV systems ............... 22 

2.2.1 Review of modelling assumptions and frameworks ......................................... 22 

2.2.2 Review of thermal analyses from computational studies ................................. 25 

2.3 Review of thermal management strategies for PV systems ................................ 26 

2.3.1 Review of PCM-based PV cooling ................................................................... 28 

2.3.2 Review of fins-based PV cooling ..................................................................... 31 

2.3.3 Review of other passive strategies for PV cooling ........................................... 36 

2.4 Inferences drawn from the literature review ....................................................... 39 

2.4.1 Already attempted and relatively established aspects in literature ................... 39 

2.4.2 Partially solved scientific issues ....................................................................... 40 

2.4.3 Scientific issues not attempted so far ............................................................... 41 

2.5 Research objectives of thesis .............................................................................. 42 

CHAPTER - 3 ..................................................................................................................... 44 

3.1 Methodology ....................................................................................................... 45 

3.1.1 Modelling of heat generation ............................................................................ 48 

3.1.2 Formulation of heat transfers ............................................................................ 49 

3.1.3 Calculation approach ........................................................................................ 53 

3.2 Novel function for PV efficiency ........................................................................ 54 

3.3 Validation of thermal model ............................................................................... 58 

3.4 Results and discussion ........................................................................................ 61 

3.4.1 Cell-to-back temperature difference ................................................................. 62 

3.4.2 Mechanisms of heat loss to surroundings ......................................................... 63 

3.4.3 Effect of heat source distribution on predicted cell temperature ...................... 64 



xii 

3.4.4 Comparison with single domain PV model ...................................................... 65 

3.4.5 Inferences for computational heat transfer (CHT) modelling .......................... 66 

3.5 Case study to predict PV output losses ............................................................... 68 

3.5.1 Input parameters ............................................................................................... 68 

3.5.2 PV output forecast ............................................................................................ 71 

3.5.3 Possible advantages of such study .................................................................... 72 

3.6 Major findings ..................................................................................................... 73 

CHAPTER - 4 ..................................................................................................................... 76 

4.1 Experimental methodology ................................................................................. 77 

4.1.1 Development of Experimental setup for thermal analysis................................ 78 

4.1.2 Experiments for heat sink performance ............................................................ 87 

4.2 Computational modelling of a PV module ......................................................... 91 

4.2.1 Development of equivalent geometric models for cell layer ............................ 93 

4.2.2 Geometrical modelling of PV module .............................................................. 96 

4.2.3 Formulation of volumetric heat generation rates .............................................. 97 

4.3 Computational methodology ............................................................................... 99 

4.3.1 Geometry of fluid domain ................................................................................ 99 

4.3.2 Governing equations ....................................................................................... 100 

4.3.3 RANS turbulence models ............................................................................... 102 

4.3.4 Radiation modelling ....................................................................................... 104 

4.3.5 Boundary conditions and solver setup ............................................................ 105 

4.3.6 Mesh generation and grid independent test .................................................... 107 

4.4 Validation of CHT methodology for thermal analysis of PV module .............. 108 

4.4.1 Comparison among different computational models of PV module .............. 109 

4.4.2 Comparison of computational models of PV module with experiment ......... 111 

4.4.3 Further validation of 18-cell model ................................................................ 114 



xiii 

4.5 CHT methodology for finned PV modules ....................................................... 117 

4.5.1 Modifications in computational model ........................................................... 117 

4.5.2 Experimental validation .................................................................................. 120 

4.6 Major contributions ........................................................................................... 123 

CHAPTER - 5 ................................................................................................................... 126 

5.1 Analysis of the transient behaviour of the PV module ..................................... 127 

5.1.1 Comparison of steady-state and transient simulations with experiments ....... 128 

5.1.2 Calculations of time constants of PV module ................................................ 131 

5.1.3 Decision criteria for steady-state vs transient simulations ............................. 132 

5.2 Dependence of average cell temperature on wind conditions .......................... 133 

5.3 Evaluation of cell-to-back temperature difference ........................................... 135 

5.3.1 Prediction of cell-to-back temperature difference using CHT simulations .... 136 

5.3.2 Experimental results of cell-to-back temperature difference ......................... 138 

5.3.3 Comparison of experimental vs estimated PV efficiency .............................. 141 

5.3.4 Deduction of empirical relation between cell and back temperatures ............ 142 

5.4 Investigation of temperature profile patterns .................................................... 144 

5.4.1 Evaluation of cell temperature contours in different wind directions ............ 144 

5.4.2 Flow analysis at wind angle (𝛼) = 90° ........................................................... 146 

5.4.3 Flow analysis at wind angle (𝛼) = 0° and 180° .............................................. 147 

5.4.4 Flow analysis at wind angle (𝛼) = 45° and 135° ............................................ 148 

5.4.5 Evaluation of effect of wind speed on the temperature profile pattern .......... 150 

5.4.6 Inferences from analysis of flow field and temperature profile pattern ......... 154 

5.5 Analysis of convective characteristics .............................................................. 155 

5.5.1 Evaluation of effect of wind conditions on convective coefficients .............. 156 

5.5.2 Guidelines for heat sink design ...................................................................... 158 



xiv 

5.6 Major findings ................................................................................................... 159 

CHAPTER - 6 ................................................................................................................... 162 

6.1 Analysis framework and evaluation metrics ..................................................... 163 

6.1.1 Definition of fin parameters ........................................................................... 164 

6.1.2 Metrics used for evaluating heat sink performance ........................................ 165 

6.2 Investigation of the role of a base plate in thermal management of PV 

systems 166 

6.2.1 Analysis of effect of a base plate on degree of PV cooling ............................ 167 

6.2.2 Analysis of effect of fin base on temperature uniformity ............................... 175 

6.2.3 Evaluation for lower base thickness ............................................................... 177 

6.3 Investigation of the thermal physics behind wind direction effects ................. 178 

6.3.1 Computational investigation of heat sink performance in different wind 
directions ……………………………………………………………………………….179 

6.3.2 Experimental findings on the PV cooling using fin heat sink ........................ 186 

6.4 Comparison between rectangular segmented and continuous fins ................... 187 

6.5 Analysis of effect of fin parameters .................................................................. 190 

6.5.1 Evaluation of effect of segmentation gap ....................................................... 191 

6.5.2 Evaluation of effect of fin width .................................................................... 196 

6.5.3 Analysis of effect of fin row spacing (s) ........................................................ 198 

6.5.4 Analysis of effect of fin length on PV cooling in different wind directions .. 205 

6.6 Comparison between linear and staggered fin configurations .......................... 210 

6.7 Analysis of effect of PV tilt angle on heat sink cooling performance .............. 213 

6.7.1 Effect of tilt angle on flow field and PV cooling ........................................... 213 

6.7.2 Examination of the need to re-evaluate the optimum tilt angle ...................... 217 



xv 

 

6.8 Major findings ................................................................................................... 219 

CHAPTER - 7 ................................................................................................................... 223 

7.1 Main achievements ........................................................................................... 224 

7.2 Major findings and conclusions ........................................................................ 225 

7.3 Suggestions for future work .............................................................................. 228 

Research Publications .....................................................................................................   230 

Reference .......................................................................................................................... 231 

         Biodata of Author               257 

  



xvi 

 

LIST OF FIGURES 

 

Figure 1.1: Year-wise share of different renewable energy sources in global electricity 

generation, as reported in [3]. 3 

Figure 1.2: Pictures of (a) a small PV array at a household rooftop, and (b) multiple PV 

arrays in a GW scale solar park. 5 

Figure 1.3: Depiction of different layers and components of a solar PV module, taken from 

[13]. 6 

Figure 1.4: 𝐼 − 𝒱 characteristics of a PV module at different levels of irradiance. 7 

Figure 1.5: Share of power output, reflective loss and different types of heat sources in a 

typical commercial c-Si PV module. 9 

Figure 1.6: 𝐼 − 𝒱 characteristics of solar PV system at two different temperatures (𝑇2 >

𝑇1). 11 

Figure 1.7: Flow chart describing the interconnection between methodologies and key 

objectives undertaken in the present research work. 13 

Figure 2.2.1: Depiction of (a) single-layered and (b) multi-layered single-cell models of a 

solar PV module. 23 

Figure 2.2: Division of key techniques for thermal management of solar PV systems. 27 

Figure 2.3: Experimental pictures of (a) 3 cm and 5 cm thick PCM in a single container 

[101], (b) PCM in multiple small containers [111], attached to the backside of 

PV systems. 28 



xvii 

 

Figure 2.2.4: Pictures of experimental setups of (a) conventional rectangular fins [94], (b) 

angled fins [94], (c) multi-level fins [46], and (d) multi-directional tapered fins 

[119]. 31 

Figure 2.2.5: Pictures of experimental setups of fins directly attached to PV module’s 

backside, as reported in (a) Cabo et al., 2018 [79], and (b) Amr et al., 2019 [121].33 

Figure 3.1: Schematics of an equivalent network-based thermal model of a PV system 46 

Figure 3.2: Heat generation and exchange for (a) front, (b) cell and (c) back domains. 47 

Figure 3.3: Flowchart of the framework to obtain the cell temperature and PV output. 53 

Figure 3.4: Comparison of experimental PV efficiency of SHJ cells with predictions using 

different functions on a sunny day. 56 

Figure 3.5: Comparison of experimental PV efficiency of SHJ cells with predictions using 

different functions on a cloudy day. 57 

Figure 3.6: Validation of the developed transient thermal model with experimental results.60 

Figure 3.7: Diurnal variation of cell-to-back temperature difference predicted using the 

model. 63 

Figure 3.8 : Variation of ratio of (a) Radiation to mixed convection heat transfer, and (b) 

Free to forced convection vs wind speed. 64 

Figure 3.9: Comparison of temperatures obtained by multi-domain and single-domain 

models. 66 

Figure 3.10: Month-wise forecasted electrical output of the studied PV system. 72 

Figure 4.1: Key steps in the fabrication of the PV module. 81 



xviii 

 

Figure 4.2: (a) Back and front views of the experimental test rig-1, (b) schematic diagram 

of all devices and their interconnection. 83 

Figure 4.3: (a) schematic diagram with labelled fin parameters and (b) picture of the 

fabricated heat sink. 89 

Figure 4.4: Front and rear views of the experimental test rig-2. 90 

Figure 4.5: Depiction of (a) actual PV module, (b) single-cell geometrical model, (c) 6-cell 

geometrical model, and (d) 18-cell geometric model. 94 

Figure 4.6: The thermal resistance network of cells and gaps along Y-axis in the actual 

module, 6-cell model and 18-cell model. 95 

Figure 4.7: The side views of (a) the single-cell model and (b) 18-cell model of the PV 

module. 97 

Figure 4.8: Flowchart of the key steps of computational modelling. 99 

Figure 4.9: Depiction of the fluid zone, the module’s position, and the wind direction. 100 

Figure 4.10: (a) Meshing in the fluid domain, (b) meshing in the solid domain, and (c) fine 

grid around the solid domain. 107 

Figure 4.11: Grid independence test for the multi-cell model having 18 cell domains. 108 

Figure 4.12: Temperature contours of the cell layer at 𝑉 = 1 m/s, 𝛼 = 90° obtained using 

(a) single-cell, (b) 6-cell  and (c) 18-cell computational models. 110 

Figure 4.13: Hourly experimental results observed on 10th Oct 2023. 112 

Figure 4.14: Curve fitting of irradiance and ambient temperature to obtain input parameters 

for transient simulations. 115 

Figure 4.15: Schematics of (a) reference PV module and (b) finned PV module. 118 



xix 

 

Figure 4.16: (a) fine meshing near module and fins, (b) geometrical model of the 

representative finned module. 119 

Figure 4.17: Grid independent test for the finned PV module. 120 

Figure 4.18: The variation of the average backside temperatures of the two non-finned PV 

modules on 28th April 2025. 121 

Figure 4.19: The variation of the average temperatures of the unfinned and finned PV 

modules on 10th June 2025. 122 

Figure 5.1: Hourly experimental results observed on 7th March 2024. 129 

Figure 5.2: Variation of mean cell temperature with time at 𝑉 = (a) 1 m/s and (b) 3 m/s. 131 

Figure 5.3: Average cell temperature in different wind conditions. 134 

Figure 5.4: The cell-to-back temperature difference of the PV module in different wind 

conditions. 137 

Figure 5.5: Temperature profile of a cross-section across PV module at 𝑉 = 0.5 m/s, 𝛼 = 

45°. 138 

Figure 5.6: Diurnal variation of (𝑇 − 𝑇𝑏) and its normalised value on 10-10-2023. 141 

Figure 5.7: Comparison of predicted PV efficiency with experimental results on 30-04-

2024. 142 

Figure 5.8: Temperature contours of the cell layer at 𝑉 = 2 m/s and 𝛼 = (a) 0°, (b) 45°, (c) 

90°, (d) 135°, and (e) 180°. Arrows depict the direction of the incoming wind 

relative to the PV module. 145 

Figure 5.9: Velocity streamlines around the PV module at 𝑉 = 2 m/s and 𝛼 = 90°. 146 



xx 

 

Figure 5.10: Velocity streamlines at 𝑉 = 2 m/s and 𝛼 = 0° along planes (a) Z = 0 and (b) Z 

= 0.81m. 147 

Figure 5.11: Velocity streamlines at 𝑉 = 2 m/s and 𝛼 = 180° along (a) 𝑍 = 0 and (b) 𝑍 = 

0.81 m. 148 

Figure 5.12: Velocity streamlines at 𝑉 = 2 m/s and 𝛼 = 45° along (a) plane 1 and (b) plane 

2. 149 

Figure 5.13: Velocity streamlines at 𝑉 = 2m/s and 𝛼 = 135° along (a) plane 1 and (b) plane 

2. 149 

Figure 5.14: Temperature contours of the cell layer at 𝛼 = 180° and 𝑉 = (a) 0.5 m/s, (b) 1 

m/s, (c) 3 m/s, and (d) 5 m/s. 150 

Figure 5.15: Temperature contours at 𝛼 = 0° and 𝑉 = (a) 0.5 m/s, (b) 1 m/s, (c) 3 m/s and 

(d) 5 m/s. 151 

Figure 5.16: Temperature contours at 𝛼 = 45° and 𝑉 = (a) 0.5 m/s, (b) 1 m/s, (c) 3 m/s and 

(d) 5 m/s. 152 

Figure 5.17: Temperature contours at 𝛼 = 90° and 𝑉 = (a) 0.5 m/s, (b) 1 m/s, (c) 3 m/s and 

(d) 5 m/s. 152 

Figure 5.18: Temperature contours at 𝛼 = 135° and 𝑉 = (a) 0.5 m/s, (b) 1 m/s, (c) 3 m/s and 

(d) 5 m/s. 153 

Figure 5.19: Turbulent kinetic energy contours along 𝑍 = 0 at 𝑉 = 2 m/s and (a) 𝛼 = 0o and 

(b) 𝛼 = 180o. 157 

Figure 6.1 : Depiction of relevant fin parameters for the segmented fin heat sink in (a) the 

top view and (b) side view of the finned PV module. 164 



xxi 

 

Figure 6.2: Flow chart of the steps undertaken to evaluate the heat sink performance. 165 

Figure 6.3: Schematic diagrams of the finned PV module (a) without base, and (b) with 

base. 167 

Figure 6.4: (a) average cell temperature and (b) degree of cooling achieved by finned 

module with and without the base plate in different wind directions. 168 

Figure 6.5: (a) Average fin temperature and (b) average back temperature of PV modules 

with and without a base plate in different wind directions. 169 

Figure 6.6: Temperature of fins and module in the case of heat sink (a) without a base 

plate, and (b) with 2 mm thick base plate. 170 

Figure 6.7: Average convective coefficient of (a) fins (ℎ𝑓𝑖𝑛𝑠) and (b) back face (ℎ𝑏) with 

and without a base plate in different wind directions. 172 

Figure 6.8: Streamlines along Z = 0 under 𝑉 = 1 m/s, 𝛼 = 0° for finned modules (a) without 

base plate and (b) with base plate. 172 

Figure 6.9: Temperature gradient near fins for finned modules (a) without base plate and 

(b) with base plate. 173 

Figure 6.10: cell temperature contours plotted at 𝑉 = 1 m/s, 𝛼 = 180° for (a) reference PV 

module, (b) finned module without base, and (c) finned module with 2 mm thick 

aluminium base. 175 

Figure 6.11: degree of temperature non-uniformity (DTNU) of unfinned and finned 

modules under different wind directions. 176 

Figure 6.12: Depiction of the angle of attack of different wind directions to the fins, as seen 

from the top view of the PV module. 179 



xxii 

 

Figure 6.13: The cell temperature contours of (a) unfinned and (b) finned PV modules at 𝛼 

= 135°. 180 

Figure 6.14: The cell temperature contours of (a) unfinned and (b) finned PV modules at 𝛼 

= 45°. 180 

Figure 6.15: (a) streamlines and (b) TKE contours along a vertical plane parallel to wind 

flow at 𝛼 = 135° for an unfinned module. 181 

Figure 6.16: (a) streamlines and (b) TKE contours along a vertical plane parallel to wind 

flow at 𝛼 = 135° for the finned module. 182 

Figure 6.17: Streamlines at 𝛼 = 135° along a plane 3 mm below the base plate for (a) the 

unfinned and (b) the finned PV module. 183 

Figure 6.18: (a) streamlines and (b) TKE contours along a vertical plane parallel to wind 

flow at 𝛼 = 45° for an unfinned module. 184 

Figure 6.19: (a) streamlines and (b) TKE contours along a vertical plane parallel to wind 

flow at 𝛼 = 45° for the finned module. 185 

Figure 6.20: Streamlines at 𝛼 = 45° along a plane 3 mm below the base plate for (a) the 

unfinned and (b) the finned PV module. 185 

Figure 6.21: Streamlines at 𝛼 = 90° along a plane 3 mm below the base plate for (a) 

continuous and (b) segmented fins. 189 

Figure 6.22: Turbulent kinetic energy contours at 𝛼 = 90° below the base plate for (a) 

continuous and (b) segmented fins. 189 

Figure 6.23: Flow chart of steps undertaken for studying the effect of fin parameters on the 

heat sink performance in different wind directions. 191 



xxiii 

 

Figure 6.24: Degree of cooling of the heat sink at different segmentation gaps for 𝑤 = 4.5 

cm. 192 

Figure 6.25: Streamlines at 𝛼 = 135° along a plane 3 mm below the base plate for finned 

modules having (a) 𝑑= 0.5 cm and (b) 𝑑 = 2 cm. 193 

Figure 6.26: The variation of (a) ℎ𝑓𝑖𝑛𝑠 and (b) ℎ𝑏 vs segmentation gap (𝑑). 194 

Figure 6.27: Degree of cooling of the heat sink for different fin widths with 𝑤/𝑠 ratio of 

2.25. 196 

Figure 6.28: Streamlines at 𝛼 = 135° along a plane 3 mm below the base plate for finned 

modules having (a) 𝑤 = 2.25 cm and (b) 𝑤 = 9 cm. 197 

Figure 6.29: The average convective coefficient around the fins for different fin widths. 198 

Figure 6.30: Degree of cooling of the heat sink for different fin row spacings (𝑠). 199 

Figure 6.31: Streamlines at 𝛼 = 135° below the base plate for finned modules having (a) 

𝑠 = 5 cm and (b) 𝑠 = 2 cm. 200 

Figure 6.32: Turbulent kinetic energy contours at 𝛼 = 135° below the base plate for finned 

modules having (a) 𝑠 = 5 cm and (b) 𝑠 = 2 cm. 201 

Figure 6.33: The variation of (a) ℎ𝑓𝑖𝑛𝑠 and (b) ℎ𝑏𝑎𝑐𝑘 with fin row spacing. 201 

Figure 6.34: Cell temperature contours of PV modules with (a) 12 fins and (b) 32 fins at 𝑉 

= 1 m/s, 𝛼 = 45°. 203 

Figure 6.35: Average cooling per unit volume of heat sink for different fin row spacings.204 

Figure 6.36: Degree of PV cooling achieved by the heat sink for different fin lengths. 206 

Figure 6.37: Temperature of fins at 𝑉 = 1 m/s, 𝛼 = 90°, for (a) 3 cm and (b) 8 cm long fins.207 



xxiv 

 

Figure 6.38: Variation of average convective coefficient of (a) fins and (b) backside, with 

fin length. 207 

Figure 6.39: (a) streamlines and (b) TKE contours along a vertical plane parallel to wind 

flow at 𝛼 = 45° for the finned module with 8 cm long fins. 208 

Figure 6.40: Comparison of cooling achieved by adding fin lengths or fin rows by same 

ratio. 209 

Figure 6.41: The schematic diagram of rectangular segmented fins in (a) a conventional 

linear arrangement and (b) a staggered arrangement. 211 

Figure 6.42: streamlines below the base plate at 𝛼 = 90° for the finned module with 6 cm 

long fins having (a) linear and (b) staggered arrangements. 212 

Figure 6.43: Degree of cooling achieved by the staggered rectangular fins heat sink at 

different tilt angles (𝜃). 214 

Figure 6.44: Temperature contours of cell layer of (a) unfinned and (b) finned PV modules 

at tilt angle (𝜃 = 10°) under 𝑉 = 1 m/s, 𝛼 = 45°. 214 

Figure 6.45: Temperature contours of cell layer of (a) unfinned and (b) finned PV modules 

at tilt angle (𝜃 = 0°) under 𝑉 = 1 m/s, 𝛼 = 45°. 215 

Figure 6.46: Streamlines around the unfinned PV module tilted at (a) 10° and (b) 0° with 

horizontal under 𝑉 = 1 m/s, 𝛼 = 45° along a plane parallel to wind flow. 216 

Figure 6.47: TKE contours around the unfinned PV module tilted at (a) 10° and (b) 0° with 

horizontal under 𝑉 = 1 m/s, 𝛼 = 45° along a plane parallel to wind flow. 216 

 

 



xxv 

 

LIST OF TABLES 

Table 2.1: A summary of the key modelling assumptions of different transient thermal 

models to predict PV temperature. 19 

Table 2.2: Summary of the geometrical models of a PV module employed in different CHT 

studies. 23 

Table 2.3: A summary of CFD-based thermal studies in the literature 25 

Table 2.4: Summary of research works using PCM for cooling PV systems 29 

Table 2.5: A summary of experimental studies implementing fins for PV cooling. 32 

Table 2.6: Summary of key findings from computational studies on the effects of fin 

parameters on PV cooling. 34 

Table 2.7: A summary of other notable passive cooling methods explored for cooling PV 

systems. 37 

Table 3.1: The relative efficiency (𝜂_𝑟𝑒𝑙) of SHJ cells as reported by Bätzner et al. [148].55 

Table 3.2: Error in the prediction of PV cell temperature while using different expressions 

of forced convection coefficient (ℎ𝑓𝑜𝑟𝑐𝑒𝑑), as defined in Equation (3.21). 59 

Table 3.3: Properties of different layers of the considered PV module. 62 

Table 3.4: Parameters of the studied PV system 69 

Table 3.5: Month-wise values of parameters to model ambient temperature. 70 

Table 4.1: Properties of different layers of the fabricated PV module. 79 

Table 4.2: Key details of all instruments, including rationale for their selection. 81 

Table 4.3: Error analysis of all instruments. 86 

Table 4.4: Results of repeatability test on days with similar weather conditions 87 



xxvi 

 

Table 4.5: Dimensions of cell domains and inter-cellular gaps of the actual module and 

multi-cell models. 96 

Table 4.6: Boundary conditions implemented for the faces of the fluid domain. 106 

Table 4.7: The average cell temperatures predicted using different CHT models in given 

wind conditions. 109 

Table 4.8: Comparison of local cell temperatures obtained from different CHT models 

against experimental data 113 

Table 4.9: Comparison of CHT obtained cell temperatures with experimental results of 10 th 

Oct 2023. 116 

Table 4.10: Comparison of CHT obtained cooling with experimental cooling on 10th June 

2025. 122 

Table 5.1: Comparison of temperature obtained in CFD simulations with experimental 

results of 7 March 2024. 130 

Table 5.2: Summary of experimental observations on the cell-to-back temperature 

difference. 139 

Table 5.3: Correlation coefficient among the average cell temperatures at different wind 

speeds and 𝑉 = 1 m/s. 154 

Table 5.4: Convection coefficients (ℎ) corresponding to different wind conditions. 156 

Table 6.1: Rate of heat lost calculations for fin heat sinks with and without a base plate. 174 

Table 6.2: Degree of cooling and relevant convective coefficients for unfinned and finned 

PV modules in various wind directions. 179 

Table 6.3: Key findings from the experimental studies using the heat sink 187 



xxvii 

 

Table 6.4: Comparison between continuous and segmented fins. 188 

Table 6.5: Analysis of trade-off between 𝑁𝑥 and 𝑑 for optimisation of a fin row. 195 

Table 6.6: Degree of temperature non-uniformity for reference and finned modules. 202 

Table 6.7: Performance of linear vs staggered fin arrangements 211 

Table 6.8: The cell temperatures of the reference and finned modules at different tilt 

angles. 218 

 

  



xxviii 

 

NOMENCLATURE 

𝐴 Area 𝑇௢ Ambient temperature 

𝑎 Absorptance of PV system 𝑇௕ Backside temperature 

𝑎௚ Absorption coefficient of ground 𝑇௙ Frontside temperature 

𝑐 Specific heat capacity 𝑇௙௜௡௦ Temperature of fins 

𝑑 Segmentation gap between fins 𝑇௚ Temperature of ground 

𝑑̅௜ Thickness of layer/domain 𝑇௣௩ Temperature of PV module 

𝐸 Energy of photon 𝑇௦ Sky temperature 

𝐸௚ Band gap 𝑡௕ Base thickness 

𝑓 Packing density of PV module 𝑡௙ Fin thickness 

𝐹𝐹 Fill factor ∆𝑇 Degree of overheating 

𝐺 Solar irradiance 𝑈 Overall heat transfer coefficient 

ℎ Convection coefficient 𝑢ത௜ Mean velocity component 

𝐼 Electric current 𝑢′௜ Fluctuating velocity component 

𝐼௠௣௣ Current at maximum power point 𝒱 Electric voltage 

𝐼௦௖ Short circuit current 𝒱௠௣௣ Voltage at maximum power point 

𝑘 Turbulent kinetic energy 𝒱௢௖ Open circuit voltage 

𝑘′ Thermal conductivity 𝑉 Wind speed 

𝑘் Sky clearness index 𝑉′ Volume 

𝑘஽ Diffusion constant 𝑊 Width of PV module 

𝐿 Length of PV module y⁺ Dimensionless distance 
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𝑙 Fin length   

𝑚 Mass 𝛼 Wind angle/direction 

𝑁 Number of fins 𝛽 Temperature coefficient 

𝑃 Pressure 𝛾 Irradiance coefficient 

𝑃௘௟௘௖ Electric power 𝜖 Emissivity 

𝑃௠௣௣ Power at maximum power point 𝜇 Dynamic viscosity 

𝑞̇ Rate of heat transfer 𝜔 Specific dissipation rate 

𝑄௚௘௡ Volumetric heat generation rate 𝜌 Density 

𝑄′′ Heat flux 𝜂 PV efficiency 

𝑅் Thermal resistance 𝜃 Tilt angle of PV system 

𝑠 Fin row spacing 𝜏 Transmittance of PV system 

𝑡 Time  𝜏௖ Time constant 

𝑇 Cell temperature 𝜈 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 


