People's Democratic Republic of Algeria
Ministry of Higher Education and Scientific Research

University of Kasdi Merbah Ouargla

Faculty of Hydrocarbouns and Renewable Energies and Earth and

Univers Sciences.

Departement of Renewable Energies.

ACADEMIC MASTER THESIS
Field: Science Technology.
Major: Mechanical Engineering.
Specialty: Renewable Energy in Mechanics.

Presented by:
Hassane Noune.

Mohammed Selmane Quezzani.

Theme

Thermal management of solar PV module to
Enhance Power Output Performance

Before the jury composed of:

Dr  Sabrin KORICHI MA(A) Supervisor UKM Ouargla.

Dr  Mustapha DIDA MA(A) A.Supervisor  UKM Ouargla.

Dr Mohamed DERNOUNI MA(B) Examiner UKM Ouargla.

Dr Djamel BENMENINE MC(B) Chairman UKM Ouargla.

Academic year: 2024/2025




‘Co those who have been a guiding light and unwavering support throughout my

journey...

‘Co my dear father and loving mother, thank you for every moment of

encouragement and every sincere prayer.

‘Cos my brothers, sisters, and all members of my NOUNE family who never failed to

cheer me on with their kind words and genuine smiles.
‘Ce my dear friends, companions through both joyful and challenging times.

‘Co my esteemed professors, especially Ms. Sabrin Korichi and Mr. Dida Mustapha,

who stood by my side and were a true source of support and guidance. Their
dedication, encouragement, and tireless efforts have left a profound impact on me,

and this achievement would not have been possible without their invaluable help.

‘Co everyone who has left a positive mark on my life,

@/ dedicate the fruit of my efforts to you, with deep gratitude and appreciation,

hoping to always be worthy of your trust.

Htoune Hassane



C%P(#(’(lf/(f//

o those who have gredtly imfluenced my journep..

Co my dear father and beloved mother,

who have instilled in me values and principles, and have abvays been my gréatest source

ﬁf support and CHCOUITGEMENL,

Co my dherished fimily, OUEZZANI

whase love and réassurance have surrounded me at every stage of my lifé

Ceo evervone who supporied me with a kind word or & sincere prayer,

&/ dedicate the fruit of my efforts to you as & loken of love and gratitude



Thanks

| would like to express my deep gratitude to everyone who contributed, directly or

indirectly, to the completion of this thesis.

First, | thank God Almighty for granting me the strength, patience, and perseverance

to complete it.

| would like to extend my sincere thanks to my supervisor, Professor Sabrin Korichi,

and Assistant Professor DIDA Mustapha for their wise guidance, advice, and

constant commitment to completing this work.

Their academic diligence and continuous support have greatly contributed to the

completion of this project. I also extend my sincere thanks to all the professors in the
Department of Renewable Energy for the quality of their teaching and their

continuous support throughout my undergraduate studies.

| also extend my sincere thanks to my parents and family for their moral support,

encouragement, and boundless love, which have always led me to success.

Finally, | extend my sincere thanks to all my friends and colleagues for their

assistance, their sense of humor, and for the wonderful moments we shared during

our years of study.

Thank you all from the bottom of my heart.



LIST OF CONTENT

D To [Tor: 1[0} o TSRO PP P TP I
D LTo [ Tor: 1 (o] o TSP PP I
TRANKS ...ttt bt b bbbt h e e b e b e Rt R e e R e R e e R e R e e R e R e b bt Rt e Rt Rt et enrenr s Il
I A0 10 0 ST VIII
LISE OF TADIES ...ttt b bbb bbb e bR nen e nnennes X
GENEIAl INTTOTUUCTION.......viieiiitiitee ettt se ettt b b e bt b s e be b e e e e e b e nb e e e b e b e s e sennens 12
Chapter I: Generalities Of BACKGIOUNG............ccocuiiiiiiiiiiieiesie st 13
1.1 Introduction to Solar PhotovoltaiC ENErgy ........ccccceiieiiiiiiieieiie e e siee e e s ens 14
1.2 Basic Principles of Solar Energy CONVEISION............ccuiveiirieeiieeiesieeseeseesessseessesseessesssesses 14
1.3 Types of Photovoltaic Cells and Their CharacteristiCs ...........ccocceviveieeveiieeiieeiiesieene e 14
1.3.1  Monocrystalling Silicon (MONO0=Si) ........cccoiiiiiiiiiii e e 15

1.3.2  Polycrystalling Silicon (POIY=Si)........ccciiiiiiiiiiiie e 15

[.3.3  Thin-Film Solar Cells............coiiiiiiin s 15

1.4 Key Components of a Photovoltaic (PV) SYSIEM .......ccccoceiiiiiieiiiie e see e 16
1.4.1  Photovoltaic Modules (Solar Panels) .........cccccceieieiiiniinnienin e sesieesee e ssee e e 16
A2 INVEITEE ... nr e 17

[.4.3  IMOUNTING STIUCTUIES .....ceiuiiiiiieiieitesie st sie e steses e eseessestessessesbesse s e eseesessessesbessessessessensenssnnnns 17
.44  Battery Storage (OPLioNal) ........cccoiiiiiiiiiiniiiiiii e e e eenees 18

A5 Charge CONIOIIEE........coiiiiie it e bbb sre b e e e ensennas 18

1.5 Performance Factors Affecting Photovoltaic Energy Systems...........ccccocveveviieienineseennnnn, 18
I.5.1  Solar Radiation and Its EffiCIENCY .........ccceiviiiiiiiiieiiiniene e 19

.52 TEMPEIALUIE .....ooueiiiietiiieeieeete ettt sttt n b e e b e s e saeesbe e e e s s s e b e e s e nsnenreennennes 19

1.6 Effect of High Temperature on Photovoltaic Modules .............ccccvviieiennnnenienieseeiee, 19
1.6.1  Temperature Dependence of PV EffiCIENCY.........ccccvviiiiiiiiininecese e 20
1.6.2  Thermal Degradation Mechanisms in Solar Cells.............cccooeiiiinininininiiccens 20
1.6.3  Power Output Reduction Due to Elevated Temperatures ............cccoceeveervereesieesnereennes 20

1.7 Cooling SOIULIONS TOr PV SYSIEIMS .......cccueiiieiiieieseesieeieeseeseeeeeseessessaesseesseesseessesseessesseessnns 20
.7.1  Passive CooliNG tECANIQUE ..........ccoveiiiiieee e 22

1.7.1.1 HEAE SINKS ...t e ettt ettt e e e e e e e e e et eeeeesseaaenneeeeeeeesseaaennnneeeeesensenaannnes 22



1.7.1.2 Thermal CONAUCTIVE MATETIAIS..........eeeeeeeeeee et e et e e et e e e e e eeaeenneeeeeeesssesensnnneeeses 23

1.7.1.3  Natural @ir COOIING .......ccoueiiiiiiiieie e sre e s sreesre e nns 23

1.7.2  Active C0o0liNG TECANIGUES........ciiieiieiieieeite et seese e ae e e saeesae s e e reeaesnnesreenneens 24
[.7.2.1  FOrced @ir COOING ......ccoiuiiiiiiiiiiiisieie e bbb 24
1.7.2.2  1iQUIA COOING ......couiiiiiieiiie it nb et 25
[.7.2.3  WALET COOIING......couiiuiiiiiiieitestsie ettt bbbt 26
1.7.2.4  Phase-change materials (PCIMS) ........ccccieiieiieeieiiee e see e essesee e ene e sre e sns 26

1.8 Progress and future tendencies in PV Technologies of cooling unit...........c...cccceveeveiieennenn, 27
1.8.1  Emerging materials for improved dissipation of heat. .............ccccccevviiniiiiinnie e, 28
1.8.2 Integration of Cooling Systems with Bifacial and Concentrated PV .............cccccueunenee. 28

1.9 Current Situation of Photovoltaic Technology in the World.............ccccccviiviniiiienniiennn, 29
.10  Photovoltaic Technology in AIGEria.........ccocviiiiiiiiiiieiieie e nne e 29
1.10.1  Solar ReSOUICES iN AIGEIIA.......c.cccueiriiiiiiieeie e seesre et e e sreseesresnne s e e sreeaesreesreenneens 30
1.10.2 State of Photovoltaic Technology in Algeria...........ccoveiiiiiiieiiecie e 30
1.10.3 Future Development and POLICY ..........ccciueiiiieiecie e 30
L1 CONCIUSION ...ttt sttt sttt b ekt b e bbb e bt e bt et et e bt e b e seeb e b e e enennas 31
Chapter [1: Literature REVIEW ..........cciiiiiiiiiieiieiiesieeseeiaeseeseeesaesseessesssssseessesssessesssesssessesssesssessesssens 32
L R (41406 [3o{ 1 o] o TSSOSO PR PTRURN 33
1.2  Environmental Factors Affecting PV Performance........c..cccoccevoverenienieenieninseeseseesneneeans 33
[1.2.1  SOIAr IITAAIALION. .....c.eiuiiieieiiieireeieie ettt et bbb nn e enas 33
[1.2.2  Shading EFFECLS .....cccviiiiiiiii ittt sb e b nnas 34
[1.2.3  DUSE UEPOSITION......ceiuiiiiiiiiiiie ittt ra e e e ebesresbesbesbesreerenneensennas 35
[1.2.4  Temperature EFfECt..........ccooiiiiiiiiii e ens 36
o R o U] (1= 1] 1RSSR 37

1.3 COO0lING LECNNIGUES ......eeiteeiieieiieiieeteseeseeieseesreeeesreesseesaesseesseenseeseesseeseassesseenseessesseesens 38
[1.3.1  Passive co0ling tEChNIQUES........cccooiiiiiiiiieiseseee et 38
[1.3.1.1  WaLET COOIING......ciuiiiiiieieieitceieee sttt bbb 38
[1.3.1.2  HEAL PP ..ttt nb bbb 40

11.3.2  Active co0liNg MELhOd ...........ccoiiiiiiiiiecie e ens 43

[1.3.2.1  FOrced Water COOLING........ccuiieiierieiieieeieeieeseeseeseesreesaesseesseessesseesseessessessseeseesses 43



11.3.2.1  NanOfluid COOLING ......cceiiiiiiiiiiiieii e sre e s e e s reesre e nns 46

1.4 CONCIUSION ......eiviitiieieiiit ettt etttk b e et b e b et e b e b e s e e b b e enennas 48
Chapter I11: Experimental Methodology ..o 49
1 O O 111 oo (3 o1 1 o ISP PP URURPROPRPIN 50
1.2 TeSt are@ deSCIIPIION ......ciuiiiiieiieite ettt ettt sttt b e bbb e b b e be e e e s e e 50
1.3 EXPEriMental SELUP.......ccoiiiiiiiieiiiiesiesie sttt sttt r bbbt b s be e e e e s e e 51
111.3.1 Solar Panel SPeCifiCations .........c..cceieiiiiieeii e nae s 51
111.3.2 Description of the Heat Sink ...........cccooeiiiiiiiiiiii s e 52
11,4 Data ProCeSSiNG SYSIEM.....c.ciiiiiieiiiiriiieeieeire e sreeseeseesreesaesaesseessesssesseessesssesseessesssesseessenns 54
1.4.1 Temperature ACQUISITION SYSTEM ......cuiiiiiiiiieie e sre e e e sresraesrees 54
11.4.2 Measuring INSEIUMENTS .........ccviueerieeierieeseeesesseseseeseseesesesseessesesssseessesessnsesensesssseses 57
[11.4.2.1 Digital MUITIMETET .......ccoeiiiiieiiiie e sre e sre e e ae e e sreennesnes 57
[11.4.2.2 0B RESISIOIS........ccuiiiiieeiieiiriesieiesieste et ettt st b et be bt sbenn e eb et n e e s 57
L T oV - 14 101 1] (=] PRSPPI 58
[11.4.2.4  ANEIMOIMETET ......cciiiiiiiiiiiri et sb s b e sre b e n e 58

L5 Experimental DeVEIOPMENTS. .......ccccciuiiiieiieiie e st sre e e saesnesreesreennesneenne e 59
11.5.1 Installation of the Heat Sink ... 59
111.5.2 Experimental PrOCRAUIE ..........ccceiiiie e see e s e sne e snaenne e 60
111.5.3 Objectives of the EXPErimeNnt ..........cccuiiiiieiiieienieeseeiesieesreeseeseessessassseesseessessesssens 61
Chapter 1V: ReSUlts and DiSCUSSION...........ccuiiiiiiienieiesiesiessessessessessessesessessssssessessessessessessessessensens 62
IV INEFOGUCTION: ..vitiieiieitite etttk bbbt e bt b e e bt st e b e e e bt enenennas 63
IV.2  Climatic condition MEASUIEMENTS .........ccceirerieiririeieisieseeesesse e s e ss s e s snese e 63
Iv.2.1 Results for 28/04/2025 (SUNNY DAY) ......cooveiriiiierireieiieeieesieseeseesseseesseessssseesseesseens 63
IvV.2.2 Results for 29/04/2025 (SUNNY DAY) .....cciviiuiiiierieeieiieieeseeseeseessesessseessssseesseesseens 64
Iv.2.3 Results for 01/05/2025 (Partly Cloudy Day).......cccccecceiiemrrrieenieenesieeseeseeseeseneseens 64
IV.3  Operating temperatures MeaSUIEMENTS: ..........curueieiereiiesesesessesseessessessessessessessessessesssnsss 65
IV.3.1 Analysis of Experimental RESUILS.............ccooiiiiiiiiiiiiie s 66
IV.3.1.1 Results for 28/04/2025 (SUNNY DAY) .....cccueriiiirirriiiieneaie e e seessessee s sseeeesnes 66
IV.3.1.2 Results for 29/04/2025 (SUNNY DAY) .....ccceciieiiieiieieiieneaieseeseesee e sseesesseesseessesnes 67

IV.3.1.3 Results for 01/05/2025 (Partly Cloudy Day).........ccccccerierrmrimieeinseeneenieseeseeeneeens 67



IV.3.2 Temperature average differeNCe: ........ccceiiiiii i e nne e 68

IV.4  Analysis of Maximum OQULPUL POWET: ............ccceiiiiiiieeieeie e e eseeseeseesaesae e e sseenesnsesneens 70
IV.5  EffeCt OFf WINA SPEEU: .......eiiii ettt sae et be e e sreeneennesneenneens 72
IV.6  Analysis of Effectiveness Solar Panels: ... 73
IV.7  CONCIUSION ...ttt sttt sttt b e bt e e b e b et et e ebe st e s b e e bt ebeensennenn s 75
GENEIAI CONCIUSION ..ottt s b e bt bbbt e b e s et e b e b e b nbeebeebeabeeneennannas 78
BibliographiC refEIENCES .........ccuiiiiiii it e rr e b b e s re e reenesre e reenesnaesreennennes 80

ADSITACT ...eeeeee et e et e e et et eeeeeeeeeaaeeseneeeeeaessaaaansseeeeeseessasansnseeeesessssananssnneeesessssaannnnneeaeeesssanannnes 85



List of figures

List of figures

Figure 1.1 monocrystalling SHICON .........ooiiiiiiieie e 15
Figure 1.2 Polycrystalling SHIICON ........oovoiiiiiie e 15
Figure 1.3 Thin-Film SOIar CellS .........ooiiiieee e 16
Figure 1.4 Photovoltaic Modules Solar Panels ..........cccoovieiieiiiic e 17
Lo U =T BTN 101V 7= o T USROS 17
FIgure 1.6 MOUNTING STIUCTUIES . ......oiiiiiiiieieiect ettt 18
Figure 1.7 Charge CONIOIIET . ........oiiiiiiee e 18
Figure 1.8 Thermal management of solar PV modules . .........cccovee e 21

Figure 1.9 The (a) proposed geometry and (b) dimensions of a PV panel with aluminum heat sinks22

Figure 1.10 Photovoltaic Module with a Thermally Conductive Back Sheet ............cccoovviviiiennen, 23
Figure 1.11 Natural Air COOING ....ovoiiiiieieiei bbbt 24
Figure:1.12 Forced Air Cooling for PV Panels . ..o 25
Figure 1.13 Liquid Cooling for PV MOUUIES...........cc.ooviiiie e 25
Figure 1.14 Water Cooling System for Photovoltaic Panel. ..., 26
Figure 1.15 PCM heat transfer with nanopartiCles. ..., 27
Figure I11.1 (I-V) and (P-V) characteristics of PV cell at 25°C under various irradiance intensities34
Figure 11.2 1-V and P-V curves of tested PV module under partial shading ...........cccccceeevvevvenenne. 35
Figure 11.3 Effect Of dUSt ePOSTTION .......oviiiiiiiicisiee e 36
Figure 11.4 Temperature effect on various PV cell technologies. ..o, 36
Figure 11.5 Degraded soldering and/or broken interconnecting ribbons. ............cccooeiviiieiicivcnene, 37

Figure 11.6 (1) cracking of solar cells, (2) busbar corrosion and (3) delamination at the diagonal of

PV CRIIS. ittt ettt R e Re Rt eR e e Rttt Rt e eRe e e Rt e nreeeeeneeaneenne e 37
Figure 11.7 water — flow co0ling MEethod . ..., 39
Figure 11.8 Photographic and schematic view of the experimental stand. .............c.ccccoveveiieiiennenne. 39
Figure 11.9 Representation of the hybrid PV/T system using heat pipe........ccccoevevieieevecieveenee 41
Figure 11.10 Effect of heat pipe cooling on solar cell temperature ............ccoccevevereniieninieeeee, 42
Figure 11.11 PV water COOING TEST Q. ..oveiiiiiiitiiiesiieie et 43
Figure 11.12 Model of microchannels for cooling PV ..o 44
Figure 11.13 Cooling system with convergent heat eXChanger ..........ccccevveevie e 45
Figure 11.14 Nanofluid COOIING .......coiiiiiiiiieie e 47

Figure 111.1 location of Ouargla on the Map. ..o, 51



List of figures

Figure T11.2 TWO SOIar PANEIS.......ccuoiiiiieeiece ettt 52
Figure 111.3 The shape of the heat SINKS USEA ...........ccccviiiiiiiieieee e 53
Figure 111.4 Arduino Mega 2650 Board, Max6675 Temperature Sensor With K-Type Thermocouple
AN BrEaODOAIT .......eivieiieieie et bbbttt bbbt 56
FIQUIe TT1.5 DEVICES LINK ....ooiuiiiiiiiie ettt st 56
Figure 111.6 Arduing 1de INTEITACE .......ccviiiiie e 56
Figure 111.7 Digital Multimeter DM750M.........c.oiiiiiiieiecie et 57
FIQUIE 1.8 RESISIONS ....evveeiie ettt ettt et e et et e et e s s et e e este e s neenbenneesraenneanes 58
FIQUIE T11.9 SOIAr POWET ...ttt ettt be et e et sneente e e nnes 58
FIQUIe 111,20 ANEMOMELET ......eiiiiiiieie ettt sttt sttt e s et et re e be e st e sneenteeneennes 59
Figure HH1.11 Corner INStallation ...........cvoiiiieiicce e 60
Figure 111.12 A Board Containing a Heat Sink Figure 111.13 Reference Panel....... 60
Figure 111.14 This way the sensors are mounted on the Doard.............ccccovveiineiiinicin e 61
Figure 111.15 The eXperimental SETUP ........oooiiiiiiiiiieieeee e 61
Figure 1V.1 Solar radiation intensity and air speed (28/04/2025).........cccccovcveiiveveiieeiieeie e 63
Figure 1.2 Solar radiation intensity and air speed (29/04/2025).........ccccccviveiiveiesieeiieeie e 64
Figure 1V.3 Solar radiation intensity and air speed (01/05/2025)........cccccooevereneienininiiieeeeen, 64
Figure 1V.4 Positions of thermocouples on the PV ModUules. ..o 65
Figure IVV.5 Temperatures of Cooled and Witness PV modules (28/04/2025) ........c.ccccccvvevveivenenne. 66
Figure 1.6 Temperatures of Cooled and Witness PV modules (29/04/2025) ........c.cccceevevvevvenenne. 67
Figure 1V.7 Temperatures of Cooled and Witness PV modules (01/05/2025) ..........cc.ccovvvvrvenennne. 68
Figure 1V.8 Temperatures difference (28/04/2025) ........c.ccoiiiiiiiiiiiiiieeeee e, 69
Figure 1VV.9 Temperatures difference (29/04/2025) .......ccvoeiieieiieiiese e 69
Figure 1VV.10 Temperatures difference (01/05/2025) .........cceiieiiiieiieiecie e 70
Figure 1VV.11 Maximum Power of cooled and witness PV panels (sunny day: 28/04/2025)............ 70
Figure 1V.12 Maximum Power of cooled and witness PV panels (sunny day: 29/04/2025)............ 71
Figure 1V.13 Maximum Power of cooled and witness PV panels (cloudy day: 01/05/2025) .......... 72
Figure 1V.14 Wind Speed and Temperature difference variation.............ccccccoovveveiieiiece e 73

Figure 1V.15 Effectiveness of Solar Panels ... 75



List of tables

List of tables

Table 111.1 PV Module Electricity Performance Parameter

Table 111.2 Basic Physical Properties of Galvanized ..........

Table 111.3 The Technical Specifications of Arduino Mega 2650...........cccccveveiieieeie i



General introduction




General introduction

He global shift towards sustainable and clean energy sources has made solar photovoltaic (PV)
technology a leading solution, particularly in regions with high solar irradiance such as southern
Algeria. The Ouargla region, for instance, receives solar radiation exceeding 2,500 kWh/m?/year,
making it an ideal candidate for large-scale solar installations [2].

Despite this potential, PV modules installed in desert environments face serious performance
limitations due to high ambient temperatures. Elevated temperatures reduce panel efficiency and
accelerate material degradation [3]. In fact, PV efficiency may drop by about 0.5% for every 1 °C
above the standard test condition of 25 °C [4], which can lead to up to 25% efficiency loss in desert
climates.

Therefore, improving thermal management is essential for enhancing the performance and
lifespan of PV modules in hot environments. This study investigates passive cooling techniques—
specifically, aluminum heat sinks—aimed at reducing the operating temperature of PV modules and
increasing their output efficiency under harsh climatic conditions.

The structure of the thesis is organized as follows:

e Chapter I provides the theoretical background on solar photovoltaic energy, including the basic
principles of PV conversion, types of solar cells, system components, and factors affecting PV
performance such as temperature, radiation, and environmental conditions. Various passive and
active cooling strategies are also discussed in detail.

e Chapter Il offers a comprehensive literature review of recent research in PV thermal
management. It focuses on passive, active, and hybrid cooling methods, reviewing experimental
results from global studies and analyzing their effectiveness and feasibility in arid regions.

e Chapter Il1 describes the experimental methodology. It includes the technical characteristics of
the PV panels used, the design and installation of the heat sink, the data acquisition system, and
the environmental conditions of the test site in Ouargla.

e Chapter IV presents the experimental results and analysis. This chapter compares the
performance of cooled and uncooled PV panels over three test days, discussing temperature
variation, power output, and overall efficiency gains.

This study aims to provide practical insights and quantitative evidence for improving the thermal

regulation of PV modules in desert environments—contributing to more sustainable and efficient

renewable energy systems in Algeria and similar regions.
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Chapter | Background

I.1 Introduction to Solar Photovoltaic Energy

The energy infrastructure across the world transforms toward sustainability because
environmental challenges and natural resource exhaustion alongside air pollution issues persist
nationally and globally. The renewable energy sources include wind power, hydroelectricity,
biomass, and geothermal, but solar energy emerges as the most abundant accessible renewable source
with advanced technological capabilities. Strong adoption of photovoltaic systems has become
possible because of performance enhancements and decreasing prices in solar power applications.
The hot climate environment of Ouargla, Algeria, causes severe degradation of PV performance that
leads to reduced system efficiency together with material deterioration. The thesis operates to resolve
performance-limiting challenges by implementing thermal management methods, including passive,

active, and hybrid approaches for solar PV devices under hot climates.

1.2 Basic Principles of Solar Energy Conversion

Sunlight transforms through solar energy conversion to obtain two main energy outputs, which

include electricity and heat. The two predominant methods are:

e Sunlight transforms through solar energy conversion to obtain two main energy outputs,
which include electricity and heat. The two predominant methods are:

e The photovoltaic (PV) conversion method transforms sunlight into electricity through
semiconductor materials when using photovoltaic effects. The semiconductor material
generates electric current through electron excitation following photon impact.

e Through the solar thermal conversion process, sunlight becomes heat that works both for
heating systems and thermodynamic cycles to produce electricity.

e Engines used to convert solar energy operate with efficiency levels that are determined by
sunlight strength and incident angle, material behavior, and environmental heat level. Modern
advances in materials technology and engineering practice have resulted in improved solar
energy systems that are less costly and more energy-efficient.

e Performance optimization of solar systems together with system design optimization becomes
essential in areas with high solar potential and changing climatic conditions due to the
understanding of these fundamental principles [5].

1.3 Types of Photovoltaic Cells and Their Characteristics

PV cells transform solar energy to electric power using semiconductor materials to function. PV

cells receive their categorization through material makeup and technological construction methods
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Chapter | Background

that control both their operational capabilities and pricing structures and possible implementation

areas.

1.3.1 Monocrystalline Silicon (Mono-Si)
The formation of monocrystalline PV cells requires silicon material to grow a single
continuous crystal structure. These cells demonstrate a high-performance level that extends between

18% to 22% efficiency while maintaining robust functionality under low-light conditions [6].

Figure 1.1 monocrystalline silicon [7]

1.3.2 Polycrystalline Silicon (Poly-Si)

The silicon crystals of polycrystalline cells join together into several pieces. The production
methods for poly-Si cells simplify manufacturing which leads to affordability even though their
efficiency rate stands at 15-17%. A distinct characteristic of poly-Si cells is their blue fractured

appearance that allows easy visual recognition [8].

Figure 1.2 Polycrystalline Silicon [7]

1.3.3 Thin-Film Solar Cells
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The production of photovoltaic material through thin-film techniques occurs by placing one or
more layers onto glass or plastic or metal substrates. Photovoltaic materials of three major types
consist of Cadmium Telluride (CdTe), Copper Indium Gallium Selenide (CIGS) and Amorphous
Silicon (a-Si). The cells possess both flexibility and lightness which enables their use in building-
integrated photovoltaics (BIPV) systems and portable solar energy devices. These cells provide
efficiency rates between 10-13% yet their operational life spans are reduced in comparison to

crystalline silicon cells [9].

Figure 1.3 Thin-Film Solar Cells [7].

I.4 Key Components of a Photovoltaic (PV) System

The main systems which make up a Photovoltaic (PV) system include key components.

The photovoltaic system turns solar energy into electricity by bringing together different essential
components that ensure high performance and safety outcomes. The following list demonstrates
essential components that a complete PV system usually contains:

1.4.1 Photovoltaic Modules (Solar Panels)

The main power-generating device serves as the basic solar energy converter which uses
photovoltaic effect to transform sunlight into direct current electricity. The desired voltage and
current output require solar cells from the photovoltaic modules to link in series and parallel
configurations. The system output depends directly on module efficiency together with orientation

positioning and the tilt angle design [3].

16|Page



Chapter | Background

Glass

Encapsulant
Si Solar Cells —/

Encapsulant

Ribbon

Frame
Back sheet

Junction Box

Figure 1.4 Photovoltaic Modules Solar Panels [10].

1.4.2 Inverter

The inverter turns the DC electricity created by solar panels into alternate current (AC) power
that matches what the power grid and home devices use. The three main types of inverters in solar
installations include string inverters, microinverters, and combinations of off-grid and grid-tied
systems. These devices supply monitoring features in addition to safety features with functions for

grid synchronization[11].

Figure 1.5 Inverter [12].

1.4.3 Mounting Structures

They keep the PV modules placed accordingly at different slopes and directions. Sun exposure
during the day can be maximized by having sun trackers (single- or dual-axis) or by using fixed
systems. When materials can handle the environment, they usually perform well for a longer period
[13].
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Figure 1.6 Mounting Structures [14].

1.4.4 Battery Storage (Optional)

Excess electricity generated during light periods goes into batteries which provide power during
times of low sunlight and darkness. The main battery varieties consist of lead-acid batteries and
lithium-ion batteries and flow batteries. The dimensional scale of batteries alongside their operational

management considerably influences both reliabilities along with system financial aspects.[15]

.45 Charge Controller
A charge controller for battery-based systems protects batteries from both overcharging and deep
discharging through precise voltage and current regulation from the solar panels. The device deepens

battery power duration and increases safety measures.[16]

Figure 1.7 Charge Controller [17].

1.5 Performance Factors Affecting Photovoltaic Energy Systems

The efficiency and performance of photovoltaic systems depend from many conditions, from the
outside and from inside the system itself. Main environmental factors are solar irradiance,
temperature, shading and soiling. System-related factors also involve quality of PV modules,
efficiency of inverter, as well as configuration of system. For example, shading from adjacent
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structures can highly decrease the power production; while dust and dirt on the panels (soiling) can
decrease the sunlight that reaches the photovoltaic cells, thereby reducing its efficiency. Also the
orientation and inclination of the solar panel also affects with getting maximum sunlight and thus

solves the performance [18].

1.5.1 Solar Radiation and Its Efficiency

Solar radiation is the base of solar photovoltaic devices the power that can be generated by
photovoltaic system is depending on the solar radiation. The efficiency of a PV system depends
strongly on the quantity of solar irradiance that it receives. Areas with high solar irradiance levels,
for example deserts produce more energy from a PV system compared to areas with low irradiance.

Similarly, the angle of incidence, the angle that sunlight hits the panel, factors in to how much energy
Is absorbed. Best position and tilt of the panels allow the most sunlight exposure during the day so

that we have higher efficiency [19].

1.5.2 Temperature

Temperature is one of the key parameters determining operation of photovoltaic systems. The
efficiency of PV cells works well when they are not hot as their efficiency is likely to fall as their
temperature increases. This primarily due to decrease in open-circuit voltage (V_OC) with escalating
temperatures which have more effect than slight increment in short-circuit current (I_SC) as a result,

leading an overall slice in power generation.

Temperature coefficient is a quantity that describes a change in the efficiency as a function of our
temperature. However, for crystalline silicon solar cells, for every degree of increase in temperature
above 25°C, the efficiency is in the order of 0.5%. This underscores the need of thermal management

in PV system particularly for hot climates.

Cooling techniques such as regional refractive cooling can help counteract the negative outcomes
of high temperatures. These methods ensure proper operating temperatures for PV modules — to

sustain their efficiency and extend their lifespan [20].

1.6 Effect of High Temperature on Photovoltaic Modules

High temperatures affect the performance and longevity of photovoltaic (PV) modules badly.
High temperatures make power plants work less efficiently, age faster, and lose power. Knowledge
of these effects is important for the PV system performance optimization, particularly in regions with

a high level of ambient temperature.
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1.6.1 Temperature Dependence of PV Efficiency

The efficiency of PV modules is a function inversely proportional to the operating temperature.
As the temperature rises, open-circuit voltage (V_OC) of solar cells below, the short-circuit current
(1_SC). Although the V_OC got reduced, downside, since increase in I_SC as well as, totally energy
output conductivity drops. This correlation is expressed by the temperature index, which depends on
the type of PV technology adopted. For example, crystalline silicon modules have a temperature
coefficient around -0.5% per °C. So that as temperature rises above the standard test temperatures
(25°C) the modules produce power drops off by a back about 0.5% for every degree Celsius increase

in temperature [21].

1.6.2 Thermal Degradation Mechanisms in Solar Cells

Extended exposure to high temperatures can also accelerate several degradation processes within
solar cells. Thermal stress can cause initiating micro-cracks in the semiconductor material. These
physical changes damage the rigid structure and electrical functions of the PV modules. Also, high
temperatures can enhance the chemical chemical reactions that chemical reactions worse the

photovoltaic material and contains reduced the mounting material efficiency and misses[22].

1.6.3 Power Output Reduction Due to Elevated Temperatures

Temperature plays a significant role on the performance of photovoltaic systems. PV Cell
efficiency efficiency is usually reduced as PV Cell temperature increases. This can be primarily
attributed to the drop in open-circuit voltage (V_OC) as the temperature increases outshines the slight

rise in short-circuit current (1_SC) and hence sees an overall fall in the output power.

Temperature coefficient is the quantity that characterizes the change of the efficiency depending
on temperature. For crystalline silicon solar cells, the efficiency drops typically by around 0.5% for
every degree Celsius above 25°C. This emphasizes the importance in PV systems especially in warm
regions of thermal handling.

Cooling methods like passive radiative cooling can help counter the unintended consequences of
temperatures above 32°C. These techniques keep appropriate working temperatures of PV modules
leading to allow for optimal efficiency and improved lasting affecting the modules [20].

1.7 Cooling solutions for PV systems

Most of operating photovoltaic (PV) systems are deployed in these hot, dry regions where very

adverse negative environmental effects, such as high temperatures and intensive UV radiation can
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contribute not only to decreases in module performance but also in system efficiencies. In an attempt
to overcome this problem, many researchers have come up and engineered a number of cooling
techniques to optimize temperature during operation and efficiency in the system. Generally, these
are classified into two major categories of cooling methods; passive cooling methods and active

cooling methods, as it can be observed in the given table[23]

Cooling Solutions
for PV Systems
I |

Passive Active
Cooling Techniques Techniques
Heat Sinks Forced Air Cooling
Aluminum or coppe fins Fans are used to
are attached to the generate airflow
PV back surface to increase heat tranfer
to increase heatissipation from the PV surface

Natural Air Cooling Water Cooling

Relying on ambient Utilizing ambient water
air flow without flow (e.g., rain or strams)
mechanical assistance without pumps
Phase Change Liquid Cooling
Materials A pumped liquid coolant
Substances with a high is circulated through
latent heat of fusion ate or beneath the
used to absorb PV modules
and release heat as
they melt Hybrid Cooling
Approaches

Thermal Conductive Combining passive

Back Sheets cooling techniques
with active cooling

Figure 1.8 Thermal management of solar PV modules [23].

Passive cooling is generally less costly and relies on natural heat dissipation processes. They range
from natural air to cooling using natural water, heat sink, fins, heat pipes, and heat sink using phase
change materials (PCMs). PCMs on the other hand are very effective since during phase
transformation, they act as heat sinks absorbing excess heat in the process helping to keep module
temperatures as close as possible to optimal temperatures during peak sunlight hours.

Active cooling methods involve input of external energy to promote heat removal, though. These
are forced air cooling through fans or blowers, water circulation (systems), water immersion
(cooling), and thermoelectric cooling, etc. Although active cooling is generally more efficient in
lowering the temperatures of PV modules and delivering more uniform temperature distribution,
input of power into active cooling means that less net, electrical output is achieved from the PV
system[23].

21|Page



Chapter | Background

1.7.1 Passive cooling technique

Passive cooling approaches are widespread for photovoltaic (PV) modules since they are easy to
employ, cheap, and do not require energy. These methods do not require any external source of power
or mechanical implementation in order to cool PV units by means of natural processes such
convection, conduction, phase change or radiation. In order to keep the operating temperatures lower
and improve the electrical efficiency and lifespan of the PV modules, the simple concept is to reject

the excess energy generated during conversion of solar energy [24].

1.7.1.1 Heat sinks

A heat sink and PV cooling system were put together to ensure controlled cooling of the thermal
system of PV panels. Figure X illustrates that the system comprises a PV panel and several horizontal
heat sinks affixed to its rear. Air enters the system from below, passes through the heat sinks, and
exits through a vent at the top. The way it moves the heat away from the panel reduces its temperature
and helps the panel to work more efficiently with less power.

Part two of Figure X shows the technical drawing of setting up the heat sink. The PV panel has a
width of 500 mm, with the heat sinks measuring 480 mm in length and separated by 30 mm. There
are sixteen holes of 6 mm diameter in every heat sink, giving it a bigger area for the exchange of heat
and better airflow. With it, every part of the PV module receives similar cooling, which helps to

reduce the effect of temperature on the module in hot places[1].

| |
w
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& @ 2] o @ ‘
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Heat sink > & o & & 6 6 9
480
(a) (b)

Figure 1.9 The (a) proposed geometry and (b) dimensions of a PV panel with aluminum
heat sinks[1].
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1.7.1.2 Thermal conductive materials

Passive cooling layers known as Thermal Conductive Back Sheets decorate the back of PV
modules using high thermal conductivity materials as (graphite composites or aluminum laminates).
They remove heat from cells without consuming extra energy, thus lowering the temperatures by 5-
10°C and increasing the efficiency by 3-6%, they extend the system’s life span — especially so in hot

climates.

THERMAL
CONDUCTIVE
BACK SHEET
(graphite compostic
(aluminum laminate)

Figure 1.10 Photovoltaic Module with a Thermally Conductive Back Sheet

1.7.1.3 Natural air cooling

This is achieved by creating an air gap or channel behind the PV panel, natural air cooling
commonly occurs by the passing of ambient air by buoyancy-driven convection through the chimney
effect. The channel air warms and rises as the panel warms in the sun, drawing down cooler air, and
replenishing the heat removing air at the panel’s backside. These natural air flows directly contribute
to extension of longevity and electrical efficiency of the PV modules and facilitates maintaining low

operating temperatures [25, 26].
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Figure 1.11 Natural Air Cooling [26]

1.7.2  Active Cooling Techniques

Active cooling is more complex but it is also more efficient; it is especially relevant in places with

high intensity solar radiation or for the high efficiency PV systems. These systems need to receive an

external energy supply, in the form of electric, to operate fans, pumps or other cooling methods.

Although they entail increased costs of maintenance, they provide substantial modifications in

thermal control and energy efficiency.

1.7.2.1 Forced air cooling

The Forced Air Cooling uses electric fan or blowers to push a flow of air across the PV

modules surface. This increases the heat convection and removes heat accumulation rapidly. It is

particularly useful in enclosed, or rooftop installations which natural air flow is restricted[27].
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Forced air cooling

Fan
( :: AR A AR A,
4 A AN A A,
A A AW AW,

Air flow /AW AVANW,
l.l..

Photovoltaic Module

Figure:1.12 Forced Air Cooling for PV Panels [27].

1.7.2.2 liquid cooling
Liquid Cooling is the process of flowing (a liquid coolant like water or a glycol-based solution

in pipes/channels) in or underneath PV modules. The liquid takes in the heat and the latter is conveyed
from the panel, as the pressure in the system is maintained at a good level. This approach is very

effective but necessitates pumps and sensible system design [27].

Liquid
Coolant

photovoltaic
LIQUID COOLING
Module temperature Improved efficiency
65°C — 35°C 10-20%+

Coolant
Water or water-glycol

Figure 1.13 Liquid Cooling for PV Modules[27].
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1.7.2.3 Water cooling

Water cooling is a liquid method of transferring water across or below the surface of
photovoltaic (PV) panels to cool them down. This approach can not only improve panel efficiency,
but can also be used to harvest thermal energy for other purposes such as heating water. It is energy-
dependent as hinges on pumps working for the water to flow. Solutions such as spraying concentrated
water occur especially at lower panels, thereby making temperatures reduce further. A range of
parameters include flow-rate, spray methodology, and nozzle type influencing system performance.
Water cooling can reduce PV module temperature by up to 25 °C, increase power generation by

16.3%, and improve efficiency by 14.1% to 17%) [28].

Figure 1.14 Water Cooling System for Photovoltaic Panel[28].

1.7.2.4 Phase-change materials (PCMs)

PCMs present considerable opportunities for solar thermal applications while solar storage
technology heavily relies on these materials for operation. The main characteristic of most PCMs
is their high energy density contrasted against their heat transmission problems. The process needs
heat transfer enhancement methods to reduce impacts from the low thermal conductivity when
applied in thermal storage. Nanoparticles integrated with basic PCM serve as an effective thermal
performance improvement method. The PCM latent heat capacity will decrease when a large
portion of nanoparticles interact with the PCM substance .[29] PCMs fall into two groups which

include organic and inorganic chemical substances. Hydrocarbon or fatty acid organic PCMs
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which include paraffin wax alongside polyethylene glycol represent the most commonly used
types in this category. PCR Inorganic substances consist of sodium sulphate and calcium chloride
hexa-hydrate along with various other hydrated salts. PCM brings value to multiple situations
because of its diverse range of latent heat capacities and melting and solidification temperatures

and additional properties[30].

Heat Source Heat Souirce

Heat sink
Bmcnidee

Sooid /50
> - stwe phasss
Liguid | Liquid
Thermenergy Pluid | equid

errqy phases

Coolicatune
Sensors

Heat Cenergy
Tratestor

Temprtor Sensors

Figure 1.15 PCM heat transfer with nanoparticles[30].

1.8 Progress and future tendencies in PV Technologies of cooling unit

Some recent PV panel studies are focusing on new cooling systems that can reduce temperatures

and extend the furniture.

Usually, coolers use convection and liquid to remove heat from the CPU. In the recent past, PCM,
together with forced-air cooling, thermoelectric, and PV/T technologies. They focus on improving
the method of heat transfer on the panels and ensure that the temperatures stay under control when
exposed to intense sunlight.

The best way to do this is to place PCM behind the solar panels and have fans direct air or water
flow to help cool the entire PV panel while it radiates heat in the sun. Closely studying the use of PV
and storage has confirmed that they together reduce high temperatures, make electricity generation

more efficient, and can extend the use of solar panels.

Researchers are now aiming to develop systems that do not use much money or an excessive

amount of resources and keep cooling better than today’s systems. Special substances known as
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hydrogels have been formulated by scientists to decrease the temperature of the panels and improve
the way the energy from the sun is received.

Increasing the cooling abilities of PV panels leads to more reliance on solar energy, pushes for
change in the clean energy sector, and cuts both costs and pollution, helping to reduce climate
change[31].

1.8.1 Emerging materials for improved dissipation of heat.

Choosing certain innovative materials can help improve heat removal from PV systems.

Graphene and Graphene Derivatives: Due to its high in-plane thermal conductivity (3000
5000 W/m-K), graphene can remove a lot of heat. Graphene can be found in thermal interface
materials, phase change materials, filters, and nanofluids. They have improved efficiency levels (by

up to 12%) and helped reduce temperatures in PV panels by almost 36%.

Hydrated salts and paraffin waxes, which are phase change materials (PCM), help keep the
PV panels stable by absorbing heat when they change forms. When graphene or other additives are
included in PCMs, they conduct heat better (an increase of up to 157%) and give better temperature

distribution, which leads to stronger and safer power connections.

Using innovative materials, hydrogels have managed to cool solar cells by up to 23°°C and
are much lighter and take up less space than other cooling methods. Consequently, it helps make

generators more energy-efficient and saves on materials for production[32].

1.8.2 Integration of Cooling Systems with Bifacial and Concentrated PV

Solar photovoltaic (PV) systems, particularly bifacial and concentrated PV (CPV) units, face
efficiency losses and material degradation due to high operating temperatures. Integrating effective
cooling systems is essential to enhance their performance and durability.

For bifacial PV panels, which capture sunlight on both sides and boost energy yield by 5—
30%, thermal management is crucial as they tend to run hotter due to increased irradiance. Cooling
strategies include:

e Passive cooling using reflective or cool roof coatings to reduce heat buildup,
e Active cooling through airflow and forced convection,
e Hybrid cooling combining phase change materials (PCM) with airflow to stabilize

temperatures.
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These methods can reduce panel temperatures by 1-5°C, improving efficiency by 2-5%,

increasing power output, and extending lifespan by reducing thermal stress.

For concentrated PV systems, which focus intense sunlight onto small cells causing significant

heat, advanced cooling is vital. Techniques include:

e Liquid cooling with microchannel heat sinks and nanofluids,

e Pulsating flow cooling to enhance heat transfer via increased turbulence,

e PCM for thermal energy storage,

o Infrared optical filters to block heat-inducing radiation.

These cooling solutions maintain cell temperatures within safe limits, preserving over 90% of
peak efficiency, improving reliability, and reducing maintenance. Pulsating flow cooling, in

particular, can boost heat transfer rates by 15-30% compared to conventional methods.

Overall, integrating these cooling systems significantly improves the thermal management of
bifacial and CPV technologies, leading to better performance and longer operational life[33, 34].

1.9 Current Situation of Photovoltaic Technology in the World
Photovoltaic (PV) technology has become a leading driver in the global shift to renewable
energy and has significantly improved in recent years. The fast-development and technological

progress in pv, a details survey noted that a lot more vital position in the sustainable power generation.

The global PV Market Has Witnessed a Steady Rise Supported by Decreasing Costs,
Increasing Efficiency and Favorable Policies. Innovations in technology, such as perovskite-silicon
tandem cells, have achieved efficiencies of over 28%, making solar so much more viable for many
things. In addition, the falling prices of PV modules have also made the solar energy more affordable

and competitive with other traditional energy sources.

For the future, the International Renewable Energy Agency (IRENA) forecasts that solar PV
will be critical in the switch to a globally clean energy system. By 2030, renewables are predicted to
comprise nearly half of all electricity generated, mostly through PV systems. Yet, problems persist
in grid integration, energy storage and in maintaining the supply chain stability for raw materials and

components[35].

1.10 Photovoltaic Technology in Algeria
Worldwide statistics place Algeria among regions which receive substantial yearly amounts

of solar radiation. Near all areas of Algerian territory experience extended daily insolation of over
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2000 hours throughout the year that reaches up to 3900 hours specifically in highland and Saharan
regions. A horizontal surface measuring 1 square meter gathers approximately 5 kilowatt hours per

day across the nation's principal regions from solar energy.

The Northern portion receives approximately 1700 kwh/m?/year of solar energy yet the Southern
part obtains 2263 kWh/m?/year[36, 37].

1.10.1 Solar Resources in Algeria

Algeria features among some of the highest solar energy rich regions worldwide, especially in the
south of the country. The country’s numerous desert regions are the recipients of huge solar irradiance
values; hence they are privileged for solar energy. As per analysis of assessment of solar potential on
basis of high-resolution data and GIS, Algeria has witnessed around 460 MW of cumulative solar

power capacity till 2022 hence Algeria has seen rapid investment in solar energy infrastructure[38].

1.10.2 State of Photovoltaic Technology in Algeria

As of September 2024, Algeria had 436,8 MW of photovoltaic (PV) power, 388,95 MW
(82.4%) of which were connected to the grid and 47,85 MW (10,1%) of which ran off-grid. Solar
power is the leading source of renewable electricity in the country. Recent massive tenders are

expected to take the national PV capacity above 4 GW in the coming years[39].

In addition, domestic solar module assembly capacity is also expanding. Algeria had an assembly
capacity of 500 MW for solar cells by the end of November 2024 and is expected to reach 600 MW
to 700 MW by year-end 2025[40].

1.10.3 Future Development and Policy

Algeria has made ambitious plans to integrate into the renewable energy mix. To achieve the goal
of adding 15 GW of renewable energy by 2035, 15 GW for the fixed domestic power consumption
and 10 GW capacity for trade under specified circumstances. It is expected that about 30-40% of

electricity generated for household consumption would be coming from solar energy by 2035.

In order to fasten the use of solar energy, Algeria has started implementing the Solar 1000 MW
Project (2023-2027) in which photovoltaic (PV) farms must be set up in different places, particularly
where the sun shines brightest like Ghardaia. The programme is expected to bring in foreign and
domestic investments, generate new employment opportunities and increase the percentage of solar

energy feeding into national grid[41].
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.11 Conclusion

Excessive heat appears as a crucial problem in solar photovoltaic technology since it decreases
performance efficiency while simultaneously hastening material degradation. The chapter delivered
an extensive introduction to PV technology along with its composition and operational characteristics
and many heat dissipation solutions. The combination of passive, active and hybrid cooling methods

enables efficient temperature loss reduction needed for achieving optimal energy production.
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1.1 Introduction

Thermal management of photovoltaic (PV) systems has emerged as a critical research focus,
especially in high-irradiance regions such as Ouargla, Algeria, where excessive heat poses a serious
challenge. Elevated temperatures negatively impact both the efficiency and the operational lifespan

of PV modules, highlighting the need for effective cooling solutions.

Recent studies have been dedicated to investigating a range of cooling strategies passive, active,
and hybrid in order to mitigate these thermal effects and enhance the overall performance of PV
systems. This chapter presents a comprehensive review of thermal management strategies for
photovoltaic (PV) systems, synthesizing a broad range of experimental and theoretical studies. It
explores the underlying principles, implementation methods, and performance outcomes of various
cooling techniques, with a focus on recent advancements in passive, active, and hybrid systems. The
chapter also identifies existing research gaps and highlights the need for further investigation to
optimize PV performance in hot climates. This review establishes the foundation for the subsequent
analysis aimed at enhancing PV efficiency and ensuring stable, sustainable electricity generation

under high-temperature conditions.

1.2 Environmental Factors Affecting PV Performance
Several environmental factors influence the electrical characteristics and overall efficiency of
photovoltaic (PV) modules. Key factors include solar irradiation, shading, dust deposition, and

temperature, each impacting the electrical output and durability of PV systems.

11.2.1 Solar Irradiation

Solar irradiation is the amount of solar energy received per unit area and consists of direct, diffuse,
and reflected radiation. PV panels convert this solar energy into electrical power via the photovoltaic
effect. PV modules reach peak power output and maximum efficiency under Standard Test
Conditions (STC), which are defined as 1000 W/m? irradiance, 25 °C ambient temperature, and 1.5
m/s wind speed. However, real-world conditions vary, causing fluctuations in irradiance due to
environmental and climatic changes throughout the day, which directly affect PV performance and

efficiency.

The electrical output, particularly the short-circuit current (Isc) and open-circuit voltage (\Voc),
responds differently to irradiance changes. Lower irradiance reduces power output, while higher
irradiance increases current and power generated. The conversion efficiency generally declines when

solar irradiation falls below 1000 W/m?, with the extent depending on the PV cell technology used.
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Thus, solar irradiance intensity has a direct and significant correlation with the electrical current and

power produced by PV modules[42, 43].
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Figure 11.1(1-V) and (P-V) characteristics of PV cell at 25°C under various irradiance

11.2.2 Shading Effects

intensities[44].

Shading, whether partial or complete, can severely reduce PV power generation. Causes include

static obstacles (buildings, trees), dynamic elements (moving clouds), or temporary obstructions

(birds). Since PV output is proportional to solar irradiance, shading reduces performance. In series-

connected PV arrays, the overall current is limited by the cell with the lowest current, so even a single

shaded cell can drastically reduce the entire module’s output.

Partial shading can also cause hot spots due to the reverse bias of shaded cells, which dissipate

power as heat, potentially damaging the module. To mitigate this, bypass diodes are incorporated to

divert current around shaded cells, preventing damage and reducing energy losses. This feature is

especially important in series-connected arrays, where shaded modules limit total current. Bypass

diodes help maintain system performance by allowing current to bypass shaded modules[45].
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Figure 11.2 1-V and P-V curves of tested PV module under partial shading [46].

11.2.3 Dust deposition

Dust accumulation on PV surfaces, particularly in arid and desert environments, reduces the
transmissivity of the glass cover, limiting solar irradiation reaching the cells. This leads to a decrease
in power output and overall system efficiency. Dust deposition is a significant environmental factor

that must be managed to maintain optimal PV performance[47, 48].
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Figure 11.3 Effect of dust deposition[47].

11.2.4 Temperature Effect
PV modules convert only about 5-25% of incident solar energy into electrical power; the
remainder primarily converts into heat, raising module temperature. Increased temperature

negatively impacts PV electrical performance:

e Astemperature rises above STC (25 °C), conversion efficiency decreases due to
semiconductor properties. For crystalline silicon modules, efficiency drops approximately
0.4-0.5% per 1 °C increase.

« Voltage output decreases with rising temperature, while current slightly increases, but the

net effect is a reduction in maximum power output.

e In hot climates, module temperatures can reach 75 °C or higher, causing efficiency

reductions up to 25%[49].
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Figure 11.4 Temperature effect on various PV cell technologies[49].
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11.24.1 Failure types

Sustained high temperatures cause irreversible damage to PV modules, reducing lifespan and

performance. Common failure modes include:

e Delamination and loss of backsheet adhesion
e Cell cracking and solder bond deterioration
e Busbar corrosion and interconnect ribbon disconnection
Thermal stress combined with UV exposure accelerates ageing and optical degradation, such as
encapsulant discolouration and glass breakage. Long-term field studies report annual

Figure 11.6 (1) cracking of solar cells, (2) busbar corrosion and (3) delamination at the diagonal of
PV cells[51].
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1.3 Cooling techniques

Operating photovoltaic (PV) systems are often located in arid and desert regions, where high
temperatures and intense UV radiation are prevalent. These environmental factors significantly
degrade PV module efficiency and reduce system reliability. To mitigate these effects, numerous
cooling techniques have been developed to lower the operating temperature of PV modules and
improve their electrical efficiency. Cooling methods for PV modules are generally categorized into

two types: active and passive techniques.

Passive cooling systems, which do not require external power sources, rely on natural processes
to dissipate heat. These systems include the use of Phase Change Materials (PCMs), heat pipes,
natural air ventilation, heat fins, and natural water evaporation. On the other hand, active cooling
systems require external power sources and include mechanisms such as pumps and fans. These
systems often involve forced air ventilation, water spraying on both the front and back surfaces of the

PV panels, and forced water circulation to reduce module temperatures [52, 53].
11.3.1 Passive cooling techniques

The most cost-effective cooling method that enhances PV module efficiency without the use of
mechanical components is passive cooling. These systems operate without external energy sources,
relying instead on natural heat dissipation through conduction, convection, and radiation. This paper
explores various passive cooling solutions employed for the thermal management of PV modules,
including evaporative cooling, heat pipe cooling, water cooling, phase change material (PCM)

cooling, and natural air cooling.

11.3.1.1 Water cooling

Water is the second most commonly used coolant for removing excess heat from PV panels, and
it has been shown to produce effective cooling results. This cooling method consistently enhances
the electrical efficiency of PV modules, regardless of the cooling system size or water temperature.
Water-based cooling works by utilizing various techniques, including free convection, water spray,
heat pipes, and immersion methods. These methods help to lower the temperature of PV panels by
spraying or circulating water across their surfaces. Figure I1.7 illustrates a schematic of a water-
cooling system. The heat absorbed from the PV panels can be utilized in several ways, with one of

the simplest applications being the use of the heated water for domestic hot water preparation.
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Figure 11.7 water — flow cooling method [54].

A water-spraying cooling method for PV panels was proposed by Yang et al. In this system,
water is sprayed onto the back of the PV panel, where it then flows back into a tank for recycling. To
enhance the cooling capacity, a U-shaped borehole heat exchanger (UBHE) is installed in an existing
well, utilizing shallow geothermal energy to facilitate heat exchange. After the water is sprayed onto
the panel and absorbs heat, it is returned to the system and cooled using the shallow geothermal
energy via the UBHE, maintaining the system's cooling capacity. Experimental results indicate that
this approach leads to an increase in efficiency of 14.3%. The schematic of the described solution is
shown in Figure 11.8[54].
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Figure 11.8 Photographic and schematic view of the experimental stand[54].

Wu and Xiong proposed a passive cooling method that uses rainwater delivered through a gas
expansion mechanism[54]. The amount of solar energy reaching the cooling system determines the
volume of water that flows through it. This radiation causes an increase in the gas volume within the
expansion device. As a result of this mechanism, the electrical efficiency of the PV panels increased
by 8.3%.
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Disadvantages of this study

Scientists have explored water-based cooling methods as a means to lower PV panel operating
temperatures while improving efficiency. However, these approaches face several operational

challenges:

e Continuous Water Supply: Techniques such as water spraying and water flow require a
consistent water supply, which may not be feasible in arid regions or areas facing water
scarcity.

¢ Installation Complexity: The use of water-cooling methods adds significant complexity to
PV system installations, particularly due to components like gas expansion devices and U-
shaped borehole heat exchangers (UBHE). The intricate system structure demands more
maintenance and may lead to equipment malfunctions.

e Environmental Impact: The environmental consequences of water-based cooling systems
need to be carefully considered, especially in regions with limited water resources.
Professionals must assess how water runoff could potentially affect the local ecosystem.

e Cost Considerations: The high setup and maintenance costs of integrated water-cooling
systems may make them financially unviable for certain installations, reducing their overall
feasibility [55]

11.3.1.2 Heat pipe

Anderson et al. [56] demonstrated an effective method for evacuating heat from a concentrating
photovoltaic (CPV) cell using a copper/water heat pipe integrated with aluminum components. A
CFD analysis was also conducted to determine the optimal fin size and spacing. Experiments were
carried out in an experimental test setting with a heat flux of 40 W/cm2. The results showed that the
heat rejected by the heat pipe led to a 40°C increase in the overall temperature from the cells to the
surrounding air.

Gang and associates [57] experimentally investigated a heat pipe photovoltaic/thermal system
(HP-PV/T) and developed a dynamic model to predict its performance. The experiments, conducted
in May using four collectors with a total PV cell area of 2.91 m?, showed that the mean water
temperature in the storage tank increased from 28.1°C to 44.2°C. The average heat output per unit
surface area was 276.9 W/m2, while the average electrical power generated per unit PV area was 62.3
W/m2, The thermal and electrical efficiencies were calculated to be 41.9% and 9.4%, respectively.
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Moradgholi et al. [58] incorporated a heat pipe into a PV/T system to lower the solar panel's
temperature and enhance electricity production. Tests were conducted in both spring and summer.
The results showed that the thermal efficiency of the PV/T system increased by 16.35% in spring,
and its electrical power increased by 5.67% on average. During summer, the system achieved a
thermal efficiency of 45.14%, producing 7.7% more electricity. The panel's temperature dropped by
15°C, resulting in an increase in electricity generation by 1.1 W in spring and 1.26 W in summer.

Du et al. [59] introduced an innovative hybrid photovoltaic/thermal management system to
mitigate the efficiency losses caused by rising solar panel temperatures. The thermal management
system utilized a heat pipe plate consisting of micro-grooved channels and compressed metal foams
coated with nanotechnology, as illustrated in Figure 11.9.
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Figure 11.9 Representation of the hybrid PV/T system using heat pipe[59].

The studies were conducted under ambient temperatures of 25°C, wind speeds ranging from
0 to 1 m/s, and radiation intensities between 300 and 1000 W/mz2. As shown in Figure 11.10 the
maximum evaporative heat flux is approximately 450 W/m?, which helps maintain the solar cell
temperature below 40°C, resulting in a temperature reduction of more than 22°C. An experimental
investigation by Koundniya et al. [60] focused on the role of a finned heat pipe in cooling a solar PV
panel. A copper-water heat pipe was used to remove heat from the panel, and aluminum fins were

attached to the heat pipe to enhance heat removal through natural convection.

Experimental results showed that the panel’s maximum temperature rose to 73.2°C in the
absence of the finned heat pipe, whereas it decreased to 58.2°C when the finned heat pipe was utilized,

indicating a total temperature reduction of 13.8°C.
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Figure 11.10 Effect of heat pipe cooling on solar cell temperature[59].

Disadvantages of this study

This research highlights heat pipe technology as an effective cooling strategy to enhance the
efficiency of photovoltaic (PV) panels through thermal management. However, several challenges

and limitations have been identified when integrating this technology into PV systems:

Design complexity and cost: Heat pipe systems require precise design specifications, including the
optimal selection of fin dimensions, spacing, and material properties. While these enhancements can
improve efficiency, they may also increase manufacturing and installation costs due to the system's

technical complexity.

Environmental sensitivity: The performance of heat pipe cooling systems is significantly influenced
by fluctuating environmental conditions such as solar radiation and ambient temperature. Ensuring
stable performance across various climates necessitates further research and adaptable system

designs.

Integration challenges: Incorporating heat pipe systems into existing PV modules requires careful
consideration of thermal interface quality and structural compatibility. Improper integration may

result in installation difficulties and compromise overall system reliability.
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Maintenance requirements: Heat pipes may require periodic maintenance due to potential issues
such as working fluid leakage or degradation in thermal performance over time. For widespread
adoption, these systems must demonstrate long-term reliability and minimal maintenance needs
[61].
11.3.2 Active cooling method

Active cooling refers to methods that enhance heat transfer by utilizing external devices. For
controlling the temperature of PV panels, active cooling techniques rely on forced air or water flow.
When water is used as the working fluid, a pump is employed; if air is the working fluid, a fan is
used. These external devices increase the rate of fluid flow, which in turn raises the convection heat
transfer coefficient, resulting in higher heat transfer rates. While active cooling systems are generally
more cost-effective than passive cooling methods, they do consume more electricity. However, they
offer superior thermal and electrical efficiency.
11.3.2.1 Forced water cooling

Active cooling of photovoltaic panels with liquids is more efficient method than air cooling
allowing satisfactory results to be achieved. In research, water cooling is often combined with
microchannels. The active water-based cooling technique uses forced water circulation through

channels or tubes in the back of the PV panel.

Odeh et al. [62] conducted an experimental investigation to evaluate the impact of water cooling
on the power output of PV panels used for irrigation purposes. They designed and constructed an
outdoor test facility that included a multi-crystalline PV module, a submersible pump, a water surge
tank, and a water trickling tube Figure 11.11 The water trickling tube, with a 2.5 cm diameter and 32
holes, was mounted at the upper edge of the module to ensure continuous water flow. During the

experiment, a constant flow rate of 4 I/min was maintained over the surface of the PV module.
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Figure 11.11 PV water cooling test rig[62].
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Rahimi et al. investigated water cooling using two types of microchannels: single-headed and
multi-headed. Water at varying flow rates was passed through the channels. The analysis revealed
that multi-headed microchannels produced a higher amount of heat, resulting in a greater decrease in
average temperature and an increase in power compared to the single-headed microchannels. The
results indicated a 28% increase in power and a 6.8% decrease in temperature for the multi-head
microchannels [63].

Barrau et al.[64] explored a solution for a device that combines the effects of a fracture jet and
the uneven distribution of microchannels. In the jet impingement zone, heat is absorbed by the fluid
only from the bottom of the heat sink. The observed increase in temperature is attributed to boundary
layer separation. The heat exchange area, through which the liquid absorbs heat, expands along the
flow direction, combining the microchannel surface with the heat sink's bottom surface area. Within
these microchannels, the heat flux at the bottom of the heat sink decreases gradually due to the
reduction in this surface area and the increase in coolant temperature, leading to a decrease in heat
transfer across each microchannel section. The net power of the proposed solution was evaluated,
showing a minimum thermal resistance coefficient of 2.18-10° (Km2)/W, compared to the previous
literature limit of 10 (Km2)/W. Achieving this lower value resulted in a higher output power yield
than with microchannels alone. The design of the device allows for the adjustment of local heat
dissipation distribution by modifying the internal geometry during the design phase. Figure 11.12

presents the cooling system model described above.

Fluid Inlet by jet impingement
Yl g

Thermal flux from PV cells

Figure 11.12 Model of microchannels for cooling PV[64].
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Baloch et al. [65]. presented the use of a converging heat exchanger to reduce the surface
temperature of photovoltaic panels. The study compared two scenarios: one with cooling and one
without. The results showed that the uncooled cells reached temperatures as high as 71.2°C during
summer, while the temperature was successfully reduced to 48.3°C with the cooling system in place.
This cooling solution led to a slight increase in power output, from 35.5% to 36.1%. The solution is
illustrated in Figure 11.13.

Figure 11.13 Cooling system with convergent heat exchanger[66].

Irwan et al.[67] studied the water cooling of photovoltaic panels by comparing the
performance of panels cooled with water flow on the front surface. The experiment, conducted under
laboratory conditions, involved spraying water onto the front face of the panels using a water pump.
The results showed that the cooling system reduced the panel temperature by 5 to 23°C, leading to an

increase in electrical power output from 9% to 22%.
Disadvantages of this study

e The deployment of water-based cooling systems for photovoltaic panels can result in
significant water usage. For instance, a single PV panel requires 15.6 liters of water per day
for cooling, and the water temperatures exceed 45°C. In regions with limited water resources,
the long-term sustainability of such systems becomes questionable, especially in arid areas.

e The complexity of PV installations increases with the integration of microchannel cooling

devices. These systems require precise engineering to ensure consistent water flow and
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efficient heat dissipation. However, they also require regular maintenance due to the potential
clogging of microscopic channels when water contaminants enter the system, which can affect
performance.

¢ Durability and material compatibility present challenges when selecting appropriate materials
for microchannels. The materials must be compatible with both the PV panel and the cooling
fluid. Ensuring long-term PV panel functionality and maintaining structural integrity over
time remain significant concerns.

e Thermal resistance is a key challenge when implementing microchannel cooling systems.
While these systems are designed to improve heat dissipation, research shows that even well-
designed systems may struggle to achieve sufficient reductions in thermal resistance, limiting
their cooling effectiveness and the overall performance of the PV panels.

e The development, setup, and maintenance of microchannel forced water-cooling systems
require significant investment. The financial benefits from increased energy output need to

outweigh these costs for the technology to be considered economically feasible [68].

11.3.2.1 Nanofluid cooling

Nanofluids have superior heat transfer properties due to their higher thermal conductivity
compared to conventional liquids. These properties make them effective for cooling photovoltaic
(PV) panels, as they efficiently remove substantial amounts of waste heat, leading to lower surface
temperatures. Additionally, nanofluids can act as spectral filters for PV cells, selectively absorbing

incident infrared radiation, as demonstrated by Ali [69].

Typically, nanofluids are circulated through microchannels placed at the back of the PV panel.
Sardarabadi et al. [70]. proposed using water/(SiO2) nanofluids with varying weight concentrations
between 1% and 3% for cooling PV panels. The experimental setup included a storage tank, heat
exchanger, circulating pump, and refrigerant distribution system. Their study showed that the highest
reduction in operating temperature, by 19°C, occurred with a 3% water/(SiO2) solution, which

resulted in a 9% increase in electrical efficiency, from 9.2% to 11%.
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In a different approach, Rostami et al.[71] introduced a novel cooling method using atomized
CuO nanofluid combined with high-frequency ultrasonic waves. CuO nanoparticles were selected
due to their high electrical conductivity and unique properties. The nanofluids were applied via an
ultrasonic atomizer, which emitted cold vapor through conveyor chambers to the back of the PV
panels. The ultrasonic power setting controlled the vapor flow rate. This solution resulted in a cooling
capacity increase ranging from 2.75% to 57.25% and a maximum power increase ranging from 3.4%

to 51.2%, depending on the vapor flow rate and ultrasonic power.
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Figure 11.14 Nanofluid Cooling[72].
Disadvantages of this study

The usage of nanofluid cooling in PV panels shows promise because it improves both electrical
output efficiency and thermal heat disposal capabilities. Despite these benefits there are several

problems and disadvantages that remain in such technology.

e Research indicates that nanofluids do not inevitably demonstrate improved thermal conductivity
than base fluids despite their predicted value. According to a 30-laboratory study no useful rise
in thermal conductivity emerged from several tested nanofluids under different experimental
conditions and individual composition types.

e A stable suspension of nanoparticles is necessary to achieve efficient heat transfer. Inactive
nanoparticles combined with sedimentation and particle agglomeration processes will cause the
cooling system to operate less effectively as time goes by. The cooling process becomes less
efficient due to nanoparticle migration caused by thermophoresis and Brownian motion-based

movements.
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e The manufacturing and maintenance expenses of nanofluids surpass those of normal cooling
fluids because their production costs remain high. Financing big PV installations which employ
nanofluid cooling demands significant cost reductions since otherwise these solutions cannot pay
off.

e The effects of nanofluid use on PV panel components over long periods remain unknown because
it is uncertain whether nanofluids will deteriorate or cause panel components to corrode. Research
on nanofluid longevity and endurance needs to be extended fully to establish practical nanofluid-
based cooling systems.

e Nanoparticle-based production technology presents two sets of concerns that impact both
environmental health and human exposure to nanoparticles. Safety procedures and responsible
production practices need implementation to minimize these dangers[73].

11.4 Conclusion

This section provides a review of multiple environmental factors and their influence on the
performance of photovoltaic (PV) cells. Climatic conditions, such as irradiance intensity, dust

deposition, and ambient temperature, significantly affect PV system conversion efficiency.

Specifically, in desert and arid regions, the combination of high ambient temperatures and dust

accumulation is the primary cause of performance degradation.

The efficiency of PV cells decreases as temperature rises, and the accumulation of dust further
exacerbates this effect. High temperatures in PV cells lead to substantial efficiency losses, potentially
causing permanent damage to the cells and shortening their operational lifespan. Dust deposition is
particularly harmful, with the extent of performance loss depending on various factors, including
location, environmental conditions, and the angle of the panels. Increased dust accumulation results

in a more significant reduction in efficiency.

This chapter reviews several techniques aimed at mitigating the effects of dust and high temperatures
on PV systems. Among the methods examined, water-based cooling and cleaning techniques have
proven to be the most effective in improving PV panel performance. However, the scarcity of water

in many regions remains a significant challenge to implementing these solutions on a large scale.
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Chapter 111 Experimental Methodology

I11.1 Introduction

This chapter outlines the methodology used to investigate the impact of passive cooling on the
performance of photovoltaic (PV) modules. The study aims to assess how integrating aluminum heat
sinks on the back of PV panels can enhance their electrical efficiency under high ambient

temperatures, typical of desert regions such as Ouargla.

To achieve this, an experimental setup was designed, including both a reference PV module and
a cooled module equipped with heat sinks. The chapter details the experimental procedure, describes
the test area, instruments used for data collection, and the parameters measured. This methodological
framework ensures the reliability, accuracy, and reproducibility of the results obtained

I11.2 Test area description

The experimental study was conducted in Ouargla, a city located in southeastern Algeria,
characterized by its position in the heart of the Sahara Desert at approximately 164 meters above sea
level. Ouargla’s geographic coordinates are 31°57" N latitude and 5°21" E longitude, covering an area
of about 211,980 km2. As shown in Figure I11.1, the city lies within a hot desert climate zone, known
for being one of the hottest regions in both Algeria and the world.

Summers in OQuargla are marked by extreme heat, with temperatures frequently surpassing 45°C.
Notably, in July 2018, temperatures reached a record high of 51.3°C, a rare phenomenon globally
[74]. Nighttime temperatures can remain elevated, often staying above 30°C, while relative humidity
rarely exceeds 20%. The area experiences very dry conditions, with annual rainfall averaging less

than 100 mm, mostly occurring during winter months.

Ouargla benefits from abundant sunshine, resulting in some of the highest solar radiation levels
worldwide. The average wind speed is around 3.70 m/s year-round, with frequent sandstorms
occurring between February and May. These storms reduce visibility and can deteriorate air quality
[75].
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Ouargla

Figure I11.1location of Quargla on the map.

111.3 Experimental Setup

This study focuses on evaluating the thermal management of photovoltaic (PV) panels under
harsh environmental conditions. The experimental setup involved monocrystalline PV modules
equipped with different types of heat sinks mounted on their rear surfaces. These heat sinks were
specifically designed to improve heat dissipation, thereby reducing the operating temperature of the

panels and enhancing their overall performance.

In the following sections, we provide a detailed description of the components used in the
experimental setup, including the PV modules, heat sinks, measurement instruments, and data

acquisition system, along with the methodology employed for performance evaluation.

111.3.1 Solar Panel Specifications
In this study, two SY-M80W polycrystalline solar panels were employed see Figure 111.2 each
with a rated power output of 80 watts. Polycrystalline cells were chosen for their cost-effectiveness

and moderate efficiency, offering a balance between performance and affordability.

Table I11.1 presents the electrical specifications of the polycrystalline PV module used in this

study, measured under standard test conditions (STC).
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Figure 111.2 Two Solar Panels

Table I111.1 PV Module Electricity Performance Parameter

Property Value
Model SY-M80W
Panel Type Polycrystalline Solar Panel
Maximum Power (Pmax) 80W
Voltage at Pmax (Vmp) 17.4V
Current at Pmax (Imp) 4.61A
Open-circuit Voltage (Voc) 22.0V
Short-circuit Current (ls) 4.85A
Max System Voltage 600V
Tolerance +5%
o 1000W/m2, AM 1.5 Global, 25°C
Standard Test Conditions
cell temperature
_ 1640mm x 990mm (Length x
Panel Size ]
Width)

111.3.2 Description of the Heat Sink

Heat sinks were used in this experiment as thermal cooling components to lower the photovoltaic
(PV) panels' working temperature and increase their efficiency. The heat sink employed in this

investigation is depicted in Figure 111.3.
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Table 111.2 provides a summary of the main physical characteristics of the heat sink employed in

this project.

Figure 111.3 The shape of the heat sinks used

Table 111.2 Basic Physical Properties of Galvanized[76].

Property Value / Range Unit
Density 7,800 - 8,000 kg/m3
Melting Point 1,370 - 1,450 °C
Thermal Conductivity 45 - 55 W/(m-K)
Thermal Expansion Coefficient | 11 - 13 x 10°¢ K
Tensile Strength 250 — 550 MPa
Yield Strength 200 — 400 MPa
Hardness (Brinell) 120 - 160 HB
Material Thickness 05-12 Mm
Length 2-3 Meters
Width 20-40 Mm
Height 20 -40 Mm
Corrosion Resistance High -
Weldability Possible with zinc removal | -
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Galvanized steel is used as a heat sink for the following reasons:

e Galvanized steel has a thermal conductivity ranging between 45 and 55 W/(m-K), allowing
it to efficiently transfer heat from hot surfaces to the external environment.

e The zinc layer protects the material from rust and corrosion, especially when exposed to
humidity or harsh weather conditions, thereby increasing the lifespan of the heat sink.

e Galvanized steel is less expensive than aluminum or copper, making it an economical choice
for thermal cooling applications.

e Galvanized steel is characterized by a tensile strength ranging from 250 to 550 megapascals,
allowing it to withstand mechanical stresses without bending or cracking.

e It can be easily shaped into different forms (angles, plates, fins), making it easier to design

custom heat sinks for specific applications.

e Zinc acts as a sacrificial anode, protecting the base metal from oxidation and corrosion at

high temperatures.

e |t can be easily combined with other materials such as aluminum and copper to improve

thermal performance in composite systems.

I11.4 Data Processing System

111.4.1 Temperature Acquisition System

The temperature acquisition system is designed to monitor in real time the thermal behavior of
two identical photovoltaic (PV) panels, one of which is equipped with a passive heat sink. This system
is based on an Arduino Mega 2560 board, equipped with MAX6675 converter modules that allow

digital acquisition of signals from Type K thermocouples (see Figure 3.4).
The setup includes:

e An Arduino Mega 2560 microcontroller board;

e MAXG6675 modules that convert analog signals (in mV) into digital values;
e A breadboard for wiring connections;

e Multistrand connectors for organized wiring;

e Asetof 6 Type K thermocouples.
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The program, developed using the Arduino IDE, enables sequential temperature acquisition via
the SPI protocol, displays the readings on a serial monitor, and exports the data for further analysis
in Excel. The Arduino Mega 2560 offers high performance with 54 digital 1/O pins, 16 analog inputs,
and multiple communication interfaces (UART, SPI, 12C), making it well-suited for managing
multiple sensors simultaneously. The technical specifications of ARDUINO MEGA 2650 are shown
in Table 111.3.

Table 111.3 The Technical Specifications of Arduino Mega 2650

Specification Description
Microcontroller ATmega2560
Operating Voltage 5V
Input VVoltage (recommended) | 7to 12V
Input VVoltage (limits) 6to20V
Digital 1/0 Pins 54 (15 PWM outputs)
Analog Input Pins 16 (10-bit resolution)
Max Current per 1/0O Pin 40 mA
Flash Memory 256 KB (8 KB used by bootloader)
SRAM 8 KB
EEPROM 4 KB
Clock Speed 16 MHz
Hardware Serial Ports (UART) | 4
SPI Interface Yes (pins 50 (MISO), 51 (MOSI), 52 (SCK), 53 (SS))
12C Interface (TWI) Yes (pins 20 (SDA), 21 (SCL))
Reset Pin Yes
USB Port USB Type-B for power and communication
Dimensions 101.52 mm x 53.3 mm
Weight Approximately 37 g
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Figure 111.4 Arduino Mega 2650 Board, Max6675 Temperature Sensor With K-Type

Thermocouple and Breadboard

Figure 111.5 Devices Link

8 sketch_may19a | Arduino IDE 2.3.6

File Edit Sketch Tools Help
Select Board

sketch_may19a.ino

bvoid setup() {

Ln10,Col 1 X No board selected (21

Figure 111.6 Arduino Ide Interface
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111.4.2 Measuring Instruments

11.4.2.1 Digital Multimeter

A DM750M digital multimeter see Figure 111.7 is used to measure the electrical quantities generated

by the PV modules. It can measure:

e DC voltage (up to 60 V);
e DC current;
e Resistance;

e Frequency.

It features a digital display, a rotary switch for function selection, and a transistor testing mode.

Figure 111.7 Digital Multimeter Dm750m

111.4.2.2 Load Resistors

Power resistors of the ECO 1/2 tube type are used as loads to regulate the output current. Each
resistor has a resistance of 10 ohms, with a maximum current capacity of 5.7 A and a maximum

voltage of 250 V Figure 111.8. Their semi-cylindrical shape aids in better heat dissipation.
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Figure 111.8 Resistors

111.4.2.3 Pyranometer

A solar power sensor Figure 111.9 is used to measure the solar irradiance incident on the panel
surfaces. The device consists of a sensor connected to a digital display and provides readings in W/m2,

It ensures both panels receive equivalent solar exposure during testing.

Figure 111.9 Solar Power

111.4.2.4 Anemometer

The Mini UT363 anemometer Figure I11.10 is used to measure wind speed and ambient
temperature. It is equipped with a rotating turbine sensitive to air movement and has the following

features:

¢ Instantaneous, average, and maximum wind speed display (in m/s);
e Temperature measurement (in °C);

e “Hold” function for data freezing.
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Figure 111.10 Anemometer

I11.5 Experimental Developments
111.5.1 Installation of the Heat Sink

To enhance the thermal management of the photovoltaic panel, a passive cooling system was
implemented using galvanized heat sinks angles. Six heat sinks, each measuring 3 meters in length,

0.5 mm in thickness, and 20 mm x 20 mm in cross-section, were selected for the installation.
These bars were cut into:

e 25 pieces of 61.5 cm each, positioned vertically from the bottom of the panel up to the
junction box,

e 6 pieces of 25 cm each, placed horizontally along the sides of the junction box.

After cleaning the rear surface of the PV panel to ensure optimal thermal contact, the metal pieces
were securely affixed using a quick-setting industrial adhesive. For added mechanical stability and
structural reinforcement, small plastic pipe segments were strategically positioned at the corners and
edges of the panel see Figure 111.11. This configuration aims to facilitate better heat dissipation from
the panel’s surface, thereby reducing operating temperature and potentially enhancing electrical

efficiency.

Figure 111.12 illustrates the back view of the PV panel equipped with the heat sink assembly,

while Figure 111.13 shows the reference panel used for comparison.
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Figure 111.12 A Board Containing a Heat Sink Figure 111.13 Reference Panel

111.5.2 Experimental Procedure

Two identical PV panels were installed on tilted supports under direct sunlight. The experimental

panel was equipped with the passive cooling system, while the other served as the reference.

Thermocouples were positioned at three levels (top, center, bottom) on each panel see Figure
111.14. Temperature readings were collected via the Arduino system, and electrical parameters
(voltage, current) were recorded using the multimeter. At the same time, ambient conditions were

monitored using the pyranometer (irradiance) and anemometer (wind speed and temperature).
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Figure 111.14 This way the sensors are mounted on the board

111.5.3 Objectives of the Experiment

The study aims to:
e Compare the thermal profiles between the reference panel and the panel with the heat sink;
e Analyze the vertical temperature gradient from top to bottom of each module;

o Assess the effectiveness of passive cooling in real-world conditions, with the goal of

improving electrical performance.

The complete experimental setup is illustrated in Figure 111.15.

Figure 111.15 The experimental setup

6l1|Page



Chapter 1V: Results and

Discussion




Chapter IV Results and Discussion

IV.1lIntroduction:

In this chapter the results of experimental measurements has been presented and discussed,
climatic conditions such as solar irradiation, ambient temperature and wind speed are key parameters
during the experiments to evaluate the power production of PV panels. The performance
measurements of the two PV panels (cooled and witness) were compared and analyzed in this chapter

to illustrate the effect of adding of fins on the rear face of a PV module.

1VV.2Climatic condition measurements

The measurements were carried out under the real outdoor conditions of Ouargla city on three
different days (Two “02” sunny days and one “01” cloudy day), the three days measurements will
allow to best analysis and understanding of the effect of heat sink on the performance of the PV

module.

1V.2.1 Results for 28/04/2025 (Sunny Day)
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Figure 1V.1Solar radiation intensity and air speed (28/04/2025)

The curves of solar radiation intensity and air speed shown on Figure 1V.1 illustrate clear trends.
Solar radiation intensity showed a steady increase during the morning, reaching its peak around
midday, before gradually declining towards the evening. This typical diurnal pattern reflects a sunny
day with strong solar irradiance. Concurrently, air speed exhibited fluctuations throughout the day,
generally increasing during the afternoon hours reaching to its highest value with a speed of 2.7 m/s
at 13:00 pm.
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1V.2.2 Results for 29/04/2025 (Sunny Day)
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Figure 1V.2 Solar radiation intensity and air speed (29/04/2025)

Figure 1V.2 shows the measurements of April 29, similar patterns were observed. Solar radiation
intensity displayed a pronounced midday peak, indicative of a clear, sunny day with substantial solar
energy available for photovoltaic conversion. The airspeed data showed moderate variability with
notable peaks in the afternoon with a highest value of speed 2.8 m/s at 13:00 pm. These increased
wind speeds effectively augmented the natural convection process, aiding further in heat dissipation.
This combination of strong sunlight and faster air speeds highlights the best conditions for testing
how well heat sinks work to handle higher heat levels.

1V.2.3 Results for 01/05/2025 (Partly Cloudy Day)
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Figure 1V.3 Solar radiation intensity and air speed (01/05/2025)
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The data presented on Figure 1V.3 depict significantly different characteristics due to partly
cloudy conditions. Solar radiation intensity was markedly lower with frequent fluctuations caused by

intermittent cloud cover. The recorded air speed was relatively stable with less pronounced

fluctuations compared to sunny days.

IV.3Operating temperatures measurements:
To evaluate the impact of adding fins (heat sinks) to the back surface of the PV module, three
type K thermocouples were installed on each module to measure the operating temperature of the

PV cells at different locations. The positions of the thermocouples on the surface of the PV modules

are illustrated in Figure 1V 4.

Heat Sink
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Figure 1V.4 Positions of thermocouples on the PV modules.
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I1V.3.1 Analysis of Experimental Results

The effectiveness of cooling solar photovoltaic (PV) modules using heat sinks on the back
surface of the module was assessed through a comparative study involving two identical PV modules.
One module was equipped with heat sinks, while the other was used as a reference without cooling.
Temperature variations were recorded for three different weather conditions: two sunny days and one
partly cloudy day, aiming to evaluate the efficacy of heat sinks in reducing the operating temperature
and improving PV module performance.

1V.3.1.1 Results for 28/04/2025 (Sunny Day)
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Figure 1.5 Temperatures of Cooled and Witness PV modules (28/04/2025)

The temperature curves recorded on April 28" shown on Figure 1V.5 clearly illustrate
significant differences between the two modules. The PV module equipped with heat sinks (Tr1, Tr2
and Tr3) consistently maintained lower temperatures compared to the reference module temperatures
(Tcl, Tc2 and Tc3), particularly during peak sunlight hours and ambient temperature around midday.
The reduced temperatures observed in the cooled module are attributed to the heat sinks' ability to
effectively dissipate heat by increasing the surface area available for thermal exchange with the
surrounding air. Between 11:00 AM and 14:00 PM (peak irradiation period), the temperature
difference between the modules reached its maximum values, confirming the high efficiency of the
heat sinks under intense solar irradiation. This cooling effect significantly decreases internal cell

resistance, thus enhancing overall photovoltaic efficiency and electrical output.
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1V.3.1.2 Results for 29/04/2025 (Sunny Day)
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Figure 1V.6 Temperatures of Cooled and Witness PV modules (29/04/2025)

On the following sunny day, April 29", the results corroborated those previously observed,

showing an even clearer and more consistent temperature difference favoring the cooled PV module.

Throughout the measurement period, temperatures remained notably lower in the module equipped

with heat sinks compared to the reference module, especially evident during midday. These results

underline the sustained effectiveness of heat sinks in consistently reducing module temperatures.

Therefore, the proposed heat sink technique is practically effective for thermal management,

particularly under sunny and hot climatic conditions.
1VV.3.1.3 Results for 01/05/2025 (Partly Cloudy Day)
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Figure IV.7 Temperatures of Cooled and Witness PV modules (01/05/2025)

Figure IV.7. presents the measurements recorded on May 1, which is characterized by partly
cloudy conditions, the results showed a smaller temperature differential between the two modules
compared to previous sunny days. Despite reduced direct solar radiation, the module equipped
with heat sinks still registered consistently lower temperatures than the reference module, although
the temperature difference was less pronounced. The diminished differential in temperature can be
explained by the lower solar radiation intensity, resulting in less heat accumulation in both
modules. Nevertheless, the cooled module maintained relatively better performance, indicating the
continued effectiveness of heat sinks even under suboptimal sunlight conditions. Underscores that
heat sink technology remains beneficial across varied weather conditions, although its

effectiveness is closely linked to the intensity of available solar radiation.

IV.3.2 Temperature average difference:

The temperature difference, found by taking the average temperature of the cooled module
and subtracting it from the average temperature of the witness module, the curve illustrated on Figure
4.8. clearly shows how effective the cooling method with heat sinks is. On April 28, significant
temperature differences between 4°C and 9°C were observed, especially during peak solar radiation
periods from 11:30 am to 13:30 pm. The positive temperature difference values reflect a notably

lower average temperature for the module equipped with heat sinks compared to the witness module.
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The finding indicates effective heat dissipation and confirms the high efficiency of the heat sink
method under intense sunlight conditions.
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Figure 1V.8 Temperatures difference (28/04/2025)
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Figure 1V.9 Temperatures difference (29/04/2025)

As shown in Figure 1.9, on April 29, the trend of positive temperature differences continued,
further validating the effectiveness of the heat sink cooling technique. Throughout the day, consistent
positive values were noted, emphasizing a steady thermal advantage provided by the heat sinks. This
sustained temperature reduction clearly illustrates the heat sinks’ capability to continuously manage
heat under strong solar exposure. Consequently, these results further reinforce the practical

significance of applying heat sinks for efficient thermal management of PV modules.
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Figure 1VV.10 Temperatures difference (01/05/2025)

Results recorded on May 1 are presented in Figure 1V.10; the temperature differences were
smaller compared to the sunny days but remained positive (from 0°C to 4°C at maximum). This
smaller difference is due to reduced solar radiation levels resulting from partly cloudy conditions,
which led to less heat accumulation overall. Nevertheless, the module with heat sinks consistently
maintained lower temperatures than the witness module, affirming that the heat sinks remained
beneficial even in conditions of lower sunlight intensity. This evidence demonstrates the versatility
and reliability of the cooling technique under varying climatic conditions.

V.4 Analysis of Maximum Output Power:

The electrical characteristics and the output power of each PV module were measured and
calculated each 30 minutes to evaluate the effect of adding heat sink on the performance of PV

module.
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Figure 1VV.11 Maximum Power of cooled and witness PV panels (sunny day: 28/04/2025)
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Analyzing the bar charts representing the maximum power measured every 30 minutes on
April 28 reveals a distinct advantage for the PV module equipped with heat sinks compared to the
witness module. The cooled module consistently exhibited higher maximum power values. This
performance enhancement can be directly attributed to the effective temperature reduction facilitated
by the BA13 heat sinks. By reducing the cell temperature, internal electrical resistance decreases,
leading to higher electrical efficiency and improved power output. These results clearly highlight the
effectiveness of heat sinks in enhancing the electrical performance of PV modules under high solar

irradiance conditions.
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Figure 1VV.12 Maximum Power of cooled and witness PV panels (sunny day: 29/04/2025)

On April 29, the results further affirmed the previous day's findings. The bar charts indicate
that the maximum power output of the cooled module consistently surpassed that of the witness
module throughout the measurement period. This consistent and improved power performance
emphasizes the stability and effectiveness of employing heat sinks for thermal management.
Maintaining lower temperatures significantly contributes to sustaining high photovoltaic efficiency,

which is particularly beneficial in sunny, high-temperature environments.
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Figure 1V.13 Maximum Power of cooled and witness PV panels (cloudy day: 01/05/2025)

On May 1, characterized by partly cloudy conditions, a closer range of maximum power outputs
between the two modules was observed, though the cooling module continued to show superior
performance most of the time. This smaller differential is primarily due to reduced solar irradiance
and less heat accumulation compared to sunnier days. Nevertheless, the continued superior
performance of the cooled module underlines the reliability and versatility of heat sinks,

demonstrating their effectiveness even under less-than-ideal weather conditions.
IVV.5Effect of wind speed:

Since the operating principle of the heat sink relies on heat transfer by convection, wind speed
plays a critical role in its performance. To assess this effect, the variation in wind velocity was
monitored and evaluated throughout the experiment. The recorded wind speed data and its influence

on heat sink performance are presented in the following figures 1V.14.

The graph illustrates the variation of temperature difference and wind velocity over time,
highlighting the influence of wind speed on the performance of the heat sink. As the operating
principle of the heat sink is based on convective heat transfer, an increase in wind velocity enhances
the cooling efficiency by promoting greater heat dissipation from the PV module. This effect is
evident in the data, where higher wind velocities at around 11:00, 13:00, and 15:00 correspond to
increased temperature differences, with the highest values observed at 13:00. Conversely, during
periods of reduced wind speed, such as at 12:00 and 14:00, the temperature difference drops,
indicating diminished heat sink performance. These fluctuations confirm that the effectiveness of the
heat sink is highly sensitive to changes in wind conditions, and that natural airflow plays a crucial

role in improving passive cooling in photovoltaic systems.
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Figure 1VV.14 Wind Speed and Temperature difference variation

The article comprehensively explores the effects of fins on the back surface of photovoltaic
(PV) modules when used in real outdoor environments in Ouargla. The study included three different
days with varying weather conditions: two clear days and one cloudy day, enabling a detailed study

of the effect of heat sinks.

V.6 Analysis of Effectiveness Solar Panels:
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The efficiency of each PV module was measured and calculated every 30 minutes to evaluate the

effect of adding a heat sink on the PV module performance.
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Figure 1V.15 Effectiveness of Solar Panels
The efficiency curves presented in the graph of 28 and 29 April for two sunny days shown in

Figure 1V.15 clearly show marked differences between the two solar PV modules. PV module

74|Page



Chapter IV Results and Discussion

equipped with heat sinks, at consistently higher efficiency levels compared to reference module
temperatures. This variation is most evident during the afternoon, and especially between 11:00 am
and 2:00 pm, when solar radiation is at its peak.

Increasing the efficiency of a refrigerated unit is likely due to the ability of heat sinks to cool,
which helps lower the temperature of the unit by improving heat dissipation. This cooling mechanism
helps reduce the internal cell resistance, allowing the unit to perform better under intense sunlight.
On the other hand, the reference unit, which lacks a heat sink cooling mechanism, shows a continuous
decrease in efficiency as temperatures rise throughout the day.

In conclusion, the cooling effect of heat sinks greatly enhances the overall efficiency of
photovoltaic energy, especially during periods of high solar radiation, which confirms the positive
effect of thermal management on the performance of solar panels, and this is confirmed on the 29th.
As for May 1, it was characterized by partial cloudy conditions. The recorded results show a
noticeable convergence in the yield values between the panel equipped with heat sinks (Efficiency
Cooled) and the control panel (Efficiency Witness), compared to previous sunny days, where the
difference was more noticeable.

This convergence can be explained by a decrease in the intensity of direct solar radiation due
to clouds, which led to a decrease in heat accumulation in both panels and thus a decrease in the
thermal difference between them. However, the cooled panel continued to have a slightly higher yield
than the control panel, confirming the effectiveness of the heat sink cooling system even in
suboptimal conditions (weak sunlight).

The importance of this result is that heat sink technology remains useful across different fields

IV.7 Conclusion

The results consistently indicate that the use of heat sinks lowers the temperature of the PV
modules, especially on days with high solar radiation. The temperature in the cooled module was
significantly lower than the reference temperature on sunny days, sometimes reaching 9°C when the
sun was at its peak. On partly cloudy days, the module managed to stay cooler, but the difference

between the indoor and outdoor temperatures was smaller than usual.

When temperatures dropped, the electronic functions of the device also improved. Under strong

sunlight conditions, the cooled PV module consistently had a higher peak power output than the
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reference module. This improvement occurs because lower cell temperatures reduce the internal

electrical resistance, helping the module operate more efficiently.

The research also showed that the effectiveness of passive cooling is highly dependent on wind
speed. As wind speed increases, the thermal load increases, allowing heat sinks to lower the module
temperature and improve its performance. Conversely, lower wind speeds reduce the effectiveness of

heat sinks.

Overall, the results of this chapter demonstrate that heat sinks are a reliable and effective means
of managing the heat of photovoltaic modules in warm, sunny locations. They keep the modules cool,
prolong the system's lifespan, and thus enhance energy production, especially when the weather is
hot and the air is moving. Therefore, they help PV systems operate and last longer, especially in
locations exposed to sunlight. Even with changing weather patterns, this system's ability to regulate

temperature demonstrates its potential for wider use in solar energy systems.
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General conclusion

General conclusion

The thesis fully dealt with the high-temperature issues experienced by photovoltaic (PV)
modules in Ouargla, Algeria. Analysis and experimentation done in this study bring new knowledge

on improving the performance of PV systems by improving their thermal management.

It was found in the literature that using PVs in deserts, where very high temperatures and a lot
of sunlight are typical, greatly decreases their efficiency and shortens their working life. When
compared to other forms of cooling, using heat sinks is more practical since they function well, are

reliable, and need little energy.

It was found through experiments that adding heat sinks to the back of PV modules reduces
operating temperatures by as much as 9°C, even during times when sunlight is strongest, compared
to such modules with no cooling. This improved thermal management made the plant’s electrical
output and efficiency better, regardless of what the climate was doing. Studies also pointed out that

wind speed can boost the effectiveness of indoor cooling.

On the whole, using heat sinks for cooling is deemed a feasible approach to increase how well
and how long PV modules function in hot areas. Such methods help energy yields to be maintained,
rates of degradation to be lessened, and PV systems to last longer. Based on these findings, it seems
useful to include passive thermal management in strategies to improve the efficiency of solar energy

in Algeria and other places with the same environmental conditions.

Further research can explore hybrid cooling, test new materials for heat sinks, and conduct
studies on larger PV systems under various environmental conditions. The learning from this research
contributes to solar technologies that help the environment and create more efficient PV systems for

changing climates.
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Abstract

This study focuses on the thermal management of photovoltaic (PV) modules in hot climates,
with a specific focus on the Ouargla region in southern Algeria, where high ambient temperatures
significantly reduce PV efficiency and system longevity. The core problem addressed is the
accumulation of heat in PV panels, which can result in power losses of up to 25% due to the negative
temperature coefficient of silicon solar cells. The objective of this work is to evaluate the
effectiveness of a passive cooling technique using aluminum heat sinks mounted on the rear side of
PV modules to reduce their operating temperature and improve electrical performance under real-
world conditions. An experimental setup was designed and implemented, involving two identical
polycrystalline PV modules—one equipped with heat sinks and the other serving as a reference
without cooling. Thermocouples were installed on both modules to monitor surface temperature, and
identical resistive loads were connected. Data were collected over three days (April 28, April 29, and
May 1, 2025) under varying meteorological conditions (sunny and partly cloudy). The cooled panel
consistently operated at 6°C to 10°C lower than the uncooled panel, with the maximum recorded
temperature difference reaching 10.5°C under clear skies. The cooled panel also showed an increase
in output power of up to 12% and an average improvement in electrical efficiency between 8% and
10%. Notably, the cooling system required no external energy, making it both passive and cost-
effective. Furthermore, wind presence contributed to enhanced heat dissipation, especially at speeds
above 3.5m/s. In conclusion, the use of passive aluminum heat sinks significantly improved PV
module performance in high-temperature environments. This simple and affordable method is
suitable for large-scale applications in arid and semi-arid regions like southern Algeria, contributing

to the development of more efficient and sustainable solar energy systems.

85|Page



Lailal

¢ sl Jadlisi e ¢ jlall Flial) 3 shaliall & 45 gaa 5 5eSI #1100 4 ) jall 3 lay) e Al jall s3a S 55 gl
W jee s )l 8l 8 S Galiadl ) dadiyal) 3o all cla )y (o258 G gl sially Al 5 dihie e
S Jamy 2l e 58l & ol ) g8 a8 )5 el ) 191 J0a 5 ) jall oS0 55 Al Al ) gl acal S8Y)
Cliidie aladiuly Al b 50 408 Allad apd ) A all o8 Gaagd ¢ sSeland) LIAT bl (5 )l jadl Jalrall dais 9425
s g yla (Al 5eSI Lgdlal Gpmani 5 gyl oa A ) Qi Ciagy o0 alal) dgall e Ll o e 5aial¥) (e ) s
L))o cliidiay 35 50 Ladaal ¢allivn £ o g 8 o alilaie Gumaad Cps o) aladiuls 4 pude 4 jas 2t dlae ) o5 Al
bl Cuned 5 AliLai dpa e Jlealy Lagday 5 5 o slll SIS e 4 )l Clusns Capdi a8 2y 535 (50 @ S a2 A1
z 0 ol gl & ekl ,(@}M&;W)M&@mq}ﬁmaozs le 15 Juil 295 28) ALl 435 Jda
=B (gl o) G g ¢ omn el 5l A3l 4y ghe il 52 10 ) 6 O s Jamer J8T 5 s s 53 dae 3 adl)
eliS i s 09012 () Joad Aty 3 yaal) 7 511 Ay eI 5,08 Camd 5] LS Ailiaall o) g2 Y1 A 4 e An 52 10.5 Jansal
Vb aleny Lon ¢ a1 Al jame ) ling ¥ 3yl aldas o SAL aaall a5 %105 %8 G s s Janes 2y 4eS)
Ll oda ciidl ale JSny ya 3.5 W jslad vie Aald e il Gauad G Lol de o el LS A4 (ymidiag
cliall b al s s e Gaadaill Sl Unauas 1508 Jiaiy 63 lall Glaliall (b 2 guin s je ) ) 51 ool (ppuad B \gtllad
el i Jie 4 ) el 4l s Ay 5l jaall

86|Page



Résumeé

Cette étude porte sur la gestion thermique des modules photovoltaiques (PV) dans les zones a
climat chaud, avec un accent particulier sur la région de Ouargla, au sud de 1’Algérie, ou les
températures ambiantes élevées réduisent considérablement I’efficacité des panneaux et leur durée de
vie. Elle traite du probléme central de 1’accumulation de chaleur dans les modules PV, pouvant
entrainer une perte de puissance allant jusqu’a 25 % en raison du coefficient thermique négatif des
cellules en silicium. L’objectif principal de ce travail est d’évaluer I’efficacité d’une technique de
refroidissement passif basée sur ’utilisation de dissipateurs thermiques en aluminium fixés a I’arriére
des modules PV, afin de réduire leur température de fonctionnement et d’améliorer leurs
performances électriques dans des conditions réelles. Une installation expérimentale a été mise en
place avec deux modules photovoltaiques polycristallins identiques, 1’'un équipé de dissipateurs
thermiques (panneau refroidi) et I’autre utilisé comme référence sans refroidissement. Des
thermocouples ont été installés pour surveiller la température, et les deux panneaux ont été connectés
a des charges reésistives identiques. Les mesures ont été réalisées pendant trois jours (28 et 29 avril,
et 1er mai 2025) sous diverses conditions météorologiques (ensoleillées et partiellement nuageuses).
Les résultats ont montré que le panneau refroidi fonctionnait a une température inférieure de 6 a
10 °C, avec un écart thermique maximal de 10,5 °C par temps clair. Le panneau refroidi a présenté
une augmentation de la puissance électrique allant jusqu’a 12 % et une amélioration de 1’efficacité
¢lectrique moyenne de 8 a 10%. Le systeme de refroidissement ne nécessitant aucune source
d’énergie externe, il est entierement passif et économique. La présence du vent a également amélioré
la dissipation thermique, notamment a des vitesses supérieures a 3,5 m/s. En conclusion, 1’utilisation
de dissipateurs thermiques passifs a permis une nette amélioration des performances des modules PV
dans des environnements a haute température. Cette méthode simple et abordable est adaptée a un

déploiement a grande échelle dans les régions arides et semi-arides comme le sud de 1’ Algérie.
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