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Résume

Le travail présenté dans cette thése porte sur le développement d’un modele multi-physique
numérique, destiné a étudier le comportement optique, électrique et thermique d’un module
photovoltaique. Le comportement optique a été évalué en utilisant des chaines de Markov. Le
comportement électrique est obtenu pour les panneaux en Silicium a 1’aide d’une méthode
d’optimisation numérique. Le comportement thermique est développé en 1D sur I’épaisseur du
module, et le mode¢le multi-physique a été faiblement couplé sous MATLAB. Le comportement sous
des conditions nominales d’opération a été validé en utilisant les données déclarées par les
constructeurs. Ce modele a été utilisé pour effectuer une étude paramétrique sur I’effet des irradiances
solaires en régime permanent. Le modele a été validé pour des conditions d’utilisations réelles en
comparant avec des mesures expérimentales de température et de puissance électrique. Une étude
thermomécanique en 2D sous ABAQUS/CAE et se basant sur le modele multi-physique a été effectué
en conditions nominales d’opération, ainsi qu’en cycle de fatigue selon la norme 61215 pour prédire

les contraintes qui sont imposées sur le panneau dans les deux cas mentionnés précédemment.

Abstract

The work presented in this thesis deals with the development of a numerical multi-physics model,
designed to study the optical, electrical and thermal behaviour of a photovoltaic module. The optical
behaviour was evaluated using stochastic modelling based on Markov chains, whereas the electrical
behaviour was drawn specifically for Silicon based photovoltaic panels using numerical optimization
methods. The thermal behaviour was developed in 1D over the thickness of the module, and the multi-
physics module was weakly coupled in MATLAB. The behaviour of commercial panels under
nominal operation conditions was validated using data declared by the manufacturers. This model
was used to perform a parametric study on the effect of solar irradiances in steady state. It was also
validated for real use conditions by comparing it to experimental temperature and electrical power
output. A thermomechanical study in 2D in ABAQUS/CAE based in the multi-physics model was
carried out in nominal operating conditions, as well as in fatigue thermal cycling according to the IEC

61215 Standard to predict the stresses that are imposed on the panel.
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Résumé de theése

Simulation et modélisation du comportement thermique et mécanique des panneaux

photovoltaiques en Silicium sous conditions nominales et réelles.

Mehdi Sahli

Introduction :

Depuis plusieurs décennies, le développement des énergies renouvelables est devenu crucial afin
de réduire les effets négatifs causés par les autres sources d’énergies (fossiles ou nucléaires) mais

¢galement pour garantir une indépendance énergétique.

L’évolution de la demande mondiale de 1’énergie, les réserves estimées des énergies fossiles et

nucléaires, ainsi que le potentiel annuel des énergies renouvelables sont présentés sur la figure 1.

Figure 1 Comparaison des ressources d’énergies ainsi que la demande mondiale énergétique

(TW/année) [1]

La source la plus abondante parmi ces énergies renouvelables est le soleil. Une des technologies
utilisées pour récolter 1’énergie solaire est basée sur I'utilisation des panneaux photovoltaiques.
L’effet photoélectrique permet de transformer le rayonnement solaire en un courant électrique
continu. La technologie la plus répandue pour la fabrication des panneaux solaires est celle utilisant

les cellules photovoltaiques (PV) a base de Silicium, vu I’abondance de cet élément dans la crotite
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terrestre, et la facilit¢ de fabrication des cellules. Mais ces avantages s’accompagnent d’un
inconvénient majeur : les modules photovoltaiques basés sur le silicium ont un rendement qui
diminue lorsque la température augmente, de 1’ordre de 0.5% pour chaque degré supplémentaire. De
nombreux travaux de la littérature se sont ainsi concentrés sur la modélisation multi-physiques des
panneaux [2]-[5]. Dans ces travaux, les modélisations multi-physiques comportaient au moins un

modele thermique et un modéle électrique, et parfois un modéele optique.

Pour pouvoir étudier et prévoir la température ainsi que le rendement en temps réel d’un panneau,
I’étude de son comportement thermique est nécessaire. Le panneau est généralement constitué de
plusieurs couches ; leur empilement varie selon les différentes technologies employées. Une

représentation d’un panneau usuel avec des cellules en Silicium est représenté sur la figure 2.

Figure 2 Coupe d’un panneau typique avec des cellules photovoltaiques en Silicium

Les couches constituant le panneau ont des propriétés thermiques bien différentes. De plus, les
échanges thermiques entre les différentes couches doivent €tre pris en compte pour pouvoir prévoir
la température a travers son épaisseur. Les échanges thermiques avec I’environnement extérieur

doivent étre également considérés comme décrit sur la figure 3.
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Figure 3 Représentation des échanges thermiques avec I’entourage du panneau.

La production de chaleur et d’¢lectricité par conversion photovoltaique sont dues au rayonnement
solaire. Un mode¢le optique tenant compte des différentes couches est nécessaire pour déterminer la
partie des radiations solaires qui seront absorbées par le panneau, ce qui influence directement les
termes sources de chaleur générées dans le panneau a prendre en compte dans le modele thermique.

Pour compléter la modélisation multi-physiques, il est nécessaire d’estimer la quantité d’électricité
produite a partir du rayonnement solaire et de la température du panneau. Le comportement électrique
d’un panneau peut €tre décrit assez fidelement par des circuits €lectriques €quivalents ; comme le

modele a une diode [6], [7].

Par ailleurs, les effets environnementaux (variations journali¢res et annuelles de la température et
d’humidité) ont aussi un impact sur le vieillissement des matériaux composants le panneau qui
induisent une dégradation de son rendement. Ce phénomeéne est d’autant plus vrai lorsque les
panneaux sont en fonction sous des latitudes proches des tropiques ou de I’équateur. Dans ces zones,
les températures ambiantes élevées accélerent la détérioration des panneaux comme indiqué dans le

tableau 1.
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Tableau 1: Durée de vie moyenne en fonction de la température ambiante [8].

Température ambiante Durée de vie moyenne
(°O) (années)
25 9.6
30 7.5
35 6.1
40 5.1
45 4.3

Une des explications pour comprendre les pertes de performance présentées dans le tableau 1
pourrait &tre, entre autres, 1’apparition et le développement de microfissures ou des effets de
délamination. Ces phénomenes sont liés a la dégradation des propriétés mécaniques et d’adhésion des
différents matériaux. Cette dégradation est aussi bien due a ’humidité importante qu’a I’alternance
des chargements thermomécaniques. L’apparition de contraintes internes est due aux variations de
températures combinés a la différence entre les coefficients d’expansion thermique des différentes

couches constituant les panneaux photovoltaiques.

Une étude thermique des modules photovoltaiques nous parait donc nécessaire pour, tout d’abord,
pouvoir estimer leur rendement sur le court terme (une journée a quelques journées), puis pour
compléter la compréhension de la perte de rendement apercu a la fin de cycle de vie. Cette étude
thermique est complétée par une étude mécanique prenant en compte les contraintes internes au
panneau induites par les changements de température. Cette approche nous apportera peut-€tre des

indications plausibles sur les causes de ce vieillissement.

Objectifs :

Le premier objectif de cette thése est de développer un modele couplé (optique-électrique-
thermique) prédictif qui permet de décrire la réponse thermique des panneaux photovoltaiques en
silicium en tenant compte des effets de longueurs d’ondes de la lumicre. Ce mod¢le est validé par
rapport aux données mises a disposition par les constructeurs, puis par rapport a des résultats recueillis

en temps réel sur un site de test situé au Qatar.
Le second objectif est de développer un modele numérique du comportement thermomécanique a

I’aide du logiciel commercial de calcul ABAQUS. Ce second modele a pour objet d’estimer les

contraintes subies par les panneaux sous différentes conditions de fonctionnement :
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- Conditions nominales d’utilisations :
0 Irradiance=800 W/m?,
0 Température ambiante=20°C,
0 Vitesse du vent=1m/s,
0 Conditions du circuit ouvert.

- Dans les conditions cycliques de test de fatigue thermique selon la norme IEC 61215.

Ce mode¢le permettra également 1’étude du comportement thermomécanique (vieillissement,

endommagement, fatigue...) des différents composants du panneau sur des longues durées.

Modéle optique, électrique et thermique couplé :

Pour I’¢laboration et la validation de ce modele multi-physique, plusieurs panneaux PV
commerciaux ont été étudiés : BP350 et BP585 qui sont des panneaux en Silicium monocristallin, et
¢galement un panneau de Voltec Solar VSMS275 qui est un panneau en Silicium polycristallin. Les
résultats présentés pour la validation du modele seront basés sur ces panneaux et leurs fiches

constructeurs.

Modéle thermique :

Pour prévoir la distribution de température a I’intérieur du panneau photovoltaique, celui-ci a été
modélis€ comme un milieu a une dimension (suivant 1’épaisseur du panneau). Le modele thermique

s’appuie sur 1’équation classique de la chaleur écrite ci-dessous :

T (x,t 0%T (x,t
oC (X)zk (X)_|_

1
P ot 0x? M

ou p est la densité, C, la chaleur spécifique, k la conductivité, t le temps, x la distance de la

surface, T(x,t) la température et Q la source de chaleur.

Cette équation peut étre résolue en différence fini en implicite dans le cas 1D. Les propriétés
thermiques des différents matériaux qui composent le panneau sont issus de la littérature et ont été
utilisées pour ce calcul. Cependant, la source de chaleur Q reste une quantité a déterminer pour
pouvoir résoudre 1’équation de la chaleur (1) et déterminer la température sur tous les nceuds de
I’épaisseur du panneau. Dans la littérature, I’estimation de la source de chaleur au niveau de la cellule

photovoltaique est effectuée a partir de 1I’équation suivante :
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Q= Pélectrique X1 —-n) ()

OU Pyjecerique €St la puissance €lectrique généree par le panneau et 1 le rendement du panneau
photovoltaique. Le rendement est défini comme le rapport de la puissance solaire regue sur la
puissance ¢€lectrique générée. L utilisation de 1I’équation (2) implique que le rendement et la puissance
¢lectrique du panneau PV doivent étre connus pour pouvoir déterminer la source de la chaleur dans
la cellule. Ces données sont fournies par le constructeur. Par conséquent, cette équation ne peut étre
utilisée que pour des panneaux PV connus. Dans ce travail de thése, nous nous proposons d’estimer
la source de chaleur produite par les cellules PV comme la différence entre la puissance solaire recue
et la puissance ¢électrique produite. Pour définir la puissance électrique produite, il nous faut tout

d’abord définir la quantité (ou pourcentage) de photons absorbés a 1’aide d’un mode¢le optique.

Modgéle optique :

La propagation des photons dans la premiere couche est représentée dans la figure 4. Elle
permet de voir que les photons peuvent étre réfléchis, transmis dans le panneau vers 'autre

couche ou absorbés dans ladite couche.

Figure 4 Diagramme de la propagation des photons dans I’épaisseur de la premiére couche de

verre dans le panneau

Le modéle optique développé dans ce travail de theése s’appuie sur les chaines de Markov. Ce
modele permet de déterminer les probabilités d’absorption des photons en fonction de leurs longueurs
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d’ondes. Il prend en compte les différentes interactions des photons dés leur entrée dans le panneau
PV en utilisant seulement les différentes propriétés optiques intrinséques des matériaux composant

celui-ci, a savoir I’indice de réfraction, le taux d’absorption et la réflectance des matériaux.

Les quantités (ou pourcentages) de photons absorbés, transmis ou réfléchis a chaque interface du
panneau PV sont estimées et représentées dans la figure 5? en fonction des données

environnementales (localisation géographique, météorologie, conditions d’installation...).

(a) (b)
Figure 5 Pourcentage des photons absorbés par les couches du panneau photovoltaique en

fonction de la longueur d’onde pour les panneaux : BP 350 et BP 585(a) et VSMS275 (b).

Nous supposerons dans ce travail que les photons absorbés dans les couches autres que les cellules
PV sont totalement transformés en chaleur, alors que les photons absorbés par les cellules PV seront
convertis soit en énergie é€lectrique soit en chaleur (les proportions étant fonction des longueurs
d’ondes). Pour calculer la puissance €lectrique produite, un modele électrique basé sur les propriétés

¢lectriques du silicium a été développé.

Modéele électrique :

Le modeéle électrique utilisé s’appuie sur le circuit électrique équivalent a une diode classiquement
utilisé pour décrire le comportement électrique des cellules et panneaux PV comme décrit dans la

figure 6.
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La relation régissant le circuit électrique équivalent s’écrit :

q.(V + 1R5)> ) V + IR,
=L, —Lhlexp|l——7— |- 1|—— 3

Figure 6 Modéle 1-diode équivalent.

ou I, est appelé I’intensité photo-générée, I, I'intensite de saturation de la diode, Rgj, 1a résistance
de court-circuit, R la résistance correspondant aux résistivités des contacts entre les différents régions
constitutives de la cellule, kg la constante de Boltzmann, X un facteur d’idéalité, T la température de

la cellule PV et q est la charge élémentaire d’un électron.

L’intensité photo-générée a été déterminée a partir de I’absorption au niveau de la cellule trouvée

dans la partie optique, en utilisant 1’équation :
Ly = eAJCD(A) X a(1) X IQE(A)dA (1)

ou /QE est le rendement quantique interne.

Pour valider le mode¢le ¢électrique, les courbes Intensité-Voltage I — V (courant en fonction de la
tension) ont €té tracées dans la figure 7 pour les cas étudiés, et comparées avec celles fournies par le
constructeur. Il est a noter que la réponse €lectrique prévue par le modele ne dépend que des propriétés

électriques intrinseques des matériaux constitutifs des cellules PV.
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(a) (b) ()
Figure 7 Courbes I — V pour différents températures d’opération pour les panneaux:

BP350 (a), BPS8S (b) et VSMS275 (c) avec les données partagées par les constructeurs.

Implémentation numérique et résultats

Implémentation sous MATLAB et validation :

Les différents modéles ont été programmés sous I’environnement de calcul du logiciel commercial
MATLAB selon la figure 8. Dans ce travail, nous avons opté pour un couplage faible entre les

différents modéles physiques.

Figure 8 Structure de I’algorithme implémenté sous MATLAB®.
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Ces panneaux PV ont ét¢ modélisés et étudiés dans des conditions nominales d’utilisation (ou
NOCT) : une radiation de 800 W/m?, un vent uniforme de 1 m/s et une température ambiante de 20°C
et en conditions de circuit ouvert. Les comportements €lectrique et thermique ont été comparés avec
les résultats fournis dans les données du constructeur, et les prévisions numériques des modeles sont

en bon accord avec ces données comme montré sur la figure 9.

(a) (b) (c)
Figure 9 Evolution de la température de la cellule PV aux conditions NOCT pour les

panneaux : BP350 (a), BP585 (b) et VSMS27 (¢).

FEtude paramétrique de ’effet des radiations solaires :

Le modele validé a été utilisé pour évaluer la température du panneau a différents coefficients de
masse d’air (AM), qui est défini a partir de I’angle que fait le soleil avec le zénith. AM1 correspond

a un soleil qui fait 90° avec le zénith, et AM10 correspond a un soleil a 5° de I’horizon.

Les résultats obtenus sont résumés dans le tableau 2.

Tableau 2: Réponse électrique et thermique du panneau pour différentes masses d’air, AM

AMI AML.5 AM4 AMI10
Température [°C] 51.6 50.4 46.2 41.2
Puissance ¢lectrique [W] 119 114 96 73
Rendement [%] 8.79 8.85 9.04 9.22
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Le cas ou I’on concentre les radiations a 1’aide d’un systéme de miroirs a aussi €té considéré. Les

rayons concentrés sont considérés équivalents a des radiations solaires provenant de 2 soleils, 3 soleils

et 4 soleils dans les cas étudiés, et les résultats de la simulation sont reportés dans le tableau 3.

Tableau 3: Réponse électrique et thermique des panneaux pour différentes concentration de

soleil.
1 Soleil 2 Soleils 3 Soleils 4 Soleils
Température [°C] 56.6 85.5 113.3 140.1
Puissance ¢électrique [W] 139 242 258 226
Rendement [%] 8.55 6.93 5.28 3.71

On peut voir dans ce cas qu’en passant de 3 a 4 soleils, méme si on est en train de donner plus
d’énergie solaire, on obtient une puissance €lectrique plus basse. En plus, la température du panneau
atteint 113°C a 3 soleils, ce qui est supérieure de la température de fusion de I’encapsulant (composé

en éthyléne-acétate de vinyle) qui se situe entre 90° et 120°C selon la composition.

Il est donc conseillé de ne pas dépasser la configuration 2 soleils pour préserver le panneau et les

matériaux le composant.

Résultats en temps réel :

Grace a une collaboration avec « Qatar Environnent and Energy Research Institute (QEERI) » et
leur site de production d’énergie PV (Solar Test Facility —STF) localisé a Doha au Qatar, nous avons
pu obtenir des mesures en temps réel de la température ainsi que la production d’énergie €lectrique
d’un panneau PV. Le panneau PV considéré sur ce site est le panneau PANASONIC225, qui est un
panneau de type biface. Le modéle multi-physique précédemment présenté a été adapté a ce type de
panneau PV et ensuite validé sous les conditions nominales d’utilisation (NOCT), présenté dans la

figure 10.
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Figure 10 Evolution de la température de la cellule PV aux conditions NOCT pour le

panneau Panasonic225.

Connaissant les conditions environnementales (rayonnement solaire, vitesse du vent, inclinaison,
...), ’énergie électrique et la température d’un panneau PV biface ont été¢ prévues numériquement
pour un fonctionnement durant toute la journée, pour deux types de journées : ensoleillée et nuageuse.
Nos prévisions ont été également comparées aux résultats expérimentaux fournis par le site du Qatar.
Un bon accord entre prévisions numériques et résultats expérimentaux a été obtenu comme montré

dans la figure 11.

a) b)
Figure 11 Evolution de la température sur toute une journée dans le cas d’un jour:

nuageux (a) et clair (b) pour le panneau Panasonic225 a la STF, Doha, Qatar).

Modélisation thermo-mécanique :

Pour compléter le modele couplé développé dans la partie précédente, nous nous proposons
d’étudier le comportement thermomécanique des panneaux photovoltaiques sous différentes

conditions de service :
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- Conditions nominales d’opération.

- Chargement cyclique décrit dans la figure 12.

Figure 12 Cycles thermiques dans la norme IEC 61215 standard pour I’accélération accélérée.

Un panneau photovoltaique monofacial (VSMS275), ainsi qu’un panneau bifacial (Panasonic225)

ont été considérés pour ces ¢tudes.

Les changements de température ainsi que le gradient de température le long de 1’épaisseur sont
susceptibles de créer des contraintes thermiques dans les différentes couches du panneau PV et au

niveau des interfaces.
Pour évaluer ces contraintes, un modele éléments finis a deux dimensions d’un panneau PV a été
développé avec le logiciel commercial de calcul ABAQUS. Les géométries des deux panneaux

considérés ainsi que leurs maillages sont représentés dans la figure 13.

Dans ces modgeles, le cadre en aluminium a été aussi pris en considération, vu son possible effet

sur les échanges thermiques et/ou mécaniques.
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(a) (b)
Figure. 13 Représentation des modéles des deux panneaux : VSMS275 (a) et Panasonic225

(b) ainsi que leurs maillages (échelle non respectée).

Les sources de chaleur prévues par le modéle multi-physique ont été introduites dans les
différentes couches du modele 2D du panneau PV. Le comportement thermique prévu par ABAQUS

a été comparé a celui obtenu avec le modele 1D sous MATLAB dans la figure 14.

~46.4
46.27 ™ 46.2
46 / T

s AT

Temperature (°C)
a
(=21
I

/ ~45.6
45.4 4 Matlab 454
1 — ABAQUS F

452{ (1) Top glass

{2) Encapdulant f45-2
(3) cell r
45; (4) Encapsulant ;45

] (5) Back glass r
i 1 2) (3)(4 [5)] r

448 R L4
0 1 2 3 4 5 6 7

Thickness (mm)

(2) (b)

Figure 14 Comparaison des profils de température obtenues avec Matlab et en 1D et

ABAQUS en 2D, en considérant I’épaisseur des panneaux: VSMS27S5 (a) et Panasonic225 (b).

Simulation en éléments finies en conditions nominales :

Le champ de température obtenu avec ABAQUS a été¢ utilisé pour mener une simulation
thermomécanique. La simulation par éléments finis du probléme nous permet d’avoir acces aux

contraintes thermomécaniques pendant le fonctionnement du panneau en conditions nominales.
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Les déformations et les contraintes normales dans la zone entre deux cellules adjacentes sont

représentées dans les figures 15 et 16 respectivement.

(@) (b)
Figure 15 Déplacement horizontal. Prédictions sous les conditions nominales d’opération

pour les panneaux : VSMS275 (a) et Panasonic225 (b).

(a) (b)
Figure 16 Distribution de la contrainte normale dans la zone intercellulaire pour les

panneaux: VSMS275 (a) et Panasonic225 (b).
Les déformations mesurées entre les cellules atteignent 11.24 et 15.02 um pour les panneaux

Panasonic225 et VSMS275 respectivement, ce qui est en accord avec les résultats expérimentaux

reportés.
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nominales d’opération pour les panneaux : VSMS275 (a) et Panasonic225 (b).

Les contraintes dans la zone entre deux cellules adjacentes sont dues a la différence entre les
coefficients d’expansion thermiques entre les différentes couches. Elles sont un peu plus élevées dans
le cas du panneau bifacial comparé au panneau monofacial, mais restent faibles. Pour référence, la

limite élastique pour le matériau de 1’encapsulant est compris entre 100 et 200 MPa.
La distribution de ces contraintes sur 1’épaisseur du panneau est représentée dans la figure 17. Elle
est plus ¢élevée dans la zone de la cellule pour les deux panneaux, et dans la zone du support

« backsheet » dans le cas du panneau monofacial.

Simulations en élément finies du chargement cyclique :

Les étapes décrites dans la figure 12 ont été simulées en ¢léments finies, et les résultats de la
contrainte normale ont été reportés dans les figures 18 et 19 pour les fins des étapes de refroidissement

et du chauffage respectivement.

Les contraintes atteintes pendant 1’étape de refroidissement sont de 54 MPa et 46 MPa pour les
panneaux VSMS 275 et Panasonic225 respectivement. Ces valeurs sont beaucoup plus ¢élevées que
les valeurs reportées en conditions nominales d’opération, et peuvent étre la cause de développement

et propagation de microfissures dans les cellules photovoltaiques.
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Figure 18 Distribution de la contrainte normale a travers I’épaisseur aprés I’étape du

refroidissement pour les panneaux : VSMS275 (a) et Panasonic225 (b).
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Figure 19 Distribution de la contrainte normale a travers I’épaisseur apres I’étape du

chauffage pour les panneaux : VSMS275 (a) et Panasonic225 (b).

Conclusions et perspectives

Un mode¢le multi-physique qui permet la prédiction du comportement thermique d’un panneau
photovoltaique a été développé, ne se basant que sur les propriétés géométriques et intrinseques des

matériaux qui le composent.
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Ce modele a été développé en utilisant une approche en différences finies pour résoudre I’équation
de la chaleur. Les chaines de Markov ont été utilisées pour prédire le comportement optique, et le
comportement optique a été déterminé en utilisant une approche probabiliste du comportement des

photons selon les chaines de Markov.

Le modele a été validé sous des conditions nominales d’utilisation en utilisant les températures

d’utilisation données par les constructeurs pour trois panneaux différents.

Le mode¢le a été utilisé pour une étude paramétrique en imposant différents niveaux de radiations
solaires sur le panneau. Il a ét¢ montré qu’a une concentration solaire équivalente a 4 soleils, on
obtient une puissance ¢€lectrique plus petite que celle obtenue a 3 soleils. De plus, la température
atteinte a la concentration de 3 soleils peut étre dangereuse pour 1’encapsulant car elle s’approche de

sa température de fusion.

Ensuite, le modéle a été validé en conditions réelles en comparant les résultats obtenus avec celles
mesurées sur un site de tests de panneaux photovoltaiques, pour deux journées différentes : ensoleillée

et nuageuse.

Pour étudier le comportement thermomécanique, le modele a été intégré dans une approche en
¢léments finies pour déterminer la réponse mécanique dans différents cas : en conditions nominales

d’utilisation, et pendant le cycle de vieillissement accélérée.

Le modele a été¢ validé par rapport aux conditions nominales d’utilisation. Les valeurs des
déformations reportées par le modele sont en accord avec les valeurs expérimentales reportées. Les
contraintes sont plus faibles que les limites d’¢lasticité des composants du panneau. Cependant, elles

peuvent étre responsable du phénomene du délamination entre les couches.

Le mode¢le a ensuite été soumis a un cycle de vieillissement accéléré. Les déformations obtenues
pour les basses températures ne sont pas en accord avec les résultats expérimentaux, mais ceci peut
étre justifiés par 1’absence des valeurs du module de Young de I’encapsulant pour des températures

trop basses (inférieur a -20°C).

Pour aller un peu plus loin, une simulation thermomécanique de la réponse du panneau sous des
conditions réelles peut étre étudiée pour évaluer les réponses causées par les changements

météorologiques, comme le passage des nuages ou le changement de la direction du vent.

26



Références bibliographiques :

[1] “Solar Power - Here Comes The Sun,” Below 2C, 19-Mar-2018. .

[2] S.Armstrong and W. G. Hurley, “A thermal model for photovoltaic panels under
varying atmospheric conditions,” Appl. Therm. Eng., vol. 30, no. 11-12, pp. 1488-1495, Aug.
2010.

[3] A. D. Jones and C. P. Underwood, “A thermal model for photovoltaic systems,” Sol.
Energy, vol. 70, no. 4, pp. 349-359, 2001.

(4] G. Notton, C. Cristofari, M. Mattei, and P. Poggi, “Modelling of a double-glass
photovoltaic module using finite differences,” Appl. Therm. Eng., vol. 25, no. 17-18, pp.
2854-2877, Dec. 2005.

[5] R. Vaillon, L. Robin, C. Muresan, and C. Ménézo, “Modeling of coupled spectral
radiation, thermal and carrier transport in a silicon photovoltaic cell,” Int. J. Heat Mass
Transf., vol. 49, no. 23-24, pp. 4454—-4468, Nov. 2006.

[6] H.-L. Tsai, “Complete PV model considering its thermal dynamics,” J. Chin. Inst. Eng.,
vol. 36, no. 8, pp. 1073-1082, Dec. 2013.

[7] J. C. S. Barroso, J. P. M. Correia, N. Barth, S. Ahzi, and M. A. Khaleel, “A PSO
algorithm for the calculation of the series and shunt resistances of the PV panel one-diode
model,” in 2014 International Renewable and Sustainable Energy Conference (IRSEC), 2014,
pp. 1-6.

[8] 0.0.0gbomo, E. H. Amalu, N. N. Ekere, and P. O. Olagbegi, “Effect of operating
temperature on degradation of solder joints in crystalline silicon photovoltaic modules for

improved reliability in hot climates,” Sol. Energy, vol. 170, pp. 682—693, Aug. 2018.

27



1.

1.1.

1.2.

1.3.

1.3.1.

1.3.2.

14.

1.5.

1.6.

1.7.

1.8.

1.9.

2.1.

2.2.

2.2.1.

2.22.

2.2.3.

2.24.

2.3.

INTRODUCTION

STATE OF THE ART

Plan

Context

32

Renewable energy sources

33

34

Solar energy

Concentrated Solar POWeEr (CSP) .....ccvovieriieiieiicieeieseeeeeee e

Photovoltaic SYStems (PV)....ccocciiiiiiiiieieeteieeeeeeseee e

Solar cells

............................................. 34

............................................. 35

35

Layers of photovoltaic panels

36

37

Energy yield of photovoltaic panels

40

Limitations of the silicon photovoltaic technology

Research statement

40

Layout

41

44

Commercial panels

Modeling overview

46

Thermal MOAEIING ........coouieiieiieie e
Optical MOAEIING ......couviiiiiniiiirieietet ettt
Electrical MOAEING ....ccc.evviieeiieiiieeiie et re e s

Thermo-mechanical MOAEIING........cccuvevieiiiiiiieeie e

Conclusion

............................................. 47

............................................. 54

............................................. 56

............................................. 65

70

28



3. COUPLED THERMAL, ELECTRICAL AND OPTICAL MODELING AND

VALIDATION UNDER NOMINAL CONDITION. ...ccccousmsmmmssmssmsassassasssssssssssssssssssassassasssssssssssssssas 71
3.1. Introduction 72
3.2. Model derivation 73
3.2.1. OPICAL NOACIINE ...ttt ettt ettt h ettt et a e e bt e b e et e e bt esteeseesbeesbeebeenteeneeens 73
3.2.2. Thermal MOAEL ......c..ooiuiiie ettt et ettt b e bt et e et esteeseesbeesbeesbeeteente e 85
3.2.3. Electrical MOAE] .......couiiieeeee ettt ettt ettt b ettt et e shee bt e nbe e te et ene 94
3.24. Implementation in MATLAB .......ccciieeeeee ettt e b e e e e e e esaessa e se e seenseensesnsesnnesns 102
3.3. Results and discussion 103
3.3.1. Preliminary results / Models Validation (under STC and NOCT conditions).........c.ceceevverierreerreerreseesenenne 103
3.3.2. Parametric study: effects of s01ar irradiance ............ceoeeiiiiiiiiiie e 120
3.4. Conclusion 127

4. APPLICATION OF MULTI-PHYSICS MODELING: STUDY OF A BIFACIAL PANEL

UNDER REAL TIME CONDITIONS.....octmmmummmmmssmasssssssssssssssssssssssssssssssssssssssssssssssssssssssssassnssnsss 129
4.1. Introduction 130
4.2. PV panel description (materials properties and geometry) 131
4.3. Multi-physics model of the bi-facial PV panel 132
4.3.1. Optical MOdel MOITICALIONS .....c..eeviiieiieitieieeie ettt ettt e e sae st e steebeesseessesasessaesaesseesseessesssessnesnns 132
4.3.2. Thermal Model MOIfICALIONS .......ccviiieiiiiieiiieie ettt ettt et e e sb e e b e esae s e ste e beesbeesseessesssesseennes 134
4.3.3. Electrical model MOAifICAtIONS . ........viiiiiiiiiiciiciieecie ettt e e be e s be e tr e e s tbe e aseesaseessreesaseenanas 137
4.4. Results and discussion 138
4.4.1. Validation of the multi-phySics MOAEL ........c..coiiiiiiieiiieie e e aee et eeaee et e eaneenes 138
4.4.2. Outdoor and real-time SIMUIALIONS ......cccueiiiieriiieiiieeie ettt e et e sbe e taeeseteeseseessseensseesnseennes 146
4.5. Conclusion 153

29



5. THERMOMECHANICAL INVESTIGATION OF PV PANELS BEHAVIOR UNDER

VARIOUS CONDITIONS ..tiistsmsmssmsmssssmsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 155
5.1. Introduction 156
5.2. Preliminary FE modeling and simulations (thermal analysis) 157
5.2.1. GEOMELTY AN MESH.....iitiiiieii ettt ettt e bttt ettt e e st e et e e be et e enteenteeseesneenae 157
5.2.2. IMALETIAL PIOPETTIES ...eeutietietiete ettt ettt et ettt e et e s b ee s bt e bt e et ea bt e et e es e e et e et e e bt emteemseeseeseeesaeeneeenteeneeenteans 160
5.2.3. Thermal 10ading CONAILIONS ......ccuiiiiiiiiieiiee et ettt ettt ettt b e b e b e et enteeseeseeeeae 161
5.2.4. Thermal PrEdICtIONS. ......ccieriieiieieeteeie ettt ettt ett et e e e teesseesaessaesseesseeseenseensesssesssenseenseensenssesssesssenses 162
5.3. Thermo-mechanical FE modeling and simulations 166
5.3.1. GCOMELLY AN MESH....c.eiiiiiiieiieiicteee ettt ettt et et e e e e saesaaesteesseesseesseesseessesssessaessaensenssesssessnenses 166
5.3.2. IMALETIAL PIOPEITIES ....eeueeetietieteeie ettt et et et et et e e e atesbeesaee bt e bt emeeemeeeseees e et e et e emteemseeseesmeesneenseenseenseenteans 170
5.3.3. L0ading CONAILIONS .......eiitiiiieiieiie ettt e st ettt et et esa e s et e sae e bt et e emeeeaeees e e beenteenteensesneesneesnee 173
5.34. Thermo-mechanical FE predictions and diSCUSSION .........ceevvieriieieeierieiiereenteeieeeeeeesseesseesseeseessesssessneses 175
6. GENERAL CONCLUSION ..oooiisismsmssssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 197
BIBLIOGRAPHY .occiiiiiiimmmssmmsssmsssssssssssssssssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssnssses 201
LIST OF FIGURES ...ttt sssssssss s sssssssssssssssssssssssssssssssssasssssssssssssnas 207
LIST OF TABLES ... s sss s s s s s s s ssssssessssessssessssesssssssssasssssses 215
LIST OF ANNEXES .oocotiicicsssssssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssensss 217

30



31

1.

Introduction



1.1. Context

The world energy consumption has noticeably increased in the last fifty years, due to
modernization and industrial demand. It was estimated at 18.5 TW in 2015, and is projected to attain

28 TW by 2050.

More than 80% of this energy has always been provided by fossil fuels (i.e. Petroleum, natural gas
and coal). Those sources of energy are responsible for the increase of carbon dioxide emissions. Those
sources are rapidly depleting and the reserves may not be able to cover the energy demand for the

human population in the next decades.

In Europe, the energy makes up 20% of total imports [1], at a cost of more than 1 billion € per day,
as the European Union (EU) imports 53% of all the energy it consumes. Specifically, the EU imports:

e 90% of its crude oil
e  606% of its natural gas
e  429% of its coal and other solid fuels

e  40% of its uranium and other nuclear fuels.

Securing supplies of energy and looking for reliable sources of energy at competitive prices is very

important for the EU, in order to limit the energy dependency.

Those reasons have motivated the research community to study the possibility of other sources of

energy, that must be renewable so that it won’t be shorted out, and friendly to the environment.

Those alternative energy sources are finding more and more interest in the scientific community,
and the studies of technologies to generate such green energies has been encouraged by many
organizations, such as the EU with the goal of attaining 20% renewable energy by 2020. More
globally, the United Nations (UN) Climate Change Conferences (COP21 in Paris-France, COP22 in
Marrakech-Morocco and COP23 in Bonn-Germany) brought forward the Paris agreement, which
aims to reduce the carbon dioxide emissions by 55%, in order to keep the global warming to well
below 2°C. These directives will be impossible to achieve without the development and expanding

of renewable energy research.

32



1.2. Renewable energy sources

Renewable energies were not discovered in the last century, they were developed and used even
thousands of years ago. The solar power was harvested for heat, the wind and hydraulic energy was
used for mills operation. Lately, the efforts have been focused on increasing the yield of these
energies, and optimize the mechanisms of transformation of those energies into easily storable and

useable energy.

A summary of the renewable energy potential per year, as compared to the remaining reserves of
fossil fuel and nuclear energy is presented in Fig. 1. It can be seen that if the consumption keeps on
relying on the fossil fuels and nuclear sources, an energy crisis would be reached within a few

decades.

Fig. 20 Comparison of the fossil and nuclear energy sources reserves vs. the potential renewable

energy per year (TW/year).

On the other hand, if we consider the renewable energy sources, some of them do not seem to be

able to cover the insisting and urgent demand of the energy. Geothermal, hydroelectricity and biomass
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and even wind energy can be very interesting in some cases, but for the mass production of energy,
solar abundance has a scale of its own. It is estimated that the available solar energy for human is at

about 23000 TW-year, which easily covers the human population needs.

1.3. Solar energy

When it comes to harnessing the solar energy, two specific technologies prevail: The Concentrated

Solar Power (CSP) and the Photovoltaics (PV) technologies.

1.3.1. Concentrated Solar Power (CSP)

The CSP systems concentrate radiations from the sun onto a small area using mirror or lenses to
heat a liquid substance which is then used to drive a heat engine connected to an electric power
generator. It can use tracking systems to focus a large area of sunlight, and the systems can attain

high concentrations up to 500 suns.

Many technologies exist for the CSP system, mainly based on their optical collection. A summary
of the main four technology is presented din the work of Xu [2]. The most known is the parabolic
trough, which consists of parabolic reflectors that concentrate light onto a receiver positioned along

the focal points of the reflectors.

Most of the installments of this technology exist in Spain and the united states as of 2019, with the
biggest plants being the Ivanpah Solar Power facility and the Mojave Solar Project, sitting at 377 and
354 MW production capacity respectively [3], but the interest have been developing in North Africa

and the middle east, due to the favorable high temperatures in those regions.

The biggest project in development in the world is in Morocco, called the Noor Solar Project [4].

It is planned to produce 580 MW at peak after the project is finished with its three parts.

The advantages of the CSP technology is that the excess of the thermal energy can be stored and
used at times of low to no sunlight, which leads to the continuous production of energy. The
technology however demands extremely high direct normal irradiance, and is suitable for specific

climates and regions as concluded in the work of [2].

34



1.3.2. Photovoltaic Systems (PV)

The PV systems differ from CSP in the technology used. Specifically, the sun’s irradiance is
converted directly into electricity using the photovoltaic effect, which was observed by Alexander
Edmond Becquerel in 1839. It was first observed in electrochemical solutions, but recently it is more
related to solid state devices, using semi-conductor materials. This effect is fundamental in the
operation of the solar cells, and will be explained in the following sections, as the focus of this

manuscript is the PV technology.

As the PV systems do not need a high concentration of solar irradiance, it can be mounted

individually on the ground or the even the roof for residential use.

The total installed capacity of PV panels attained 500 GW at its peak production in 2018, with

China and Europe as the leaders in the growth of those installation [5].

1.4. Solar cells

A solar cell is an electronic device that converts the energy of light directly into electricity. The
vast majority of produced solar cells since the emergence of this technology are based on silicon as

the major semi-conductor component, due to its abundance (about 28% of earth crust’s mass).

A simple explanation of the phenomena is presented in Fig. 2. A photon that has an energy superior
to difference between the conduction band and the valence band energies (called the energy gap Ej)
upon coming into contact with a silicon atom excites one of the electrons from the valence band, and
the transferred energy allows them to reach the conduction band, in which they become mobile. In
order to move these mobile electrons and thus creating electricity, an electrical field is created by
doping a layer of the semiconductor block negatively (n-type), and doping positively another layer
(p-type) and putting them together. The collection of the mobile electrons by a circuit connecting the

two layers allows their flow, which creates electricity.
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Fig. 21 Photovoltaic effect.

It is noted that this simple mechanism allows the understanding of how the photoelectric effect is
used only for simple semi-conductors like silicon, but other mechanisms can be found in novel

technologies that won’t be discussed in this manuscript.

Silicon itself has different crystalline configurations, depending on the purification process. It is
however produced with one of the highest purity possible for metals (99.9999%). It is then doped,
usually using phosphorus (n-type) and Boron (p-type).

1.5. Layers of photovoltaic panels

In the case of silicon panels’ technology, the panels are composed of many layers of different
thicknesses. The cell, which converts the energy of light directly into electricity by the photovoltaic
effect, is encapsulated in an ethylene-vinyl acetate (EVA) case. Assemblies of those cells oriented in
one plane are covered with glass on the sun facing side, and a backboard on the other side. Thin layer
of the encapsulated cells along with the covers is what constitutes a PV module. The module mounted

on a frame made of aluminum is a PV panel.
A slice of a typical module is presented in Fig. 3. It is important to note that the thicknesses are

not to scale, as the glass layer tends to be very thick (around 3-4 mm) compared to the other layers

(in the hundreds of nanometers).
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Fig. 22 Slice of a typical PV module.

1.6. Energy yield of photovoltaic panels
The National Renewable Energy Laboratory (NREL) publishes periodically the maximum yields
or efficiencies reached by different photovoltaic technologies in laboratory trials [6], as presented in

Fig. 4. The efficiency of a photovoltaic panel 7py, is defined as:

electrical power converted

2

PV = :
ev solar power recieved

It is noted that there are some technologies that have a higher efficiency than silicon, but they are

only laboratory tested, with very specific settings that are not reproducible in real time conditions.

For a single p-n junction solar cell, there is an efficiency limit, called the Schokley-Queisser limit.
The losses are caused by many factors, like the black body radiation (~7%), recombination processes
(when an electron does not get to leave the semi-conductor to the outer circuit) and also the fact that
not all the solar spectrum is absorbed by the semi-conductor. As stated earlier, the photon excites the
electron, but it needs an energy E,;, that is higher than the energy gap (E;) between the valence and

conduction band.
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Fig. 23 Maximum cell efficiency chart for different PV cell technologies [6].
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The energy of a photon Ej, is defined as:

hc (3)

where h = 6.626.1073* m? kg s~ is the planck constant, c = 299 792 458 ms™~? is the speed
of light and A is the photon wavelength.

The sun emits electromagnetic irradiance as a black body at about 5800 K. As it travels through
the atmosphere, some of the radiation is absorbed and/or scattered due to the composition of the
atmosphere. The irradiance at the top of the atmosphere as well as at the sea level are presented in

Fig. 5.

As the sun light is a polychromatic irradiance spectrum, not all the photons are able to excite the

electrons, and thus create electricity. All of these losses add up to a theoretical efficiency limit.

Fig. 24 Solar radiation at the source, the earth’s atmosphere and sea level [7].

For an ideal silicon solar cell, that limit is set at 33.7%.

The effective maximum efficiency achieved by a single p-n junction silicon solar cell as declared

by the NREL is about 25% (Fig. 4).
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1.7. Limitations of the silicon photovoltaic technology

Apart from the theoretical efficiency limit, other factors have an effect on the final product’s
efficiency. The most important one is the effect of the temperature. It has been observed that the
panels will heat up, due to the fact that not all solar irradiance is converted into electricity. The
increase of temperature in the panel induces a loss of efficiency, experimentally measuring up to

0.5%/°C.
The ageing of photovoltaic panels is also a big issue. Residential norms imply a 25-year cycle for
a panel, and it is observed that the panels’ efficiency decays after some years of use [8]. The thermal

cycles, as in daily and yearly, must have a certain effect on the ageing of the materials that are being

currently used in photovoltaic panels.

1.8. Research statement

The main objective of this research is to develop a model that predicts the thermal and mechanical
response of a photovoltaic panel, if all the properties of the materials and the surrounding conditions
are known. The link between the thermal and mechanical response cycles, whether they are daily (day
and night times) or annually (summer-winter) makes also a part of the motivation of this research.

These objectives may be attained by achieving these sub-goals:

- Modeling the optical interaction between the light and the semi-conductor material, as well as

the other layers of the panel.

- Understanding the electrical response of a panel, and how the maximum electrical power can be

achieved

- Modeling the distribution of the heat generated inside the panel, and its response in real time.

- Linking the thermal response to a mechanical one, and simulating the different stresses that can

affect the photovoltaic panel.
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1.9. Layout

This manuscript consists of five chapters. The first one is the present introduction laying the
context and the motivation behind the work. In chapter two, a state of the art presentation of the work
achieved in the modeling of the photovoltaic cells and panels is presented. In chapter three, a coupled
optical, electrical and thermal model is presented, and validated using Standard Test Conditions
(STC) and Nominal Operating Temperature Conditions (NOCT) and a parametric study is then
simulated and discussed. In chapter four, simulations under real time conditions are performed, and
compared to the real response of a PV panel. In chapter five, a thermo-mechanical model is presented
using thermal response results from the first model. It is validated under NOCT conditions. Chapter

six contains the summary, contributions and recommendations for future works.
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2. State of the art



2.1. Commercial panels

Worldwide growth of photovoltaic panel production has been exponential since 2005. It evolved
in Europe from a niche market (mostly in Germany) producing 2.17 GW,, (Gigawatt-peak) in 2005
to 94.57 GW, in 2015. Higher efficiency is achieved, attaining 22.5% for the high end panels, down
to 14-16% for the majority of them. This efficiency is measured at Standard Test Conditions (STC)

and are included in the datasheets of the commercial panels. Those STC conditions are the following:

e Irradiance=1000 W/m?
e  (Cell temperature=25°C
e Airmass 1.5 (AM1.5) spectrum.

The panels are mostly identical, some optimization in the electronic parts may be added, but the

geometry and the layers’ distribution are quite the same.

The market of solar panels is still dominated by silicon solar cells, accounting for more than 90%

of the energy produced each year (Fig. 6), due its reliability.

Global annual production in 2016 (GWp)

H Multi-Si  ® Mono-SI i Thin film

6%

24%

70%

Fig. 25 Percentage of global annual production based on the used technology in 2016.

In the datasheets given by the manufacturer, much information about the panel can be found. Some
examples for commercial panels can be found in ANNEX 1. One of the parameters mentioned is the

influence of the temperature on the electrical response of the panel. Br.r is introduced as the
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temperature coefficient. It indicates the loss of efficiency due to the increase in temperature. In order

to calculate the efficiency at a certain temperature, the following equation must be applied:

NpyTpy = UPV,Tref[l - ﬁref(TPV - Tref)] 4)

Where T..5 the reference temperature at STC, Tpy is the temperature of the PV panel, npy 1y is
the reference efficiency measured at T.or and npy ., the efficiency at the temperature of the PV

panel.

For silicon PV cells, several empirical relations are used to describe the decrease of the electrical
efficiency with the increase of the PV cell operating temperature. A review of these relations is
presented in Skoplaki et al. [9]. Most of them are close to the linear expression found in the work of
Evans et al. [10]. The relations presented in the work of Skoplaki et al. [9] allow to predict the
decrease of electrical efficiency (a loss in the electrical output power) when the operating temperature

increases due to heating produced by the PV cell.

However, it is observed that these relations are not correct or accurate outside of the standard
irradiance conditions of the panel, which is around 1000 Wm™2. Since the panel operate outside of
these ranges for long periods of the day, it is imperative to find a better relation between the efficiency

and the temperature.

Various parameters have an influence on the operating temperature such as: the weather conditions
(irradiance level, ambient temperature and wind speed), materials properties (thermal dissipation and

absorption properties of the different PV panel layers) and setup conditions of the PV panel.

Moreover, the temperature variations to which the PV cells are subjected lead to cracks and thus
deteriorate their electrical performance. A new panel at the beginning of the service may not have the
same response as a 5-year-old panel. An extensive study of photovoltaic degradation rates based on
experimental measurements from a wide variety of panels in different geographical areas can be found

in the work of Jordan et al. [8].
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The results for the median degradation rate for panels based on Silicon technology are presented
in Table 1. Pre and post refer to installations before and after the year 2000. Furthermore, the losses
coming from the module and the losses when the whole panel is taken into account (i.e. the losses

coming from the electronic part) are both considered.

Table 4 Summary of median degradation rate prior to and post the year 2000

Median degradation rate

Technology Configuration (% per year)
Pre Post
Module 0.96 0.87

Amorphous Silicon

Panel 1.3 0.95
Monocrystalline Module 0.47 0.36
Silicon Panel 0.90 0.3
Multicrystalline Module 0.61 0.64
Silicon Panel 0.60 0.59

2.2. Modeling overview

Several models were developed to calculate the operating temperature of PV cells / panels taking
into account the environmental conditions. The basic methods are built on a simplified energy balance

equation with parameters that are empirically determined.

The flow chart (Fig. 7) explains the elements involved in a multi-physics PV panel model. First,
the optical response of the panel is presented. It usually involves the sun’s irradiance, and the optical
properties of the materials of the panel. Then, the electrical response is simulated in order to determine
the electrical power generated in the panel. That electrical power is in a direct correlation with the

heat source and will be used to determine the new temperature inside the panel.
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This output of the model will be used as an input for the next time step, since the temperature has
a direct effect on the optical and also electrical response of the panel. This model is fully coupled as

it recursively resolves.

Fig. 26 Coupled multi-physics optical, electrical and thermal model.

2.2.1. Thermal modeling

In order to simulate the panel, one must take into consideration not only the heat generation inside
the panel, but also its exchange with the exterior through rigorous definition of the boundary
conditions. The PV panel exchanges heat with the outside through convection, and also through

radiation towards the sky or the ground.
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Fig. 27 Representation of the heat exchange with the outside.
The PV panel is subject to convection thorough the wind’s effect. Many studies, such as the work
of McAdams [11] and the work of Cole et al. [12] interpolate the results from experimental data in

order to obtain the convection coefficient as a function of the wind speed.

McAdams [11] proposes that for flat plates exposed to outside winds, the convection coefficient

heony 18 expressed as

Reony = 5.67 + 3.86w (5)

Where w is the wind speed, whereas according to Cole et al. [12], the convection coefficient is

dependent upon the wind direction and whether the PV panel’s surface is on windward or leeward

side (Fig. 9). It can be expressed as:

heony = 11.4 + 5.7w (6)

for a windward surface, and

heony = 5.7 (7

For a leeward surface.
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In order to be able to model the PV panel using these expressions, one must know in advance the
direction of the wind, which is fairly hard to simulate, since the direction can change very often during

the day in the matter of seconds.

In all of these studies, only the bottom and top surfaces are considered, and the lateral surfaces’

convection contribution is neglected.

Fig. 28 Representation of the heat exchange with the outside.

Mattei et al. [ 13] estimated the temperature of a commercial multi-crystalline PV panel considering
wind speed and using the convection coefficients proposed in the works of Cole et al. [12]. The
exchange coefficient corresponds to the total surface area of the module. The total surface considered
is two times the surface area because the heat is lost by the top and the bottom of the PV panel, and
the lateral surfaces are neglected, as suggested in the works of McAdams et al. [11] and Cole et al.

[12].

However, in the work of Mattei et al. [13], the temperature was considered uniform in the panel
and the radiative heat exchanges were neglected. These exchanges are important to take into account,

and can influence the overall heat distribution.

The radiative contribution to the heat exchange is the electromagnetic radiation, mainly in the
infrared region, emitted by a body that has a temperature higher than absolute OK. much like the sun,
which emits sun light as a part of its thermal radiation, the PV panel radiates heat to the surrounding
area. The study of the thermal behavior of the PV panel thus imposes a rigorous definition of its

radiative exchange with the surrounding.
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In the work of Notton et al. [14], the radiative contribution to the heat exchange is taken into
account for the top and bottom surfaces towards the sky and the ground. the radiative conductance

between the surface i and the sky G ; sk, as well as the layer i and the ground G, ; 4, are defined as:

Gr,i,sky = gglFi,skyUA(Tsky + Ti)(Tszky + Tiz)
Gr,i,gr = eglFi,grO-A(Tgr + Ti)(Tng + Tiz)

®)

where g4, is the emissivity of the glass, taken as 0.94, F; 4,, and F; 4, are the configuration factors
between the top or bottom surface and the sky or the ground, ¢ is the Stephan-Boltzmann’s constant,
A is the area of the exposed surface, Ty; and T},; are respectively the temperature of the top and bottom

layer, Ty, is the temperature of the sky and Ty, is the temperature of the ground.

The configuration factors are defined as a function of the tilt angle of the PV panel k, and are

expressed as:

Fiop,sky = %[1 + cos(k)] ©)
1
Fropgr = 5 [1 —cos(x)] (10)
1
Fbot,sky = E [1+ cos(m — K)] (11)
1
Foot,gr = 3 [1—cos(m — k)] (12)

The temperature of the sky is defined as the temperature of the atmospheric filter. Several
expressions exist in the literature. Some of these expressions are complex, such as the one defined in

the work of Berdahl et al. [15] where the temperature of the sky Ty, is defined as:

273 X Ty, 1°%°
Tsky == Tamb 08 + Tp] (13)

where T, is the dew temperature point, which is rarely available.
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Other expressions of the temperature of the sky are more simple, such as the formula used in the

work of Schott [16], where the sky temperature for clear sky conditions is defined as:
Tsky = Tamp — 20 (14)
And for cloudy sky conditions as:

Tsky = Tamp (15)

Another formula that is provided in the work of Swinbank [17] is often used, and is expressed as:
Tsiey = 0.0552 X Torm, (16)

In the one dimensional numerical model proposed by Notton et al. [14], the PV panel is divided in
three regions (front glass cover, PV cell and back glass cover). For each layer, an energy balance
equation was built using an electrical analog model where temperatures, flows, flow sources and
imposed temperatures were respectively assimilated to potentials, currents, current generators and
voltage generators. The temperature variations in each layer were predicted by the finite difference
method. Different thermal conditions taken from literature were investigated, and particularly the

influence of convective transfer coefficients.

Armstrong et al. [18] proposed also a thermal model based on an electrical analogy. The thermal
properties of the different PV panel layers were correlated with electrical components of a

Resistance—Capacitance (RC) circuit.

The thermal resistance A,y is defined as the index of a material’s resistance to heat flow, and is

determined as:

d,

Ath:k_A

(17)

where d; is the thickness of the layer of material, k the thermal conductivity of the material and A

is the PV panel surface area.

The thermal capacitance K7y is defined as the ability of a material to absorb and store heat. Thus,

Kry 1s defined as:
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Kry = pCyAd, (18)

where p is the density of the material and C,, is the specific heat capacity. The PV panel considered
in the work of Armstrong et al. [18] is the PV panel BP350. It is composed of six layers: glass cover,
anti-reflective coating, PV cell, encapsulant, metal back sheet and a back sheet layer. The anti-
reflective coating and the metal sheet were not presented in many other studies due to their negligible
thickness, and were considered to have no influence on the overall thermal balance of the PV panel.
The modeling proposed by Armstrong et al. [18] was validated by measurements of a PV panel

under varying wind speeds. However, the radiative heat losses were neglected.

Fig. 29 Photovoltaic thermal resistance network.

A thermal balance equation for a PV panel, where the radiative exchange with the outside was
taken into account, was proposed by Jones et al. [19]. In this work, the long wave and short wave
radiative contribution are treated separately and the rate of temperature change with time may be

expressed as:

dT Pyut
Cma = Qiw t 9sw * Geonv — % (19)

where C,, is the module heat capacity, q;,, is the long wave radiation energy, qs,, is the short wave

radiation energy, q.ony 1S the convective energy exchange and P,,;; is the electrical power generation.

The module heat capacity is defined as the sum of the heat capacities of the different elements of

the module, and can be expressed as:
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Cm = z Adjp;Cp (20)
j

where A is the surface area of the PV panel, j is the the index of the materials, d is thickness of

the layer of a certain material, p is the density and C,, is the specific heat capacity.

The short wave and long wave radiation heat transfer were calculated separately from each other

as detailed in Eq. (18).
For the short wave radiation heat transfer, Jones et al. [19] propose the following expression:
qsw = aPA 21

where «a is the the absorptivity of the PV panel, taken as 0.7, @ is the photon flux from the sun and
A is the surface area of the PV panel.

The long wave radiation heat transfer is given by the Stephan-Boltzmann law:
qQuy = 0T* (22)
Which is a more simple expression of the radiative exchange used by Notton et al. [14] in Eq. (7).
For the convection heat transfer, two phenomena were considered; free and forced convection.
Free convection is observed during calm days, and on the sheltered rear side of the PV panel, whereas

the forced convection is mostly on the front side and is caused by the wind.

Jones et al. [19] considered for a wind speed of 1 m.s™! many values of h,y,,, ranging from 1.2 to

9.6 Wm2.K!

For the forced convection, the expression from the work of Holman [20] was considered

hfree =131 (T — Tamb)1/3 (23)
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This model, even though it takes into account all the different heat exchange contribution, is a 0D
model. It has been observed that the temperature inside the panel is not uniform, and thus this 0D

approach is not enough to adequately represent the evolution of the temperature inside the panel.

A 1D approach was proposed by Barroso et al.[21] using finite differences (FD). The panel was
considered in its thickness as a number of equidistanced nodes (Fig. 11). This approach allows the

investigation of the temperature evolution inside the layers of the panel.

Fig. 30 PV panel layers in 1D approach.

Other models have presented a 2D approach, like the work of Aly et al. [22] and Barth et al. [23],
or even a 3D approach, like the work of Siddiqui et al. [24], to the modeling of the PV panel. Although
these models present with a fair accuracy the thermal behavior of the panel, it can be noted that the

results are comparable to those obtained by 1D simulations under NOCT conditions.

2.2.2. Optical modeling

The optical modeling, which is the first brick of this study, did not get a lot of attention. Mostly,

the solar irradiance was treated as a total, rather than a spectrum as it really is (Fig. 5).

The number of photons at each wavelength interval is different, and has a different level of energy.
Furthermore, if the photon has a higher energy than the energy gap, the electron will absorb the
energy, then quickly thermalize to the bottom of the conduction band (Fig. 12). It can be theorized

that any energy that is not used to create the electricity is used to create heat.
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Fig. 31 Instant thermalization of electrons to the bottom of the conduction band in the case of an

excitation by a photon with an energy higher than E ;.

Jones et al. [19] considered that about 77% of the solar irradiance photons are of the proper energy
range to be absorbed by the PV cell, and estimated that 10% of these photons are lost due to the
reflective losses, which leads to the absorptivity coefficient « = 0.7 defined in Eq. (20) when defining
the heat created by short wave radiation. Jones et al. [19] also theorizes that this absorptivity
coefficient is considered during the central day time, and that a 20-30% reduction should be

considered for lower irradiances, i.e. in the sunrise or sunset time.

Notton et al. [14] considered the absorption at the level of the PV cell, but also the absorption of

the glass, and an absorptivity coefficient for the glass a,; = 0.05 was assigned.

These approaches might allow the thermal calculation and modeling of the PV panel, but it does
not give many information about how much of the irradiance turns into electricity, as well as not
giving accurate measurements of the absorptivity of the different layers. The encapsulant was not
even considered, even though it surely absorbs some of the irradiance, which will be converted into

heat.

A detailed multi-physics and numerical modeling investigating the optical behavior of the panel is

proposed by Vaillon et al. [25] to predict the photoelectric conversion of silicon made cells.
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Fig. 32 Schematic description of the PV panel from the work of Vaillon et al. [25].

The modeling proposed in the work of Vaillon et al. [25] accounts for collimated solar irradiance,
which is the direct solar irradiance on the panel, as well as diffuse irradiance. It can also be used as a
design tool, which is one of the goals of this work. However, the encapsulation of the PV cell was not

considered in the work of Vaillon et al. [25].

Following the framework of the work of Vaillon et al., Weiss et al. [26] proposed a bi-dimensional
modeling where the different physical phenomena (optical, electrical and thermal) are coupled. The
work of Weiss et al. [26] was mainly focused on radiation heat transfer in a PV panel. The temperature
predictions were performed with a commercial finite element code. They are in fair agreement with

the experimental value measured during one day.

2.2.3. Electrical modeling
The electrical modeling is usually coupled to the thermal modeling, as the electrical properties of

the materials are heavily influenced by the temperature [27]. The panel can be modelled as an

electrical circuit, called the one-diode model circuit (Fig. 14).
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Fig. 33 One diode model equivalent electrical circuit.

where I, is the photonic light generated current in the cell, I; is the voltage dependent current

lost due to recombination inside the cell, Iy, is the current lost due to shunt resistances, Ry, is the
shunt resistance and R, is the series resistance and I and V the resulting current and voltage

respectively.

The governing equation for this equivalent circuit is formulated using Kirchhoff’s current law for

current [ as:
I = Iph —1;— I (24)

The current lost to recombination I, can be expressed using the Shockley equation for an ideal

diode as:

Lo e(V +1R,)
re =Io| exp TRXT -1 (25)

where I is the saturation current, kj, is the Boltzmann constant, e is the elementary charge and X

is the diode ideality factor.

The shunt current I, is expressed using Kirchhoff’s mesh law as:

_VH+IR,
sh — Rsh

(26)
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Which leads to the development of Eq. (23) to:

e(V + IRy) V + IR,
I:Iph_IO exp W —-1)- Rh (27)
B S

The electrical behavior of the PV panel is then described by plotting the current I as a function of
the voltage V, which is called the I — V curve. In order to do that, the electrical parameters found in

Eq. (26) must be determined, which are Ip, Iy, X, Rg and Rgy,.

Using a series of experimental voltage-intensity curves, under different irradiances and
temperatures, it is possible to use analytical methods to extract these parameters, like the one
developed in the work of Blas et al. [28]. In the work of Petreus et al. [29], two empirical models are
proposed and used to determine the I —V curve of the PV panel without calculating all the

parameters.

The photonic current I, can be determined using the relation found in the work of Zhao and

Green [30]:
Iyn, = eA f ®(1) X a(d) X IQE(1)dA (28)

where IQE is the internal quantum efficiency at the determined wavelength, which is defined as
ratio of the number of charge carriers collected by the cell to the number of photons with higher

energy than the energy gap E; and are absorbed by the cell

number of electrons collected

IQE =
¢ number of absorbed photons with energy higher than E; (29)

Some commercially available software, like PC1D which is a solar cell modeling graphical

program [31]. The interface is presented in Fig. 15.
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Fig. 34 Interface of PC1D for windows.

If given the geometrical and electrical properties of the PV cell, the internal quantum efficiency,

as well as many electrical responses of the PV panel, can be calculated as shown in Fig. 16.
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Fig. 35 Electrical properties calculated for a test cell.

Even though this software can present valuable information about the electrical response of the
PV panel, its graphic version is a black box. As the electrical properties depend on the temperature,

the integration of its results in an independent coupled thermal electrical model proves to be difficult.

The work of Yang et al. [32] presents the relations required to calculate the internal Quantum

efficiency of Silicon PV cells. It can be calculated and integrated in a coupled model if needed.
The diode ideality factor X depends on the PV cell technology, and on the used semi-conductor
material. The difference in semi-conductors implies a different energy gap between the Valence and

conduction bands.

In the literature, many of these ideality factors as listed, such as in the works of Fraas et al. [33],

Hua et al. [34] and De Soto et al. [35]. These values are presented in Table 2.
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Table 5: Diode ideality factor and energy gap of different PV cells technologies

Technology Ideality factor X Energy gap E; (eV)
Mono-Si 1.026 1.12

Poly-Si 1.025 1.14

Amorphous Si:H 1.8 1.65

Amorphous Si: H tandem 33 2.9

Amorphous Si:H triple 3.09 1.6

CdTe 1.5 1.48

CIS 1.5 1

AsGa 1.3 1.43

A method to determine the shunt and series resistances is proposed in the work of Tsai et al. [36]
using an optimization algorithm. Another method developed in the work of Barroso et al. [37] using

the Particle Swarm Optimization (PSO) method.

Other models, such as the work of Barth et al. [38], propose a two diode model, which takes into
account other physical phenomena that happen inside the PV cell, which is the recombination at the

junction, by introducing another diode in parallel as presented in Fig. 17.

Fig. 36 two diode model equivalent electrical circuit.

Determining the 5 parameters would allow to plot the I — V curve by sweeping the values of the
voltage. Usually, the experimental I — V curves of PV modules are given by the manufacturer (See
APENDIX A-D). the electrical response is measured for different fixed temperatures and irradiance

conditions [39]. Conventionally, the Standard Test Conditions (STC) are used.
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Sometimes, the manufacturer provides additional I — V curves for different temperatures at the
same STC irradiance (1000 W.m™), as seen for the BP 585 PV panel in Fig. 18, or for different

Irradiances at the same STC temperature (25°C), as seen in Fig. 19.

Fig. 37 I — V curves for temperatures from 0°C to 75°C and 1000 W.m™ for the BP585 PV

panel.

Fig. 38 I — V curves for irradiances from 200 W.m™ to 1000 W.m™ and 25°C for the
Panasonic225 PV panel.
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As the electrical power is defined as the product of the voltage by the electrical current,

P=IxXV (30)

It is important that the values of the voltage and the current are optimal, in order to obtain the
maximum electric power available. For that reason, many optimization algorithms were developed in
order to continuously adjust the impedance to keep the PV system operating at the peak power point.
They are called Maximum Power Point Tracking (MPPT) algorithms and are developed using many

methods.

In the work of Liu et al. [40], the perturbation and observation (P&O) method is used to develop
their algorithm. Incremental conductance with a direct control method is used in the work of Safari

et al. [41]. Another MPPT algorithm based on fractional open circuit voltage is used in the work of

Ahmad [42].

From the I — V curve of a PV module, one can define performance parameters for the cell:

- Short Circuit current /5., which corresponds to the short circuit condition when the

impedance is low and thus the voltage is equal to 0

- Open Circuit voltage V,., which occurs when there is no current passing through the

cell, thus the current is equal to 0.

- Maximum Power B, , which corresponding to the maximum power current I;p and
voltage Vyp. At the I and V,. points, the power will be 0, and the maximum value for the
electrical power occurs between the two. It is important find the values of Iy;p and Vyp in

order to obtain the maximum electric power available.
- Fill Factor FF, which is calculated as a ratio between the maximum power P,,,, and

the theoretical power that would be output at both the open circuit voltage and short circuit

current together
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Just like the I — V curve, it is possible to draw the P — V, which presents the power as a function
of the voltage. It allows an easier visual tracking of the maximum power point in Fig. 20 where the

peak of the power curve is visible.

Fig. 39 Representation of superimposed [ — V and P — V curves.

The fill factor can thus be defined as:

P max

FF = ———
ISCX‘/OC

€2))

As stipulated in the section above, MPPT algorithms are used to keep the PV module operating at

the maximum power, which leads to:

Perec = Prax (32)

Where P, 1s the electrical power produced by the PV module. It can also be expressed as:

Porec = FF X Igc X Vi (33)
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2.2.4. Thermo-mechanical modeling

Like in the electrical and optical modeling, the mechanical properties and responses of the PV
panel are affected by the changing temperature. The PV panel is exposed to the two cycles of thermal

loading during its life:

- The daily cycle, where the panels heats during the day, and then cools off during the
night

- The annual cycle, related to the ambient temperature being different in the

summer/winter cycle.

The mechanical response of the panel to the thermal load that is imposed on it was studied by
Dietrich et al. [43]. The different expansion differences between the materials is considered to be the

cause of the interaction between the layers.

The work of Dietrich et al. [43] concentrated only on the lamination process, where all the
components are heated up to 150°C, which is considered to be the initial strain-free temperature. The
deflection of the glass and the deflection of the cell gap, which is the distance between two adjacent

cells, are studied.

A parametric study of the cell thickness and polymer thickness influence on the change of the cell

gap was also performed as shown in Fig. 21 and Fig. 22 respectively.
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Fig. 40 Parameter study of the cell thickness regarding laminate deflection after lamination.

Fig. 41 Parameter study of the polymer thickness regarding laminate deflection after lamination.

66



The thermo-cycle test was then studied, where the strain free temperature of 20°C was considered.
200 cycles of cycles between -40°C and 85°C are considered following the IEC 61215 standard

accelerated test. A hysteresis cycle was observed in Fig. 23.
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Fig. 42 Parameter study of the polymer thickness regarding laminate deflection after lamination.

The work of Paggi et al. [44], [45] focused on thermo-elastic analysis of the PV panels, or parts of
it, considering the cells and the junction of encapsulant between them. The model based on the

multilayered beam theory was developed, but while imposing fixed temperatures on the model.

The elastic modulus of EVA depends strongly on the temperature. In the work of Paggi et al. [44],
isothermal tensile relaxation tests were performed for different relaxation times ranging from 1s to

2h. The results were then used to plot the elastic modulus as a function of the temperature as seen in

Fig 24.
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Fig. 43 Young modulus of EVA as a function of the temperature and for different relaxation times.

A one-dimensional (1D) analysis is considered, since the deformation is assumed to be shear free.
The influence of the other layers on the glass was considered to be negligible. It was considered

mainly as a boundary condition to the rest of the layers.

In the work of Ogbomo et al. [46], PV degradation is investigated, especially for hot climates. It
is postulated that hot climates can cause a difference of 40-50°C between the ambient temperature
and the PV temperature, especially in the absence of wind convection as seen in the work of Kurnik

et al. [47], which can lead to higher than 80°C temperatures in the PV module.
The influence of the ambient temperature on the accumulated max strain energy density was linked
to the mean fatigue life of the PV panel. It was observed that an increase from 25°C to 45°C of the

ambient temperature yields a decrease in life from 9.6 years to 4.3 years as shown in table 3.

Table 6: Mean fatigue life change as a function of the ambient temperature

Ambient temperature (°C) | Mean fatigue life (years)
25 9.6
30 7.5
35 6.1
40 5.1
45 43
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This fatigue can be explained due to the mismatch of the material’s thermal expansion coefficient
values combined with the no uniform distribution of the temperature through the PV panel thickness
and width. The resulting stresses can lead to defects such as micro cracks in the PV cells [48], solder
bond failure and/or delamination at the PV cell-encapsulant interface as it can be seen in the work

Chianese et al. [49] where delamination of the backsheet causes water penetration as seen in Fig.25

Fig. 44 Water penetration in a 21-year-old PV panel caused by backsheet detachment.
In the work of Sanchez-Friera et al. [50], the delamination happens in the EVA-cell interface and

in proximity to the interconnection ribbons. Consequently, they could reduce the produced electrical

power and deteriorate the electrical efficiency of the PV panel. .
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Fig. 45 Delamination at the cell-EVA interface in the proximity of the interconnection ribbons.

2.3. Conclusion

The state of the art shows that there are multiple models of PV panels with almost the same
approach of coupling the optical, thermal and electrical parts of the panel. However, some of these
models lack an accurate optical consideration of the absorption of the sun’s irradiance at all the layers
leading to the PV cell. Others omit the fact that the different intrinsic properties of the materials

composing the panel make a 0D approach inaccurate.

The mechanical modeling is also done for tests under certain norms, and does not take into
consideration the distribution of the temperature inside the PV panel. Also, the simulations are mostly
done for cells considered inside the panel, but no information is available for the cells that are on the

edge, right next to the aluminum frame of the model.
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3. Coupled thermal, electrical and
optical modeling and validation under

nominal condition
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3.1. Introduction

One way to improve the performance of the PV panels is to minimize/control its temperature
increase or variation. To achieve this goal, it is necessary to characterize its thermo-electrical

behavior when it is subjected to changing meteorological conditions.

Different approaches were developed to determine the thermal response of a PV panel. In all
approaches, a thermal model was coupled with some others models that provide all the necessary

inputs (or boundary conditions) but also estimate the electrical performance of the PV panel.

The present work is focused on the PV panels composed of silicon made cells. Different
technological configurations were adopted by PV manufacturers. However, a PV panel can be
viewed as a stack of different layers if the metallic frame and the copper ribbons that interconnect
PV cells are neglected. Consequently, the proposed modeling can be applied to different

commercial PV panels.

The multi-physics model presented hereinafter allows us to study the thermal response and the
electrical performance of a commercial PV panel while it works under different conditions such
as standard test conditions (STC), nominal operating cell temperature (NOCT) or continuously
changing environmental conditions (irradiance, wind velocity, outdoor temperature, ...). The
complete description of the multi-physics modeling implemented in this work is given in the

following subsections.

Firstly, the optical model is presented since it is necessary to determine the solar irradiance that
contributes to electricity production and the part that is dissipated into heat. Next, the thermal
model is presented. It allows to estimate the heat interactions with the surroundings and the
temperature throughout PV panel thickness. Finally, an electrical model that calculates the

electrical output power is presented.
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3.2. Model derivation

3.2.1. Optical modeling

As it was said before, a PV panel can be considered as a stack of layers composed by different
materials. The front layer of a PV panel is generally a glass sheet. The PV-cells are next embedded
between two insulation layers (in most cases Ethylene-Vinyl Acetate also called EVA). The rear
layer of the PV panel is a back sheet that ensures electrical insulation (composed in Tedlar for

instance).

The solar light that hits the PV panel is not fully converted into electricity. A small amount of
the photons is absorbed by the first layers of the PV panel (glass and EVA layers) and generates
heat. The majority of photons are next absorbed by the PV cells and converted into electricity. The
light not absorbed by the PV cells generates heat inside and under the PV cell, in the insulation

layers.

To estimate the heat sources in the stack of layers that makes up the PV panel correctly, Aljoaba
et al. [51] proposed a mathematical model that uses a Markov process. In Aljoaba’s work [51], the
light absorption coefficients, a;(1), are equivalent to the percentage of photons (at a specific

wavelength value) that are assumed to be absorbed in each layer.

This model is adopted here and is briefly described below. Since the anti-reflective coating that
covers the upper side of the PV-cell is a very thin layer, it was not considered as a layer but
accounted for in the refraction index between the PV-cell and the insulating layer located above.
It should be noted that the scattering from the structured PV-cell surface is not considered in the

present work.
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Fig. 46 Diagram of light propagation through the thickness of the glass layer of the PV panel.

Following the framework proposed in Aljoaba’s work [51], the light (or photons) is assumed to
propagate only throughout the PV panel thickness, thus along one direction. However, the incident

angle of light, 6, is considered via the average value of refraction index of anti-reflective coating.

The probable positions of photons through the PV panel thickness are called states. The
propagation of solar light (or photon flux) throughout the first layer (glass) of the PV panel is also
presented in Fig. 27.

In accordance with Aljoaba’s work [51], photons traveling inside a layer of the PV panel can
be absorbed, reflected or transmitted as seen in Fig. 27. Thus, five different states were used to
specify the probable positions of a photon in a layer j inside the PV panel. The five different states
are: top going down (further inside the layer, abbreviated as TD), top going up (outwards, TU),
bottom going down (BD), bottom going up (BU) or absorbed into the layer (AB).
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These different states are schematically shown in Fig. 28 along with the states that relate to

them directly in the surrounding layers j — 1 and j + 1.

Fig. 47 Different states of photons inside a layer j, along with their relations with surrounding

layers j-1 and j+1.

The probability of finding a photon (or probable position of a photon) is related to its position
(in the layer and inside of it), state and time. Afterwards, it will be denoted as st (i) where P refers
to the probability, the subscript s the state, the superscript j the layer and i the time increment. For
example, the probability of finding a photon in the layer j at a time increment i in the state top
going down (i.e. TD) is denoted PTjD (i). It was assumed that the probabilities of the photons at a

time increment i + 1 only depend on the probabilities at the current increment i.
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From Fig. 28, at time increment i, a photon arriving at the interface between the two layers j —
1 and j is in the state PBj D ! (). Attime increment i + 1, it can be either transmitted to the next layer

(corresponding to the state PTjD (i + 1)) or reflected (corresponding to the state Ple; 1(1’ + 1)), as

seen in Fig. 28.

Moreover, at time increment i, a photon traveling inside the top part of layer j and in the “going
up” direction is in the state PTjU(i). At time increment i + 1, it can be either reflected to the top

part of the same layer (PTjD (i + 1)) or transmitted to the next layer (PTJ; 1(1’ + 1)).

Consequently, at time increment { + 1, the photons in state pr p (i + 1) were at increment i in

the states P7,, (i) and PJ> " (i). Mathematically, it can be written as:
Plp(i+1) = RiPly (D) + (1 = R)Rg," (D) (34)
where R;is the surface reflection coefficient between the layers j — 1land j.

In the same way, all the probabilities or states at a time increment i + 1 are determined using

the probabilities at a time increment i. For the layer j, these are given by:

Plo(i +1) = RiPy (D) + (1 = R)PL, (D)
PR+ D =A-AR0
Plp(i + 1) = Py (D) + AP/, (D) + A;Py, () (35)
Pip(i+1) = (1= AP (D)
Ply(i+1) = Ry P (D) + (1 — Rip) Pl (1)

where A; is the absorption coefficient of the layer j.

It should be noted that Egs. (33) and (34) are valid for layers inside the PV panel. However, for
front and back sides of the PV panel, boundary conditions are necessary to complete the optical

model. The boundary conditions that were used are presented in Fig. 29.
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Fig. 48 Boundary conditions at the front side (in our case the glass layer) and the back side (back
sheet) of the panel.

In the air layer above the first PV panel layer (j = 1, which corresponds to the glass layer), the

probabilities of finding photons at a step time i + 1 can be expressed as:

PETomt(i+1) =0

36
Pgront(l' n 1) — P{I;ront(i) + Rlpgront(i) + (1 - Rl)le"U(i); ( )
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while in the air layer below the last PV panel layer (j = N, which generally corresponds to the

back sheet), the probabilities can be expressed as:

PR (i + 1) = PF*(i) + Ry+1 PG (1) + (1 = Ry41)Pap (D)
PFe*(i+1) =0

(37)
In Eq. (35), PE™°™ (i + 1) denotes the probability of finding a photon in the air layer above (or
in front of) the PV panel at a time increment i + 1 with the direction going down (i.e. through the
thickness, which corresponds to the subscript D, as in down), and P;™°™ (i + 1) denotes the
probability of finding a photon in the air layer above the PV panel at a time increment i + 1 in the

direction going up (i.e. outward in the air which corresponds to the subscript U, as in up).

In the same way, the probability of finding a photon in the air layer below the PV panel at a

time increment i + 1 are denoted PE“* (i + 1) and PE** (i + 1).

All the states of photons at a time increment i can be arranged in a vector form denoted by P (i).
The relation between P (i) and P(i + 1) can be expressed mathematically in the following matrix-

vector form:

P(i+1) = [M] x P(i) (38)

where [M] is called the transition matrix, and its terms are expressed by writing the relations
from Eq. (34) for each layer of the PV panel and using the boundary conditions defined in Egs.
(35-36).

Thus, the elements of the matrix [M] include the optical properties of the PV panel (the

reflectance coefficients R; between the adjacent layers and the absorption coefficients A; of each

material layer).
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It should be noted that the optical properties A; and R; are wavelength dependent. The
calculations of optical properties A; and R; are presented below. Consequently, the transition
matrix [M] has to be expressed for each wavelength value of solar irradiance. In the case of a PV
panel made with 5 layers, knowing that there are 5 states in each layer, plus the 2 states above the
PV panel and 2 states below it, the probability vector P amounts to 29 elements. Therefore, the

transition matrix [M] is a square matrix and has 29 X 29 elements.

The calculation of the optical properties A; and R; is detailed below.

For any layer j, light coming through will either be absorbed, reflected or transmitted.

Conservation of energy requires that:

where A;, R; and T; are the absolute absorption, reflectance and transmission of the layer

respectively as presented in Fig. 30.

Fig. 49 Scheme of the distribution of incident light in a layer j.
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If both surfaces of the material have the same reflection, which is the case of the encapsulant

and the glass, the light transmission can be represented as:

T=(1-R)' ) R} (40)
i=0

which is a geometric series with a ratio R]-2 < 1. It can then be expressed as:

(41)

(SR
+ | |
| Z

The reflectance coefficient is then expressed as:

R = (42)

(SR
+| |
33

The material’s light transmission for the glass and the encapsulant are measured as a function
of wavelength as mentioned in the work of Aljoaba [51], and from those measures, one can deduce

Aj and R; in the case of the encapsulant and the glass from Eqgs. (38) and (41).

For the PV cell, the surfaces do not have the same reflection coefficient. On the front, an anti-
reflective coating is added to maximize the transmission into the cell, and a reflective coating is
added on the back to maximize the optical path of the light inside the PV cell (Fig. 31). Those

coatings are very thin, and are considered to not absorb any of the light going through them.
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Fig. 50 Light path inside the PV cell.

The anti-reflective coating’s reflectance is calculated using the method explained in [52], which
in turn is considered to be the reflectance of the cell layer R..;. The transmittance T, is
considered to be negligible thanks to the reflective coating on the back of the cell, which means

that the absorption of the cell can be expressed as:

Acen = 1 — Reer (43)

These absolute reflectance R; and absorption A; are calculated as a function of the wavelength

for all the materials of the panel, and used in the Markov chains scheme.

At the step time i = 0, photons are hitting the panel at its top surface (on the glass). Thus, the
initial state vector is a vector composed with 1 at the first line and 0 in all the others. It can be

written as:

P(0) =[1,0,...,0,...,0]* (44)
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Using Eq. (34), the state vector P(i) can be expressed as function of P(0):
P(i) = M' % P(0) (45)
At a certain point of calculation, when the time increment tends to a large number (i — 00), the
values of the state vector P(o0) stops changing and achieves a steady-state. The distribution of the
photons in their respective states is final. In the end, photons can be reflected from the PV panel,

absorbed in one of the layers or transmitted through the PV panel thickness.

An example of predicted result obtained for a commercial PV panel made with five layers is

presented in Fig. 32.

Fig. 51 Example of results obtained with the proposed optical modeling: Probabilities of photons

in the layers of a PV panel (predictions for wavelength value of 600 nm).
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The state vector P (i) that contains the photons probabilities was calculated for an angle of
incidence of 45 degrees and a wavelength equals to 600 nm. This wavelength value corresponds
roughly to the middle of useful wavelength range of silicon PV cells. In Fig. 32, after almost 10
time increments, the state vector reaches a steady state (i = 10), and all the future vectors will

have the same value.

As expected and in agreement with the numerical results of Aljoaba [51], most of the elements
of the state vector P(i = 10) are equal to zero, except four of them: the probabilities of photons
being reflected at the top surface of the PV panel, and being absorbed by layers corresponding to
glass, insulation (EVA) and PV-cell. The evolution of only these probabilities is plotted in Fig. 32,

as the other probabilities will decay to zero after 5 time increments.

Fig. 52 Schematic representation of the first steps of the light propagation through the PV panel

thickness.
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To further explain what happens to the photons entering the panel, Fig. 33 describes the steps
that a photon goes through before being probably absorbed by the PV-cell itself. The number in
the squares denote the time step i. In the initial step i = 0, all the photons are in the state P5 ™.

At the step i = 1, the photons are either reflected from the surface and are in the state P;"°™

b

(which means they did not make it into the panel) or they are transmitted through the upper part

of the glass layer and are in the state P1p. The vector P(1) has only two non-zero states.

At the step i = 2, the photons can either be absorbed by the glass (corresponding to the state
P3p) or transmitted through the lower part of the glass layer (corresponding to the state PLp), where
they would come to contact with the next layer. The P(2) vector then has three non-zero states

(i.e. Pig, PAp and PTOM).

In Figs. 32 and 33, it is noted that only starting time increment i = 6 that the photons may be

absorbed by the PV-cell, and that’s when the P35 takes a non-null value in the state vector P(i).

It is worth remembering that the surface reflection and absorption coefficients of the material
layers are dependent on the wavelength of the photon, A. The global vector of probabilities P must

thus be calculated for the whole spectrum of the solar irradiance.

The probability of photons being absorbed in the layer j (i.e. 1%9) computed for a wavelength
A is equal to the value of relative light absorption coefficient of the layer, a;(4). Knowing the
relative absorption coefficients as a function of the wavelength for every layer of the PV panel,
they will allow to calculate the different internal heat sources and also the photonic current

produced by the PV-cell with the help of the electrical modeling.
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3.2.2. Thermal model

3.2.2.1. Heat equation and boundary conditions

The thermal model used in this work is based on the one proposed by Barroso et al. [21]. The
three main heat transfer modes (radiation, conduction and convection) are taken into account in
the model. Ohmic heating was not considered in the model, since it has a negligible effect on the
thermal behavior of the PV panel as stipulated in the work of Lee et al. [53]. The governing
equation of the thermal model is the classical heat transfer equation for a solid domain that can be

written as:

oT (x,y,z,t
c (x,y,2,t)

pCy——sr=— =V +Q (46)

where p is the density, C,, the specific heat capacity, t the time, T (x, y, z, t) the temperature at

a given coordinate and time, g the heat transferred by conduction and Q an internal heat source.

The heat transferred by conduction needs to be defined at the boundaries, which are the front

and the rear of the PV panel. It is defined at the boundaries as:
—n- (_j = h(Tamp — Ts) 47)
Where 7 is the vector normal to the considered surface, h is the heat exchange coefficient,
accounting for both the convection and the radiation at the boundaries, T,,,;, is the ambient
temperature and Ty the surface temperature.
The heat transfer inside the panel itself is defined for every layer as:

q =kVT(x,y,2,1t) (48)

Where k is the thermal conductivity of the considered material.
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In accordance with the work of Barroso et al. [21], we assumed that thermal exchanges from
the sides of the PV panel are negligible since the PV panel is thin. Consequently, the domain was
considered one-dimensional, along the thickness of the panel. Thus, for each layer of the panel,

the heat transfer equation can be written as:

ot | T D)

49
Por —5¢ ox2 )

where T (x, t) the temperature now only dependent on the time and the coordinate alongside the
thickness of the panel. The material constants p, C, and k must be determined for each layer of

the PV panel.

Following the work of Barroso et al. [21], the heat transfer equation, Eq. (48) is solved
numerically with a finite difference approach (first-order central finite difference scheme
combined with implicit time integration rule). The discretization of the heat equation is presented
in details in the next section.

To complete thermal modeling, boundary conditions must be added to the model. The heat
exchange at the boundaries is also determined. In our case, it incorporates two different

phenomena: convection and radiation.

Although the convection is considered for both surfaces, the radiation is only considered at the

front as we assume that the radiation from the back is negligible.

The convection heat 1oss g o,y 1S €xpressed by:

Qeconv = hconv (Tfront - Tamb) (50)

Where hopny, 1s the convective heat transfer coefficient, Tron, the temperature of the front

surface of the PV panel and T,,,,;, the ambient temperature.
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The convective heat transfer coefficient h.,,, is divided into two parts: a forced convection
coefficient hsyyceq due to the wind, and a free convection coefficient hfyq.. Their expressions are

given below:
hforcea = 5.67 + 3.86w (51)

where w is the wind speed, and

1/3
hfree = 131X (Tfront - Tamb) (52)

The expressions of the convective heat transfer coefficient in Eq. (50) and (51) are taken from

the work of McAdams [11].

The radiation heat exchange is accounted for in the thermal model. The expression to calculate

the radiation heat loss is defined by:

Qraa = € X O-[(Ts‘fky - Tf4ront) + (T;round - Tfélront)] (53)

where ¢ is the emissivity of the glass taken as ¢ = 0.9 and o = 5.67 X 107 8Wm™2K~* is the
Stefan-Boltzmann constant. The sky and ground temperatures (i.e. Tgky and Tgppyung) must be

estimated since they are required in Eq. (52).

In the present work, the sky temperature is defined with the equation given by the work of

Swinbank [17] for clear sky conditions:

Tsky = 0.0552 X T ooy (54)
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In agreement with several thermal models of the literature [19], [21], [24], the ground
temperature was simply assumed equal to the ambient temperature in this work:
Tground = Tamp (55)
Finally, the internal heat sources appearing in Eq. (48) must be estimated for the different layers

of the PV panel. For the glass and the insulation (EVA) layers, the internal heat source is defined

as:

Ay
Q= f ()l (V) dA (56)
Aq

where A is the wavelength of the photons, a(A) is the value of absorption coefficient of the
considered layer at a certain wavelength A, I,.,.(1) the global solar irradiance that depends on a set
of environmental conditions (such as the location, time and weather) and 4,- A, the useful range

of wavelengths of solar spectrum.

The starting value A, of the useful range of wavelengths is taken equal to 300 nm, whereas the
ending value 4, is defined with respect to the band gap energy value of silicon (which is a function

of temperature).

In Eq. (55), the absorption coefficient values a(A) are evaluated with the optical model defined
in the previous section. The global solar irradiance ,-(1) can either be measured or estimated with

a solar spectral model (for instance, Bird [54]).
For the layer corresponding to the PV-cell, in the work of Barroso et al. [21], the estimation of

the internal heat source Q was computed from solar radiation flux and from an empirical relation

of electrical efficiency.
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However, the approach used in the work of Barroso et al. [21] cannot be used as a generalized
reliable predictive tool for designing new PV panels. The internal heat source Q in Eq. (48) comes

from the solar radiation not converted to electrical energy by the PV-cell.

Thus, in this work, it is defined as:

Q = t(Psor — Perec) (57)

where t is the time, Pg,; is the solar power received by the PV cell through its front surface and

P, the electrical power produced by the PV cell. The solar power is expressed as:
Az
Pror =4 [ 1A (58)

A

Knowing that PV cells are always working to provide the maximum electrical power, the output

electrical power in Eq. (56) P, can be written as:
Perec = FF X Isc X Ve (59)
where, FF is the fill factor, I, the short circuit current and V,. the open circuit voltage. Thus,
to compute the output electrical power for different temperature and irradiation conditions, an
appropriate electrical model needs to be defined.
It should be noted that the current and the voltage produced by a PV-cell, or PV panel in general,

are strongly dependent on operating temperature and environmental conditions. Knowing all the

equations necessary to build the thermal model, one can proceed to its numerical implementation.

3.2.2.2. Discretization

&9



A finite difference method is used to solve numerically the heat transfer problem defined by the
equation presented in the subsection above (Eq. (48)). The spatial domain (in our case the PV panel
thickness) is thus subdivided into N equally spaced points, also called nodes. These points or nodes

constitute a grid, as seen in Fig. 34.

Fig. 53 Spatial discretization of the problem.

The position of a node is defined by its coordinate:

x;=iAx,1<i<N (60)

where Ax is the thickness increment which is defined as the ratio between the PV panel
thickness and the number of nodes N. The first node of the model (i = 1) is located at the rear
side of the PV panel (or bottom surface corresponding to x = 0), while the last node (i = N) is

located at the front side of the PV panel (or top surface corresponding to x = dpaner)-

It should be noted that the distance between the nodes is constant through all PV panel
thickness. Furthermore, as in the optical modeling, anti-reflective coating (ARC) and rear contact

layers (that carry the electric current) are not accounted for in the thermal modeling since their
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thicknesses are too small compared to the other layers (such as glass, PV-cell or insulation). This

last assumption allows to keep a reasonable number of nodes in the domain.

Taking into account the discretization of the problem presented in Fig. 34, the spatial derivatives

are approximated by second-order central finite differences:

02T(x,t) Tiyq —2T; + Tiyq
ax2 Ax?

(61)

where the subscript i indicates the node related to the thickness coordinate x. The Euler implicit

scheme approximation was used in this work for the time derivative. Its expression is given by:

oT(x,t) T(x,t+A4t) —T(x,t) T/ —TF

62
at At At (62)

Where At is the time step and the subscript n indicates the time increment.

The implicit time scheme was chosen as it gives numerical stability and takes less
computational time if large time steps are used.
Using Egs. (60) and (61), the one-dimensional heat equation expression given in Eq. (48) is

discretized as follows:
T_n+1 —Tn 1 T_Tl+1 _ Tn+1 Tn+1 _ T'7i+1
PiCyp,i - = T [ki+1/2 <l+1—l> —ki—1/2 (l—ll>] + Q; (63)

Ax Ax

Where the nodes i + 1/2 and i — 1/2 indicate the mean value between nodes.
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It is noticed that Eq. (62) is only valid for the internal nodes of the domain (i.e. i =
[2...N — 1]). For the nodes at the boundaries (i = 1 and i = N) the heat exchanges by convection
and by radiation have to be added. The different expressions of heat exchange coefficient / are

presented in the previous subsections.

The discretized heat transfer equations for the nodes located at the boundaries of the domain
are obtained from an energy balance of half of the volume formed between the boundary node and

the node adjacent to it. The equation of the energy balance for the rear surface of the PV panel (i.e.
i=1)is:

Ax TP TP ” (TZ"“ - T

A=c
P1 PLT ¢ Ax

Ax
2 ) + hA(TG = TI™) + QA= (64)

while the equation of the energy balance for the front surface of the PV panel (i.e. i = N) is:

Ax TTL+1 _ TTL Tni—l _ 7n+1 Ax
pa e, AT, <%) PR ~TED +QuA S (69)

Rearranging Eqs. (63) and (64) yields:

Tn+1 —Tn Tn+1 _ TTL+1 TTl+1 _ Tn+1
,D1Cp1 1 1 =k 2 1 +h amb 1 _l_& (66)
’ 24t Ax? Ax 2
Tn+1 —Tn Tni—l _ TTL+1 TTl+1 _ Tn+1
,DNCpN N N =k N—-1 N +h amb N _l_@ (67)
’ 24t Ax? Ax 2

Egs. (62), (65) and (66) in their current form can be arranged into a system of N linear equations

that can be converted into a matrix form such as [A] X [T] = [b] as:
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A1 A1z o A T1"+1] b,
Aon Azp o Agn TR | D2 (68)
lAN,l Ayp AN,NJ T+t by

The matrix [A] is a square tridiagonal matrix, as the linear equations of the temperature at a

node are only written with the unknown temperatures on that node, the one before it and the one

afterit(i.e. i, i —land i + 1).

In Eq. (67), the unknown temperatures are stored in the vector or matrix column [T], and all the

known parameters in the vector or matrix column [b].

The coefficients of the matrix [A] are expressed as:

B A _P1Cp1 | k1 hyear
1™ 24t " Ax? ' Ax

—ki_1/2
Ajj1 = Alxz
Ay = piCp,i ki+1/2 N ki—1/2 (69)

At Ax? Ax?

—kiy1/2
Ax?

Ajiyq =

A _ PN Cp,N kN hfront
NN 24t " Ax? T Ax

and the coefficients of the vector [b] are:

— Tln Tamb Ql
b, = plcp,l ﬁt + Nrear Ax + 7 (7())
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n

T;
b; = Pilpigy + Qi

Ty Tomp | On
by = pNCp,N E + hfront % + 7

The vector with the unknown temperatures in the domain are obtained by solving the system of

equations given in Eq. (67).

There are several algorithms for solving a system of linear equations. In the present work, the
system is solved in the MATLAB ® environment with the operator “\” (i.e. [T] = [A]\b), which
opts for the appropriate solver according to the characteristics of the matrix [A]. The system of
equations is solved for each time step and each time the temperatures of the previous step are

updated with the ones obtained in the current step.

3.2.3. Electrical model

The electrical behavior of a PV panel or cell is given by its current-voltage curve (i.e. [ =V
curve). The I —V curve depends on solar radiation and on temperature of the device. It can be
represented by a mathematical equation that is linked to an equivalent electrical circuit. The
classical one-diode equivalent circuit is used in this work. It consists of a current source connected
in parallel with a diode and shunt resistance and also connected to a series resistance as presented

in Fig 35.
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Fig. 54 One diode model equivalent electrical circuit.

In accordance with the work of Siddiqui et al. [24], the current and voltage relationship can be

defined as:

L eV +IR)\ _ |\ _V+IR, -
= fon T o\ P\ T KT R.,

where I, represents the current source (also known as photo-current), I, is the diode reverse
saturation current, Ry, and R are respectively the shunt and the series resistances, X the diode
ideality factor taken as X = 1.5, T the temperature of the PV cell, e the elementary electron charge

and kg the Boltzmann constant.

The different electrical parameters in Eq. (70) can be identified using the I — V curves provided
by the manufacturers (generally under standard test conditions, i.e. STC). In this work, the series
and shunt resistances are calculated with the optimization method proposed in Tsai’s work [36]. It
should be noted that other optimization techniques can be used for both one-diode as well as two-

diode models (for instance the works of Barroso et al. [21] and Barth et al. [38]).

In order to plot I — V curves, it is necessary to first define the expression of the diode reverse

saturation current and after that of the photo-current. The diode reverse saturation current /; in Eq.
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(70) is calculated from the material properties. In the case of silicon cells, this dark saturation

current can be defined from the work of Schubert [55] as:

_ qAD,ni  qADyn}

I, = 72
A LyNp (72)

where A is the cell area, D, and D, are respectively the electrons and holes diffusion coefficient,
n; the intrinsic charge carrier concentration, L, and L the electron and hole diffusion length and
N4 and N are acceptor and donor concentrations, respectively.

The acceptor and donor concentrations are taken from the work of Vaillon [25] and are N, =

1.5 x 10%5cm™3 and N; = 5 X 10 9cm 3.

The intrinsic charge carrier concentration n; is temperature dependant. In the range between the
temperatures of 275K and 375K is calculated using the empirical formula proposed by Sproul et
al. [56]

o T 2 _6884 73)
=938x10%5 (—) e T
n; = 9.38 x 10 (300) e

The diffusion coefficient of electrons (subscript e) and holes (subscript h) are defined from the

FEinstein relation as:

D. = Ueka

€ e

(74)
WnkpT

where |, is the mobility of electrons and p, is the mobility of holes. They are expressed

following the work of Arora et al. [57] as:
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7.4 x 108 T, 7233

N -0.146
1+ 2 0.88 T,
(1.26 X 1017Tn2'4> "

i = 88T, "% +

(75)
1.36 x 108 T,, %3
W, = 5437, % + I’ 2
1+ - 0.88 T, %1%°
<2.35 X 1017Tn2'4> "
where T, is defined as the normalized temperature, and is expressed as:
T
T, = — 76
The diffusion length of electrons (subscript €) and holes (subscript h) are defined as:
Lo =+/Dy7,
(77)

Where 7, and 1), are the lifetime of minority carriers of electrons and holes respectively.

Following the work of Hull [27], they can be expressed as:

1
Ye =345 x 10-12N, + 9.5 x 10-32N?
(78)
1
Th

~ 7.8 x 10-13N, + 9.5 x 10-31N?
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To complete the electrical model, the definition of photo-current L, is needed. It was taken

from the work of Zhao and Green [30]. In their work, the photo-current (or photodiode) is written

as:
Az

Iy = qA f ¢ (1) X a(d) X IQE(A)dA (79)
A1

where ¢,.-(4) is the photonic flux (that is computed from the solar irradiance I,.-(4)), a(4) is
the light absorption coefficient of the PV-cell, and IQE (A) is the internal quantum efficiency.

The photonic flux ¢,..(1) is defined as the number of photons in the solar irradiance I,.,.(1). It

is expressed as:

Irr ()
¢rr () = Eon (D) (80)
Where E,j,(4) is the energy carried by a single photon, and defined as:
hXxc
Epn(1) = (81)

The absorption coefficient a(1) is estimated for the PV-cell layer with the optical modeling that

is presented in the previous subsection.

The Internal Quantum Efficiency IQE (1) is computed with the equations proposed in the work
of Yang et al. [32].

Basically, The IQE for a homo-junction silicon solar cell is sum of the contribution of the three
parts of the PV-cell: the base, the emitter and the depletion region between them, as shown in Fig.

36.
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Fig. 55 Schematic view of P-N homo-junction solar cell.

In the work of Yang et al. [32], the equations governing these parts are the following:

a. Lp

I E = X —a.(Wp+twq)
Ly (a—L,)?—1 ¢
w w
Sp- coshL—:;J + sinhL—;’ + (aL, —sp)e™*"p (82)
X aLp — ) hwp . th
Sp.Sinh+=+ cosh+
P Ly Ly
a.Ly
IQE, = ————
Qn (a—Ly)2—1
Spta.L, — (sncosh% + sinh% + e~ %Wn) (83)
X z z — a. L,e”%Wn
inh Wn pWn T
Sp.Sinh L, + cos L,
IQE; = e™*"n(1 — e~ *Va) (84)
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Fig. 56 Absorption coefficient and penetration depth of light in Silicon.
where «a is the light penetration depth, which is a function of the wavelength. Its value for every
wavelength (i.e. every energy photon level) is taken from the work of De Graaf et. al [58]. s,, and
sp are respectively the surface recombination velocity in the base and the emitter, and considered

to be equal to 10 and 1 m/s respectively from the work of Vaillon et al. [25].

In agreement with the work of Yang et al. [32], the total IQE is the sum of the contributions of
these parts:

IQE = IQE, + IQE,+IQE, (85)

Knowing all the factors in Eq. (78), the photo-current I,, is estimated numerically by the

midpoint rule.

As we are mainly interested by estimating the maximum electrical power, some additional

assumptions ca be made. In silicon PV cells, it can be considered that the shunt resistance Ry
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reaches high values. Thus, the current and voltage relationship in Eq. (70) can be simplified and it

can be defined as:

(V + IR,
I =Ly — Iy (exp (%) _ 1) (86)

Now, with the relation defined in Eq. (85), the two particular operating points (corresponding
to the maximum current and voltage produced) can be calculated more easily. The maximum
current produced by a PV cell is called the short-circuit current (denoted I;.) and it is obtained

when the voltage is equal to zero (i.e. V = 0).

From Eq. (85), it can be assumed that the short-circuit current is close to the photo-current,
Iy = L,p. The maximum voltage produced by a PV cell is called the open-circuit voltage (denoted

V) and it is obtained when the current is equal to zero (i.e. I = 0).

When the current is taken equal to zero, the current and voltage relationship in Eq. (85) leads

to the following expression:

kAT /I
Ve = ——1n (;i‘ + 1) (87)
0

Next, the fill factor appearing in the expression of maximum electrical output power, Eq. (58)
must be defined. A commonly used and accepted expression for the fill factor in the case of silicon

solar cells 1s the one proposed in the work of Green [59] and is expressed by:

V, — In(V, + 072
— U ) 88)
V,+1

where V, is the normalized voltage and it is defined by:

q

B

(89)
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3.2.4. Implementation in MATLAB

In the present work, the different models were linked following a loosely coupled approach.
This approach gives accurate results with a reasonable computational time. In a loosely coupled
approach, the different physical aspects of the simulation are treated as independent problems. The
optical, electrical and thermal models explained in the subsections above were solved using a script
written in the commercial software MATLAB®. The simulation algorithm of the PV panel
behavior is schematically presented in Fig. 38. The three main parts of the script structure (optical,

electrical and thermal) can be viewed in Fig. 38.

Fig. 57 Structure of the algorithm implementation in MATLAB® software.
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The input data are the PV panel geometry (number of the layers and their thicknesses),
materials’ properties, the tilt angle and environmental parameters (such as ambient temperature,

wind velocity, etc.).

At each step of time increment, the solar irradiance on the panel is first imported from an input
file (in-field data) or determined using the model proposed by Bird [54]. Then, the absorption
coefficients of each layer of the PV panel are computed with the optical model. Afterwards, the
internal quantum efficiency IQE, the saturation current Iy, the photo-current I, the open current
voltage V,. and the fill factor FF are predicted using the electrical modeling. The maximum
electrical power is next determined. It should be mentioned that in this work the electrical output

power is assumed to be equal to the maximum electrical power.

In the thermal analysis, the heat source terms inside each layer are first estimated. Next the heat
equation is solved and the temperature distribution inside the PV panel is updated. At the next time
increment, the updated temperatures from the thermal model are used to calculate the new values
of materials' properties. This process is repeated in an iterative manner until the final time step is

achieved.

3.3. Results and discussion

3.3.1. Preliminary results / Models Validation (under STC and NOCT conditions)

3.3.1.1. Geometries and material properties

In order to validate the different physical models discussed above and the proposed coupling
method, preliminary simulations were made in standard test conditions (STC) and in nominal
operative cell temperature condition (NOCT). These conditions were chosen since they are used
by manufacturers to test their PV panels. The characteristics are provided in the data sheet edited

by PV panel manufacturers.
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Three commercial silicon-based PV panels were considered in this work. These are the
monocrystalline VSMS275 [60] produced by VOLTEC Solar and the polycrystalline BP350 [61]
and the monocrystalline BP585 [62] both produced by BP Solar. The thickness and the material
properties (such as density, thermal conductivity and specific heat capacity) of each layer of the

studied PV panel are listed in Table 4 for BP350, Table 5 for BP585 and in Table 6 for VSMS275.

The data listed in Tables 4-6 are taken from the data sheet provided by the manufacturers or
from existing works in the literature. In order to decrease computational costs, the material
properties of the different PV panel layers (Tables 4-6) are assumed to be isotropic and temperature

independent.

Table 7: Layer characteristics of BP350 PV panel (taken from Armstrong et al. [18])

Layer Thickness Density Thermal conductivity Specific heat
[mm] [kg/m?] [W/m/K] capacity [J/kg/K]

Front glass 3 3000 1.8 500

PV-cell 0.225 2330 148 677

EVA 0.5 960 0.35 2090

Tedlar 0.1 1200 0.2 1250

Table 8: Layer characteristics of BP585 PV panel (taken from Aljoaba et al. [S1])

Layer Thickness Density Thermal conductivity Specific heat
[mm] [kg/m?] [W/m/K] capacity [J/kg/K]

Front glass 3 3000 1.8 500

PV-cell 0.3 2330 148 677

PES/Tedlar 0.5 1200 0.35 1250

Table 9: Layer characteristics of VSMS275 PV panel (taken from Weiss et al. [26])
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Layer Thickness Density Thermal conductivity  Specific heat capacity

[mm] [kg/m?] [W/m/K] [J/kg/K]
Front glass 4 3000 1.8 500
EVA 0.46 960 0.35 2090
PV-cell 0.2 2330 148 677
EVA 0.46 960 0.35 2090
Tedlar 0.3 1200 0.2 1250

3.3.1.2. Optical model predictions

The first task in the implementation of the multi-physics modeling is to predict the absorption
probabilities, a;(4) in Eq. (55), in the different layers of the studied PV panel. In the proposed
optical modeling which is based on a Markov chain process, the transition matrix elements are
functions of the optical properties of the different layers of the studied PV panel. The optical
properties (surface reflectance R; and absorption coefficients 4;) have to be defined as a function

of the wavelength and the temperature.

The percentages of photons absorbed in each PV panel layer are presented in Fig. 39a for the
BP panels and in Fig. 39b for VSMS275 PV panel. Since both panels produced by BP solar have
the same number of layers and are composed with the same materials, the predicted percentages

of photons absorbed in each layer are the same.

As expected, the PV-cell absorbed the major part of the photons that hit the PV panel. The glass
and insulation layers absorbed each roughly 5% of the photons hitting the PV panel. In Fig. 39,
the absorption in the cell is interrupted when the wavelength reaches the value 4, corresponding

to the lowest energy absorbed by the cell (which is equal to the band gap energy Ej of silicon).

105



The band gap energy of silicon depends on the temperature, so that the absorption profile will

change for every calculated PV-cell temperature with the thermal model.

From Fig. 39, the absorption coefficient of each layer a;(A1) is determined for all the range of

useful wavelengths (4; — 4,).

(a)
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(b)
Fig. 58 Percentages of photons absorbed by the layers of the PV panel as a function of the
wavelength for BP350 and BP585 panels (a) and VSMS275 panel (b).

3.3.1.3. Electrical model predictions

The electrical behavior of a PV panel is known by its manufacturer. To inform the customers,
the manufacturer provides basically the I — V' curves and some tables with the range of current

and voltage available for the load connected to the PV panel at any given moment.

These data are usually provided in the data sheet at some reference conditions, typically at STC.
Thus, the electrical model has to be calibrated on the operating points found in the data sheets. The
calibration process starts by identifying the total internal quantum efficiency IQE defined in the
Eq. (84), and next the electrical parameters, like the series and shunt resistances Ry and Ry,

respectively, defined in Eq. (85).

As mentioned before, the total internal quantum efficiency IQE (1) was calculated with the

approach proposed in the work of Yang et al. [32]. Since the thickness of the PV cell layer is
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different for each studied PV panel, the total internal quantum efficiency was computed separately
for the three PV panels. The IQE curves as a function of the wavelength are plotted for each
commercial PV panel in Fig. 40 for a temperature of 25°C. it can be seen that the differences

caused by the thickness differences are negligible.

Fig. 59 Total internal quantum efficiency predicted for the three commercial PV panels: BP350,
BP 585 and VSMS275.

Since the IQE (1) curves are quite similar for the three commercial PV panels, only the IQE (1)
curves calculated for VSMS275 PV panel are presented thereafter. For validation purposes, the
IQE (A) was also calculated using the PC1D software [31]. The IQE (1) curve predicted by PC1D
software [31] is plotted in Fig. 41 as well as the curve predicted with Eq. (84) taken from the work
of Yang et al. [32] .
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Fig. 60 Total internal quantum efficiency predicted for the VSMS275 PV panel at 25°C as a

function of the wavelength.

The influence of temperature on the total internal quantum efficiency IQE (1) was investigated.
Three temperature values were chosen to cover the range of working temperatures. These values
are: 0°C (corresponding to a cold climate), 25°C (corresponding to Standard Test conditions, i.e.

STC) and 50°C (corresponding to a hot climate).

The IQE (A) curves for three temperatures values are plotted in Fig. 42 for VSMS275 PV panel.
It can be concluded that the usual temperatures that are observed for the PV panels during the day
does not influence significantly the values of IQE(A1). The same trend was predicted for both

BP350 and BP585 PV panels.
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Fig. 61 Influence of the temperature on the internal quantum efficiency of the cell.

The electrical series and shunt resistances, R and Ry, respectively, defined in Eq. (70) can be
computed using an optimization method like the one proposed in the work of Sanchez-Barroso et
al. [21]. But, in this work, they were identified with the method proposed in the work of Tsai [36].
Taking their I — V curves at STC (i.e. 25°C) from their respective data sheets, series and shunt

resistances were identified for each PV panel.

The values found for the series Ry and shunt R, resistances which are used in the electrical
model (Egs. (85-87)) are listed in Table 7 for the three studied panels. It should be noted that the
PV cells in the BP350 panel are arranged in two parallel rows of 36 cells, whereas the BP585 panel
and the VSMS275 panel have respectively 32 and 60 cells in series.
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Table 10: Resistances values obtained for the studied PV panels

Panel R¢(ohm) Ry (ohm)
BP350 0.0293 10.8816
BP585 0.0076 46.2223
VSMS275 0.0054 3.9014

Knowing the total internal quantum efficiency IQE as a function of the wavelength, the values
of the series and shunt resistances and the absorption coefficient of the PV-cell a,; (1) from the
optical modeling, the I — V curves for the three commercial PV panels can be plotted using Eq.
(85). For each studied PV panel, the I — V curves are plotted in Fig. 43 are computed for constant

solar irradiance of 1000 W/m? and for different temperatures.

When they are available, some points extracted from the data sheets provided by the
manufacturers of the panels are added in Fig. 43. As expected, the predicted I — V curves are close
to the points taken from the data sheets edited the PV panels manufacturers; and this is also true

for the different operating temperatures tested.

(2)
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(b)

(c)
Fig. 62 I —V curves predicted at different operating temperatures for: BP350 panel (a), BP585
panel (b) and VSMS275 panel (c). Results from panels’ data sheets are also reported for

comparison.
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The electrical performance of the PV panel can also be described basically by the power versus
voltage curve (i.e. P — V curve). Moreover, the maximum power point can be clearly distinguished

in the P — V curve. For each studied panel, the P — V curves are plotted in Fig. 44.

The P — V curves shown in Fig. 44 were computed at a constant solar irradiance (1000 W/m?)
and for different temperatures. The maximum power points taken from the data sheet provided by
the manufacturers are also added in Fig. 44. The predicted values of maximum electrical power
were reported in Table 8, along with the values taken from the data sheets provided by the

manufacturers.

(a)
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(b)

(c)
Fig. 63 P-V curves predicted at different operating temperatures for : BP350 panel (a), BP585
panel (b) and VSMS275 panel (c). The maximum power given by the panels’ data sheets are also

shown.
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From Fig. 44 and Table 8, it can be said that the numerical predictions of the proposed electrical
model are in close agreement with the data provided by the manufacturers. Therefore, it can be
concluded that the proposed electrical model captures with a fair agreement the electrical behavior
of the three studied commercial PV panels and also that the electrical modeling is well

implemented.

Table 11: Maximum power point values obtained for the different PV panels

Panel Data sheet Predicted
BP350 50 49

Prax (W) BP585 80 82
VSMS 203 185

3.3.1.4. Thermal model predictions

One of the objectives of the work is to predict the temperature distribution through all the panel
thickness, taking into account the environment conditions in time. In this work, it as chosen to
validate the proposed thermal modeling by comparing the predicted Nominal Operating Cell
Temperature (NOCT) with the one provided by the PV panel manufacturers. The PV panel
manufacturers determine the NOCT in field conditions or measure it in controlled laboratory

conditions.

In accordance with the IEC 61215, the NOCT is defined as the temperature reached under the

conditions defined below:

Irradiance=800 W/m?,

Ambient temperature=20°C,

Wind speed=1m/s,

Open circuit conditions.
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The terrestrial solar spectrum at NOCT irradiance is given by the standard ASTM G173-03.
Those conditions are kept constant during the entire test simulations. With the help of optical and
electrical models, the heat generation terms Q in the heat equation (Eq. (48)) were estimated for
each layer of the PV panels. In the thermal model, the wind velocity was kept constant and equal

to 1 m/s on the front side of the panel.

At t=0, the temperatures on the front and rear sides of the PV panel were assumed equal to the
ambient temperature (20°C). The heat equation (Eq. (48)) was solved numerically with the finite

difference (FD) approach presented in the sections above.

For the three studied PV panels, the FD simulations were carried out with an FD mesh equally
spaced through the PV panel thickness (Ax = 25um). The number of nodes varies between panels
as they have different total thicknesses. the time increment was kept constant for all of them (At =
1s). It was defined that the NOCT is achieved when the panel reaches an equilibrium temperature

(or a steady state temperature).

The PV cell temperature was plotted in Fig. 45 for each one of the three commercial PV panels.
For all studied panels, the temperature increases until it achieves constant value. After a transient
period of 25 minutes for the BP350 and BP585, and 50 minutes for the VSMS275, it can be
assumed that the NOCT was achieved. The NOCT range found in the data sheets given by the

manufacturers was also added in Fig. 45 (red dashed lines).
The predicted values of temperature when the system reaches its steady state are close to the

NOCT values found in those data sheets. It can be thus concluded that the proposed thermal model

is validated since NOCT conditions offer a general overview of the multi-physics behavior.
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(b)
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(c)
Fig. 64 Evolution of PV cell temperature at NOCT conditions for: BP350 panel (a),BP585 panel
(b) and VSMS275 panel (c).

With the proposed thermal model, the temperature distribution throughout the thickness PV
panel can also be predicted. The temperature profiles were plotted in Fig. 46 at the end of the

simulation for each one of the three commercial PV panels.

As expected, the highest value of temperature is reached in the PV-cell layer for all the studied
PV panels. In all the cases plotted in Fig. 46, the predicted temperature on the front side of the PV
panel achieves a lower value than the one on the rear side. This can be explained since, in the FD
simulations, the front side of the PV panels is subjected to forced convection while the rear side is

subjected to free convection.
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Fig. 65 Temperature profile at NOCT for: BP350 panel (a),BP585 panel (b) and VSMS275
panel (c).

From the subsections hereinabove, the proposed multi-physics modeling and its implementation
in the MATLAB® environment allows us to predict the electrical and thermal behavior of three
different commercial PV panels under laboratory test conditions. Finally, it can be concluded that

the validation procedure was achieved successfully.

3.3.2. Parametric study: effects of solar irradiance

The proposed multi-physics model was validated by comparison with NOCT values provided
by the manufacturers. However, the NOCT laboratory tests do not correspond to real conditions
undergone by PV panels. As it is well known, the incident solar irradiance highly modifies the PV
panel and cells temperature and also their electrical performance. Thus, the PV panel’s temperature

needs to be predicted at different levels of incident solar irradiance.
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Since the modeling accounts for wavelength effects on the electrical performance of the PV
panel, the influence of Air Mass coefficient (i.e. AM) and of the utilization of Sun light
concentrators are investigated. For this parametric study, only the PV panel VSMS275
manufactured by VOLTEC SOLAR was considered.

3.3.2.1. Effects of Air mass coefficient

Assuming clear sky conditions, the effects of AM coefficient are first evaluated by taking four
different values: 1, 1.5, 4 and 10. The AM coefficient is defined as the path length which light
takes through the Earth’s atmosphere normalized to the zenith path length (i.e. normal to the Earth's
surface) at sea level. The AM coefficient is linked to the Sun elevation angle. Then, AM1 is when
the Sun is high in the sky (a Sun elevation angle of 90°) and AM10 is when the Sun is low in the

sky (a Sun elevation angle of 5°).

For all values of AM coefficient, the global solar irradiances were estimated with the solar
spectral model proposed by Bird [54]. The chosen location is Strasbourg (France) and the date is
the 15th of May 2015 (corresponding to a clear sky day. The predicted solar spectral irradiances
are presented in Fig. 47.

Fig. 66 Solar spectral irradiance for different values of AM coefficient (for Strasbourg, France,

on May 15%, 2015).
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The other boundary conditions for the thermal model are the same as in NOCT simulations.
Thus, the wind speed was kept constant and equal to 1 m/s and the temperatures on the front and

rear sides of the panel were taken equal to the ambient temperature (20°C) at t=0.

The numerical simulations were stopped when the thermal behavior of the PV panel reached its
steady state. The temperature distributions through the PV panel thickness predicted for the

different values of AM coefficients are presented in Fig. 48.

Fig. 67 Temperature profiles predicted for different AM coefficients.

As the Sun moves down toward the horizon, the AM coefficient increases and consequently,
the solar irradiance level decreases. As it was expected, the temperature of the PV panel decreases
as the AM coefficient increases as it can be seen in Fig. 49. The predicted values of output electrical
power and of efficiency reached when the PV panel achieves its steady state are reported in Table

9.
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Table 12: Electrical and thermal response of the panel with different air mass values

AM1 AM1.5 AM4 AMI10
PV cell temperature [°C] 51.6 50.4 46.2 41.2
Output power [W] 119 114 96 73
Efficiency [%] 8.79 8.85 9.04 9.22

The PV-cell temperature decrease implies an increase of its efficiency (see Table 9). However,
even if the PV-cell efficiency slightly increases, the electrical output power sharply decreases
when the AM coefficient increases. Consequently, in Table 9, the maximum value of output

electrical power is obtained for AM1 as it was expected for silicon solar cells.

3.3.2.2. Effects of concentrated solar irradiances

One can think that it is possible to improve PV-cell efficiency by using mirrors that concentrate
solar light to PV-cells. That is the reason why simulations were performed for different light

intensities also called the number of suns.

In this work, the simulations were performed for four values: 1 Sun, 2 Suns, 3 Suns and 4 Suns.
Higher values of Suns number were not simulated since the temperature reached for the material
of the insulation layer would exceed its melting temperature. The value of 1 Sun corresponds to
the standard solar irradiance at AM1.5. The parameters for the solar spectral model of Bird [54]

were kept constant.

The irradiances computed for different Suns values are not presented since the wavelength
distribution is not affected by increasing the light intensity. The predicted temperature of the PV-
cell is plotted in Fig. 49 for the different values of Suns number. As expected, the PV-cell
temperature increases as the Suns number increases. In Fig. 49, the evolution of PV-cell
temperature reaches a constant value for time values higher than 1500s. That means that the PV
panel reaches a steady state. The numerical simulations were stopped when the thermal behavior

of the VSMS275 PV panel reached its steady state.
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Fig. 68 Evolution of PV cell temperature under NOCT conditions.

Fig. 69 Temperature profiles predicted for different light intensities.
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Afterwards, the temperature distributions through the PV panel thickness predicted for the
different light intensities are presented in Fig. 50. As expected, the predicted temperature inside

the PV panel sharply increases when the number of Suns increases.

It should be noted that the melting temperature of EVA (material of insulation layer) is close to
120°C . Consequently, from Fig. 49, Suns values higher than 2 Suns can lead to damage in the

insulation layers.

The electrical behavior of the PV panel was also investigated. The time-related evolution of
electrical power and of efficiency are plotted for the different values of light intensity in Figs. 51
and 52. As for the PV-cell temperature in Fig. 49, the electrical output power and the efficiency

reach constant values for time values higher than 1500s.

From Figs. 51 and 52, the electrical output power seems to increase when Suns value increases
as long as Suns value stays below 3 suns. However, the efficiency of the studied PV panel sharply
decreases as Suns value increases. To summarize the predictions of the multi-physics model,
different parameters such as PV-cell temperature, fill factor FF computed with Eq. (87), electrical

output power and PV-cell efficiency are reported in Table 10.

Table 13: electrical and thermal response of the panel with different sun concentrations

1 Sun 2 Suns 3 Suns 4 Suns
PV cell temperature [°C] 56.6 85.5 113.3 140.1
Filling Factor FF 0.75 0.72 0.66 0.60
Output power [W] 139 242 258 226
Efficiency [%] 8.55 6.93 5.28 3.71
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Fig. 70 Evolution of PV efficiency under NOCT conditions.

Fig. 71 Evolution of the maximum electrical power under NOCT conditions.
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In Fig. 49-52 and Table 10, it is noticeable that the PV panel attains temperature values that are
dangerous for some of its components because the insulation layer made of EVA melts at a
temperature value near 120°C. Then, a temperature of 140°C is not advisable in these conditions
(such as light intensity of 4 Suns). The output electrical power is also noticeably lower for four
Suns than for 2 or 3 suns. Even the final output power at the steady state gain between 2 and 3
Suns is very small, and since the three Suns conditions brings the panel to a temperature close to

the melting point of the EVA, it is advisable to stay at two Suns.

3.4. Conclusion

In this chapter, a detailed multi-physics modeling is presented for silicon PV panels. It combines

an optical, electrical and thermal models.

The optical model was used to determine the total light absorption coefficients of the different
layers that composes the PV panel. These coefficients are function of the wavelength and account
for optical properties of the materials. The electrical model is based on the equivalent one-diode
circuit. It computes the maximum electrical power that can be extracted from the PV panel. The
thermal model is based on the classical heat equation and was solved using 1D finite differences
approach. These different models were sequentially coupled and implemented in the commercial

software MATLAB®.

It should be highlighted that the heat generated in the PV cell layer was evaluated without the
use of an empirical efficiency relation. Consequently, the performance of the PV panel is an output
and not an input as some works found in the literature. The multi-physics model was next used to
predict at a constant temperature the I — V curves and the P — V curves for three commercial PV
panels. The predicted values of maximum electrical output power and the predicted I — V curves

are in fair agreement with the data sheet values provided by the manufacturers.
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Afterwards, it was used to predict the thermal behavior in NOCT conditions. The predicted
NOCT values are in the range of the ones given in the data sheets. From the electrical and thermal

behavior predicted, it can be concluded that the proposed multi-physics model is validated.

A parametric study was also conducted to investigate the effects of AM coefficient (different
Sun elevation angles) and of Sun light intensity on the PV panel behavior. From the predictions,
the maximum electrical output power can be reached when Sun light intensity is close to 2 Suns,

without approaching melting temperature for the insulation material.

Finally, the model will be used in the next chapter to determine the behavior of PV panels in

real meteorological conditions (varying wind speed, temperature and irradiance...).
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4. Application of multi-physics modeling:
Study of a bifacial panel under real time

conditions
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4.1. Introduction

From the literature review presented in section 2.2.1, it can be concluded that 1D thermal
models are able to predict correctly the behavior of a commercial PV panel under dynamic
boundary conditions corresponding to varying field conditions that it experiences (see for instance

the works of Armstrong et al. [18] or more recently Sanchez-Barroso et al. [37]).

After preliminary verification of the proposed model under the norms used in PV panels
industry, the next step is to validate it under real time conditions, and study how the model fares
with changes that could happen every day to the PV panel (like for example the passing of clouds,

the drops in temperature, high ambient temperatures, etc.).

In order to study the PV panel behavior under service conditions, it is necessary to provide to
the developed multi-physics modeling external time-related inputs such as: incident solar

irradiation, wind velocity and ambient temperature.

The Qatar Environment and Energy Research Institute (QEERI) is based in Doha, Qatar. One
of the field of investigation is solar energy and its integration within the broader global energy
system. The Institute owns outdoor and indoor testing capabilities. The outdoor solar test facility
is composed by 35,000-square meter of PV panels and it is located at Qatar Science and

Technology Park [63].

Thanks to Professor Ahzi’s collaboration, the Institute provided the outdoor input data that were
used for the simulations, and also the output of the PV panels (produced electrical power and PV-
cells temperature) that were compared to the predicted output of the proposed model in order to

validate it.

The present chapter is structured as follows. First, one of the PV panels that is used by QEERI
solar test facility is modeled, and its response to NOCT and STC conditions are simulated and
compared to the data provided by the manufacturer. Second, the panel was simulated under real

time conditions, and the temperature of the panel as well as the output power obtained from the
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simulation during one day are compared to the actual temperature and electrical power measured

onsite in the test facility.

4.2. PV panel description (materials properties and geometry)

The PV panel considered in this chapter is the VBHN225DJ06 manufactured by Panasonic
(henceforth referred to as Panasonic225). It is a bi-facial module, where the back sheet is replaced
by a glass layer, to allow the light reflected from the back to be absorbed by the PV panel. For the
rest of the components, it is considered to be the same as any usual PV panel. A front cover layer

made of glass, and the PV cells surrounded by the insulation layers made of EVA.

Bi-facial PV panels offer the advantage that photo-current can be produced from both sides of
the panel. Consequently, total electrical generated power is increased in comparison with a
classical mono-facial PV panel. A schematic cross-section view of PV panel that allows us to make
out the different layers is presented in Fig. 53. Moreover, to complete the PV panel description,

the different useful material properties and layer thicknesses are given in Table 11.

Table 14: Layer characteristics of Panasonic225 PV panel

Layer Thickness Density Thermal conductivity Specific  heat
[mm] [kg/m’] [W/m/K] capacity [J/kg/K]

glass 3 3000 1.8 500

PV cell 0.225 2330 148 677

EVA 0.525 960 0.35 2090
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Fig. 72 Schematic cutting view through the thickness of the Panasonic PV panel.

It should be highlighted that the PV-cells inside the Panasonic225 PV panel are a proprietary
technology developed by the Panasonic company. They are hybrids of single crystalline silicon
surrounded by ultra-thin amorphous silicon layers. The manufacturer claims in the data sheet that
their bi-facial panel produce up to 30% more power in outdoor conditions than in STC conditions

(ANNEX E).

4.3. Multi-physics model of the bi-facial PV panel

4.3.1. Optical model modifications
The optical model presented in the previous chapter is used to estimate the light absorption

in each layer of the PV panel. It was developed in the case of mono-facial PV panels. Thus, the

model has to be adapted with minor modifications to predict the optical behavior of bi-facial ones.
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It can be recalled that it is based on Markov chains process. As the bi-facial PV panel possesses
the same number of layers than the mono-facial ones studied before (i.e. 5 layers), the Markov
transitional matrix [M] (defined in Eq. (37) of the previous chapter) keeps the same number of
elements (i.e. 29 X 29 elements). The transition matrix elements are linked to the optical properties

of each material layer, which are a function of the wavelength as discussed in the previous chapter.

The expression of the Markov transitional matrix [M] defined for the Panasonic225 PV panel
can be found in ANNEX A. We have to remember that the elements of the matrix [M] are
wavelength dependent. Therefore, the transition matrix [M] have to be expressed for each

wavelength value of solar irradiance.

The main modification concerns the state vector at time step { = 0, P(0), initially defined in
Eq. (43) of the previous chapter. In the case of Panasonic225 PV panel, the initial state of photons
can be considered as photons hitting the top surface of the PV panel, and also a fraction of them
that hits the bottom surface. The light absorbed from the bottom surface is mostly reflected from

the ground, and can be estimated from the surface albedo, a.

The surface albedo is the ratio of irradiance reflected to the irradiance received by the surface
under the PV panel. Thus, the surface albedo’s value is ranged between 0 and 1. The element
vector corresponding to the photons hitting the bottom surface is taken equal to the surface albedo,
a. In the case of a bi-facial panel, P(0) is a vector composed with 1 at the first line, a (the surface
albedo) at the line before last, and O in all the others. Thus, the initial state vector is a vector

composed as:
P(0) =[1,0,...,0,..,4a,0]¢ (90)
In the vector defined in Eq. (89), the contribution of the irradiance under the panel is taken into

account. The surface albedo, a, can take different values that depend on the surface conditions as

seen in Fig. 54 taken from the work of Coakley [64].
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Fig. 73 Percentage of diffusely reflected sunlight (or surface albedo @)

relative to various surface conditions.

The initial state vector expressed in Eq. (89) is next introduced in Eq. (44) of the previous
chapter. The framework of the optical model remains unchanged; the probabilities of finding a
photon in the different layers of the PV panel are obtained by successive multiplication until a

steady state is achieved.

4.3.2. Thermal model modifications

The framework of the thermal modeling remains globally unchanged. The FD approach
developed in the previous section need a mesh grid through the spatial domain. The Panasonic225
PV panel thickness is thus subdivided into 1456 equally spaced points leading to a thickness

increment Ax = 5 um.

The main modifications concern the number of heat sources to estimate at each time increment.

In the case of mono-facial PV panels, the heat sources were located in the front glass, the insulation
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layer above the PV-cell and in the silicon layer (corresponding to the PV-cell). Whereas in the case
of bi-facial PV-panels, the layers below the PV-cells can also absorb photons and thus generate
heat. Consequently, the heat sources have to be estimated for all the five layers constituting the

Panasonic225 PV panel.

The spectral irradiance of the Sun is first estimated with the model proposed by Bird [54]. Using
the absorption coefficients derived from the optical model, the heat sources in the layers above
and below the PV-cell are next estimated with Eq. (55) while in the silicon layer with Eqgs. (56-
58).

It should be noted that it was assumed that the absorbed sunlight in all the layers excepted the
PV-cell one is completely converted into heat. To compute the heat generated in the silicon made
layer, the electrical behavior of the PV panel has to be defined.

Finally, the boundary conditions (convection and radiation heat losses defined with Egs. (50-
52) in the previous chapter) are defined in the same way than in the previous chapter. The heat
exchange coefficients related to the boundary conditions on top and rear surfaces of the studied

PV panel are summarized in Table 12 as proposed in the work of Aly et al.[22].

In the present work, we chose to refer to the formula from the work of Swinbank [17] where

the sky temperature is represented to be:
Tsiy = 0.0552 X T ooy (91)

where T, 1s the ambient temperature measured in field on QEERI solar test facility.
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Table 15: Relations used to define the heat exchange coefficients related to the boundary conditions

on top and rear surfaces of the studied PV panel

Heat exchange

coefficient

Formula

Effective front

coefficient

Effective rear

coefficient

Forced convection

(wind velocity)

Free convection on

front side

Free convection on

rear side

Radiative heat

Radiative heat

exchange on front side

exchange on rear side

hfront = hforced(wind) + hfree,front + hrad,front

hrear = hfree,rear + hrad,rear

hforced = 5.67 + 3.86w

1/3
hfree,front = 131X (Tfront - Tamb)

hfree,rear = 131X (Trear - Tamb)1/3

0[(T52ky + szrant)(Tsky + Tfront)] J[(ngraund + szront)(Tground + Tfront)]
1- Efront + 1 1- Efront n 1
Efront Ffront,sky Efront

hrad,front =

Ffront,ground

_ 0[(Tszky + Trzear)(Tsky + Trear)] U[(nground + TrZear)(Tground + Trear)]
hrad,rear - 1 1 + 1 1

Erear F rear,sky Erear rear,ground

— Erear + — &rear +

Both temperatures appearing in Eq. (90) are expressed in Kelvin. The expression of sky

temperature written in Eq. (90) was also used in the work of Aly et al. [22] in their thermal

modeling of PV panels subjected to the same conditions as the one studied herein.

In agreement with the work of Aly et al. [22], the sky temperature estimation mainly affects the

thermal response of the PV panel under outdoor conditions.
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4.3.3. Electrical model modifications

The electrical model is used without any modifications. However, the parameters have to
be identified on the I — V curves and/or on the tables provided in the datasheet edited by the
manufacturer. Following the method proposed in the work of Tsai [36], the series and shunt

resistances were identified from the PV manufacturer data sheet.

The series and shunt resistances are respectively equal to Rg = 0.00732 and R; = 4.35411).
Nevertheless, as the PV-cells that compose the PV panel are in silicon, the values of the other
electrical parameters are taken equal to the ones presented in the previous chapter. Their values

are recalled in Table 13 presented below.

Table 16: Electrical parameters values of the Panasonic225 PV panel

Material electrical parameter Value

Base thickness [m] 198.5 x 107°
Emitter thickness [m] 0.5x107°
Depletion region thickness [m] 1x10°°
Acceptor concentration [m ™3] 1.5 x 10°
Donor concentration [m ™3] 5x 1018
Surface recombination velocity (base) [m/s] 10
Surface recombination velocity (emitter) [m/s] 1
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4.4. Results and discussion

4.4.1. Validation of the multi-physics model

4.4.1.1. Optical model predictions

Before starting to predict the thermo-electrical behavior of the PV panel in outdoor conditions,
we need first to check if the different parameters of the models were correctly identified. For this
purpose, the absorption probabilities were first computed in the different layers of the studied PV

panel, coefficients a;(4) in Eq. (55) in the previous chapter.

The percentages of photons absorbed in each PV panel layer are presented in Fig. 55 for
different albedo values. As expected, the percentage of photons absorbed in the silicon layer (i.e.

PV-cell) increases when the albedo value increases.

The same happens with the percentage of photons absorbed in the layers below the PV-cell
(glass and EVA layers). However, the percentage of photons absorbed in the layers composed with
glass and EV A remains at very low values. Knowing the absorption coefficient of the silicon made

layer (PV-cell layer), the electrical behavior of the PV-cell can be predicted.

At higher albedo values, the values of the absorption probabilities obtained are higher than 1,
but it is only because it’s based on the total percentage of photons from the top and the bottom side
of the PV panel. For instance, in the case of an albedo value of 0.3, the real total “percentage”
value of photons is actually 1.3, and not 1 like what was observed in the case of a monofacial

panel, which explains the absorption values higher than 1 in some cases.
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(a) (b)

(©) (d)

Fig. 74 Percentages of photons absorbed by the layers of the PV panel as a function of the
wavelength and for different albedo values: 0% (a), 10% (b), 20% (c) and 30% (d).
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4.4.1.2. Electrical model predictions

As aforementioned, the total internal quantum efficiency curve IQE (4) and the other material
parameters used to compute the diode reverse saturation current I, are taken equal to the ones
defined for the other commercial PV panels in the previous chapter. We postulate this assumption

since all the studied PV panels are composed with silicon PV-cells.
The values of the series and shunt resistances Rg and R, were identified with the help of the

method proposed in the work of Tsai [36]. The response of the PV panel was firstly analyzed under
STC conditions. The light spectra used to reproduce STC conditions is presented in Fig. 56.

Fig. 75 Light spectrum used to simulate the behavior of Panasonic225 PV panel

under STC conditions.

To evaluate the electrical output power of its PV panel, the manufacturer provides in the data

sheet the I — V curves measured in STC. In the standard industry of PV, STC specifies that the
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measures were performed at a constant PV-cell temperature of 25°C, an irradiance of 1000 W /m?

and with an air mass of 1.5 (AM1.5).

Moreover, the manufacturer provides I — V curves measured at different constant values of
global irradiance but, for a constant PV-cell temperature at 25°C. The electrical modeling of the
studied PV panel was first verified by plotting the I — V curves. The corresponding predicted I —
V' curves are plotted in Fig. 57.

Fig. 76 Predicted I — V curves of the Panasonic225 PV panel computed

for different values of global irradiance and at a constant temperature of 25°C.
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Several points extracted from the data sheet edited by the manufacturer are added in Fig. 57.
As expected, the predicted I — V curves are near to the experimental points taken from the data
sheets. This is also true for the different global irradiance values tested. The manufacturer
provided also data about the performance of the PV panel under STC conditions with different
surface albedo values (ranged between 0 and 0.3). In these conditions, the back of the PV panel
contributes to the irradiance received by the PV panel. The output electrical power predicted under

STC conditions with different surface albedo values are reported in Table 14.

Table 17: Electrical Comparison of the maximum electrical power predicted by simulations and

provided by the manufacturer under STC and with different backside additional contributions

Surface albedo value | Pmax (W) (Prediction) | Pmax (W) (datasheet)
0% 222 225
5% 234 236
10% 246 247
15% 258 259
20% 270 269
25% 282 280
30% 294 291

From Table 14, the predicted results are close to the values declared by the manufacturer. It is
important to note that for the predicted values, the output power reported is the one obtained while
maintaining the system at the ambient temperature (i.e. a constant temperature of 25°C). In our
simulations, as the PV panel’s temperature increases, the electrical output power will drop till it
reaches a certain equilibrium coinciding with the equilibrium temperature, just like the NOCT
simulations (see subsection below). In Fig. 57 and Table 14, it can be concluded that electrical

behavior is well predicted by the proposed modeling.
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4.4.1.3. Thermal model predictions

To validate the thermal modeling proposed, the response of the PV panel was analyzed
under NOCT conditions. For the NOCT conditions simulations, the manufacturer states in the data
sheet that there is no contribution by the back of the panel. Consequently, the surface albedo value
is taken as @, = 0. The environmental conditions to obtain the NOCT of the studied PV panel

are recalled below:

Irradiance = 800 W /m?,

- Ambient temperature = 20°C,

- Wind speed = 1m/s,

- Open circuit conditions.

The global irradiance of 800 W /m? is computed with the terrestrial solar spectrum given by
the standard ASTM G173-03. The light spectrum used to reproduce NOCT conditions is presented
in Fig. 58.

The conditions listed above are kept constant during the entire test simulations. The thermal

response of the PV panel is presented in Fig. 59. The temperature of the PV panel, initially at the

ambient temperature, increases until reaching an equilibrium temperature.
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Fig. 77 Light spectrum used to simulate the behavior of Panasonic225 PV panel
under NOCT conditions.

Fig. 78 Time-related evolution of PV-cell temperature at NOCT conditions

for the commercial bi-facial PV panel Panasonic225.
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The predicted temperature is compared to the one given by the manufacturer in Fig. 59. It is
noted that the thermal response predicted with our multi-physics model agrees with the margin of

error data provided by the manufacturer.

The maximum electrical power supplied by the studied PV panel was also predicted and it is
plotted in Fig. 60. The output power reaches an equilibrium after a while, just like the temperature,

at about 148 W.

Fig. 79 Time-related evolution of the maximum electrical power at NOCT conditions for the

Panasonic225 bi-facial panel.

In Fig. 60, the predicted electrical output power is equal to 173 W when the PV-cell
temperature is still equal to the ambient temperature 25°C, which is close to the one declared by
the manufacturer in the data sheet (169.9 W). However, it is not the power predicted at the end of

the test, when the NOCT is reached. We obtained the same results in our simulations in STC.

Consequently, it seems that the manufacturer provides its data when the PV-cell temperature is

still equal to the ambient temperature 25°C. Nevertheless, we can consider that the different
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models (optical, electrical and thermal) are validated to predict the response of the commercial bi-

facial PV panel produced by Panasonic.

4.4.2. Outdoor and real-time simulations

The simulations performed under NOCT conditions allows us to have an overview of the
behavior of our multi-physics model. Running the multi-physics model under real meteorological
data is required to validate it in a more general context. The environmental input data necessary to
the proposed modeling are: ambient temperature, wind velocity and irradiance. The QEERI solar
test facility provided us with all the required data measured in the Solar Test Facility (STF) located
in Doha, Qatar.

The real-time measurements were performed during two whole days (19/01/2017 and
30/01/2017) from 5:30 to 18:30, which was the sunny portion of the day. One of the days

corresponds to a sunny day and the second one to a sunny day with clouds.

The wind speed, ambient temperature and irradiance are recorded once every minute, so the
time step was adjusted to meet this frequency of measurements. The time-related evolution of the
ambient temperature and wind speed during the sunny day with clouds are presented respectively

in Figs. 61a and 61b, while the sunny day are presented respectively in Figs. 61a and 61b.
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Fig. 80 Ambient temperature (a) and wind velocity (b) variations during the whole day of

19/01/2017 in Doha, Qatar.
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Fig. 81 Ambient temperature (a) and wind velocity (b) variations during the whole day of

30/01/2017 in Doha, Qatar.
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Since the proposed optical model accounts for the wavelength effects, the spectral irradiance
from the Sun as a function of the wavelength has to be measured. This was performed using a

spectroradiometer (MS-700N) in the STF.

The spectral irradiance is plotted at noon (19/01/2017) in Fig. 63a. The global irradiance can
be computed by integrating the spectral irradiance in relation to wavelength. The global irradiance
recorded during whole day is presented in Fig. 63b for the sunny day with clouds and in Fig.64 for
the sunny day. Furthermore, for comparison purposes, the STF staff recorded the evolution of the

temperature at the back of the panel, and also the electrical power output.
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Fig. 82 The spectral irradiance at noon (a) and global irradiance variation (b) during the whole

day of 19/01/2017 at Doha, Qatar.
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Fig. 83 The global irradiance variation during the whole day of 30/01/2017 at Doha, Qatar.

Moreover, the real time simulations were performed with a surface albedo of 0.4, which
means an additional 40% contribution from the ground, as specified by the Solar Test Facility
(STF) in Doha, Qatar. This value seems to be consistent with the literature, as seen in the
comparative of the percentage of diffusely reflected sunlight relative to various surface conditions
(Fig. 54). For a dry sand area, which is the surface mostly found in Middle East, the surface albedo

1s closer to 40%.

149



Fig. 84 Time-related evolution of the measured and predicted temperature of the Panasonic 225

bi-facial PV panel (19/01/2017 at the STF, Doha, Qatar).
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Fig. 85 Time-related evolution of the measured and predicted temperature of the Panasonic 225

bi-facial PV panel (30/01/2017 at the STF, Doha, Qatar).
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It should be noted that the outdoor real-time data collected by the STF staff correspond to a
sunny portion of the day. The temperature measured is plotted as a function of time, as well as the
predicted temperature with a surface albedo value of 40% (Figs. 65 and 66). The experimental
time-related evolution of the temperature reported in Figs. 65 and 66 corresponds to the one

recorded at the back of the PV panel.

The simulations were made using the ambient temperature from the meteorological station, and
a separate sensor was used to measure the temperature of the PV panel installed directly on it.
Initially, it is noticeable that the temperature values recorded and the one predicted are not the
same during the first 2-3 hours of the studied daytime (Figs. 65 and 66). This can be explained by

the different positions of the temperature sensors.

However, after the first 2-3 hours of time range of measurement, the predicted temperature
evolution is in accordance with the experimental one (recorded at the back of the PV panel).
Furthermore, there were some clouds passing by during the day, which explains the sudden

changes of irradiance at certain points (Fig. 63b).

For both studied day, the predicted temperature values seem to follow the recorded temperature

values even at those periods, which validates our multi-physics model for the thermal response.
Our multi-physics model allows to predict the maximum electrical output power supplied by

the PV panel. The predicted evolution of maximum electrical output power is plotted in Figs. 67

and 68 as well as the values recorded on-site.
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Fig. 86 Time-related evolution of the measured and predicted electrical output power of the

Panasonic 225 bi-facial PV panel (19/01/2017 at the STF, Doha, Qatar).
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Fig. 87 Time-related evolution of the measured and predicted electrical output power of the

Panasonic 225 bi-facial PV panel (30/01/2017 at the STF, Doha, Qatar).
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For both studied day, the predicted results seem to be in accordance with the maximum
electrical power measured. However, the weak discrepancy between the predictions and the
experimental results can be explained by the spectroradiometer that is used to measure the spectral
irradiance on-site. The spectroradiometer that was used at the STF does not cover the whole range

of the solar spectral irradiance.

4.5. Conclusion

The multi-physics modeling proposed in the previous chapter was adapted to a commercial bi-
facial PV panel. It was next successfully validated in STC and NOCT conditions with the
information given in the data sheet edited by the manufacturer. The last step is to test the
capabilities of our multi-physics modeling to capture the transient electrical and thermal behavior

of a PV panel under time-varying field conditions.

To carry out this last step, it is needed to know the external loads to which is subjected the PV
panel such as: the solar irradiation, wind speed and ambient temperature. This essential
information is provided by QEERI which is based in Doha, Qatar. Two different data sets were
chosen: a sunny day with passing clouds and a sunny day. The solar irradiation evolves uniformly
in the case of the sunny day, while it can change abruptly in the case of cloudy sky. This last data

set allow to test the reactivity of our modeling in real test conditions.
Even if a weak discrepancy between the numerical predictions and the experimental results can

be observed, we can consider that the proposed multi-physics modeling capture sufficiently the

transient electrical and thermal behavior of a PV panel under time-varying field conditions.
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S. Thermomechanical investigation of
PV panels behavior under various

conditions
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5.1. Introduction

In the previous chapters, we have focused your attention on the prediction of the thermal
response of PV panels. The PV panel temperature is indeed one of the factors that heavily affects

the electrical efficiency of PV panels.

However, the PV panel temperature is also one of the factors that affects its durability. From
our numerical predictions, it can be concluded that the temperature distribution throughout the PV
panel thickness is never uniform in the different testing conditions studied: STC, NOCT and also
in field conditions. Furthermore, the values of thermal expansion coefficient for the different
materials of the layers are significantly different, as stated in the work of Knausz et al. [65]; and
this even if their thermo-mechanical properties are chosen carefully to guarantee a sufficient

service lifetime.

The non-uniform temperature distribution combined with the mismatch of thermal expansion
coefficient values induce internal thermal stresses inside the structure of PV panels. Theses stresses
can lead to defects such as micro-cracks in the PV-cells [48], solder bond failure and/or
delamination at the interfaces between PV-cell and insulation layers [49], [50]. Consequently, they
could reduce the produced electrical power and thus deteriorate the electrical efficiency of the PV

panel.

Delamination results from the loss of adhesion between two different layers of the PV panel
(generally at the interface between insulation layer generally made in EVA and PV-cell or glass
layer). It is well known that delamination occurs more frequently and is more severe in hot and
humid climates. Delamination is one of the investigation fields for PV panels because it allows air
and moisture to creep inside which will lead to corrosion and next will adversely affect its electrical

characteristics [66].

The delamination phenomenon is not only driven by internal stress state but also by chemical

processes such as auto-oxidation of EVA, [67]. Nevertheless, the present work will be focused on
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the thermal stresses effects on the delamination phenomenon between the PV-cell and the

insulation layers made in EVA.

The internal stresses are difficult to measure since a PV panel is a complex structure. Numerical
simulations with finite element (FE) codes can be helpful to estimate the internal stress states inside

the PV panel layers.

Firstly, in this work, thermal FE simulations were performed with the commercial code
ABAQUS/CAE under nominal operating conditions as well as under accelerated weathering
conditions. In the FE simulations, the thermal boundary conditions were mainly imported from the

numerical predictions of our multi-physics modeling.

Then, mechanical FE simulations were performed with the same commercial code taking into
account the thermal response of the PV panel. Temperature variations and local stresses are

estimated everywhere inside the PV panel.

Finally, the PV panel is modeled in its entirety, and the differences between the different
positions of the cells is studied. The numerical results of this work should give a better
understanding of the thermo-mechanical behavior of a PV panel under various operating

conditions.

5.2. Preliminary FE modeling and simulations (thermal analysis)

5.2.1. Geometry and mesh

Before estimating or predicting the stress/strain states across a PV panel section, the first task
to do is to check the temperature values predicted by the FE analysis. Due to the geometrical
symmetries of PV panels, a representative portion of the PV panel was considered. This portion
corresponds approximately to one quarter of the PV panel cross section geometry and takes into

account the structural continuity of the insulation material.
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Consequently, a two dimensional (2D) FE model was built to predict the temperature
distribution along the thickness and the width of the studied PV panel. In order to simplify the FE
model, the Anti-Reflective Coating (ARC) as well as the copper ribbon wires were neglected in

this study.

(2)

(b)
Fig. 88 Not-to-scale representative sketch of the PV panels cross sections: VSMS275 (a) and
Panasonic225 (b).
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As in the previous chapter, two different PV panels with different technologies were considered:
the mono-facial VSMS275 and the bi-facial panel Panasonic225, as they are the most common
ones. The cross section of both studied PV panels with the thickness and width values of the layers
are presented in Fig. 69. Two halves of two different silicon cells, and the 2mm gap between them

filled with EVA are considered.

(2)

(b)
Fig. 89 Meshes of the PV panels cross sections: VSMS275 (a) and Panasonic225 (b).
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The different layers of the PV panels were meshed with 4-node linear heat transfer elements,
called DC2D4 in ABAQUS documentation [68]. The nodes at the interfaces between different
layers are constrained with the “tie” option, leading to a perfect conduction between the different
layers’ surfaces. The meshes used in the FE heat transfer analysis are presented in Fig. 70. The
mesh of VSMS275 PV panel is composed with 86,900 elements leading to 94,824 nodes, whereas
the mesh of Panasonic225 PV panel is built with 129,560 elements leading to 137,511 nodes.

In Fig. 70, the x-direction is considered as the direction along the PV panel’s width, whereas
the y-direction is taken along its thickness. For both meshes presented in Fig. 70, the glass layer
was colored in light blue, the insulation layer in gray, PV cells in red and the backboard (only in

the case of the VSMS 275 panel) in dark blue.

5.2.2. Material properties

The properties of the materials have to be defined in ABAQUS/CAE. The thermal properties
of the materials composing the layers of the VSMS275 PV panel are recalled in Table 15. These

physical properties were already used in the multi-physics modeling presented in chapter 3.

The thermal properties of the materials composing the layers of the Panasonic225 PV panel are

recalled in table 16. The physical properties reported in table 16 were already used in chapter 4.

Table 18 Thermal characteristics of the materials used in VSMS275 PV panel

. Thermal conductivity Specific heat
3
Layer Density [ke/m] gk capacity [J/kg/K]
Front glass 3000 1.8 500
EVA 960 0.35 2090
PV-cell 2330 148 677
Tedlar 1200 0.2 1250
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Table 19 Thermal characteristics of the materials used in the Panasonic225 PV panel

. Thermal conductivity Specific heat
3
Layer Density [ke/m] gk capacity [J/ke/K]
Glass 3000 1.8 500
EVA 960 0.35 2090
PV-cell 2330 148 677

Two important assumptions were used in our FE modeling:
e The thermal properties of the materials listed in Tables 15 and 16 do not vary with the
temperature

e The thermal behavior of the different materials was assumed to be isotropic.

5.2.3. Thermal loading conditions

The next step is to define the boundary conditions of the FE models. In order to validate the FE
thermal modelling, FE analysis for both studied PV panels were performed under nominal
operating conditions (i.e. NOCT). In agreement with the standards used in the field of

photovoltaics, the nominal operating conditions are defined as:

- Irradiance = 800 W /m?,

- Ambient temperature = 20°C,

- Wind speed = 1m/s,

- Open circuit conditions.

In the FE simulations, it was hypothesized that the solar irradiance absorbed by the glass and
insulation layers is entirely converted into heat; whereas the solar irradiance absorbed by the PV-

cells that was not converted into electricity is dissipated as heat.
The different heat sources were estimated beforehand inside each layer of the PV panel with

the multi-physics modelling proposed in Chapter 3. Thus, they were directly imported from the
MATLAB simulations as input data into ABAQUS/CAE.
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Since the heat exchange to the sides of the entire PV panel is considered negligible, the heat
exchanges are assumed to happen at the top and bottom layers of the PV panel. A convective heat
flux caused by the wind on the top surface, as well as a radiative heat flux on the top and bottom

surfaces has to be defined.

The heat exchange between the front or bottom surfaces of the PV panels due to convection are
defined in ABAQUS/CAE by creating a surface film condition interaction. The film coefficients
for top and bottom sides were defined with Egs. (50) and (51) from section 3.2.2, and the sink

temperature was taken equal to the ambient temperature.

The heat exchange between the outside plane surfaces of the PV panel and the surrounding
ambient environment due to radiation are defined in ABAQUS/CAE by creating a surface radiation
interaction. Following the work of Armstrong et al. [18], the emissivity value of the backsheet
surface of the VSMS275 PV panel was taken equal to 0.85, whereas the value for the emissivity
from the glass surfaces of both PV panels (VSMS275 and Panasonic225) is taken as 0.91 following
the work of Notton et al. [14].

Adiabatic boundaries (the default condition in ABAQUS/CAE) are imposed on both lateral
sides of studied portion of the PV panels. Finally, an initial temperature has to be set to whole the

PV panel, and it was taken as the initial ambient temperature, 20°C.

5.2.4. Thermal predictions

Since both PV panels are subjected to constant thermal loads defined by the nominal operating
conditions, steady-state thermal FE analysis were performed to predict temperatures and thermal
gradients inside the studied PV panels. The steady-state thermal FE analysis are non-linear because

they include radiation effects and also temperature dependent convection coefficients.

The predicted nodal temperatures (denoted NT11 in ABAQUS/CAE) are plotted on the meshes
of both studied PV panels in Fig. 71. The 2D simulations performed with ABAQUS/CAE allow
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to determine the field temperature distribution and thus give more information than the 1D multi-
physics modelling implemented in the commercial code MATLAB with a Finite Difference

scheme.

(a)

NT11

(b)

Fig. 90 Nodal temperature field (denoted NT11 and expressed in Kelvin) inside the PV panels:
VSMS275 (a) and Panasaonic225 (b).

163



A vertical path of nodes (along y-direction in Fig. 70) that crosses the PV-cell layer was created
in ABAQUS/CAE. The nodal temperature values of the nodes on the path were recorded and are
plotted in Fig. 72 for both studied PV panels. For validation purposes, the temperature profiles

obtained with the 1D multi-physics modelling, and presented in the previous chapters, are also

plotted in Fig. 72.
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Fig. 91 Comparison of the temperature profiles predicted with the in-house FD code in
MATLAB and the FE code ABAQUS/CAE: throughout the thickness of the VSMS275 PV panel
(a) and the Panasonic225 PV panel (b).

As expected, the PV-cell layer presents the highest value of temperature, for both PV panels.
The numerical results obtained by both models (the 1D Finite Difference (FD) model implemented
in MATLAB and the 2D model developed with the commercial FE code ABAQUS/CAE) are quite
similar. The difference between the temperature values predicted under NOCT conditions with our
in-house code developed with MATLAB and the commercial code ABAQUS/CAE are less than
0.5°C, which is less than the error value given by the manufacturers in their data sheets (£2°C).
From Fig. 72, it can be concluded that the thermal boundary conditions are well defined in the FE
models developed with ABAQUS/CAE.

Several longitudinal paths of nodes (along x-direction in Fig. 70) were created in

ABAQUS/CAE. The path of nodes located in PV cell layer crosses also the insulation material
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since it separates two adjacent PV cells as seen in Fig. 69. The nodal temperature values for each

path of the nodes were recorded and are plotted in Fig. 73 for both studied PV panels.
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Fig. 92 Temperature profiles predicted with the commercial FE code ABAQUS/CAE: for

different thickness levels inside the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).

The temperature field plotted in Fig. 73 is non-uniform especially at the junction between the

PV cells. This result cannot be assessed with our in-house 1D Finite Difference (FD) model

implemented in MATLAB. The temperature distributions along the PV panel width plotted in

Fig. 73 show that the highest values of temperature are obtained in the middle of the PV cells. In

the junction zone between two adjacent PV-cells, the temperature values decrease for both studied

PV panels.

These numerical predictions are in agreement with the numerical work of Zhou et al. [69]. One

can think that it is possible that the gap between two adjacent PV cells changes and leads to

mechanical stress concentrations. That is the reason why thermo-mechanical FE simulations were

performed for both studied PV panels.
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5.3. Thermo-mechanical FE modeling and simulations

In the previous section, thermal FE analysis were performed on two commercial PV panels
made with silicon PV cells. From our previous FE predictions, one found that the temperature field
inside a PV panel is not homogeneous and particularly at the junction between two adjacent PV
cells. It is known that the volume of a body varies when it is subjected to a temperature change: it
will expand if it is heated or contract if cooled. If the body is free to expand or contract, its volume

will change without any stresses.

However, the temperature change induces stresses if the body is partially or fully constrained.
The heterogeneous temperature field in the neighboring of two adjacent PV cells combined with
the mismatch of the material’s thermal expansion coefficient values in the assembly could induced
compression or tensile stresses. Consequently, thermo-mechanical FE simulations are performed
to investigate the internal stress states in the different layers that compose commercial PV panels.
Two different thermal loading conditions are considered: first in NOCT and next in thermal

cycling test according to the IEC 61215 standard for accelerated aging [70].

5.3.1. Geometry and mesh

To estimate the internal stress states induced by the temperature field inside both studied PV
panels, 2D plane stress FE models were created using the commercial FE code ABAQUS/CAE.
The FE models correspond to a cross-section of a studied PV panel in its plane of bending (i.e.
along the width of the PV panels). To reduce the computational time requirements, we took
advantage of the geometrical symmetries of the studied PV panels. Thus, one half of the PV panels

was only modeled.

The left side of both studied PV panels incorporates the metallic frame. The design of the

metallic frames can be taken from the sketches of the PV panel provided by the manufacturers. In
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order to minimize the problem size (or nodes number), a simplistic form of the frame was then

added to the FE models.

The two PV panels considered in this section are the mono-facial VSMS275 and the bi-facial
Panasonic225. The cross-sectional sketches of the models are presented in Fig. 74. The effects of
residual stresses due to the lamination process are neglected in the present numerical work.
Moreover, the Anti-Reflective Coating (ARC) as well as the copper ribbon wires were neglected
in the FE modeling. The dimensions for each layer are summarized in Table 17 for the VSMS275
PV panel and in Table 18 for the Panasonic225 PV panel.

In the present problem, fully coupled thermal-stress analyses were conducted for different
thermal loading conditions. In these FE analyses, the heat transfer problem and mechanical one
are solved simultaneously. The solver used to obtain the thermal and mechanical solutions is

ABAQUS/Standard.

In ABAQUS/Standard solver, the temperatures are integrated using a backward-difference
scheme, and the nonlinear coupled system is solved using Newton's method. For each FE model
developed under ABAQUS/CAE, the different parts (or layers) were meshed using standard 4-

node coupled temperature-displacement plane stress elements.

The elements are denoted by CPS4RT in ABAQUS library [68] (4-node bilinear displacement
and temperature with reduced integration and hourglass control). The meshes used in the different
FE analyses are presented in Fig. 7. The mesh of VSMS275 PV panel is composed with 86,900
elements leading to 94,824 nodes, whereas the mesh of Panasonic225 PV panel is built with

129,560 elements leading to 137,511 nodes.
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(2)

(b)

Fig. 93 Not-to-scale representative cross-sectional sketches

for the FE models of VSMS275 PV panel (a) and Panasonic225 one (b).

In Fig. 75, the x-direction is considered as the direction along the PV panel’s width, whereas
the y-direction is taken along its thickness. For both meshes presented in Fig. 75, the glass layer
was displayed in light blue, the insulation layer in gray, PV cells in red and the backboard layer in
dark blue (Fig. 75a).
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Symmetry line

(2)

Symmetry line
|

(b)

Fig. 94 Not-to-scale Meshes (on the frame side) used in both FE analyses
for the different PV panels cross-sections: VSMS275 (a) and Panasonic225 (b).
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Mechanically, some boundary conditions are imposed. The right side of the model is taken as
symmetry condition. The bottom and top boundaries of the PV panel were left free. One point on
the aluminum frame was taken as an anchor point for the model to pin it, at the bottom left. The
choice of the position of the anchor point can be justified by the mechanical properties of the
aluminum. It is expected that the aluminum frame is not highly affected mechanically by the

temperature, due to its low thermal expansion coefficient.

Since the considered problem is 2D, one may use either plane strain or plane stress assumption.
However, the plane strain assumption cannot be taken since the PV panel can extend freely in the
out-of-plane direction. The loading is in the plane of symmetry of the PV panel (like the loading
that can be seen in the case of a bending test), therefore the plane stress assumption is more
appropriate to simplify the FE modelling. To check the difference between these two assumptions,
a simple thermo-mechanical model was run with ABAQUS in both cases, and the only difference

between both predictions lies in the level of stresses achieved.

5.3.2. Material properties

To perform thermal-stress analyses of the PV panels subjected to different thermal loading
conditions, it is necessary to define the thermal and mechanical behavior of the materials that build
the layers of these PV panels. The thermal properties of the materials have already been defined

in the previous section (Tables 15 and 16).

The magnitude of the stresses induced by thermal loading conditions are proportional to the
material’s thermal expansion coefficient value and also to the material's Young's modulus value.
Some additional assumptions were made since there is a lack of information about the materials in

the data sheets provided by the PV panel manufacturers.
The thermal expansion or contraction is assumed to be isotropic and temperature independent

as well as the linear elastic behavior of the different materials, except EVA. Consequently, the

properties to provide for the mechanical analyses are: the thermal expansion coefficient, Young’s
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modulus and Poisson’s ratio. The mechanical properties of the materials composing the PV panels
are listed in Table 17 for the VSMS275 PV panel and in Table 18 for the Panasonic225 PV panel.
All of these physical properties are introduced in ABAQUS/CAE for the FE simulations.

Table 20: Mechanical properties of the materials composing the layers of the VSMS275 PV panel

Length

Layer [mm]

Front glass 382

EVA 382
PV cell 125
Tedlar 382

Thermal
Thickness expansion
[mm] coefficient
[10°/K]
4.00 8.0
0.46 270.0
0.20 2.5
0.30 50.4

Young’s Poisson’s
modulus ratio [-]
[MPa]

73.0 0.23
thermoelastic 0.33
130.0 0.22

2.8 0.33

Table 21: Mechanical properties of the materials composing the layers of the Panasaonic225 PV

panel
Thermal Youne’s
Length Thickness expansion & Poisson’s
Layer . modulus .
[mm] [mm] coefficient [GPa] ratio [-]
[10%/K]
Front glass 382 4.00 8.0 73 0.23
EVA 382 0.46 270.0 thermoelastic 0.33
PV cell 125 0.20 2.5 130 0.22

The elastomeric polymer EVA exhibit a complex thermoelastic behavior that is strain rate and

temperature dependent; that is the reason why the Young’s modulus value of EVA is not given in

Tables 17 and 18. The thermoelastic behavior of EVA was experimentally studied in several

works. To illustrate the specific behavior of EVA, the Young’s modulus vs temperature curves are
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plotted in Fig. 76. These curves were taken from the experimental work presented in Paggi et al.

[44].

Fig. 95 Young’s modulus vs temperature curves of EVA for different relaxation times

(taken from the work of Paggi et al. [44]).

In Fig. 76, the Young’s modulus of EVA increases slowly until the temperature decreases to
-20°C. After this temperature value, the Young’s modulus of EVA increases sharply to achieve
values close to 1 GPa (depending on time relaxation value). The glass transition region (with the

glass transition temperature, Ty) can be defined from the curves plotted in Fig. 76.

The glass transition region corresponds to the strong increase of Young’s modulus values when
the temperature falls below 0°C. Through the glass transition, the mechanical properties of EVA
change without a phase transition. From Fig. 76, the glass transition region begins at -40°C and

ends at about 0°C depending on time relaxation value.
In the glass transition region, the mechanical behavior is quasi brittle (glassy state) while after

the mechanical behavior is close to the one of a rubber (rubbery state). For temperature values

higher than 60°C, the Young’s modulus of EVA is quite constant and equal to 1MPa.
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In all the FE simulations performed, we assume that the temperature changes are very slow. So
the time relaxation (or strain rate) influence on the mechanical behavior of EVA was not taken
into account in our simulations. Consequently, the long term response of EVA plotted in Fig. 76
was considered and introduced in ABAQUS/CAE. With this assumption, the behavior of the

encapsulant is considered as thermoelastic.

Moreover, the thermal and mechanical properties of the metallic frame surrounding the PV
panels have to be defined since the frame is taken into account in our FE models. Since we do not
have material data on the frames of both PV panels, we assumed that the frame is always made of
aluminum and its physical properties are temperature independent. The material properties of the

frames are reported in Table 19.

Finally, it should be mentioned that all the mechanical properties listed in Tables 17-19 are
taken at 25°C.

Table 22: Thermal and mechanical properties of the aluminum frame used in both studied PV

panels
Thermal Specific heat ~ Thermal expansion Young’s . ,
.. . . Poisson
Frame conductivity capacity coefficient modulus S ratio [-]
[W/m/K] [J/kg/K] [10°%/K] [GPa]
Aluminum 237 898.7 23.1 68.9 0.33

5.3.3. Loading conditions

The thermal response of the PV panel influences the stress state inside the PV panel. Two

different sets of thermal boundary conditions were considered in the present study. The first set of
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thermal boundary conditions corresponds to the NOCT test, because this test is close to the
working field conditions. The boundary conditions used to simulate the NOCT test have been

already defined in the previous section.

The second set of thermal boundary conditions corresponds to the IEC 61215 standard for
accelerated aging [70]. In the cycling test defined in the IEC 61215 standard, the PV panels are
successively cooled to -40°C and next heated to 85°C. The time-related evolution of temperature

defined IEC 61215 standard is plotted in Fig. 77.

Some mechanical boundary conditions have to be added in the coupled FE models. Symmetry
boundary conditions are introduced on the right side of the PV panels (symmetry line). On the
opposite edge of the PV panels (corresponding to the left side), the bottom side of the frame is
simply supported in the direction orthogonal to the longitudinal axis (y-axis in Fig. 74).

Furthermore, the frame is on contact with the top and bottom side of the PV panels. Since we
have any information concerning the contact conditions between the PV panels and their frames,
we assumed that these contacts can be modeled with the “tie constraint” option of ABAQUS/CAE
FE code.

The “tie constraint” can be used in coupled temperature-displacement FE analyses. With this
contact option, all the motions and temperature values are passed through the contact surface. It
should be noted that the different layers of the studied PV panels are assumed to be rigidly joined
together (“tie constraint” option in ABAQUS/CAE FE code).

Consequently, the expansion or contraction of the different layers will be affected by the

movement of the others due to the mismatch of coefficient thermal expansion values of the

materials inside the PV panels.
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Fig. 96 Thermal cycling test according to the IEC 61215 standard for accelerated aging [70].

5.3.4. Thermo-mechanical FE predictions and discussion

5.3.4.1. FE predictions under NOCT

The horizontal component of displacement vector at nodes (denoted by Ul in ABAQUS/CAE)
is first presented in the zone of two adjacent PV cells. It is plotted for both PV panels in Fig. 78,

and the values of nodal displacements are presented in meters (m).
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The initial value of the gap between two adjacent PV cells is the same for both PV panels and
is defined equal to 2 mm. It should be mentioned that the different figures plotted herein are

obtained with a scale deformation factor taken equal to 1.

Because of the increase of temperature, the PV panels expand freely towards the left side
(opposite to the x-direction) since the right side of both PV panels is constrained with symmetry

boundary condition (constrained in the x-direction).

Consequently, the gap between two adjacent PV cells increases and achieves values equal to
2.01502 mm for the VSMS275 PV panel and 2.01124 mm for the Panasonic225. The final gap
between two adjacent PV cells is then equal to 15.02 um for the VSMS275 PV panel and 11.24 um

for the Panasonic225.

These values can be compared with the change in gap width between two adjacent PV cells,

measured with digital image correlation technique by Eitner et al. [71].
For non-interconnected PV cells, Eitner et al. [71] found a gap width change ranged between 8
to 16 um when the PV cells temperature reached roughly a value of 44°C (which is close to the

predicted value of NOCT).

Thus, the numerical predictions are in agreement with the experimental results of Eitner et al.

[71].
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(a)

(b)
Fig. 97 Horizontal displacement at nodes (plotted in [m]) predicted under NOCT
for VSMS275 (a) and Panasonic225 (b) PV panels.

The vertical component of displacement vector at nodes (denoted by U2 in ABAQUS/CAE and
also called deflection) is next presented in the zone close to the symmetry boundary condition (i.e.

close to the middle of the PV panels).
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The deflection is presented for both PV panels in Fig. 79, and its value is also plotted in meters.
As expected, for both PV panels, the different layers expand but by different amounts.
Consequently, both PV panels bend and their vertical displacement reach their maximum value on
the symmetry line (middle of the PV panels). The left side of both PV panels is constrained in the

vertical direction during the FE simulations.

In Fig. 79, the vertical displacement achieves maximal values equal to -603.9 pm for the
VSMS275 PV panel and -59.5 um for the Panasonic225. The vertical displacement has a higher
value when the bottom layer of the PV panel is in Tedlar; indeed, the layer made with Tedlar has
a greater coefficient of thermal expansion (CTE) in comparison with the glass layer (Table 17).

Thus, the Panasonic 225 PV panel seems to be stiffer than the VSMS275.

(a)

(b)
Fig. 98 Vertical displacement at nodes (or deflection, plotted in [m]) predicted under NOCT
for VSMS275 (a) and Panasonic225 (b) PV panels.
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The Cauchy stress tensor (M) is defined as:
o011 012 0
O'(M) =101 03y 0 (92)
0 0 O

where g, denotes the normal stress along the x-direction, o,, the normal stress along the y-
direction, 07, = 0,4 the shear stresses (since the Cauchy stress tensor is symmetric). All the other
terms of the Cauchy stress tensor a(M) are equal to zero because the model is in plane stress

conditions (2D). The stress state presented in Eq. (91) is illustrated below in Fig. 80.

Fig. 99 Illustration of plane stress state in xy-plane corresponding with Eq. (91).

Since the PV panels bend as seen in Fig. 79, the normal stress along the x-direction o7, was

investigated.
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The normal stress gy is plotted at the spot of interest, which is the zone near the symmetry line
in Fig. 81. The distribution of normal stresses presented in Fig. 81 are due to the difference
between CTE values of the materials making up of the PV panels and the temperature gradient. In
Fig. 81, the values of normal stress oy, predicted in NOCT are weak for both PV panels. In

comparison, the elastic limit of silicon or EVA is ranged between 100 to 200 MPa for instance.

(2)

(b)
Fig. 100 Distribution of the normal stress (o7, in [Pa]) close to the symmetry line

in the case of VSMS275 (a) and Panasonic225 (b) PV panels.

The normal stress o4 is next presented in the area of two adjacent PV cells in Fig. 82. In this
area of the PV panels, the values of stresses reach values of the same order than in the area close

to the symmetry line.
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Even if the stress values are small (in the order of a few MPa), the distributions of the normal
stress 0y, are clearly different between the two zones for the same PV panel when comparing Figs.
81 and 82. The normal stress predictions along y-direction, denoted by a,, in ABAQUS/CAE, are
not presented since the values are always close to zero in all the FE predictions in NOCT. For the

same reason, the shear stress predictions (denoted by gy,) are not presented.

(a)

(b)
Fig. 101 Distribution of the normal stress (g4 in [Pa]) between two adjacent PV cells

in the case of VSMS275 (a) and Panasonic225 (b) PV panels.
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The normal stress g;4 distribution through the PV panel thickness was investigated for both
studied PV panels. In Fig. 83, the normal stress 014 for each PV panel was plotted for a path of
nodes located at the middle of the PV cell. For both PV panels, the middle part of PV cell layer is
in tension (reaching roughly 3.7 MPa, the highest stress value), whereas the insulation layer (in
EVA) is almost in a free stress state. In the case of VSMS275 PV panel, the backsheet layer is in

compression (reaching roughly 3.7 MPa, the highest stress value) as seen in Fig. 83a.

For the VSMS275 PV panel, the front surface of the glass layer is in tension, whereas the inner

surface of the glass layer is in compression as seen in Fig. 83a.
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Fig. 102 Distribution of the normal stress (o4, in [Pa]) through the PV panel thickness
in the case of VSMS275 (a) and Panasonic225 (b) PV panels.
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5.3.4.2. FE predictions under thermal cycling test (i.e. TCT)

The temperature history defined in Fig. 77 was introduced as a boundary condition in the FE
thermo-mechanical simulations performed with ABAQUS/CAE. The first step of the simulations
consists of a cooling stage at -40°C. At the end of this step, all the nodes of both studied PV panels
possess a temperature value equal to -40°C. Therefore, the nodal temperature distributions

predicted for both studied PV panels are not presented.

Due to the mismatch of CTE values between the different layers, both studied PV panels bend.
The vertical deflection is higher on the symmetry line and is equal to zero on the frame side (where
the vertical displacement is constrained by a boundary condition). The maximum predicted value
of vertical deflection is equal to 2.863 mm in the case of VSMS275 PV panel; whereas it is roughly
equal to zero (5.719 um more precisely) in the case of Panasonic225. As expected, the vertical
component of nodal displacement has a higher value when the bottom layer of the PV panel is in

Tedlar, then in the case of VSMS275 PV panel.

In Fig. 84, the horizontal component of nodal displacement (denoted U1 in ABAQUS/CAE) is
presented in the region around two adjacent PV cells. The nodal displacement values are plotted
in meters [m] in Fig. 84. With the temperature decrease, the PV panels shrink freely towards the
right side (opposite to the x-direction) since the left side of both PV panels is only constrained in
the y-direction. Consequently, the gap between two adjacent PV cells decreases and achieves

values equal to 1.99023 mm for the VSMS275 PV panel and 1.99413 mm for the Panasonic225.

The final gap between two adjacent PV cells is then equal to -9.77 um for the VSMS275 PV
panel and -5.85 um for the Panasonic225. These values can be compared with the experimental

values of change in gap width between two adjacent PV cells obtained by Eitner et al. [71].
For non-interconnected PV cell, Eitner et al. [71] found a gap width change roughly equal to -

20 um when the PV cells temperature reached a value of -20°C. Thus, the numerical predictions

underestimate the gap change in comparison with the experimental results of Eitner et al. [71].
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This can be explained by the fact that the Young modulus as a function of the temperature in the

case of the EVA (presented in Fig. 76) does not provide the Young modulus at -40°C.

(a)

(b)
Fig. 103 Horizontal component of nodal displacement (plotted in [m]) predicted by FE
simulations for: VSMS275 PV panel (a) and Panasonic225 PV panel (b).
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Since the PV panels shrink as seen in Fig. 84, the normal stress along the x-direction (denoted
by 01, in ABAQUS/CAE) was next investigated. The normal stress g, is plotted at the spot of

interest, which is the region around two adjacent PV cells, in Fig. 85.

The values of the stress component oy, are plotted in Pascal [Pa] in Fig. 85. In both FE
simulations, when the PV panel reaches a temperature of -40°C, the PV cells undergo high levels
of compression stresses. These stresses are maximum in the center part of PV cells. The normal
stress distribution was plotted along a vertical path of nodes passing through the different layers
in Fig. 86. The path location was chosen near the center of the PV cells because the stress values

are highest in this area.

In Fig. 86, the normal stress distribution across the thickness was plotted at the end of the
cooling stage and for both PV panel. It should be noted that the stress values plotted in Fig. 86 are
in MPa.

The maximum value of normal stress is approximately equal to 54 MPa for VSMS275 PV panel
and 46 MPa for Panasonic225. These values are predicted for the layer corresponding to the PV
cell in both PV panels (mono-facial and bi-facial). The stress values achieved during cooling are
larger than the ones experienced in NOCT. These stress levels could cause some damages to the

PV cells over time.
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(2)

(b)
Fig. 104 Normal component ;4 of Cauchy stress tensor (plotted in [Pa]) predicted by FE
simulations for the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).
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Fig. 105 Distribution of the normal stress (o441 in [MPa]) through the PV panel thickness after the
cooling stage in the case of the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).

In the cooling stage, the EVA layers of the two PV panels are subjected to tensile stresses of
the order of 12 MPa; whereas the PV cells layer is in compression. The increase of stress levels in
the insulation layer are mainly due to the drastic increase in Young’s modulus value of EVA when

temperatures drop below 0°C as seen in Fig. 76.

Moreover, the difference between the stress states found between the PV cell and insulation
(EVA) layers may lead over time to plastic deformations in the metallic interconnections (such as
ribbons and wires) or contribute to delamination between the layers. The FE predictions presented

above are in agreement overall with the numerical predictions presented in the work of Owen-

Bellini et al. [72].

Even if the normal stress g;4 reaches high values, the other components of Cauchy stress tensor
remain close to zero. The effective stress defined in the sense of von Mises is plotted in Fig. 87 for
the two studied PV panels. One can see that the von Mises stress values are almost equal to the

ones of normal stress g, presented in Fig. 85.
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(b)

Fig. 106 The effective von Mises stress values (plotted in [Pa]) predicted by FE simulations for
the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).
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In the IEC 61215 standard for accelerated aging, the cooling stage is next followed by a
heating stage until the temperature reaches 85°C. At the end of the heating step, all the nodes of
the two studied PV panels achieve a temperature value equal to 85°C. Consequently, the nodal

temperature distributions predicted for both studied PV panels are not presented.

As expected, the vertical nodal displacement reaches the maximum value on the symmetry line
and is equal to zero on the frame side because the vertical displacement is constrained to zero. On
the symmetry line, the predicted value of vertical deflection is equal to -1.9 mm in the case of
VSMS275 PV panel; whereas it can be considered equal to zero in the case of Panasonic225 (in

fact 17.9 um).

In agreement with FE predictions under NOCT, the vertical displacement has a higher value
when the bottom layer of the PV panel is made in Tedlar, which is the case of the VSMS275 PV

panel.

The horizontal displacement (denoted U, ) values predicted by the FE simulations are presented
in Fig. 88 for the zone between two adjacent PV cells. The nodal temperatures are equal to 85°C
everywhere in the PV panels and, thus they are not presented there. The zone of interest is far from

the symmetry line of PV panel and from the metallic frame side.
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(b)

Fig. 107 Horizontal component of nodal displacement U, (plotted in [m])predicted by FE
simulations for the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).
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In agreement with FE predictions under NOCT, the layers expand freely in the opposite
direction to x-direction as seen in Fig. 88. Therefore, the PV cells move away from each other and

the gap increases.

In the case of VSMS275 PV panel, the initial gap of 2 mm becomes 2.04444 mm, leading to a
predicted gap increase of 44.44 um. In the case of Panasonic225 PV panel, the initial gap of 2 mm
becomes 2.03627 mm, leading to a gap increase of 36.27 pm.

These values of change of the cell gap width can be compared to the experimental value of
44 um found in the experimental work of Eitner et al. [71]. It should be noted that the specimens

used by Eitner et al. [71] possessed a backsheet.

Consequently, our predicted values are in agreement with the experimental ones of Eitner et al.

[71] specially in the case of VSMS275 PV panel.

With the increase of temperature, the different layers expand; but the different materials of the
layers have not the same CTE values. Hence, some layers expand faster than other ones. Without
freedom to expand as required, some layers are then subjected to traction (g;; > 0); while some

others will be subjected to compression (a1 < 0).

The normal stress component o7, is plotted at the end of heating step in Fig. 89 for both PV
panels. In Fig. 89a, the backsheet is subjected to compression stresses while the front glass layer
is subjected to bending. The stress states in different layers of VSMS275 PV panel are clearly
different with the ones predicted in the layers of Panasonic225 PV Panel.

In Fig. 89b, the normal stress component o7 is distributed symmetrically with respect to the
average line of the PV panel. As in the predictions under NOCT, which correspond also to heating
step, the PV cells are subjected to tensile stresses. The normal stress distribution across the
thickness was next plotted in Fig. 90. The stress values plotted in Fig. 90 are predicted at the end
of the heating stage for both PV panels.
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(b)

Fig. 108 Normal component o, of Cauchy stress tensor (plotted in [Pa]) predicted by FE
simulations for the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).
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Fig. 109 Distribution of the normal stress (o7;1n [MPa]) through the PV panel thickness after the
heating stage in the case of the VSMS275 PV panel (a) and the Panasonic225 PV panel (b).

In the two studied PV panels, the normal stress reaches a maximum value of 4 MPa (in tension)
in the layer corresponding to the PV cells. Furthermore, for the VSMS275 PV panel, the front
glass layer is subjected to a linear variation of the normal stress, 041, corresponding to a bending

behavior.

However, the layer corresponding to the backsheet experiences a normal stress value of -7 MPa
(in compression) for the VSMS275 PV panel, Fig. 90a. Consequently, it can be concluded that
these stress variations are due to the backsheet and they may lead over time to damages at the

glass-encapsulant and encapsulant-backsheet interfaces. This last result is in agreement with the

work of Park [66].
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(b)

Fig. 110 Effective von Mises stress values (plotted in [Pa]) predicted by FE simulations at the
end of the heating stage for: VSMS275 PV panel (a) and Panasonic225 PV panel (b).
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To complete the analysis of stress states, the effective stress defined in the sense of von Mises
is plotted in Fig. 91 for the two studied PV panels. One can see that the effective von Mises stress
values are almost equal to the ones of normal stress g, presented in Fig. 91. The other components
of Cauchy stress tensor (05, and g;,) remain close to zero, that is the reason why they are not

presented.

5.4. Conclusion

FE simulations of the thermo-mechanical behavior of two commercial PV panels (a mono-facial
and a bi-facial one) were conducted under different thermal conditions: NOCT and TCT. The
thermal boundary conditions for NOCT were taken from the multi-physical modeling developed
in the previous chapter. For the TCT, the thermal conditions were defined in agreement with the

IEC 61215 standard for accelerated aging.

In agreement with the literature, the thermoelastic behavior of EVA was accounted for in our

FE simulations; whereas all the other materials are assumed to behave as linear elastic materials.

It was found that the distances between two adjacent PV cells predicted under the different
thermal conditions are mainly in agreement with the experimental results of Eitner et al.[71].
Furthermore, the stress levels are always higher in the PV cells than in the other layers. However,
the stress states are very different across the PV panel thickness in particular for the PV panel with
a backsheet. On the contrary, the commercial bi-facial PV panel present almost always weak stress

levels in glass and EVA layers.

In the case of the commercial mono-facial PV panel, the normal stress oy, (along the width of
the PV panels) present strong variations in our FE predictions. One may think that these stress
variations result in damages (and possibly delamination) along the width of the PV panels at the

interfaces between the layers.
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These FE predictions seem to be in agreement with the experimental results of Park et al. [66]

on the occurrence of delamination.
Finally, the negative value of temperature used in the [EC 61215 standard for accelerated aging

could be too extreme and lead to high levels of stress. These conditions may not be representative

of in-field conditions.
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6. General conclusion
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The aim of the study presented in this manuscript is to develop a coupled multi-physics
numerical model that predicts the thermal behavior of PV panels under various conditions, using
only the intrinsic geometrical, thermal, optical and electrical properties of the materials involved
and without using the yield relations provided by the manufacturers in their datasheets. The model

was also destined to the prediction of the mechanical response of the PV panel.

The model’s core was developed using a finite difference approach with an implicit time
integration rule to calculate the temperature. some other explicit approaches where used for the

optical and electrical parts of the model.

The materials composing the panel were appropriately defined using values from the literature
and from the data shared by the manufacturer. The temperature change affecting the materials’

properties was taken into account in the model as the calculation is recursive.

The model was then validated under nominal operating conditions, and it was concluded that
the model predicts the thermal response of the panel within the margin of fluctuation defined by

the manufacturers for three commercial panels.

A parametric study was then conducted by imposing different irradiance conditions on the

panel. It was noticed that:

- Imposing the panel to a higher irradiance leads to a rise of the temperature of the panel,
which leads to a decrease in the electrical yield of the PV panel, and thus a decrease in the

electrical power that can be generated.

- The temperature can rise to dangerous levels for the materials composing the PV panel,
especially the polymer encapsulating the PV-cell. Even if the melting of the encapsulant
can be avoided, it was noticed that the yield of the PV panel at 3 suns is higher than the
yield of the panel at 4 suns.
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It was suggested that, even using solar concentrators, one should not go over the value of 2
suns, as it is safe for the materials composing the PV panel, and offers a higher irradiance than the

case of 1 sun.

A possible solution to the rise of temperature associated to the 3-4 suns cases, is the use of fans
to cool the panel. The fans use some of the produced energy to lower the temperature of the panel,
and thus should increase the yield and the electrical energy produced. A study must be conducted
to find the optimal point where the electrical consumption might be beneficial to the final electrical

production.

The model was also used to study the behavior of bifacial panels, and it was adjusted to take
into account the solar irradiance that can be absorbed by the back of the panel. The model was
validated under nominal operating conditions, and then the response of the panel was studied under

real time conditions.

The QEERI institute provided the meteorological conditions in their test site, and the model’s
response was studied for a sunny and a cloudy day input conditions. It was observed that the model
reacted well to the different changes of irradiance and ambient temperature, as well as the wind

conditions.

The manufacturer of the bifacial PV panel proposes a new setup of the panel, a little bit different
from the horizontally tilted classical way of setup that is usually used for the PV panels, where the
PV panel is installed vertically on the ground. This setup can be interesting for locations where the

diffuse solar irradiances and the ground reflectance are high.

The model was then used to determine the mechanical response of the PV panels under nominal

conditions, and also under thermal fatigue cycling.
A comparison against experimental results was conducted to validate the model under these

conditions. The stresses that are created might be the cause of the delamination happening between

the different layers of the panel in its life time.
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To go further in this work, it is imperative to study the response of the panel under real time
conditions, to determine the micro-stresses that are created in the PV panel in the different time of
day, such as a sudden change of temperature caused by meteorological changes (such as the

passing of clouds or a change in wind direction or velocity).
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Annex A: Markov matrix in the case of a 5 layers PV module (29 x 29)

J—
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R1 0 0 0 0 0 0 1-R1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1-R1 0 0 0 0 0 0 R1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 R2 0 0 0 0 0 0 0 0 1-R2 0 0 0 0
0 0 0 0 0 0 0 0 0 R3 0 0 0 0 0 0 0 0 1-R3 0 0 0
0 0 0 0 0 0 0 0 0 0 R4 0 0 0 0 0 0 0 0 1-R4 0 0
0 0 0 0 0 0 0 0 0 0 0 RS 0 0 0 0 0 0 0 0 1-R5 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 Al 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 A2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 A3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 A4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 AS 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 1-A1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1-A2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1-A3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1-A4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1-AS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1-R1 0 0 0 0 0 0 0 0 R1 0 0 0 0
0 0 0 0 0 0 0 0 0 1-R2 0 0 0 0 0 0 0 0 R2 0 0 0
0 0 0 0 0 0 0 0 0 0 1-R3 0 0 0 0 0 0 0 0 R3 0 0
0 0 0 0 0 0 0 0 0 0 0 1-R4 0 0 0 0 0 0 0 0 R4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 RS
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1-R5
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

—
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