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General introduction

Cette thèse est financée dans le cadre des programmes INES.2S. Institut de la transition énergé-

tique (ITE), porté par le CEA à l’INES, il a pour mission de développer en France une filière in-

dustrielle d’intégration de l’énergie solaire photovoltaïque, en appui de la loi de Programmation

Pluriannuelle de l’Énergie. L’ITE INES.2S est cofinancé par le gouvernement français dans le cadre

du Programme d’Investissements d’Avenir (ANR-10-IEED-0014-01).

Elle s’est déroulée en partenariat académique avec le Centre d’Elaboration et de Mise En Forme

des matériaux (CEMEF) de Mines ParisTech.

Motivation

Growth and expansion of solar energy

In the current crisis of climate change and the urgent need to reduce CO2 emissions, the supply

of energy must be ensured as much as possible by green energy. Only 25% of the growth in en-

ergy consumption between 2009 and 2019 is provided by renewable energy [1]. Solar photovoltaic

(PV) energy has become one of the most competitive sources for electricity generation. In 2020,

solar PV achieved a new record-breaking of new capacity installations with an increase of 139 GW

reaching a global capacity of 760 GW against 39 GW of capacity in 2010 as shown in Figure 1 [1].

Today, solar PV has achieved an installation capacity of 1 TW globally [2] and is expected to reach

63.4 TWp in the horizon of 2050 providing 69% of the global primary demand (including power

and heat, transport, and desalination) [3].

Figure 1: Solar PV Global Capacity and Annual Additions, 2010-2020 [1]
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This increase in solar energy capacity is primarily driven by the reduction in PV module costs -

which have been reduced by 93% since 2010 - making solar energy one of the cheapest renewable

energies available nowadays in the world ahead of fossil fuels [4]. This reduction in PV module

cost is ensured through optimized manufacturing processes, reduced labor costs, and improved

PV module efficiency.

Aiming to meet the challenges of increasing installation capacity and competitiveness of solar

energy, a combination of reduced manufacturing cost and increased performance of PV modules

will aid in reducing the cost of PV systems.

This work focuses on the first challenge, through the modeling and optimization of the manu-

facturing process.

Technological and scientific challenges of PV module manufacturing

From cell to string: interconnection process

The solar cell is considered as the key component towards improving the performance of the

PV module. The efficiency of the PV module is related to the efficiency of the solar cell. The p-

type mono-si cells - currently dominant in the solar market - achieve efficiencies up to 20%. While

n-type cells such as Heterojunction (SHJ) currently provide the highest efficiency of 21% and will

increase to 23% within 10 years. The high efficiency of SHJ cells is related to their highest bifaciality

factor among all bifacial cell technologies. Thanks to these properties, the SHJ technology will

reach a market share of 18% in 2031 [5].

The SHJ cell technology has a particular sensitivity to temperature. The classical soldering in-

terconnection process is not suitable for this technology [6]. These technological challenges have

led to a migration to a low temperature interconnection technology, namely bonding by Electri-

cally Conductive Adhesive (ECA). This assembly technique has shared the interconnection market

by 6% in 2021 with an expected growth of up to 25% share in the next 20 years [5].

From string to PV module: lamination process

SHJ cell technology is promising for increasing the efficiency of PV modules. However, to take

full advantage of its bifacial effect, the development of bifacial modules is essential. Currently,

mono-facial modules (i.e. with white backsheet) are dominant in the market with 70% of the mar-

ket share. By 2031, bifacial modules will dominate the market with approximately 55% share. Glass

as a back side will take a large share of this market with 45% share [5]. This sharp growth of the bi-

glass module structure requires an adaptation of the PV module manufacturing process, mainly

lamination.

Bürkle, a laminator manufacturer, has developed a multi-configuration lamination process,

also called Short Lamination (SL), which reduces the processing time by 50% [7]. The advantage

of this lamination technique is the additional step especially for Glass-Glass (GG) modules to avoid

the defects observed in this type of modules manufactured with conventional lamination. More-

over, the reduction of the manufacturing time provided by this technique meets the requirements

of the PV market which expects an increase of the manufacturing process throughput by 125% for
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GG modules only [5]. However, this lamination technique has been developed recently and still

lacks maturity.

The PV market is experiencing a sharp growth every year, these technologies are alternatives

for now but in the future, they will become mainstream. It is, therefore, crucial to anticipate in

the understanding of their behavior and the adaptation of manufacturing processes to meet the

market expectations. Therefore, there is an urgent requirement to optimize the manufacturing

processes and make them more reliable and robust.

From thermomechanical modeling to the reliability of PV modules

Classically, the reliability of the PV module and the validation of new technologies are investigated

using experimental accelerated qualification tests according to the IEC 61215 standard [8]. These

qualification methods have allowed to achieve a PV module lifetime of 25 years. The performance

warranty of PV modules is intended to increase to 30 years from 2021 onwards [5]. However, these

experimental tools are not sufficient to study the thermomechanical behavior of PV modules with

regard to the technological challenges of the manufacturing process. Therefore, numerical tools

are needed to achieve the goal of improving the mechanical reliability of PV modules.

In the field of microelectronic packaging, modeling has been widely used to improve their me-

chanical reliability [9–11]. Great similarities are encountered between the field of microelectronic

packaging and PV module packaging regarding materials (silicon, polymers, metals) and the me-

chanical reliability requirements. Experimental and numerical characterization of the thermome-

chanical behavior of PV modules must be an integral step in the development of new technologies.

Numerical modeling is a tool that allows to study thermomechanical problems consuming

less time and less material resources. It also allows to study the coupling of complex phenomena

such as those present in the case of PV module (coupling of thermomechanical loading, differ-

ent components behavior laws, bending of thin structure). Most importantly, thermomechanical

modeling allows access to local variables such as the stresses that are at the origin of crack initia-

tion.

Nevertheless, the complexity of the PV module structure is a major scientific challenge in the

development of numerical tools to study their thermomechanical behavior. The geometrical as-

pect of the PV module and the dimensional difference between the components of the PV module

is one of the major difficulties in the development of numerical models. Furthermore, the large

variation in thermomechanical behavior between the PV module components requires the use

of complex laws to ensure good accuracy of the numerical calculations. Nevertheless, the great

weakness of material behavior laws database of PV module components leads researchers to use

simplified behavioral laws [12], which might influence the accuracy of numerical calculations.

Therefore, the enrichment of the material behavior database is another scientific challenge ad-

dressed in this thesis.

Therefore, enhancing and optimizing the manufacturing process, using advanced experi-

mental characterization and numerical tools, will lead to better reliability of PV modules and
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thus reduce their cost.

Objectives and outline

This thesis work aims at understanding the thermomechanical behavior of PV modules during the

manufacturing process - interconnection and lamination - in order to identify the process param-

eters that influence their mechanical reliability. The ambition of this work is to be able to establish

recommendations on process parameters of PV modules manufacturing - interconnection and

lamination - as well as suggesting process parameters adjustments to limit the potential damage

of the solar cell during the manufacturing process. This main goal is ensured by the develop-

ment of advanced numerical models that allow an accurate and efficient study of the evolution of

thermomechanical stresses during the PV module manufacturing process. The implementation

of these models with reliable input parameters is ensured by experimental characterizations of

the PV module component’s behavior. PV modules were fabricated with controllable lamination

parameters using CEA-LITEN equipment in order to study their post-process residual deflection

with respect to manufacturing parameters and to verify the correlation with the numerical models.

The manuscript is structured in six main chapters:

• Chapter 1 provides a state of the art overview of the manufacturing process of PV modules

and their damage mechanisms. The structure of the PV module is presented by defining

the characteristics and features required for each component of the PV module. The two

manufacturing processes of the PV module - interconnection and lamination - and their

different techniques are described. The damage mechanisms related to the process are also

detailed.

• Chapter 2 gives a literature review dedicated to thermomechanical modeling of PV mod-

ule manufacturing processes. Thermomechanical simulation available in the literature and

modeling the PV module manufacturing processes reported are discussed. The process pa-

rameters influencing the residual stresses within the PV module after processing are ana-

lyzed. This literature review allowed us to highlight some of the strong hypothesis adopted

in the numerical models so far and to define the strategy of this Ph.D work.

• In chapter 3, the thermomechanical behavior of some components of the PV module - nam-

ing encapsulants, backsheets, ECAs, copper ribbon, and SHJ solar cell- has been studied.

DMA and tensile measurements have been performed to identify the parameters of the

constitutive behavior used to model the thermomechanical behavior of the studied com-

ponents. Then samples of SHJ solar cells were subjected to a 4-point bending loading in or-

der to compare their elastic behavior and fracture strength with silicon literature data. The

characterization of thermal properties of the different components were are also presented

in this chapter.

• Chapter 4 aims at modeling the evolution of the thermomechanical stresses induced during

the interconnection process. A 2D sub-model has been developed for this reason. The influ-
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ence of some process parameters such as the temperature and the curing time of ECA, type

of ECA, and ECA pad design on the induced stress level has been analyzed.

• Chapter 5 is devoted to sub-modeling the evolution of the thermomechanical stresses in-

duced during the lamination process. A 2D sub-model allowed to study the impact of differ-

ent type of components behavior laws on the accuracy of the calculations. With the same 2D

approach, the influence of some architecture parameters, for instance the cell size, the num-

ber of busbars, and the type of the back face on the induced stresses was identified. Another

3D sub-model was introduced to study the stress edge effect and the out-of-plane stresses.

A thermomechanical stress analysis during lamination with respect to the ECA interconnect

technique was performed.

• In chapter 6, a method for measuring the overall deflection of the PV module was devel-

oped. With this method the deflection of PV modules manufactured by varying parameters

of lamination process (temperature, architecture, and cooling type) was measured. A 3D

model was subsequently used to validate the experimental measurements.

• We finally draw general conclusions of this thesis and open the discussion to useful prospects

for future work.
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Résumé du chapitre

Ce chapitre présente une revue bibliographique sur les procédés de fabrication des modules PV

et leurs mécanismes d’endommagement. Le module PV est un stratifié de plusieurs couches de

natures différentes assemblé en deux étapes successives à l’aide de deux procédés de fabrication :

l’interconnexion et la lamination. Les cellules solaires sont le noyau du module PV. Elles sont

connectées en série afin de générer un courant suffisant pour le fonctionnement du module PV.

Cette étape d’assemblage de plusieurs cellules pour former un « string », est réalisée durant le

procédé d’interconnexion. Puis un groupe de string est encapsulé entre des couches protectrices

par l’intermédiaire du procédé de lamination.

Dans un premier temps, la structure du module PV est présentée, en définissant le rôle et les

caractéristiques exigées pour chaque couche du module PV. Puis un aperçu sur le comportement

thermomécanique de chaque composant est discuté. La majorité des composants du module

PV, notamment l’encapsulant, la face arrière en polymère et les colles conductrices montrent un

comportement viscoélastique dans la gamme de température des procédés de fabrication. Tandis

que le ruban du cuivre, qui joue le rôle de l’interconnecteur, a lui un comportement élastoplas-

tique. Le verre et la cellule solaire ont un comportement élastique linéaire isotrope et orthotrope,

respectivement.

Dans un second temps, les procédés de fabrication des modules PV sont introduits. Le premier

procédé de fabrication est l’interconnexion. La technique d’interconnexion la plus courante est

le soudage, également appelé « stringing ». Il existe plusieurs variantes de l’interconnexion en

fonction du métal d’apport et de la méthode utilisée pour souder. La technique d’interconnexion

par soudage n’est pas recommandée pour plusieurs technologies de cellule solaire notamment

l’hétérojonction. Ce type de cellule est sensible au soudage à haute température. En conséquence,

d’autres techniques d’interconnexion tel que le soudage à basse température ou le collage par des

colles électriquement conductrices sont en pleine croissance. Ces deux techniques sont discutées

plus en détails dans ce chapitre.

Le deuxième procédé d’assemblage du module PV est la lamination. Lors de ce procédé, un

chargement thermomécanique est appliqué pour ramollir l’encapsulant par chauffage et en ap-

pliquant simultanément une pression afin d’assurer une adhésion entre les couches du module

PV. Ce chargement peut être appliqué en une seule étape ou en plusieurs étapes selon la tech-

nique choisie et l’architecture du module PV. Récemment, un procédé de lamination court a été

développé qui permet de réduire le temps de fabrication de 50% en réduisant le temps de chauffe

et en utilisant un refroidissement rapide contrôlé.

Dans un dernier temps, les mécanismes d’endommagement observés après fabrication ou à

stade précoce après installation des modules PV et documentés dans la littérature sont présen-

tés. Les deux mécanismes rapportés sont la microfissuration des cellules solaires et la délamina-

tion. Ces deux mécanismes d’endommagement n’engendrent pas un dysfonctionnement total du

module PV, mais ils nuisent à son rendement et sa fiabilité. Enfin, les paramètres procédés qui

participent à la création de ces endommagements sont discutés.
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CHAPTER 1. MANUFACTURING PROCESS OF PHOTOVOLTAIC MODULES, AND THEIR
DAMAGE MECHANISMS: A LITERATURE REVIEW

The PV module is a laminate of several layers of different nature assembled in two successive

steps using two manufacturing processes. In this chapter, the structure of the PV module will be

defined by identifying the role of each layer/component and its characteristics. Then, the manu-

facturing processes of the PV module will be presented. Finally, the damage mechanisms related

to the manufacturing process and the choice of materials will be discussed.

1.1 Literature review of photovoltaic modules

1.1.1 Structure of PV modules

The silicon solar cells (c-Si) are the core of the PV module. Each solar cell reproduces, under di-

rect sunlight, approximately 0.6V [13] depending on its type and technology. In order to generate

sufficient voltage in the PV module, solar cells of the same characteristics are interconnected in

series to form a so-called « string ». This step is made through the interconnection process, which

consists in connecting the front side of a solar cell to the backside of the adjacent solar cell, often

by means of a copper ribbon cover with solder material. In a PV module, there are two types of

ribbons: a) the « inter-cell » ribbon, which is used to interconnect the cells; b) the « inter-string »

ribbon, whose role is to collect the electrical energy transferred by each string and transport it to

the electrical output of the PV module according to the chosen electrical configuration.

Once the solar cell matrix is assembled, it is encapsulated between protective layers on the

front and backside through the lamination process. The classic architecture is a glass front sheet

and a white or transparent multi-layer polymer backsheet as presented in Figure 1.1. For bifacial

cell technologies, a transparent back side is required. Modules with a glass back side are widely

used for this type of technology. Other architectures with a composite or polymer front sheet

are also available in some PV applications as Building Integrated PhotoVoltaic (BIPV) [14–16] or

Vehicle Integrated PhotoVoltaics (VIPV) [17]. The focus in this work will be on PV modules with

Glass-Glass(GG) and Glass-Backsheet (GBS) architectures.

After the assembly of the PV module, a junction box is attached to the backside of the PV mod-

ule to interconnect the strings to generate an electrical circuit. Often the most common electrical

configuration for this connection is bypass diodes [13]. For some architectures, an aluminum

frame is added to protect the edges of the PV module.

Figure 1.1: Standard architecture of a 4×4 cell PV module.

This protection is designed to preserve the PV module from the harsh environmental condi-
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1.1. LITERATURE REVIEW OF PHOTOVOLTAIC MODULES

tions in which it will operate, including high temperatures, humidity or rain, UV exposure, and

wind and snow loads. In addition, this packaging must also ensure safe operation and high relia-

bility and performance over time [13].

1.1.1.1 Crystalline silicon solar cells

The market of solar cells experiences a large variability in the type of crystalline solar cell: Single

crystal (concentrator), Single crystal (non-concentrator), Multicrystalline, Silicon heterostructures

(HIT), and Thin-film crystal [18]. Crystalline silicon solar cells are currently dominating the PV

market with a 95% share [5]. In this study, the focus will be on the heterojunction solar cell (SHJ)

technology.

The core of the SHJ solar cell structure is a doped crystalline c-Si wafer with a thickness varying

between 150 µm and 180 µm [19]. After an etching performed on both surfaces of the wafer to cre-

ate a pyramid-like texturing and to decrease the reflectivity, an intrinsic hydrogenated amorphous

silicon passivation layers of a few nanometers are deposited (see Figure 1.2a). Then thin layers

of boron-doped P-type which play the role of emitter and a layer of phosphorus-doped N-type

hydrogenated amorphous silicon as an electron contact are deposited on the front face and the

back face of the bulk respectively. Then an anti-reflection layer of Transparent Conducting Oxide

(TCO), usually Tin-doped Indium Oxide (TIO), is added. Finally, a metallization of the cell is added

to create the electrodes that will collect the charged carriers [20; 21]. The metallization layer is in

the form of a grid, also called "H-pattern metallization", composed of fingers and BusBars (BB).

The busbars are printed perpendicularly to the fingers and are of a greater thickness in order to

allow the transmission of the electric charges collected by the fingers (see Figure 1.2b). There are

several techniques of metallization [22], according to the International Technology Roadmap for

Photovoltaic (ITRPV) 2020 the most widely used technique is the screen printing [5].

(a) stacking of SHJ cell layers [20]
(b) Metallization of crystalline solar cell
[23]

Figure 1.2: Structure of a standard HJT cell

The advantage of SHJ cells is that all manufacturing steps are performed at low temperatures

below 250°C, which reduces the risk of substrate degradation [21], besides its bifaciality properties.

From a mechanical point of view, the thickness of these added layers are negligible compared

to the thickness of the silicon wafer, and therefore the mechanical behavior of the cell is often

considered identical to the wafer [24].
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CHAPTER 1. MANUFACTURING PROCESS OF PHOTOVOLTAIC MODULES, AND THEIR
DAMAGE MECHANISMS: A LITERATURE REVIEW

The photovoltaic industry is continuously moving towards thinner wafers with a large surface

area [25], which leads to an increase in the breakage rate in the production processes [26]. Indeed,

silicon breakage leads to material and economic losses during the entire production chain of solar

cells, from wafer cutting to module assembly [27]. Hence the importance of studying the me-

chanical properties, and in particular the resistance of these materials to the stresses experienced

during the PV module manufacturing cycle.

Mono-crystalline silicon exhibits an orthotropic elastic behavior due to the combination of

cubic symmetry and the equivalence of shear conditions [28]. This simplifies the representation

of its stiffness matrix into 3 independent terms C11, C12, and C44. Thus, according to Hooke’s law,

its orthotropic elastic law can be presented as follows:

σi j = Ci j klεkl =⇒



σ1

σ2

σ3

σ4

σ5

σ6


=



C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44





ε1

ε2

ε3

ε4

ε5

ε6


(1.1)

The experimental values of the elastic constants of silicon oriented in the < 100 > direction of

the stiffness matrix are given in Table 1.1.

C11 C12 C44 E<100> G<100> ν<100>

(GPa) (-)

165.6 63.9 79.5 130 79.6 0.28

Table 1.1: Elastic properties of mono-crystalline silicon [28; 29]

Silicon has a linear orthotropic elastic behavior up to a brittle failure [24]. Thus, the fracture

strength of the wafer will be mainly governed by the surface defects (microcracks, saw damage

etc.) [27]. All these material quality and sawing process aspects and their association with silicon

wafer failure are well documented in the thesis of Carton [30].

In the PV module industry, the behavior of silicon wafers is often characterized by bending

tests (3 or 4 points) [24; 26; 30]. There are other types of tests, such as the twist test or bi-axial tests

like "ring-on-ring" or "ball-on-ring" [26; 27; 30].

1.1.1.2 Copper ribbons

The copper ribbons are the collectors of the photovoltaic energy generated by the solar cells. Cop-

per is an excellent electrical conductor with an electrical conductivity of 6.0×107(Ω.m)−1 at am-

bient temperature, the highest in the metals after silver [31]. The copper ribbons used in the pho-

tovoltaic field have a rectangular shape and are often coated with a solder layer of approximately

20 µm. This coating is a tin-based alloy (Sn) approximately 60−97% metal additions such as sil-

ver (Ag), lead (Pb), bismuth (Bi) or copper (Cu). Lead coated ribbons are more likely to extinction
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because of its toxicity. In addition, the melting point of lead is too high (327°C [32]) which is not

suitable for welding on SHJ solar cells since it shows temperature sensitivity. Another alternative

is bismuth which has a lower melting point between 120°C and 160°C [6].

Along with the chemical composition of the ribbon, the cross-section is also an important

factor. The section of the standard coated "inter-cell" ribbons can vary according to the number

of busbars of the solar cell. For 4BB cells, ribbons of 1.1 to 1.2 mm wide can be selected. For a

higher number of busbars, 5BB, a width of 0.9 to 1 mm is the most suitable. The thickness is also

variable between 0.2 and 0.22 mm [33]. For the inter-string ribbons, they have larger section (for

instance 5×0.3 mm2).

Other than its excellent electrical properties, copper ribbon displays isotropic elastoplastic

behavior in the range of its use in PV applications. It is also a fairly ductile material. Good fatigue

properties are also required in the case of copper in order to withstand the fatigue it undergoes

during the installation of the PV module. The fatigue of the copper ribbons and the solder joint

during operation are well documented in the literature [34–37].

1.1.1.3 Encapsulant

The encapsulant is an adhesive polymer foil between the different layers of the PV module. Its role

as a solar cells protector is to provide sufficient adhesion with all components of the PV module,

high optical transmission, electrical insulation, and protection against humidity.

Two families of encapsulant are available in the PV market:

• Crosslinkable encapsulants: especially Ethylene-Vinyl Acetate (EVA) and the Elastomeric

Polyolefin (POE). Silicone is also used for the encapsulation of PV module operating in very

harsh environmental conditions such as space [38].

• Non-crosslinkable encapsulants: several types are distinguished, including Thermoplastic

Polyolefin (TPO), Poly Vinyl Butyral (PVB), and Ionomers. Their non-crosslinkable nature

has the advantage of facilitating the recyclability of PV modules at the end of their life.

EVA is the most mature material in the history of PV module encapsulation and dominates the

PV market with 90% share [33]. Unlike polyolefins, which are a new type of encapsulant widely

used in the last years with a market share of 7% in 2018 [33]. According to ITRPV, their market

share may increase up to 25% by 2029 [5]. Polyolefins are more suitable for GG architecture due to

the absence of acid formation during lamination, unlike EVA. The formation of acid in EVA during

lamination is an ongoing phenomenon. However, the permeability of the backsheet in the case of

GBS architecture enables the acid to escape [39; 40].

For the most advanced module technology, more attention has been paid to the white EVA.

This particular encapsulant is used as a bottom encapsulant to increase the light reflection in the

inter-cell gaps thereby increasing the module power by 5W. Its market share has increased sharply

by 15% in 2019 [41].

Besides all these optical and chemical characteristics, the encapsulant has to meet mechanical

requirements as a binder for the different layers of the PV module. The two most sought mechan-
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ical properties in an encapsulant are adequate viscosity at high temperature to permeate through

the cell matrix and avoid cavities, as well as high adhesion with all PV module components. And

most importantly, adequate rigidity to accommodate the internal stresses imposed on the cells

by the glass due to the difference in CTE [42]. The thermal conductivity of the encapsulants is

also an important parameter. The better the encapsulant conducts heat, the lower the operating

temperature will be, improving the electric yield [43].

The encapsulants have viscoelastical properties in the temperature range of the PV module

manufacturing [12; 24; 44; 45], and melt at a lower temperature than the lamination process tem-

perature. The thermomechanical behavior of several encapsulant will be studied in the next chap-

ter.

1.1.1.4 Glass

Beyond the protection of internal components of PV module, the front side material has several

specific functions. It must ensure good optical transmission, appropriate refraction depending on

the properties of the encapsulant, good electrical insulation and good Ultraviolet (UV) stability.

It is the first line of defense against any mechanical impact such as hail. This requires a material

with high impact resistance and sufficient tensile strength.

There are several types of glass depending on the constituent added with the silica such as

sodium carbonate boron or lead. The glass used in the field of PV is a float glass that is shaped in a

tin bath to ensure a flat surface and no air inclusion. Glass for PV applications undergoes an addi-

tional tempering step to increase its rigidity and improve its resistance to impact and fracture [24].

It often contains low iron particles to ensure better transmission of solar radiation. Other surface

treatments can also be added, such as texturing to improve the adhesion with the encapsulant or

the addition of an anti-reflection layer to reduce the parasitic reflections on the front of the glass.

In the manufacturing or operating temperature range of the PV module, the glass has an isotropic

elastic behavior. Standard glass plates are 3 to 4 mm thick. Its thickness is more than half of a PV

module, so its expansion somehow governs the expansion of the PV module. Several authors have

studied the mechanical and thermal properties of various types of glass [46; 47]. All the mechanical

and thermal properties used in this work for float glass are taken from the literature and presented

in Table 1.2.

Young modulus Poisson’s Density ρ CTE α Thermal conductivity
E (GPa) ratio ν (kg /m3) (10−61/C) λ(W/J/K)

73 0.24 2500 8.96 0.937

Table 1.2: Elastic properties of float glass [46; 48]

1.1.1.5 Backsheet

The backsheet acts as a protective layer for the solar cells and prevents PV modules from envi-

ronmental impacts such as aggressive substances, scratches, etc. Its two main roles are electrical
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insulation and protection against moisture as the interconnectors are metallic components and

must be protected against corrosion. Humidity conditions vary depending on the site and the op-

erating time. Therefore, the backsheet must be able to withstand and operate in these different

conditions [39].

The rear side can be made of glass for GG architectures or of multi-layer polymer for GBS ar-

chitectures. Polymer backsheets often have a thermoplastic Polyethylene Terephthalate (PET) or

Polypropylene (PP) core layer. As PET has a poor UV stability, additional layers often made of flu-

oropolymers are used to enhance the UV resistance of the backsheet [39]. Among these fluropoly-

mers we find Polyvinyl Fluoride (PVF) which has an excellent weathering stability after ageing tests

[49; 50]. Nevertheless, the harmful ecological impact of fluropolymers is forcing manufacturers to

introduce other alternatives. The different backsheet configurations available in the market are

shown in Figure 1.3.

Figure 1.3: Backsheets configuration available in the current PV market [39]

The traditional process used to manufacture backsheets with a PET core layer is by laminating

the glued layers together to form a multilayer polymer. With the recent development of PP based

backsheets, the co-extrusion process has been adopted. As delamination represents the most crit-

ical degradation mode in backsheets [51], this one-step process eliminates the need to glue the

layers together, which reduces the risk of delamination of the backsheet layers. In addition, PP

provides good reflectance by increasing the power of the PV module by 1.5−2.5% compared to a

PET-based backsheet module. It represents a good barrier against humidity while allowing the dif-

fusion of acetic acid which inhibits corrosion in metal components. In general, its performances

during aging are better than PET backsheets [52].

Given the large deployment of bifacial technology, which will reach 35% by 2030 according to
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the ITRPV [53], transparent backsheets are recognized as a good alternative to opaque backsheets.

The transparent backsheet offers several advantages over glass. Among these advantages, the light

weight of the PV module as well as the reduced cost as the GG structure favors the use of POE

which are 30% more expensive than EVA [39].

Backsheets have a viscoelastic thermomechanical behavior as well [12; 24; 48]. They also show

an anisotropy of behavior related to their layered structure [12], and the nature of their process.

In the experimental chapter 3, we will further detail the thermomechanical behavior of a Tedlar

(PVF) / PET / Tedlar (PVF) (TPT) and PP backsheet types.

1.1.2 PV module manufacturing processes

The PV module manufacturing chain consists of several steps from extracting the raw material,

particularly silicon, to the installation of the solar system (Figure 1.4). The manufacturing of crys-

talline silicon solar modules consists of two major and crucial steps: interconnection and lami-

nation. Other minor steps are cell inspection, glass cleaning, framing, and junction box assembly.

Figure 1.4: The photovoltaic manufacturing chain (Credit EVASOL [54])

After the manufacturing process, the PV module is subjected to several qualification tests ac-

cording to the standard IEC 61215 [8], also called accelerated tests. One distinguishes the perfor-

mance characterization tests directly after manufacturing, such as visual inspection, insulation

test, maximum power measurement, performance at low irradiance...etc. Another family of tests

aims at characterizing the aging mechanisms of PV modules such as Thermal Cycling (TC), UV

preconditioning test, Damp-heat test, Outdoor exposure test...etc. Other tests are used to validate

the mechanical resistance of the module. For instance, the mechanical loading test is used to char-

acterize the resistance of PV modules under a mechanical load such as snow, and the hail test is

performed to identify the resilience of the module against mechanical impacts like hail.
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1.1.2.1 Interconnection

The principle of the interconnection process, also called "tabbing/stringing", is to link the solar

cells with a conductive material in order to collect and transport the photovoltaic energy generated

by each solar cell. There are several interconnection technologies and they are generally adapted

to the solar cell technologies used to create PV modules. In each interconnection technology, the

solar cells are interconnected in order to improve the performance of the module independently

of the solar cell and also to reduce the Cell-To-Module (CTM) losses [55].

The most common interconnect technology used worldwide today is the soldering of tinned

copper ribbons on the busbars on the surface of the solar cells. During the last decades, the 3BB

technology was predominant on the market and has now disappeared in 2021 [56]. However, the

increasing interest in 4 or 6 BB architecture allows an evolution of the interconnection mode to

the so-called Multi-Busbar (MBB). MBB technologies, in addition to their power contribution on

the modules, allow a better resistance of the modules to accelerated aging tests, a reduction of the

quantity of silver paste and thus a reduction of the production cost [57; 58].

The most common interconnection technique is welding, also called stringing. There are sev-

eral variations of tabbing depending on the filler metal and the method used to solder. The second

growing technique is ECA bonding. Other techniques without busbars are used like the Shingle

technology which consists in bonding the overlapped cells one to the other with the ECA [59]. A

second approach for this type of interconnection is to contact neighboring cells without busbars

or 0BBs by wires using a foil. The copper wires are embedded in a polymer foil or matrix and

coated with a low temperature solder alloy, mainly indium (InSn) or bismuth (SnBiAg) based with

a melting point below 160°C and 138°C respectively. The lamination step of the module allows two

actions in one: the melting of the polymer matrix and the welding of the wires to the cell [60; 61].

In this work, the cell technology of interest is SHJ. Therefore, in the following review, we will

focus on the welding at low temperatures and bonding by ECA adapted to this cell technology.

1.1.2.1.1 Soldering at low temperatures

Welding is done either by infrared radiation or by ultrasound. Indeed, most of the industrial string-

ing machines performs the soldering of solar cells and ribbons by localized heating by means of

infrared light [62].

As mentioned in Section 1.1.1.2, SHJ solar cells are temperature sensitive, which makes the

lead-based soldering process more challenging. InSn alloy could be a potential replacement for

SnPb because its melting temperature is 117°C, only depending on the large percentage of indium.

The cost of this alloy is however too high for PV applications [63]. SnZn alloys tend to form a

substantial oxide layer during soldering, which is a priori not suitable for PV ribbon soldering [64].

Nevertheless, a controllable zinc content of 9% is suitable. Bismuth is an element that is also

widely used in low temperature lead-free solder compounds. It is a heavy, brittle, non-toxic and

low cost metal. When alloyed with Sn, its melting temperature is close to or below that of eutectic

SnPb (≈ 180°C). The quality of a SnBi alloy weld is impacted by the behavior and evolution of

bismuth under aging at elevated temperatures, indeed at high temperatures bismuth forms large
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grains of material, which can be a failure factor at the weld interface [65]. In spite of this, a lot of

research continues to be carried out to study the different aspects of Bi-based welds because its

advantages remain, to say at least, non-negligible [66].

Another type of room temperature ultrasonic aluminum (Al) ribbon welding has been studied

in the case of Aluminium Back-Surface Field (AL-BSF) cells. Among the greatest advantages of this

technique are that cracks due to thermomechanical stresses could be avoided. On the other hand

the use of copper ribbons, which are generally more expensive than aluminum ones, could be

considerably reduced. The results of the IEC61215 qualification procedure have shown promising

results for this technology [67]. However, few works have been published on this type of solder.

According to these two studies [67; 68], it seems that this type of soldering works well for Al-BSF

cells although it could be that this soldering method has not been investigated further for the new

generations of solar cells [55].

1.1.2.1.2 Bonding with Electrically Conductive Adhesives (ECA)

The second technique used to interconnect SHJ cells is ECA bonding. After the adhesive is applied

to the solar cell using the screen painting technique, the ribbons are positioned and the adhesive

is thermally cross-linked. The cross-linking is progressive as the solar cells pass over the stringer’s

heating plates. Localized pressure is applied to the ribbons with the pins to ensure good adhesion

between the ribbon and the solar cell as illustrated in Figure 1.5. The cross-linking of the polymer

chains leads to adhesion to the surfaces. The amount of adhesive printed currently ranges from 6

to 15 mg per busbar and is highly dependent on its composition and viscosity [6].

(a) (b)

Figure 1.5: (a) Solder interconnection between copper ribbon and silicon solar cell [69], and (b) schematic
representation of stringer used for interconnection by ECA bonding

This technology is increasingly used to manufacture PV modules, with a market share that may

reach 20% by 2031 [5]. The adhesive is usually a composite of conductive particles in an acrylate-

or epoxy-based polymer matrix. The matrix provides the mechanical properties and the fillers

provide the electrical properties. The matrices are polymeric and their electrical conductivity is

typically of the order of 10−14 −10−7Ω−1.m−1 [70]. The fillers are typically silver with an electrical

conductivity of the order of 6× 107Ω−1.m−1 [32]. Copper flakes are also rarely used. The ECAs

used in the PV application all belong to the category of Isotropically Conductive Adhesives (ICAs).

This category is distinguished by its microstructure, which gives it a higher electrical conductivity

than the others [71]. Depending on the shape and volume fraction of the particles, the conductive
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path, also called "percolating path", is created and can reach a threshold that increases the overall

conductivity of the material [72].

ECAs are the main alternatives to solder. They have various advantages such as low toxicity

compared to lead, low processing temperatures due to their cross-linking temperature of about

150°C, their ability to assemble materials of different natures, their good resistance to mechanical

cycling, their ability to make small assemblies and finally their eventually lower environmental

impact [73].

The low peel strength is often considered as a disadvantage for this type of assembly, despite

its proven reliability during thermal cycling tests [74]. Generally, the peel strength is greater than

0.5 N.mm−1 and can sometimes reach a value greater than 1 N.mm−1, which is usually sufficient

for the joint to withstand thermal cycling. It has been shown that inadequate adhesive cure time

can cause insufficient peel force [6].

One of the main problems of ICAs is the degradation of their electrical properties over time.

Among the phenomena that can affect their electrical properties is oxidation, which explains their

sensitivity to humidity [75]. Several strategies have been proposed to limit this effect and make

ICAs more stable over time. For instance, the use of polymers with a high cross-linking rate that

absorb less moisture [76]. The choice of substrates and particles can reduce oxidation [77]. The

most common method is based on the choice of metal for the particles. Silver has a conductive

oxide making it very advantageous compared to copper, aluminum or tin. Other ICAs rely on non-

metallic fillers (carbon nanotubes, graphite, graphene) which are less likely to react [70].

1.1.2.2 Lamination

Once the cells are interconnected, a subsequent lamination step is necessary to protect them from

the external environment during installation. Lamination is a type of thermocompression process,

which consists in applying a thermal and mechanical load to join two or more materials together.

In the case of lamination, it is the encapsulant that acts as a binder when heated and softened.

Then by applying mechanical pressure the encapsulant adheres to all the components to form a

laminate. These two loading processes can be applied in one step or in multiple steps depending

on the selected process and the architecture of the PV module. Both configurations have been

studied in this work. In the following review, we will discuss the differences between these two

configurations.

1.1.2.2.1 Conventional lamination process

The layers of the laminate are loaded in the vacuum/membrane press (HP1). It uses a vacuum

for pressure control in both the lower chamber (where the PV module is loaded), and the upper

chamber. A pressure can be applied on the laminate, by imposing a higher pressure above the

membrane than below.

The first phase is preheating with convection, while the PV module is lifted on pins (Figure

1.6a). At this point, zero pressure is applied, in order to avoid bubbles apparition due to volatile

organic components (VOCs) released from the encapsulant and the air present between the lay-
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ers. Then, the pins are pulled down in the heating plate, improving the thermal contact. Pressure

is applied to the module, by injecting air above the membrane (Figure 1.6b). When the lamina-

tion temperature is reached, the encapsulant crosslinks/softens. Its formerly infusible polymeric

chains form a wide-meshed network structure, ensuring the adhesion between all parts of the

structure [24; 78]. The duration required for the cross-linking or softening depends on the cho-

sen encapsulant material. The processing time is generally between 8-20 min for EVA and 10-14

min for TPO for instance. The lamination temperature is often between 140-160°C for most of the

encapsulants [43]. The processing time and temperature are quite influencing parameters on the

final quality of the PV module. In the case of EVA, the degree of cross-linking impacts the lumines-

cence intensity of the PV module [78].

In a conventional lamination process, the module is cooled down in the ambient air with no

pressure control.

(a) (b)

(c) (d)

Figure 1.6: Schematic representation of the different laminator configurations: vacuum/membrane press
(HP1) (a) with pins-up (b) and pins-down with applied pressure, (c) double-sided heating press (HP2) (d)
and cooling press (CP) [79]

1.1.2.2.2 Short lamination process

In 2019, the production throughput of the stringing process is 20% higher than that of the lamina-

tion process [80]. This has led to the interest of the lamination process developers to increase the

production capacity of the laminators. Bürkle, a laminator manufacturer, has developed a multi-

configuration lamination process, also called SL, which reduces the processing time by 50% as

shown in Figure 1.7.

Additionally to a vacuum/membrane press used for the classic lamination process, the SL pro-

cess adds a double-sided heated flat press step, more especially for glass-glass (GG) PV modules

[7].

In this type of lamination, the PV module may go in a double-sided heating press (HP2) (Fig-

ure 1.6c). This is an optional stage, developed more especially for GG PV modules, as membrane

press on this architecture may involve edge pinching, with bad sealing, higher glass breakage and

residual stresses [81–83] as illustrated in Figure 1.8. An advantage of this chamber design is faster

symmetric heating (while in the HP1 case, the laminate is heated only from the bottom side). How-

ever, this is done at air pressure (no vacuum control). Thus it can only be used as a complement
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Figure 1.7: Comparison of conventional and short lamination process developed by Bürkle [7]

to the first stage. In this case, the laminate leaves HP1 before reaching the maximum lamination

temperature.

(a) (b)

Figure 1.8: (a) Schematic explanation of edge pinching [84] and (b) induced bubbles on the corner and edge
after lamination [82]

Another step that characterizes this type of lamination process is the controlled cooling. Dur-

ing this step the module enters a double-sided cooling press (CP), which cools down the PV mod-

ule to room temperature while maintaining pressure to impose flatness. Cooling with the cooling

press can be up to five times faster than cooling in the open air, which is equivalent to reducing

the lamination total time by 62.5%. Therefore, the production throughput of the PV modules is

considerably enhanced.

Li et al. [85] characterized the influence of the cooling press on the encapsulation properties of

PV modules. The adhesion strength between EVA and glass is improved by 10%. Their Differential

Scanning Calorimetry (DSC) characterization results showed that the high cooling rate in the CP

decelerates the crystalline growth and thus the cross-linked EVA has smaller crystallites.

One of our studies, focusing on the characterization of heat transfer in the PV module in the

case of a short lamination, showed that the heat transfer in HP2 and CP is uniform throughout the

thickness of the PV module. However, an edge effect was found in the case of the CP which could

be caused by the coolant flow. The heat transfer in HP1 is overly influenced by the lamination

configuration used as well as the presence of the bubbles which act as a thermal insulator since

the heating in this chamber occurs from the bottom only [79].

According to ITRPV, the lamination throughput will increase by 2031 to 25% and 17% for GG

and GBS architecture respectively [5]. Hence, more attention should be devoted to the optimiza-
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tion of the lamination process along with improving the quality of the PV modules to avoid infant

failures.

1.2 Damage mechanism of PV modules and their influence on perfor-

mances

Efficiency and power are the two key parameters that characterize the performance a PV module.

A PV module’s efficiency represents its capacity to generate electrical energy from incident solar

light per unit area [41]. In the 1980s, the average efficiency of a PV module was limited to 9%. In

2010, the efficiency of PV modules has experienced a remarkable progress, reaching 14.7%. Since

then, this progress is growing and reaching 19.2% in 2019 [41]. In the last few years, several records

have been achieved up to 22.7% due to the development of new solar cell technologies and the

improvement of the quality of the lamination materials.

Any failure in the PV module can lead to a drop in its performance. According to International

Energy Agency (IEA), there are three stages of PV module failure during its lifetime: infant-failure,

midlife-failure, and wear-out-failure as presented in Figure 1.9. Among the failures related to me-

chanical issues that occur during the infant time of the PV module are cell interconnect breakage,

cracked cell isolation, and delamination [86]. According to statistics on the failure modes of two

million PV modules delivered by a German distributor between the years 2006 and 2010, 10% of

failure modes were related to defect cell interconnect, and 5% were due to delamination [87].

Figure 1.9: Failure scenarios of crystalline based photovoltaic module (LID: light-induced degradation; PID:
potential induced degradation; j-box: junction box) [86]

Both types of failure can reach large percentages after several years of operation. Schulze et

al. [88] collected the failures occurring in 273 PV modules from 3 different manufacturers after

15 years of operation. Delamination was representing 80% of the primary failure mode in some

modules. While cell part insulation due to cell cracks was representing 30% of the primary failure

mode in other PV modules.

In this section, these two most common damage mechanisms will be discussed along with

their influence on PV module performance. The influence of some parameters of the intercon-

nection and lamination processes on the creation of these defects will be reviewed.
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1.2.1 Microcracking of solar cells

1.2.1.1 Effect of solar cell cracking on the performance of PV module

Solar cells are subjected to thermomechanical stresses all along their manufacturing chain either

in the stringing stage or during lamination. In addition, during their operation time, they are

subjected to mechanical loads (such as snow, wind, mechanical impacts, etc.), and to thermal

cycling due to the heat difference between day and night. All this loading history contributes to

the initiation and possible propagation of microcracks. Cell failure can lead to current blockage

and hot spot formation, which significantly compromises module performance [89]. Therefore,

minimizing the formation of microcracks is critical to improving module reliability.

The presence of microcracking in photovoltaic silicon is detected using the Electrolumines-

cence (EL) technique, which is a method that allows the detection of electrically inactive areas and

cracks in solar cells [90–92] as displayed in Figure 1.10. Microcracks are visualized by dark lines in

the EL images, because they either do not emit light or their emission is quite low. Sometimes the

cells can even isolate a part of the cell avoiding a current generation [93].

Figure 1.10: Electroluminescence images of cracks in (top left) a multicrystalline solar cell, (top right) a
monocrytralline solar cell, and (bottom) at solder pads in two multicrystalline solar cells [13]

The presence of microcracks does not necessarily lead to a total failure of the PV module. How-

ever, they can cause phenomena that can limit the performance of the module or completely dam-

age it. Among these phenomena, the hot spots can be noticed. The hot spots are a phenomenon

that occurs when the string with a reduced short circuit is forced to work in inverted polarity. This

leads to the consumption of the power generated by the other string. Thus, some cells of the string

can reach locally high temperatures [94]. Hot spots can be induced by several factors like shadows,

localized dirt or cell damage.

Deng et al. [95] studied the impact of cell damage on hot spots. Infrared (IR) thermography

images showed a local increase in temperature in the cracked areas of the solar cell as presented

in Figure 1.11, locally reaching up to 200°C. Causing even a burning and swelling of the backsheet

(see Figure 1.11).

The main complexity in term of cracking mechanisms in PV modules is due to the interaction
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(a) (b)

Figure 1.11: (a) Infrared (IR) thermography images of different defect cells and (b) Appearance of the back-
sheet in the damaged area of the PV module [95]

between mechanical, thermal and electrical phenomena. A microcracked cell with 8% of the cell

surface electrically inactive shows that the average cell temperature is not constant and highly

oscillating during the operating time [96] as illustrated in Figure 1.12. However, an intact cell has

a lower and almost constant average temperature. In parallel, the string output voltage oscillates

from 1V to 9V in defected cell (see Figure 1.12). This behavior is explained by the fact that the

detected microcrack is not electrically insulated and able to conduct heat flow and electricity from

one side of the crack to the other. It is assumed that the recovery of the electrical response is the

result of the closure of the crack faces due to thermoelastic effects [96].

Figure 1.12: Comparison of temperature evolution and voltage of sub-string with and without microcracked
cell regarding monitoring time [96]

After evaluating the effect of solar cell cracking on the performance of the PV module, we will

discuss the contribution of some parameters of the interconnection and lamination process to the

creation of these cracks.

1.2.1.2 The contribution of the interconnection and lamination process to the creation of mi-

crocracking

Papargyri et al. [97] reviewed the modelling and experimental investigations of microcracks in

crystalline silicone PV. They summarized the crack characteristics based on their origins as shown

in Table 1.3. The majority of crack distribution is in the interconnection area either at the soldering

stage or at the lamination stage.

In the interconnection step, the internal stresses are induced by the difference of CTE between
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Origin How the cracks initiated Crack distribution Parameters that affect cracks Comments

Soldering

Due to thermomechanical
stresses in the cell because
of the CTE variations of
different materials [98]

The region near the
end of the soldering
path in Si layer is a
critical area due to the
higher thermomechanical
stresses [99; 100].
Cell cracks initiate
preferentially at the
edge of the front
busbar [101] having a
diagonal or ±45°
orientation [102].

Increasing the speed
and decreasing the
power of the
soldering system [100] and
using a low solder
melting point [103]
reduce the probability
of cracking.

The type of
the interconnection
technology affects
the physical contact
and therefore the
mechanical stresses
which are developed.

Lamination

The lamination process
of Si cells creates
residual stresses
in the Si wafers due
to high temperature and
pressure [104]

Maximum stresses
occur close to the
edge of the copper
interconnector
[69; 105–108].
Cracks with a
±45 orientation [109].

Higher encapsulant
stiffness results to
a lower fracture
load [110; 111].
The stresses increase
with thickening
interconnects [112].

The lamination
process
is a critical
operation in the
production cycle
because a number of
new cracks occurs
after this step [107].
The cells located
near the frame
experience more
stresses and
displacements [99].

Table 1.3: Summary of crack characteristics based on their origin (Extracted from [97])

the cell and the copper ribbon [98]. As the PV market is moving towards thinner silicon wafers,

the risk of microcracking increases [13; 97]. Therefore, a readjustment of the ribbon behavior is

necessary, especially the yield strength of the ribbon. Ribbons with a high elastic limit induce a

significant warpage of the cell, which can lead to cell failure after welding [113]. A lower yield point

allows the ribbon to switch to plastic behavior during cooling, thus reducing the stresses applied

to the cell. Reducing the ribbon thickness also has a beneficial effect on reducing the failure rate

in the solar cell after welding [114]. A 30% reduction in soldering ribbon thickness reduces the cell

breakage rate by 15% after 200 TC cycles [115].

In the lamination stage, the parameters that influence the creation of cracks are mainly related

to the mechanical behavior of the materials and the geometry of the PV module. Rowell et al. [116]

experimentally investigated the effect of PV module composition on the fracture strength of PV

modules directly after lamination and after 10 cycles of TC. Their results after lamination showed

that for the stiffer encapsulants at room temperature, the fracture load during a mechanical load-

ing test decreased by almost 50%. The comparison between modules with interconnected and

non-interconnected cells showed that the fracture force decreased by 35% when using soldered

ribbon. Dietrech et al. [105] have been interested in the numerical evaluation of the influence of

the encapsulant thickness on the PV module deflection (see Section 2.2.2.2). In the work of Row-

ell et al. [116] this aspect has been validated experimentally. As the thickness of the encapsulant

increases, the fracture force increases in the PV modules after lamination.

Another aspect regarding the creation of cracks in solar cells, that is related to the lamination

step, is the asymmetry in the thickness of the PV module architecture. When the PV module is

asymmetrical, and especially in the case of a GBS module, the neutral plane where the normal

stresses on the cut section are zero, is located in the glass. And when the module is subjected to
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bending loading, all the module components and mainly the cell are loaded in tension leading to

a cell crack [117].

The duration of the preheating stage is also an important parameter to ensure a good quality

of the PV module. If the duration of this step is not well chosen, the membrane will apply pressure

on the PV module before the encapsulant softens, which increases the risk of cell failure [118].

1.2.2 Delamination

Delamination is the most documented failure mode in the PV module field [13]. It can occur at

any interface in the module, including the glass/encapsulant, encapsulant/cell, ribbon/EVA, and

encapsulant/backsheet interfaces or in the backsheet interlayers [13; 118] as illustrated in Figure

1.13. Degradation of the encapsulant/cell interface is critical to the reliability of the module and

its lifetime since it is considered as a direct pathway for moisture, which leads to corrosion of the

cell metallization. Subsequently it contributes to the power loss in the PV module [119].

(a) (b)

(c)

Figure 1.13: Example of delamination in PV modules at the interfaces (a) encapsulant/glass (b) encapsu-
lant/cell, and (c) encapsulant/backsheet [119]

In the encapsulant/backsheet interface, without the use of destructive failure analysis, it is

often difficult to distinguish whether the delamination has occurred between the encapsulant and

the backsheet or between the backsheet layers. This type of delamination is visible by blisters in

the outer face of the backsheet as displayed in Figure 1.13c. This type of failure in the backsheet

can be detrimental to the safety of the PV module since the backsheet must provide electrical

insulation for the PV module [119].
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Although not all types of delamination result in a direct failure of the PV module, they signif-

icantly compromise its reliability and performance. However, the presence of air in the delami-

nated layers decreases the interfacial reflectance, and this decrease results in a drop in maximum

power due to the reduction of the short circuit current [120].

The delamination is a failure mechanism that occurs from the infant stage. It represents 5% of

the degradation mode reported in PV modules after two years of their installation, probably due

to improper manufacturing at lamination stage [87].

The lamination process has a major role in the quality of the interfaces between the differ-

ent layers. The time and temperature in each step of the process, especially pre-heating step, are

controlled to optimize the adhesion between the layers and to avoid air trapping in the PV mod-

ule. If air gets trapped between layers, it can lead to further delamination during the operation of

the PV module [118]. In EVA encapsulant, additives such as silane primer are added to improve

the adhesion of the encapsulant with the other components. Li et al. [121] have shown that this

silane adhesion promoter escapes from the EVA at 80°C during heating step. And thus a very long

heating time can induce a loss in the adhesion properties of the EVA encapsulant. Hence, this

phenomenon leads to poor adhesion strength in the PV module.

The edge-pinching problem in glass-glass modules discussed in Section 1.1.2.2.2 represents

an activating factor for delamination. During lamination, the membrane applies a stress concen-

tration to the edges of the PV module. In GG modules, this concentration induces edge-pinching

and thus a lower thickness of encapsulant at the edges. The bent glass tends to return to its orig-

inal shape, and thus induces delamination at the edges of the module at the encapsulant/glass

interface. This delamination at the edges opens the way for moisture and impurities to propagate

to the center of the module [118].

The PV module is manufactured mainly by two successive processes: interconnection and lami-

nation. With these two procedures the PV module is assembled using several different kinds of com-

ponents. Each component of the PV module has to meet several characteristics and requirements to

ensure a proper operation of the PV module. Nevertheless, the PV module can be damaged either

in the manufacturing stage or in the early stage during operation. This damage is mainly related to

the manufacturing process, material selection and the combination of the PV module components.

Thus, the reliability and lifetime of PV modules is clearly related to these parameters.

The reliability of PV modules is assessed using accelerated qualification tests. These tests require

a significant amount of time and sample size to study the performance of the PV module under var-

ious environmental conditions. However, these tests do not allow to establish a direct link between

the process parameters and the residual stresses induced after fabrication that affect the reliability

of the PV module. Several researchers have been interested in using thermomechanical modeling to

understand the thermomechanical behavior of PV modules and the phenomena that contribute to

the creation of residual stresses.

A bibliographic review of modeling approaches and models available in the literature to study

interconnection and lamination processes will be discussed in the next chapter.
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Résumé du chapitre

Dans ce chapitre, une revue bibliographique sur la modélisation numérique des procédés de fab-

rication des modules PV est menée. D’abord, les équations mécaniques et thermiques de base qui

sont impliquées dans le calcul des contraintes et déformations thermomécaniques sont définies.

Puis les facteurs qui accentuent la complexité du développement des modèles 3D complets pour

simuler les procédés de fabrications sont discutés en détail. Ces facteurs sont liés principalement

à la géométrie et aux comportements thermomécaniques des composants du module PV.

Ensuite, les modèles numériques disponibles dans la littérature qui permettent de modéliser

les procédés d’interconnexion et de lamination sont présentés. La modélisation thermomécanique

du procédé d’interconnexion par soudage est relativement bien documentée par rapport à l’interconnexion

par collage. Il existe un seul modèle qui traite la problématique de contrainte résiduelle dans les

cellules solaires après collage. Leurs résultats ont montré que l’interconnexion par collage in-

duit moins de contraintes résiduelles dans la cellule solaire par rapport au soudage. Cependant

le niveau de contrainte obtenue dans leur étude de collage par ECA est trop élevé par rapport à

des résultats d’autres modèles qui étudient le soudage. Ainsi, leurs hypothèses simplificatrices

surestiment éventuellement le niveau de contrainte.

La modélisation du procédé de lamination est une thématique qui a attiré l’intérêt de plusieurs

chercheurs dans la dernière décennie. Il existe plusieurs modèles dans la littérature qui étudient

soit l’évolution des contraintes durant le procédé ou bien le niveau de contrainte résiduelle à la fin

du procédé. Généralement deux stratégies différentes ont été adoptées : la sous-modélisation à

l’échelle de la cellule solaire, et la modélisation multi-échelle. Plusieurs modèles disponibles dans

la littérature sont assez complets en termes de géométrie et de conditions aux limites choisies.

Pourtant, dans la majorité des modèles, des lois de matériaux simplifiés sont utilisées.

Enfin, les paramètres des procédés d’interconnexion de lamination qui influencent l’état de

contrainte résiduelle dans le module PV sont examinés. Les paramètres du procédé d’interconnexion

les plus étudiés sont la technologie du procédé, la géométrie et la limite d’élasticité du ruban de

cuivre. Les rubans de cuivre à faible section transversale génèrent moins de contraintes résidu-

elles dans la cellule solaire. De plus, une faible limite d’élasticité contribue à la réduction des

contraintes dans les cellules solaires.

Dans le cas du procédé de lamination, les paramètres étudiés numériquement sont liés à la

géométrie ou aux comportements de certains composants, notamment la cellule solaire, le ruban

et l’encapsulant. Le type de refroidissement et son influence sur la déflexion et la contrainte

résiduelle sont documentés par une étude expérimentale et analytique.

Ce chapitre est clôturé par une synthèse sur les travaux de la littérature en soulevant plusieurs

questions ouvertes. Cette synthèse a permis par la suite de mettre en place la stratégie d’étude de

cette thèse.
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In recent years, a considerable focus has been devoted to establishing the link between the

reliability of PV modules and their manufacturing processes. Given the structural complexity of

the PV module and the coupling of thermal and mechanical loading, researchers have adopted

a numerical resolution to understand the thermomechanical phenomena that occur in the PV

module structure throughout the manufacturing process and even during accelerated testing.

2.1 Theoretical basics of thermomechanics

The relationship between displacements, deformations and stresses of a solid body subjected to

temperature changes, force action, phase changes and other internal or external phenomena is

defined by the theory of solid mechanics. The basic relationships of solid mechanics theory are

well documented in the literature [122–124].

The theoretical problem of thermomechanics of PV modules fits into the theory of small defor-

mation. The relationship between the stress tensor and the strain tensor is called the constitutive

equations. They define the mechanical stiffness of the material. In the case of an elastic material,

the constitutive equation can be denoted as follows:

σ= Cεel (2.1)

C is the fourth order stiffness tensor. It is composed of 81 elastic coefficients, relating 9 stress

components to 9 strain components. As the strain and stress tensors are symmetrical only 21

components are independent. When the material is isotropic, the stiffness tensor depends on two

parameters and the constitutive equation 2.1 can be simplified into Hooke’s law:

σ= λ tr(ε)I+2µε (2.2)

here, tr(ε) is the trace of strain tensor, λ and µ are Lamé constants which are related to the

elastic constants (E,ν). In the case of non-elastic materials, other constitutive equations are used

depending on the behavior of the material and the adapted model.

When the temperature of a material varies due to heating or cooling, the amplitude of vibration

of the atoms increases/decreases with respect to their equilibrium position, which changes the

interatomic distances. This results in an increase, known as dilatation, or a decrease, known as

contraction, of the geometrical dimensions of the material. This relative change in geometry at a

temperature variation of 1°C is described by Coefficient of Thermal Expansion (CTE) αth .

αth = LF −L0

L0 (T−T0)
= 1

L0
· ∆L

∆T
(2.3)

Where, LF and L0 are the final and initial length of specimen, respectively, T is the temper-

ature of measurement, and T0 is the reference temperature. ∆L is the expansion/contraction of

specimen with respect to its initial length.

When a material is subjected to pure thermal deformation in a temperature range∆T = T−T0,

the thermal strain tensor is composed of only the normal strains as follows:
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εth = αth∆TI (2.4)

In thermomechanical problems, the total strain is the sum of the mechanical εmec and ther-

mal εth strains. These strains are the result of mechanical loading and thermal expansion due to

temperature variations applied to each material.

ε= εmec +εth

εmec = εel +εi nel

(2.5)

The mechanical strain has two components, the elastic strain εel which is given by the Hooke

law 2.2 and an inelastic strain εi nel which represents the irreversible strain.

The thermomechanical coupling also requires the solving of the heat equation in the mate-

rial. The PV module structure is a laminate where each layer contributes to the heat transfer. The

amount of heat transferred depends on the thermal and mass properties of the material. The en-

ergy equation or heat transfer equation for each module layer is given below :

ρi Cpi
∂Ti

∂t
= λi∆Ti , i = 1,2, . . . ,n (2.6)

Where i represents the layer number, ρi stands for the density (Kg /m3), Cpi is the specific heat

(J.Kg−1.K−1) and λi depicts the thermal conductivity (W.m−1.K−1).

In general, solid mechanics problems can be solved analytically for simplified geometries.

However, in the case of complex geometry of PV module, Finite Element (FE) method is often

used to solve such a system of equations.

2.2 Thermomechanical modeling of photovoltaic module manufactur-

ing processes

The reliability and lifetime of PV modules is largely related to their manufacturing process. Several

experimental accelerated qualification tests of PV modules are developed within the context of the

IEC 61215 standard [8]. PV modules undergo a sequence of experimental characterizations that

validate their reliability. These characterizations, while effective in studying the reliability of PV

modules, are time consuming and require significant material resources. Moreover, very few tests

enable to study the thermomechanical behavior of PV modules. Numerical modeling is a tool that

allows to study thermomechanical problems consuming less time and less material resources. It

also allows to study the coupling of complex phenomena such as those present in the case of PV

module (coupling of thermomechanical loading, different behavior laws of components, bending

of thin structure). Most importantly, thermomechanical modeling allows access to local variables

such as the stresses that are at the origin of crack initiation. Although finite element modeling

is efficient, it is necessary to adopt some simplifying assumptions while keeping the maximum

coherence with the physical conditions of the problem.

The implementation of a numerical model with the FE method is based on four important
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elements: geometry, behavior laws, boundary conditions and loading, and meshing. The space

discretization as well as the choice of elements in the mesh are key parameters. In the case of

modeling PV module manufacturing processes, there are several complexities related to these el-

ements.

Geometry and meshing

The geometry of the PV module is a thin structure where the thickness is quite negligible com-

pared to the other dimensions, which makes it quite complex. The degree of complexity varies

according to the scale of the study.

At the string scale, the solar cell is the largest component in the structure (surface 156× 156

mm2 for M0 format) with a rather low thickness/length ratio. On the outer surfaces of the cell,

layers of metallization and ECA at the scale of a few micrometers are deposited (see Figure 1.5a).

Then comes the copper ribbon which represents the thickest layer in the whole structure with a

thickness of up to 220 µm. Thus, during the interconnection stage, all components have a thick-

ness at the micrometer scale.

At the overall PV module scale, the thickness / length ratio is even lower. Table 2.1 shows

thickness (t) to length (L) ratio of each component with respect to the number of solar cells of

a PV module. In a PV module with a single cell, the lowest ratio is present in the cell. Since its

dimensions do not change with increasing number of cells in the PV module, the ratio remains

constant. As the number of cells increases, the ratio becomes lower in the other layers. The copper

ribbons bind between two cells regardless of the size of the PV module. Therefore, for a number of

cells greater than one, the ratio does not change. Also the t/L ratio in the PV module is reduced by

increasing the number of solar cells.

Number of solar cells
t/L ratio (×10−3))

Cell Copper Backsheet Encapsulant Glass PV module
1 cell

0.96
1.2 1.75 2.25 10 15.75

4 cells
0.63

0.913 1.17 5.2 8.2
60 cells 0.116 0.15 0.66 1.8

Table 2.1: The thickness to length ratio of the components with respect to the number of solar cells of a PV
module

In the case of numerical studies of thin structures subjected to bending, a minimum number

of elements per thickness is required. Furthermore, flattened elements (3D element with high as-

pect ratio, i.e. element that are elongated in two directions much more than the third direction)

are not recommended for this type of problem. Given the geometric relationship of the PV module

layers in both scales, 3D models including all string and PV module details would require millions

of elements. Thus, the calculation time would be increased drastically. Therefore, some geomet-

rical simplifications, such as neglecting some components which have a very low thickness, are

crucial for modeling the behavior of the string and PV module during their fabrication.

Behavior laws
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As discussed in the previous section, in thermomechanical problems, the total deformation of

a material is governed by the mechanical and thermal deformation. Therefore, the overall behav-

ior of each component is defined by its thermomechanical law and by its thermal expansion.

According to the bibliographic review of PV module components presented in Chapter 1, the

encapsulant, backsheets and ECAs have a viscoelastic behavior, while the copper ribbons have an

elastoplastic behavior. The solar cell has an orthotropic elastic behavior, and the glass is isotropic

elastic. This variety in the thermomechanical behavior of the components increases the complex-

ity of the numerical problem. The consideration of some complex behavior such as viscoelasticity

can contribute to the increase of the calculation time. Therefore, some simplified laws can be used

as long as it will not affect the accuracy of the simulations.

On the other hand, the thermal expansion of materials depends directly on the temperature

variation during thermal loading. For some materials, their expansion may be isotropic and con-

stant over the range of temperatures applied during interconnection and lamination. For others,

the expansion may be variable and anisotropic. Considering a constant CTE for materials can be

a simplifying approach to the numerical calculation.

Boundary conditions and loading

During both the interconnection and lamination processes, thermal loading is applied to heat

up or cool down the structure while simultaneously applying a force or pressure to ensure adhe-

sion of the layers. Therefore, the numerical problem requires the use of a coupled temperature and

displacement solver. The thermomechanical coupling uses elements that have both displacement

and temperature degrees of freedom, which allows to manage the thermomechanical behavior of

materials. In some software, it is not obvious to couple mechanics with thermal equations, which

can complicate the numerical models.

During the manufacturing of the string or the PV module, they are placed on heating plates

which allow to heat the components by conduction. When cooling occurs in the open air for ex-

ample, the laminates are cooled by convection. The choice of these thermal boundary conditions

is also important for the accuracy of the thermal calculation of the problem.

Contact management is often a source of complexity in numerical models. In the case of mod-

eling the PV module manufacturing process, two types of contact are present. The first type of

contact is related to the contacts at the interfaces between all components. The second type is

associated with the contact of the structure with the heating plates, which are rigid bodies.

The mechanical contact at the interface can be considered as a perfect contact if we want to

simplify the numerical model. Otherwise, contact properties that are defined from the adhesion

energies between the different layers can be used. There are several approaches to study the non-

perfect contact between materials, including the implementation of cohesive elements which en-

able to study for instance the interface delamination [125–127].

In recent years, much interest has been given to thermomechanical modeling of PV modules.

In the following sections, the existing models in the literature will be reviewed. The assumptions

used to build these models will be analyzed. Then the residual stress level after interconnection

and lamination will be discussed. Finally, research that investigates the influence of process pa-
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rameters will be presented.

2.2.1 Thermomechanical modeling of the interconnection process

The interconnection process represents the first thermomechanical loading applied to solar cells

in the PV module manufacturing chain. In the last years, several researchers were interested in

modeling the interconnection process and mainly the soldering. In most of the works, the inter-

connection process is modeled only by the cooling step from the solder solidification temperature

to the room temperature [101–103; 108; 109; 128–135]. Very few studies consider the entire ther-

mal heating cycle during the process (i.e. heating from room temperature 25°C to 250°C and then

cooling to room temperature) [99].

Esfahani et al. [100] used a different approach by modeling the process in two sub-steps. The

first one consists in applying a local heating by the crossing of the welding heating head which

locally increases the temperature of the heat-affected zone (HAZ) as illustrated in Figure 2.1. The

second step simulates the cooling of the cell and the copper to room temperature by convection.

A similar approach has been used in [136].

Figure 2.1: Soldering system used in the model of Esfahani et al. [100]

In most of the works, the busbars interconnection technology with rectangular ribbons has

been studied. Some models take into consideration the pads of metallization layers (see example

in Figure 2.2a) while in others the pads of metallization are neglected for simplification reasons.

Rendler et al. [137; 138] studied the evolution of residual stresses during cooling after soldering in

the case of a multi-busbar technology with circular copper ribbons with discontinuous soldering

points as shown in the model presented in Figure 2.2b.

As mentioned in Section 1.1.2.1, in this work we are interested in the study of the low temper-

ature interconnection process especially the ECA bonding adapted for SHJ cells. Very few studies

are available in the literature that focus on the residual stresses induced by bonding of the cell and

the ribbon using ECAs [139–141]. The most recent numerical study was performed by Geipel et

al. [139] on the residual stresses induced after ECA bonding and welding in order to compare the

two techniques. Their model includes the ECA layer, the ribbon, the cell, and the aluminum met-

allization layer as displayed in Figure 2.3. Geometric simplifications were used such as neglecting

the top solder layer and considering the thickness of the busbar and the aluminum layer to be

equal. The modeling is performed in steady state, so effects such as creep are not considered. The

copper ribbon and solder are modeled using an elastoplastic behavior laws, while for the other

components elastic behavior is considered. The stress free state is considered at the solidifica-

tion temperature which is around 160°C for the adhesives and 179°C for the solder. Therefore, the
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(a) (b)

Figure 2.2: (a) Model geometry details that indicate the mesh distribution in the case of busbars technology
(Extracted from [102]) (b) Model geometry consisting of a cell section of 78×10mm2 with half of a MBB pad
row and a soldered Cu wire with a diameter of 300µm [138]

residual stress state is considered at 25°C after cooling.

Figure 2.3: Overview of the FEM for the consecutive busbars (left), and detailed view on the layer structure
and the mesh (right) (Extracted from [139])

Their model is the most complete one so far in the literature, in terms of geometry, for studying

interconnection bonding by ECA. However, it only allows to study the cooling stage and the residual

stresses at the end of the process. The cross-linking step and the evolution of thermomechanical

stresses during the process are not investigated.

2.2.1.1 Residual stress and strain levels

Beinert et al. [129] found a relative residual stress level after soldering of about -22 MPa in the

solar cell. While in the study of Song et al. [108] the maximum principal stress level in the cell

after welding is about 145 MPa. In these two studies, solder was not considered. However, in

the study by Song et al. [108] the copper ribbon was modeled with an elastoplastic behavior law.

Tippabhotla et al. [132] showed that the presence of solder and the use of an elastoplastic law in

copper and solder reduces the stress level by up to 50%.

In the study by Kraemer et al. [101] the behavior of the solder, ribbon and busbars was con-

sidered elasto-plastic. The distribution of the third principal maximum stress in the string is pre-

sented in Figure 2.4. Due to the large contraction of the copper ribbon, the residual maximum

principal stresses in the third principal direction are compressive. Stress concentrations are ob-
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served in the interface between copper and silicon since both have a high Young’s modulus. Thus

higher compressive stresses are observed along the busbar, while the stress level in the rest of the

cell is almost stress free. The out-of-plane strain analysis reveals that the edge of the cell undergoes

a residual strain of -0.4. In this area, the cell is in contact with the alminum layer of metallization.

As the string cools down, the aluminum contracts and applies deformation to the cell since it has

a higher CTE.

Figure 2.4: Contour plot of the third principal stress in the silicon cells after cooling. Areas beneath the back
side solder regions show highest stress [101]

In the case of bonding with ECA, the normal residual stress state is compressive in the copper

and solar cell in the x direction as shown in Figure 2.5, while in the y direction the copper is under

tension. The compressive residual stresses in solar cell reach a value of -231 MPa [139].

Figure 2.5: Cross section of the interconnection with the normal stress in y-direction highlighted (left), and
the same cross section with the normal stress in x-direction (right) [139]

In the study by Geipel et al. [139], they showed that the ECA interconnect technique induces

less residual stress compared to welding. However, the stress level obtained with an ECA assembly

in their study is much higher than that found by Kraemer et al. [101] in the case of welding. Krae-

mer et al. [101] used more complex behavior laws, and therefore the stress level is more accurate.

Thus, more simplified behavior laws in the case of modeling the interconnection by ECA can lead

to an overestimation of the residual stress state.

According to these results, the residual stresses induced during the interconnection process are

due to the CTE mismatch between the solar cell and the copper ribbon or the solar cell and the

metallization layer in aluminum.

The conventional welding interconnection process is widely studied in the literature [101–103;

108; 109; 128–135]. However, the bonding interconnection process using ECA is rarely studied [139–

141]. Mostly, the approach of modeling the cooling down from the maximal temperature of the pro-

cess is the most used by researchers in studying soldering or ECA bonding interconnection process.
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This approach is based on the fact that the interface bonds between the components are established

at the welding temperature. However, in the case of ECA bonding, the cell/ECA/copper interface

bonds are established at the ECA curing temperature. In the literature, so far, no research has been

conducted on the evolution of thermomechanical stresses in the case of ECA bonding technology.

2.2.1.2 Influence of the process parameters on the residual stress state

The residual stresses induced during the interconnection are mainly due to the CTE mismatch

between the string materials [142]. Therefore, the dimensional parameters and the behavior of

the materials have a significant impact on the residual stresses.

Dimensions of copper ribbon and yield strength

In a study by Ridhuan et al. [131], the thickness of the ribbon tCu was varied between 0.01 and

0.03 mm keeping the thickness tSi of the solar cell fixed. The post-soldering residual stresses are

maximal when the ratio tCu/tSi is equal to 0.8 for hard ribbon. Analytically, the expression of the

maximum principal stress is defined as a cubic function of the ratio of the thickness which explains

the peak stress at 0.8. For soft ribbons, the maximum stress is reached at a higher thickness ratio

of around 1. This is explained by the variation of Young’s modulus ratio between the ribbon and

the solar cell which is also involved in the analytical formula of the stress calculation.

Figure 2.6a displays the variation of the third principal stress, since they are higher than the

first principal stress, in the solar cell after welding according to different types of ribbons with a

yield strength varying between 30 MPa and 120 MPa. Four ribbons with different Young’s modulus

were analyzed in the study by Wiese et al. [135].The curves show that the third principal stress in

the silicon is lower as the yield strength of the ribbon decreases. This decrease can reach -60% to

-70% for the principal stress in the solar cell. However, the influence of Young’s modulus on the

residual stresses is negligible. Since an elasto-plastic model was used, the Young’s modulus only

affects the speed of the stress increase until the yield criterion is fulfilled.

The influence of the ribbon dimensions and the width of the front face busbar (FS-BB) were

also studied in [135]. Figure 2.6b shows the evolution of the first principal stress in the cell. The

width of the busbar was varied in two widths, one wider and one narrower than the ribbon. The

wider busbars induced a residual stress level up to 50% lower than the narrower busbars. A re-

duction in residual stresses in solar cells is achieved when thin copper ribbons are used. The

combination of narrower ribbons and busbars can further reduce the residual stress in the solar

cell.

Interconnection technique

Wiese et al. [135] performed a comparative numerical study between solar cell soldering tech-

niques by varying the type of solder while adapting the solidification temperature of the alloy. Four

study cases were selected by modifying the initial temperature of simulation: no solder (Tsol =
183°C), Sn63Pb37 (Tsol = 183°C), SnAg1.0Cu0.5 (Tsol = 210°C), and SnAg3.5Cu0.75 (Tsol = 220°C). Fig-

ure 2.7a depicts the first principal stresses in the silicon with the different welding techniques. It is
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(a) (b)

Figure 2.6: (a) Influence of the copper ribbon’s yield stress on the third principal stress in silicon solar cells
after soldering with respect to the yield stress of the copper ribbon and (b) Influence of copper cross-section
on the first principal stress in silicon after soldering [135]

clear that the presence of solder between the ribbon and the busbar reduces the residual stresses

in the solar cell as the stress decreased by almost 100 MPa when solder is added with the same

cooling profile. Lead-free solder induces higher residual stresses in the cell. This is due to the

higher solder temperature, higher Young’s modulus and smaller creep rates. Solder joints with a

high silver content involve lower creep rates, which reduces their ability to relax stresses. There-

fore, the creep of the solder has a significant influence on the post-soldering residual stress level.

It has also been proved that the soldering temperature and the type of solder influence the

warpage of the cell after soldering. Low temperature and Bismuth based solders create less warpage

in the solar cell than lead based solders [103].

Geipel et al. [139] investigated the level of residual stress induced after bonding by two differ-

ent types of ECA (thermoset and elastomer) compared to the conventional soldering technique.

As mentioned previously, the temperature of ECA curing is lower than temperature of solidifica-

tion of solder. Figure 2.7b displays the evolution of the first maximum stress in the thickness of the

string. The residual stress level in the ECA/solder layer is reduced by 10 MPa when a thermosetting

adhesive is used instead of the solder. In the case of an elastomer, the stress level decreases further

to 1 MPa. In the ribbon, the stress level is almost identical between thermosetting and soldering,

however with an elastomer the stress is reduced by 20 MPa. Similarly in the cell, the elastomer

interconnection induces less stresses. This difference is related to the ability of the elastomer ECA

to absorb the shear induced by the CTE mismatch between the copper and the cell.

The most studied interconnect process parameters are process technology, geometry and yield

strength of the copper ribbon. Copper ribbons with a small cross-section generate less residual stress

in the solar cell. Moreover, a low yield strength contributes to the reduction of stress in the solar

cells. The presence of solder between the cell and the ribbon greatly reduces the residual stresses.

Low temperature welding techniques also have an advantageous effect in reducing the stress level

post manufacturing.
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(a) (b)

Figure 2.7: (a) Maximum first principal stress in silicon solar cell with different solder alloys [135], and (b)
first principal stress along the depth of the interconnection (only sunny side shown) [139]

2.2.2 Themomechanical modeling of lamination process

The research on thermomechanical modeling of lamination processes was initiated by Meuwis-

sen et al. in 2006 [141] and U. Eitner in 2008 with several works related to the modeling of the

lamination process and thermal cycling [24; 143–145]. Several researchers in different research

entities have since developed different thermomechanical models to study the lamination pro-

cess. Among these teams are the works of:

∗ The modeling team of the German Fraunhofer Institute for Solar Energy Systems (ISE)

Their work consists in the development of models in multi-scale approaches using Comsol

Software.

• Eitner [24] developed a 2D plane stress sub-model that represents the inter-cell area of the

PV module as shown in Figure 2.8a. Although the geometry requires a plane strain approx-

imation, plane strain modeling has been preferred. This model was used to study the se-

quencing of the lamination process and thermal cycling to analyze the variation of the inter-

cell gap during thermal cycling. The interconnectors between the cells were neglected. The

materials behavior was considered elastic except the EVA with two mechanical behaviors (a

thermoelastic and viscoelastic model) in order to study the sensitivity of the inter-cell gap

estimation according to the behavior law. The stress free state is assumed at lamination

temperature of 150°C.

• Another 3D sub-model was established by Eitner et al. [143], which is representative of a

quarter string stacked with the PV module layers. This model aims to numerically investi-

gate the effect of the interconnector design on the electrical performance of the module and

the residual stress state (see Figure 2.8b). A bidirectional coupling mechanism between the

solder areas on the cells in the 3D geometry and the solder areas of the 2D-interconnector

was implemented. This coupling enables to account for the elastic solder properties. This

simplification is justified by the difference in scale between the dimension of the solder and
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the string. Thermoelastic behavior laws were used in this model. The stress free state is

assumed at lamination temperature of 150°C.

• In his Ph.D. thesis, Eitner developed a 3D model of a quarter string of a 60-cell PV module

without interconnects [24] (Figure 2.8c). The model is composed of 15 cells of size 125×
125 mm in pseudo-square shape. The materials were considered elastic except for the EVA

which is viscoelastic. Only the cooling of the PV module is modeled in this case considering

a stress free state at 150°C.

• Dietrich et al. also used a multi-scale approach with a 3D global model representing a string

or several strings of cells encapsulated with the other layers [105; 146] and sub-models rep-

resenting the structure interconnected with the metallization layer and the copper ribbons

as displayed in Figure 2.8f [105; 130; 147].

• Further works on the modeling of the lamination process were pursued in the researches

of Beinert et al.. In these recent works, two models have been developed. A 3D sub-model

which is at the cell scale and focuses on the detail of the metallization and interconnection

(see Figure 2.8d) [128; 129]. Another 3D scale model of the PV module similar to Eitner’s was

used by adding aluminum frame attachment points as presented in Figure 2.8e [148–150].

Larger solar cells were chosen with a square shape. These models have been used in several

other works to study the reliability of PV modules [151–155].

Their work did not focus on studying only the residual stresses induced after lamination, but often

a sequence between lamination and thermal cycling or mechanical loading is studied to investi-

gate the reliability of PV modules. For this reason, in all their models they simulate the lamination

process by cooling from the lamination temperature to room temperature assuming that at 150°C

the encapsulant is melted and thus the stress level is considered to be free in the components. Dur-

ing the lamination process, the components of the module are heated up to a temperature around

150°C, and therefore all components expand during the process. With this assumption, it is con-

sidered that with the geometry of the model, the components do not change their dimensions due

to the thermal expansion. Therefore, the contraction of the components can be exaggerated.

∗ The modeling team of the Xtreme Photovoltaics Laboratory in Singapore

Their methodology to evaluate the residual stresses due to the manufacturing process is dif-

ferent. They are interested in studying each step of the lamination process: preheating, pressure

ramping, curing of EVA and post-lamination cool-down and its contribution in the creation of

residual stresses. They often use 2D sub-models in plane strain approximation taking into con-

sideration the details in the interconnection area. All their models are developed using Abaqus

Software.

• Tippabhotla et al. [134] have developed 2D plane strain and 3D sub-models to capture the

evolution of residual stresses during the lamination process in the case of conventional lam-

ination process. These sub-models represent a single-cell PV module with a back-contact
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(a) Geometry of the 2-dimensional FEM-model
in the simulations with Comsol Multiphysics
[24]

(b) Schematic sketch of the laminated string
used in simulations. The interconnections be-
tween the solar cells are not shown [143]

(c) Simulation model of
a 60 cells module with
symmetric boundary con-
ditions [24]

(d) Symmetry corner of the laminate with the
used mesh (a) shows the mesh in more detail
(b) shows additionally the mesh at a solder pad
[129]

(e) FEM model geometry of the reference mod-
ule with the symmetry axes depicted (green
lines). The orange rectangles show the posi-
tion of the fixed constraint at 20% of the module
length from the edge [150]

(f) Three dimensional finite element global
model (left) and sub model (right) (encapsulant,
glass and back sheet is suppressed) [105]

Figure 2.8: Numerical models developed by the ISE team [24; 105; 129; 143; 150]

technology where the cell is interconnected on one side with the copper ribbon. In this

study, all layers were considered to be linked during all lamination steps as shown in Figure

2.9a. Soldering was neglected in this model.
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• Another approach of sub-step modeling of lamination process, according to the steps shown

in Figure 2.9b, was used by Song et al. [108]. In the pre-heating and pressure ramping stages,

the PV module is modeled by three separate layers without interface bonding. The first layer

represents the glass and EVA bonded together, the second layer is the string and the third

layer stands for the backsheet and EVA (see Figures 2.9c and 2.9d). At this stage, the encap-

sulant was assumed not to be softened to fit the shape of the solar cells, for this reason they

have considered three separate layers. In the following steps, the PV module layers were con-

sidered to be bonded together with perfect interfaces. The layers were considered bonded

because the EVA has cross-linked, and therefore the interface bonds are established.

(a) Schematic of the 2D FE model showing di-
mensions of different components of the mini
PV module in mm (not to scale) [134]

(b) Sub-steps used for modeling the lamination
process [108]

(c) Numerical 2D model used for modelling the
pre-heating and pressure ramping steps [108]

(d) Numerical 2D model used for modelling
the EVA curing strep and post-lamination cool-
down [108]

Figure 2.9: Numerical models developed by the Xtreme Photovoltaics Laboratory team

These models are used and re-adapted in further works using the same modeling strategy [109;

131; 132; 156; 157]. In all their study, the material behavior is simplified by considering the EVA and

the backsheet as thermoelastic except for copper where an elastoplastic bilinear model defined by

Wiese et al. is used [158].

Other researchers have been interested in the thermomechanical behavior of PV modules ei-

ther during fabrication, mechanical loading or thermal cycling [48; 99; 103; 106; 159–162]. Other

types of PV technologies such as Shingle have been studied thermomechanically [163–165]. Some

researchers have made choice to model PV modules using simplified analytical solution [85; 166;

167].

All these works aim at understanding the thermomechanical phenomena that occur during

manufacturing or during qualification tests in order to identify the parameters that can improve

the reliability of PV modules. In the following we will discuss the level of residual stresses induced

in the PV module after the lamination step. We will also review the process parameters that have
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shown good optimization of the stress state in PV modules.

2.2.2.1 Residual stress and strain levels

In the study by Beinert et al. [129] using the 3D sub-model shown in Figure 2.8d, the residual

stresses induced in the lamination step were identified. As explained before, they only model the

cooling step from the maximum lamination temperature to room temperature. The residual stress

level induced by the soldering of the cell and the copper are implemented in the FEM model. Fig-

ure 2.10 represents the relative stress distribution calculated by FEM in the solar cell after cooling

from the lamination temperature. The residual stresses in the center of the solar cell are com-

pressive reaching up to -57MPa. As we approach the edge of the compressive cell, the stress level

decreases and becomes positive (tension). Areas of solder discontinuity, indicated by white boxes,

are visible by compressive stress concentrations in the interconnect line.

Figure 2.10: Relative stress 1
2

(
σx +σy

)
from the FEM simulation of the solar cell after lamination. The met-

allization is not part of the FEM model. The dotted white boxes indicate the position of the rear side metal-
lization pads (Extracted from [129])

The modeling of Tippabhotla et al. [134] of lamination process in one step showed that the

solar cell that was deformed after soldering is forced to flatten during lamination, which induces a

deformation concentration near the interconnection area as illustrated in Figure 2.11a. These de-

formation concentrations at the edge of the interconnection zone are explained by the difference

of flexural stiffness in the interconnection zone and the solar cell. This localized deformation in

the solar cell induces a rather high level of bending stress in the solar cell reaching locally ≈ 300

MPa as shown in Figure 2.11b. This high stress level is due to the deformation induced in the cell

during the soldering step.

The approach of modeling the lamination process in sub-steps with different geometries used

by Song et al. [108] showed a different level of residual stress. Figure 2.12 displays the level of resid-

ual stresses induced after each lamination sub-step at different points of interest shown in Figure

2.9c. The maximum principal stresses in the cell at the end of the pressure-ramping increased by

145 MPa in the backsheet side and 75 MPa in the glass side compared to the post-soldering stress

level reaching a maximum of residual stresses up to 275 MPa. This is explained by the transmis-

sion of the pressure applied by the backsheet and EVA to the initially flat cell introducing bending
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(a) (b)

Figure 2.11: (a) Post-lamination Z-displacement (scaled 5×, the other components have been removed for
clarity and full length of the cell is not shown) and (b) residual stress (in X-direction) contours along the cell
in MPa post-lamination (only cell and inter-connect are shown in zoomed-in plots) (Extracted from [134])

in the solar cell. The stress level induced after the EVA curing step is the lowest among all the steps

(≈ 20MPa). Since the EVA is molten in this step, the thermal stresses related to the temperature

difference between the preheating step and the welding 185°C (210-25°C) compared to the tem-

perature difference between the welding and the EVA curing step 60°C (210-150°C) are reduced.

Moreover, the deflection induced by the pressure applied by the EVA and backsheet on the cell in

the pressure ramping step is reduced by the melting effect of the EVA. After the PV module has

cooled down to room temperature, the maximum principal stress level in the cell is 156 MPa in the

backsheet side and 100 MPa in the glass side.

As in most studies available in the literature, only the cooling of the PV module is modeled

in the lamination process. In this study, they compared this approach, called Simplified post-

lamination cooldown (SPLC) and their simulation approach considering heating and cooling step.

Using their model, the residual stress level is 20-30 MPa higher which represents 20% of the maxi-

mum principal stress in the solar cell as displayed in Figure 2.12.

Figure 2.12: Plot of maximum principal stress at 36 critical points (Point ID) in three cells throughout the
manufacturing process [108]

In the three approaches compared in this section, the residual stress level is significantly dif-

ferent. Several factors can induce such differences: first, simplified boundary conditions that can

influence the accuracy of numerical calculation, then the geometry of the model, and finally the
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accuracy of the material behavior laws.

In the work of Beinert et al. [129], the modeling of the lamination process accounting only the

cooling step can under/overestimate the stress level. During lamination, the components are heated

to the lamination temperature which induces thermal expansion of the materials. By considering

only the cooling step, the thermal expansion of the materials is not captured and therefore it is con-

sidered that the components will shrink from their initial shape and not from their expanded shape.

The pressure applied on the components could also have an effect on the stresses in the solar cells.

Song et al. [108] used a rather realistic approach in their model. However, their analysis was

performed at specific points in the cell and at the edge of the interconnection zone where stress con-

centrations were observed. It is difficult to distinguish whether these concentrations are necessarily

related to thermomechanical stresses during the process simulation or to concentration points re-

lated to the consideration of a perfect bond between silicon and copper with a geometry with sharp

edges that often lead to stress exaggeration problems in FE calculations.

They verified experimentally that the EVA at the end of the preheating step is not melted and

is easy to peel off from the solar cell to justify the choice of the geometry adopted in the modeling

of the pressure-ramping step. It may be that the interface connection between the encapsulant and

the cell is not established, yet the vacuum pressure is intended to evacuate the vacuum between all

components and thus ensure contact between the different components.

Tippabhotla et al. [134] used a more simplified geometry to model the entire conventional lami-

nation cycle. However, the residual stress level at the end of the simulation is quite high. This may be

due to the non-symmetry of the geometry which favors one-way deflection and also the simplified

behavior laws. In their further research, they showed that the use of an elasto-plastic law in copper

and thermoelastic law in solder can reduce the stress level by more than 50% [132].

2.2.2.2 Influence of the process parameters on the residual stress state

The effect of the cooling press

Li et al. [85] investigated experimentally and analytically the influence of the cooling press

on the modulus curvature and normal stress in the solar cell. They added a Teflon layer between

the glass and the front side encapsulant to separate the glass from the laminate at the end of the

fabrication and to measure the curvature of the other layers. Figure 2.13 shows the normal stress

in the solar cell in PV modules cooled with and without cooling press. The reduction in residual

normal stress in the module cell cooled with the cooling press is 22-27% less than the stress in the

module cell cooled in the open air (i.e., without cooling press).

This difference in stress level is related to the residual deflection measured experimentally on

the PV modules. The PV modules cooled down with the cooling press have a lower deflection than

the PV modules cooled down without cooling press (see Figure 2.13). Therefore, the cooling press

decreases the residual deflection in the PV module, thus resulting in a lower residual stress level.

Dimensions of solar cells

Besides thermomechanical parameters, dimensional parameters have an effect on the cre-

44



CHAPTER 2. THERMOMECHANICAL MODELING OF PV MODULE MANUFACTURING
PROCESSES: A LITERATURE REVIEW

Figure 2.13: Analytical normal stress at the middle layer of Si solar cell in the module with one cell (left), and
an image of two modules after cooling and front glass removal, with or without CP (right) [85]

ation of residual stresses in PV modules. It has been shown that the cell thickness acts on the

deflection variation and the maximum principal stresses of the PV module after lamination [103;

105; 108; 147]. A smaller cell thickness results in a lower deflection of the laminate, which is the

result of a reduced bending moment resulting from thermal stresses [105; 147]. Furthermore, the

maximum principal stress in the cell increases by about 27% by reducing the cell thickness from

200 µm to 120 µm as displayed in Figure 2.14a. This is due to the local bending of the copper rib-

bons [103; 105; 147]. Song et al. [108] showed that the level of principal stress after lamination

does not change much with the variation of the cell thickness. However, the maximum principal

stress after the pressure-ramping step is reduced by 23% for a thickness decreased from 180 to 90

µm. The reduction in cell thickness has also an effect on the long-term reliability of the PV module

since thin cells show a reduction in fatigue solder damage [160].

(a) (b)

Figure 2.14: (a) Parameter study of cell thickness regarding maximum principle stress in the silicon after
lamination (Ref: 200 µm) [105], and (b) Minimum third principal stressσIII of the solar cells after lamination
for the variation of the cell format for glass-foil and glass-glass module (Extracted from [150])

The cell size has also an influence on the stress level induced after lamination. The larger

the cell size, slightly higher the maximum principal stress in solar cell is. This slight increase is

related to the increase in the size of the modulus associated to the variation of the cell size, and

also to the size of the cell itself. Since a larger cell size induces higher compressive stress [150].
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The cell shape also has a beneficial effect on the reduction of residual stresses after lamination.

By reducing the cell shape from a full cell to a 1/4 cell, the maximum principal compressive stress

level is reduced from 83.5 MPa (full format) to 73.4 MPa (quarter cells) as presented in Figure 2.14b.

This reduction is equivalent to the reduction in cell size. These effects are identical in glass-glass

and glass-backsheet modules.

Properties of interconnect

Song et al. [109] numerically investigated the influence of the cross section of the copper rib-

bon on the creation of residual stresses after lamination. The ribbon width was increased from 1

mm to 1.8 mm. The thickness of the ribbon was also varied by keeping its cross section and its

electrical resistance constants. The maximum principal post-lamination stress in the back side of

the cell increases as the ribbon width decreases. However, on the front side of the cell, the op-

posite effect was observed. In their study, they considered that the most critical step was at the

end of pressure-ramping, and that the stress level was critical in this step in the widest ribbons.

Therefore, they concluded that the increase of the ribbon width has a degrading effect on the solar

cells.

Shin et al. [103] also showed that the width of the copper ribbon increases the principal stress

level in the cell during lamination as depicted in Figure 2.15. They also established the relationship

between the number of busbars and the stress level in the solar cell. The results showed that a

higher number of busbars increases the stress in the solar cell.

Increasing the copper thickness also alters the reliability of the solder joint by increasing the

fatigue damage of the solder joint [160].

Figure 2.15: Influence of the number of busbars on the maximum first principal stress of the 100-µm-thick
silicon wafer during the lamination process (Extracted from [103])

Properties of encapsulant

The encapsulant is the binding element between the layers. It has a role of protection of the

solar cells against the loads applied by the glass or the backsheet. Its dimensions, and in particular

the thickness, have a primordial role in the level of residual stress after lamination [151].
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Increasing the thickness of the encapsulant reduces the deflection induced in the PV module

after lamination [105]. Thermomechanical loading on the laminate will induce shear deformation

in the encapsulant between the glass and the cell. As the distance between the layers increases,

the shear deformations will be more important by decreasing the total deflection of the laminate.

On the other hand, increasing the thickness of the encapsulant will allow the cells to move easily.

This leads to an increase in the principal stress parallel to the cell as the copper ribbon shrinkage

becomes dominant.

Numerically, it has been shown that softer encapsulant induces a lower stress level compared

to stiffer encapsulant [168]. Figure 2.16-(a) shows the stress level induced in the solar cell after lam-

ination with respect to the elastic modulus of the studied encapsulants normalized to the elastic

modulus of the EVA. In this case, the same encapsulant was used for front and back sides. It can

be seen that the stresses are lower when the elastic modulus of the encapsulant is low compared

to the EVA. When the elastic modulus exceeds that of the EVA, the stresses increase and reach a

maximum even if the elastic modulus increases more. When the elastic modulus exceeds the EVA

modulus above 5 times, the stresses decrease sightly.

In other cases, the encapsulant was chosen as the front or back face in combination with an-

other encapsulant in the other face. Figure 2.16 (b) and (c) show the stress level when the EVA

is the back and front encapsulant, respectively. The stress levels clearly show that the front side

encapsulant and its stiffness have a more important role in creating stress after lamination.

Figure 2.16: Variation of maximum cell stress in tangential direction (for different conditions) with (a) the
encapsulant elastic modulus (front and back), (b) front encapsulant elastic modulus and (c) back encapsu-
lant elastic modulus. Note: The encapsulant modulus was normalized by the EVA elastic modulus in all the
cases [168]

In this section, the influence of some parameters of the lamination process on the residual stress

state are discussed. The parameters studied numerically are related to the geometry or behavioral

properties of certain components, including the solar cell, the ribbon and the encapsulant. The type

of cooling and its influence on the deflection and residual stress are documented by experimental

and analytical study. Therefore, despite the prediction of the ITRPV of the increase of the lamination

process throughput [5], the numerical study of the effect of process parameters such as temperature

and cooling type on the thermomechanical behavior of the PV modules is still nearly non-existent.
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2.3 Summary and open questions

The PV module is a thin and large laminate assembled using two main manufacturing steps: in-

terconnection and lamination. Both steps induce residual stresses that affect the reliability and

life cycle of PV modules. Several factors contribute to the creation of residual thermomechanical

stresses in the PV module such as different thermomechanical properties of the materials, com-

ponent geometry, and thermomechanical loading conditions.

All numerical models need to be developed based on input parameters: geometry, behavior

laws and boundary conditions representative of the thermomechanical loading applied during the

process. In the literature, the database of behavior laws of PV module components is quite poor.

Recently, researchers have provided databases on the viscoelastic behavior of some types of en-

capsulant and backsheet. However, for other materials the data remain weak. What are the main

mechanical tests needed to characterize the thermomechanical behavior of each component ?

What are the constitutive behaviors that allow to represent the thermomechanical behavior of

the PV module components ? This will be the focus of chapter 3.

In the first interconnection step, welding is considered as a classical process. For this reason,

most of the research available in the literature and presented in this chapter was focused on nu-

merical modeling of the residual stresses after manufacturing. Some cell technologies, especially

SHJ technology, are sensitive to high temperature welding. The alternative is the ECA assembly

which ensures an adhesion by cross-linking. There are very few modeling studies in the literature

that focus on ECA interconnection. However, in all these studies, only the residual stress state after

manufacturing was examined. None of the studies presented in this bibliographic review inves-

tigated the evolution of thermomechanical stresses during the bonding interconnection process.

How do the thermomechanical stresses in the string evolve during the bonding by ECA inter-

connection process ? What are the process parameters that allow reducing this level of induced

stresses ? Such questions will be addressed in chapter 4.

The lamination process is considered as the most critical step in the PV module manufacturing

chain. Differences in the behavior of the components, the module architecture and the thermo-

mechanical loading are at the origin of the stresses induced during the process and of the final

residual stresses.

The interest in thermomechanical modeling of the lamination process has increased in the last

decade. Some researchers were interested in understanding the thermomechanical phenomena

at the solar cell scale using sub-models. Others have developed multi-scale modeling strategies.

Indeed, 2D and 3D submodels were used to study the behavior at a reduced scale of the PV mod-

ule. Additionally, simplified 3D models were developed to study the global deformation of the PV

module by omitting the components with negligible shape such as copper ribbons. In this work,

we also choose a multi-scale strategy to investigate the thermomechanical behavior of PV mod-

ules.

Several components of the PV module have a complex thermomechanical behavior, such as

the encapsulant and the backsheet which are viscoelastic and the copper which is elastoplastic.

However, in the literature, the behavior laws of these materials are often simplified to elastic or
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thermoelastic models. Tippabhotla et al. [132] have shown that the use of an elastoplastic law to

model the copper ribbon improves the accuracy of the numerical calculations: how these simpli-

fying material models affect the accuracy of the numerical calculations ? This topic will be the

focus on the first part of chapter 5.

In the sub-modeling of the lamination process, at the solar cell scale, geometrical simplifi-

cations are necessary to reduce the complexity of the simulations. In the case of cells intercon-

nected by welding, the metallization and welding layers between the cell and the ribbon are often

neglected. Very few studies take them into consideration. However, in the case of cells intercon-

nected by ECA, no study in the literature has focused so far on the evolution of thermomechanical

stresses for this type of assembly during the lamination process. How does the ECA assembled

string behave during the lamination process ? This aspect will be discussed in the second part

of Chapter 5.

The sub-modeling at a reduced scale of the PV module is not always sufficient to study the ther-

momechanical behavior of PV modules. In several numerical models, the global scale of the PV

module has been considered in order to study its global residual deformation. Some researchers

were interested in numerically evaluating the residual stresses in solar cells by varying some pro-

cess parameters such as the PV module architecture. Others used an analytical approach to study

the effect of the nature of post manufacturing cooling on the deformation of the PV module. These

process parameters have an effect on the residual deformation of the PV module. Another im-

portant process parameter in the PV module lamination recipe is temperature. Few studies have

investigated the effect of temperature on the creation of residual stresses in the PV module. Thus,

how do these three parameters - temperature, architecture, cooling type - influence the numer-

ical deformation of the PV module ?

Experimental validation of numerical models is a crucial step in verifying the accuracy of nu-

merical simulations. Very few models in the literature are experimentally validated. On the other

hand, only two experimental methods for characterizing the deformation of PV modules are re-

ported in the literature: synchrotron X-ray micro-diffraction and confocal micro-Raman spec-

troscopy. However, both methods are limited to the scale of the solar cell. Is there an experimental

method available to characterize the global deformation of the PV module in order to validate

the numerical model ? Chapter 6 will be dedicated to the experimental and numerical study of

the global deformation of the PV module depending on the process parameters.

The analysis of the works reported in the literature allowed us to establish a strategy aiming at

a better prediction of numerical models. This strategy is divided into three main areas:

• Area 1: experimental characterization and establishment of accurate behavioral laws for PV

module components

• Area 2: sub-modeling of interconnection process and multi-scale modeling of lamination

process within the range of temperature of interconnection and lamination processes

• Area 3: experimental validation of the global lamination process model
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The overall strategy is summarized in Figure 2.17. The strategy of multi-scale modeling of lamina-

tion process will be presented in Chapter 5.

Figure 2.17: Strategy implemented for thermomechanical modeling of photovoltaic module manufacturing
processes
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Résumé du chapitre

La structure d’un module PV est assez complexe. Cette complexité provient de la différence entre

les comportements thermomécaniques et des liaisons des interfaces entre les couches utilisées

dans le module PV. Cette différence de comportement est considérée comme l’une des sources

de contraintes internes dans le module PV pendant sa fabrication. Dans ce chapitre, l’accent sera

mis sur la caractérisation expérimentale du comportement thermomécanique de plusieurs com-

posants du module PV.

Tout d’abord, le comportement viscoélastique des matériaux polymères (encapsulant, back-

sheet et ECA) a été identifié sur la base des courbes DMA via des balayages en température. Les

résultats ont montré que l’encapsulant et le backsheet n’ont pas un plateau caoutchouteux très

étendu. Ils passent rapidement à l’état fluide après leur transition vitreuse. Il s’agit d’une carac-

téristique plutôt favorable pour ce type de matériau puisque, pendant le procédé de fabrication,

l’encapsulant peut s’écouler pour remplir toute la forme du module PV.

Dans ce chapitre, un modèle mathématique de Maxwell généralisé a été établi pour modéliser

le comportement viscoélastique de ces matériaux polymères en utilisant des courbes maîtresses

construites par le principe de superpostion temps-température (TTS). Des essais de relaxation

expérimentaux et numériques ont été réalisés pour valider le modèle analytique. Un bon accord a

été obtenu entre l’expérience et la simulation lorsque la contrainte de relaxation appliquée répond

à la condition de viscoélasticité linéaire.

La deuxième partie se concentre sur la caractérisation du comportement thermo-élastoplastique

des rubans de cuivre. Les mesures de traction à différentes températures ont montré que les

rubans de cuivre présentent une sensibilité à la température de sollicitation. Cependant, au-

cune sensibilité à la vitesse de chargement n’a été trouvée. Un modèle thermo-élastoplastique

de Johnson-Cook a donc été choisi pour modéliser le comportement plastique des rubans en ten-

ant compte de leur sensibilité à la température. Les résultats de la simulation des essais de traction

utilisant ce modèle ont montré une bonne corrélation avec les mesures expérimentales.

Dans la troisième partie, notre intérêt s’est porté sur l’étude du comportement élastique et la

rupture des cellules solaires SHJ. Sur la base des courbes force-déplacement d’essais de flexion 4

lignes, les modules élastiques dans les directions longitudinale et transversale de la cellule ont été

calculés analytiquement et numériquement. L’objectif de cette caractérisation était de vérifier si

la transition d’une plaquette à une cellule solaire SHJ a un impact sur ses propriétés élastiques.

La corrélation entre les propriétés élastiques théoriques du silicium et les mesures analytiques

et numériques a permis de conclure que les propriétés élastiques restent inchangées entre une

plaquette de silicium et la cellule solaire SHJ. En outre, le comportement à la rupture des cellules

SHJ a été étudié statistiquement à l’aide de la loi de Weibull. La résistance à la rupture dans la

direction des busbars est plus élevée que dans la direction perpendiculaire.

Dans la dernière partie de ce chapitre, les propriétés thermiques des composants des modules

PV ont été étudiées. Tout d’abord, des mesures de coefficents d’expansion thermique (CTE) ont été
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réalisées sur plusieurs composants de modules PV avec différentes variations de composition. Les

mesures sur la cellule solaire SHJ ont mis en évidence un effet anisotrope de son expansion ther-

mique. Cette anisotropie est induite par la métallisation en argent de la cellule puisque l’argent se

dilate plus que le silicium. La dilatation du ruban de cuivre et du backsheet en PP est également

linéaire avec une anisotropie pour le polypropylène (PP). Pour les autres matériaux polymères car-

actérisés dans cette section, leur expansion thermique n’est pas linéaire et dépend fortement de

leurs temperatures de transition ou de leur condition de mise en forme. Enfin, la chaleur spé-

cifique et la conductivité thermique des matériaux polymères ont été mesurées par Differential

Scanning Calorimetry (DSC) et lambda-meter, respectivement.
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Introduction

The structure of the PV module is quite complex. Such complexity lies from the various layers used

in PV module characterized by quite different thermomechanical behavior and interfaces linking

materials. This difference in behavior is considered to be one of the sources of internal stresses

in the PV module during its manufacturing. Their complex architecture combined with the vari-

ous behaviors of the PV module components makes the analytical resolution of the system quite

impractical. For this reason, FE modeling is required. The accuracy of numerical calculations will

depend on the accuracy of the behavior laws used to characterize the different materials. For this

reason, the focus of this chapter will be on the thermomechanical behavior of several PV module

components.

As the PV module is composed by different material families (polymers, metal, semiconduc-

tor), each material category will be investigated separately. In the first section, the viscoelastic

behavior of polymeric materials (encapsulant, backsheet, and Electrically Conductive Adhesive

(ECA)) will be characterized. Using Dynamic Mechanical Analysis (DMA) tests in temperature

sweep, the temperature dependence of polymeric materials will be identified. Then isothermal

multi-frequency DMA tests will be used to investigate their time dependency. By introducing the

principle of time-temperature superposition, a Generalized Maxwell viscoelastic law will be pro-

posed to model the behavior of these polymers.

In the second section, the thermo-elastoplastic behavior of copper ribbon will be discussed.

Based on tensile tests correlated with the Digital Image Correlation technique (DIC), an analytical

model of "Johnson-Cook" will be identified and numerically validated.

The third section is devoted to study the mechanical behavior of SHJ solar cells. First, its elas-

tic properties will be defined using force-displacement curves obtained from 4-line bending mea-

surements. Since silicon is a brittle material, its fracture properties will be analyzed using the

Weibull probability law.

Then, the fourth section highlights the thermal measurements of the PV module components.

More attention will be paid to the thermal expansion coefficient (CTE) measured by the DIC tech-

nique. Then, the specific heat of polymer materials measured by DSC will be reported. Finally, the

thermal conductivity of backsheet, encapsulants and ECAs will also be outlined. The experimen-

tal test matrix detailing the type of test and the parameters used for each material under study is

presented in Table 3.1.

54



CHAPTER 3. EXPERIMENTAL CHARACTERIZATION AND NUMERICAL MODELING OF THE
THERMOMECHANICAL BEHAVIOR OF THE PV MODULE MATERIALS

Ta
b

le
3.

1:
T

h
e

ex
p

er
im

en
ta

lm
at

ri
x

w
it

h
d

if
fe

re
n

tt
es

tc
o

n
d

it
io

n
s

fo
r

al
lt

h
e

st
u

d
ie

d
m

at
er

ia
ls

D
yn

am
ic

M
ec

h
an

ic
al

A
n

al
ys

is
(D

M
A

)
Te

m
p

er
at

u
re

sc
an

Fr
eq

u
en

cy
sc

an
Te

n
si

le
o

r
R

el
ax

at
io

n
(D

IC
)

/
4-

lin
e

b
en

d
in

g
C

T
E

m
ea

su
re

m
en

t
(D

IC
)

Sp
ec

ifi
c

h
ea

t
m

ea
su

re
m

en
t(

D
SC

)
T

h
er

m
al

co
n

d
u

ct
iv

it
y

m
ea

su
re

m
en

t

E
n

ca
p

su
la

n
t

•T
em

p
er

at
u

re
ra

n
ge

:−
70

°C
to

11
0°

C
•F

re
q

u
en

cy
:1

H
z

•A
m

p
li

tu
d

e:
fo

r
T

P
O

-A
,T

P
O

-B
an

d
Io

n
o

m
er

5µ
m

fo
r

E
V

A
,T

P
O

-C
3µ

m

•T
em

p
er

at
u

re
ra

n
ge

:−
70

°C
to

11
0°

C
•F

re
q

u
en

cy
ra

n
ge

:0
.1

to
10

H
z

•A
m

p
li

tu
d

e:
5µ

m
fo

r
T

P
O

-A
an

d
3µ

m
fo

r
E

V
A

-

T
P

O
-A

:
•T

em
p

er
at

u
re

ra
n

ge
:

−3
0°

C
to

10
0°

C
•T

em
p

er
at

u
re

ra
m

p
:

1°
C

/m
in

T
P

O
-A

•T
em

p
er

at
u

re
ra

n
ge

:
10

°C
to

60
°C

T
P

O
-A

an
d

T
P

O
-B

B
ac

ks
h

ee
t

T
P

T:
•T

em
p

er
at

u
re

ra
n

ge
:−

40
°C

to
20

0°
C

•A
m

p
li

tu
d

e:
5µ

m
P

P
w

h
it

e
an

d
tr

an
sp

ar
en

t:
−7

0°
C

to
17

0°
C

•A
m

p
li

tu
d

e:
3µ

m

•F
re

q
u

en
cy

ra
n

ge
:0

.1
to

10
H

z
T

P
T:

•T
em

p
er

at
u

re
ra

n
ge

:−
40

°C
to

20
0°

C
•A

m
p

li
tu

d
e:

5µ
m

P
P

w
h

it
e

an
d

tr
an

sp
ar

en
t:

•T
em

p
er

at
u

re
ra

n
ge

:−
70

°C
to

17
0°

C
•A

m
p

li
tu

d
e:

3µ
m

R
el

ax
at

io
n

T
P

T
an

d
P

P
w

h
it

e:
•T

em
p

er
at

u
re

s:
−3

0°
C

,2
5°

C
,

60
°C

an
d

15
0°

C
•S

tr
ai

n
ra

te
:1

0−
3

/s
•S

tr
ai

n
:2

.5
%

T
P

T
an

d
P

P
w

h
it

e:
•T

em
p

er
at

u
re

ra
n

ge
:

40
°C

to
15

0°
C

•T
em

p
er

at
u

re
ra

m
p

:
1°

C
/m

in

T
P

T
an

d
P

P
w

h
it

e:
•T

em
p

er
at

u
re

ra
n

ge
:

20
°C

to
13

0°
C

P
P

w
h

it
e

E
C

A
A

1
an

d
A

2
•T

em
p

er
at

u
re

ra
n

ge
:−

70
°C

to
16

0°
C

•F
re

q
u

en
cy

:1
H

z
•A

m
p

li
tu

d
e:

3µ
m

•T
em

p
er

at
u

re
ra

n
ge

:−
70

°C
to

16
0°

C
•F

re
q

u
en

cy
ra

n
ge

:0
.1

to
10

H
z

•A
m

p
li

tu
d

e:
3µ

m

R
el

ax
at

io
n

:
•T

em
p

er
at

u
re

s:
−3

0°
C

,2
5°

C
,

60
°C

,a
n

d
15

0°
C

•S
tr

ai
n

ra
te

:1
0−

3
/s

•S
tr

ai
n

:2
.5

%
(a

t2
5°

C
,6

0°
C

an
d

15
0°

C
)

an
d

1.
25

%
at

−3
0°

C

•T
em

p
er

at
u

re
ra

n
ge

:
−3

0°
C

to
15

0°
C

•T
em

p
er

at
u

re
st

ep
o

f
10

°C

•T
em

p
er

at
u

re
ra

n
ge

20
°C

to
16

0°
C

E
C

A
A

1
an

d
E

C
A

A
2

C
o

p
p

er
ri

b
b

o
n

-
-

Te
n

si
le

:
•T

em
p

er
at

u
re

s:
−3

0°
C

,2
5°

C
an

d
15

0°
C

•S
tr

ai
n

ra
te

s:
10

−2
an

d
10

−3
/s

•T
em

p
er

at
u

re
ra

n
ge

:
−3

0°
C

to
15

0°
C

•T
em

p
er

at
u

re
st

ep
o

f
10

°C

-
-

So
la

r
ce

ll
-

-
4-

lin
e

b
en

d
in

g:
•C

ro
ss

h
ea

d
sp

ee
d

:1
0m

m
/m

in

•T
em

p
er

at
u

re
ra

n
ge

:
30

°C
to

15
0°

C
•T

em
p

er
at

u
re

ra
m

p
:

1°
C

/m
in

-
-

55



3.1. LINEAR VISCOELASTIC BEHAVIOR OF POLYMER MATERIALS IN PV MODULE

3.1 Linear viscoelastic behavior of polymer materials in PV module

A material is called linear viscoelastic when it exhibits a time sensitivity in its linear regime. There

are several methods to study the viscoelasticity of materials. Either by directly characterizing the

creep or relaxation behavior in their time domain at various isothermal temperatures. Otherwise,

by DMA measurements in the frequency domain over a range of frequencies for different isother-

mal temperatures. Then the complex modulus in the frequency domain is converted into relax-

ation times to express it in time domain [169; 170].

In this study, a DMA measurement is used to characterize the viscoelastic behavior of two types

of backsheet and two types of encapsulant. In the field of PV, few studies are carried out to investi-

gate the viscoelastic behavior of materials used for PV applications [24; 44; 45]. Recently, Bosco et

al. [12] have provided a large database on the viscoelastic laws of encapsulant and backsheet ma-

terials. To complete this database, other types of backsheets and encapsulant have been studied

in this work.

3.1.1 Dynamic mechanical analysis (DMA) experiments

The viscoelasticity of polymer can be studied using DMA tests. Dynamic mechanical analysis con-

sists in applying a low amplitude oscillatory strain ε(t ) on a specimen and measuring the resulting

stress σ(t ) .

ε(t) = ε0 exp(iωt) (3.1)

where ε0 is the amplitude of the strain cycle, ω= 2π f is the pulsation and t is the time.

The stress response of a viscoelastic material is shifted by a factor called the loss factor δwhich

measures the damping factor in the material. This factor represents the ratio between the storage

modulus E′ which is a measure of the energy stored in the material representing the elastic part

and the loss modulus E′′ which is a measure of the energy dissipated during displacement and

represents the viscous part.

σ(t) =σ0 exp[i(ωt+δ)] (3.2)

σ0 is the amplitude of the stress cycle.

Hence, the complex modulus E∗ is given by the following relation:

E∗ = σ

ε
= E′+ i E′′

with E′ = ∣∣E∗∣∣cos(δ) = σ0

ε0
cos(δ), and E′′ = ∣∣E∗∣∣sin(δ) = σ0

ε0
sin(δ)

tan(δ) = E′′/E′

(3.3)

Backsheets

DMA tests were performed to characterize the viscoelastic behavior of the TPT backsheet which

is composed of the three polymer layers: PVF, PET, and PVF treated. Samples of rectangular shape
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with dimensions of 28× 4× 0.35mm3 were selected in three areas of the plate: center, top, and

bottom to check the homogeneity of the plate. To verify the anisotropy of the material, specimens

were cut at 0° and 90° with respect to the rolling direction, denoted Machine Direction (MD) and

Transverse Direction (TD) respectively, and tested in a temperature range of −50°C to 200°C. The

specimens were loaded in tension with a maximum displacement of 5 µm to ensure that the tests

were performed in the linear viscoelastic domain.

Figure 3.1 represents the results of storage modulus E′ and the loss factor tan(δ) measured at 1

Hz between −50°C to 200°C on the TPT backsheet. The tan(δ) curves show three peaks related to

the glass transition temperatures of PVF and PVF treated at 55°C, and of PET near 110°C. A third

peak is observed around 10°C which corresponds to a secondary transition of PET. These glass

transitions are reflected on the storage modulus curves by a decrease of the storage modulus near

the temperature 55°C. A second strong decrease appears near 110°C as displays in Figure 3.1a.

(a)

(b)

Figure 3.1: The evolution of (a) the storage modulus and (b) the loss factor of the TPT backsheet regarding
the temperature in MD and TD directions

At low temperatures, a difference in storage modulus between specimens oriented at MD and

TD was observed. This difference decreases as the temperature increases and approaches the glass

transition temperature of PVF. Thus, the backsheet plates exhibit anisotropy before the glass tran-

sition that diminishes afterward due to the relaxation of residual stresses induced by the process.
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As for the homogeneity of the plate, no significant difference was noticed between the samples

cut in the three zones of the backsheet plate.

Another type of backsheet composed of co-extruded PP in white and transparent has been

studied in this work. Specimens were cut into 5 mm wide strips in both MD and TD directions to

study the material anisotropy. The DMA tests were carried out in the temperature range of −70°C

to 170°C with a maximum tensile amplitude of 3 µm.

Figure 3.2 represents the storage modulus E′ and loss modulus E′′ of backsheet PP white and

transparent at MD and TD directions. The curves show a dependency of the storage E′ and loss

E′′ moduli on the temperature. A primary transition corresponding to the glass transition is ob-

served around −27°C in both variations of the PP backsheet. Two other secondary transitions are

identified at −60°C and 10°C. A large decrease of the storage modulus can be observed from 150°C

onwards which is related to the flowing state of PP near the melting temperature.

The PP backsheet exhibits an anisotropic behavior since it is stiffer when tested in MD direc-

tion. This anisotropy effect is more visible in the transparent PP backsheet. A minor difference in

storage and loss moduli was noticed between the white and transparent PP backsheets.

(a)

(b)

Figure 3.2: Temperature dependency of white and transparent PP (a) storage and (b) loss modulus in MD
and TD directions
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Encapsulants

To investigate the viscoelasticity of the encapsulants during the lamination process, DMA tests

were carried out on fresh encapsulants. Five types of encapsulant were evaluated in this work:

three different types of TPO (A, B and C), Ionomer A, EVA. Samples of rectangular shape with di-

mensions 30×5 mm2 and a variable thickness depending on the type of encapsulant were used.

The specimens were loaded in tension for a maximum displacement between 3 and 5 µm in a

range of −70°C to 120°C at 1Hz.

The evolutions of the storage modulus E′ and loss modulus E′′ are presented in Figure 3.3. The

curves show a decrease in storage modulus E′ in the range −70°C to 0°C for all types of encapsulant

except for Ionomer-A which starts to decrease after 10°C. Thereafter, a severe drop in the storage

modulus can be noticed at 50°C for TPO-A, B and C, and EVA, and at 75°C for Ionomer-A. This

decrease corresponds to the flowing state of the encapsulants. EVA encapsulant is reaching the

flowing state at 75°C as its crosslinking starts at 150°C. Therefore, no measurement is captured

after 75°C with the type of loading used.

(a)

(b)

Figure 3.3: Evolution of (a) storage modulus and (b) loss modulus of encapsulants with respect to the tem-
perature

The loss modulus curves 3.3b display a peak, associated with the glass transition, near −49°C

for the encapsulants TPO B and C. For TPO-A and EVA encapsulants the peak of the loss modulus
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is around −30°C. However, the ionomer-A presents the highest glass transition temperature of all

the tested encapsulant types (Tg = 17.28°C). All the encapsulants exhibit a temperature sensitivity.

To summarize, all tested encapsulants and PP backsheet did not show a significant rubbery be-

havior since after the glass transition they switch to flowing state . In general, in molten polymers,

the transition between rubbery and liquid behavior is activated from a terminal relaxation time

[171]. This behavior depends on the critical molecular mass of the macro-molecular chains. The

lower the molecular mass is, the weaker the entanglement becomes and therefore the sliding be-

tween the macro-molecular chains becomes easier [171; 172]. This is consistent with the behavior

observed in the encapsulants.

Electrically Conductive Adhesive (ECA)

The viscoelastic behavior of ECA was also characterized by DMA tests. Two types of acrylate-

based ECA of different concentrations of silver particles were tested. The characteristics of each

ECA are defined in Table 3.2. Rectangular specimens with a section equal to 5 × 1 mm2 were

prepared manually using a silicone mold. The specimens were degassed and then crosslinked

at 130°C for 10 to 15 min to ensure a total crosslinking of the acrylate. The kinetics of cross-linking

is not a parameter considered in our study. A temperature scan was performed in the range of

−70°C to 160°C applying a frequency of 1 Hz and an amplitude of 3 µm for both materials.

Name Binder Filler type Metal Weight % Volume resistivity Ω.cm

A1 Acrylate monomer Ag 25-50 2,9.10−3

A2 Acrylate Ag 44-48 5.10−4

Table 3.2: Composition of the ECAs selected for the mechanical study

Figure 3.4 illustrates the temperature dependence of the storage and loss moduli. In the curves

of the storage module, the two ECAs exhibit three states: the glassy state, glass transition regime,

and the rubbery state. Although they have the same base, the ECA-A1 is twice stiffer than the

ECA-A2 in the glassy regime. The glass transition temperature of ECA-A1 is low (≈ −30°C). Its

stiffness drops before the one of ECA-A2 which has a higher glass transition of 95°C as shown

by the loss modulus peak. This difference is possibly related to the chemical formulation of the

acrylate between the two types of ECA.

The results discussed in this section show a temperature dependency of the behavior of poly-

mer materials used for the fabrication of PV modules. Characteristic temperatures for the transi-

tion from the glassy to the rubbery state have been identified. In the next sections, we will study

the time and temperature dependency of the behavior of these materials.

3.1.2 Time-temperature superposition

3.1.2.1 Master curve

To characterize the behavior of the backsheet with respect to the loading isothermal multi-frequency

DMA tests were carried out by varying the dynamic loading frequency from 0.1 Hz to 10 Hz every
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Figure 3.4: Temperature dependency of acrylate-based ECAs storage and loss modulus

10°C between −50°C and 200°C for the TPT backsheet and between −70°C and 160°C for the white

PP backsheet, the EVA and TPO-A encapsulant with a heating rate of 1°C/min. As presented in Sec-

tion 3.1.1, the tested backsheets showed a low anisotropy in certain temperature ranges. Therefore,

for simplification purposes, the master curves are constructed only in the MD direction.

Figure 3.5 represents isothermal measurements of storage modulus for TPT backsheet. An

increase of the storage modulus with the frequency increase can be observed.

Figure 3.5: Isothermal multi-frequency measurements of storage modulus for TPT backsheet

By increasing the temperature of loading, the macromolecular chains become more mobile,

which increases the ductility of the polymer. Moreover, when the loading rate increases, the macro-

molecular chains do not have time to relax and therefore the polymer becomes more rigid. This

double dependency is called Time-Temperature Equivalence (TTE) or Time-Temperature Super-

position (TTS) [170; 173].

The purpose of TTS is that a test performed at a high strain rate at room temperature, for ex-
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ample, can be equivalent to a test performed at low temperature at a lower strain rate. Indeed, the

curves in Figure 3.5 can be shifted in time in a log-log plot to display a master curve. To obtain the

master curve for TPT backsheet, the glass transition temperature of PET (Tr e f = 110°C) was cho-

sen as a reference temperature. By multiplying the frequencies by a shift factor aT, the isothermal

curves can be shifted with respect to the reference curve as shown in Figure 3.6.

Figure 3.6: Generation of master curve of TPT backsheet using the time-temperature superposition princi-
ple

3.1.2.2 Shift functions

Viscoelastic materials, as explained in the previous Section 3.1.2.1, meet the TTS principle. Given

this condition, the relaxation modulus E of a viscoelastic material at the actual time t and at a

given temperature T is equivalent to the relaxation modulus at a reduced time ζ with respect to a

reference temperature Tr e f as expressed in the following relation [174]:

E(t ,T) = E
(
ζ,Tr e f

)
, ζ= t

aT(T)
(3.4)

The shift factor aT reflects also the change in relaxation time τ(T) with respect to temperature

T, then

aT(T) = t

ζ
= τ(T)

τref
(3.5)

where τref is the relaxation time at the reference temperature. Thus, the expression of the

reduced time when the temperature of measurement varies can be deduced from Equation 3.5

[174]:

ζ(t ) =
ˆ t

0

dt

aT(T(t ))
=
ˆ t

0

τref

τ(T(t ))
dt (3.6)

The most widely used shift functions are the William Landel Ferry (WLF) function [175] and the

Arrhenius law [169; 171; 173]. The use of either of these two laws depends on the area of analysis
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rather centered in the glassy state, in the viscoelastic transition zone or in the flow zone.

For amorphous polymers, and above the glass transition temperature, the WLF equation can

be used as empirical function:

log aT(T) =− C1
(
T−Tr e f

)
C2 +

(
T−Tr e f

) (3.7)

where Tr e f is the reference temperature from which the shifted curves are obtained, C1 and C2

are parameters of the WLF law. This shift function is rather valid in the glassy state of the material

and mainly in the interval
[
Tg;Tg +100◦C

]
[171].

An Arrhenius law can also be used to capture the TTS of secondary transitions in the glassy

state. Such model is also valid in the folowing state and is defined by:

log aT(T) = EA

R

(
1

T
− 1

Tr e f

)
(3.8)

where, EA is the energy of activation in (J/mol ), R is the constant of perfect gas. Other empirical

functions like polynomial functions have been used to better fit the experimental data [164; 171;

174].

In this work, both WLF and Arrhenius functions were used to define the shift functions. The

Arrhenius law (equation 3.8) is applied for T < Tr e f while the WLF (equation 3.7) is used for T >
Tr e f . Figure 3.7 represents the fit of Arrhenius law and WLF function for shift factors regarding

TPT backsheet. The WLF fits well the shift factors above the temperature of reference. However,

below the temperature of reference (Tr e f = 110°C), it shows a significant deviation compared to

the Arrhenius fit. For the other materials, WLF and Arrhenius parameters are presented in Table

A.1 in annex A.

Figure 3.7: Shift factors for TPT bakchseet and comparison of the WLF and Arrhenius shift functions

3.1.3 Description of Generalized Maxwell model
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3.1.3.1 Analytical equations

The viscoelastic behavior of polymers used for PV application can be modeled using a Generalized

Maxwell model characterized by n branches in parallel, each composed of springs and dashpots

as displayed in Figure 3.8. Springs represent elasticity of the material while dashpots represent the

viscosity.

Figure 3.8: Rheological representation of a generalized Maxwell viscoelastic model

A Maxwell element, where a spring and a dashpot are connected in series, is called Maxwell

branch. The behavior of each branch is expressed by:

ε̇i = σ̇i

Ei
+ σi

ηi
, i = 1,2, . . . ,n (3.9)

where Ei is the elastic modulus and ηi is the viscosity of the i th branch.

The solution of equation 3.9 for a constant strain ε0 imposed at t = 0 is given by:

σi (t ) = Eiε0 exp(−t/τi ) , τi = ηi

Ei
(3.10)

Here τi is the relaxation time of the i th branch of General Maxwell model. Thus, the constitu-

tive equation of the Generalized Maxwell model can be expressed as follow:

σ(t ) = E∞ε0 +
n∑

i=1
Eiε0 exp(−t/τi )

= ε0

[
E∞+

n∑
i=1

Ei exp(−t/τi )

] (3.11)

The relaxation modulus can therefore be defined as a Prony series [174]

E(t ) =σ(t )/ε0 = E∞+
n∑

i=1
Ei exp(−t/τi ) (3.12)

with, E∞ is the long term modulus, and related to the instantaneous modulus by E0 = E∞+∑n
k=1 Ek . Most FE software interprets the relaxation modulus in terms of relative modulus gi as

below:
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E(t ) = E0

[
g∞+

n∑
i=1

gi exp(−t/τi )

]

gi = Ei

E0

g∞ = 1−
n∑

i=1
gi

(3.13)

Set of gi and τi is referred to as Prony parameters.

In the literature, there are several methods to calculate the terms of Prony series from exper-

imental master curve. Citing among these methods, the Procedure X, Multidata Method and the

Collocation Method [169], the algorithm of Emri and Tschoegl [176–178], the method by Bhat-

tacharjee et al. [179], and the method by Babaei et al. [180]. In this work, the method developed by

Takeh and Shanbhag [181] in ReSpect code was used to calculate the terms of Prony series. Their

method consists in deducing a Continuous Relaxation Spectrum (CRS) h(τ) from the complex ex-

perimental shear modulus G∗(ω) = G′(ω)+ i G′′(ω) based on the following equation:

G′(ω) =
ˆ ∞

−∞
ω2τ2

1+ω2τ2 h(τ)d lnτ

G′′(ω) =
ˆ ∞

−∞
ωτ

1+ω2τ2 h(τ)d lnτ

(3.14)

Here, ω is the frequency and τ is time of relaxation. The nonlinear Tikhonov regularization

strategy of Honerkamp and Weese is used to calculate the CRS [182]. Then, the CRS is used to

calculate the Discrete Relaxation Spectrum (DRS) defined by the modes
{

gi τi } ,1 ≤ i ≤ N based on

two approaches. On one hand, by using the method of Interactive Rheology Information Systems

(IRIS) program [183], the number of modes of the DRS and the location of the τi in the logarithmic

scale are considered as adjustable parameters and their choice is guided by the CRS. On the other

hand, an incrementally overlay of the simple strategy of equispaced τi is allowed on the choice

of the DRS modes. Given the τi , a linear least squares problem can be established using the DRS

expression:

G′(ω) =
N∑

i=1
gi

ω2τ2
i

1+ω2τ2
i

G′′(ω) =
N∑

i=1
gi

ωτi

1+ω2τ2
i

(3.15)

Based on the experimental master curves discussed in Section 3.1.2.1, the storage and loss

moduli are converted to shear conversion moduli and shear loss moduli. This conversion is done

by varying Poisson’s ratio as a function of temperature using the following relation: G′ = E′
2(1+ν) and G′′ = E′′

2(1+ν) ; ν= 0,3 when T < Tg

G′ = 3E′ and G′′ = 3E′′; ν= 0,49 when T ≥ Tg

(3.16)

Then, analytical curves have been fitted to calculate the terms of Prony series. Figures 3.9, 3.10,

and 3.11 display, respectively, the experimental master curves and the analytical fit of Generalized

Maxwell model for TPT and PP backsheets, EVA and TPO-A encapsulant, and ECA-A1. A good cor-
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(a) (b)

Figure 3.9: Experimental master curves and Maxwell Generalized fit for (a) TPT, and (b) PP backsheets

(a) (b)

Figure 3.10: Experimental master curves and Maxwell Generalized fit for (a) EVA and (b), TPO-A encapsu-
lants

Figure 3.11: Experimental master curve and Maxwell Generalized fit for ECA-A1

relation can be observed between the experimental curves and the analytical ones. Nevertheless,

a small deviation can be observed at low frequency (i.e. high temperature) which is due to the

flowing state of the materials. The Prony series terms of each material are presented in Annex A

66



CHAPTER 3. EXPERIMENTAL CHARACTERIZATION AND NUMERICAL MODELING OF THE
THERMOMECHANICAL BEHAVIOR OF THE PV MODULE MATERIALS

Table A.1.

3.1.3.2 Verification of viscoelastic model using FEM simulations

As presented in Section 3.1.2.2, two shift functions were chosen to represent the TTS depending

over the large range of temperature. As all numerical calculations in this study are performed

using the FE Abaqus software, the use of two shift functions is not possible with the traditional

viscoelastic model available in Abaqus. To overcome such limitation, a user subroutine with com-

bined shift function was used. To check the accuracy of the subroutine calculation, the shift factors

were recorded as an output of simple tensile tests by varying the loading temperature. Figure 3.12

represents the comparison with the experimental and Abaqus viscoelastic model coupled with

shift function subroutines.

Figure 3.12: The correlation between the shift factors calculated by the subroutine with the experimental
values and the analytical fit

To assess the accuracy of the analytical Maxwell Generalized model, relaxation tests have been

performed experimentally at different temperature and strain conditions and then correlated with

numerical tests. A tensile test set up by Instron Instrument coupled with Digital Image Correlation

(DIC) technique was used for these measurement. The principle of the DIC technique will be pre-

sented in details in Section 3.2.1. Standardized specimens of 10mm width are used to test TPT and

PP backsheets. For ECA-A1 4mm wide specimens were prepared manually using the same method

explained in Section 3.1.1. The maximum relaxation strain was varied between 1.25% and 2.5%

based on the temperature sensitivity of the specimen. After the application of the strain initial

ramp, the displacement is fixed and the force and displacement fields are recorded. The measure-

ment time is 300 seconds. The relaxation tests were performed at four temperatures:−30°C, 25°C,

60°C, and 150°C. For the ECA-A1, its stiffness becomes quite low at 150°C and its force response is

quite close to the accuracy limit of the load cell. So for this material the measurements will be con-

ducted at 60°C. A soak time of 15 minutes was applied before each measurement to ensure that

the temperature is homogeneous in the material. For the tests performed at low temperatures,

liquid nitrogen was used as purge gas.

Figures 3.13 give a comparison between the experimental and numerical relaxation curves for

TPT and PP backsheets and for ECA-A1 at different temperatures. On the experimental curves a
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decline of the relaxation stress just after fixing the maximum displacement is observed. Then a

viscoelastic relaxation is observed on all materials. Higher temperatures result in lower relaxation

stress values. For the TPT backsheet, a good correlation between the experimental and numerical

curves is obtained except in the area of maximum relaxation stress where a deviation of 9.7% was

observed in the curve at 25°C for example. This deviation decreases when the test temperature

increases and a better correlation is achieved. In the case of the PP backsheet and ECA-A1, the

deviation between the experimental and numerical measurements is even larger than for the TPT

backsheet. Similarly, this deviation decreases with increasing test temperature. In general, it can

be seen that the model overestimates the stiffness of the material compared to the experiment.

(a) (b)

(c)

Figure 3.13: Comparison between experiment and numerical stress relaxation curves for (a) TPT and (b) PP
backsheets, and (c) ECA-A1 using Maxwell Generalized model

To investigate the source of this deviation between the experimental and numerical relaxation

curves, the evolution of the stress-strain curve was analyzed when applying the initial strain ramp

before setting the maximum displacement. The results showed that for the curves where the devi-

ation is too large between the experimental and numerical measurements, the stress-strain curve

is not linear. Therefore, the experimental measurements are not performed under the same con-

ditions of linearity used to build the viscoelastic model. This explains the overestimation of the
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relaxation stress by the numerical model.

In order to verify this conclusion, an experimental relaxation test was performed with a strain

of 1% at 25°C where the highest deviation was found between the experimental and numerical

measurements. The 1% strain is normally included in the viscoelastic linearity interval.

Figure 3.14 shows the experimental and numerical relaxation stress curves at 25°C for both

strains. It can be seen that the experimental and numerical curves at 1% strain are better cor-

related. Thus, the 2.5% strain applied in the case of the other measurements exceeds the linear

viscoelastic limit which induces an overestimation of the material stiffness with the numerical

model.

Figure 3.14: Comparison between experiment and numerical stress relaxation curves for PP backsheet at
25°C with two different strains

As mentioned before, the 1% strain is normally included in the linear viscoelastic range, how-

ever the correlation between the experimental and numerical curves is not optimal. The relaxation

tests were performed with an Instron tensile instrument which loads the material at a macroscopic

scale. On the other hand, the numerical model is based on DMA measurements that load the ma-

terial at a mesoscopic scale. Therefore, the difference in the scale of the material loading and the

change of the measuring instrument may induce a variation. The correlation between the two

types of measurements can be improved by minimizing the relaxation strain as much as possible

to get closer to the DMA measurements on which the numerical model is constructed.

In the case of ECA-A1, the deviation induced between the experimental and numerical curves

is not totally related to the viscoelastic linearity. Insufficient repeatability was obtained between

measurements on three different specimens subjected to the same test conditions as shown by

the error bars in Figure 3.13c. As the specimens were prepared manually, we have analyzed mi-

croscopically their shape and distribution in the thickness. Figure 3.15 shows the section of a

specimen loaded at 25°C. The presence of porosities near the skin and the core of the specimens

was noticed. The skin of the specimen has a different color and microstructure than the core.

Moreover, the microstructure and thickness of the specimen section are not homogeneous. These

defects present in the specimens, and especially the presence of porosity, contribute to the under-

estimation of the stiffness of the material experimentally.

In conclusion, the numerical model shows reasonable results. Nevertheless, the experimental
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Figure 3.15: Micro-structure of the section of an ECA-A1 specimen tested at 25°C

conditions of the relaxation tests have not been well adapted. To achieve a good correlation with the

model, it is necessary to minimize the relaxation strain to validate the hypothesis on which the Gen-

eralized Maxwell model is based. Furthermore, the method of manufacturing the ECA specimens

should be improved.

In this part of the chapter, the thermomechanical behavior of different polymer materials used

to fabricate PV modules has been investigated. In the following, the thermomechanical behavior

of copper ribbons and SHJ solar cells will be studied.

3.2 Elasto-plastic behavior of copper ribbons

3.2.1 Tensile tests correlated with digital image correlation (DIC) technique

In this study, tensile tests coupled with a DIC system were performed. The purpose of this tech-

nique is to measure the local displacement field in the useful area of the specimen. The test setup

is presented in Figure 3.16. It is composed of two cameras in stereo correlation that allow to cap-

ture the out-of-plane displacements. A thermal chamber was used to perform temperature con-

trolled tests.

A speckle pattern of black dots on a white background, with dots of irregular size/shape were

preformed on the surface of the specimen with a temperature resistant spray paint. During the

test, cameras capture images. Using the image correlation software "VIC" [184], the displacement

fields are then calculated by post-processing. From the gradient of displacements, the software

calculates the local deformation fields on the surface of the specimen.

The software decomposes each image into several sub-images and calculates the displace-

ment by comparing the position of each sub-image to its initial position in the reference image

(see Figure 3.17). The average displacement of each sub-image is stored at each calculation itera-

tion and then the software calculates the final displacement field. The global reference coordinate

for both cameras is determined by a calibration step, which is performed by taking a number of

images of a calibrated test pattern oriented along different orientations.

The DIC technique allows to determine the true strain and then to estimate the true stress as

follows:
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Figure 3.16: Experimental setup of the tensile test with 3D image correlation system

(a) Reference image (b) Deformed image

Figure 3.17: Principle of the image correlation algorithm

σ(t ) = F(t )/S(t ) (3.17)

with F(t ) is the force and S(t ) is the section variation of the specimen. S(t ) can be determined by

the following expression:

S(t ) = w(t )×e(t ) = w0 ·e0 ·exp( εy y +εzz ) (3.18)

where w(t ) and e(t ) are, respectively, the width and the thickness of the specimen at the time

t. w0 is the initial width of the specimen, and e0 is the initial thickness of the specimen. εxx and

εzz are the transverse strains in the width and thickness of the specimen respectively.

Equation 3.17 can be simplified with the assumptions of transverse isotropy (i.e. εxx = εzz ),

or the assumption of incompressibility (i.e. conservation of volume εxx + εy y + εzz = 0). These

assumptions lead respectively to equations 3.19 and 3.20:
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σ(t ) = F

w0 ·e0
·exp−2εxx (3.19)

σ(t ) = F

w0 ·e0
·expεy y (3.20)

Copper ribbons with Sn62Pb36Ag2 coating and a section of 5×0.3mm2 were tested. The dif-

ferent tests conditions are presented in the testing matrix (see Table 3.1). The temperatures of

tests were chosen based on temperature ranges applied to the PV module during lamination and

thermal cycling tests.

Figure 3.18a shows the tensile curves of the copper ribbons in the zone of maximum defor-

mation at 25°C and 150°C using incompressibility assumption. The tensile curve at −30°C is not

shown because it is noisy in the plastic domain due to deterioration of the speckles. Only results

in the elastic domain will be used for −30°C. The results showed a sensitivity of the material to

the temperature. As the temperature increases, the stresses decrease. Figure 3.18b displays tensile

curves of the copper ribbons for two different strain rates at 25°C. Since the stress-strain curves of

the two strain rates are overlaid, we assume that the copper ribbons do not exhibit any strain rate

sensitivity for the different temperatures.

Young’s modulus and Poisson’s ratio were calculated for the different temperatures. The re-

sults are shown in Table 3.3. The experimentally measured Young’s modulus values are slightly

different than theoretical value of polycrystalline copper Young’s modulus (ECuPol y (T = −30°C) =
130.61GPa, and ECuPol y (T = 22°C) = 128.17GPa) [185]. In the study of H.M. Ledbetter [185], the

Young moduli were measured using an ultrasonic pulse-echo velocity measurement system. This

method allows the calculation of the dynamic elastic constant of the material, which corresponds

to long-wavelength phonons. However, in this study, a quasi-static method was used to measure

the elastic constants which explains the differences observed between the values. G.S. Brady et

al. [32] provided Young’s modulus for several types of copper. The value measured experimentally

corresponds well to a soft, wrought copper.

Temperature (°C) Young modulus E (GPa) Poisson’s ratio ν

150 35.6 0.34
25 103.4 0.33
-30 133.2 0.33

Table 3.3: Elastic properties of leaded (Sn62Pb36Ag2) copper ribbons

The dependency of the Young modulus to the temperature will be used to define the elastic

properties of the material in FE analysis.

3.2.2 Constitutive model of Johnson-Cook

Wiese et al. [158] have studied the elasto-plastic behavior of copper ribbons. In their study, a

Ramberg-Osgood model was fitted to the experimental curve. For simplicity reasons, a bilinear

plasticity model has been adopted for their FE calculations. However, this model does not take
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(a)

(b)

Figure 3.18: Tensile curves of copper ribbons at (a) different temperature and a strain rate of 10−3/s and (b)
25°C and two different strain rates

into consideration the temperature dependency of the copper ribbon.

In this study, based on the tensile curves presented in Figure 3.18a, an elasto-plastic model of

Johnson-Cook with isotropic hardening was identified analytically. The constitutive equation for

the von Mises flow stress σp is given as below [186]:

σp =
[

A+B
(
ε̄pl

)n][
1+Cln ε̇∗

](
1− T̂m)

(3.21)

where ε̄pl is the equivalent plastic strain, ε̇∗ = ε̇/ε̇0 is the dimensionless plastic strain rate for

ε̇0 = 10−3s−1, A is the yield stress at room temperature, B and n represent the hardening modu-

lus and work-hardening exponent, respectively, C is the strain rate effect, m depicts the thermal

softening coefficient and T̂ is the homologous temperature of the sample defined as [187]:

T̂ ≡


0 for T < Troom

(T−Troom)/(Tmelt −Troom) for Troom ≤ T ≤ Tmelt

1 for T > Tmelt

(3.22)
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where T is the current temperature, Troom is the room temperature and Tmelt is the melting

temperature.

In this study, no strain rate effect was observed in the experimental results as shown in Figure

3.18b. Thus, coefficient C is not considered and the equation 3.21 can be simplified [188]:

σp =
[

A+B
(
ε̄pl

)n](
1− T̂m)

(3.23)

The equivalent plastic strain can be defined with the von Mises equation as follows [189]:

ε̄pl =
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(3.24)

ε
p
x ,εp

y ,εp
z ,εp

xy,εp
xz, and εp

yz are the components of the plastic strain tensor.

In the case of uniaxial tensile test in the x direction, strains appear in the axial direction and

both transverse directions. For an isotropic material that is incompressible during plastic defor-

mation (i.e. εp
y = εp

z =−1
2ε

p
x ). Thus, for a state of uniaxial stress the equivalent plastic strain may be

simplified as below:
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x (3.25)

This model allows to describe the elasto-plastic behavior of copper ribbons taking into con-

sideration the temperature dependency of the behavior as discussed in Section 3.2.1. The analytic

model of Johnsoon-Cook was fitted to the experimental curves. The parameters of the model are

presented in Table 3.4.

A (MPa) B (MPa) n m Troom (°C) Tmelt (°C)

101.57 331.58 0.42 0.81 10 1085

Table 3.4: Parameters of elasto-plastic Johnson-Cook model for leaded (Sn62Pb36Ag2) copper ribbons

The analytical model was numerically validated by FE modeling of tensile tests. Figure 3.19

displays the experimental, and numerical stress-strain curves of leaded (Sn62Pb36Ag2) copper rib-

bons at two different temperatures. The numerical results show a good correlation with the exper-

imental stress-strain curves.

In this section, the thermomechanical behavior of copper has been studied using tensile mea-

surements correlated with the DIC technique. The results showed a temperature dependency of its

behavior in the temperature range of the PV module manufacturing. However, no dependency on

the loading rate was found. Accordingly, a mathematical model was established based on the exper-

imental curves of the tensile tests, which takes into consideration the temperature dependence.
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Figure 3.19: Comparaison between experiment and numerical stress-strain curves using Johnson-Cook
elasto-plastic model

3.3 Study of the mechanical behavior of solar cells

3.3.1 Elastic properties

As discussed in section 1.1.1.1, silicon wafers go through several processes: from passivation to

metallization to obtain the final product which is the solar cell. Eitner [24] has studied the vari-

ability of the elastic properties of the RISE-EWT solar cells compared to a silicon wafer, by calcu-

lating Young’s modulus analytically based on the 3-point bending tests using the classical beam

theory. His results show that the Young’s modulus remains invariant between the RISE-EWT solar

cell and the silicon wafer. However, the beam theory is based on the assumption that the mate-

rial is isotropic and homogeneous and neglects the Poisson’s effect. This cannot be valid in the

case of solar cells, thus the analytical calculation of Young’s modulus must be taken with caution.

Therefore, in this study, a numerical analysis was conducted alongside the analytical method.

In this work, the focus is on SHJ solar cells. Based on 4-line bending tests performed on

156,75× 156,75mm2 pseudo-square SHJ solar cells, Young’s modulus has been calculated ana-

lytically. Then the same test was modeled numerically using the silicon wafers elastic properties

to determine the impact of surface treatments on the elastic constants of the silicon wafer.

The 4-line bending tests were performed with 4 steel cylindrical rollers of 8mm diameter based

on the method developed in [30; 190]. The upper and lower rollers are spaced between them by

a distance of 60mm and 100mm respectively as shown in the setup presented in Figure 3.20. A

constant crosshead speed of 10mm/mi n was set for the rollers’ displacement in order to perform

the tests in a quasi-static loading condition. Twenty solar cells with an average thickness equal to

163µm ±3 were tested. Half of the cells were arranged with BB parallel to the rollers and the other

half with BB perpendicular to the rollers (see Figure 3.20).

Figure 3.21 displays experimental force-displacement curves of the twenty solar cell samples.

The curves showed a very large deflection up to 22mm, which is due to the small thickness of
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(a) Busbars perpendicular to the cylinders (b) Busbars parallel to the cylinders

Figure 3.20: The 4-line bending experimental test setup used to test solar cells

the samples. Good reproducibility was also observed in the elastic domain contrary to the large

variability in the displacement at failure and thus the stress at failure.

(a) Busbars perpendicular to the cylinders (b) Busbars parallel to the cylinders

Figure 3.21: Experimental force-displacement curves for 4-line bending tests

Young’s moduli in both perpendicular and parallel directions were calculated analytically us-

ing the beam theory in the case of small displacements. When the specimen undergoes 4-line

bending, the upper surface is subjected to compression and the lower surface is under tension.

The particularity of the 4-line tests is that the maximum zone of stress fields is always placed in

the center of the plate, and it is quite homogeneous. During loading, the thickness of the specimen

remains unchanged and therefore the maximum stress and strain are located at the surface of the

specimen (see Figure 3.22). Based on these conditions, the Young’s modulus can be expressed as

follows [191]:

E = P(a −d)2(a +2d)

4bh3δ
(3.26)
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where a = 100mm and d = 60mm represent the distance between the lower and upper rollers

respectively, P is the load in (N), δ indicates the crosshead displacement in (mm), and b and h

stand for the width and thickness of the specimen respectively. The Young’s modulus is calculated

for each sample by linear regression between δ= 1mm and δ= 2mm.

(a) (b)

Figure 3.22: Schematic representation of 4-point bending test [191]

Figure 3.23 displays a comparison between the average analytical Young’s modulus of SHJ solar

cell samples, oriented perpendicularly and in parallel respectively to the busbars, and the elastic

properties of the silicon wafer [28]. The largest deviation between the analytical value and the

Young’s modulus of the silicon wafer is in the case of cells oriented parallel to the busbars up to

2.4GPa. This deviation is considered acceptable taking into consideration the validity of the beam

theory in the case of the solar cell and also the measurement dispersion due to the variation of the

samples thickness.

Figure 3.23: Extracted analytical (�) and numerical (◦) Young’s modulus for SHJ solar cells in both directions
parallel and perpendicular to the rollers. The straight line denotes the elastic properties of silicon [28]

The test modeling was performed with a 3D model of a quarter of the 4-line bending device as

shown in Figure 3.24a to validate the analytical solution. The model is composed of a quarter of the

cell and a half of the top and bottom roller. Symmetry conditions were applied to the symmetrical

edges. A displacement was applied on the upper roller and a fixed boundary conditions on both

displacements and rotations was imposed on the lower roller. The model contains 6000 linear shell

elements with reduced integration (5 integration points in the thickness). The friction between the

rollers and the cell is modeled using a Coulomb model with a friction coefficient equal to 0.1 [188].
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An exponential law was used to manage the contact pressure between the rollers and the solar cell

in the normal direction. An orthotropic elastic behavior of silicon was used from Table 1.1.

(a) (b)

Figure 3.24: (a) Model meshing of the 4-line bending test set-up, and (b) Experimental and numerical cor-
relation of load-displacement curves for sample 1 and 16

Figure 3.24b displays the numerical and experimental force-displacement curves of the 4-line

bending tests regarding specimens 1 and 16 as their thickness corresponds to the average thick-

ness of the samples. The force-displacement curves obtained numerically are in good agreement

with the experimental curves. Based on these numerical simulations, the elastic modulus in both

directions was calculated numerically by varying the thickness of the solar cell. The average values

are presented in Figure 3.23. The Young’s modulus calculated numerically is well consistent with

the theoretical values and the values calculated analytically. Therefore, the manufacturing processes

of the solar cell do not have a significant influence on the elastic behavior of the silicon wafer.

3.3.2 Fracture strength of SHJ silicon solar cells : 4-line bending test

As discussed in Section 3.3.1, the dispersion of the displacement at failure observed in the force-

displacement curves is significant. For some SHJ solar cells, the displacements of the crosshead at

failure reach quite high values, which induces large rotations of the solar cell. Therefore, the beam

theory based on the assumption of small displacements and small perturbations is not valid for the

calculation of the failure stress. The stress at failure for each specimen was calculated numerically

by varying the displacement at failure and the thickness of the specimen in each calculation case.

Figure 3.25a shows the tangential stress distribution corresponding to the displacement at failure

of sample 16. The upper face of the cell is subjected to compression and the lower face is subjected

to tension. As the geometry of the cell is modeled using shell elements, the post-processing of the

data is considered on the layer subjected to tension. A homogeneous maximum stress distribution

is noticed in the central zone in the solar cell between the two upper rollers.

For brittle materials such as silicon, the calculation of the stress at failure needs to be evalu-

ated statistically. The most used method is the statistic fit with a Weibull distribution [192]. This

distribution is based on the weak link theory which represents the failure mechanism of brittle

structures. The probability of failure is defined as follows:
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P f (σ) = 1−exp

[
−

(
σ

σθ

)m]
(3.27)

where σθ is the stress at which 63.2% of the samples break (i.e. where P f (σ=σθ)) defined also

as the characteristic fracture strength, and m is the Weibull modulus. These Weibull parameters

are calculated from the numerical stress data using the maximum-likelihood estimation (MLE)

method. Details of this method are available in the works of many authors, e.g. [193; 194].

Figure 3.25b displays the Weibull probability logarithmic scale fit regarding the failure stress

of solar cells oriented in perpendicular and parallel direction to the BB. The curves reveal that

the fracture strength in the perpendicular direction is lower than the one in the parallel direction.

Thus, the solar cell exhibits an anisotropic fracture strength.

(a) (b)

Figure 3.25: (a) The tangential stress distribution in the solar cell corresponding to the displacement at
failure (in MPa), and (b) Weibull probability logarithmic scale plot for SHJ solar cells tested in 4-line bending
in the directions parallel and perpendicular to the BB

Table 3.5 shows the characteristic fracture strength σθ and Weibull modulus m calculated with

90% confidence bounds, based on the standard ASTM C 1239-07 [195], regarding the testing di-

rection. The accuracy of estimation of these parameters depends on the size of the sample. L.

Carton [30], studied the influence of the sample size on the weibull parameters in the case of sil-

icon wafers. To achieve an accuracy of less than 5% in the parallel direction and 2% in the per-

pendicular direction, a minimum sample size of N = 30 is required. However, more than twice

the sample size is needed to achieve an average relative error under 5% in the Weibull modulus m

[30]. The number of samples selected for our study does not correspond to these precision ranges.

But the general purpose of this study is to compare the fracture strength of solar cells with that of

wafers to check if there is a large and significant difference. Comparing the fracture strength of the

wafers [30] and the solar cell presented in Table 3.5, the wafer in the parallel direction has a higher

fracture strength of ≈ 20 MPa than the cell. On the other hand, the difference is larger (i.e. 86.35

MPa) in the perpendicular direction with a higher fracture strength in the solar cell. Although the

difference is less important in the parallel direction, but in both cases it is not negligible.
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Testing direction Characteristic fracture strength σθ (MPa) Weibull modulus m (-)

Parallel to BB 222 (208.42...236.67) 8.6 (5.58...13.24)
Perpendicular to BB 205.35 (190.12...221.81) 7 (4.54...10.8)

Table 3.5: Weibull strength parameters with 90% confidence bounds (based on ASTM C 1239-07 [195]) for
both tested directions of solar cell

3.4 Measurement of thermal properties

3.4.1 Coefficient of thermal expansion (CTE)

The CTE of PV module components is an essential parameter to characterize since it governs the

thermal strain. As mentioned in Section 2.2.2, the mismatch of CTE has an important role in cre-

ating internal stresses in the PV module. Springer et al. [164] studied the thermal expansion of

mainly epoxy-based ECAs. Bosco et al. [12] have provided a large database of CTE data for encap-

sulants and backsheets. In both studies, measurements were performed with a dilatometer. U.

Eitner [24] was interested in the thermal expansion of glass using the DIC method.

In this work, the thermal expansion measurement was performed using digital image correla-

tion system. Several authors are interested in this technique of measurement e.g. [196–198]. In

this study, CTE measurements were performed for several PV module components: SHJ solar cell,

leaded (Sn62Pb36Ag2) copper ribbons, laminated TPO-A encapsulant, the TPT and PP backsheets,

and two types of acrylate-based ECA. The encapsulant TPO-A used in this measurement was lami-

nated at 150°C between two glass plates. These glass plates were covered with Teflon to prevent the

encapsulant from adhering to the glass. The ECA test specimens were prepared manually using

the same method presented in Section 3.1.1. The conditions for experimental CTE measurement

are presented in Table 3.1. A thermal chamber was used to apply thermal loading to the specimen.

For low temperatures, liquid nitrogen was used as a coolant.

The measurement protocol has been adapted to the type of material:

• Copper: a pre-load of 10N was applied to the ribbon to avoid any possible buckling of the

sample at high temperatures.

• SHJ solar cell: the clamps hold it on the top side and it is free at the bottom.

• Polymer materials: normalized specimens of 4mm width were clamped between the upper

clamps and left free between the lower clamps. The lower tip of the specimen was cut to

avoid any influence of gravity on the measurement of the thermal strain.

Since the thermal expansion of copper ribbon and solar cell is assumed to be linear, thermal

loading by 10°C steps were applied. At the end of each step, one hundred images of the sample

have been captured. Using DIC analysis, the thermal strain of the material is calculated. The

final thermal deformation is obtained for each temperature by averaging over one hundred values

collected over the different temperature steps.
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Regarding polymer components, the test consists in applying a temperature ramp of 1°C/mi n

to the sample and measuring its thermal strain. An image acquisition frequency of 4 images/min

was used. The final strain obtained for each sample corresponds to the average of the thermal

strain in three virtual extensometers of the same length at different positions in the region of in-

terest of the specimen.

Figure 3.26a shows the thermal strain of the SHJ solar cell in the BB direction (MD) and in

the direction perpendicular to the BB (TD). Since the strain is linear, a parabolic fit of the curve

is chosen to determine the CTE of the cell in both directions by deriving the thermal strain with

respect to the temperature as described below:

αth = ∂εth

∂T
= c1 +2c2T (3.28)

This method is used for materials with linear thermal expansion, including solar cell, copper

ribbon and PP backsheet. The other materials have exhibited non-linear thermal expansion, and

therefore another method will be used later to determine their CTE.

The values of the CTE calculated as a function of temperature for the solar cell and in both

directions of measurement are presented in Figure 3.26b. An anisotropic thermal expansion is

noticed, with more expansion in the TD direction which corresponds to the direction of the met-

allization fingers. These metallization fingers are composed of a polymer based adhesive with a

high concentration of silver particles. Silver has a higher CTE (≈ 19×10−61/°C [32]) than silicon,

and given the density of the fingers in the solar cell, its thermal expansion in the direction of the

metallization lines increases.

(a) (b)

Figure 3.26: (a) Thermal strain (with a representation of the strain gradient), and (b) Coefficient of thermal
expansion (CTE) of SHJ solar cell in both direction MD and TD in the range of temperature of 30°C to 150°C

Figure 3.27a and 3.27b illustrate the thermal expansion of leaded (Sn62Pb36Ag2) copper rib-

bons and PP backsheet respectively. As their thermal strain is linear, a parabolic fit has also been

used and the CTE is calculated based on Equation 3.28. The PP backsheet shows a minor anisotropic

thermal expansion.

Figure 3.28a shows the evolution of the thermal strain of the laminated TPO-A encapsulant
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(a) (b)

Figure 3.27: Coefficient of thermal expansion (CTE) of (a) leaded (Sn62Pb36Ag2) copper ribbons and (b) PP
backsheet

with respect to temperature. The thermal strain of the encapsulant is increasing up to the temper-

ature of 60°C where it starts to decrease. This decrease is induced by material contraction. Lam-

ination of samples might induce residual stresses. Therefore when the specimen are reheated,

these stresses relax and the sample shrinks.

Figure 3.28b shows the thermal strains of ECAs A1 and A2 with respect to the loading tem-

perature. For ECA - A1, the thermal strain of sample 1 is almost linear while sample 2 expands

with a rather exponential trend and with a higher level of strain. This difference is mainly related

to the presence of porosity in the samples. On the other hand, the measurements on ECA-A2

do not show such a large difference between the thermal strains. The difference becomes more

pronounced when approaching its glass temperature around 95°C. Furthermore, the slope of the

thermal strain changes after the glass transition, which means that the material expands differ-

ently between the glassy and the rubbery phase.

(a) (b)

Figure 3.28: Thermal strain and smoothing of curves using the Savitzky-Golay method of (a) encapsulant
TPO-A and (b) ECAs A1 and A2

These materials show a non-linear thermal strain evolution. Therefore the method of calcu-

lation of the CTE used in this case has been adapted. The CTE is calculated from the smoothed
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thermal strain curve using the Savitzky-Golay method [199] as explained in Appendix B.

Figure 3.29 represents the CTE measurements for the TPO-A encapsulant and the A1 and A2

ECAs. As expected, the CTE of the TPO-A encapsulant turns negative when the residual stresses

related to lamination are released. However, its expansion in the temperature range between -30°C

and 20°C is almost constant. Concerning ECAs, both types of adhesives have an increasing CTE

in the temperature range between -30°C and 50°C and then decreasing beyond this temperature.

However, the CTE of ECA-A2 increases again after reaching its glass transition temperature.

(a) (b)

Figure 3.29: Coefficient of thermal expansion (CTE) of (a) encapsulant TPO-A and (b) ECAs A1 and A2

3.4.2 Specific heat (modulated DSC test)

Specific heat is one of the three material constants that contributes to the heat equation as de-

scribed in Section 2.1. It represents the ability of the material to absorb or release heat when the

temperature changes. This capacity varies according to the nature and type of the material. In the

case of our study, an interest was devoted to the polymer material as their heat capacity varies ac-

cording to their chemical formulation. To measure the specific heat, the modulated DSC method

was used. This method consists in applying a sinusoidally modulated temperature ramp to differ-

entiate the contribution of temperature from heating rate in the heat flux response of a sample.

Thus the measured specific heat Cp is obtained from this equation [200]:

Cp = AMHF

AMHR
×K (3.29)

where AMHF is the modulated heat flux variation, AMHR is the modulated heating rate varia-

tion, K is a calibration coefficient equal to the ratio of the measured specific heat of a sapphire

sample to the theoretical specific heat value of the sapphire. Hermetic aluminum pans were used

to encapsulate samples of mass between 15-20 mg. A heating ramp of 1°C/mi n was applied with

a modulation of 1°C for 120s. Different type of materials were characterized, TPO-A encapsulant,

PP and TPT backsheets, both acrylate based ECA A1 and A2. The temperature range applied in

each case is presented in Table 3.1.

Figure 3.30 shows the evolution of the specific heat for the tested materials in different temper-
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ature ranges. The encapsulant has a specific heat almost twice higher than the backsheets, which

means that it absorbs more heat and thus slightly insulates the heat transmission between the dif-

ferent layers of the PV module. ECAs have the lowest specific heat in the characterized material

group. This is due to their high concentration of silver particles which release heat better than

polymers.

Figure 3.30: Specific heat Cp of TPO-A encapsulant, TPT and PP backsheets, and ECA A1 and A2 with respect
to the temperature

The specific heat of all materials is increasing with temperature. To estimate the influence of

this variation on the numerically calculated output temperature, a comparative numerical verifi-

cation was performed considering in one case a constant Cp and in the other case a variable Cp . A

temperature ramp is applied on a surface of a cubic element, the nodal temperature is compared

between the two cases. A maximum error of 2% is obtained. As a result, the specific heat can be

considered as constant in the thermomechanical modeling of the interconnection and lamination

processes.

Material TPO-A TPT PP ECA-A1 ECA-A2

Specific heat (J/Kg /°C) 1848,7 1010.85 1272.11 762.04 751.13

Table 3.6: Specific heat at ambient temperature of TPO-A and TPO-B encapsulant, PP backsheet and ECA
A1 and A2 (acrylate based).

3.4.3 Thermal conductivity

The thermal conductivity of the PV module layers has a significant contribution to the heat trans-

fer during the fabrication of the PV module. The thermal transfer is coupled with the thermal de-

formation of the components, and thus can influence the numerical thermal stress. In the litera-

ture, few researchers have been interested in this thermal property of materials for PV applications

[48; 162]. For this reason, experimental measurements of the thermal conductivity of the materi-

als used in our numerical studies have been performed. There are several methods for measuring

thermal conductivity [201]. In our study, a lambda-meter was used.
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Rectangular shaped samples with a minimum size of 5×5×1cm3 were prepared. In the case of

the encapsulant and the backsheet, about twenty layers were laminated. For the ECAs, a deposit

of thin layer by layer in a mold was made. Each layer was degassed and then cross-linked before

adding more material. The measurements are performed at room temperature. The measuring

probe is put in surface contact with the measured sample. In order to eliminate the contact resis-

tance between the two, a silicone grease was spread on the measuring surface. Table 3.7 shows the

results of the thermal conductivity measurements on the studied materials. The thermal conduc-

tivity values measured for the two types of encapsulant are quite close due to their quite identical

chemical composition. The thermal conductivity of ECA-A2 is higher than ECA-A1 due to its high

concentration of silver particles.

Material TPO-A TPO-B PP ECA-A1 ECA-A2

Thermal conductivity (W/m/K) 0.46 0.45 0.32 0.61 0.71

Table 3.7: Thermal conductivity at ambient temperature of TPO-A and TPO-B encapsulant, PP backsheet
and ECA A1 and A2 (acrylate based).

Conclusion

The purpose of this chapter was to characterize the thermomechanical behavior of the PV module

components. First, the viscoelastic behavior of the polymeric materials: encapsulant, backsheet

and ECA was identified based on DMA curves in temperature sweep. The results showed that

the encapsulant and backsheet do not have a long rubbery state. They go quickly to flowing

state after their glass transition. This is a rather favorable characteristic for this type of material

since during the manufacturing process the encapsulant can flow to fill the entire shape of the PV

module.

Then, a mathematical Generalized Maxwell Model was established to model the viscoelastic

behavior of these polymer materials using master curves constructed through the TTS principle.

Experimental and numerical relaxation tests have been performed to verify their correlation and

validate the analytical model. A correct correlation was obtained between the experiment and the

simulation when the applied relaxation strain meets the condition of linear viscoelasticity.

The second part focuses on the characterization of the thermo-elastoplastic behavior of cop-

per ribbons. Tensile measurements at different temperatures have shown that the copper ribbons

exhibit sensitivity to the loading temperature. However, no sensitivity to the loading rate was

found. A Johnson-Cook thermo-elastoplastic model was chosen to model the plastic behavior of

the ribbons taking into consideration their temperature sensitivity. Simulation results of the ten-

sile tests using this model showed a good correlation with the experimental measurements.

In the third part, an interest was given to the study of the elastic and fracture behavior of SHJ

solar cells. Based on force-displacement curves of 4-line bending tests, the elastic moduli in the

longitudinal and transverse direction of the cell are calculated analytically and numerically. The

aim of this characterization was to verify if the transition from a wafer to a SHJ solar cell impacts its
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elastic properties. The correlation between the theoretical elastic properties of silicon and the

analytical and numerical measurements allowed to conclude that the elastic properties remain

unchanged between a silicon wafer and the SHJ solar cell. Moreover, the fracture behavior of

SHJ cells was statistically investigated using Weibull’s law. The fracture strength in the busbars

direction is higher than that in the perpendicular direction.

In the last part of this chapter, the thermal properties of the PV module components have

been studied. First, CTE measurements were performed on several PV module components with

different composition variations. The measurements on the SHJ solar cell have highlighted an

anisotropic effect of its thermal expansion. This anisotropy is induced by the silver metalliza-

tion of the cell since silver expands more than silicon. The expansion of the copper ribbon and

the PP backsheet is also linear with anisotropy for the PP. For the other polymeric materials charac-

terized in this section, their thermal expansion is not linear and strongly depend on their thermal

transition or their processing condition. Finally, the specific heat and thermal conductivity of the

polymeric materials were measured.

All these experimental characterizations and the established behavioral laws represent the first

step to the construction of numerical models to capture the thermomechanical behavior of the

PV module during its manufacturing. All the results presented in this chapter show that each

component of the PV module has a unique thermomechanical behavior. One of the objectives of

the next chapters will be to identify the influence of this variation of the components’ behavior on

the internal stresses induced in the PV module during its manufacturing.
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Résumé du chapitre

Dans ce chapitre, nous nous sommes intéressés à étudier numériquement la contribution du

procédé d’interconnexion dans la création des contraintes résiduelles du module PV. Le procédé

d’interconnexion consiste à assembler la cellule et le ruban de cuivre à l’aide d’une colle élec-

triquement conductrice (ECA), formant ce qu’on appelle un « string », pour assurer la collection

et le transport de l’énergie photovoltaïque générée par les cellules solaires. Cet assemblage est

réalisé par le biais d’un chargement thermomécanique appliqué sur le string pour réticuler l’ECA

et assurer une adhésion entre le ruban et la cellule solaire. Ce chargement, en plus de la différence

entre le comportement des matériaux assemblés, induit des contraintes résiduelles dans le string.

Dans un premier temps, nous avons présenté la géométrie et les simplifications adoptées pour

construire le modèle 2D avec des hypothèses de déformations planes. Puis les matériaux et leur loi

de comportement thermomécanique sont présentés. Les conditions aux limites appliquées sont

également détaillées. Enfin, une analyse de convergence du maillage est réalisée.

Les niveaux de contrainte et de déformation ont été analysés durant le procédé et après re-

froidissement de la structure. Cette analyse a été réalisée sur trois zones d’intérêt : la zone où

la force est appliquée par les pins, l’inter-cellule et une zone intermédiaire entre deux pins. Les

résultats ont montré que la force appliquée par les pins génère une concentration de contrainte

dans le ruban et la cellule solaire, ce qui entraîne une déflexion locale de ses composants. Dans

l’inter-cellule, le ruban est cisaillé en raison de sa forme géométrique et de l’asymétrie de la struc-

ture. Dans la zone où aucune charge mécanique n’est appliquée, l’effet de la différence entre les

CTE des matériaux est plus visible. En termes de déformation, le ruban de cuivre franchit sa limite

élastique durant le procédé ce qui induit une déformation plastique irréversible.

Dans la suite du chapitre, nous avons étudié l’impact de certains paramètres du procédé sur

le niveau de contraintes thermomécaniques. Trois paramètres procédé ont été sélectionnés dans

cette étude : temps et température du procédé, le type d’ECA, et le design des pads d’ECA. Une

analyse est réalisée en modifiant la température du procédé. Elle a montré que plus la température

est élevée, plus les contraintes thermomécaniques seront importantes. Le temps de réticulation

d’ECA et le type d’ECA ont été considérés comme des paramètres de deuxième ordre puisque leur

impact sur les contraintes internes est minimal.

Quant au design des pads d’ECA, les résultats montrent que la discontinuité des pads ECA a

un effet bénéfique sur l’état de contrainte dans la cellule et le ruban de cuivre, que ce soit pen-

dant le processus ou après le refroidissement. Ceci est lié à la réduction du contact de l’interface

cellule/cuivre et donc à la diminution de l’effet lié à la différence de CTE.
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Introduction

The interconnection process is the first step in the assembly of the PV module. Its purpose is to as-

semble the cell with the copper ribbon using a binder to ensure the collection and transportation

of the photovoltaic energy generated by the solar cells. This assembly is done through a thermo-

mechanical loading applied on the stack. This loading, in addition to the difference between the

material behavior laws, induces residual stresses in the string. It is crucial to identify the contri-

bution of this manufacturing step in the generation of thermomechanical stresses because these

stresses will be cumulative during the entire manufacturing process with irreversible behavior for

the materials.

In this fourth chapter, a 2D sub-model in plane strain approximation will be used to study

the stress state induced during the bonding interconnection process. Firstly, the numerical model

will be presented by specifying its geometry and the simplifications adopted. Then, the thermo-

mechanical behavior laws used in this model will be detailed with a focus on the evolution of

the ECA adhesive stiffness with respect to temperature using rheological measurements. Then,

boundary conditions chosen to model the thermal and mechanical loading as well as the contact

management with the heating plates will be identified. A mesh analysis will be performed to select

a convergent mesh solution.

Secondly, the state of thermomechanical stress and strain induced during the process will be

discussed in different zones of the string where the geometry is not identical and considering the

thermomechanical loading applied on each area.

Finally, the influence of some process input parameters on the numerical simulation response

(stresss and strains) will be analyzed. The first parameters studied are the process parameters:

temperature and time. Then we will focus on the type of ECA and its influence on the stress level

induced in the cell and the copper ribbon. Finally, three different ECA pad designs will be investi-

gated to quantify their contribution to the residual stresses in the string.

4.1 2D Finite element sub-model

4.1.1 Presentation of the model

4.1.1.1 Geometries and simplifications

In order to model the thermomechanical stress evolution induced in the solar cell and the copper

ribbon during the interconnection process, a 2D sub-model was developed using the FE Abaqus

software. This model represents a 2D simplification in plane-strain of two half-cells of type M2

(i.e. Solar cell with 156.75 mm side length) interconnected with a copper ribbon through an ECA

adhesive as presented in Figure 4.1. The 2D structure represents a stack of two copper ribbons

bonded with a SHJ cell through a thin layer of ECA (≈ 24µm). The metallization layer and the

busbars have been omitted. One of the ribbons bonds the front side of the cell and the back side

of the adjacent cell. Physically, this ribbon is not bonded all the way to the edge with the cell. This

is a simplification that has been adopted numerically to avoid loading the ribbon in cantilever.
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Figure 4.1: (a) Schematic of two half solar cells interconnected with copper ribbon, (b) Geometry of plane-
strain FE model (Section A-A) and (c) Mesh details of the structure at interconnection zone

4.1.1.2 Materials behavior laws

During this process the ECA is deposited between the copper ribbon and the solar cell, and then

heated to a temperature to crosslink it. To get closer to the physical behavior of the ECA during this

phase of cross-linking, rheological experimental measurements of the shear modulus according

to the temperature of two types of ECA A1 and A2 are carried out. A quantity of non-crosslinked

adhesive was deposited between the two planar measuring tools with an inter-gap of 2.5 mm. The

samples were loaded with a radial frequency of 1r ad/s and a strain of 1%. The normal force has

been considered to be null to prevent the torque from exceeding its critical value when the samples

stiffen during cross-linking. A heating rate of 1°C/mi n was chosen. Admittedly, this speed is very

slow compared to the rate of cross-linking of the ECAs during the interconnection process, but

the purpose of this study is not to characterize the kinetics of cross-linking of the ECAs but to

measure their moduli during a heating ranging from room temperature to the process temperature

(≈ 160°C).

Figure 4.2 illustrates the measurements of storage modulus and shear loss of the two types of

ECA characterized according to the temperature. ECA-A1 begins to crosslink around 57°C, how-

ever ECA-A2 has a slightly higher crosslinking initiation temperature around 67°C. The glass tran-

sition occurred in ECA-A2 just after cross-linking. This phenomenon is represented by a slight

drop in the storage module and a peak in the loss module around 95°C. These glass transition

properties are in good agreement with the DMA measurements presented in Section 3.1.1. These

shear moduli are converted to storage and loss moduli in tension to be used in the modeling of the

interconnection process. The behavior laws and thermal properties used for each material in the

2D sub-model are presented in Table 4.1.

4.1.1.3 Boundary conditions

As described in Section 1.1.2.1, during the interconnection process the solar cells with the ribbon

are regularly translated on a heating plate to crosslink the ECA. Simultaneously a punctual com-

pression is applied by pins on the copper ribbons to ensure an adhesion with the ECA. In order to
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Figure 4.2: The evolution of the storage and shear loss moduli of two types of acrylate-based ECAs during
cross-linking

Material
Elastic properties

(GPa)
Poisson’s ratio

ν

Thermal conductivity
(W/m/K)

Density
(Kg /m3)

CTE . 10−6

(1/°C)
Specific heat

(J/Kg/K)

Copper
E(T) (table 3.3) and

J.C. (table 3.4)
ν(T) (table 3.3) 401 [48] 8890 [48] α(T) (table B.1) 386 [48]

Solar cell
elastic anisotrope

(table 1.1)
130 [48] 2329 [48] α(T) (table B.1) 677 [48]

ECA-A1 E(T) 0.35 [164] 0.61 (table 3.7) 4400 [164] α(T) (table B.2) 762.04 (table 3.6)

ECA-A2 E(T) 0.35 [164] 0.71 (table 3.7) 4400 [164] α(T) (table B.2) 751.13 (table 3.6)

Table 4.1: Behavior laws and thermal properties used of each component in 2D sub-model

model this, a fixed rigid body was set in contact with the bottom surface of the bottom ribbons. A

surface-to-surface contact with hard normal and tangential frictionless properties.

The temperature profile applied to the string as it passed over the stringer plates was measured

experimentally using K-type thermocouples bonded directly to the cell in four different positions.

Figure 4.3 shows the position of the thermocouples and the temperature profile measured for a

recipe of 170°C and a curing time of 2.5s. The temperature monitored by the TC3 and TC4 thermo-

couples is lower than that recorded by the other thermocouples. Thermocouples TC3 and TC4 are

bonded on the top of the stack of two copper ribbons and the cell interconnected by two layers of

ECA. And so the thermal gradient is influenced by the thermal conductivity of the stack. Knowing

that the conductivity of the ECA is the lowest, it isolates a bit the temperature transmitted from

the ribbon to the cell. The stress free state is chosen at the process start temperature, i.e. at room

temperature. The temperature profile monitored by TC1 was applied numerically on the bottom

side of the copper ribbon assuming that the temperature gradient between the ribbon and the cell

is negligible due to the high thermal conductivity of copper.

The force applied by the pins is modeled by a concentrated force applied at nodes spaced by

the distance between the center of two pins. To manage the rigid body motion, gravity is applied

to all the deformable body. To block all degrees of freedom, one node of the cell has been fixed in

translation in the longitudinal direction ex .
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(a) (b)

Figure 4.3: (a) Position of thermocouples K-type for experimental monitoring of temperature and (b) tem-
perature profile for a recipe of 170°C and a curing time of 2.5s

4.1.1.4 Meshing

In this sub-model, quadrangles elements coupled temperature-displacement have been used.

First order elements with reduced integration have been chosen with hourglass control to avoid

zero-energy modes. A mesh convergence analysis was performed based on the maximum von

Mises (VM) stress and the maximal principal stress in the solar cell since it represents the most

loaded component in the structure. The element discretization was varied between 0.3 and 0.1

mm. Figure 4.4 displays the evolution of VM and maximal principal stress in the most loaded

element located in the solar cell as a function of the number of elements in the structure. The

maximum stresses increase with further refinement of the mesh until a number of elements equal

to 39110 where the stress stabilizes even when increasing the discretization of elements in the

structure. Hence, this number of elements was chosen to mesh the structure.

Figure 4.4: Maximum von Mises and maximal principal stresses as a function of the number of elements at
160◦C (with a representation of the mesh analyze zone)
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4.1.2 Thermomechanical stress and strain level

4.1.2.1 Thermomechanical stress level

The internal stress distribution in the string is not uniform. Therefore, we selected three study

areas that have an identical longitudinal stress distribution. Figure 4.5 shows the longitudinal

stress distribution in the three zones of interest at two different stages during the interconnection

process. These stress distributions are analyzed and discussed by zone:

• Zone I: it is representative of the zones where a localized force is applied by the pins simul-

taneously with the heating from below. At 160°C, the ribbon is under compression with a

stress concentration in the zone where the force is applied with a slight deflection. After

cooling, the ribbon is strongly bent locally upward (σxx =±70 MPa) as its stiffness increases

with increasing loading temperature.

• Zone II: represents the inter-cell area where no loading is applied, so the stresses in this area

are induced by the differed bending due to the asymmetry of the structure and the loading.

At 160°C, the ribbon linking two adjacent cells is under shear. This shear is mainly due to its

inclined geometric shape and the difference in loading between the left and right sides. The

left side undergoes more mechanical deformation due to the force applied plus the loading

applied by the other layers, while the right side undergoes thermal deformation since it is

the side by which the structure is heated.

As the cell is not interconnected up to the edge on both sides, they are cantilevered at the

edge with a lower stress level compared to the interconnected area on both sides.

When the stringer cools down, it bends downwards. Consequently, the ribbon connecting

two cells is compressed from below and stretched from above.

• Zone III: is located in an area where no pin forces are applied. At 160°C, it can be seen that

the ribbon and the ECA layer are compressed, with σxx = −81.6 MPa for the copper, and

the cell is under tension with stresses up to 173 MPa. As the copper ribbon has a higher

CTE than the solar cell, it expands more at high temperature. The connection with solar cell

using ECA prevents the copper ribbon from expanding as its CTE requires. After cooling,

as seen in other areas, the string bends downwards by introducing compressive and tensile

stresses into the copper and solar cell, respectively.

The overall longitudinal stress distribution during the ECA bonding process indicates that the

cell is under tension while the ribbon is compressed due to the CTE mismatch. After cooling the

structure contracts and is deflected downward with a deflection in the opposite direction in the

areas of localized pin forces. This reversal of bending direction causes a local buckling of the upper

ribbons.

The residual stress level induced in the solar cell at the end of the process does not exceed 3.8

MPa in tension and -0.87 in compression. On the other hand, the residual stress level in the copper

reaches locally 3.7 MPa in tension and -7 MPa in compression. However, the average stress level

in the ribbon is between 1 and -3 MPa.
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Figure 4.5: Longitudinal stress distributions σxx in three zones of interest at 160°C and after cooling

4.1.2.2 Thermomechanical strain level

During the interconnection process, thermomechanical loading is applied to the stack. However,

the thermal loading applied is quite important compared to the mechanical loading localized on

the ribbons. Consequently, the thermal strain is the predominant strain in all components of the

string. As the thermal expansion of the components is quite different as shown in Section 3.4.1,

the induced thermal strains are correspondingly variable.

Figure 4.6a displays the thermal strains of the three string components during the interconnec-

tion process. As discussed in Section 3.4.1, ECA-A1 CTE increases between -30°C and 50°C where

it tends to decrease. This effect is noticeable on the evolution of the thermal strain of ECA-A1.

The ECA-A1 expands at the beginning of the heating process and from 50°C onwards it contracts.

During cooling, the temperature is decreasing so the thermal strain is increasing since the CTE

is decreasing at high temperature. Once the string reaches 50°C, the ECA starts to contract back

again.

The copper and the cell expand linearly following the temperature evolution during the ECA

bonding. Besides, the copper ribbon expands six times more than the solar cell, which explains its

compressive stress mode.

Only the copper ribbon was modeled with an irreversible behavior. Figure 4.6b shows the

maximum equivalent plastic strain in the copper ribbon during the interconnection process. The

copper deforms plastically for the first time when it reaches 60°C, and then this deformation ac-

cumulates during the process due to other loads applied to it, including cooling to room temper-

ature. The level of plastic strain of copper is within the small deformation range. Nonetheless, it

demonstrates that the ribbon has exceeded its yield strength at the first stage of PV module man-

ufacturing and hence a part of its deformation will be irreversible.
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(a) (b)

Figure 4.6: Evolution of (a) thermal strains in the three components and (b) maximum equivalent plastic
strain in copper ribbon during interconnection process

4.2 Influence of the interconnection process parameters on the ther-

momechanical stresses

After assessment of the level of stress and thermomechanical deformation induced during the

bonding interconnection process, in this section, we are interested in evaluating the influence of

some parameters on the internal stresses induced during the process. Three input parameters

have been selected: temperature and time of assembly, the type of ECA used to interconnect the

string, and finally, the design of the ECA pads deposited on the cell.

4.2.1 Influence of time and temperature of ECA curing on thermomechanical stresses

The two controllable parameters in the bonding interconnection process are tack time and the

curing temperature of the ECA adhesive. Typically, the cross-linking temperature of ECA is around

60-70°C, however they are heated during the process to temperatures above 120°C to ensure com-

plete cross-linking and good adhesion with the other components. The tack time describes the

time that the cell remains on the heated plate before being transferred to the adjacent plate. The

tack time is determined based on the cross-linking kinetics of ECA. These two parameters were

varied in the numerical simulation to quantify their influence on the stress state in the solar cell

as it represents the core of the string and also the most loaded component in the structure. Three

process temperatures were selected 120°C, 170°C which represents the standard temperature and

200°C. The tack time was varied between 2500 ms and 5000 ms.

Figure 4.7a represents the evolution of the maximal principal stress in the solar cell during the

process at different ECA curing temperatures and for the same tack time. As the thermal stress is

predominant in the solar cell, the principal stresses curve follows the temperature profile applied

to the structure in each case. The curves are almost identical with a shift in the curve at 200°C,

which is due to a higher shift in gradient of the temperature imposed on the heating plate in this

case. It is clearly noticeable that the higher the cross-linking temperature is, the higher the stress

level of the solar cell is as well. The stress level reached in the case of a curing temperature of 200°C
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is quite close to the characteristic fracture strength of the solar cell (see Table 3.5). In this model,

half cells were considered. According to research performed by Kaule et al. [202], half cells have

a much lower characteristic fracture strength. Thus, these stresses allow potentially initiation of

microcracks.

Figure 4.7b outlines the evolution of the maximal principal stress in the solar cell during the

process at the same curing temperature and two different tack times. The stress curve is almost

identical in both cases with a longer duration for the tack time of 5000 ms. As the cell is exposed

for a longer period of time on a hot plate before being moved to the adjacent plate, it has enough

time to absorb more heat and therefore the temperature gradient will be different compared to a

cell that is exposed to the hot plate for a shorter period of time. Hence, the stress level is slightly

higher in the case of the 5000 ms tack time compared to 2500 ms.

Since the tack time is based on the kinetics of the ECA cross-linking, the stress level can be

varied by considering a behavior law that describes these kinetic effects. However, the stiffness

of the ECA is negligible compared to the cell and the copper ribbon, the variation could be quite

minor.

(a) (b)

Figure 4.7: The evolution of maximal principal stress during the bonding interconnection process with dif-
ferent (a) curing temperatures of ECA-A1 and (b) tack times

4.2.2 Influence of ECA type on thermomechanical stresses

The thermomechanical behavior of the ECAs selected in this work has been studied in chapter 3.

The results showed that the ECAs have a non-identical behavior in spite of their similar composi-

tion. Here, the influence of the difference between these two types of ECA on the internal stresses

induced in the solar cell and the copper ribbon during interconnection process is identified.

Figure 4.8 depicts the longitudinal stresses σxx in the normalized thickness of the solar cell

and the copper ribbon at 160°C according to the type of ECA used to interconnect the string. The

evolution of the stresses for both components and in both cases shows that they are subjected to

bending. However, the bending gradient is moderately high in the case of ECA-A2 (≈ 2MPa). ECA-

A2 has a particular thermomechanical behavior, its cross-linking and glass transition temperature

are quite close. Therefore, during the process, as soon as its rigidity increases due to the cross-
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linking effect, it falls back due to the glass transition effect. This characteristic influences as well

its thermal expansion (see Figure 3.29b). Therefore, it becomes less rigid than ECA-A1 and can-

not handle the CTE mismatch between the cell and the copper ribbon by inducing more internal

stresses.

(a) (b)

Figure 4.8: Longitudinal stressesσxx in (a) solar cell and (b) copper ribbon regarding their normalized thick-
ness at 160°C during interconnection process

According to these results, the influence of the type of ECA can be assumed as a second order

parameter in the creation of thermomechanical stresses in the interconnection step. Neverthe-

less, after cross-linking, ECA-A2 is stiffer than ECA-A1 in the range of the lamination process and

thermal cycling. Therefore, this assumption cannot be valid in the further manufacturing steps of

the PV module.

4.2.3 Impact of ECA pad design on thermomechanical stresses

Silver is the basic metal used as conductive particles in ECA. As the PV industry tends to decrease

the amount of silver per module in order to reduce their cost, several approaches are being ex-

plored. Among these approaches at the PV module level is the reduction of the amount of ECA

deposited on the cell to interconnect it with the copper ribbon.

Theunissen et al. [203] studied the impact of the amount of ECA deposited to interconnect

cells with shingle technology on their power loss after thermal cycling. Their results show that,

with an ECA amount of 8% relative weight/cell, the maximum power loss after 600 thermal cycles

reaches 2.9% whereas only 1.1% of power loss for modules with 22% relative weight/cell.

In this work, we investigated the impact of reducing the amount of ECA from a thermomechan-

ical point of view. Three pad designs were chosen for this study: the continuous pad (standard i.e.

100%), Pad A with 32% relative weight/cell, and Pad B with 47% relative weight/cell. As shown in

Figure 4.9, pad A is deposited in smaller amounts and with a smaller inter-pad than pad B. The

inter-pad presents a contact discontinuity surface between the solar cell and the copper ribbon.

The same numerical model presented in Section 4.1.1 with the same conditions was used in

the case of pads A and B. The contact management was changed to a general contact instead of

surface to surface contact to manage the contact between the cell and the copper ribbon in the
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inter-pad area where a mechanical co-contact can take place. ECA-A1 adhesive was used to model

the pads as the impact of the ECA type was considered to be secondary.

Figure 4.9: The three ECA pad designs investigated in this study

Figure 4.10 shows the longitudinal stress in a segment of the solar cell and the copper ribbon

between two ECA pads at 160°C where the maximum stress during the process was found. In the

inter-pad of the selected portion, a longitudinal force is applied by the pins. In Figure 4.10a, the

stress curve of solar cell with a continuous pad is constant along the length with a stress level of

164 MPa except in the area where a force is applied by the pins. Pad A, which represents a small

amount of ECA deposit and an inter-pad larger than the pad, shows a stress level of 161 MPa in the

pad area and a stress decrease to 150 MPa in the inter-pad. Pad B depicts an intermediate stress

level between the two cases in the pad area and a stress level rather close to pad A in the inter-pad.

In Figure 4.10b, the longitudinal stress in the copper is also constant along the length with a

compressive stress level of -60 MPa, the same peak in stress related to the localized force is seen.

With pad designs A and B, the stress level in the pads is also lower as in the case of the solar cell.

However, in the inter-pad the stresses are higher (≈ −90MPa). This is due to the absence of the

ECA layer in the area where the force is applied which results in bending of the ribbon and thus

more compressive stress.

(a) (b)

Figure 4.10: Longitudinal stresses σxx in a segment of (a) solar cell and (b) copper ribbon between two
successive pads at 160°C during interconnection process

Figure 4.11 shows the longitudinal stresses in the cell and the copper ribbon in the same seg-

ment after cooling the string to room temperature. In the solar cell, the stresses in the continuous

pad remain quasi-constant. The stresses in pads A and B are lower than the stresses in the con-
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tinuous pad with a minimum difference of 50%. In addition, the same fluctuation is noticed in

the design of pad A and B where the stresses in the pads remain higher than the stresses in the

inter-pad. On the other hand, in the copper ribbon the stress level in the continuous pad is almost

null compared to the stress level in pads A and B.

(a) (b)

Figure 4.11: longitudinal stresses σxx in a segment of (a) solar cell and (b) copper ribbon between two
successive pads after cooling during interconnection process

In addition to the advantages of reducing the amount of silver in the module, the deposition

of ECA in discontinuous pads may have advantages from a thermomechanical point of view. The

presented results revealed that the use of a discontinuous pad induces less residual stress in the

solar cell mainly and the copper ribbon. This is due to the repetitive breaking of the bond between

the ribbon and the cell, which allows the components to expand and contract without as much

stress related to their bond. The shorter the pad, the less stress there will be at the interface com-

pared to a wider pad as in the case of pad B. In addition to that, the inter-pad has a significant role

in the creation of residual stresses. With a wide inter-pad, the components will expand or contract

more since there is no bonding to constrain them, which will introduce a greater deflection.

The main critical parameter in the interconnection with disconnected pad is the area of ap-

plication of the force by the pins, at least for copper. When the load is applied in an area of ECA

discontinuity (i.e. inter-pad), the ribbon undergoes a greater bending, which generates more com-

pression on the ECA in the neighboring pads and this compression is subsequently transmitted to

the solar cell. This phenomenon is illustrated in Figure 4.12a, where a stress concentration up to

190 MPa is observed in the area of the cell at the edge of the pad. As the solar cell is under tension

during the whole process, and since the silicon is especially sensitive to tension, this can be dam-

aging. We can also observe that in the inter-pad area, the ribbon comes in direct contact with the

cell thus applying a bending force to the solar cell. In the areas where the force is applied at the

center of the pad, this phenomenon is not present as shown by the longitudinal stress distribution

in Figure 4.12b. Therefore, the remedy to this problem could be to design the position of the pads

to coincide with the position of the pins.

Numerical results have shown that the discontinuous pads are advantageous in reducing the

thermomechanical stresses during the interconnection process. To our knowledge, there are no ex-
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(a) (b)

Figure 4.12: Distribution of longitudinal stress σxx (a) near inter-pad and (b) in the pad in case of design A

perimental studies in the literature that validate these numerical results. Experimental character-

izations, including the mechanical peel strength of these types of interconnects, need to be carried

out to verify if the discontinuous pads are effective.

As discussed in Section 2.2.1, few numerical studies were found in the literature that address

the thermomechanical behavior of bonded assemblies with ECA.

In the work of Beinert et al. [129] the residual stress level induced in the solar cell after weld-

ing is -5MPa. In the case of welding assembly, the assembly between the cell and the ribbon is

done at the solidification temperature of the filler metal (i.e. at 179°C). Therefore, numerically

they model only the cooling step, which explains the level of compressive stress in the solar cell.

However, in the ECA bonding process, the bonding between the cell and the ribbon occurs once

the ECA is cured at (≈ 60°C) and well before the maximum process temperature. Therefore, it is

necessary to model the whole heating cycle or at least from the starting temperature of the cross-

linking where the physical contact between the three components is ensured. This explains the

fact that at the end of the bonding process the residual stresses (3.9 MPa in tension and -0.87 MPa

in compression) are different compared to the one observed in the welding process.

In the study by Geipel et al. [139], they showed that the ECA interconnect technique induces

residual stress up to -200 MPa in solar cells. As discussed previously in Section 2.2.1.1, these resid-

ual stresses are likely overestimated due to behavior laws of components simplification.

Conclusion

The manufacturing of PV module relies on two assembly steps. The interconnection represents

the first assembly step of the PV module core, the string. The bonding interconnection is done

by a combination of mechanical and thermal loading to ensure adhesion between the ECA glue,

the solar cells and the interconnector. The three components involved in this manufacturing step

have a totally different thermomechanical behavior as discussed in chapter 3.

In this fourth chapter, we were interested in evaluating the level of induced stresses in the

bonding interconnection step and in identifying its potential impact on the stress state in the

rest of the manufacturing chain. First, the model used in this study was presented, specifying

the behavior laws, the boundary conditions and the mesh adopted. Then we discussed the level

of stresses and thermomechanical strains in a string of two half-cells with a fixed set of process

parameters. The analysis was performed on three zones of interest: the zone where the force is
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applied by the pins, the inter-cell, and an intermediate zone between two pins.

The results showed that the force applied by the pins generates a concentration of stress in the

ribbon and the solar cell resulting in a local deflection of these components. In the inter-cell, the

ribbon is sheared due to its geometric shape and the asymmetry of the structure. In the area where

no mechanical loading is applied the effect of the CTE mismatch is more visible. It must be noticed

that the copper ribbon exceeds the yield stress for the first time during this interconnection stage.

This induces irreversible plastic strain.

The level of residual stress induced in the string after cooling is negligible, but the level of

thermomechanical stress during the process is not. For this reason we have given more impor-

tance to the impact of certain process parameters on the maximum thermomechanical stress level

in the rest of this chapter.

The first varied process parameter is the loading time and temperature. Secondly the type of

ECA was varied. As the thermal stress in the solar cell is predominant, a direct effect on the temper-

ature was found, i.e. the higher the process temperature is, the higher thermomechanical stress

occurs. The time and the type of ECA were considered as second order parameters since their ef-

fect on the internal stress is minimal. And finally, the design of the ECA pad and its influence on

the internal stress state was studied.

The results showed that the discontinuity of the ECA pads have a beneficial effect on the

stress state in the cell and the copper ribbon either during the process or after cooling. This is

related to the reduction of the cell/copper interface bonding and thus less effect related to the CTE

mismatch. On the other hand, the stress concentration in the solar cell related to the position of

force application by the pins is a critical phenomenon that has been observed.

To conclude this chapter, the level of residual stress induced at the end of the intercon-

nection process remains negligible, which allows us to neglect it later in the modeling of the

lamination process in order to simplify the numerical model. Nevertheless, the level of inter-

nal stresses during the process must be taken into consideration during the development of new

recipes, because the level of stress reached during the interconnection process can initiate micro-

cracks in the cell that can harm their assembly during lamination.

Several simplifying assumptions were considered in this study. For the behavior of ECAs, the

kinetics of cross-linking was not accounted for in this study, but the effect of cross-linking on

Young’s modulus was considered. It would be relevant to take it into account in future studies

to investigate its impact on the stress state. As we model the whole interconnection process, the

same thermo-elastic behavior of the ECA is defined at the same temperature points during heating

and cooling. Therefore the stiffness considered in the cooling step is lower than the true stiffness

of the material after cross-linking. Despite this, the stiffness of the ECA remains quite negligible

compared to that of the cell and the ribbon and therefore its influence is assumed to be minimal.

In this study, we were interested in the evolution of the thermomechanical stresses in the in-

terconnection line. In the areas of the cell where there is no bonding to the copper, the stress level

is probably lower. A transition from a 2D to 3D approximation could verify this hypothesis and

also study the edge effects of this assembly.
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Résumé du chapitre

Dans le but d’étudier la modélisation du procédé de lamination, nous avons adopté une stratégie

de modélisation multi-échelle. Dans ce chapitre, la sous-modélisation en 2D et 3D du procédé

de lamination est étudiée. L’évolution des contraintes thermomécaniques au cours du procédé à

l’échelle de la cellule solaire est également analysée.

Tout d’abord, au début de chaque section relative au sous-modèle, les modèles sont présentés

avec les simplifications géométriques adoptées et les lois de comportement utilisées dans chaque

cas pour modéliser les matériaux. Ensuite, une analyse de la convergence du maillage est réalisée

pour chaque simulation.

En utilisant le sous-modèle 2D, une étude sur la précision du calcul en améliorant la fiabil-

ité des lois de comportement relatives aux composants du module PV est d’abord réalisée. Des

modèles élastoplastiques et viscoélastiques ont été utilisés pour décrire le comportement ther-

momécanique du ruban de cuivre, du backsheet et de l’encapsulant respectivement. Les résultats

ont montré une surestimation ou une sous-estimation des contraintes thermomécaniques dans

tous les composants si des lois de matériaux simplifiées, i.e. élastiques, étaient utilisées. La relax-

ation de l’encapsulant et du backsheet protège la cellule solaire contre la déflexion appliquée par

le verre. Des concentrations de contrainte ont été observées dans les zones d’interconnexion.

Ensuite, trois configurations différentes de l’architecture des modules PV en modifiant le nom-

bre de busbars, la taille des cellules et le type de face arrière ont été sélectionnées pour évaluer

leur impact sur les contraintes thermomécaniques. La position des busbars exerce une influence

sur les contraintes thermomécaniques induites dans la cellule solaire. Les cellules solaires dont

les busbars sont décalés par rapport au centre sont moins chargées. La non-symétrie du charge-

ment thermomécanique et de la structure augmente la déflexion du module PV, ce qui entraîne un

niveau de contrainte plus élevé dans un module verre-backsheet par rapport à un module verre-

verre.

Un sous-modèle 3D est introduit pour identifier la distribution des contraintes hors plan dans

la cellule solaire ainsi que les effets de bord. Les résultats de la sous-modélisation 3D ont mon-

tré que la cellule subit des contraintes liées aux effets de bord, notamment au bord des lignes

d’interconnexion. Ces effets de bord sont liés à la pression de contact appliquée par les autres

matériaux sur les bords de la cellule.

Enfin, la probabilité de défaillance de la cellule solaire en fonction de la technologie d’interconnexion

est caractérisée et discutée. Il a été observé que la présence de l’ECA entre la cellule solaire et le

ruban de cuivre relaxe le niveau de contrainte induit par la différence du CTE puisque l’ECA se

dilate fortement et est moins rigide. Par conséquent, la probabilité de rupture dans le cas d’une

cellule interconnectée par ECA est inférieure à celle d’une cellule interconnectée par soudure, quel

que soit le type de cellule solaire.
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Introduction

The lamination process is the backbone of the PV module manufacturing chain. It is the assem-

bly step that has the greatest impact on the reliability of the PV module. The reliability of the PV

module after lamination is classically studied experimentally using accelerated qualification tests.

However, these tests consume a lot of material resources and last several days or months. There-

fore, the study of the mechanical reliability of PV modules by numerical means is a necessary

strategy to save time and resources.

As discussed previously, several modeling strategies are possible to investigate numerically the

reliability of PV modules manufactured via the lamination process. In this work, we have adopted

a multi-scale modeling strategy as presented in Figure 5.1. In this chapter, the sub-modeling of

the lamination process will be studied. The evolution of the thermomechanical stresses during

the lamination process at the solar cell scale will be investigated.

First, in the beginning of each section related to the sub-model, the models will be presented

with the adopted geometrical simplifications and the behavior laws used in each case to model

the materials. Then a mesh convergence analysis will be presented for each simulation.

Using the 2D sub-model, first a study on the accuracy of the calculation by improving the

reliability of the behavior laws regarding the PV module components will be performed. Then,

three configurations of PV module architecture by varying the number of busbars, the cell size

and the type of back side are selected to identify their impact on the thermomechanical stresses.

In a second part, a 3D sub-model will be introduced to identify the out-of-plane stress distri-

bution in the solar cell and also the edge effects. Finally, the probability of failure of the solar cell

as a function of the interconnection technology will be characterized and discussed.

Figure 5.1: Multi-scale modeling strategy for the lamination process analysis
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5.1 2D Finite element sub-model

This section of chapter is quoted verbatim from an article submitted for publication by Rahmoun et

al. [204].

In this section of the chapter, the 2D sub-model is defined to study the impact of behaviour

laws of PV module components on the calculations accuracy. Then, tree different PV module ar-

chitectures and their impact on thermomechanical stresses will be modeled and analysed.

5.1.1 Presentation of the sub-model

5.1.1.1 Geometry of the model and loading conditions

In this work, a simplified 2D model was developed using the FE ABAQUS software to simulate

the evolution of induced stresses in the thickness of the PV module during lamination. The 2D

FE model (Figure 5.2-(b)) is a plane-strain approximation for the PV module with a single SHJ

solar cell to better apprehend the evolution of induced stresses during PV module manufacturing.

The structure geometry allows to model half of the PV module by applying a symmetry boundary

condition on symmetrical edge. During lamination, the PV module is placed on the laminator. For

this purpose, a fixed rigid body has been added in contact with the front face of the glass. A normal

rigid and tangential frictionless contact is used. Perfect contact constraints are considered at each

interface. A gravity load is applied to the PV module to avoid rigid body motions. The ECA pads

between solar cell and the interconnects were omitted in this model. Transient thermal conditions

were applied in the different steps of the simulation. A stress free temperature was set at ambient

temperature 25°C. The lamination process was modeled in the following three sub-steps based on

the lamination recipe shown in Figure 5.3:

• Step I: preheating to 60°C, in this step the VOCs located in the encapsulant and the air

trapped between layers are evacuated to the outside by applying vacuum pressure in order

to prevent bubbles from forming in the PV module.

• Step II: heating to the lamination temperature of 150°C while simultaneously applying a

pressure of 0.1 MPa for 7 to 15 minutes to ensure optimal adhesion between the encapsulant

and the other layers.

• Step III: cooling to room temperature (25°C), by applying a convection boundary condition

with ambient air with a heat exchange coefficient of 20 W/m/K representing free air cooling

calculated analytically using the method presented in [79].

5.1.1.2 Material modeling

In this sub-model, a conventional EVA encapsulated architecture of a single-cell module was cho-

sen. A TPT backsheet was used for the GBS architecture. The thermomechanical behavior of the

materials is discussed in Chapter 3. In this study, the behavioral laws of the EVA encapsulant, TPT

backsheet and copper were varied according to the study case. In the thermoelastic case, the DMA
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Figure 5.2: (a) Schematic of a PV module with one solar cell, (b) Geometry of plane-strain FE model (Section
A-A) and (c) Mesh details of the structure at interconnection zone

Figure 5.3: Conventional lamination conditions with outdoor cooling

curves of EVA and backsheet were used. The CTE of the copper and the solar cell are considered

to be temperature dependent while for the other components a constant CTE is considered. The

material behavior used in this sub-model is presented in Table 5.1.

5.1.1.3 Model mesh

In this study, coupled temperature-displacement elements were used. Quadrangle elements were

chosen to avoid the problem of high stiffness displayed in some conditions by triangular elements.

Based on a convergence study regarding size and three types of elements (quadratic with reduced

integration, linear with full integration and linear with reduced integration), the quadratic ele-

ments with reduced integration were chosen as the most suitable ones to predict the studied con-

figuration. In order to have a suitable calculation accuracy in the case of bending problems, these
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Component of Young’s Modulus Poisson’s Thermal Conductivity Density CTE .10−6 Specific Heat
PV module (GPa) ratio ν (W.m−1.K−1) [48] (Kg /m3) [48] (1/C◦) (J.Kg−1.K−1) [48]

Copper
E(T) (table 3.3) and

J.C. (table 3.4)
ν(T) (table 3.3) 401 8890

α(T)
(table B.1)

386

Encapsulant EVA
E(T)/G.M.
(table A.1)

0.4 [134] 0.311 960 270 [48] 2090

Backsheet TPT
E(T)/G.M.
(table A.1)

ν(T)1 0.36 2520 50.4[48] 1010

Glass 73 [48] 0.235 [134] 0.937 2500 8 [48] 913

Solar cell
elastic anisotrope

(table 1.1)
130 2329

α(T)
(table B.1)

677

J.C., Johnson Cook plasticity model; G.M., Generalized Maxwell viscoelastic model.

Table 5.1: Material properties of PV modules components. 1: Measured parameters

elements must be used with reasonably fine meshes in the thickness (minimum of 3 elements

in the thickness) [188]. A more refined mesh was used in the interconnection zones where stress

concentrations were observed (see Figure 5.2). A convergence analysis of the mesh was performed

based on the maximum von Mises (VM) and maximal principal stresses during lamination in the

solar cell since it represents the most loaded component in the structure. The stresses are taken

at the integration points. This convergence study was performed for quadratic elements with re-

duced integration (minimal discretization 0.01mm) where all the materials were assumed ther-

moelastic except copper which is considered thermo-elastoplastic. Figure 5.4 displays the evolu-

tion of the von Mises and maximal principal stresses in the most loaded element located in the

solar cell as a function of the number of elements in the structure. We can observe a big vari-

ation of the slope near to 77462 elements. This variation is due to the mesh refinement in the

interconnection zones which slightly increases the accuracy of the stresses by less than 1 MPa. A

convergence of the solution for a number of elements greater than or equal to 78386 elements is

reached. In the subsequent simulations, a number of element of 78386 was chosen.

Figure 5.4: Maximum von Mises and maximal principal stresses as a function of the number of elements at
150◦C (with a representation of the mesh analyzed zone)
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5.1.2 Influence of material models on induced stresses

As the structure of the PV module is complex, several simplifications can be considered in FE

models to reduce computation time such as the use of thermoelastic behavior laws. However,

these simplifications must have a negligible influence on the accuracy of the numerical calcula-

tion. We will discuss the influence of material models on the induced stresses in the PV module

during manufacturing process. Four study cases were conducted, while increasing each time the

complexity of the material’s model. The thermomechanical behavior law used in each case are

presented in Table 5.2.

Figure 5.5a displays the vertical displacement and the principal maximum stress for Case 4

at 150◦C during the lamination process. We can notice in Figure 5.5a that the PV module is bent

upwards with a maximum displacement around 0.133mm. Figure 5.5a shows the principal maxi-

mum stress in the PV module when discharged from the laminator. The overall stress level in the

PV module is between 21 MPa and -12.2 MPa. Stress concentrations were observed numerically

in the solar cell and more especially in the interconnection zones. To observe the effect of these

stress concentrations, we have compared the tangential stress profile along the length of the solar

cell in Cases 1 and 4. Figure 5.6 shows the tangential stress profile in Case 1 and Case 4. Case 1 rep-

resents the simplified case and Case 4 is the most complex in thermomechanical behavior laws of

the components. The stress concentrations can be visualized by stress peaks reaching 138.8 MPa

on the stress profile in Case 4 along the length of the solar cell. However, the stresses in the solar

cell beyond the interconnection areas are between 7.63 MPa and -0.04 MPa. Copper ribbon has

a much higher coefficient of thermal expansion than the solar cell, so as it expands and applies

a significant stress to the solar cell in the contact areas. By adding ECA pads between the copper

and the solar cell, these stress concentrations may eventually be reduced as the ECA adhesive is

softened.

Study case Glass Solar cell Copper Encapsulant Backsheet Time of calculation Number of processors

Case 1 Elastic Elastic Elastic Elastic Elastic 3h11min38s 28
Case 2 Elastic Elastic Elastoplastic Elastic Elastic 3h6min19s 28
Case 3 Elastic Elastic Elastoplastic Viscoelastic Elastic 3h15min7s 28
Case 4 Elastic Elastic Elastoplastic Viscoelastic Viscoelastic 2h59min30s 28

Table 5.2: The behavior laws used in the four study cases with the calculation time and the number of
processors in each case

In Case 1, the thermomechanical stress level exceeds 18 MPa throughout the length of the cell

except at the extremity where we noticed a compressive stress of -0.02 MPa. A severe stress fluc-

tuation is noticed in the interconnection zones. The stress deviation in the interconnection zones

between Case 1 and Case 4 is 6.78%. However, it is greater beyond the interconnection zones

where it reaches 61.94%. This error is mainly related to the softening and relaxation of the en-

capsulant and backsheet at high temperature. When the encapsulant is softening, it will protect

the solar cell and keep it flat against glass bending due to thermal expansion. Using a viscoelas-

tic mode, these effects of softening and relaxation of the encapsulant as lamination temperature

increases are considered. Thus with an elastic model, the level of thermomechanical stresses is
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(a) Vertical displacement in mm of PV module at 150◦C (y-scaled ×5)

(b) Principal maximal stress σmax
I in MPa showing the stress concen-

tration in the interconnection zone at 150◦C in Case 4 (y-scaled ×5)

Figure 5.5: Vertical displacement and principal maximum stress for Case 4 at 150◦C during the lamination
process

Figure 5.6: Level of tangential stresses σ11 along the length of the solar cell at 150◦C in cases 1 and 4 (the
center of solar cell corresponds to zero)

overestimated.
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5.1.2.1 Elastoplastic behavior of the interconnector

Copper ribbon has a thermo-elastoplastic behavior with rigidity decreasing when increasing the

temperature. This decrease of rigidity can make it more sensitive to plastic deformation. A study

reported by Wiese et al. [158] assessed the constitutive behavior of copper ribbons. It was found

that Young modulus of copper ribbons decreases as the temperature increases. We also noticed

this temperature sensitivity in the experimental measurements presented in Section 3.2.1.

The evolution of the tangential stress in Cases 1, 2, and 4 during lamination in the volume of

a copper ribbon assembled on the backside of the solar cell is presented in Figure 5.7. Unlike the

cell, the copper ribbon is subject to compression during lamination due to the difference in CTE

between the ribbon and the cell. Ribbon has a higher CTE than silicon, so it expands more, but

the interface bond with the cell prevents it from expanding as much as its CTE requires. In the

pre-heating stage, the tangential stress in all three cases is identical, and as the pressure is applied

by the membrane and the temperature increases in stage II the copper ribbon undergoes plastic

deformation. Therefore, in Case 1 where the behavior of copper is considered elastic, the stress is

overestimated by 6.2% due to the absence of plasticity in the copper. In the cooling step III, the

stress level in each case is distinguished. In Case 1 the stress is null since the ribbon is considered

elastic, so all its deformation is reversible. On the other hand, in Cases 2 and 4, residual stresses

are induced in the ribbon due to its irreversible plastic deformation. However, the stress level

in Case 4 where the EVA and the backsheet are considered viscoelastic, the stress level is 51.72%

lower than in Case 2 due to the relaxation of the encapsulant and backsheet. The relaxation of the

viscoelastic materials, the encapsulant and the backsheet, relaxes the deformations applied to the

copper ribbon.

Figure 5.7: Evolution of the average tangential stresses σ11 in Cases 1, 2 and 4 during lamination process in
the volume of a copper ribbon assembled on the backside of the cell

5.1.2.2 Viscoelastic behavior of the encapsulants

The purpose of the lamination process is to soften the encapsulant and apply pressure on the

structure for assuring an adhesion between the layers that protect the solar cell. Considering the
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encapsulant as an elastic material, no effect of softening and relaxation will be observed in the

numerical results. Figure 5.8 shows a comparison between the tangential stress evolution during

lamination in Case 1 and Case 3 for which the encapsulant is considered as viscoelastic. In Case

1, the maximum tangential stress is reached at 150◦C, and is around -0.113 MPa. However, the

maximum tangential stress in Case 3 is equal to -0.09 MPa, i.e. a decrease of 20.67%. During the

second lamination step, a constant pressure is applied on the PV module. This pressure leads to a

relaxation of the encapsulant at 80◦C.

Figure 5.8: Evolution of tangential stress σ11 in cases 1 and 3 during lamination process in the volume of
encapsulant in interconnection zone

The stress in the encapsulant are compressive ones though very low. Figure 5.9 presents the

total, elastic, viscous and thermal strains evolution in the encapsulant during the lamination pro-

cess. We can observe that the total and viscous strains are negative while the thermal strain is

positive. Due to the relaxation of the encapsulant, the viscous tangential strain becomes predom-

inant with a maximum value of -0.058. The proportion of the tangential thermal deformation is

also important (≈ 3.36%). The elastic deformation is negligible. The sum between these three

components gives a negative total deformation in the encapsulant, describing the compressive

stresses observed in Figure 5.8.

5.1.2.3 Viscoelastic behavior of the backsheet

In a large number of numerical studies found in the literature, the thermomechanical behavior of

the backsheet is considered as thermoelastic [24; 48; 128; 129; 134]. Bosco et al. [12] have studied

experimentally the viscoelastic behavior of the backsheet and provided Prony series for several

types of backsheets and encapsulants. In the current work, a study on the viscoelasticity of TPT

backsheet was carried out. A Generalized Maxwell model was developed and used in our model.

The evolution of the tangential stress in the backsheet during lamination and cooling is shown

in Figure 5.10 for Cases 3 and 4. Compressive stresses are located in the backsheet during the

lamination step. But once the structure cools down, the backsheet is under tension. In the pre-

heating step (I), the tangential stress is identical for both Cases 3 and 4. At the end of this step,

the backsheet softens and relaxes due to the increase of temperature and the applied pressure by
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Figure 5.9: Evolution of tangential strains in case 3 during lamination process and cooling in the volume of
encapsulant in interconnection zone

Figure 5.10: Evolution of tangential stress σ11 in cases 3 and 4 during lamination process and cooling in the
volume of backsheet near the interconnection zone

the membrane. Therefore stress level decreases by 19.84% in Case 4 compared to Case 3. After

cooling, in Case 4 the residual stresses induced in the backsheet equals 6.84 MPa which is higher

compared to Case 3. As mentioned previously, after cooling the PV module bends upwards re-

sulting in tension stresses in the backsheet. This tension stresses are more important when the

material is very soft compared to glass. This is the case when the viscoelastic mode is added in the

backsheet behavior.

We discussed the influence of all material behavior laws on the thermomechanical stresses in the

PV module. Complex constitutive models have been used which should require considerable com-

putational resources. In Table 5.2, we have presented the different case studies with the calculation

time required for each case for the same number of processors. The computation time in all cases is

almost identical. On the other hand, by choosing a more realistic material model for the encapsu-

lant, the computation time increased by few more minutes. Case 4 is the most complete in terms of

realistic behavior law. The computation time is less than Case 3 by 15min. In addition, more realis-

tic behavior model helps to better manage numerical problems in simulations such as singularities
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which could explain the decrease of time calculation between cases 3 and 4. Thus, the computation

time is not an issue if a good accuracy is sought in the computations.

This study revealed that the use of simplified material models can have a poor predictive accu-

racy with an overestimation of deflection or an over/underestimation of thermomechanical stresses.

5.1.3 PV module architecture and its impact on thermomechanical stresses induced

during lamination

The PV module architecture has evolved significantly over the last decade. Any variations in the

architecture can impact the stress state in the PV module. Eitner et al. [143] demonstrated that

the interconnect design affects the residual stresses in the solar cell after lamination. Dietich et al.

[105] reported the dependence of PV module deflection on the thickness of the solar cell and the

encapsulant. Rendler et al. [102] studied the influence of contact pads on the thermomechanical

stresses induced in the solar cell after the interconnection process. Beinert et al. [150] conducted a

recent study on the size and number of solar cells as well as the size of PV modules and their impact

on thermomechanical stresses after lamination, during a thermal cycle and mechanical loading.

They studied two architectures related to glass-glass (GG) and glass-backsheet (GBS) architectures

on large modules. Moreover, in their simulations thermoelastic laws were used as material models.

In this present work, the evolution of residual stresses in a PV module during manufacturing

was studied for different parameters for three different architectures as presented in Table 5.3:

• Heterojunction solar cell size: Two solar cell sizes where chosen, M0 which is a standard

size and M2 which is larger (2.25% surface area increase). With an efficient cell technology

of 19.5%, the M2 cell size provides a gain of 0.1 W of output power compared to M0 [33].

• The number of BusBars (BB): Increase from 3 BB to 6 BB. Depending on the cell technology

and PV module design, a power gain of 5 to 10 W can be provided by multi-bar technology

[33].

• PV module backside type: The backside of the module can be made of white or transparent

backsheet polymer or glass. According to International Technology Roadmap for Photo-

voltaic (ITRPV) 2019, the degradation rate of standard backsheet modules is 0.25% higher

than the glass-glass modules. The degradation of glass-glass PV modules reduces energy

production by 15% after 30 years [33].

Three numerical models were built by varying the architectures. Realistic material models were

taken into account as in Case 4 presented in Section 5.1.2. The maximum stresses in each compo-

nent during lamination and after cooling to room temperature are shown in Figure 5.11. During

lamination, the maximum stress in all components is a compressive stress except in the solar cell

which is in tension. As the PV module cools down, the maximum stress is reversed compared to

the lamination step with a lower level of stress. The stress level in the encapsulant, backsheet and

glass is negligible compared to the maximum stresses observed in the solar cell and the intercon-

nector. From a thermomechanical point of view, the increase in cell size does not have an effect

on the tangential stress state. The size of the solar cell is mainly related to the number of busbars.
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Model Format of solar cell Number of BB Design

Architecture N◦1 [M0-3BB-GBS] M0 3 GBS
Architecture N◦2 [M2-6BB-GBS] M2 6 GBS
Architecture N◦3 [M2-6BB-GG] M2 6 GG

M0, Solar cell with 156 mm side length; M2, Solar cell with 156.75 mm side length; BB, BusBars; GBS, Glass-
Backsheet; GG, Glass-Glass.

Table 5.3: PV module configurations studied to assess the impact of the architecture on the thermomechan-
ical stress

(a)

(b)

Figure 5.11: The maximal tangential stress in each component in different PV modules architecture (a)
during lamination step and (b) after cooling to ambient temperature

During lamination and even after cooling in a glass-backsheet module, the maximum stress in

the 6BB solar cell always remains lower than the stress in the 3BB solar cell. As the interconnector

is offset from the center of the solar cell, the residual stress will be lower since the maximum de-

flection is mainly located in the center of the PV module. Comparing the two architectures with

the same M2 cell size in 6 BB and a different backside, the level of maximum residual stresses in-

duced in the solar cell in a glass-glass module decreases by 6.8 MPa (i. e. 20.38%) after cooling and

by 2.3 MPa (i. e. 2.6%) in the lamination step (II) compared to the glass-backsheet module. Glass

represents the thickest layer in the PV module (67% of the total thickness) and has a rigidity of 75

GPa. Hence the neutral plane of the laminate is located in the glass plate. The backsheet has a very

high CTE compared to glass. However its softening during lamination makes it insufficiently rigid
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compared to glass. Therefore the expansion of the glass governs the expansion of the PV mod-

ule, which results in higher stresses in the other components. The heating during lamination is

non-symmetrical, even if the structure of glass-glass PV module is symmetrical, and therefore the

temperature gradient is different in the two glass layers. Thus the expansion of the glass placed

against the rigid support remains dominant and the stress level in the other components is not

much reduced compared to a glass-backsheet structure.

In this study, with the simplified 2D sub-model, we have highlighted the impact of the behavior

laws on the computational accuracy. The realistic behavior laws ensure a good computational ac-

curacy in the case of simulation of the manufacturing process. The effect of some architecture has

also been studied. The cells with multibusbars show a lower level of thermomechanical stresses. The

GG modules also have a positive effect on the reduction of residual stresses.

The modeling of the lamination process in 2D is a simplified approach that allows fast and

efficient simulations to study the effects of architecture, process, and/or material behavior in the

thickness of the PV module. However, some effects such as edge effects and out-of-plane stress levels

are not identified. For this reason, we opted for another sub-model with 3D geometry at the cell scale

to study these effects.

5.2 3D Finite element sub-model

In this section of the chapter, a 3D sub-model is constructed to study edge effects and out-of-

plane stresses during PV module lamination. Based on the results of the 2D sub-model, a glass-

backsheet architecture with 3 busbars was selected as it represents the most critical case. Since

the interconnection area represents the most critical area in the PV module, a study on the effect

of the presence of ECA between the copper and the cell will be performed.

5.2.1 Presentation of the sub-model

5.2.1.1 Geometry of the model and loading conditions

In order to study aspects of edge effects and out-of-plane stress distribution, a 3D sub-model was

developed using the FE Abaqus software.The sub-model represents the geometry of a single cell PV

module as illustrated in Figure 5.12. The symmetry of the geometry allows to model only the quar-

ter of the PV module by applying boundary conditions to the symmetric planes. Perfect contact

constraints are considered at each interface. A gravity load is applied to the PV module to elimi-

nate rigid body motions. The ECA pads between solar cell and the interconnects were considered

in this model (see Figure 5.12-(b)) and metallization details of solar cell were omitted. Transient

thermal conditions were applied in the different steps of the simulation. A stress free temperature

was set at ambient temperature 25°C. The lamination process was modeled using the same lami-

nation steps of a conventional lamination process used in 2D sub-model and presented in Figure

5.3.

During lamination, the PV module is placed on the laminator. For this purpose, a fixed rigid

body has been added in contact with the front face of the glass. A normal rigid and tangential
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Figure 5.12: Schematic of geometry and FE model of a single-cell PV module. The enlargement (a) shows
the thickness in more details and enlargement (b) shows the interconnection zone details

frictionless contact is used. Contrary to the simplified 2D case, in the 3D sub-model the PV module

undergoes a double curvature due to thermomechanical loading. This double curvature induces

a concave deformation of the PV module and thus the edge of the glass layer slightly penetrates

the rigid support as displayed in Figure 5.13a. This leads to divergence problems. To solve this

numerical problem, a fit interference function available on Abaqus Software was added to the

model to handle the problems of penetration of the deformable body into the rigid body.

By default, the imposed contact between two surfaces is defined without penetration when

h(t ) ≤ 0. It is considered that the contact penetration exists when h(t ) is positive. The definition of

interference fit in the contact properties allows to manage the overclosure problems in the initial

step or during the calculation steps. By defining a limit v of allowed penetration (so that h(t )−
v(t ) ≤ 0), the algorithm pushes the slave surface to correct the penetration of the deformable body

into the rigid body as shown in Figure 5.13b.

This surface displacement has no effect on the level of stress and strain in the case of our

problem since the penetration is of the order of a few micrometers. In fact, this allows to reduce the

contact pressure and to block the glass from bending more than it should during the lamination

process.

5.2.1.2 Material modeling

As discussed in Section 5.1.2, the use of realistic behavior laws ensures good computational accu-

racy. Therefore, in this study viscoelastic behavior laws were used for the encapsulant, backsheet

and ECAs. A thermo-elastoplastic law was used to model the copper. The thermal expansion of

the components is considered variable with temperature except for glass where a constant value is

defined. In the case of TPT backsheet and solar cell, an orthotropic thermal expansion coefficient

is defined.

Romer et al. [152] have studied the effect of an anisotropic and negative backsheet CTE on

the residual stress distribution after lamination cooling. Their simulations showed that the stress
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(a) (b)

Figure 5.13: (a) Example of glass penetration in rigid support during the pre-heating step (I), and (b) Inter-
ference fit with contact surfaces [188]

distribution is asymmetric in solar cells. Backsheets with a partly negative CTE show a lower com-

pressive stress level compared to a backsheet with a strictly positive CTE. For this reason, in our

study, we consider the effect of anisotropic thermal expansion in the backsheet. All materials’

properties and behaviour laws are presented in Table 5.4.

Component of Young’s Modulus Poisson’s Thermal Conductivity Density CTE .10−6 Specific Heat
PV module (GPa) ratio ν (W.m−1.K−1) (Kg /m3) (1/C◦) (J.Kg−1.K−1)

Copper
E(T) (table 3.3) and

J.C. ( table 3.4)
ν(T) (table 3.3) 401 [48] 8890 [48]

α(T)
(table B.1)

386 [48]

Encapsulant TPO-A
G.M.

(table A.1)
ν(T) 0.46 (table 3.7) 944∗ α(T)

(table B.2)
1848.7 (table 3.6)

Backsheet PP
G.M.

(table A.1)
ν(T) 0.32 (table 3.7) 2520 [48]

α(T)
(table B.1)

1272.11 (table 3.6)

Glass 73 [48] 0.235 [134] 0.937 [48] 2500 [48] 8 [48] 913 [48]

Solar cell
anisotropic elasticity

(table 1.1)
130 [48] 2329 [48]

α(T)
(table B.1)

677 [48]

ECA-A1
G.M.

(table A.1)
0.35 [164] 0.61 (table 3.7) 4400 [164]

α(T)
(table B.2)

762.04 (table 3.6)

ECA-A2
G.M.

(table A.1)
0.35 [164] 0.71 (table 3.7) 4400 [164]

α(T)
(table B.2)

751.13 (table 3.6)

J.C., Johnson Cook plasticity model; G.M., Generalized Maxwell viscoelastic model.

Table 5.4: Material properties of PV modules components. *: provided by manufacturer

5.2.1.3 Model mesh

In this 3D sub-model, coupled temperature-displacement elements were used. Hexahedral ele-

ments were used in the model and a combination of hexahedral and prismatic elements was used

especially in the pseudo-square area of the solar cell to improve the mesh quality as illustrated

in Figure 5.14a. First order linear elements with reduced integration have been chosen (mini-

mal discretization 0.04 mm) where all the materials were assumed thermoelastic. A more refined
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mesh was used in the interconnection zones where stress concentrations were observed (see Fig-

ure 5.14b).

A convergence analysis of the mesh was performed based on the maximum von Mises (VM)

and maximal principal stresses during lamination in the solar cell since it represents the most

loaded component in the structure. The stresses are taken at the integration points. As explained

before, the complexity of the structure and the low length to thickness ratio requires a large num-

ber of elements in 3D geometry. With the coarsest mesh, the initial number of elements is around

50 000 elements. By refining the mesh, the number of elements exceeds half a million elements.

Therefore, this increase of elements increases considerably the numerical computation time and

therefore in this analysis the computation time is also taken into consideration.

(a) (b)

Figure 5.14: Mesh details in 3D sub-model (a) in the plane of PV module near the pseudo-square corner of
solar cell (only solar cell and glass are represented), and (b) in the thickness of PV module

Figure 5.15 displays the evolution of the von Mises and maximal principal stresses in the most

loaded element located in the solar cell as a function of the number of element in the structure.

It has been noticed that the level of von Mises and maximal principal stresses increase by refining

the model mesh. By reaching a number of elements close to 300 000 elements, the stress level

reaches a maximum level. The first four simulations were run on a local computer on 8 processors

and the maximum computation time reached 165 hours. The fifth case of calculation launched

on a virtual machine with 10 processors reaches a rather high calculation time (approximately

540 hours). However, the difference in measurement accuracy between 300 000 elements and 375

000 elements is only improving by 0.1%. The last case of calculation with a number of elements

higher than half a million elements chosen to verify the total convergence of the mesh solution was

launched in parallel on a cluster using 28 processors. In this case, the computation time dropped

and reached a level of computation time almost identical to the cases with a coarse mesh. There-

fore, considering the important reduction of the computation time using a parallel configuration

on the cluster, a mesh refinement until a good computation accuracy as the case of 300 000 ele-

ments is adopted.

5.2.2 3D Stress distribution and side effects

Figure 5.16 shows the distribution of the maximal and minimal principal stresses in the backsheet

side and the glass side of the solar cell at the end of lamination and before cooling. Stress concen-

trations are noticed all along the interconnection lines. The maximal principal stresses are tensile
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Figure 5.15: Maximum von Mises and maximal principal stresses with respect to the number of elements at
150◦C

ones throughout the cell except at the edge of the interconnect line where they are compressive.

An inverse stress distribution is observed in the minimal principal stress distribution.

Figure 5.16: Maximal (top) and minimal (bottom) principal stresses distribution in the backsheet side and
the glass side of the solar cell at 150◦C with either local computing, ritual machine (VM), or cluster

On the backsheet side of the solar cell, the maximal and minimal principal stresses are tensile

ones all along the interconnect lines. However, on the glass side of the cell the principal stresses

are compressive. Therefore, the solar cell undergoes a bending gradient in its thickness in the in-

terconnection areas. On the other hand, at the borders of the interconnection lines, the maximal

and minimal principal stresses level in the cell is reversed with respect to the stresses in the inter-

connection lines in both cell faces. This means that the cell in the interconnection areas undergoes
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local buckling. To better visualize this phenomenon, the maximum principal stress distribution in

the cell thickness is presented in Figure 5.17. It is clearly noticeable that the cell around the inter-

connection zone is undergoing local buckling. This phenomenon is due to the pressure applied

on the module by the side of the backsheet, and with the presence of the copper ribbon in the

interconnection area, the cell is locally reinforced and bends less due to pressure effect. Hence,

the difference in deflection between the interconnection and non-interconnection areas causes a

local buckling at the edge of the interconnection area.

Minor edge effects are noticed in the maximal principal stress distribution in Figure 5.16 at the

edge of the solar cell and mainly in the edge perpendicular to the interconnection lines. However,

these edge effects are more critical in the interconnection areas as presented in Figure 5.17 where

the principal maximal stress maximum is found. These edge effects are related to the contact

pressure applied by the encapsulant and the backsheet on the edge of the solar cell. Moreover,

these effects are more pronounced on the edge perpendicular to the interconnect lines due to the

stress concentration in the interconnect lines and the difference in stiffness between the cell and

the interconnect line reinforced by the copper ribbons.

Figure 5.17: Maximal principal stress distribution in the solar cell in interconnection zone at 150◦C (the
upper face represents the backsheet side of the cell - deformed scaled ×30)

In the literature review on solar cell cracking, the distribution of micro-cracks in solar cells was

discussed (see Table 1.3). Several works in the literature have shown that the maximum stresses

occur near the edge of the interconnector. This explains that the majority of the microcracks oc-

cur at the interconnect lines. The same distribution is observed in our results and the buckling

phenomenon can explain the propagation of cracks in these areas.

In a study by Beinert et al. [129], residual stresses were measured at the end of lamination us-

ing the confocal micro-Raman spectroscopy technique. Their experimental measurements were

conducted on a single-cell module quite similar to our geometry in the 3D sub-model. Figure 5.18

shows the experimentally measured residual stress distribution in their study. The interconnec-

tion lines are not scanned. As their stress state is measured after lamination (i.e. when the module

is at room temperature), the maximum stresses in the cell are compressive ones. However, we are

interested in the stress distribution. It can be seen that at the edge of the interconnection lines the

stresses are compressive. By moving away from these lines towards the center and the edge of the

cell, the stresses become positive, creating a stress concentration.
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Comparing this experimental distribution with the numerical distribution obtained in our

study, we can withdraw some similarities despite the difference in the stress state, which is log-

ical since in our study we were interested in the stress at the maximum lamination temperature.

In both distributions, at the edge of the interconnection lines, the stresses are positive or negative

and at a distance from these lines the stress sign changes and is maximal compared to the rest of

the solar cell. Moreover, side effects are observed at the edge of the cell along the interconnecting

lines, which is similar to our numerical results.

Figure 5.18: Micro-Raman cell scan. The color code represents the interconverted stress relative. The black
lines are the metallization fingers and busbars, where no micro-Raman spectra are measured. The dotted
white boxes indicate the position of the rear side metallization pads [129]

As discussed earlier, the cell is subjected to local buckling along the interconnecting lines. This

numerically observed phenomenon is consistent with the experimental micro-Raman cell scan per-

formed by Beinert et al. [129]. Therefore, this phenomenon can eventually be at the origin of the

microcracks that propagate at the edge of the interconnection lines.

The presence of copper ribbon in the interconnect lines locally strengthens the cell and makes

it less vulnerable to the pressure applied during lamination which forces the components to flatten

and adhere well together. However, this causes a concentration of stress in solar cells along these lines

and increases their risk of failure. Two parameters that can reduce this effect are either the reduction

of the thickness of the copper ribbons or the use of other types of ribbons that have a CTE close to that

of the solar cell. In section 2.2.2.2, some studies of the literature review have shown the advantages

of the reduction of the section of the copper ribbons in the decreasing of the residual stresses in the

solar cell after soldering. Gabor et al. [98] have investigated the possibility of replacing the copper

ribbons with Invar ribbons which have a CTE very close to that of the solar cell. Their results showed

that Invar can be a promising alternative to copper ribbons.

5.2.3 The influence of the ECA on the probability of solar cell failure

Solar cell cracking occurs mainly in the interconnect lines as discussed in the literature review in

Section 1.2.1. Numerically, in our 2D study, a stress concentration in the interconnection lines was

observed. These stress concentrations can eventually decrease if the contact between the ribbon
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and the solar cell is not considered perfect by adding an ECA layer between the two components.

Geipel et al. [139] investigated the reduction of thermomechanical stresses at the intercon-

nection step using ECA. We have also discussed the level of thermomechanical stress in the ECA

interconnection step in Chapter 4. Here, we are interested in studying the effect of ECA on the

stress level during lamination. In this study, a comparative study was performed to investigate the

stress level when the cell and ribbon are interconnected without or with ECA. The type of ECA was

also varied to identify its impact on the thermomechanical stress level. The maximal and minimal

principal stresses distribution analysis showed that the solar cell is in tension and compression,

respectively. Since tensile stresses are more critical than compressive stresses for brittle materials,

this analysis will focus only on the maximal principal stresses where the solar cell is under tension.

Considering these maximum principal stresses in each case of study, a probability of failure is

calculated based on the Weibull law introduced in Section 3.3.2. In some works, the size effect is

considered in the calculation of the failure probability [30; 150; 205]. It is a variable which allows

considering the change of the volume of the sample and the mechanical loading applied on the

solar cell [30]. As in this study these two parameters remain invariant between the three cases of

study, the size effect is neglected, and the probability of rupture is calculated using the following

equation:

P f = 1−exp

[
−

(
σI,max

σθ

)m]
(5.1)

where σθ is the characteristic fracture strength, and m is the Weibull modulus. The probability

of failure was calculated with respect to the characteristic fracture strength and Weibull modulus

of two different types of cells. In this work, the focus is on the SHJ technology and the Weibull

parameters calculated in Section 3.3.2 are used. Another type of solar cell is also selected, AL-BSF

technology, for the study of failure probability with respect to the maximum principal stress level

induced during lamination. The Weibull parameters are summarized in Table 5.5.

Cell technology Characteristic fracture strength (MPa) Weibull modulus m

SHJ 222 (Table 3.5) 8.6 (Table 3.5)
Al-BSF 180 [202] 6.9 [202]

Table 5.5: Weibull parameters for SHJ and Al-BSF solar cells

Figure 5.19 displays the maximum of maximal principal stresses during lamination process at

150°C and the probability of failure with respect to two types of solar cells regarding the type of

ECA. The maximum of maximal principal stress in the interconnected cell without ECA is signif-

icantly higher by approximately 47 MPa compared to the cells interconnected by ECA. ECA is an

acrylate polymer-based material with a glass transition temperature generally lower than the max-

imum lamination temperature. Therefore, the stiffness of ECA remains well below that of copper

and silicon. Moreover, ECA has a coefficient of thermal expansion a hundred times higher than

that of silicon and copper. Therefore, these characteristics of the thermomechanical behavior of

ECA have a role in the decrease of stress related to the bond between the cell and the copper rib-
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bon.

Figure 5.19: Maximum of maximal principal stress in the solar cell in interconnection zone at 150◦C, and
probability of failure in cell regarding two characteristic fracture strength with respect to the type of ECA

The maximum of maximal principal stress in the solar cell during lamination when ECA-A2

is used is slightly higher than the maximum stress in a cell interconnected by ECA-A1. This is

explained by the difference in stiffness between the two ECAs during the lamination process. As

shown in Section 3.1.1, ECA-A2 has a glass transition temperature around 95°C and therefore the

transition occurs in the lamination temperature range. However, ECA-A1 has a relatively low tran-

sition point. Consequently, ECA-A2 has a higher stiffness and does not relax the stresses related to

the assembly of the copper and the cell as much as ECA-A1.

The probability of solar cell failure during the lamination process estimated with respect to

the failure strength of two types of solar cells is also presented in Figure 5.19. Since the fracture

strength of the Al-BSF cell is lower than that of the SHJ cell, the fracture probability in the case of

Al-BSF cell is higher. When the cell is interconnected without ECA, the failure probability reaches

approximately 84% for the Al-BSF cell, while the probability is limited to ≈ 30% for the SHJ cell. By

using ECA to join the cell with the copper ribbon, the stress level decreases so the probability of

cell failure in both types of cells decreases considerably. These failure probabilities are quite high

since only one cell was considered and the size effect was neglected. However, if several cells are

considered taking into account the size effect, the failure probability will necessarily change. We

have not conducted experimental studies to verify these numerical observations. Theses aspects

are quite intriguing and so encouraging to be further investigated in the future.

Conclusion

The lamination process is the second and final step in the assembly of the PV module components.

This assembly is ensured by a combination of mechanical and thermal loading to ensure softening

of the encapsulant and adhesion of the protective layers to protect the solar cell matrix. The differ-

ent components of the PV module involved in this step have a totally different thermomechanical
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behavior.

Residual thermomechanical stresses induced in PV modules can affect their performance and

lead to a total damage of the structure. Therefore, it is necessary to understand the thermome-

chanical phenomena that contribute to the creation of these induced stresses. Numerical model-

ing was used to achieve such purpose.

In this chapter, we have focused on the sub-modeling of the lamination process in order to

evaluate the induced thermomechanical stresses. Several studies have been carried out in the

literature to study the thermomechanical behavior of PV modules. Few of these works have used

realistic material behavior.

In this work, we have estimated the loss of the model accuracy when simplifying the material

models of copper ribbons, encapsulant and backsheet. Elastoplastic and viscoelastic models have

been used to describe the thermomechanical behavior of copper ribbon and the backsheet and

the encapsulant respectively. The results showed an overestimation or underestimation of the

thermomechanical stresses in all components if simplified material laws, such as elastic mod-

els, were used. The relaxation of the encapsulant and backsheet protects the solar cell against

the deflection applied by the glass. Stress concentrations were observed in the interconnection

zones. These localized stresses allow the potential initiation of microcracks during interconnec-

tion followed by propagation and eventually complete failure of the solar cell. In addition, the

complex behavior laws do not increase the computation time.

The PV market offers many varieties in component designs and PV module architecture. In this

study, we investigated the correlation between the level of induced stresses in the PV module and

its architecture. The position of the busbars has an influence on the thermomechanical induced

stresses in the solar cell. Solar cells with busbars offset from the center are less loaded. The

non-symmetry of the thermomechanical loading and the structure increases the deflection of

the PV module resulting in a higher level of stress in a glass-backsheet module compared to a

glass-glass PV module.

A 3D sub-model was developed to capture the out-of-plane stresses and edge effects induced

during the lamination process. The results of the 3D sub-modeling showed that the cell undergoes

stresses related to side effects, especially in the edge of the interconnection lines. These sides

effects are related to the contact pressure applied by the other materials at the edges of the cell.

As mentioned earlier, stress concentrations have been observed in the interconnection areas

between the copper ribbon and the solar cell. For this purpose, we have studied the impact of the

ECA interconnection technology on these stress concentrations. It was observed that the presence

of ECA between the two components relaxes the stress level induced by the CTE mismatch as

the ECA expands greatly and is less stiff. Therefore, the failure probability in the case of an ECA

interconnected cell is lower than a solder interconnected cell regardless of the type of solar cell.

In the two sub-models studied in this chapter, the whole cycle of thermomechanical loading

of the lamination process was considered, as the goal was to understand the thermomechanical

behavior of the PV module and the assembly of the different components of the PV module. How-

ever, this strategy might not be suitable for the investigation of the residual stresses at the end of
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the PV module fabrication. This aspect will be addressed in the next chapter.
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Résumé du chapitre

Les contraintes résiduelles peuvent avoir ont un effet dégradant sur la fiabilité et la durée de

vie des modules photovoltaïques (PV). L’évaluation de l’effet des paramètres du procédé de lami-

nation sur la fiabilité des modules PV est une étape clé pour étendre leur durée de vie. Cependant,

les méthodes de mesure des contraintes résiduelles sont limitées. Deux méthodes de mesure des

contraintes résiduelles à l’échelle locale de la cellule solaire sont disponibles dans la littérature.

Toutefois, ces méthodes ne permettent pas une mesure globale de la déflexion du module PV.

Dans ce chapitre, une nouvelle méthode de mesure de la déflexion des modules PV est présen-

tée. Cette méthode consiste à cartographier la surface des deux côtés d’un module PV positionné

sur 4 supports ponctuels. La répétition des mesures sur les deux faces vise à compenser l’effet de

gravité induit par le poids propre du module PV. La position des supports a été optimisée analy-

tiquement. L’erreur induite par ce protocole de mesure a été estimée numériquement.

Une campagne de mesures expérimentales utilisant ce protocole a été réalisée afin d’étudier

l’influence des paramètres du procédé de lamination (architecture, température et type de re-

froidissement) sur la déflexion des modules PV. Tout d’abord, l’erreur de planéité des plaques de

verre utilisées pour fabriquer les modules PV a été mesurée. Il a été constaté que les plaques de

verre ne sont pas parfaitement plates et que leur déformation résiduelle n’est pas symétrique.

Ces plaques de verre ont ensuite été utilisées pour fabriquer les modules PV. Les mesures ex-

périmentales sur les modules PV ont montré que pour l’architecture verre-backsheet, la déflexion

résiduelle diminue lorsque la température de lamination augmente, ce qui n’est pas observé dans

l’architecture verre-verre. Le type de refroidissement a également un effet, étant donné que la

déflexion des modules PV refroidis à l’air ambiant est plus élevée que celle des modules PV re-

froidis sous presse.

Par la suite, un modèle 3D a été développé pour étudier la corrélation entre les mesures ex-

périmentales et numériques. La corrélation entre les mesures expérimentales et numériques de la

déflexion résiduelle n’était pas très bonne avec une sous-estimation de la déflexion avec le mod-

èle numérique. Les facteurs influençant cette variation entre les mesures expérimentales et les

valeurs numériques ont été discutés. La déflexion résiduelle des plaques de verre a une influ-

ence majeure sur cette variation puisque des hypothèses numériques simplificatrices liées à la

géométrie ont été considérées. Ces hypothèses considèrent que les composants du module PV

sont initialement parfaitement plats et que la structure du module PV est symétrique. Néanmoins,

une étude plus approfondie doit être menée pour justifier les différences observées.

Enfin, le niveau de contrainte résiduelle associé à la déflexion numérique des modules PV a été

analysé. Les résultats ont montré que les cellules solaires sont sous compression. Les contraintes

de compression ne sont pas critiques pour les matériaux fragiles comme le silicium. Cependant,

si des rubans d’interconnexion sont ajoutés, ils peuvent induire des concentrations de contraintes

positives. Dans ce cas, le risque de défaillance des cellules solaires augmente.
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Introduction

Thermomechanical residual stresses have a degrading effect on the reliability and lifetime of pho-

tovoltaic (PV) modules. Assessment of the effect of the lamination process parameters on the reli-

ability of PV modules is a key step to extend their lifetime. However, residual stress measurement

methods are limited. Tippabhotla et al. suggested a synchrotron X-ray micro-diffraction method

to evaluate residual stresses in solar cells surface in PV module after interconnection and lami-

nation processes [134]. Beinert et al. provided a measurement of thermomechanical stresses in

solar cells and PV module by confocal micro-Raman spectroscopy [129]. However, these methods

do not allow a global measurement of the deflection of the PV module. Li et al. [85] developed a

technique to separate the glass plates from the rest of the layers in order to measure their central

deflection. However, by eliminating the bonding of the glass to the other layers, the deformation

related to the contraction of the glass is neglected. Since it is the glass that governs the contraction

of the PV module, the measured deflection could be unrepresentative to that of the PV module.

In this chapter, a new method of measurement of the deflection PV modules will be presented.

This method consists in mapping the surface of both sides of a PV module positioned on 4-point

supports. The measurement repetition on both sides aims at compensating for the gravity effect

induced by the self-weight of the PV module. The position of the supports will be analytically

optimized. The error induced by this protocol of measurement will be numerically estimated.

An experimental measurement campaign will be carried out to characterize the impact of lam-

ination process parameters on the residual deflection of the PV modules. First, the initial shape

of twelve glass plates will be characterized. Then, the PV modules will be manufactured using the

same glass plates while varying architecture, lamination temperature, and cooling type. Using the

same method, the residual deflection of these PV modules will be investigated.

Finally, according to our multi-scale modeling strategy (see Figure 6.1), a 3D model which rep-

resents the global scale of the PV module will be introduced. This model will allow to study the

correlation between the experimental and numerical measurements of residual deflection of PV

modules depending on lamination parameters.

Figure 6.1: Our strategy of multi-scale modeling of lamination process
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6.1. EXPERIMENTAL MEASUREMENT METHOD OF PV MODULE DEFLECTION

Some parts of this chapter are quoted verbatim from a conference paper published by Rahmoun

et al. [206].

6.1 Experimental measurement method of PV module deflection

The post-lamination thermomechanical residual stresses are translated into a residual deflection

of the PV module, which is linked to deflection. In this work, a new method of measuring the

global deflection of PV module is developed. Then, this method is validated numerically and ex-

perimentally.

Indeed, the deflection (w x , w y ) of PV module can be measured experimentally using distance

sensors (laser or mechanical sensor). Moreover, local orientations (ϕx ,ϕy ) can be calculated di-

rectly using the following equation 6.1 as shown in Figure 6.2 :

ϕx = ∂w x

∂y
; ϕy =

∂w y

∂x
(6.1)

Then, the variation of local orientation along principal directions is used to calculate local

curvature (κxx ,κy y ) in the associated coordinate system as follow:

κxx = ∂ϕy

∂x
; κy y = ∂ϕx

∂y
(6.2)

Several assumptions, similar to Kirchhoff-Love [207] thin plate theory can be used to estimate

bending strains at the surface of a PV module of thickness t from local curvature:

εxx =± t

2
κxx ; εy y =± t

2
κy y (6.3)

(a) (b)

Figure 6.2: Geometric notations of the problem: (a) Representation of coordinate system and local rotations
and (b) Calculation of plate curvature from deflection measure, considering cross-section in (Oxz) plane

In this section, the experimental protocol developed for the estimation of PV module residual

deflection is described. The measurement deviation induced by this protocol has been estimated

numerically. Afterwards, a first experimental validation of the protocol was carried out on a glass

plate and several PV module architectures.
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6.1.1 Definition of the experimental protocol

In this section, we describe the experimental protocol developed for the estimation of PV mod-

ule residual deflection. The main issue is to find a method to measure the deflection without

constraining the PV module shape. Indeed, placing it directly on a plane support/table might

impose an artificial flatness, while putting it on the edge would constrain the edge shape. The

solution adopted was to put the PV module on four punctual supports as presented in Figure 6.3,

distributed according to the laminate symmetries. This distribution of supports shall not con-

strain the measures, assuming the residual deflection to be symmetric. However, gravity effects

occur due to the self-weight of the PV module. The additional deflection induced by gravity might

even be higher than the residual deflection we are trying to measure if the protocol is not carefully

thought out.

Figure 6.3: Schematic representation of the experimental set-up for the deflection measurement. The sym-
metry planes are represented in dashed lines.

6.1.1.1 Compensation of gravity effects

This method is inspired from monocrystalline silicon wafers measurement to eliminate the gravity

issue. Indeed, SEMI standards [208] suggest to repeat the measure on both sides of the wafer

in order to compensate its self-weight (see Figure 6.4). This experimental protocol relies on the

assumption that the additional deflection induced by gravity is unchanged by inverting the PV

module. Then, both measures contain this gravity contribution with the opposite effect. Thus, the

average of both measures shall give the residual deflection, freed of the gravity effects.

6.1.1.2 Supports position optimization

Gravitationally induced deflection strongly depends on the support’s position. The analytic study

is reduced to a one-dimension (1D) optimization of the support position, along a beam. This

simplification offers the right estimation with much easier calculations than a two-dimension (2D)

optimization on a plate. The deformation in the transverse direction can be neglected as the PV

module is a thin plate. Thus, in the 1D study, the one-point support is simple.

We consider a beam of length 2`, placed on two supports at an equal distance a from the center

of the beam (Figure 6.5a). The beam is assumed to be homogeneous, linearly elastic with a Young
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(a) (b)

Figure 6.4: Schematic explanation of the experimental protocol used to compensate gravity effects (a) Mea-
surement on side 1 and (b) Measurement on side 2 [206]

modulus E, a moment of inertia I and a linear density λ. The structure undergoes its self-weight,

equivalent to an homogeneous linear loading −λg ey , where g is the gravitational acceleration.

The direction of the beam is denoted by the vector ex and the origin x = 0 is set in its center.

The application of Euler-Bernoulli theory allows to neglect the shear strain. Axial strain of the

beam is also neglected with respect to strain coming from bending. Furthermore, small strains

assumption is applied. The boundary condition along the symmetry plane is a sliding support

with imposed orthogonality.

In the deformed configuration (Figure 6.5b), the deflection at x-axis is denoted by w(x). Par-

ticularly, the deflection of interest will be the one in the center of the beam wC = w(x = 0) and at

the end wE = w(x = `).

Castigliano’s second theorem is used to calculate directly the deflection at the center and at

the end of the beam :

wC = λg a2

4EI

[
5a2

6
− (`−a)2

]
(6.4)

wE = λg (`−a)

2EI

[
(`−a)3

4
+a(`−a)2 − 2a3

3

]
(6.5)

Several cases have been considered for the support position, corresponding to different opti-

mization criteria (Figure 6.6):

• Case 0: this reference case corresponds to the choice of putting the support at the end of

the beam (a = `). This choice maximizes the deflection in the center wC, which could be

minimized.

• Case 1: the second option would be to minimize the deflection in the center with respect to

a, where ∂wC/∂a = 0. However, this minimum corresponds to a negative value of deflection

in the center, while the deflection at the end of the beam wE increases. It occurs with a

support around the third of the length: a = 0.347`.

132



CHAPTER 6. RESIDUAL DEFLECTION OF PV MODULE REGARDING LAMINATION PROCESS
PARAMETERS

(a) (b)

Figure 6.5: Schematic representation of the problem: (a) loading case (the beam (in black) is placed on two
sliding supports (in blue), submitted to self-weight loading (in orange)) and (b) deflection notations (in yel-
low), describing displacement from initial to deformed configuration (respectively dashed and continuous
line)[206]

• Case 2: in order to avoid the reverse deflection in the center, another criterion would be to

minimize the absolute value of wC, resulting in a = 0.523`. However, if this choice ensures

a zero deflection at the center of the beam, the deflection at the end of the beam is still not

taken into consideration.

• Case 3: finally, the most general criteria would be to minimize the maximum deflection

along the beam. This case can be expressed mathematically, by defining the optimal posi-

tion as follows:

aopt = argmin
a∈[0,`]

(
max

x∈[0,`]
w(x)

)
(6.6)

The extreme deflection of the beam is reached either in its center or at its end, depending

on the support position. Thus, the optimal value according to this criteria will be respected

when wC = wE, giving a = 0.554`.

Figure 6.6: Undeformed (in black) and deformed shape of the beam for different cases of support position,
corresponding to a choice of optimization criteria [206]

Case 3 was selected as it is the criterion that minimizes the maximum value of deflection along

the whole beam. It is important to note that this optimal position is only dependent on the beam

length, not on the geometric or material parameters (inertia and stiffness), which only change the
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deflection’s value. Then, this approach is valid in the most general case.

6.1.2 Numerical validation of experimental protocol

Theoretically it is assumed that the effect of gravity will be identical on both sides. Nevertheless,

the validity of this assumption depends on several parameters including the effect of the structure

and especially when the PV module has an asymmetrical architecture in the thickness.

A 2D Finite Element (FE) model is defined using Abaqus Software in order to validate the ex-

perimental protocol. We assimilate the PV module to a 1m×2m glass shell plate, as it is the thickest

material of the laminate. A constant curvature κxx is imposed along direction ex . The curvature

is null along the transverse direction ey (see Figure 6.7a). This arbitrary curvature is meant to rep-

resent the residual deformation of PV modules after lamination. We chose a thickness of 3mm

for a glass-backsheet architecture and 6mm for a glass-glass architecture. The problem has two

geometrical symmetries and loading with respect to the planes (Oxz) and (Oy z), at the center of

the PV module. Thus, only a quarter of the structure is considered. The structure is submitted to

gravity (g = 9.81m/s2), on one side and the other (Figure 6.7b).

(a) (b)

(c) (d)

Figure 6.7: Description of the numerical model: (a) Geometry of the model, (b) Load description, (c) Sup-
port shape, and (d) Mesh refinement near the contact zone

The support is modeled by a 3D discrete rigid half sphere of radius r = 2cm (Figure 6.7c).

A contact interaction is defined between the support and the bottom face of the laminate, with

normal hard contact and frictionless sliding. Linear quadrilateral shell elements with reduced

integration were used to mesh the structure with a characteristic size of 5×5mm2. The mesh is
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refined near to the contact zone with the support with quadrilateral mesh of size 1×1mm2 (see

Figure 6.7d). A mesh analysis was performed to assess the accuracy of the numerical results.

As described in Section 1.1.1.4, tempered glass mechanical behavior can be considered as isotropic

linear elastic. The elastic properties used are described in Table 1.2.

In order to assess the validity of the experimental protocol, we compare the initial deflection

imposed to the glass plate with the deflection estimated using the approach described in Section

6.1.1.1.

Considering the notations from Figures 6.7a and 6.4, the real deflection we are trying to measure is

w0, while the experimental measure following the protocol will be wexp = (w0 +w1)+ (w0 −w2)

2
.

Thus, the error criteria for the numerical validation is:

ε= wexp −w0

w0
= w1 −w2

2w0
(6.7)

The results are represented in Table 6.1, for a real deflection from 0.1mm to 10mm. The nu-

merical error induced by the protocol is inferior to 0.74%. It can also be noticed that the protocol

induces an under-estimation of the numerical deflection measurement, as the error is negative.

Finally, the results shows also that glass-glass architecture is less affected by structural effects com-

pared to glass-backsheet architecture, as the error is at least 20 times lower.

Residual deflection w0 Measurement error ε (%)
(mm) Glass-Backsheet Glass-Glass

0,1 -0,7200 -0,0126
1 -0,7391 -0,0270

10 -0,5817 -0,0297

Table 6.1: Error induced by the experimental protocol for different value of residual deflection, computed
with ABAQUS.

6.1.3 Experimental deflection probing

A preliminary study was conducted, in order to prove the relevance of the experimental approach

before a larger experimental campaign. The experiments were made using a three-dimensional

(3D) coordinate measuring machine "CRYSTA-Apex S 9106" developed by a partner Mitutoyo. This

machine offers a high precision probing of up to 7 µm of the measured PV module. The coordinate

measurement is performed by a contact inductive distance sensor, moving in the horizontal plane

using motorized axes. The machine offers several options for the number and density of measured

points. The program chosen is a mapping of the sample surface, with one measurement point

every 5cm.

The samples chosen for this preliminary study are:

1. A glass plate, presumed to be perfectly flat.

2. A laminated glass-backsheet PV module.
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3. A glass-free symmetric PV module with polymeric front and back layers, that is particularly

bowed. This highly deformed sample demonstrates the ability of the protocol to detect de-

flection.

The maximum size of the sample was limited by the measuring area of the machine used.

Thus, we chose for the glass-backsheet sample a 4× 4 cells PV module and the associated glass

size for samples 1 and 2. The third sample was a mini-module with only 4 cells, which is smaller.

The experimental protocol plans to put the module on four supports, instead of placing it on

the machine plate. A rigid frame linking the four supports was made. Stops were added to ensure

that the PV module is always placed at the same position. The experimental set up is shown on

Figure 6.8.

Figure 6.8: Experimental setup for deflection measurement

In order to calculate the real deflection, a Python code was developed to post process data files

of the coordinate measurement machine. On each side, a point was measured every 5cm. By flip-

ping the PV module, an offset was observed between the measurements on each side. Therefore,

a linear interpolation was established to compare the deflection at the same point on both sides.

For each sample, the real deflection w0 free of gravity effect was calculated. The effect of gravity

wG was also computed.

Figures 6.9, 6.10, and 6.11 display the experimental results of the deflection measurement in

the three samples. We define the flatness error as the distance between maximum and minimum

deflection.

Several conclusions can be drawn from the experimental results:

• The glass plate is not flat as expected, with a flatness error of 1.35mm.

• The deflection of the glass-backsheet sample is smaller than the glass plate (flatness error

of 1.15mm). During lamination, the PV module is heated and pressed. Thus, it might cause

stress relaxation in the glass plate.
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(a) Real deflection w0 (b) Effect of gravity wG

Figure 6.9: Experimental results for the glass plate (sample 1)

(a) Real deflection w0 (b) Effect of gravity wG

Figure 6.10: Experimental results for the glass-backsheet PV module (sample 2)[206]

• The gravity on the 16 cells PV module samples has a bigger effect in the direction x than y ,

as it is the longer side (4cm longer, ie 5% of the length).

• The residual deflection of the PV module without glass appears to be much larger than for

other samples (21.3mm). The gravity-induced deflection seems to be inclined in the y di-

rection, due to a mis-centering of solar cells with respect to the composite faces.

Several improvements were brought to this measurement protocol in the parametric study

campaign of the lamination process, notably the flatness of the supports, as well as the measure-

ment positions on each side in order to avoid a possible error linked to the linear interpolation

between the measurement points.

In this section, a novel method of measuring the global deflection of the PV module was pre-

sented. The first validation measurements of the method confirmed some aspects of shape noticed

on the tested samples. The results clearly showed that the PV modules are deflected after manufac-

turing. Furthermore, the measurement results on a glass plate showed that its initial deformation is

not symmetrical.

In the following, we will investigate the origin of this deflection of the PV modules, in order to
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(a) Real deflection w0 (b) Effect of gravity wG

Figure 6.11: Experimental results for the glass-backsheet PV module (sample 3)

verify whether this residual deformation is induced by the initial shape of the glass plates or by the

lamination process parameters.

6.2 Parametric experimental study of the lamination process and its

impact on the residual deflection

6.2.1 Initial deflection of glass plate

As discussed in the previous section, the glass plates are not initially flat. Therefore, a measure-

ment of the initial deflection of the glass plates is necessary before integrating them into the PV

module. Using the same protocol presented previously, the initial shape of twelve glass plates was

measured. As mentioned previously, the quality of the supports was improved (see Figure 6.12)

and the density of the measurement points was increased by keeping the same position on each

side to avoid interpolation errors between the measurement points.

Figure 6.12: The improved experimental set up [206]

Figure 6.13a presents the real deflection w0 of a glass plate. It can be noticed that the initial

shape of the glass plate is not flat and its deflection is not symmetrical. Figure 6.13b shows the flat-

ness error measured for twelve glass plates. The median flatness error in the glass plates is equal
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to 1.433mm±0.034. This residual deflection present in a sampling of glass plates can probably be

caused by the nature of the cooling technique after their manufacturing process.

These glass plates were used to manufacture the PV modules for this study. For glass-glass

modules, the combined plates have approximately the same flatness error in order to distinguish

the effect of the lamination process parameters on their initial deflection.

(a)

(b)

Figure 6.13: (a) The real deflection w0 of glass plate G1 and (b) flatness error of the twelve glass plates [206]

6.2.2 Preparation and manufacturing of PV modules

Three parameters of the lamination process were selected for this study.

• The first parameter is the architecture by varying the type of the backside from glass to a PP

multilayer polymer.

• The second parameter of study is the maximum lamination temperature. Three tempera-

tures were chosen: 100°C which represents a temperature from which the TPO encapsulant

is completely melted, 156°C is the standard lamination temperature, and 170°C which stands

for the most optimized recipe temperature with respect to the type of encapsulant tested for

a SL lamination process.
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• The third parameter is the type of cooling. As mentioned in Section 1.1.2.2.2, in the case of

the conventional lamination process the PV module is cooled down in the open air while in

the SL process an optional option is developed to control the cooling of the PV module in a

cooling press.

Eight 4 × 4 solar cells PV modules were manufactured by combining the three process pa-

rameters as shown in Table 6.2. The heterojunction SHJ solar cells were not interconnected. A

thermoplastic polyolefin TPO encapsulant was used to encapsulate the PV module layers. For

glass-backsheet PV modules, a polypropylene PP backsheet was used. The layers were stacked

considering the initial concave shape of the glass plates as shown in Figure 6.14. The glass-glass

PV modules have undergone an additional step in the double-sided heating plate compared to the

glass-backsheet modules. As stated before in Section 1.1.2.2.2, this is an optional stage developed

more especially for glass-glass PV modules, to avoid edge pinching caused by the membrane and

to ensure symmetrical heating of the PV module. In this step, the glass-glass PV modules were

pressed with a pressure three times higher than the pressure applied in the membrane.

Architecture Glass-Glass Glass-Backsheet
Combined glass G10- G2- G1-

G5-G6 G11 G7 G4 G12
plate G9 G3 G8

Temperature of
100 156 170 156 100 156 170 156

lamination °C
Type of cooling Cooling press Ambient air Cooling press Ambient air

Table 6.2: Parameters study of the lamination process [206]

Figure 6.14: Stacking of the layers considering the initial concave shape of the glass plates [206]

6.2.3 Impact of temperature on residual deflection of PV module

Figure 6.15 displays the flatness error of PV modules regarding the architecture, temperature of

lamination and type of cooling. For the glass-backsheet architecture, by comparing the flatness

error of PV modules cooled down in a cooling press and encapsulated at different temperatures, it

is noticed that the higher the lamination temperature is, the less the residual deflection of the PV

module will be. The deflection of the "G1" glass used to manufacture the PV module at 100°C is

the lowest among the glasses used for the modules laminated at other temperatures. However, the

decrease in its deflection is not as remarkable as the other modules.
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Nevertheless, for the glass-glass architecture the lowest flatness error is observed in the PV

module laminated at 100°C. The initial deflection of the glass plates used to manufacture the mod-

ules at 100°C and 170°C is quite close, yet the final flatness error in the module laminated at 170°C

is slightly higher than that laminated at 100°C. The module laminated at 156°C with cooling press

represents the highest flatness error in this group since the flatness of the "G2" and "G3" glass

plates exceeds the median of the flatness errors of all glass plates. Consequently, the tempera-

ture effect in this architecture is not correlated to flatness error. The combination of the two glass

plates is the main factor behind this, and even though their deflection is quite close, their shape

is quite different and asymmetrical. Hence it is not obvious exactly what impact the temperature

has on this type of architecture.

It is also observable that the flatness error of all the GBS and GG modules cooled by the cooling

press is inferior to the flatness error of the glass plates used for their manufacturing. This confirms

the hypothesis that the lamination process relaxes the residual deflection of the glass plates in-

duced during their forming. However, GG modules are less deflected than GBS modules. It is

uncertain to judge whether this difference is related to the architecture of the PV module, since

GG modules have undergone an additional step in the double-sided heating plate. This stage al-

lows both symmetrical heating and homogeneous surface pressure application compared to the

membrane. Thus, this forces the GG modules to flatten.

Figure 6.15: Flatness error in PV modules regarding lamination process parameters [206]

Although the GG module laminated at 100°C has a lower deflection than other modules of the

same architecture, this does not mean that this is the optimal process temperature for manufac-

turing this type of PV module. It is necessary to combine the residual deflection with other factors.

Figure 6.16 shows a photo of the GG module laminated at 100°C. It can be seen that the encap-

sulant in some areas still has a fresh surface aspect even though it is well adhered to all layers of

the PV module. This surface texture means that the encapsulant has not completely melted de-

spite the lamination temperature exceeding its melting temperature. Since the thickness of the GG

module is high, the lamination time in an SL process is not sufficient to transfer the heat needed

to fully melt the encapsulant. However, when the temperature is high and well above the melting
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point of the encapsulant, the shortened lamination time is sufficient. This phenomenon was not

observed in the case of the GBS module, since its thickness is almost 2 times less than that of a GG

module.

Figure 6.16: Surface aspect of 4×4 solar cells GG PV module laminated at 100°C with cooling press

6.2.4 Effect of cooling press on residual deflection

In order to study the impact of the type of cooling on the residual deflection of PV modules, two

modules of each architecture were laminated at the same temperature of 156°C and cooled down

either in free air or in a cooling press. As explained in Section 1.1.2.2.2, the cooling press allows

accelerated cooling of the PV module while maintaining pressure on the PV module to control its

flatness.

The results are also presented in Figure 6.15. For both architectures, the highest residual de-

flection is found for the ambient air cooling case, since in the cooling press stage, a pressure is

applied to maintain the flatness of the PV module during cooling. The effect of cooling type is

higher in the glass-glass architecture where the flatness error increased by 230% compared to the

PV module cooled with the cooling press. This difference is obviously due to the supplementary

stage of the double-sided heating plate (HP2) used for GG PV modules, which applies a high pres-

sure compared to the membrane stage. Thus, it forces the module to get more flattened, and when

it leaves the double-sided heating plate to cool down in the open air without constraint, it bends

drastically.

These experimental results, which show that the cooling press reduces the residual deflection

of PV modules, are in good agreement with the results of the study performed by Li et al. [85].

The results of flatness measurements of glass plates show a good repeatability of the method

developed in this work to study the residual deflection of PV modules. However, in the paramet-

ric study of the process, only one module for each parameter was manufactured and its residual

deflection was measured. Therefore, the repeatability of the lamination process is not verified.

The cooling press is an acceleration factor in the lamination process that increases the pro-

duction throughput of PV modules. This study showed that another advantage of the CP is the

control of the thermal contraction of the PV module during cooling which results in a low deflec-

tion of the PV module compared to a module cooled freely in ambient air. However, it is necessary

to investigate whether this pressure to impose flatness and fast cooling does not block the internal

142



CHAPTER 6. RESIDUAL DEFLECTION OF PV MODULE REGARDING LAMINATION PROCESS
PARAMETERS

stresses in the PV module. We will investigate this question in the rest of the chapter with the help

of a numerical model.

6.3 Numerical measurement of residual deflection

6.3.1 Presentation of the model

6.3.1.1 Geometry of the model and loading conditions

To study numerically the residual deflection of PV modules and to establish the correlation with

experimental measurements, a 3D model was developed using the FE Abaqus software. The model

represents the geometry of 16 solar cells GBS PV module as shown in Figure 6.17. Based on this

assumption, only one quarter of the PV module was modeled by applying symmetry boundary

conditions on the symmetric edges. Perfect contact constraints are considered at each interface.

A gravity load is applied to the PV module to eliminate rigid body motions. As this model is in-

tended to study the global displacement of the PV module, the interconnectors and the ECA have

been omitted considering that their geometry is negligible compared to the PV module dimen-

sions. Transient thermal conditions were applied in the different steps of the simulation. During

lamination the PV module is placed on the laminator. For this purpose, a fixed rigid body has

been added in contact with the front face of the glass. A normal rigid and tangential frictionless

contact is used. Similar to the 3D sub-model, the interferance fit function was used to address the

problems of glass penetration in the rigid support.

Figure 6.17: Schematic of geometry and FE model of a 16 cells PV module. The enlargement (a) shows the
thickness in more details, and enlargement (b) shows mesh details in inter-cell area near pseudo-square
shape of solar cells

In this residual deflection analysis, the short lamination process, introduced in Section 1.1.2.2.2,

was used in the experimental study to manufacture the PV modules. To closely approximate the

experimental conditions, the impact of the sequences of each of the configurations: HP1, HP2,

and CP on the numerical residual deflection will be studied hereafter. Numerically, each lamina-

tor configuration is modeled in one step using the following boundary conditions:
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• Preheating step (I): preheating to 60°C by applying a temperature boundary condition on

the outer surface of the glass in contact with the rigid support.

• Vacuum/membrane press HP1 (II): heating to the lamination temperature by applying a

temperature boundary condition on the outer surface of the glass in contact with the rigid

support, while simultaneously applying a pressure of 300 mbar for one minute in case of GG

modules, and for 8 minutes in case of GBS modules.

• Double-sided heating press HP2 (III): this step is only applied to the GG modules. It consists

in applying a symmetrical temperature loading on the outer surfaces of the PV module glass

plates, while simultaneously applying a pressure of 900 mbar for 8 minutes.

• Double-sided cooling press CP (IV): cooling to room temperature 25°C, by applying a sym-

metrical temperature loading on the outer surfaces of the PV module glass plates. A simul-

taneous pressure of 125 mbar was applied on the PV module.

In the case of ambient air cooling, no pressure is applied and the temperature profile is

adapted to ambient air cooling.

The temperature profile applied in each case is extracted from the experimental measure-

ments performed by PV modules instrumented with thermocouples using the same method pub-

lished in one of our studies [79].

6.3.1.2 Material modeling

In this 3D model, viscoelastic behavior laws were used for the encapsulant, and backsheet. The

thermal expansion of the components is considered variable with respect to temperature except

for glass where a constant value is defined. In the case of TPT backsheet and solar cell, an or-

thotropic thermal expansion coefficient is defined. All materials’ properties and behaviour laws

are detailed in Table 6.3.

Component of PV Young’s Modulus Poisson’s Thermal Conductivity Density CTE .10−6 Specific Heat
module (GPa) ratio ν (W.m−1.K−1) (Kg /m3) (1/C◦) (J.Kg−1.K−1)

Encapsulant TPO-A
G.M.

(table A.1)
ν(T) 0.46 (table 3.7) 944∗ α(T)

(table B.2)
1848.7 (table 3.6)

Backsheet PP
G.M.

(table A.1)
ν(T) 0.32 (table 3.7) 2520 [48]

α(T)
(table B.1)

1272.11 (table 3.6)

Glass 73 [48] 0.235 [134] 0.937 [48] 2500 [48] 8 [48] 913 [48]

Solar cell
anisotropic elasticity

(table 1.1)
130 [48] 2329 [48]

α(T)
(table B.1)

677 [48]

G.M., Generalized Maxwell viscoelastic model.

Table 6.3: Material properties of PV modules components. ∗: provided by manufacturer

6.3.1.3 Model mesh

In this 3D model, coupled temperature-displacement elements were used. Hexahedral elements

were used in the model and a combination of hexahedral and prismatic elements was used es-

pecially in the pseudo-square area of the solar cell to improve the mesh quality as illustrated in
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Figure 6.17. First order linear elements with reduced integration were chosen (3 elements is the

minimal number per thickness) where all the materials were assumed thermoelastic.

As discussed previously, 3D models require a large number of elements due to the low thick-

ness/length ratio. Contrary to the 3D submodel, in this 3D model the stress distribution is almost

homogeneous in the cell by neglecting the interconnectors which induce a stress concentration.

Therefore, a relatively coarse mesh, with with a minimum of 3 elements in the thickness, can en-

sure a good accuracy of the numerical calculation.

A convergence analysis of the mesh was performed based on the maximum von Mises (VM),

maximal principal stresses and maximal vertical displacement during lamination in the solar cell

since it represents the most loaded component in the structure. The stresses are taken at the inte-

gration points. By reducing the mesh size, the stresses vary by a few hundredths and the displace-

ment by a few thousandths. Since the variation is quite minimal, the analysis will be performed

based on the relative error with respect to the most refined mesh case.

Figure 6.18 displays the evolution of relative error of von Mises, maximal principal stresses

and maximal displacement with respect to the most refined mesh of 606 120 elements. It can be

observed that with a fairly coarse mesh the relative error does not exceed 0.6% in the stresses and

0.04% in the case of displacement. Therefore, a refinement of the mesh is not necessary in this

model considering that it increases the computation time. Hence, a mesh with 200 000 elements

was chosen as it represents a good accuracy of stress and displacement at the same time.

Figure 6.18: Maximum von Mises, maximal principal stresses, and maximal displacement relative error with
respect to the number of elements at 150◦C in solar cell

6.3.2 Results : correlation with experimental measurements

The 3D model presented above is used to check the correlation between the numerical and exper-

imental measurement of residual deflection and the corresponding level of stress. Several model-

ing approaches of the lamination process are used in the literature to identify the residual stresses

at the end of the process (see Section 2.2.2). Using the sub-models presented in chapter 5, the ob-

jective was to study the evolution of the thermomechanical stresses during the process. Therefore,

the whole lamination cycle was considered. Here, the purpose is to identify the residual deflection
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according to the process parameters. The approach of modeling the whole lamination mechan-

ical and thermal loading cycle used in the sub-models is not necessarily suitable. Therefore, a

comparative study between the different approaches was performed in order to identify the right

approach that allows an adequate correlation with the experimental measurements.

Four modeling approaches were studied on a GG architecture laminated at 156°C and cooled

in ambient air since it represents the most flexed PV module case. The lamination recipe used to

manufacture this module is presented in Figure 6.19. The assumptions used for each approach

are detailed in the following:

• Approach 1: where the whole lamination process cycle is considered assuming that the

stress free temperature is at 25°C.

• Approach 2: where the stress free temperature is assumed at 60°C and the thermomechan-

ical loading from steps II to IV are considered. At this temperature, the encapsulant is nor-

mally softened and approaches its molten state, and therefore pressure is applied to the PV

module for the first time to ensure good adhesion between the layers. In this step the inter-

face bonds are completely established between the layers.

• Approach 3: where the stress free temperature is assumed at 120°C and the thermomechan-

ical loading from steps III to IV are applied. At 120°C, the encapsulant is completely softened

or even melted depending on the maximum lamination temperature used. Thus, an adhe-

sion between the different layers is achieved.

• Approach 4: where only cooling down to room temperature is modeled assuming that the

free stress state is at the maximal temperature of lamination 156°C. This is the most widely

used approach in the literature [24; 105; 145; 149; 150].

Figure 6.19: Short lamination recipe of GG PV module laminated at 156°C with air ambient cooling

Figure 6.20 displays the numerical flatness error of PV modules laminated at 156°C with and

without cooling press as well as the numerical/experimental deviation with respect to the differ-

ent modeling approaches. Similar to the experimental measurements, the flatness error is defined

as the distance between the minimum and the maximum deflection. The minimal numerical flat-

ness error is observed with approach 1, while the maximal error of order of 0.31mm is obtained
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with approach 4. In approach 1, the temperature in the stress free state is considered to be at 25°C.

The materials expand and deform during the temperature increase and shrink during the temper-

ature decrease back to room temperature. This ambient temperature also represents the reference

temperature with respect to which the thermal deformation is calculated. Then, when the mate-

rials cool down and return to the same initial temperature, all the elastic deformation is reversed

and therefore the residual deformation is the consequence of the visco-elastic deformation of the

encapsulant which is permanent. Hence, the residual displacement from which the numerical

flatness has been calculated is quite small compared to the other approaches studied.

However, with the other approaches, between the temperature of the free stress state and the

ambient temperature a temperature gradient is assumed. The higher is this gradient, the higher is

the flatness error due to the shrinkage of the structure. Moreover, the numerical/experimental de-

viation between the flatness errors of the GG PV module laminated without CP decreases between

approachs 1 and 4. However, the deviation remains quite high by 87% even with the approach 4

which consists in modeling only of the cooling down to ambient temperature.

When comparing the flatness error between the GG PV module cooled with and without cool-

ing press using approach 4, no significant difference was observed. Although the experimen-

tal measurements displayed in Figure 6.15 showed that the GG module cooled without CP de-

flects much more than the GG module cooled with CP. This explains the decrease of the numer-

ical/experimental deviation in the case of the GG module cooled with CP. Therefore, approach 4

is the most accurate with respect to residual deflection and represents the least deviation from

the experimental measurements. In the following, only this approach will be used to study the

numerical residual deflection of PV modules.

Figure 6.20: Numerical flatness error of GG PV modules laminated at 156°C with and without CP with re-
spect to modeling approaches

Figures 6.21 show the distribution of the experimental and numerical residual deflection of the

GG and GBS PV module laminated at 156°C without CP. Despite the deviation noticed between the

experimental and numerical deflection measurements, similarities in deflection distributions are

observed between the two. In all distributions, the PV module is deflected towards the center and

the edges are lifted. The maximum and minimum deflections are mainly observed along the x

direction which represents the longer side.

The numerical and experimental displacement distributions in the case of the GBS module are
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closer especially on the upper part (see Figures 6.21c, and 6.21d). Numerically, since a symmetry

condition has been imposed on the structure, the same deformation is found on the PV module

sides. On the other hand, experimentally, since the glass used to manufacture the module was

initially deformed and non-symmetrical, the deformation of the lower part is different.

The numerical distribution of the GG PV module gives the illusion that the solar cells increase

the stiffness of the PV module. The difference between the minimum and maximum numerical

displacement is about 45µm. In the areas where there is no silicon, the encapsulant shrinks more

and its thickness varies very slightly compared to the area where cells are present. Thus, the shape

of the cells is more visible because of this slight difference in thickness.

(a) (b)

(c) (d)

Figure 6.21: Residual experimental deflection distribution of (a) GG and (c) GBS PV modules, and residual
numerical deflection distribution of (b) GG and (d) GBS PV modules laminated at 156°C without CP

This deviation between the experiments and the numerical modelling according to the process

parameters can be explained by several reasons:

• The deflection of the PV modules is still quite small, of the order of a few millimetres, and

therefore the measurement accuracy is a rather critical parameter. Numerically, the scale of

accuracy of the displacement is very accurate and allows to capture variations of displace-

ment in the micrometer scale. Experimentally, the accuracy of the measuring machine is
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around 7 µm. The experimental method used was studied numerically to identify the accu-

racy of the protocol which consists in eliminating the effect of gravity. The numerical mea-

surement error with the protocol does not exceed 0.75%. In addition, the measurements

performed on the twelve glass plates did not show a large dispersion of the measurement.

However, the lack of data on the deflection of the PV modules after lamination according

to the process parameters is a factor that may influence the accuracy of the experimental

results. As discussed in Section 6.2.4, only one measurement of each type of module was

performed. Therefore, the dispersion of experimental measurements on PV modules is a

parameter that has not been investigated.

• Experimental measurements on the glass plates before lamination showed that the glass

plates are initially not flat and unsymmetrical. Since the initial shape of the glass plates is

quite complex, numerically several geometrical simplification assumptions have been made

for the development of the numerical model. In the 3D model, all components were initially

assumed to be flat. The PV module is assumed to be symmetrical and therefore only a quar-

ter of the PV module is considered. The symmetry boundary conditions artificially stiffen

the PV module and the resulting deformation is assumed to be symmetric. The experimen-

tal deflection distribution displayed in Figure 6.21a shows that the final deformation of the

PV module is not symmetrical. Yet this can be one of the main causes of the observed devi-

ation between numerical and experimental results.

• Concerning the initial flatness of the glass plates, when the glass plates are numerically as-

sumed to be flat, the identified residual deflection is the direct result of the theromechanical

loading applied on the PV module during the process. Therefore, in this case the influence

of the initial deflection of the glass plates and their shape is neglected. In order to identify

the impact of this initial glass plate deflection on the residual deflection of the PV modules,

a simplified 2D plane strain model was used as illustrated in Figure 6.22. This model is an

approximation of the geometry of a GG PV module composed of two glass plates with a

maximum deflection of 1.4 mm in the center. Between these two glass plates two layers of

encasulant have been added, the solar cells have been neglected by assuming that their ef-

fect on the deflection of the PV module is negligible compared to that of the glass. The same

behaviour laws, boundary conditions and mesh used in the 3D model have been chosen

also for this 2D model.

Figure 6.22: Schematic of geometry of the 2D FE model at the center of a 16 cells PV module showing the
initial deflection of 1.4mm. Solar cells are not represented

Figure 6.23 displays residual numerical central and edge deflection of GG PV modules lami-
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nated at different temperatures with and without CP for PV module laminated at 150°C. We

are interested in the central deflection since the 1.4 mm gap of the glass plates has been de-

fined in the center for the initial geometry. And also in order to verify if the same process

effects will be obtained numerically when the initial deflection of the glass plates is taken

into consideration. The deflection at the edge represents the area where the maximum de-

flection is observed in the case of the 3D model. Thus, the objective is to check if there is a

correlation between the two cases when the geometry is not initially flat.

Analyzing the deflection at the edge of the simplified structure, for the modules laminated

at 156°C with and without CP no difference is noticed. This correlates well with the results

found with the 3D model with approach 4 shown in Figure 6.20. On the other hand, for the

other modules laminated at different temperatures, the modules laminated at a higher tem-

perature have a higher deflection. This means that the higher the lamination temperature,

the more the module contracts and lifts at the edges after cooling.

Figure 6.23: Residual numerical central and edge deflection of GG PV modules laminated at different tem-
peratures with and without CP using approach 4

The central deflection is initially equal to 1.4 mm, and therefore the numerical residual de-

flection clearly reveals the effect of the process parameters that allow to reduce this residual

deflection of the glass plates. The results show that the central deflection of the module lam-

inated at 156°C without CP has a much higher residual deflection than the module cooled

with CP. This effect correlates well with the experimental results. On the other hand, the

temperature effect shows an opposite effect to the one observed on the edges. The mod-

ule laminated at 100°C has a higher deflection than the modules laminated at 156°c and at

170°c which show an almost identical deflection. Therefore, the modules laminated at high

temperature flatten towards the center and curve more towards the edge due to thermal

contraction. The cooling press also plays an important role in the flattening of the module

towards the center due to the pressure applied on the structure. This effect of temperature

correlates well with the experimental results.

The numerically obtained deflection level remains quite small compared to the experimen-

tal measurements. The simplified 2D model with a residual deflection of the glass plates has
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shown that the experimentally obtained process effects are accurate only if the glass plates

are initially curved.

We have detailed all the factors that can be at the origin of the deviation between the exper-

imental measurements and the numerical simulation. The main factor is related to the initial

shape of the glass plates. Their initial shape is neglected in the numerical model for simplification

reasons. Therefore, if a good correlation between numerical and experimental measurements is

to be achieved, simplifying assumptions such as the symmetry and the initial arrow of the glass

must be adjusted by taking into account the real initial shape of the glass plates.

The 3D model allows to identify the residual deflection of the PV module during cooling from

the lamination temperature considering that the components are initially perfectly flat and that

the structure is symmetrical. Therefore, its role is to study the effect of the PV module contraction.

Figure 6.24a summarizes the numerical residual deflection in the GG and GBS PV modules

according to the process parameters used for their manufacturing. The deviation from the exper-

imental measurements is also presented. Numerically, it is observed that the GBS modules are

more deformed than the GG modules. Which is in good agreement with experimental observa-

tions. This is due to the contraction of the module due to the non-symmetry in the thickness of

the PV module. It is also noticed that the deviation between experimental and numerical results is

lower. This can be explained by the fact that for GBS modules the presence of a single glass plate

does not increase the stiffness of the PV module significantly and the module structure can deform

freely compared to the GG module. Moreover, for GBS modules the rapid cooling of the cooling

press induces a higher thermal contraction than the cooling with ambient air.

Figure 6.24b displays the maximum value of third principal residual stress in the solar cell cor-

responding to each studied lamination parameters. The cell is under compression after cooling,

for this reason the third principal stress is analyzed. It can be seen that for the GBS PV modules

with a higher residual deflection, the maximal third principal stress is also higher. Therefore, more

the module is contracted, more the cell is subjected to a compressive stress. This is due to the

position of the cell offset from the neutral plane in the thickness of the module. However, for GG

modules, despite a lower residual deflection, the residual stress level is higher. The presence of

the cells between two layers of glass, which are quite rigid, means that a minimum of deflection

can compress and apply pressure on the central layers of the module, which have less rigidity,

especially the solar cells.

In conclusion, the initial shape of the glass plates has a great influence on the residual deflection

of the PV module. In the module manufacturing process flow, no quality control of the glass plates

and their flatness is performed. In a sample of twelve glass plates from the same supplier, which have

undergone the same fabrication technique, the residual mean deflection is 1.4mm. This means that

the probability of a defect in the flatness of the glass plates is not negligible. However, this planarity

defect can be reduced using a set of process parameters and ensures a good compromise between

initial deflection reduction and thermal contraction due to the thermomechanical loading applied

on the PV module during lamination.

The maximum values of the third principal stress associated with each numerical deflection of
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(a) (b)

Figure 6.24: Residual numerical (a) global deflection and (b) maximal value of the third principal stress in
solar cell of the GG and GBS PV modules with respect to lamination parameters

the PV modules were analyzed. In all cases the solar cells are subjected to compressive stresses. For

brittle materials, like silicon, the compressive stress state is not critical or even beneficial. However,

in this study, the interconnect lines were neglected experimentally and numerically. According to

the results of chapter 5, the interconnect lines represent critical areas for the solar cells. Hence, the

combination of process parameters and stress concentrations along the interconnect lines and their

effect on the thermomechanical stresses is an interesting topic for further work.

Conclusion

This chapter presents a new experimental method to measure the global deflection of a PV module

using a 3D coordinate machine. An optimization of the supports positions used in the experimen-

tal protocol was studied analytically and numerically. Then, a numerical study allowed to estimate

the measurement error of the deflection related to the effects of gravity. Finally, experimental mea-

surements were carried out to validate the experimental methodology.

An experimental measurement campaign using this protocol was carried out in order to study

the influence of lamination process parameters (architecture, temperature, and type of cooling) on

the deflection of the PV modules. First, the flatness error of the glass plates used to manufacture

the PV modules was measured. It was found that the glass plates are not perfectly flat and their

residual deformation is not symmetrical.

Then these glass plates were used to manufacture the PV module. The experimental mea-

surements on PV modules showed that for glass-backsheet architecture, the residual deflection

decreases when the lamination temperature increases, which is not observed in glass-glass ar-

chitecture. The type of cooling has also an effect, as the deflection of ambient air-cooled PV

modules is higher than the one of cooling press-cooled PV modules.

Afterwards, a 3D model was developed to study the correlation between the experimental and

numerical measurements. The correlation between the experimental and numerical measure-

ments of the residual deflection was not very good with an underestimation of the deflection
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with the numerical model. The factors influencing this deviation between the experimental mea-

surements and the numerical predictions were discussed. The residual deflection of the glass

plates has a major influence in this deviation since numerically simplifying assumptions re-

lated to the geometry have been considered. These assumptions consider that the PV module

components are initially perfectly flat and the PV module structure is symmetric. However, fur-

ther study should be conducted to justify the differences observed.

Finally, the residual stress level associated with the numerical deflection of PV modules was

analyzed. The results showed that the solar cells are under compression. The compressive stresses

are not critical for brittle materials like silicon. However, if interconnection ribbons are added,

they can induce positive stress concentrations. In this case, the risk of failure of solar cells in-

creases. Furthermore, the comparison between the deflection and the associated stress level showed

that the more the module is deflected, the higher is the stress. Therefore, since the experimental

deflection measured on the PV modules is higher than that found numerically, the resulting resid-

ual stress level is eventually higher.

In this study, we have developed a novel method to characterize the overall shape of PV mod-

ules. We can notice that the problem of the glass plates flatness was not addressed before in the

field of PV. Further studies are needed to investigate these aspects and their influences on the

reliability of PV modules. Since the deformation of the PV module is not homogeneous, it is com-

plicated to trace the experimental deflection to the residual stress level analytically.

Therefore, it is encouraging to use other methods that allow characterizing the residual stresses

at the solar cell scale. Methods such as synchrotron X-ray micro-diffraction and confocal micro-

Raman spectroscopy have shown good results as shown in the literature [129; 134]. However, the

limited area of analysis remains a limitation for these methods. Recently, Beinert et al. [209] have

developed stress sensors integrated in solar cells that allow the monitoring of thermomechanical

stresses. More research needs to be done further to assess the feasibility of this method in mea-

suring the residual stresses in PV modules.
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This Ph.D. thesis is a contribution within the strategies emphasized by the International Technol-

ogy Roadmap for Photovoltaics of 2021 [5] to reduce the cost of PV modules: by reducing the cost

of manufacturing processes and increasing the performance and reliability of PV modules. More

concretely, this work focused on the identification of first order process parameters that can im-

prove mechanical reliability of PV modules.

To achieve such goal, our objective was to better understand the thermomechanical behavior

of PV modules by developing advanced numerical tools identified and validated by an accurate

material database. Throughout this dissertation, we have therefore sought to understand the ther-

momechanical phenomena that are induced during module manufacturing and the process pa-

rameters that influence stress distribution and therefore their final reliability. This issue has been

mainly approached by developing numerical models implemented by developing representative

numerical models and by improving the accuracy of the PV modules components material behav-

ior laws. Experimental measurements of the residual deflection of PV modules with respect to the

lamination parameters provided additional insight in term of model validation at the component

level.

This general conclusion develops the major achievements of this thesis and suggests future

research topics that would be interesting to investigate.

Conclusions

Thermomechanical behavior of PV module components

The first objective highlighted in this work was to characterize the thermomechanical behavior of

the PV module components in order to establish the mathematical laws that allow the implemen-

tation of the numerical models. The material characterization tests were adapted according to the

type of component. DMA measurements were used to characterize the viscoelastic behavior of

encapsulants, backsheets, and ECAs. Relaxation tests were performed on the same components

to validate the Generalized Maxwell Model identified using DMA tests. Tensile tests were chosen

to characterize the elastoplastic behavior of copper ribbons. Then 4-line bending tests were used

to characterize the mechanical behavior of SHJ cells. Finally, measurements of the thermal expan-

sion coefficients using DIC technique were conducted.

The main findings of these experimental characterizations are reported as follows:
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• The encapsulant and backsheet do not have a long rubbery state. They switch quickly to

a flowing state after their glass transition. This is a rather favorable characteristic for the

encapsulant since during the manufacturing process it can flow to fill the entire shape of

the PV module.

• Copper ribbons exhibit sensitivity to the loading temperature. However, no sensitivity to the

loading rate was found. In the literature, only one bilinear plasticity model is available to

simulate ribbon behavior. Here, a Johnson-Cook thermo-elastoplastic model was proposed

to model the plastic behavior of the ribbons taking into consideration their temperature

sensitivity.

• The elastic properties of SHJ cells calculated analytically and numerically, from experimen-

tal measurements of 4-lines bending tests, showed similarities with the behavior of silicon

wafers. Therefore, the manufacturing process of SHJ cells does not modify the elastic prop-

erties of the wafer. Moreover, the fracture behavior of SHJ cells was statistically investigated

using a Weibull law. The fracture strength in the busbars direction is higher than the one

observed in the perpendicular direction.

• The CTE measurements on the SHJ solar cell have highlighted an anisotropic effect of its

thermal expansion. This anisotropy is induced by the silver metallization of the cell since

silver expands more than silicon. The expansion of the copper ribbon and the PP backsheet

is also linear with anisotropy for the PP. The thermal expansion of laminated encapsulant

TPO-A, backsheet TPT, and ECAs A1 and A2, is not linear and strongly depends on their

transition temperatures or their processing condition.

All the results presented in this study showed that each component of the PV module has a

specific thermomechanical behavior. This difference in materials behaviors is one of the main

source of the thermomechanical stresses generation during PV module manufacturing processes.

Optimizing interconnection process parameters

The second underlying objective of this work was to evaluate the level of induced stresses in the

ECA bonding interconnection step and in identifying its potential impact on the stress state in the

rest of the manufacturing chain. For this purpose, a 2D sub-model of a string of two half cells

interconnected with ECA was developed. First, we discussed the level of stresses and thermo-

mechanical strains in a string of two half-cells with a fixed set of process parameters. The analysis

was performed on three zones of interest: the zone where the force is applied by the pins, the inter-

cell, and an intermediate zone between two pins. Then, the influence of some process parameters

(temperature and time of ECA curing, type of ECA, and design of ECA pads) on the stresses induced

in the string was analyzed.

The stress distribution analysis showed that the force applied by the pins generates a concen-

tration of stresses in the ribbon and the solar cell resulting in a local deflection of these compo-

nents. In the inter-cell, the ribbon is sheared due to its geometric shape and the asymmetry of the
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structure. In the area where no mechanical loading has been applied the effect of the CTE mis-

match is more visible. The level of residual stress induced in the string after cooling is negligible,

but the level of thermomechanical stress during the process is not.

Our goal was to identify the ECA interconnection process parameters that have a direct ef-

fect on the generation of a critical level of thermomechanical stresses and to propose solutions to

optimize the string reliability. The main results are listed below:

• Temperature of ECA curing

The thermal stress in the solar cell is predominant. A direct effect on the temperature was

found, i.e. the higher the process temperature is, the higher thermomechanical stress oc-

curs. Interconnection at 200°C showed stress values that were quite critical and close to

the fracture strength of full SHJ cells. However, it has been shown in the literature that half

cells have lower fracture strength than full cells [202]. Therefore, the risk of crack initiation

is greater. Knowing that the ECA cross-links around 70°C, the process temperature can be

optimized in order to prevent reaching critical stress values.

This temperature optimization must be correlated with a study on the kinetics of ECA crosslink-

ing and also on the adhesion strength of ECA with other components.

• Time of ECA curing and type of ECA

The time of curing and the type of ECA were considered as second-order parameters since

their effect on the internal stress is minimal. Although the two types of ECA used in the study

have quite different thermomechanical behaviors, their effect on the induced stresses was

almost identical. In the model, the kinetics of cross-linking was neglected. For this reason,

the effect of the curing time was neglected.

• Design of ECA pads

Discontinuity of the ECA pads has a beneficial effect on the stress state in the cell and the

copper ribbon either during the process or after cooling. This is related to the reduction of

the cell/copper interface bonding and thus less effect related to the CTE mismatch.

The main critical parameter in the interconnection with disconnected pad is the area of ap-

plication of the load by the pins, at least for copper. When the load is applied in an area of

ECA discontinuity (i.e. inter-pad), the ribbon undergoes a greater bending, which generates

more compression on the ECA in the neighboring pads. Moreover, this compression is sub-

sequently transmitted to the solar cell. In the areas where the force is applied at the center

of the pad, this phenomenon is not observed. Therefore, the remedy to this problem could

be to design the position of the pads to coincide with the position of the pins.

The design of discontinuous ECA pads contributes to reducing the amount of silver in the

module, thus reducing the cost of the PV module. Moreover, from a thermomechanical point

of view, this technology induces fewer stresses than continuous pad design, which may im-

prove the mechanical reliability of the string.
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Optimizing lamination process parameters

A multi-scale modeling strategy was established to study the thermomechanical behavior of PV

modules during lamination. Two sub-models in 2D and 3D were developed to study the stress

induced during the process. A 3D model was defined to characterize the post-lamination residual

deflection and stresses.

Using the 2D sub-model, we have estimated the loss of model accuracy when simplifying the

material models for copper ribbons, encapsulant, and backsheet. Elastoplastic and viscoelastic

models have been used to describe the thermomechanical behavior of copper ribbon, backsheet

and the encapsulant respectively. The results showed an overestimation or underestimation of the

thermomechanical stresses in all components if simplified material laws were used. The relaxation

of the encapsulant and backsheet protects the solar cell against the deflection applied by the glass.

Stress concentrations were observed in the interconnection zones. These localized stresses might

cause the potential initiation of microcracks during interconnection followed by propagation and

eventually complete failure of the solar cell. Based on these results, in the rest of our study, con-

stitutive behavior that models with good accuracy the mechanical behavior of components were

selected.

A 3D sub-model was developed to capture the out-of-plane stresses and edge effects induced

during the lamination process. The results of the 3D sub-modeling showed that the cell undergoes

stresses related to side effects, especially at the edge of the interconnection lines. These side effects

are related to the contact pressure applied by the other materials at the edges of the cell.

The 2D sub-model was also employed to investigate the correlation between the level of in-

duced stresses in the PV module and its architecture varying solar cell size, number of busbars,

and type of rear side. The impact of the ECA interconnection technology on the stress concentra-

tions observed at the interconnection lines was studied using the 3D sub-model.

In order to validate the 3D numerical model, an innovative experimental method measuring

the global deflection of the PV module was developed. An experimental measurement campaign

was carried out in order to study the influence of short lamination process parameters (architec-

ture, temperature, and type of cooling) on the deflection of the PV modules. First, the flatness

error of the glass plates used to manufacture the PV modules was measured. It was found that the

glass plates were not perfectly flat and their residual deformation was not symmetrical.

Then residual deflection of PV module was measured after manufacturing. The correlation

between the experimental measurements and numerical calculations regarding the residual de-

flection was not very good with an underestimation of the deflection with the numerical model.

The initial flatness of the glass plates has a major influence on this deviation. Moreover, numeri-

cal simulation were based on simplified assumptions for the initial geometry. These assumptions

consider that the PV module components are initially perfectly flat and the PV module structure

is symmetric.

All these studies have identified certain lamination parameters that optimize the mechanical

reliability of PV modules. The major results are summarized below:
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• Solar cell size and number of busbars

From a thermomechanical point of view, the increase in cell size does not affect the in-

duced stress state. In this study, the cell size was varied without varying the size of the mini-

module. Therefore, in the case where the increase in cell size requires an increase in module

size, the effect on the stresses could be different. However, this effect will not be related to

the increase of solar cell size but the increase of total PV module size. Therefore, the trend

of targeting larger cell size in order to increase the power of the PV module may not have a

degrading effect on the mechanical reliability of PV modules.

The cells with multibusbars showed a lower level of thermomechanical stresses. When the

interconnector is offset from the center of the solar cell, the residual stress is lower since the

maximum deflection is mainly located in the center of the PV module. Hence, multibusbar

technology promises both improved electrical performance and mechanical reliability.

• Architecture

The effect of the architecture on the thermomechanical behavior of the PV module has been

studied at two scales: at the cell scale using the 2D sub-model in conventional lamination,

and at the global scale of the PV module with the 3D sub-model in short lamination.

During a conventional lamination, the non-symmetry of the thermomechanical loading and

the structure increases the deflection of the PV module resulting in a higher level of stress in

a glass-backsheet module compared to a glass-glass PV module.

Using a short lamination process, the experimental measurement of residual deflection showed

that GG modules are less deformed than GBS modules. Using this lamination technique, GG

modules have undergone an additional step in the double-sided heating plate. This stage al-

lows both symmetrical heating and homogeneous surface pressure application compared to

the membrane. Thus, this forces the GG modules to flatten. This architecture effect found

experimentally was in good agreement with the 3D model.

The level of third principal residual stresses found numerically in the GG modules in com-

pression was higher than the one of the GBS modules. The compressive stresses for brittle

materials like silicon were not harmful, indeed sometimes they were advantageous.

As discussed in the general introduction, bifacial modules will dominate the market in the

future. Numerical and experimental studies conducted in this work show that they also pro-

vide mechanical reliability.

• Interconnection technology

A comparative study was performed to investigate the stress level, during lamination, when

the cell and ribbon are interconnected without or with ECA. The type of ECA was also varied

to identify its impact on the thermomechanical stress level. The presence of ECA between

the two components relaxes the stress level induced by the CTE mismatch as the ECA ex-

pands greatly and is less stiff. Therefore, the failure probability in the case of an ECA inter-

connected cell is lower than a solder interconnected cell regardless of the type of solar cell.
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Al-BSF cell showed higher stresses and failure probability than SHJ solar cell as the fracture

strength of SHJ is much higher.

The ECA bonding interconnection technology has shown promising results at both the inter-

connection and laminated stages. Despite the stress relaxation in ECA bonding lines, stress

concentrations are still present in this area. Other ways of improvement must be explored.

• Temperature of lamination

Experimental measurement of PV modules deflection showed that for glass-backsheet ar-

chitecture, the residual deflection decreases when the lamination temperature increases,

which is not observed in glass-glass architecture. The combination of the two glass plates

in GG PV modules is the main factor behind this, and even though their deflection is quite

close, their shape is quite different and asymmetrical. Hence, the impact the temperature

has on this type of architecture is not obvious.

Numerically, when the initial deflection of the glass plates is taken into consideration, the

same temperature effect than the one observed for GBS modules is found for both architec-

tures (i.e. the deflection of the PV module decreases when laminated at high temperature).

Experimental deflection measurements on twelve random glass plates from the same man-

ufacturer showed that their flatness quality is not controlled. Therefore, in this case, lami-

nation at high temperatures ensures good mechanical reliability of the PV modules by elim-

inating some of the flatness defects of the glass plates.

• Post-lamination cooling technique

Using the experimental measurement of PV module post-lamination deflection and numer-

ical 3D model, the effect of two techniques of cooling - cooling press and air ambient cooling

- was studied.

The experimental flatness error of all the GBS and GG modules cooled by the cooling press

is inferior to the flatness error of the glass plates used for their manufacturing. Meaning that

the lamination process relaxes the residual deflection of the glass plates induced during their

forming.

For both architectures, the highest residual experimental deflection is found for the ambient

air cooling case. Since in the cooling press stage, pressure is applied to maintain the flatness

of the PV module during cooling.

The effect of the cooling technique is higher in the glass-glass architecture compared to PV

module cooled with the cooling press. This difference is due to the additional stage of the

double-sided heating plate (HP2) used for GG PV modules, which applies a high pressure

compared to the membrane stage. Thus, it forces the module to get more flattened, and

when it leaves the double-sided heating plate to cool down in the open air without con-

straint, it bends drastically. Similarly, the same effect was found numerically considering

the initial deflection of the glass plates.
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In addition to reduce of the production time, the cooling press ensures good mechanical

reliability of the cooled PV modules and especially of the GG PV modules.

The work accomplished in this thesis has allowed building a large database on the thermome-

chanical behavior of the PV module components. The numerical models developed have allowed

our laboratory to be competitive with the current state of the art by a better understanding of the

development of stress concentration for certain interconnection and lamination techniques. More

aspects and techniques need to be explored furthermore to reach maturity. The use of advanced

numerical tools will be a key point of such progress.

Perspectives

Towards improving ECA bonding interconnection process

As mentioned in the general introduction, the growth of interconnection technology will be severe

in the coming years. This growth is related to the willingness to eliminate lead-based soldering

technology due to its toxicity and also to the growth of SHJ cell technology. Modeling studies of

the interconnection process have provided promising results. However, more work needs to be

done to further improve this assembly technique.

According to ITRPV [5], reducing the amount of silver in PV modules is necessary for solar en-

ergy to remain competitive. The discontinuous pad deposition technique is one solution among

others to achieve this goal. We have shown that discontinuous pads generate less stress than con-

tinuous pads.

Studying the adhesion energy and characterizing the fracture at the ECA/cell and ECA/copper

interfaces on discontinuous pads is an interesting topic for understanding the fracture behavior

of ECAs in this technology.

The growth and capacity increase of solar energy starts with increasing the manufacturing

throughput of PV modules. At the string manufacturing scale, the increase in manufacturing rate

is conditioned by the cross-linking kinetics of the ECA. This theme of ECA cross-linking, investi-

gated experimentally and numerically, could be a promising way to increase the manufacturing

process capacity.

Although the ECA interconnection technology reduces the stress level in the solar cells dur-

ing lamination, stress concentrations are still observed along the interconnect lines. These stress

concentrations must be reduced as they represent a major source of microcracking in solar cells.

Some studies in the literature have shown the advantages of the reduction of the section of the

copper ribbons in the reduction of the residual stresses in the solar cell after soldering. Gabor et

al. [98] have investigated the possibility of replacing the copper ribbons with Invar ribbons which

have a CTE very close to that of the solar cell. Their results showed that Invar can be a promising

alternative to copper ribbons. More efforts should be devoted to studying its alternatives.
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Towards improving short lamination process

In 2020, more than 50% of the PV module production units fabs have a production capacity be-

tween 1 and 5 GW. By 2031, the manufacturing units fabs with a capacity exceeding 5GW will gain

a market share of around 50%.

This increase in capacity requires optimization and automatization of the manufacturing pro-

cess, especially the lamination process. The short lamination process is a valuable technique to

achieve these objectives as it reduces the processing time by 50% [7]. This reduction in produc-

tion time is ensured by fast heating cycles, especially when TPO type encapsulants are used which

require a short heating time compared to EVA, and also by fast cooling.

The effect of this rapid cooling on the micro-structural properties of the encapsulant, optical

properties, and the behavior of PV modules under aging are topics not addressed in the literature.

Preliminary investigations have been carried out in this work, to understand these phenomena.

The cooling press accelerates the cooling of the PV module by a rate of 5. The analysis of the

microstructural properties by DSC of TPO-A encapsulant, extracted from a PV module laminated

with CP, showed that the crystallinity of the encapsulant remains constant while the crystallite size

increases. This increase in crystallite size reduces the haze factor of the encapsulant by 34%.

PV modules were encapsulated at 156°C with and without CP using the same process param-

eters chosen to study the residual deflection in chapter 6. However, in these modules intercon-

nected PERC cells were used. Six modules of each lamination cooling technique were manufac-

tured.

They were then subjected to accelerated aging tests including 300 cycles of Thermal Cycling

(TC) and 500h of Damp Heat (DH). No degrading effect was observed on the electrical perfor-

mance of the modules after 300 thermal cycles for the modules cooled with and without cooling

press. Modules cooled with CP showed power losses of up to 3% compared to 1% for modules

cooled without CP.

These losses in maximal power (Pmax ) are mostly due to open circuit voltage (VOC) losses -

about 2% for the worst - and partially due to both short-circuit current (ISC) and Fill Factor (FF)

losses. One hypothesis is that the VOC losses could be linked to a deterioration of the cell’s passi-

vation during the fast cooling. This deterioration could be harmful and could have been amplified

by the environmental ageing conditions. The losses associated with the ISC losses are usually due

to optical property changes - typically a yellowing or an opacifying of the front encapsulant, but

nothing noticeable in PV modules. Those associated with FF losses are a rise in the string resis-

tance.

The experimental results of this preliminary study and residual deflection measurements for

the short lamination process parameters were performed on a limited number of samples. There-

fore, the dispersion of the results was not considered. These aspects are quite intriguing and so

encouraging to be further investigated in the future.

The results of this thesis were a first step towards the understanding of the thermomechani-

cal behavior during the process. These results could be used for further studies dedicated to the

ageing of PV modules in installation.
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The numerical models developed in this work can be further enhanced by introducing dam-

age laws to study solar cell failure for instance, or by considering non-perfect interface bonding

to study delamination. Moreover, the development of new experimental methods to validate nu-

merical models should be further investigated. In-situ measurements using stress sensors may be

a good approach to pursue.
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Appendix A
Generalized Maxwell model - Prony series

The following table display the Prony series terms of each material. These Prony series terms are

calculated based on the fitting curves using Generalized Maxwell model presented in Section 3.1.3.

Two shift functions - WLF and Arrhenius - were chosen to represent the TTS depending over the

large range of temperature for encapsulant TPO-A and EVA, and backsheets TPT and PP. While

WLF shift function was used for ECA A1 and A2.
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APPENDIX A. GENERALIZED MAXWELL MODEL - PRONY SERIES
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Appendix B
Savitzky-Golay smoothing method for CTE

calculation

The CTE measurement using DIC technique described in Section 3.4.1 showed that the thermal

strains for some materials - for instance encapsulant TPO-A, ECAs and backsheet TPT- were not

linear. Thus, a parabolic fit was not suitable for CTE calculation. Therefore, the smoothing Savitzky-

Golay method [199] was adopted to calculate CTE of these materials.

The Savitzky-Golay smoothing method performs a polynomial regression to input points de-

noted
{

fi | i = 1,2, . . . ,N
}

within a moving window. Then, the output smoothed data points gi de-

noted
{

gi | i = 1,2, . . . ,N
}

are computed as the value of the polynomial at position i from
{

fm | i−
f loor (npt s/2) < m < i+ f loor (npt s /2)} [210].

where npt s is the value of the points of window variable and m is the number of smoothed

data.

First, the thermal strain curves are smoothed using the Savitzky-Golay method. Polynomials

of order 2 have been used for polynomial regression. The smoothed curves for each sample of the

tested materials are shown in Figure B.1.

(a) (b)

Figure B.1: Thermal strain and smoothing of curves using the Savitzky-Golay method of (a) encapsulant
TPO-A and (b) ECAs A1 and A2
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Afterwards, the evolution of the CTE with respect to temperature is deduced from the first

order derivative of these smoothed curves. OriginPro software [210] was used to perform this cal-

culations. Figure B.2 represents the CTE measurements for the TPO-A encapsulant and the A1 and

A2 ECAs. The analysis of results were detailed in Section 3.4.1.

(a) (b)

(c)

Figure B.2: Coefficient of thermal expansion (CTE) of (a) encapsulant TPO-A, (b) ECAs A1 and A2, and c
backsheet TPT

For materials with linear thermal expansion (solar cell, backsheet PP, and copper ribbon), the

CTE is calculated using the following equation as described in Section 3.4.1:

αth = ∂εth

∂T
= c1 +2c2T+3c3T2 (B.1)

The coefficients used to calculate the CTE for these materials are summarized in Table B.1.

However, for the other materials that have a non-linear CTE curve, and calculated by the Savitzky-

Golay smoothing method, discretized data based on the raw data are used in numerical model

directly to ensure good accuracy of the thermal behavior of the materials.
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APPENDIX B. SAVITZKY-GOLAY SMOOTHING METHOD FOR CTE CALCULATION

Coefficient c1(1/°C) c2((1/°C)2) c3((1/°C)3)

Solar cell
MD 2.001E-06 4.276E-6 -
TD 1.640E-06 7.279E-09 -

PP
MD 6.399E-05 1.396e-07 4.490E-10
TD 7.821E-05 7.706E-09 9.277E-10

Copper ribbon 1.232E-05 2.325E-08 -

Table B.1: Coefficient of thermal expansion fit for PV module components with linear CTE

Temperature
°C

CTE αth ×10−6(1/°C)

TPO-A ECA-A1 ECA-A2
TPT

MD TD
-30 155.78 19.13 36.71 - -
-20 199.78 44.23 45.04 - -
-10 226.91 67.29 54.07 - -

0 254.27 86.27 63.39 - -
10 262.16 101.20 69.34 - -
20 274.28 112.99 76.46 - -
30 232.40 119.24 90.52 31.69 21.87
40 115.98 120.62 102.96 33.63 24.44
50 18.21 115.67 101.20 36.14 27.56
60 -29.69 104.83 87.21 39.41 31.19
70 -93.36 91.58 72.54 34.64 28.11
80 -236.72 78.18 58.24 18.26 25.53
90 -414.76 66.81 40.92 -3.66 26.27

100 -582.73 59.55 24.56 -18.60 21.75
110 - 52.83 24.64 -28.23 19.71
120 - 44.97 40.29 -41.77 22.10
130 - 37.43 53.23 -75.18 -1.17
140 - 29.97 64.59 -109.79 -25.75
150 - - 76.44 -141.81 -46.69

Table B.2: Coefficient of thermal expansion for PV module components with non-linear CTE
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MOTS CLÉS

Module photovoltaique, Procédé de lamination, Procédé d’interconnexion, Modélisation thermomécanique,
Contraintes résiduelles

RÉSUMÉ

Les modules photovoltaïques (PV) sont constitués de couches photovoltaïques actives (Silicium, passivation), de couches
d’encapsulation protectrice (polymères) et de plaques de verre. La performance et la durée de vie des modules PV dépen-
dent en partie de leur capacité à résister à différentes contraintes environnementales, liées aux phénomènes thermomé-
caniques, physiques, chimiques et/ou électriques. Dans le cadre de ce travail, nous nous intéresserons plus particulière-
ment aux contraintes résiduelles induites lors de la fabrication. Celle-ci comporte l’interconnexion électrique entre les
cellules PV du module, par soudage ou collage de lignes conductrices, et l’encapsulation protectrice par des couches de
polymères et de verre par le procédé de lamination (pressage à chaud). Ces contraintes résiduelles peuvent être à l’origine
de défaillances observées sur les modules (délamination, fissure des cellules, rupture d’interconnexions. . . etc.), soit dès
la fabrication soit, en s’ajoutant aux contraintes de service, au cours de la vie des modules PV. L’enjeu de ce travail de
thèse sera de modéliser les procédés d’encapsulation et d’interconnexion des cellules afin de mieux comprendre leur
influence sur les principales défaillances observées sur les modules.

ABSTRACT

Photovoltaic (PV) modules consist of active photovoltaic layers (Silicon, passivation), protective encapsulation layers
(polymers) and glass plates. The performance and service life of PV modules depends on their ability to withstand
various environmental constraints related to thermomechanical, physical, chemical and / or electrical phenomena. In the
context of this work, we will focus on the residual stresses induced during manufacturing. This comprises the electrical
interconnection between the PV module cells, by welding or adhesive bonding of conductive lines, and the protective
encapsulation by layers of polymers and glasses using lamination process (hot pressing). The induced residual stresses
can be at the origin of failures observed on the modules (delamination, cell cracking, breakage of interconnections ...etc.),
either at the manufacturing stage or during the lifetime of the modules due to the service constraints. The objective of this
PhD thesis will be to model the encapsulation and interconnection processes of cells to better understand their influence
on the main failures observed on the modules.

KEYWORDS

Photovoltaic module, Lamination process, Interconnection process, Thermomechanical modeling, Residual
stresses
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