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Abstract 

A photovoltaic (PV) module is a complex structure where each component has 

a fundamental role. The polymers that are part of a PV module are responsible 

for several degradation modes that happen in the field. The materials are 

stressed by the climatic characteristics of the surrounding environment and by 

the microclimate. This latter corresponds to the actual boundary conditions that 

the polymers in a PV module configuration experience during operation. 

Temperature, relative humidity, oxygen and ultraviolet (UV) radiation can 

strongly affect the stability of the polymers and cause their degradation. 

Understanding how the single factors and their combination impact on 

polymers on a molecular lever, transfer this knowledge to the changes that we 

can see on a macro scale and eventually link those changes to PV module 

performances is a challenging task. 

The objectives of this work are to (I) define the relevant factors that characterize 

the polymer microclimate during the exposure in a PV module configuration, 

(II) identify the characteristic of the encapsulant materials that mostly change 

during operation and how those properties are influenced by the microclimate, 

(III) correlate the polymer changes to PV module performances, (IV) identify 

characterization methods able to effectively describe polymer changes. 

After a brief introduction regarding the deployment of PV technologies and the 

main issues concerning reliability, a literature review is carried out to determine 

what the state-of-the-art is about analysis of polymer encapsulants in PV 

modules. In particular, the PV module reliability and above all the role of the 

polymer encapsulants is discussed. The second chapter gives additional 

information how to study reliability and compatibility of materials in PV 

modules, and focuses on the polymer properties that are more significant for 

PV applications and how to characterize them. 

In the fourth chapter, the performances of the state-of-the-art encapsulant 

material (i.e. ethylene vinyl acetate, EVA) are compared with two newly 

developed materials to verify their suitability in replacing EVA. Qualitative 

additive analysis, characterization of thermal properties, optical properties and 

chemical structure are carried out to assess the impact of two artificial ageing 

tests on the materials performances. The results showed that UV irradiation is 
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the most detrimental stress factor when standalone films are exposed. A good 

stabilization recipe is the key factor to ensure long term stability. Additionally, 

a good correlation is found between the depletion of stabilizers, increase of 

formation of oxidation products and decrease of polymer thermal stability. The 

results of this study showed that the polyolefin elastomer (POE) encapsulant 

could be a replacement for EVA because of the very similar performances and 

the advantage of not producing acetic acid upon degradation. 

The fifth chapter is focused on understanding how different artificial ageing 

tests and different microclimates influence polymer degradation and 

eventually PV mini-module performances using EVA as encapsulant. The 

polymers were extracted from three different areas of the mini-module and 

characterized and the electrical performances of the mini-modules were 

evaluated. Among the test used, the combined UV-damp heat (UV-DH) 

showed the most relevant impact on PV module performances, causing about 

5% power loss with respect to the reference value. The power loss was mostly 

associated with encapsulant yellowing, caused by additive degradation. The 

microclimate played a fundamental role because the excess of encapsulant 

directly exposed to the environment experienced a much more severe 

degradation with respect to the material encapsulated within the mini-module. 

Finally, the sixth chapter shows the effect of the microclimate on polymer 

degradation and PV module performances of full scale PV modules operating 

in two different climates for about eight years. Encapsulant samples were 

extracted from different areas of the PV module: from the front side, from the 

back side and from the back side in correspondence of the junction box. The 

results showed that the tropical climate had the strongest impact on the 

electrical performances causing power losses between 10% and 45%. The power 

degradation was mostly associated with corrosion of metallization and 

interconnections that were caused by encapsulant degradation, with formation 

of acetic acid, and humidity ingress. In this study, the additive analysis proved 

itself again to be a valid tool to better understand the mechanisms behind 

polymer degradation. The acetic acid production, indeed, was mostly 

associated with a depletion of the UV absorber that had a dramatic impact on 

the EVA stability. Additionally, the local higher temperatures in 
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correspondence of the junction box caused a non-homogeneous depletion of the 

primary antioxidant for the modules exposed in the tropical climate. 
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Kurzfassung 

Ein Photovoltaik (PV)-Modul hat eine komplexe Struktur, bei der jede 

Komponente eine grundlegende Rolle spielt. Die Polymere, die Teil eines PV-

Moduls sind, sind für mehrere Degradationsprozesse verantwortlich, die in der 

Praxis auftreten. Die Materialien werden durch die klimatischen Eigenschaften 

der Umgebung und durch das Mikroklima belastet. Letzteres entspricht den 

tatsächlichen Randbedingungen, denen die Polymere in einer PV-

Modulkonfiguration während des Betriebs ausgesetzt sind. Temperatur, 

relative Luftfeuchtigkeit, Sauerstoff und ultraviolette (UV) Strahlung können 

die Stabilität der Polymere stark beeinflussen und deren Abbau verursachen. 

Es ist eine anspruchsvolle Aufgabe zu verstehen, wie sich die einzelnen 

Faktoren und ihre Kombination auf molekularer Ebene auf die Polymere 

auswirken, dieses Wissen auf die Veränderungen zu übertragen, die wir auf 

der Makroebene sehen können, und diese Veränderungen schließlich mit der 

Leistung der PV-Module in Verbindung zu bringen. 

Die Ziele dieser Arbeit sind (I) die Definition der relevanten Faktoren, die das 

Polymer-Mikroklima während der Exposition in einer PV-Modulkonfiguration 

charakterisieren, (II) die Identifizierung der Eigenschaften der 

Verkapselungsmaterialien, die sich während des Betriebs am stärksten 

verändern, und wie diese Eigenschaften durch das Mikroklima beeinflusst 

werden, (III) die Korrelation der Polymerveränderungen mit den PV-

Modulleistungen, (IV) die Identifizierung von Charakterisierungsmethoden, 

die in der Lage sind, Polymerveränderungen effektiv zu beschreiben. 

Nach einer kurzen Einführung über den Einsatz von PV-Technologien und die 

wichtigsten Fragen zu ihrer Zuverlässigkeit wird eine Literaturübersicht 

erstellt, um den Stand der Technik bei der Analyse von 

Polymerverkapselungen in PV-Modulen zu ermitteln. Insbesondere wird die 

Zuverlässigkeit von PV-Modulen und vor allem die Rolle der 

Polymerverkapselungen diskutiert. Das zweite Kapitel enthält zusätzliche 

Informationen zur Untersuchung der Zuverlässigkeit und Kompatibilität von 

Materialien in PV-Modulen und konzentriert sich auf die 

Polymereigenschaften, die für PV-Anwendungen am wichtigsten sind, sowie 

auf deren Charakterisierung. 
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Im vierten Kapitel werden die Leistungen des modernsten 

Verkapselungsmaterials (d. h. Ethylenvinylacetat, EVA) mit zwei neu 

entwickelten Materialien verglichen, um ihre Eignung als Ersatz für EVA zu 

prüfen. Qualitative Additivanalysen, die Charakterisierung der thermischen 

Eigenschaften, der optischen Eigenschaften und der chemischen Struktur 

werden durchgeführt, um die Auswirkungen von zwei künstlichen 

Alterungstests auf die Leistungen der Materialien zu bewerten. Die Ergebnisse 

zeigen, dass die UV-Bestrahlung der schädlichste Stressfaktor ist, wenn die 

Folien alleinstehend sind. Eine gute Stabilisierungsrezeptur ist der 

Schlüsselfaktor für die Gewährleistung der Langzeitstabilität. Außerdem 

wurde eine gute Korrelation zwischen dem Abbau von Stabilisatoren, der 

Zunahme der Bildung von Oxidationsprodukten und der Abnahme der 

thermischen Stabilität des Polymers festgestellt. Die Ergebnisse dieser Studie 

zeigen, dass das Polyolefinelastomer (POE) ein Ersatz für EVA sein könnte, da 

es sehr ähnliche Eigenschaften aufweist und den Vorteil hat, dass beim Abbau 

keine Essigsäure entsteht. 

Das fünfte Kapitel befasst sich mit der Frage, wie verschiedene künstliche 

Alterungstests und unterschiedliche Mikroklimas den Polymerabbau und 

schließlich die Leistung von PV-Mini-Modulen mit EVA als 

Verkapselungsmaterial beeinflussen. Die Polymere wurden aus drei 

verschiedenen Bereichen des Mini-Moduls extrahiert und charakterisiert, sowie 

die elektrischen Leistungen der Mini-Module bewertet. Unter den verwendeten 

Tests zeigte die kombinierte UV-Feuchtwärme (UV-DH) die größte 

Auswirkung auf die Leistung der PV-Module und verursachte einen 

Leistungsverlust von etwa 5 % im Vergleich zum Referenzwert. Der 

Leistungsverlust stand hauptsächlich im Zusammenhang mit der Vergilbung 

der Verkapselung, die durch den Abbau von Additiven verursacht wurde. Das 

Mikroklima spielte eine wesentliche Rolle, da der Überschuss an 

Verkapselungsmaterial, der direkt der Umgebung ausgesetzt war, eine viel 

stärkere Degradation erfuhr als das Material, das innerhalb des Mini-Moduls 

eingekapselt war. 

Das sechste Kapitel schließlich zeigt die Auswirkungen des Mikroklimas auf 

den Polymerabbau und die Leistung von PV-Modulen in Originalgröße, die 

etwa acht Jahre lang in zwei verschiedenen Klimazonen betrieben wurden. 
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Verkapselungsproben wurden aus verschiedenen Bereichen des PV-Moduls 

entnommen: von der Vorderseite, von der Rückseite und vom Bereich der 

Anschlussdose. Die Ergebnisse zeigten, dass sich das tropische Klima am 

stärksten auf die elektrische Leistung auswirkte und Leistungsverluste 

zwischen 10% und 45% verursachte. Die Leistungsverschlechterung resultierte 

hauptsächlich aus der Korrosion der Metallisierung und der Verbindungen. 

Die Korrosion wurde aus den Abbau des Verkapselungsmaterials, die Bildung 

von Essigsäure und das Eindringen von Feuchtigkeit verursacht. In dieser 

Studie erwies sich die Additivanalyse erneut als nützliches Instrument, um die 

Mechanismen der Polymerdegradation besser zu verstehen. Die 

Essigsäurebildung war in der Tat meist mit einer Erschöpfung des UV-

Absorbers verbunden, was sich dramatisch auf die Stabilität des EVA 

auswirkte. Darüber hinaus verursachten die lokal höheren Temperaturen in der 

Nähe der Anschlussdose einen inhomogenen Abbau des primären 

Antioxidationsmittels bei den im tropischen Klima exponierten Modulen. 
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1 Introduction 

The energy demand has largely grown over the past decades and it is expected 

to further increase of about 50% by 2050 [1]. In particular, it is forecasted that in 

the next years fast developing countries, especially in Asia, will drive the 

growth of energy consumption [1]. Improvement of life quality conditions and 

urbanization in fast developing countries have contributed to the increase of 

energy demand [2]. In Organization for Economic Co-operation and 

Development (OECD) countries, such as many countries in Europe and United 

States, the increase of energy consumption’s rate has slowed down in the last 
10-12 years and in some cases even decreased. On the other hand, in non-OECD 

countries, such as China or India, the global electricity consumption has rose 

with a rate higher than the increase of the global population, Figure 1.1 [3]. 

 

Figure 1.1: Per capita energy consumption versus per capita gross domestic product 

(GDP) in selected countries from 2000 to 2017 [3]. 

The decrease of energy demand of 5.3%, in Europe [4], can be seen also as a 

positive result of increasing efforts in research towards improving efficiency 

[5]. Additionally, the mix of sources producing electricity has shifted over the 

years towards renewable resources and especially towards photovoltaic [4]. 

Figure 1.2 shows towards which areas International Energy Agency (IEA) 

countries directed their investments in the last 45 years, between 1974 and 2019. 

If in 1974 almost 75% of the funding for Research, Development and 

Demonstration (RD&D) was directed towards nuclear energy, nowadays it is 
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possible to see how the value has decreased to about 22%. At the same time, 

more and more interest, and therefore investments, are focused on cross-

cutting, renewable energies and improvement of energy efficiencies. 

Additionally, in the last two decades, particular attention was given to 

hydrogen, fuel cells and storage solutions. 

 

Figure 1.2: Evolution of IEA total public energy RD&D by technology, 1974-2019, re-

drawn from [5]. 

In this framework, it is forecasted that there will be a boost towards electricity 

produced from renewable resources and that will be the main source of 

electricity in 2050, overcoming the electricity produced by means of non-

renewable resources [2]. Figure 1.3 represents the evolution of the energy mix 

over the last 10 years, on the left side, and how the electricity generation by 

source has changed during 2019, on the right side.  

 

Figure 1.3: Global power mix over time and year-on-year change in electricity 

generation by source in 2019 [4]. 
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Fossil fuels have seen a general decrease in their consumption towards 

electricity generation in the last 20 years, only natural gas has experienced a 

slight increase. At the same time, the production of electricity by means of low 

carbon sources (such as renewables) was boosted.  

The year 2020 will be remembered as the year of the spread of the Coronavirus 

Disease (COVID)-19 pandemic. Beside the tremendous impact on world 

population’s health and economy, the COVID-19 pandemic has had a 

significant impact on energy demand and relative impact of energy sources in 

electricity production. The strict confinement measures, indeed, caused a 

strong decrease of the energy demand (20% or more [6]), which partially 

recovered when the restrictive measures were eased [7]. However, the 

electricity consumption has reached the same values as in 2019 in 

September/October 2020, before confinement measures were adopted again in 

several countries resulting in a new decrease of energy demand [7]. In this 

framework, the importance of renewable sources was highlighted because the 

whole electricity production saw a shift towards renewables thanks to their low 

operating costs compared to fossil fuels and priority access to the grid [7].  

In the last 10 years, the cumulative photovoltaic installation increased 

exponentially from 70.4 GW (2011) to 758.9 GW (2020) with a share of electricity 

production in 2019 at about 3.7% worldwide [8]. Europe had the lead of the 

annual photovoltaic (PV) installation until 2012, when China began to take over 

and rapidly overcome the European annual PV installation capacity [9]. In 2020, 

the five leading countries for cumulative PV capacity were China (accounting 

for the 33.4%), followed by USA (12.3%), Japan (9.4%), Germany (7.1%) and 

India (6.2%) [8]. Similarly, PV module production takes place nowadays 

especially in China (71%), South Korea (6%) and Malaysia (6%), with Europe 

accounting for only the 2% of the PV production share [9]. 

Since when the PV technology was established, the most widely produced PV 

technology was based on c-Si solar cells. Over the years, of course, many 

different technologies were developed, such as thin films, organic photovoltaics 

and recently perovskites, but none of them has so far been able to replace c-Si 

based PV modules. About 95% of the PV modules produced on 2020 were based 

on crystalline silicon technology [10]. The ratio between mono- and multi-

crystalline silicon was not always the same, with mono- prevailing over multi- 
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from the 1980s until the early 2000s until when the trend was inverted. From 

2017 on, the trend has shifted again towards mono-crystalline based PV 

modules, which corresponds nowadays to about the 65% of the PV module 

produced. Over the years, the development of the c-Si PV technology was 

accompanied by the development of the so-called packaging materials 

constituting the PV module itself. Different polymers, as result of industrial and 

technological material development, reached the market and were used as 

encapsulants and backsheets in modules.  

For many years, the state-of-the art PV module configuration was characterized 

by an ethylene copolymer-based encapsulant, namely Ethylene Vinyl Acetate 

(EVA), and backsheet with a Polyethylene Terephthalate (PET) core layer 

laminated between two layers of fluorinated polymers. However, since the 

introduction of the EVA as encapsulant, which replaced silicone-based 

materials, the problem of the long-term reliability of the packaging materials 

has become a key factor in the assessment of the reliability of the whole 

technology. Corrosion of metallization and interconnections as well as 

discoloration of the EVA encapsulants are only two of the most common issues 

related to the use of this material. Even though significant steps forward in 

understanding degradation mechanisms of EVA and improvements in its 

formulations have been made there are still problems connected to the use of 

this encapsulant as packaging materials. Additionally, nowadays there is 

significant attention on the environmental impacts and the recyclability of the 

PV modules. Improving the impact often means increasing the lifetime of the 

modules, together with applying specific module design concepts able to 

facilitate the recycling process, recovery of valuable materials or end of life 

scenarios more sustainable than landfilling. From this point of view, it becomes 

vitally important to use materials that are able to withstand operating periods 

of 40 years of more and, alternatively, to develop materials that can replace the 

current most widely used EVA, being competitive in terms of costs and with 

better long-term performances.  

1.1 Structure of the thesis 

The work is structured into the following chapters: 

1. Introduction. 
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2. State of the Art: Analysis of polymer encapsulants in PV modules. 

3. Experimental methods and analytical techniques used to describe 

polymer degradation. 

4. Comparison of performances of newly developed PV encapsulants 

exposed to different artificial ageing tests. 

5. Artificial ageing of PV mini-modules laminated with EVA as 

encapsulant and exposed to different artificial ageing tests. 

6. Analysis of degradation of EVA encapsulant in PV modules operating 

in different climates. 

7. Summary. 

In the introduction, a brief overview regarding energy demand and the role of 

PV technologies as a renewable source for electricity production is discussed. 

Additionally, information regarding PV reliability issues are given. 

The second chapter describes the state of the art regarding polymer materials 

used as encapsulants in PV applications, the degradation mechanisms of 

polymers ageing within a PV module configuration and the effects of polymers 

degradation on the module itself. The focus of this chapter is to describe the 

typical procedures used to describe polymer degradation in PV, the main 

characterization methods and analytical techniques applied, their advantages 

and their limitations.  

The main experimental methods and analytical techniques used to describe 

polymer degradation are described in the third chapter.  

The performances of two newly developed encapsulants compared to the state-

of-the-art EVA encapsulant are described in the fourth chapter. Standalone 

materials thermally pre-treated were subjected to two different weathering 

tests, with and without ultraviolet (UV) radiation. The changes in additive 

composition, optical and thermal properties, chemical structure (investigated 

by means of Thermal Desorption Gas Chromatography coupled to Mass 

Spectrometry (TD-GCMS), Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) 

spectroscopy, Differential Scanning Calorimetry (DSC), Thermogravimetric 

Analysis (TGA) and Fourier Transform Infrared (FT-IR) spectroscopy, 

respectively) of the analyzed polymers are monitored throughout the exposure 

to artificial weathering tests and discussed. A novel approach is presented to 
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derive information of oxidation induction time/dose from TGA measurements 

that well correlate with results obtained by using oxidation indices. 

To better simulate what actually happens within a standard module 

configuration, PV mini-modules were laminated using EVA as encapsulant and 

exposed to artificial ageing tests (Damp Heat (DH), UV and UV-DH combined 

tests). The electrical performances of the mini-modules before and after the 

exposure to the artificial ageing tests are described in the fifth chapter. 

Additionally, the impact of changes in material properties with changes in PV 

power generation is discussed. 

The sixth chapter deals with the analysis of EVA encapsulant withdrawn from 

full-scale modules that were in operation in different locations, corresponding 

to different climates. The material properties and electrical performances of 

modules exposed in Germany and in the Caribbean are compared to the 

material characteristics of a module that was stored in the dark and considered 

as reference. The objective of this chapter is to evaluate the influence of the 

different climates on materials changes and their effects on the power 

generated. Additionally, the EVA encapsulant object of the investigation was 

withdrawn from different areas of the module, thus allowing to get information 

regarding the impact of the microclimate. 

Finally, a comparison between the information learned with the different 

sample configurations and the conclusions are presented in the seventh 

chapter. 
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2 State-of-the-Art: Analysis of polymer 
encapsulants in PV modules 

2.1 PV module reliability 

A common crystalline silicon (c-Si) PV module is a multilayer structure, as 

shown in Figure 2.1, constituted by different layers. Each layer has to withstand 

environmental stresses and maintain the desired properties during the entire 

lifetime of the PV module.  

 

Figure 2.1: c-Si PV module stack configuration. 

PV modules can fail at various phases of their lifetime. The so-called infant 

failures take place during the early stages of the PV module’s lifetime and are 
the most frequent. They might be due to bad installation or flaws and involve 

in particular junction boxes, string interconnections, glass breakage and loose 

frames [1]. During operation, due to the effect of UV radiation, temperature and 

humidity, polymers can degrade and affect the performances of the modules 

causing, in extreme cases even failures (mid-life failures).  

Polymers (encapsulant and backsheets) are considered responsible for 9% of 

failures that can happen during medium and long term operation [1]. The most 

common degradation modes observable due to polymer degradation are 

corrosion of cells and interconnects, discoloration of encapsulant and 

backsheets, delamination, snail trails, potential induced degradation (PID), 

backsheet cracks and chalking [2–5]. Delamination processes might take place 

at different interfaces, i.e. between the different PV modules components 

(glass / encapsulant, encapsulant / cell, encapsulant / interconnections, 

encapsulant / backsheet and so on) as well as between the backsheet layers, in 

case of laminated backsheets. 
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Eventually, at late stages of PV module’s lifetime, there is again a rise of failure 
rates that are due to a further increase of the extent of existing degradation 

phenomena. The modules reach the end of the lifetime when the power output 

is no longer acceptable and/or when a safety issue occurs. 

2.2 EVA as encapsulant in PV: advantages and limitations 

EVA is an ethylene copolymer characterized by the presence of ethylene and 

vinyl acetate moieties, as shown in Figure 2.2, usually in the range of 28 wt.% 

and 33 wt.%. Upon the exposure to high temperature, UV irradiation and 

humidity, a complex scheme of photo-oxidation reactions takes place, as can be 

seen in Figure 2.3. 

 

Figure 2.2: Molecular structure of EVA. 

 

Figure 2.3: Reaction scheme of EVA degradation [6]. 
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Deacetylation results in acetic acid formation and it is followed by oxidation 

with development of hydroxyl/hydroperoxides, ketones, α-β unsaturated 
carbonyl groups, conjugated dienes, lactones and several vinyl types [7, 8]. 

Eventually, breakdown of the man polymer chain takes place. Formation of 

unsaturation by deacetylation makes EVA even more susceptible to further 

oxidation processes [6]. Acetic acid is a relevant issue for the reliability of the 

whole PV module because it reduces the pH of the surrounding environment 

and will catalyze corrosion processes of metallization and interconnections [9–
11]. Corrosion causes an increase of series resistance of the module and 

consequent decrease in power output [12]. Additionally, acetic acid can lead to 

delamination at the glass-cell interface [13, 14]. Delamination further influences 

module performances because it facilitates moisture ingress with consequent 

additional increase of series resistance with time [15]. Potential induced 

degradation (PID) is a degradation mode that affects PV modules and one of 

the causes of its occurrence is addressed as the encapsulation material. In 

general, PID is related to transport of sodium ions from the glass through the 

encapsulant that penetrate the front junction of solar cells producing module 

degradation upon the exposure to voltage stress [16]. Acetic acid, additionally, 

enhances the compatibility of EVA with Na+ ions, favoring PID effects [5, 16]. 

A recent study [17] showed that multiple mechanisms are connected with the 

PID phenomena and that mainly two types of PID exist. They are the 

polarization type (PID-p), the shunting type (PID-s), and especially the PID-p 

might be strongly influenced by encapsulant’s resistivity. 

The most well-known PV degradation mode associated to EVA degradation is 

its discoloration. Discoloration is an important issue, not only because of its 

aesthetic effects, but mainly because it reduces the light transmitted towards 

the solar cells and affects, decreasing, the power generated by the module. 

Discoloration of EVA of different extent (from yellow to brown) has been often 

observed in the field [18–22]. Many hypotheses have been developed in 

research regarding the causes of EVA discoloration, and they will be described 

more in depth in section 2.6.1., dealing with optical properties of encapsulants. 
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2.3 From EVA to newly developed encapsulants 

An encapsulant material has to provide the following functions [6]: 

 Structural support to the PV modules components during its whole 

lifetime, from production to disposal; 

 Optimal optical coupling ensuring transmittance values above 90% and 

a maximum loss < 5% after 20 years; 

 Protection from environmental stress factors, including exposure to 

pollutants and hazardous substances; 

 Electrical insulation to protect the PV module’s components, as well as 

for safety reasons. 

In the early stages of the development of the PV technologies, PDMS based 

materials were the most widely used encapsulants for their intrinsic stability. 

The dissociation energy necessary to cleave Si−O bonds is indeed higher 

(~108 kcal mol−1) than the energy needed to cleave C−C bonds, typical of 
polyolefin based encapsulants (~83 kcal mol−1) [23]. In the 1960s and 1970s 

Polydimethylsiloxane (PDMS) based encapsulants were replaced by EVA 

thanks to the balance of acceptable reliability performances and low costs. 

Many materials have been developed as PV encapsulants and their most 

interesting properties are listed in Table 2.1. 

Over the years EVA has become the market leader for typical glass-backsheet 

module configuration, whereas Polyvinyl Butyral (PVB) has taken the 

leadership over glass-glass modules, especially in building integrated 

photovoltaic (BIPV) applications [2]. Significant improvement of the 

formulation of the EVA itself led to the overcoming of issues such as PID [24], 

e.g. PID-free EVA are nowadays common materials on the market. 

Additionally, new EVA formulations (e.g. EVA with white fillers, used on the 

back side of the module) claim to increase the amount of light reflected from 

the back side of the modules and therefore increase the power generated [25, 

26]. However, now it seems that the trend is again shifting towards different 

materials other than EVA. 
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Table 2.1: PV encapsulants and their main properties [5, 16, 27–32]. 

Encapsulant Polymer type Glass 

Transition 

Temperature 

Processing 

Temperature 

Volume 

Resistivity 

Water Vapor 

Transmission 

Rate (WVTR) 

Young’s 
modulus  

Refractive 

index (n)  

  °C °C Ω*cm g m−2 day−1 MPa - 

EVA Elastomer −40 to 34 140-160 1014 34 ≤ 68 1.48-1.49 

POE (polyolefin elastomer) Elastomer −50 to -40 140-160 1015-1016 3.30 ≤ 30 1.49 

PDMS Elastomer ≤ −100 80 (casting 

process) 

1014-1015 130-200 ≤ 10 1.38-1.58 

PVB Thermoplastic −12 to +20 140-160 1010-1012 40.05 ≤ 11 1.48 

Ionomer Thermoplastic −40 to -50 140-160 1016 0.19 ≤ 300 1.49 

TPO (thermoplastic 

polyolefin)  

Thermoplastic 

elastomer 

−60 to -40 140-160 1014-1018 2.85 ≤ 32 1.48 
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The development of new polyolefin-based materials, especially, has driven the 

interest towards the replacement of EVA. The new materials do not present 

vinyl acetate moieties and therefore do not produce acetic acid upon 

degradation. The alternative polyolefin-based materials might be a solution to 

overcome the PV degradation modes mainly related to acetic acid. It is 

forecasted that the newly developed polyolefin (PO) based encapsulant will be 

about 30% for the market by 2030 [33], as shown in Figure 2.4.  

 

Figure 2.4: Current encapsulant market share and forecast until 2030 (reconstructed 

from [33]). 

PO based materials, Figure 2.5, are characterized by a polyethylene backbone 

and acrylates, acrylic acids or n-alkanes as side groups [34].  

 

Figure 2.5: Chemical structure of a generic PO based encapsulant. 

The materials mentioned above have the advantage that they can be processed 

with the same equipment used to produce traditional PV modules with EVA 

and do not require special processing equipment. However, lamination 

conditions need to be optimized accordingly depending on the encapsulant 

used [21]. POEs have melting temperature similar to EVA and might include 
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crosslinking agents in their formulation. In this case, processing conditions 

would be very similar to EVA. TPOs, instead, do not chemically crosslink; they 

melt at a temperature higher than EVA, but have the advantage that shorter 

lamination times are sufficient to ensure good adhesion between the module’s 

components. No additional time is needed to allow the crosslinking reaction to 

take place. Additionally, multi-layered combinations of EVA and POE were 

recently developed and tested with the objective of combining the advantages 

that both materials can provide [25]. A layer of EVA, thanks to its superior 

adhesion properties is placed directly in contact with the glass, whereas the 

POE layer is on the side that is directly in contact with the cells. The aim of this 

configuration is to protect the cells, the metallization and the interconnections 

from the damages that might result from acetic acid production. 

POE and TPO specific formulations for photovoltaic applications are on the 

market since a relatively short time and not enough modules using these 

materials are currently operating in the field. The new materials caught the 

attention of the academic and industrial sector [5, 35–40], but more studies are 

necessary and especially long-term indoor and outdoor exposure investigations 

are crucial to discover new degradation modes that might appear. Additionally, 

the effects of the long-term interaction between the new encapsulant materials 

and the other module components are still an open question. 

2.4 Reliability assessment of polymers in PV 

Currently, the qualification of c-Si PV modules follows the regulations of 

standardized tests such as International Electrotechnical Commission (IEC) 

61215 series “Design qualification and Type Approval” [41, 42] and IEC 61730 

series “Photovoltaic (PV) module safety qualifications” [43, 44]. The main 

purpose of these standards is to qualify new modules entering the market to be 

suitable for commercialization. However, the application of the standards 

mentioned above lacks in giving indication regarding long-term artificial 

testing procedures able to assess the reliability of the modules that are 

supposed to be exposed in the field for 25 years or even longer. Additionally, 

the standards do not consider the possible installation of the same module types 

in different climates, and therefore the influence of the different stress loads 

that the modules might experience throughout their lifetime. The problem of 
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long-term material compatibility and interaction is also not properly addressed 

in the standards. The described testing procedures and testing times are not 

appropriate to simulate degradation modes and mechanism taking place in real 

operation. Nevertheless, the qualification of new modules according to the 

existing standards allows, at least, to determine whether a product would 

dramatically fail in the short-term of its lifetime or not, especially because of 

bad module design. For all the reason mentioned above, industry and academia 

have been intensively working in the last years to develop testing procedures 

and sequences able to address and give a solution to the very relevant problem 

of simulating precisely what happens in the field. The series standards IEC 

62788 and IEC Technical Specifications (TS) 62788 give some indications 

regarding testing of properties of interest of materials such as polymeric 

encapsulants and backsheets used in PV. However, the standards and technical 

specifications mentioned above do not give a comprehensive description of all 

the tests that might be performed on polymers to explain their behavior upon 

ageing.  

Polymers undergo the action of internal and external stress factors that can 

cause changes in molecular, supermolecular or phase structure. Those 

alterations might lead to modifications of physicochemical processes essential 

during all the steps that characterize the life of a polymer: manufacturing, 

production, storage and operation [45]. During their lifetime, polymers can be 

subject to chemical as well as physical ageing processes. The main difference 

between them is that physical processes might be reversible, whereas chemical 

processes irreversibly alter the polymer’s structure. Chemical processes involve 

mainly changes in molecular structure (such as chain scission, chain branching 

and crosslinking), formation of functional groups and elimination of low 

molecular weight products [45]. Chemical changes mainly affect optical and 

mechanical properties. Physical ageing processes are always the results of 

thermodynamically unstable states and changes in physical structure are often 

connected to mechanical stresses leading to cracks and/or changes in 

dimensions [45]. Physical ageing processes, moreover, might have effect on 

water absorption and diffusion as well as oxygen diffusion [45]. Physical 

processes are post crystallization, relaxation, separation, agglomeration, 

migration, extraction and loss of plasticizers [45]. 
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Physical and chemical ageing processes are often taking place simultaneously, 

which complicates very much the understanding of polymer degradation 

behavior as well as the replication in laboratory conditions of the degradation 

modes observed in the field. 

2.5 Design of reliability study 

To analyze how polymers degrade in PV modules upon ageing it is necessary 

to design experiments able to reproduce known failure modes occurring during 

exposure. Additionally, it is of crucial importance to test materials and material 

combinations to assess how they behave upon the application of environmental 

stress factors. The current standards do not give yet satisfactory answers to 

these issues, as described in the previous subchapter, and relevant work is 

ongoing to introduce standards able to give more precise guidelines of testing 

procedures to apply to assess the reliability of PV materials and PV modules. 

The most reliable solution would be to test the modules in the real environment 

of application throughout their lifetime. However, it is unrealistic the idea of 

exposing the modules for 20-25 years in the field before assessing materials’ 
performances and compatibility. It is, therefore, necessary to develop artificial 

ageing tests, procedures and sequences able to replicate what happens in the 

filed in a shorter time, acceptable also for industrial development. 

2.5.1 Artificial simulation of real climatic conditions 

One of the most challenging aspects of the long-term stability assessment is the 

technological possibility to simulate indoor the environmental conditions that 

a PV module would experience in real outdoor operation in an accelerated way. 

Substantial effort was put into the development of chambers able to apply 

several stresses simultaneously as well as test sequences that allowed to 

reproduce degradation modes of encapsulant and backsheets occurring 

outdoors [46–49].  

Climate specific accelerated ageing tests have been developed by Eder et al. 

[50]. They considered four specific climate profiles (tropical, arid, moderate and 

alpine) and established 14 climate specific artificial ageing test procedures. 

Different testing protocols resulted in different PV modules behavior. 

Additionally, it is important to keep always in mind that the artificial testing 
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procedure that is applied to the modules needs to be designed specifically for a 

technology/configuration. It means, for example, that a testing procedure that 

works in accelerating degradation modes specific for glass/glass configuration 

might not be appropriate to provoke degradation modes that take place in 

glass/polymer backsheet configuration, because of the different microclimate. 

2.5.2 Test samples  

The climatic conditions have a strong impact on module behavior as well as on 

polymers behavior. However, the microclimate that the polymers and PV 

module components actually experience is the most relevant aspect that 

determines the occurrence and the extent of degradation modes. The polymer 

microclimate, namely the boundary conditions that the polymers is in contact 

with, depends not only on the external environmental conditions such as 

temperature, humidity, UV irradiance and wind, to name a few. Contingent 

factors e.g. overheat due to partial cell shading or higher temperature in 

correspondence of the junction box might trigger localized degradation modes 

and an inhomogeneous behavior of the materials within the module. The 

microclimate that the polymers experience is also different when thinking 

about the encapsulant on top of the cell rather than the encapsulant beneath the 

solar cell. Different temperature values might be achieved during operation in 

addition to different transport pathways for small molecules such as moisture, 

oxygen, polymer degradation products and pollutants. Changes in diffusion 

pathways for small molecules can be associated also to the occurrence of 

concomitant degradation modes such as cell or polymer backsheet cracks. 

Finally, the selection of materials that will be used for the production of the PV 

modules has an important impact on the microclimatic conditions that will 

occur within the module. For example, using a glass instead of a polymer 

backsheet or polymer backsheet with different transport properties towards 

small molecules has an important influence also on encapsulant degradation as 

well as on power output [51–53]. 

It is necessary to test specimens at different levels of complexity to assess fully 

the reliability of PV modules, to understand how materials interact with each 

other and to assess the influence of the microclimate on material behavior as 

well as product performances. The levels can be identified as follows: 
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 Base materials (e.g. polymer resins, additives, minerals for solar cells, 

formulations for electrically conductive adhesives, …); 
 Processed base materials (polymer encapsulant films, polymer backsheet 

films, solar cells, metallic interconnections, electrically conductive 

adhesives, …); 
 Test laminates (combination of two or more processed base materials); 

 Mini-modules (containing the key components of a full-scale module, but 

with reduced size, multiple configurations are possible); 

 Full scale modules (final product, including all the components). 

The costs as well as the complexity increases from base materials to full scale 

modules. Moreover, the type of characterization tests that can be performed 

and the information that can be gained at each level are substantially different. 

 

 

 

Figure 2.6: Illustration of testing samples type: test laminate (left), mini-module 

(middle), full scale PV module (right). The illustrations are not in scale with one 

another. 

Generally, it is possible to distinguish between two different types of tests, i.e. 

destructive and non-destructive. The firsts are called destructive because they 

cause irreversible changes of material properties/structure/state/function. After 

the application of destructive tests, it is no longer possible to retrieve the 

original sample. Non-destructive tests, instead, do not affect in any way the 

original sample, which can be reused without substantial changes. A per se 

non-destructive test can become destructive if it is necessary to destroy the 
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original sample to withdraw material for further investigations. An example of 

destructive material testing procedure is TGA because the material undergoes 

thermal decomposition and its original characteristics are no longer the same. 

UV-Vis-NIR spectroscopy, on the contrary, allows investigating optical 

properties of samples without altering them.  

The level of the base materials is characteristic of the product development 

phase. In this framework, different stabilization recipes for encapsulant 

materials, for example, can be tested to achieve the desired performances. Once 

the product is finalized, the level of processed base materials is reached.  

The level of processed base materials is important because many information can 

be obtained. At this stage, intrinsic physical and chemical properties of 

materials such as polymer encapsulants and backsheets can be compared. It is 

especially useful when, for example, new materials enter the market and they 

have to be compared with existing materials to determine whether it might be 

an advantage to replace them with the new ones or not. A large number of 

specimens can be produced, destructive and non-destructive tests can be 

applied. Single materials can be also exposed to artificial ageing tests and their 

performances can be compared [54–56]. Additionally, testing of processed base 

materials can be useful to obtain material properties that can be implemented 

in finite element analysis simulation of relevant characteristics during 

operation [57, 58] and to optimize, for example, PV lamination conditions [35]. 

Testing of processed base materials, however, does not give any information 

regarding incompatibilities that might occur between different PV module 

components and does not consider the actual microclimate that materials 

experience during operation.  

Test laminates (also called coupons) are useful to assess material compatibility 

and to compare interactions between different material combinations. Test 

laminates usually include front-sheet / encapsulant / back-sheet [51, 54, 56, 59] 

and often include additional components such as fragment of cells and/or 

metallic ribbons [60]. Non-destructive characterization methods and analytical 

techniques can be applied. Destructive analysis of polymers’ properties can be 
performed only upon their destructive extraction. The test laminate 

configuration makes a step forward in resembling the microclimatic conditions 

that the materials experience within PV module stack. However, no correlating 
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information regarding material degradation and electrical performances can be 

derived. Additionally, the reduced scale of the produced samples does not 

entirely represent the diffusion pathways that small molecules experience in a 

full-scale PV module. 

PV mini-modules are characterized by the presence of a frontsheet, encapsulant, 

solar cells, interconnections and backsheet. In addition, a frame, a junction box 

and the cabling might be installed, depending of the mini-module size. The PV 

mini-module configuration is probably the most widely used in literature and 

many variations exist according to the cells’ size, number of cells, type of 
interconnections and so on. Non-destructive techniques can be applied as well 

as destructive techniques after the polymers’ extraction. The main advantage of 
using a mini-module configuration with respect to the full-scale is trivially its 

reduced size. Testing of mini-modules sensibly reduces the costs and the 

complexity of testing, especially in terms of costs of material itself and space 

needed in the climate chambers where artificial ageing tests are performed. 

Material interactions and effect of different material combinations on power 

output can be tested. Electrical performances if mini-modules can be assessed 

non-destructively by means of I-V curve measurements and acquisition of 

electroluminescence images. In this way, it is possible to investigate changes in 

material properties and to assess their impact on the power generated. 

Additionally, specific PV module degradation modes, e.g. corrosion of 

interconnection and metallization, PID, Light Induced Degradation (LID) and 

Light and Elevated Temperature (LeTID), can be reproduced and studied. 

Testing of full-scale PV modules requires a significant use of resources and 

implies a high level of complexity. The numbers of full-scale modules that are 

usually tested is limited with respect to the mini-modules. Normally, non-

destructive characterization methods are applied, but destructive methods via 

materials extraction [61] are very useful to investigate the root causes of 

observable degradation modes. In fact, even though extracting materials from 

full scale modules can be a rather complex procedure, the full-scale 

configuration is the one that is actually operating in the field and it is the most 

reliable to use to entirely understand the effect of different microclimates on 

material degradation. Testing of mechanical loading static and dynamic on PV 

modules can be performed on full scale modules according to IEC 61215 and 
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IEC TS 62782, respectively. Recently, procedures able to derive loading 

conditions for reduced-scale testing were presented [49, 62]. 

2.6 Properties of interest and their assessment 

By definition, an encapsulant material needs to have an optical transmittance 

above 90% and it can decrease at lowest to 85% after 20 years of operation. 

Needless to say, optical properties (and especially transmittance) of the 

encapsulants are crucial to ensure the correct functioning of the whole PV 

module. Worsening of optical properties often means discoloration of the 

encapsulant that derives from the occurrence of degradation processes 

involving the polymer itself or its formulation (e.g. stabilizers). Therefore, 

methods able to describe chemical changes taking place in the polymers are 

fundamental to understand the root causes behind the observed degradation.  

The occurrence of chemical and physical degradation processes can have an 

effect on mechanical properties and morphology of polymers that might result 

in additional stresses for the other PV module components. The extent of the 

effects provoked by chemical and physical ageing processes needs to be deeply 

understood to avoid, for example, improper use of materials in modules 

designed for a specific climate zone. The next chapters will describe the most 

widely used characterization methods and analytical techniques able to 

describe ageing of polymers in PV applications. Their advantages and 

disadvantages will be discussed and a critical overview of the information that 

can be learned by applying the methods will be given. 

2.6.1 Optical properties 

The determination of the optical transmittance of the encapsulant material is a 

crucial parameter to monitor upon ageing. Decrease in encapsulant 

transmittance, as described in previous sections, can affect the performance of 

the PV module by decreasing the electrical power generated. In addition to 

optical transmittance of the encapsulants, according to the IEC TS 62788-2:2017 

[63], optical reflectance of polymer backsheet might be also monitored to 

estimate its contribution to the PV module performance.  

A reference solar spectrum was introduced to make the industry able to 

compare performances of different PV module technologies. The Air Mass 
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(AM) 1.5 spectrum is the industrial standard referred to the solar radiation 

filtrated by the atmosphere, air and dust particles, with an angle of incidence of 

48.2° with respect to the zenith [64]. The total irradiance used in the industrial 

standard corresponds to Ie (AM1.5) = 1000 W m−2. The power measured using 

this irradiance value and the AM1.5 spectrum is measured in Watt peak (Wp) 

and it is the reference power value for a module (regardless of the module 

technology) [64].  

 

Figure 2.7: Solar spectra of black body, AM0 and AM1.5 [64]. 

Typically, optical reflectance and transmittance are measured using a 

spectrophotometer with integrating sphere, whose details and measurement 

procedures are described in IEC 62805−2. Solar-weighted transmission of 

photon irradiance, defined as proportion of the solar spectral photon irradiance (Epλ, 

m−2 s−1 nm−1) optically transmitted through the specimen [65] in the range of the 

terrestrial solar spectrum, 280 nm to 2500 nm, might also be reported. 

Yellowness index (YI) is an additional parameter that can be monitored over 

lifetime/exposure time to assess and evaluate color changes of encapsulants and 

polymer back-sheets. Transmission measurements are used to calculate YI 

values for front- and clear back-sheets, whereas reflection measurements are 

used for opaque sheets as well as to monitor color changes in the air-side of the 

backsheets [63]. Lastly, the UV cut-off wavelength (λcUV) of encapsulants can be 
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evaluated from transmission measurements as the value in the UV range where 

the transmittance equals 10% or less [65]. The presence of a UV cut-off indicates 

the presence of UV absorbers that have the function to protect the polymers 

from photo-degradation reactions.  

Measurements of optical properties can be used not only to monitor changes in 

transmittance in the visible range, which is the most interesting for the 

electricity production in PV modules, but also to study the 

consumption/migration of stabilizers (especially antioxidants and UV 

absorbers) present in the polymer [35, 59]. Miller et al. [59] studied the effect of 

different artificial ageing tests (without and with irradiation, using different UV 

light sources) on glass-encapsulant-glass coupons to determine which stress 

factor has the most influence on decrease of transmittance. They assessed that 

samples that underwent artificial test with illumination experienced the most 

degradation. The selected light sources had also an influence on the polymer 

ageing behavior as well as the glasses used in the specimen setup. Discoloration 

of EVA does not always take place uniformly within a PV module. Pern et al. 

[66] reported that photodiscoloration phenomena compete with 

photobleaching due to the interaction between the formed chromophore 

species and oxygen. They observed that field exposed modules showed 

browning only above the cell, whereas the EVA in the free space between the 

cells did not show relevant discoloration. The phenomenon of photo-oxidative 

bleaching was reported quite frequently in literature in correspondence of 

strong discoloration [46, 60, 67–71]. Besides the analysis of polymer properties, 

UV-Vis-NIR spectroscopy can be used to determine the properties of 

antireflective coatings [72–74]. 

2.6.2 Chemical structure 

Spectroscopic analytical techniques are especially useful to investigate chemical 

structure of materials. Molecular movements can be detected via spectroscopy 

and this allows material identification as well as monitoring of degradation 

reactions taking place during material exposure to the environment. In 

particular, infrared, Raman and fluorescence spectroscopy will be described in 

the following sections. 
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Fourier Transform Infrared (FT-IR) Spectroscopy  

FT-IR spectroscopy, especially in ATR (attenuated total reflectance) mode has 

been widely used by researchers to investigate chemical changes taking place 

in polymers (encapsulants and backsheets) used in PV upon ageing. 

The characteristics bands for a virgin EVA are at 2920 cm−1, 2850 cm−1, 

1465 cm−1and 1370 cm−1 that can be assigned to stretching and deformation 

vibration of methylene and ethylene groups, typical of polyethylene moieties. 

Additional bands at 1736 cm−1, 1238 cm−1 and 1020 cm−1 can be assigned to C=O 

stretching vibrations and C−O−C stretching vibrations that are typical of vinyl 

acetate moieties [7, 75]. FT-IR spectroscopy analysis of EVA has been initially 

used to investigate the origin of its discoloration [76], attributed to formation of 

polyenic chromophores. Later studies [7] attributed discoloration of EVA with 

formation of α, β-unsaturated carbonyl product originated by breakdown of 

hydroperoxides. In the same study, a step forward in understanding synergistic 

and antagonistic effects of stabilization substances is made. Hindered amine 

light stabilizers (HALS) in combination with a phenol/phosphite antioxidant 

showed the best performances. Jin at al. [8] demonstrated that EVA with higher 

VA content are more prone to degradation. VA units are more vulnerable to 

environmental stress factors and can form hydroperoxides or unstable radicals 

leading to further degradation. Chain scission is found being the main 

degradation mechanism taking place upon UV irradiation. Ottersböck et al. [54] 

studied encapsulants (EVA and TPO) laminated in a glass-encapsulant-

backsheet coupon configuration and analyzed in transmittance mode the 

penetration depth of oxidation upon artificial ageing exposure. They observed 

that for an EVA film, the extent of oxidation increased with longer exposure 

times and that higher OI values were found in the surface layers.  

FT-IR spectroscopy has the advantage that is a very simple and fast 

characterization method and it allows getting many information regarding 

chemical changes taking place in the material. FT-IR ATR spectra of different 

EVA samples are showed in Figure 2.8. The spectra related to the two materials 

exposed to artificial ageing tests are the green spectrum and the red spectra. 

The two materials were extracted from mini-module samples that were 

exposed to DH test (85 °C and 85% relative humidity, R.H.) for 12000 hours and 

1600 thermal cycles (TC), respectively. The sample exposed to TC does not 
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show significant changes with respect to the unexposed material, whereas the 

sample exposed to 12000 h of DH test shows a decrease of all the significant 

peaks related to vinyl acetate moieties (1736 cm−1, 1238 cm−1 and 1020 cm−1). The 

sample exposed to DH showed an additional shoulder at about 1715 cm−1, 

corresponding to formation of substances containing a ketone functional group.  

 

Figure 2.8: FT-IR ATR spectra of uncured EVA (upper blue curve), EVA extracted 

from a mini-module sample exposed to DH test for 12000 hours (85 °C / 85% R.H., 

middle green curve), EVA extracted from a mini-module exposed to 1600 TC (bottom 

red curve). 

The occurrence of deacetylation reaction was studied via FT-IR spectroscopy 

and the trend observable in DH aged EVA [77] was observed also in EVA 

withdrawn from modules exposed in Japan for about 27 years [78] and in 

flexible PV modules [79]. However, when deacetylation and further oxidative 

processes take place simultaneously, the deacetylation appears less evident 

from FT-IR spectra. The peaks related to newly oxidized species overlap and m 

might prevail over the disappearance of vinyl acetate functions [79]. An 

example of the behavior mentioned above will be extensively described in 

Chapter 4. 

Spinella and Bosco [80] investigated the influence of silane content and artificial 

ageing tests on the chemical composition and adhesion properties of the EVA 

to the glass. They discovered that a higher silane content well correlates with 

better EVA stability as well as better adhesion properties upon artificial ageing 
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exposure. The decrease of silane content with corresponding decrease of 

siloxane concentration well correlates with the decrease of debonding energy 

upon DH test. Upon UV exposure, the debonding energy decreases more than 

the decrease of the siloxane binding, thus indication that additional 

mechanisms contribute to the loss of adhesion. 

FT-IR spectroscopy in ATR and transmission mode [81] has been also used to 

determine the vinyl acetate content of unexposed EVA in combination with 

additional characterization methods, for example based on thermal treatments. 

Additionally, an unsuccessful attempt to determine the EVA crosslinking 

degree by means of FT-IR spectroscopy was also carried out [82]. Finally, 

portable NIR spectrometers were proven to be very useful for material 

identification [83, 84] and detection of degradation [85] of field exposed PV 

modules. 

The main advantage of using FT-IR ATR spectroscopy to analyze chemical 

changes that materials undergo during ageing is that it is very fast and simple 

to apply. Typically, only a small amount of material is needed to perform the 

analysis and each spectrum can measured within seconds or few minutes 

(depending of the settings of the device used). The downside is that it is 

necessary that the material measured is in direct contact with the ATR crystal, 

therefore it is not possible, for example, to measure the properties of the 

encapsulant through the glass. The encapsulant material has to be first 

extracted from the module sample (or test laminate) and then analyzed. 

Raman Spectroscopy 

Chemical changes have been often investigated by means of Raman 

Spectroscopy. The use of confocal microscopes enables the option to investigate 

non-destructively specimens in a stack configuration where different materials 

are present, as it can be found for a typical c-Si PV module configuration. 

Raman spectroscopy can be used to analyze the encapsulant material through 

the glass as well as the different layers constituting the backsheets [86, 87]. The 

characteristics bands for EVA are summarized in Table 2.2. 

Table 2.2: Characteristic Raman bands and their assignment [54]. 

Raman characteristic bands [cm−1] Assignment  

3000−2830 CH2 and CH3 stretching vibrations 
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Raman characteristic bands [cm−1] Assignment  

1740  C=O stretching vibrations 

1440 CH deformation vibration 

1298 CH deformation vibration 

1130 C−C stretching vibration 

1064 C−C stretching vibration 

During exposure to temperature, radiation and humidity, EVA can develop 

degradation products that are chromophores and that therefore exhibit 

fluorescence upon excitation. In Raman spectroscopy, the formation of 

chromophores results in an increase of the baseline of the Raman spectra due 

to the fluorescence of the chromophore species [51, 78, 88–90]. 

Kim et al. [91] used Raman spectroscopy to analyze snail trails, to identify their 

chemical composition and the degradation mechanisms leading to their 

formation. They attributed formation of sail trails to formation of silver acetate 

and its reaction with EVA degradation products and the same mechanism was 

confirmed by Fan et al. [92]. Additionally, Raman spectroscopy was proven to 

be a powerful tool to determine non-destructively crosslinking degree of EVA 

[93–97] and could be even applied to control in-line the quality of the 

encapsulation process [98]. 

Raman spectroscopy is, as well as FT-IR ATR spectroscopy, a measurement 

technique that is able to deliver fast results although the measurement setup 

might be costly. A Raman spectrometer equipped with a confocal microscope 

allows to measure the encapsulant and the backsheet materials through the 

glass. However, the major issue that researchers encounter when applying 

Raman spectroscopy on analysis of EVA encapsulant is the fluorescence visible 

in the background, as described before. 

Fluorescence spectroscopy and imaging 

Fluorescence spectroscopy is nowadays another quite popular spectroscopic 

technique applied to investigate the ageing processes taking place in 

encapsulant and backsheet materials [95, 99–104]. It has the advantage that is 

non-destructive and portable solutions, which can be used directly for field 

inspections [105], are reported in literature. Fluorescence spectroscopy and 

imaging are two complementary methods able to provide non-destructively 
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information regarding the degradation state of PV packaging materials. 

Fluorescence spectrophotometers are commercially available devices that can 

provide emission (and/or excitation) spectra for a given materials, as can be 

seen in Figure 2.9.  

 

Figure 2.9: UV fluorescence spectra of the encapsulant of a PV module exposed in 

the field in 4 different PV module areas: (1) middle of intact cell, (2) between two 

cells, (3) middle of hot cell, (4) middle of moderate hot cell [104]. 

The main components of these devices are, briefly, a light source (typically a 

Xenon lamp), a monochromator and a detector. The key components of a 

fluorescence imaging setup are a light source and a camera. The typical output 

of this analysis is an image, as shown in Figure 2.10. 

 

Figure 2.10: UV-fluorescence images of test modules (A) in the original state, (B) 

after 1000 h, (C) 2000 h, and (D) 3000 h of exposure to DH at 85°C/85% r.H. [50]. 
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Spatially resolved investigations of EVA using fluorescence spectroscopy were 

reported for the first time by Schlothauer et al. [106]. The authors were able to 

identify different EVA fluorescence behavior according to EVA type, climate of 

the location where the modules were installed and specific areas within the 

modules. The effect of UV radiation and humidity ingress on EVA fluorescence 

was also demonstrated. Additionally, fluorescence spectroscopy has been also 

used to monitor acetic acid production by means of dual-wavelength 

fluorescent dyes [107, 108]. 

2.6.3 Thermal properties and thermal stability 

Thermal properties such as glass transition temperature (Tg) and melting 

temperature (Tm) are fundamental in determining the right encapsulant 

material for PV applications. The amorphous moieties of polymers are more 

mobile above Tg and make the overall polymer more rubber-like. The use of PV 

modules with encapsulants having a Tg higher than the minimum temperature 

that can be reached in the surrounding environment is undesirable. The 

encapsulant material would be subject to embrittlement and this might cause 

relevant mechanical stress on the cells and interconnections. Tm is one of the 

parameters that have to be considered when the PV module processing 

conditions are defined. Characterization of thermal properties can be carried 

out by means of destructive methods. Little polymer amounts (typically less 

than 20 mg) can be investigated. Standalone polymer films can be directly 

analyzed, whereas encapsulant samples need to be extracted from laminated 

configurations (test laminates or PV modules) before being analyzed.  

Differential Scanning Calorimetry (DSC) is an analytical method that is 

commonly used to determine several polymer characteristics such as glass 

transition temperature, melting temperature and enthalpy, crystallization 

temperature and enthalpy, crystallinity, crosslinking temperature and enthalpy 

[35, 36, 93]. Additionally, monitoring the evolution of the above mentioned 

characteristics over time can give meaningful information regarding the 

reversible and irreversible changes that the polymer undergo upon ageing [37, 

51, 54, 103, 109, 110].  

Thermogravimetric analysis (TGA) is another very common used analytical 

method able to detect changes in mass of a sample over temperature, time or 
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both [111]. Phase change that involve mass reduction due to volatiles formation 

as well as decomposition and chemical reactions [111] can be detected by means 

of TGA. This method can be additionally used to determine the amount of 

polymer fillers and to assess the consumption of polymer stabilizers upon 

ageing.  

TGA is often used in photovoltaics to determine the vinyl acetate content of the 

EVA encapsulant [8, 81, 110], to detect and investigate signs of EVA 

degradation [37, 61, 89] and to indirectly evaluate the acetic acid production 

upon ageing [112, 113]. Additionally, TGA can be also used to compare thermal 

stability properties of different encapsulants [37, 77, 110, 114]. Vinyl acetate 

content in EVA is often determined in literature using equation 2.1. The weight 

loss observed in the first step is ∆𝑊1, 𝑉𝐴𝑐(𝑤𝑡%) corresponds to the vinyl acetate 

content expressed as wt%, 𝑀𝐴𝑐𝑒𝑡𝑎𝑡𝑒 is the molar mass of the acetate ion and 𝑀𝑉𝐴𝑐 
is the molar mass of vinyl acetate.  ∆𝑊1 = 𝑉𝐴𝑐(𝑤𝑡%) × 𝑀𝐴𝑐𝑒𝑡𝑎𝑡𝑒𝑀𝑉𝐴𝑐                  (Equation 2.1) 
Samples with different vinyl acetate contents show different ∆𝑊1, lower vinyl 

acetate content corresponds to lower ∆𝑊1. However, the determination of vinyl 

acetate content using this method is rather questionable for degraded EVA. It 

is reasonable to assume that when deacetylation is the most prominent reaction 

taking place upon ageing there will be a reduction of weight loss in the first step 

of the thermogram measured by means of TGA, as can be seen in the dashed 

blue curve of Figure 2.11. However, when deacetylation is accompanied by 

severe oxidation, the thermogram of the investigated material might look like 

the orange or red curve in Figure 2.11. In this case, the ∆𝑊1 might look higher 

than the value measured for the unexposed material leading to the conclusion 

that the vinyl acetate content increased upon exposure, which is rather 

unreasonable. TGA can be also combined with IR spectroscopy to better 

understand of degradation mechanisms taking place upon thermal stress [115]. 
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Figure 2.11: TGA measurements of EVA exposed to different artificial ageing tests. 

The materials analyzed are: an EVA from manufacturer A cured according to typical 

lamination process, not exposed to artificial ageing tests (black curve); EVA from 

manufacturer B extracted from a mini-module samples exposed to DH test (85% RH 

and 85 °C for 12000 hours) (blue dashed curve); EVA from manufacturer B extracted 

from a mini-module exposed to 1600 TC (green dotted curve); EVA from 

manufacturer A, cured and aged upon UV test (UV dose of 200 kWh m‒2) (orange 

dash-dot curve); EVA from manufacturer C, excess extracted from a mini-module 

exposed to UV-DH combined test, UV dose of 250 kWh m‒2 (red curve). 

2.6.4 Additives and stabilizers 

Most of commercially available polymers, unless they have a very high intrinsic 

stability, come along with a specific stabilization recipe. Polymer stabilization 

plays an important role throughout the whole lifespan of the polymer because 

the additives help the polymers to retain their functions during processing, 

fabrication, storage and operation [116]. In case of EVA, a not stabilized 

polymer would be very susceptible to oxidation and degradation. Typically, the 

additives account for the 2-4 wt. % [3] and the most common additives used in 

EVA are summarized in Table 2.3. 

Silane based coupling agents as well as peroxides react during the crosslinking 

reaction. Thanks to those molecules, the EVA is optimally coupled to the glass 

substrate and to the solar cells. The encapsulant during the crosslinking process 
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develops the optical and mechanical properties necessary to ensure optimal 

optical coupling and mechanical stability to the whole PV module. The primary 

antioxidants are able to transform the free radicals that are formed because of 

the effect of high temperatures and UV radiation and transform alkyl, alkoxy, 

and peroxyl radicals into hydro-peroxides [116]. The secondary antioxidants, 

instead, are able to decompose the hydroperoxides and prevent the formation 

of alkoxy and hydroxyl radicals [116]. The UV absorbers convert the harmful 

UV radiation and dissipate the energy without degrading the polymer, whereas 

the HALS protect the polymers against moderate temperatures (30 °C – 80 °C) 

and light [118].  

Table 2.3: Additives typically present in the EVA formulation and their function [3, 

117]. 

Additive Function  

Peroxide Curing agent  

Triallyl isocyanurate Crosslinking accelerator 

Benzotriazole, benzophenone  UV absorber 

Hindered amine light stabilizers 

(HALS) 

UV stabilizer, primary antioxidant 

Primary antioxidant (phenolic 

based)  

Antioxidant 

Secondary antioxidant (phosphite) Antioxidant 

Silane Adhesion promotor 

Allen at al. [7] used FT-IR ATR spectroscopy to monitor specific functional 

groups to investigate different stabilizers recipes and find synergistic as well as 

antagonistic effects between the stabilizers. They showed that a combination of 

primary and secondary antioxidants is more effective with respect to the 

primary antioxidants alone. Additionally, the best performances were found 

for the combination phenol/phosphite antioxidant and HALS. In a subsequent 

study [119], antagonistic effects between an aromatic phosphate based 

antioxidant and the HALS were described. However, upon increasing of the 

concentration of the aromatic phosphate, the antagonistic effect was no longer 

observable, probably due to a shift of the reaction pathways. 
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Later on, Jentsch et al. [117] studied 8 EVA formulation upon UV exposure, 

analyzed color changes and adhesion performances between the EVA and the 

glass. The combination of UV absorber and HALS gave the best results 

regarding the occurrence of the yellowing process, especially the HALS were 

considered as the most promising stabilizers able to prolong the material’s 
lifetime. Decomposition products of phosphite based antioxidant and UV 

absorbers were considered as the main responsible for loss of adhesion and 

discoloration of the encapsulant. Similar findings were described also in the 

work of La Mantia et al. [120] where EVA encapsulants stabilized with HALS 

preserved their mechanical and optical properties for longer exposure to UV 

radiation compared to the materials stabilized with antioxidants. Strong 

yellowing due to additive decomposition rather that EVA degradation was 

reported also by Peike at al. [121]. The UV absorber was also found to be 

responsible for the discoloration of PV modules exposed in Japan for 27 years 

[78]. The studies mentioned above, however, were carried out mainly analyzing 

the performances (namely, the evolution of optical, chemical and thermal 

properties) over the exposure to artificial ageing tests of materials developed 

with a known additive recipe. The material properties were often analyzed by 

means of FT-IR ATR spectroscopy, Raman spectroscopy, DSC, TGA, tensile 

test, adhesion test. However, qualitative or quantitative changes in additive 

composition were not directly analyzed.  

Gas Chromatography coupled to Mass Spectrometry (GC/MS) as well as high 

performance liquid chromatography (HPLC) are analytical techniques 

commonly used in analytical chemistry to identify qualitatively and 

quantitatively the additives present in a polymeric material. The analytical 

methods mentioned above might give precise results but often require quite 

complex sample preparation procedures.  

Hintersteiner et al. [122] developed protocols to extract the stabilizers from the 

polymer matrix of not exposed EVA, PVB and TPSE (thermoplastic silicon 

elastomer) and applied different analytical methods (Direct Analysis in Real 

Time Mass Spectrometry (DART-MS), GC/MS, HPLC/UV and HPLC/MS) to 

identify qualitatively and quantitatively the stabilizers. The results showed that 

DART-MS could be applied without any sample preparation to identify 

qualitatively the stabilizers only for EVA, whereas GC/MS and HPLC/MS were 
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proven to be powerful tools able to identify the stabilizers present in the 

polymer. Schlothauer et al. [101] used HPLC/UV to investigate the additive 

consumption in encapsulant samples exposed to UV and DH test. The samples 

showed the presence of an UV absorber and a HALS. The EVA exposed to UV 

resulted in a decrease of the UV absorber from the center of the cell towards the 

edge. The HALS, on the contrary, showed an inverse concentration profile. The 

sample exposed to DH, instead, did not show a significant difference in the 

concentration profile of the antioxidant, whereas the concentration of the HALS 

decreased from the center of the cell towards the edge. 

Thermal desorption (TD)-GC/MS is an analytical method that can be applied 

directly to the encapsulant material with or without additional sample 

preparation (extraction or dissolution of the additives from the polymer 

matrix). It can be used, in case of EVA, to determine the presence of acetic acid, 

additives and stabilizers [35, 112, 123], but it can be applied to different 

encapsulant materials. Oreski et al. investigated [124] the DH ageing behavior 

of PV test modules laminated with different encapsulants and found that, when 

the encapsulant used was TPO, the yellowing was due to the presence of a 

degradation product of the antioxidant. In another study, Eder et al. [123] were 

able to detect by means of TD-GC/MS presence monomers of PA backsheets in 

the EVA encapsulant between the cell and the backsheet. The results allowed 

to clarify the degradation mechanism behind cracking of PA based backsheets 

where acetic acid reacted with the PA backsheet contributing to its cracking. 

2.7 Summary and conclusions  

Understanding degradation mechanisms taking place at molecular level, 

linking them to changes in macroscopic properties and finally determining the 

effect on PV power degradation is not an easy task. The environment 

surrounding the PV modules during operation has a major influence on 

polymer behavior, but the microclimate is what matters the most in 

determining the actual stress factors. With microclimate, it is intended the 

combination of environmental factors such as temperature, relative humidity 

and radiation, as well as, for example, peculiar transport properties due to 

special material coupling or additional protection to the polymer because of a 

particular glass composition. 
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To understand entirely the problems and the advantages related to use a 

material in PV application it is necessary to progress stepwise, testing the single 

materials, material combinations and finally the whole PV module 

configuration. The application of artificial ageing tests able to resemble the 

stress conditions that the modules will experience during operation is 

fundamental to make sure that materials will be able to withstand the climate 

where they will be operating. An artificial ageing test has not only to replicate 

the climatic stresses, but also to accelerate the degradation reactions without 

triggering undesired and unrealistic phenomena. Finally, a proper set of 

destructive and non-destructive characterization methods is necessary to 

achieve two fundamental goals that are easy and early identification of 

precursors that might lead to further degradation and to explain the observed 

degradation phenomena. When possible, it is preferable to make use of non-

destructive methods, especially when dealing with full scale PV modules to 

identify precursors. The use of destructive methods can be very helpful in 

explaining material changes at molecular level. 
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3 Experimental methods and analytical 
techniques used to describe polymer 
degradation 

The following paragraphs describe the characterization techniques and 

analytical methods used to analyze polymers degradation and consequent 

changes of their properties/characteristics. The methods described were used 

to characterize polymers in Chapter 4, Chapter 5 and Chapter 6. When 

additional methods were used, they are described in the corresponding 

chapters. 

3.1 Thermal Desorption Gas Chromatography coupled to 
Mass Spectrometry (TD-GC/MS) 

The TD-GC/MS measurements were carried out to qualitatively analyze the 

additive composition of the encapsulants. Thermal desorption phase takes 

place in an Evolved Gas Analysis (EGA)/Pyrolyzer-3030D from Frontier 

Laboratories Ltd. The sample, around 0.5 mg of material, is heated from 60 °C 

to 320 °C, with a heating rate of 20 °C min−1, and kept at 320 °C for 3 minutes, 

the maximum interface temperature is set at 300 °C. During this phase, the 

gaseous substances desorbed from the sample are collected and, when the 

process is completed, they are sent to the GC/MS (GC−MS QM2010 Ultra from 
Shimadzu) system and then analyzed. The column used is an Optima-5-Accent 

(length of 30 m, internal diameter of 0.25 mm, film thickness of 0.25 μm) and 
the carrier gas is helium. The separation in the column is carried out using the 

following parameters: heating from 50 °C to 90 °C, hold for 2 minutes, heat to 

300 °C and hold for 10 minutes, the heating rate is set to 10 °C/min. Ion source 

temperature and interface temperature are set at 300 °C and splitless mode is 

selected. The Mass Spectrometer is set in Scan Mode in the range from 50 m/z 

to 800 m/z, with ionization energy of 0.70 eV. The identification of the detected 

substances is performed by means of alignment with the NIST (National 

Institute of Standard and Technology) database. 
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3.2 UV-Visible-Near Infrared Spectroscopy (UV-Vis-NIR) 

Hemispherical transmittance of the encapsulants before and over the exposure 

was recorded over the wavelength range between 250 nm and 2500 nm with a 

Lambda 950 UV-Vis-NIR Spectrophotometer from PerkinElmer Inc. 

The Yellowness Index is determined according to the standard ASTM E313 [1] 

in Chapter 5. 

3.3 Fourier Transform Infrared Spectroscopy (FT-IR) in 
Attenuated Total Reflectance (ATR) mode 

FT-IR measurements were performed using a Spectrum Two FT-IR 

Spectrometer from PerkinElmer Inc. in Attenuated Total Reflectance (ATR) 

mode using a MIRacle unit, equipped with a Zn/Se crystal with diamond tip. 

The spectra were measured in the interval 4000 cm−1 to 650 cm−1, averaging 16 

scans with a resolution of 4 cm−1. The displayed spectra are normalized with 

respect to the intensity of the peak at 2850 cm−1, which is referred to methyl and 

methylene groups of polyethylene chains [2]. Oxidation Indices (OI) were 

evaluated to compare the overall oxidation state of the materials. The values 

were calculated as the ratio between the integral of the spectra from 1680 cm−1 

to 1800 cm−1 (carbonyl region, related to oxidation products) and the reference 

band from 2760 cm−1 to 2875 cm−1 [3, 4].  

3.4 Differential Scanning Calorimetry (DSC) 

DSC 6000 from PerkinElmer Inc. was used to measure thermograms of 

encapsulant materials before and after exposure. For each material, around 

10 mg were placed in an aluminum pan and subjected to heating and cooling 

steps. During each step, heating (and cooling) rates were set to 10 K min−1 and 

a nitrogen flow of 50 mL min−1 was imposed. Two heating steps are necessary 

to distinguish reversible changes due to physical processes, such as post 

crystallization, from irreversible chemical processes with effect on molecular 

structure. Melting enthalpies and temperatures were calculated by evaluating 

the area between the melting/crystallization peaks and the baseline. At least 

three measurement were performed for each sample at each ageing step. 

Generally, a first heating run from −70 °C to 150 °C was followed by a cooling 
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run from 150 °C to −70 °C and a second heating run from −70 °C to 150 °C. 

Crystallinity was calculated as the ratio between measured heat of fusion and 

the literature value for the 100% crystalline polyethylene (ΔHm0 = 293 J g−1) [5, 

6]. 

3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed by using a Thermogravimetric 

Analysis TGA/DSC 1 from Mettler Toledo GmbH. The weight loss of around 

10 mg of encapsulant material was monitored while heating the sample in 

nitrogen atmosphere (50 mL min−1) from 25 °C to 600 °C, with a heating rate of 

10 °C min−1. Temperature values at which the weight loss is equal to 5% with 

respect to the initial value (T5) is considered as an indicator for the beginning of 

the material’s decomposition process. Additionally T40 values (temperature 

corresponding at 40% weight loss) are also considered as further indicators for 

material degradation [7–9] in Chapters 5 an in Chapter 6. 
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4 Comparison performances of newly 
developed encapsulants exposed to 
artificial ageing tests 

The research work described in this chapter is based on the publication 

“Comparison of degradation behavior of newly developed encapsulation materials for 

photovoltaic applications under different artificial ageing tests”, published in the 

journal “Polymers” (DOI: 10.3390/polym13020271). 

4.1 Motivation 

Despite relevant effort has been made over the years to develop material 

properties and improve EVA encapsulant reliability, several degradation 

modes of PV modules can still be attributed to EVA degradation. Acetic acid, 

in particular, is a major cause of corrosion effects for metallization and cell 

connectors as well as delamination and potential induced degradation (PID) [1–
3]. Negative material interaction between encapsulant, additives and electrical 

components of PV modules have been reported in literature as well [4–8]. 

Recently, an interest in new encapsulant materials has increased to overcome 

the issues due to the use of EVA and new formulations have been tested. In 

particular, TPO and POE have been introduced as alternatives to EVA as 

encapsulants for PV applications [1, 9–14]. TPO and POE are polyethylene-

based materials, as well as EVA, but do not have vinyl acetate moieties. TPO 

and POE present in their structure, as additional functional groups, acrylates, 

acrylic acids and n-alkanes [1]. 

The main advantage of TPO and POE is that they cannot produce acetic acid 

during degradation because they do not have vinyl acetate moieties. POEs 

undergo chemical crosslinking, as well as EVA, therefore their formulation 

includes typically peroxides as crosslinking agents that react forming covalent 

bonds between the polymer chains. TPOs, instead, being thermoplastic 

materials, do not require peroxides or additional crosslinking agents to 

crosslink because they physically form hydrogen bonds upon the application 

of high temperatures. The materials mentioned above do not have particular 

drawbacks because they are similar to EVA in terms of costs and processing 
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conditions. Additionally, the lack of vinyl acetate units limits the occurrence of 

corrosion and PID [1]. In a work published recently, Oreski et al. proved that 

module laminated with POE and TPO materials did not show signs of corrosion 

upon exposure to high temperature and high humidity values [14]. 

Even though degradation of polyethylene based polymers has been largely 

studied and reported in literature [15–17], more in detail studies regarding 

formulations for PV applications are still in progress. Moreover, the influence 

of the materials formulation in terms of additives and their effects on 

encapsulants degradation over long term exposure is still an open question.  

In this study, two newly developed PV encapsulant materials (a TPO and a 

POE) were subject to artificial ageing tests and their performances were 

compared to the most widely used encapsulant (EVA). The influence of the 

exposure to UV radiation, temperature and humidity was studied and the 

effects on additive composition, chemical degradation and thermal stability are 

discussed. Bare polymer films, thermally pre-treated but not encapsulated 

within the typical PV module stack configuration were the object of this study. 

The choice of using films was made to better understand how environmental 

factors influence the degradation behavior of the polymer itself directly 

exposed and to have an insight of what could happen to the materials in case 

that additional degradation modes, such as backsheet cracks and extensive 

delamination, might occur [18, 19]. The work aims to make a step forward in 

understanding and comparing performances of newly developed material with 

respect to the state-of-the-art EVA by means of a comprehensive analysis that 

has not been performed before. Additionally, a new methodology that 

correlates oxidation indices measured via infrared spectroscopy and thermal 

stability indicators is presented. 

4.2 Experimental 

Three types of polymer materials commercially available were chosen in this 

study: an ultra-fast cure EVA, a thermoplastic polyolefin (TPO) and a polyolefin 

elastomer (POE). The materials mentioned above are all polyethylene based 

and used as encapsulants in photovoltaic applications. The samples were pre-

treated in a vacuum laminator between two non-adhesive sheets at maximum 

temperature of 150 °C for a total duration of 20 minutes and were cut into 
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stripes before being subject to artificial ageing tests. Main encapsulants 

characteristics are summarized in Table 4.1. 

Table 4.1 Encapsulants characteristics 

Encapsulant Thickness  

(µm) 

Chemical crosslinking Acetic acid 

EVA 450 Yes, with peroxides Yes  

TPO 500 No No 

POE 550 Yes, with peroxides No 

The samples were aged under damp heat (DH) test up to 3300 hours in a climate 

chamber WLK 64-40 from Weiss Umwelttechnik GmbH. The temperature was 

set to 85 °C and relative humidity to 85%. Samples were withdrawn from the 

climate chamber after 1000 hours, 1800 hours, 2300 hours, and 3300 hours of 

exposure and were characterized according to the methods described in 

Chapter 3 

To evaluate the effect of UV radiation, samples were aged in an UVTest™ 
Fluorescent UV/Condensation Weathering instrument from Atlas Material 

Testing Technology LLC. The test cycles were programmed according to the 

standard ISO 4892-3 Cycle 1 [20] (Table 4.2), using fluorescent lamps with an 

irradiation peak at 340 nm and the maximum dose applied is 200 kW h m−2. 

Samples were withdrawn from the UV test after being exposed to a dose of 

23 kW h m−2, 85 kW h m−2, 127 kW h m−2 and 200 kW h m−2 and were 

characterized as described in Chapter 3. 

Table 4.2 UV test cycles parameters 

Function Irradiation  

(W m−2 nm−1) 

Black Panel 

Temperature  

(°C) 

Time 

(hours : 

minutes) 

UV light 0.76 60 8:00 

Condensation n/a 50 4:00 
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4.3 Results and discussion 

4.3.1  TD-GC/MS for qualitative additive analysis 

TD-GC/MS measurements were performed to detect qualitatively the 

stabilizers present in the encapsulants selected throughout their exposure to 

artificial ageing tests [21]. In general, the area below the peaks in the 

chromatogram can be related to concentration values, but the strong 

dependency of the peaks’ height on the amount of the material itself as well as 

on inhomogeneity of polymers do not allow, in this case, quantitative 

interpretations of results. Additionally, it is possible that not all the additives 

and stabilizers present in the encapsulants are detected. Nevertheless, the 

method is very useful to get insights regarding the main stabilization recipe for 

each material. 

A butylated hydroxytoluene (BHT) was identified as antioxidant for the EVA 

material as well as an UV absorber belonging to the benzophenone class (2-

Hydroxy-4-(octyloxy)phenyl(phenyl)methanone. It was possible to detect both 

stabilizers after 3300 hours of exposure in DH test, as shown in Figure 4.1. 

Additionally, a benzotriazole-type UV absorber (2-(2H-benzotriazol-2-yl)-4,6-

bis(1,1-dimethylpropyl)phenol) was detected after 1000 hours of DH exposure 

and until the end of the artificial ageing test [8, 22]. Benzotriazole-type UV 

absorbers are soluble in water and it is possible that due to the high humidity 

values, a relevant fraction of the stabilizers migrated from the bulk to the 

surface of the material, hence facilitating thermal desorption processes and 

detection via TD-GC/MS. The combination of benzophenone and benzotriazole 

based stabilizers was proven to give a positive effect on the ageing behavior of 

polyolefin based materials [23]. After the exposure to UV test, the BHT 

antioxidant was detected up to 85 kW h m−2, whereas the benzophenone-based 

UV absorber was detected up to 200 kW h m−2. No additional benzotriazole-

type UV absorber could be identified. 
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Figure 4.1: Chromatograms of EVA samples exposed to DH test (left) and UV test 

(right). 

A fragment of BHT antioxidant [24] as well as an additional sterically hindered 

phenolic antioxidant (Octadecyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate, also known as Antioxidant 1076) were detected in 

unexposed TPO encapsulant, Figure 4.2. At the end of the DH test it was still 

possible to detect the BHT antioxidant, but it was no longer possible to detect 

the hindered phenolic antioxidant. As for EVA, it was possible to detect after 

1000 hours of the DH test and up to 3300 hours, a benzotriazole-type UV 

absorber. Extensive degradation of this encapsulant could be assessed after the 

exposure to UV radiation. A dose of 85 kW h m−2 was sufficient to deplete all 

the stabilizers present in the bare material, as it was no longer possible to detect 

any stabilizer. Details of resulting degradation processes will be given in the 

next sections. Additionally, at the end of the UV exposure test (applied dose of 

200 kW h m−2), only degradation products of the encapsulant itself were 

detectable. 

The analysis carried out on the POE sample before the exposure to artificial 

ageing tests showed the presence of a BHT antioxidant, which was no longer 

detected after 1000 hours of DH test, Figure 4.3. A benzotriazole-type UV 

absorber was, instead, detected after 1000 hours of DH exposure. During UV 

test, the BHT was no longer detected, while traces of the hindered phenolic 

antioxidant were detected up to a dose of 200 kW h m−2. 
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Figure 4.2: Chromatograms of TPO samples exposed to DH test (left) and UV test 

(right) 

 

Figure 4.3: Chromatograms of POE samples exposed to DH test (left) and UV test 

(right). 

The mass spectra of the detected stabilizers are showed in Figure 4.4. The 

identification of the substances based on their mass spectra, as described in 

Figure 4.4. A summary of the detected stabilizers over the exposure to the 

artificial ageing tests is shown Table 4.3 
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Figure 4.4: Mass spectra of the additives detected by means of TD-GC/MS. 

.
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Table 4.3 Summary of TD-GCMS measurements on the encapsulants exposed to DH and UV tests 

EVA 

 Unexposed DH ageing time 

3300 hours 

UV dose 

85 kW h m−2 

UV dose 

127 kW h m−2 

UV dose 

200 kW h m−2 

Antioxidant (BHT)     n.d. 

UV absorber (benzophenone)      

UV absorber (benzotriazole) n.d.  n.d. n.d. n.d. 

TPO 

 Unexposed DH ageing time 

3300 hours 

UV dose 

85 kW h m−2 

UV dose 

127 kW h m−2 

UV dose 

200 kW h m−2 

Antioxidant (Antioxidant 1076)  fragment n.d. n.d. n.d. 

UV absorber (benzotriazole) n.d.  n.d. n.d. n.d. 

POE 

 Unexposed DH ageing time 

3300 hours 

UV dose 

85 kW h m−2 

UV dose 

127 kW h m−2 

UV dose 

200 kW h m−2 

Antioxidant (BHT)  fragment n.d. n.d. n.d. 

UV absorber (benzotriazole)   n.d. n.d. n.d. 

Antioxidant (Antioxidant 1076) n.d. n.d. traces traces traces 

n.d. = not detected 
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4.3.2 UV-Vis-NIR Spectroscopy 

Maximum transmittance values of EVA, Figure 4.5, decreased over the 

exposure in both DH and UV test from (91% to 88%). After the exposure to a 

dose of 200 kW h m−2 a decrease in transmittance values in the blue range of the 

spectra (380 nm – 500 nm) could be connected to a yellowing of the material. A 

slight decrease of the UV cut-off values was observable as well as an increase 

of the transmittance value in the region between 250 nm and 350 nm, which 

might be correlated to the consumption of the UV absorbers. Additionally, the 

peak present at around 260 nm, possibly associated to presence of the BHT 

antioxidant, disappeared after a dose of 200 kW h m−2 and this result is in good 

accordance with the results from qualitative additive analysis.  

 

Figure 4.5: UV-Vis spectra of EVA unexposed, exposed to DH (left) and UV test 

(right). 

In the case of TPO, Figure 4.6, results showed transmittance values higher than 

90% below 390 nm. After the exposure to DH test, it was possible to observe a 

decrease of transmittance value below 390 nm, but the maximum value of 

transmittance in the visible range remained the same. The samples exposed to 

127 kW h m−2 and to 200 kW h m−2 showed very strong signs of embrittlement 

and it was not possible to perform further measurements on these materials. 

Nevertheless, already after a dose of 85 kW h m−2 the material showed a 

decrease of transmittance below 390 nm as well as above. The decrease between 

380 nm and 580 nm can be attributed to chromophore formation that results in 

material discoloration [25] and increase of crosslinking due to photo-oxidation 

reactions. 
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Figure 4.6: UV-Vis spectra of TPO unexposed, exposed to DH (left) and UV test 

(right). 

POE, similarly to TPO, showed a transmittance value higher than 90% below 

390 nm, which decreased upon UV exposure (Figure 4.7). The maximum 

transmittance in the visible range decreases from 92% to 90% and finally to 88%. 

During DH exposure, instead, transmittance values decreased in the UV ranges 

as well as in the visible range below 500 nm, indicating material’s yellowing 
due to chromophore formation [25]. Formation of chromophores as well as 

migration of additives might have caused also the changes in transmittance 

below 390 nm, observable for POE and TPO [14, 25]. 

 

Figure 4.7: UV-Vis spectra of POE unexposed, exposed to DH (left) and UV test 

(right). 

4.3.3 FT-IR ATR Spectroscopy 

Analysis of degradation behavior of EVA can be performed by means of FT-IR 

ATR Spectroscopy measurements, Figure 4.8 The bands that can be seen at 
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2920 cm−1, 2850 cm−1, 1465 cm−1 and 1370 cm−1 can be assigned to stretching and 

deformation vibrations of methylene and ethylene groups, whereas the band at 

720 cm−1 can be assigned to rocking vibrations of ethylene groups. The bands 

mentioned above are all characteristics of polyethylene [26]. 

 

Figure 4.8: FT-IR ATR Spectroscopy measurements of EVA samples before and after 

exposure to DH (left) and UV test (right). 

Vinyl acetate moieties can be identified from the bands at 1736 cm−1 

(corresponding to C=O stretching vibrations), 1238 cm−1 and 1020 cm−1, which 

can be assigned to C−O−C stretching vibrations [27]. 

The EVA spectra after 3300 hours of exposure in the climate chamber does not 

show presence of new peaks. Photo-thermal degradation processes, instead, 

take place during UV exposure and it is possible to observe the presence of new 

peaks due to formation of new functional groups. The typical thermal 

degradation pathway for EVA involves the production of acetic acid followed 

by main chain decomposition processes. Polyethylene chains, as result of 

thermal degradation, form hydroperoxide groups that can further react and 

form various carbonyl groups. The formation of the shoulder at 1780 cm−1 can 

be attributed to the formation of γ-lactone due to back-biting process of vinyl 

acetate moieties [27]. The broadening of the shoulder at 1715 cm−1 as well as the 

band at 1175 cm−1 are associated to ketones. Those species might be produced 

by means of acetaldehyde evolution or breakdown of hydroperoxides. The 

characteristic bands of EVA as well as appearance of new bands with their 

assignment are summarized in Table 4.4. 
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Table 4.4: Assignment of FT-IR bands in EVA spectra. 

Wavenumber [cm−1] Assignment 

2920 Asymmetric stretching vibration of CH2 

2850 Symmetric deformation vibration of CH2 

1780 C=O stretching vibration of γ-lactones 

1715/1175 C=O stretching vibration of ketones 

1736 C=O stretching vibration 

1465 Asymmetric deformation vibration of CH3 

1370 Symmetric deformation of CH3 

1238 C−O−C stretching vibration 

1020 C−O−C stretching vibration 

960-940 CH out-of-plane deformation vibration of vinyl ether 

910 CH out-of-plane deformation vibration of vinyl 

720 CH2 skeleton rocking vibration 

TPO, Figure 4.9, is a polyethylene based encapsulant and, therefore, it shows in 

the IR spectra the typical peaks of polyethylene at 2920 cm−1, 2850 cm−1, 

1465 cm−1, 1370 cm−1 and 720 cm−1. Additionally, the unexposed material shows 

the presence of a band around 1600 cm−1 that might be attributed to the C=C 

aromatic bonds of the hindered phenolic antioxidant [28], detected by means of 

TD-GCMS as well. 

After the exposure in DH test, the spectrum does not show relevant changes. 

The dose of 85 kW h m−2 during the UV test is, instead, already sufficient to 

cause damages to the material. The main differences with the unexposed 

material are noticeable in the ranges 800 cm−1 – 1400 cm−1, 1680 cm−1 – 1800 cm−1 

and 3100 cm−1 – 3700 cm−1 corresponding to unsaturation, carbonyl and 

hydroxyl regions, respectively. The material exposed to 200 kW h m−2 of UV 

dose shows a progression of the damage and extensive effects. According to the 

work published by Yagoubi et al. [29], macro-radicals are formed when 

macromolecules absorb energy from UV light. Subsequently, macro-radicals 

can react with the surrounding oxygen molecules and light can catalyze the 

formation of substances that eventually react with the polymer chain giving 

hydroperoxides. These latter can further decompose and produce ketones, 

aldehydes, carboxylic acids and esters through different routes. 
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Figure 4.9: FT-IR ATR Spectroscopy measurements of TPO samples before and after 

exposure to DH (left) and UV test (right). 

Peaks similar to TPO can be identified in the unexposed POE sample. Typical 

peaks of polyethylene-based materials can be identified and they are 

summarized in Table 4.5. 

Table 4.5: Assignment of FT-IR bands in POE spectra. 

Wavenumber [cm-1] Assignment 

2920 Asymmetric stretching vibration of CH2 

2850 Symmetric stretching vibration of CH2 

1800-1600 C=O stretching vibration 

1715/1175 C=O stretching vibration of ketones 

1465 Asymmetric deformation vibration of CH3 

1370 Symmetric deformation of CH3 

909 CH out of plane deformation-vibration of 

vinyl 

720 (doublet) CH2 skeleton rocking vibration 

During DH exposure no relevant changes can be detected, see Figure 4.10, and 

slight differences can be seen after UV exposure. In particular, it is possible to 

notice the formation of a new peak at 909 cm−1 corresponding to vinyl group, as 

well as in the carbonyl region, between 1670 cm−1 and 1800 cm−1, and in the 

hydroperoxide region, between 3100 cm−1 and 3700 cm−1. The presence of a peak 

around 1715 cm−1 and 1175 cm−1 indicates the formation of ketones. The ageing 

mechanism seems to be similar to the one taking place in the TPO encapsulant 
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(but less pronounced), as expected since the two materials are similar from the 

chemical point of view. 

 

Figure 4.10: FT-IR ATR Spectroscopy measurements of POE samples before and 

after exposure to DH (left) and UV test (right). 

Oxidation Indices (OI) have been evaluated to compare the overall oxidation 

state of the materials. The values were calculated as the ratio between the 

integral of the spectra from 1680 cm−1 to 1800 cm−1 (carbonyl region, related to 

oxidation products) and the reference band from 2760 cm−1 to 2875 cm−1. Results 

were normalized with respect to the initial value and are shown in Figure 4.11. 

The samples exposed to DH test do not show any substantial change, whereas 

each encapsulant shows signs of oxidation after UV exposure. An increase of 

almost 1.5 times compared to the initial values can be observed for the EVA 

material when the UV dose applied is 200 kW h m−2. By applying a linear 

piecewise fitting function to the data, the dose from which the material begins 

to show oxidation is extrapolated. To evaluate the accordance of the fitting 

function to the data, R2 values were considered. In the case of EVA, the fitting 

function shows an R2 value of 0.997 and a dose of about 113 kW h m−2 is 

sufficient to initiate oxidation. The final value of OI is about 3.4 times higher 

than the initial one for POE encapsulant and a dose of about 131 kW h m−2 

(R2=0.984) is necessary to initiate degradation. 
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Figure 4.11: Oxidation Index versus exposure time (DH test, open symbols in black 

color) and dose (UV test, full symbols in blue color). Red dashed lines are fitting 

functions applied to the data to extrapolate the oxidation induction time/dose. TPO 

(top chart), EVA and POE (bottom chart). 

TPO is the material that shows the most severe degradation. Considering only 

the first four steps of the artificial ageing tests, a liner fit can be applied to the 

data and an OI increasing rate of 0.0293 m2 kW−1 h−1 is obtained, with an R2 value 

of 0.994. The OI value calculated at 127 kW h m−2 is almost 80 times higher than 

the initial value. The OI value at the final stage of the UV test is considered as 

outlier in this analysis because of the very strong physical degradation, 

associated to chemical processes. The occurrence of the oxidation processes 

well correlates with consumption of antioxidants, for all the materials, as 

detected by means of TD-GCMS. 
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4.3.4 DSC 

Samples aged under different accelerated ageing procedures showed 

significant changes in thermal behavior. In general, thermal properties can be 

influenced by both physical and chemical ageing processes. Chemical processes 

such as chain scission that might occur during UV ageing due to photo-

oxidation are responsible for chemo-crystallization, namely secondary 

crystallization. The effects of chemical ageing are irreversible and can be 

detected by observing changes in crystallinity and melting temperature in the 

second heating curve. The first heating curve might show the same signs of 

degradation, but they are the results of a combination of chemical and physical 

ageing. Physical processes have similar effects to the ones due to annealing at 

high temperatures, changes in melting temperature and enthalpy might occur 

and are visible in the first heating curve. No reversible effects of physical ageing 

can be seen in the second heating curve [30–33]. 

For EVA, Figure 4.12 (a), it is possible to notice that there is a change in its 

thermal behavior in the first heating cycle. The main melting peak of EVA, with 

maximum at 66 °C, does not change its position, even after 3300 hours of DH 

test. The secondary melting peak, instead, shifts towards lower temperature 

values from 45 °C to 37 °C indicating a physical change in the crystal 

population of the material, not associated with chemical degradation. The 

presence of vinyl acetate moieties in EVA induces a different ability of the 

material to crystallize. Ethylene segments in vinyl acetate moieties have the 

tendency to form smaller and less perfect crystals, which melt at lower 

temperature compared to the polyethylene units [13, 34]. 

During the UV test, Figure 4.12 (c), a combination of effects from physical and 

chemical ageing can be observed. On one side, the first heating run reveals the 

presence of a shoulder below the main melting temperature and a shift of this 

latter towards higher values (from 66 °C to 83 °C). This is a typical effect that 

can occur when the annealing (ageing) temperature lies within the melting 

region. During the exposure in the test chamber at 60 °C, smaller crystals with 

thinner lamellae can melt and crystallize again to form more perfect crystals 

with thicker lamellae, which melt at higher temperatures [30, 31, 33]. 

Additionally, in the last two steps of the UV test, it is possible to notice a shift 

of the melting temperature visible in the second heating run of the DSC 



 

66 

measurement from 66 °C to 68 °C and finally to 86 °C, which is an indicator for 

the occurrence of deacetylation reaction [13, 34]. Signs of chemo-crystallization 

are noticeable also when looking at the cooling curve of the thermogram (Figure 

4.12(d)) because the crystallization peak is shifted to much higher temperatures 

and the temperature range in which the crystallization process takes place is 

enlarged. 

 

Figure 4.12: DSC thermograms for EVA. First heating curves (dashed lines) and 

second heating curves (full lines) from samples exposed to DH test (a). Cooling 

curves for samples exposed to DH test (b). First heating curves (dashed lines) and 

second heating curves (full lines) from samples exposed to UV test (c). Cooling 

curves for samples exposed to UV test (d). 

TPO material, Figure 4.13 (a), shows a main melting peak at around 109 °C as 

well as a shoulder at about 94 °C, which is no longer visible during the second 

heating run. During DH test exposure, no significant changes in crystallinity 

and melting temperature can be observed. Only a rearrangement of the crystal 

population can be seen in the first heat run, similarly to EVA. During UV 

exposure, instead, the crystallinity significantly increases from 30% (unexposed 

sample) to 50% (sample exposed to 200 kW h m−2). Additionally, the shoulder’s 
temperature increases from 94 °C to 105 °C, whereas the main melting peak’s 
temperature shifts from 109 °C to almost 115 °C, as can be seen in Figure 4.13 

(c). The shift of the main melting peak is not visible when looking at the 
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thermogram of the second heating run. During the cooling cycle, Figure 4.13 

(d), there is an increase of the crystallization peak’s temperature from 95 °C 

(unexposed material) up to 98 °C (sample exposed to 85 kW h m−2) followed to 

a decrease down to 94 °C for the sample exposed to the maximum dose 

(200 kW h  m−2). Additionally, the peak visible at around 76 °C is shifted to 

about 86 °C.  

 

Figure 4.13: DSC thermograms for TPO. First heating curves (dashed lines) and 

second heating curves (full lines) from samples exposed to DH test (a). Cooling 

curves for samples exposed to DH test (b). First heating curves (dashed lines) and 

second heating curves (full lines) from samples exposed to UV test (a). Cooling 

curves for samples aged under UV test (b). 

In this case, there is a competitive effect between changes in thermal behavior 

due to chain scission processes and crosslinking phenomena. These phenomena 

take place simultaneously when photo-oxidation reaction take place, as in the 

case of UV exposure, and both are responsible for severe embrittlement of the 

material [35–37]. Due to chain scission there is a formation of smaller chains 

that work as nucleating agents. A larger number of nuclei is present, and this 

leads to an increase in crystallinity, Figure 4.14, as well as an increase in 

crystallization temperature. Additionally, the presence of these smaller nuclei 

is shown by the tail of the crystallization peak that is shifted towards lower 

temperature [30].  



 

68 

The thermogram of POE, Figure 4.15 (a), shows a main melting peak at about 

55 °C for the unexposed material and a secondary melting peak at about 41 °C. 

In the second heating run, the secondary melting peak disappears, thus 

showing a difference in the crystals’ population.  

 

Figure 4.14: Evolution of crystallinity over UV and DH exposure of the encapsulants 

(EVA, TPO, and POE). 

 

Figure 4.15: DSC thermograms for POE. First heating curves (dashed lines) and 

second heating curves (full lines) from samples exposed to DH test (a). Cooling 

curves for samples exposed to DH test (b). First heating curves (dashed lines) and 
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second heating curves (full lines) from samples exposed to UV test (a). Cooling 

curves for samples aged under UV test (b). 

After DH exposure, it is possible to notice that the secondary melting peak 

slightly shifts to lower temperatures, from 41 °C to 39 °C, whereas the main 

melting peak appears more similar to a shoulder at around 56 °C. After the 

exposure to UV radiation significant effects of physical ageing can be observed, 

Figure 4.15 (c). For POE encapsulant, as well as for EVA, the temperature of the 

ageing test (65 °C during the light cycle and 50 °C during the dark cycle) plays 

an important role influencing the crystal population present in the material 

because it is within the melting interval. Two melting peaks are detected at 

39 °C and at 76 °C (after a dose of 200 kW h m-2). The second heating run shows 

signs of chemical degradation due possibly to chain scission because the 

melting temperature increases from 55 °C to 62 °C. The occurrence of chain 

scission is supported by the increase of crystallization temperature from 39 °C 

to almost 43 °C and by the shift of the tail of the crystallization process towards 

lower temperatures, Figure 4.15 (d). 

4.3.5 TGA 

TGA measurements on the encapsulants before and after the exposure to the 

artificial ageing tests have been carried out to monitor the evolution of the 

thermal stability of the materials. 

For the EVA material, Figure 4.16, the decomposition process takes place in two 

steps: the first step is typical of the cleavage of vinyl acetate moieties, whereas 

the second step corresponds to the decomposition of the main polyethylene 

chains. As can be seen from the first derivative of the thermogram, the 

maximum weight loss rate during the deacetylation and polyethylene 

decomposition reaction is detectable at around 350 °C and 474 °C, respectively.  
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Figure 4.16: Residual weight over temperature during TGA measurements of EVA 

after the exposure to DH test (a). Residual weight over temperature during TGA 

measurements of EVA after the exposure to UV test (b). Weight loss rate over 

temperature of EVA samples exposed to DH test (c). Weight loss rate over 

temperature of EVA samples exposed to DH test (d). 

TPO, Figure 4.17, and POE, Figure 4.18, are characterized by a one-step 

decomposition process, with a maximum weight loss rate at around 478 °C and 

474 °C, respectively. The exposure to DH test does not show significant 

differences for any of the encapsulants, as can be seen from the good 

overlapping of the thermograms of the unexposed and the materials exposed 

to DH test after 3300 hours. Signs of degradation are detectable after UV test. 

For TPO, the thermogram of the material exposed to a dose of 85 kW h m−2 

shows already a deviation from the unexposed material and the deviation is 

visible also for materials exposed to higher doses, the same trend can be seen 

when looking at the weight loss rate curve, the intensity of the peak, indeed, is 

halved after 85 kW h m−2 with respect to the unexposed encapsulant. For POE, 

the thermograms overlap to the unexposed material except that for the 

materials exposed to 200 kW h m−2, evident also from the weight loss rate curve 

that shows a lower intensity of the peak.  
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Figure 4.17: Residual weight over temperature during TGA measurements of TPO 

after the exposure to DH test (a). Residual weight over temperature during TGA 

measurements of TPO after the exposure to UV test (b). Weight loss rate over 

temperature of TPO samples exposed to DH test (c). Weight loss rate over 

temperature of TPO samples exposed to DH test (d). 

 

Figure 4.18: Residual weight over temperature during TGA measurements of POE 

after the exposure to DH test (a). Residual weight over temperature during TGA 

measurements of POE after the exposure to UV test (b). Weight loss rate over 

temperature of POE samples exposed to DH test (c). Weight loss rate over 

temperature of POE samples exposed to DH test (d). 
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Figure 4.19 summarizes the temperature at which each material reaches a 

residual weight of 95%, defined as T5. Photo-degradation processes that took 

place during UV test significantly lowered the thermal stability of TPO. In fact, 

the decomposition process begins at much lower temperatures compared to the 

unexposed material. A dose of 85 kW h m−2 is sufficient to cause a 5% weight 

drop at around 343 °C instead of 448 °C (106 °C of difference). Considering the 

first four steps of the UV test and applying a linear fit to the data a value of 

R2 = 0.96 is obtained, thus indicating a linear decrease of the thermal stability 

upon the UV dose up to 127 kW h m−2. The value measured for TPO exposed to 

200 kW h m−2, also in this analysis, results as an outlier compared to the other 

data. The results mentioned above are in good accordance to what has been 

shown with the analysis of the OI and with the evolution of the thermal 

properties measured with DSC. It can be derived that UV doses lower that 

130 kW h m−2 are sufficient to severely degrade a bare TPO encapsulant. 

The dose of 200 kW h m−2 is sufficient to decrease the thermal stability of EVA 

and POE because the aged material reaches T5 at lower temperatures compared 

to the unexposed materials of about 21 °C and 29 °C, respectively. A linear 

piecewise fitting can be applied to the data of EVA and POE to extrapolate the 

UV dose necessary to cause significant decrease of the thermal stability. Doses 

of 127 kW h m−2 (R2 = 0.994) and of 148 kW h m−2 (R2 = 0.982) for EVA and POE, 

respectively, can be extrapolated.  

 

Figure 4.19: Temperature corresponding at 95% residual weight (T5) versus exposure 

time (DH test, open symbols in black color) and dose (UV test, full symbols in blue 
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color). Red dashed lines are linear fittings applied to the data to extrapolate the 

oxidation induction time/dose. 

4.4 Comparison of performances 

Comparing the evolution of oxidation indices and T5 values over the UV dose, 

the results show a very good agreement (Figure 4.20). A linear fitting has been 

applied to each dataset and R2 values of 0.968, 0.980 and 0.983 have been 

determined for EVA, TPO and POE, respectively. In the case of TPO, the linear 

fitting is applied neglecting the value corresponding to an OI equal to 67, 

because it corresponds to the severely degraded material. If the whole dataset 

is considered the R2 value obtained for the fitting is equal to 0.967.  

 

Figure 4.20: T5 values vs. Normalized Oxidation Index. Solid lines correspond to the 

linear fitting applied to the datasets for EVA and POE. For TPO, the solid line 

corresponds to the fitting applied to the whole dataset, whereas the dashed line 

corresponds to the fitting applied to four points over five. 

T5 values might be used as indicators to detect oxidation processes taking place 

in materials subject to ageing. In fact, the dose at which the temperature values 

of the exposed materials deviate from the unexposed ones, well correlate with 

the increase of oxidation index evaluated using FT-IR spectroscopy 

measurements and with depletion of the antioxidants, qualitatively detected by 

means of TD-GCMS.  
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To summarize, as can be seen in Table 6, all the encapsulants showed a good 

behavior upon DH test and no significant material changes could be detected. 

The direct exposure to UV radiation, instead, provoked significant damages 

especially to TPO. Material stabilizers have been rapidly consumed and the 

chemical structure, thermal stability and morphology experienced severe 

changes. POE is the material that showed most similarities to EVA with the 

important advantage that this material does not present the formation of acetic 

acid upon ageing. Therefore, it seems to be a very promising material for PV 

applications. 

Table 4.6: Summary of encapsulants characteristics and observed performances.  

 EVA POE TPO 

Chemical 

crosslinking 

Yes Yes No 

Acetic acid Yes No No 

General DH 

stability after 

3300 hours 

Very good Very good, 

transmittance 

decreases in UV 

range 

Very good, 

transmittance 

decreases in UV 

range 

Presence of 

stabilizers upon 

UV exposure 

Yes Partial No 

Optical 

properties upon 

UV exposure 

Slight 

transmittance 

decrease 

Slight 

transmittance 

decrease 

Not measurable 

Chemical 

oxidation upon 

UV exposure 

Initial stage Initial stage Severe 

Crystallinity 

changes upon 

UV exposure 

Not relevant Not relevant Yes 

Thermal 

stability upon 

UV exposure 

Decreased Decreased Very much 

decreased 
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4.5 Conclusions 

The aim of the work was to compare the stability and degradation behavior 

characteristic of two different types of emerging encapsulant materials for PV 

modules, a TPO and a POE, to the most widely used EVA encapsulant under 

the influence of two different artificial ageing tests. The choice of testing bare 

films allows to better understand what happens to the materials when it is 

directly exposed, circumstance that might occur or partially occur in 

concomitance of degradation modes such as backsheet cracks and extensive 

delamination. Additionally, testing bare materials highlights even more the 

importance of PV module components, such as glazing and insulating 

adhesives that prevent polymers from degradation.  

Results showed that the additives and stabilizers are qualitatively detectable by 

means of TD-GCMS for both exposed and unexposed samples. In particular, 

additives detected in the unexposed materials are generally present at the end 

of the exposure to the DH test. UV test, instead, is much more severe and causes 

depletion of stabilizers and subsequent polymer degradation. Analysis of 

surface chemistry by means of FT-IR Spectroscopy confirmed that photo-

oxidation reactions take place during the exposure to UV radiation and that the 

effect are particularly pronounced for TPO, which seems to be the less 

stabilized polymer compared to the others. The results regarding the evolution 

of thermal properties with exposure are in good agreement with the typical 

behavior of polyethylene-based polymers experiencing photo-oxidative 

degradation. Summarizing, EVA and POE encapsulants showed very good 

stability upon DH exposure, whereas they showed initial signs of photo-

oxidation properties upon a dose of 200 kW h m−2. TPO, instead, showed good 

behavior upon DH exposure, but poor performances upon exposure to UV. 

UV test reproduces in a more reliable way what actually happens in the field 

during outdoor exposure, although the damages that the polymers have faced 

are over estimated and more severe than the damages that the materials might 

have experienced in the usual PV module stack configuration. Nevertheless, 

findings from this experimental setup might be transferred to encapsulated 

samples with a different microclimate. Especially the oxidation induction time 

analysis carried out using the evolution of Carbonyl Index as well as evaluation 
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of T5 values from TGA thermograms might be extended to different field of 

polymer degradation studies.  

Further work might be focused on correlating degradation mechanisms of the 

bare materials to the encapsulated ones, simulating moisture and oxygen 

ingress as well as backsheet cracks and delamination. Additionally, a better 

stabilization might be considered to improve weather resistance of materials 

that showed stronger degradation. 
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5 Influence of sample configuration on EVA 
degradation modes 

Parts of this work were presented as conference contributions: 

 “Investigating the influence of sample configuration on EVA degradation 

modes”, poster presentation, 37th European PV Solar Energy Conference 

and Exhibition (EU PVSEC), 7th-11th of September 2020, virtual event; 

 “Effects of artificial ageing tests on EVA degradation: influence of microclimate 

and methodology approach”, poster presentation, 48th IEEE Photovoltaic 

Specialists Conference (PVSC), 20th -25th of June, online event. The work 

presented received the “Best Poster Award” in Area 9: PV Module and 
System Reliability. A brief paper was published in the conference 

proceedings, doi: 10.1109/PVSC43889.2021.9518725. 

The research work presented in this chapter was performed in collaboration 

with the Loughborough University – Centre for Renewable Energy Systems 

(CREST), Loughborough, United Kingdom, and with Fraunhofer Institute for 

Solar Energy Systems (ISE), Freiburg im Breisgau, Germany. In particular, I 

would like to thank Ashenafi Weldemariam Gebregiorgis, Nikoleta Kyranaki 

and Djamel Eddine Mansour the support with lamination of mini-modules, I-

V curve  

5.1 Motivation 

Even though extensive research has been carried out, EVA degradation 

mechanisms and interactions with other PV module components are not yet 

fully understood. EVA is the state of the art encapsulant material used in c-Si 

PV technologies since the 1960s-1970s and it has been largely studied over the 

years [1–7]. 

The ageing behavior of materials in photovoltaic (PV) modules is strongly 

affected by the climatic conditions that influence the microclimate that the 

polymer actually experiences [8–12]. The microclimate also depends on the 

materials used because e.g. backsheet with different transport properties might 

lead to different behavior [13]. Understanding how materials degrade upon the 

application of different external stress factors (temperature, humidity and UV 
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radiation) is fundamental to better understand PV degradation modes and to 

determine whether those processes result in a PV module power decrease. The 

simulation of the stress factors that are typical of the operational environment 

can be reproduced in indoor weathering devices where one or multiple stresses 

can be applied [14–17]. Obviously, a chamber where all the stresses can be 

reproduced simultaneously gives conditions very similar to the ones that a 

polymeric material in a PV module would experience in the field. However, the 

technological complexity of such devices makes the fixed and running cost 

substantial. Additionally, to able to reproduce in a multi-stress chamber what 

actually happens during operation to PV materials, it is necessary to have a 

deep understanding of the degradation mechanisms taking place. The 

degradation mechanisms are influenced not only by the single stresses, but 

especially by their combination. Needless to say, this kind of approach requires 

relevant effort. Additionally, not all the characterization methods are able to 

effectively describe the changes taking place within the polymers encapsulated 

in a module. By means of different techniques, it is possible to learn different 

information, but not all the changes that the polymer experience during 

degradation can be related to changes in power output. 

The work presented in this chapter aims to give a thorough explanation of 

degradation behavior of the EVA encapsulant used in PV mini-modules. 

Additionally, it is discussed how the microclimate due to different 

environmental conditions (realized within artificial ageing test equipment) has 

an influence on polymer degradation. A comprehensive study including 

additives analysis, chemical structure, thermal stability, morphology is carried 

out to describe phenomena taking place during EVA degradation. 

Compatibility and interactions between EVA and other PV modules 

components, such as backsheet and glass, are discussed and several destructive 

and non-destructive characterization techniques are applied and discussed. 

Finally, the effect of polymer degradation on the PV mini-modules power 

output is discussed. 
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5.2 Experimental 

5.2.1 Sample preparation and conditioning 

PV mini-modules were produced using a standard glass, a fast cure EVA, 

commercially available c-Si solar cells, and a multilayer polymer backsheet with 

composition PET/PET/Primer (air side/core layer/encapsulant side). Solar cells 

were soldered using Pb-Sn-Cu ribbons manually. The mini-modules were 

produced with a size of 20 cm x 20 cm. Encapsulants and backsheets were cut 

in a size slightly larger with respect to the glass, to prevent delamination 

processes from the edges. Additionally, the exceeding encapsulant, directly 

exposed to the environment, was object of further characterization. Lamination 

of the samples was carried out in a 2BG flat-bed type laminator L176A, Figure 

5.1, according to a standard procedure and the details of the parameters used 

are listed in Table 5.1. The lamination process begins with step 1. 

Table 5.1: Parameters used for lamination of mini-modules. 

Steps Time 

(s) 

Temperature 

(°C) 

Pressure Up 

(kPa) 

Pressure Down 

(kPa)  

Prestart 120 140 0 - 

1 240 145 0 0 

2 600 155 1000 0 

3 20 155 1000 1000 

 

 

Figure 5.1: Schematic of the 2BG laminator L176A [18]. 

After lamination, the quality of the produced mini-modules were checked with 

electroluminescence, thanks to which goodness of soldering and absence of cell 

cracks were ensured. After production, the mini-modules were subjected to 

different artificial ageing regimes, summarized in Table 5.2. 
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The produced mini-modules were characterized by means of current vs. 

voltage (I-V) curve measurements before the exposure to artificial ageing tests, 

in an intermediate step of the ageing tests and at the end of the exposure. One 

of the mini-modules was kept in the dark as a reference. The mini-modules 

were characterized non-destructively by means of UV-Vis-NIR spectroscopy to 

determine changes in optical properties of the encapsulants in contact with cell 

and backsheet. The equipment used to carry out the measurements is described 

in Chapter 3. Additionally, Fluorescence spectroscopy and imaging were 

carried out and described in the following section 5.2.3. The encapsulant were 

destructively withdrawn in three different positions to investigate the 

interaction with the other module components (cell and backsheet), as shown 

in Figure 5.2. The exceeding encapsulant was also withdrawn and further 

characterized.  

Table 5.2: Artificial ageing tests. 

 Artificial ageing tests  Main parameters  Maximum Time / Dose  

Damp Heat (IEC 

61215- 2:2016 MQT 13)  

85 °C, 85% RH  2000 h  

Dry UV IEC 61215-

2:2016 MQT 11  

250 W m−2 

(280 nm – 400 nm), 60 °C  

500 kWh m−2  

UV-DH combined  180 W m−2 , 60 °C, 85% 

RH  

250 kWh m−2  

The characterization methods applied to the withdrawn encapsulants were: 

 TD-GC/MS for additive analysis, 

 FT-IR ATR spectroscopy to highlight the changes in chemical structure 

 DSC to evaluate the changes of thermal behavior and  

 TGA to assess the changes in thermal stability.  
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Figure 5.2: Scheme of sample configuration and encapsulant extraction points. 

5.2.2 Characterization of electrical performances 

Measurements of I-V curves were carried out using a solar simulator Pasan IIIb 

solar (flash) simulator, Figure 5.3, equipped with Xenon long-arc lamps, which 

receive energy from 600 V capacitor. Different irradiance levels and 

wavelengths are achieved by using filters, irradiance measurements are 

performed with the use of a reference cell. Different levels of voltage are applied 

and the current produced by the sample is measured with a 4-wire connection. 

Standard temperature conditions are maintained by means of A/C in the 

laboratory room and the system is controlled via a LabVIEW interface. 
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Figure 5.3: I-V curves measurement setup [19]. 

5.2.3 Fluorescence spectroscopy and imaging 

A Cary Eclipse Fluorescence Spectrophotometer was used to carry out 

fluorescence spectroscopy measurements on the PV mini-module samples. The 

device is equipped with a Xenon lamp as a light source and a monochromator 

that is able to deliver the light at a specific wavelength. Fluorescence emission 

spectra were obtained using an excitation wavelength of 365 nm and were 

recorded between 375 nm and 700 nm. The measurements were performed in 

triplicates. Fluorescence images were obtained using an Enigma365 UV LED 

(light-emitting diode) light source manufactured by UV Light Technology 

Limited with an excitation peak at 365 nm, Figure 5.4. The pictures were 

recorded using a Porosilica GC camera produced by Allied Vision Technologies 

GmbH equipped with a Fujinon TV Lens HF50SA-1 1:1.8/50mm optic and a 

LP415-49 UV Block filter from Polytec GmbH to remove possible UV light going 

through the camera and to make sure that only visible light was detected. The 

camera is controlled via the Vimba viewer interface and an aperture of 30000 µs 

was set for all the pictures. The focus was set manually on the optic unit.  
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Figure 5.4: UV spectral output of the Enigma365 LED UV light source, according to 

the manufacturer’s datasheet. 

5.3 Results and discussion 

5.3.1 Electrical performances 

The electrical performances of the mini-modules were monitored by means of 

current versus voltage (I-V) measurements. The most important parameters 

extrapolated from the I-V curves are short circuit current (ISC), open-circuit 

voltage (VOC), series resistance (RS) and maximum power point (PMAX), 

described in Figure 5.5. Additionall, the Fill Factor (FF) is typically associated 

to the quality of the cell and it might decrese upon exposure. The FF is 

calculated according to Equation 1: 𝐹𝐹 = 𝑃𝑀𝐴𝑋𝐼𝑆𝐶 ∙ 𝑉𝑂𝐶             (Equation 1) 
The next charts (from Figure 5.6 to Figure 5.9) show the evolution of the above-

mentioned parameters of the mini-module samples before the exposure to 

artificial ageing tests, at an intermediate point and at the end of the tests. The 

electrical performances of the reference sample were measured as well, at 

beginning of the artificial tests as well as at the end. The reference was stored 

in the dark at room temperature and humidity conditions, while the other mini-

modules were stored in the climate chambers and subjected to the different 

artificial ageing tests.  
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Figure 5.5: Illustration of an I-V curve and description of relevant parameters. 

Each mini-module was flashed three times and three I-V curves were recorded. 

The values shown in the charts, from Figure 5.6 to Figure 5.9, were extracted 

from the I-V curves and averaged. Results show that the power at maximum 

point, Figure 5.6, did not change substancially for the reference sample as well 

as for the sample exposed to DH test up to 2000 hours (reduction of ~0.5%). The 

sample exposed to the dry UV test, instead, showed a different behaviour 

because it showed a reduction of about 1% after the exposure to 500 kWh m−2. 

The sample exposed to UV-DH combined test experienced the most relevant 

power reduction, namely 5.5% after the exposure to 250 kWh m−2 at 60 °C and 

85% RH. The reduction of the power can be attributed especially to a reduction 

of the current produced by the solar cell. The same trend observed for the 

power at the maximum point can be, indeed, detected for the short circuit 

current (ISC), Figure 5.7.  
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Figure 5.6: Maximum power point of mini-modules exposed to artificial ageing 

tests. 

 

Figure 5.7: Short circuit current of mini-modules exposed to artificial ageing tests. 

The sample exposed to DH test showed a slight reduction of the current 

produced with respect to the initial value (~0.5%). The sample exposed to UV 

test showed both a reduction of about 2% with respect to the initial value and 

the sample exposed to the UV-DH combined test showed the most relevant 

current reduction (5.5%). The evolution of RS and VOC, Figure 5.9 and Figure 5.8, 

respectively, did not show significant differences. Changes in RS might have 

been related to loss of transparency, glass corrosion, and delamination, whereas 

changes in VOC might have been connected to cracked cells [20]. The reduction 

of power with associated reduction of ISC might be attributed to several factors, 
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among which loss of transparency, glass corrosion, delamination, corrosion of 

the anti-reflective coating of the cells, and cracked cells [20]. Power degradation 

associated to a significant acetic acid production might be excluded because a 

decrease in Fill Factor (not shown here) could not be detected for any of the 

exposed samples.  

 

Figure 5.8: Open-circuit voltage of mini-modules exposed to artificial ageing tests. 

 

Figure 5.9: Series resistance of mini-modules exposed to artificial ageing tests. 

5.3.2 TD-GC/MS for qualitative additive analysis 

TD-GC/MS measurements were performed to determine qualitatively the 

additives present in the encapsulant and to monitor the consumption of the 

stabilizers during the exposure to the artificial ageing tests. Additionally, the 

encapsulants were withdrawn from different locations within the mini-
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modules to determine whether there was an influence of interaction between 

the different materials. TD-GC/MS can help not only to monitor the additive 

consumption but also to investigate material degradation itself [21]. 

Chromatograms of the EVA withdrawn from above the backsheet are displayed 

in Figure 5.10 and they are normalized with respect to the highest peak. The 

displayed peaks correspond to a substance eluting from the separation column 

at particular retention time (corresponding to a temperature). Mass spectra are 

continuously scanned throughout the whole duration of the measurements and 

the mass spectra recorded at the same time in which a peak is visible in the 

chromatogram allows substance identification.  

 

Figure 5.10: Chromatograms of encapsulant samples withdrawn from above the 

backsheet. 

The NIST database is used to match the measured mass spectrum to a specific 

substance. The main stabilizers detected were 2,6-bis(1,1-dimethylethyl)-4-

methylphenol, also known as butylated hydrohytoluene, which is used as 

antioxidant, and 2-hydroxy-4-(octyloxy)benzophenone with the function of UV 

absorber. The two stabilizers eluted from the column at a retention time of 

about 16-17 min and 26-27 min, respectively, as shown in Figure 5.11. The shift 

of the position (retention time) of the peaks observable to the samples exposed 

to DH test might be due to the fact that a new separation column has been used. 

The “new” column is exactly the same column type as the “old” one, therefore 
with the same properties and characteristics.  
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The antioxidant was detected in the encapsulant of the reference sample as well 

as in the sample exposed to DH test for 2000 h. The samples exposed to UV and 

UV-DH combined tests did not show the presence of the antioxidant, possibly 

because it reacted to prevent polymer degradation and it was consumed. The 

area beneath the peaks is correlated to the concentration of the stabilizer present 

in the material, however the performed measurements did not allow 

quantification because of lack of calibration curves for the additives detected. 

Nevertheless, it is reasonable to assume that the antioxidant was present in a 

lower concentration with respect to the UV absorber, although quantitative 

values could not be given. 

 

Figure 5.11: Details of chromatograms of encapsulant samples withdrawn from 

above the backsheet. 

In Figure 5.12, the chromatograms of the EVA withdrawn from above the cell 

are shown. The benzophenone-based UV absorber was detected in all the 

samples, whereas the phenolic antioxidant (BHT) was not detected for the 

sample exposed to UV-DH test, as can be seen in details in Figure 5.13.  

Additionally, a 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-tri-2-propenyl- 

(crosslinking accelerator) was detected for the sample exposed to DH test. The 

crosslinking accelerator should have normally reacted completely during the 

crosslinking process in the lamination step. From results of DSC mesurements, 

that will be described in the following chapters, an exhotermic peak could be 

detected between 100 °C and 115 °C. The presence of the exhotermic peak, if 

connected to a crosslinking reaction, might justify the presence of the 

crosslinking accelerator, which did not react completely during the lamination 

process.  
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Figure 5.12: Chromatograms of encapsulant samples withdrawn from above the 

cell. 

 

Figure 5.13: Details of chromatograms of encapsulant samples withdrawn from 

above the cell. 

The EVA material in excess and directly exposed to the environment was 

measured as well and the results are shown in Figure 5.14 and Figure 5.15. It is 

possible to notice how the samples exposed to dry UV and UV-DH combined 

tests showed an increase of the baseline with respect to the reference sample 

and the sample exposed to DH test. Moreover, many additional peaks were 

visible. Results of TGA measurements, described in the following chapters, will 

show how the thermal stability of the material withdrawn from the “outside” 
position for the samples exposed to dry UV and UV-DH combined tests is 

worsened with respect to the reference sample. The temperature at which there 

is a 5% weight loss is below 320 °C, which is the maximum temperature reached 
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during the TD process. At this temperature, the material was no longer stable 

and it began to decompose. Typical pyrolysis products of Polyethylene (PE) 

based materials were detectable (sequences of alkane, alkenes, α-ω alkadiene 
with increasing molecular weight as the retention time increases [22, 23]) in the 

samples exposed to UV and UV-DH combined test. Benzophenone-based UV 

absorber was no longer detectable for the sample exposed to UV test, but it was 

still detectable for all the other samples. 

 

Figure 5.14: Chromatograms of excess “outside” encapsulant samples directly 

exposed to different artificial ageing tests.  

 

Figure 5.15: Details of chromatograms of encapsulant samples withdrawn from the 

excess “outside” directly exposed to different artificial ageing tests. 

The BHT antioxidant was detectble only for the reference sample and for the 

sample exposed to DH test. Additionally, a residue of the crosslinking 
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accelerator was detectable for the sample exposed to DH. A summary of the 

results described above can be seen in Table 5.3. 

Table 5.3: TD-GC/MS additive analysis on encapsulants withdrawn from different 

locations within the mini-modules. 

EVA above the backsheet REF DH UV UVDH 

Antioxidant - BHT   n.d. n.d. 

Crosslinking accelerator – Triallyl isocyanurate n.d. n.d. n.d. n.d. 

UV absorber - Benzophenone    . 

EVA above the cell REF DH UV UVDH 

Antioxidant - BHT    n.d. 

Crosslinking accelerator - Triallyl isocyanurate n.d.  n.d. n.d. 

UV absorber - Benzophenone     

EVA "Outside" REF DH UV UVDH 

Antioxidant - BHT   n.d. n.d. 

Crosslinking accelerator - Triallyl isocyanurate n.d.  n.d. n.d. 

UV absorber - Benzophenone   n.d.  

5.3.3 UV-Vis-NIR Spectroscopy 

The reflectance of the EVA samples was measured in two different positions, 

through the glass above the backsheet and through the glass above the cell. 

Obviously, the effect of the material above and below the encapsulant has an 

influence on the measured spectra.  

The spectra of the EVA encapsulant measured above the cell can be seen in 

Figure 5.16. The spectra of the materials above the backsheet in the NIR region, 

above 780 nm, did not show any relevant differences and are omitted in the 

chart. No differences could be detected in the visible range, between 380 nm 

and 780 nm. The reflectance of the samples increased in the region between 

280 nm and 380 nm, region of interest for the benzophenone based UV absorber 

[24], for the material exposed to UV and even more for the material exposed to 

UV-DH combined test. Additionally, a decrease of reflectance could be seen for 

the samples exposed to UV irradiation in the region below 300 nm, the region 

of interest of the BHT antioxidant [25].  
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Figure 5.16: UV-Vis-NIR spectra of encapsulant above the cell measured through 

the glass. 

The results shown in Figure 5.17 show the spectra of the EVA samples 

measured above the backsheet. In this case, as well as for the encapsulant above 

the cell, no significant differences were detected in the NIR region. All the 

exposed samples showed a decrease of reflectance in the blue region of the 

visible spectra, hence indicating yellowing.  

 

Figure 5.17: UV-Vis-NIR spectra of encapsulant above the backsheet measured 

through the glass. 

This result well correlates with the consumption of the benzophenone-based 

UV absorber detected by means of TD-GC/MS. This stabilizer, indeed, absorbs 

UV radiation between 260 nm and 370 nm [24]. Even though no clear statement 
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can be given regarding the actual concentration of the UV absorber in the 

sample exposed to UV-DH combined test, it is observable that the peak had a 

smaller area compared to the material in the reference mini-module. The 

decrease was more severe for the sample exposed to UV-DH test, less severe 

for the sample exposed to DH test, and even less pronounced for the sample 

exposed to dry UV. Additionally, a decrease of the reflectance could be seen in 

the region below 300 nm, related to the BHT antioxidant [25]. 

The Yellowness Index was calculated according to the standard ASTM E313 

[26]. The value of the YI of the EVA above the backsheet for the sample exposed 

to UV-DH is about 3.4 times higher than the value measured for the reference 

sample, Figure 5.18. The ratio between the YI of the sample exposed to DH is 

2.6 and for the sample exposed to UV is about 2.1.  

 

Figure 5.18: Yellowness index of encapsulants measured above the cell and above 

the backsheet upon artificial ageing tests. 

The increase of YI for the exposed samples might be a reason of the power 

reduction associated to reduction of ISC. It seems like two different mechanism 

are behind the formation of chromophores between the illuminate and not 

illuminated samples. On one side, for the illuminated samples it is possible to 

observe a consumption of the antioxidant, even if not homogeneous. The 

illuminated samples, indeed, did not show presence of the antioxidant for the 

encapsulant withdrawn from above the backsheet, whereas the sample exposed 

to UV test showed still present of antioxidant above the cell. However, the 

consumption of antioxidant is connected with formation of chromophores 
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because of quinoid products, deriving from oxidative transformation products 

of BHT [27]. On the other hand, for the sample exposed to DH test, the presence 

of leftovers of unreacted species during the crosslinking reaction would well 

correlate to the discoloration of the material [7]. 

5.3.4 FT-IR ATR Spectroscopy 

The extracted encapsulant were analyzed by means of FT-IR ATR spectroscopy. 

Peaks identification has been described in depth in Chapter 3. The objective of 

this paragraph is to better highlight the differences resulting from different 

microclimates, therefore some relevant information is recalled from the 

previous chapter and further discussed. All the samples were measured from 

the encapsulant side in contact with the glass. Results are summarized in Table 

5.4 [28, 29]. The charts displayed in Figure 5.19 to Figure 5.21, show the results 

of the FT-IR ATR spectroscopy analysis. The results are displayed according to 

the position in the module from which they have been extracted.  

Table 5.4: FT-IR ATR spectroscopy bands of EVA and their assignments. 

Wavenumber 

[cm−1] 

Assignment Remark  

2920 Asymmetric stretching 

vibration of CH2 

Ethylene moieties 

2850 Symmetric deformation 

vibration of CH2 

Ethylene moieties 

1780 C=O stretching vibration of 

γ-lactones 

Degradation product 

1715/1175 C=O stretching vibration of 

ketones 

Degradation product 

1736 C=O stretching vibration Vinyl acetate moieties 

1465 Asymmetric deformation 

vibration of CH2 

Ethylene moieties 

1370 Symmetric deformation of 

CH3 

Ethylene moieties 

1238 C−O−C stretching vibration Vinyl acetate moieties 

1020 C−O−C stretching vibration Vinyl acetate moieties 
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Wavenumber 

[cm−1] 

Assignment Remark  

960-940 CH out-of-plane deformation 

vibration of vinyl ether 

Degradation product 

910 CH out-of-plane deformation 

vibration of vinyl 

Degradation product 

720 CH2 skeleton rocking 

vibration 

Ethylene moieties 

In Figure 5.19, the spectra of the EVA extracted from the location of the mini-

module above the backsheet are shown. The reference sample shows the typical 

EVA peaks (ethylene and vinyl acetate moieties) and no additional peaks can 

be detected. The sample stored in the climate chamber for the DH test for 2000 h 

additionally shows the presence of a peak at about 1560 cm−1. The presence of 

this peak has been mentioned in several studies, although the assignment of 

this band is not unanimous. Possible explanations might be the presence and 

migration of stabilizers (such as hindered amine light stabilizers, HALS) [30], 

formation of carboxylic acids due to oxidation reactions [31], formation of 

carboxylate salt (COO−) due to material interactions of glass and encapsulant 

[32]. The presence of HALS might be excluded because additives belonging to 

this category have not been detected by means of TD-GC/MS. Alternatively, the 

band at 1560 cm−1 might be attributed to the crosslinking accelerator, 

characterized by a Triazine ring that has a strong band at the wavenumber 

mentioned above [28]. However, additional bands should be visible to assign 

certainly the band to the Triazine based (Triallyl isocyanurate) crosslinking 

accelerator. A band of variable intensity due to in-plane stretching vibrations 

between 1450 cm−1 and 1350 cm−1 should be present [28] in this case possibly 

overlapping with the deformation in the plane of CH2 present in ethylene 

moieties. One weak band at 860−775 cm−1 due to out-of-plane deformation of 

the ring [28] is not visible in the measured spectrum. Extensive materials 

oxidation might be neglected as well because of the absence of shoulders/peaks 

at 1780 cm−1 and 1715/1175 cm−1, related to formation of lactones and ketones, 

as well as absence of peaks between 3700 cm−1 and 3100 cm−1, related to 

formation of hydroxyl groups.  
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Figure 5.19: FT-IR ATR spectra of encapsulant samples withdrawn from above the 

backsheet. 

Hara et al. [32] showed that under DH conditions sodium ions (Na+) can react 

with acetyl group promoting deacetylation and forming carboxylate salt 

(COO−). An additional peak is present at about 1420 cm−1 (that might be 

associated to the formation of acetate [28]), which is also present in the EVA 

described in this study. Mansour et al. [13] also reported that the glass acts as a 

catalyst for EVA degradation in DH conditions. In the work from Hara et al. 

[33], the formation of acetic acid provokes corrosion of the silver grids with 

consequent increase of series resistance after 4000 h of DH exposure. In this 

study, a very slight decrease of power at the maximum point could be detected, 

as well as a very slight increase of the series resistance. However, no signs of 

corrosion could be seen by visual inspection of the mini-module, although it 

might be not excluded a further worsening of the performances with longer 

exposure time.  

The samples extracted from mini-modules aged under UV and UV-DH 

combined tests did not show significant differences with respect to the EVA 

extracted from the reference mini-module. The EVA samples extracted from 

above the cell, Figure 5.20, did not show relevant differences with respect to the 

reference sample, regardless the artificial ageing test applied. The excess EVA 

withdrawn from the outside of the glass and above the backsheet has been 

tested and the surface in contact with the air is shown in Figure 5.21. Typical 

products of photo-oxidation reactions can be detected. The peak at 1736 cm−1 
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shifts towards about 1720 cm−1 for the samples exposed to dry UV and to about 

1709 cm−1 for the sample exposed to UV-DH combined test. The increase of this 

peak is related to formation of ketones upon oxidation [31]. Additional changes 

can be seen in the regions between 3500 cm−1 and 3000 cm−1, between 1500 cm−1 

and 1300 cm−1, and between 1300 cm−1 and 825 cm−1 corresponding to hydroxyl 

groups, aldehydes, vinylene, vinyl and vinyl dienes, respectively [34, 35]. The 

Oxidation Indices calculated as the ratio of the integral of the spectra within the 

“carbonyl region” between 1800 cm−1 and 1680 cm−1 and the “reference band” 
between 2875 cm−1 and 2760 cm−1 are displayed in Figure 5.22.  

 

 

Figure 5.20: FT-IR ATR of encapsulant samples withdrawn from above the cell. 

 

Figure 5.21: FT-IR ATR spectra of excess “outside” encapsulant samples. 
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Figure 5.22: Oxidation Indices calculated using FT-IR ATR spectra of EVA samples 

withdrawn from mini-modules exposed to different artificial ageing tests in 

different positions. 

The EVA samples withdrawn from above the backsheet and above the cell 

show similar values to the reference sample, regardless the artificial ageing tests 

applied. The material taken from the “outside” of the mini-module exposed to 

DH test showed a similar OI compared to the reference. The samples exposed 

to dry UV test have an OI 10 times higher than the reference, whereas the 

samples exposed to UV-DH combined tests have an OI about 15 times higher 

than the reference. The results highlight how the direct exposure of the bare 

encapsulant to the environment highly influences the ageing behavior. 

5.3.5 Fluorescence spectroscopy and imaging 

The results of fluorescence spectroscopy measurements are displayed in Figure 

5.23 (a) to (d). Fluorescence emission spectra were recorded focusing on an area 

above the cell (full lines) and above the backsheet (dotted lines) using an 

excitation wavelength of 365 nm. The reference module did not show any 

significant fluorescence, as well as the module exposed to DH test. The latter 

showed little fluorescence only during one measurement (DH_above cell_1), 

probably due to an inhomogeneity of material’s ageing behavior. The modules 
exposed to UV and UV-DH combined test showed, instead, significant 

fluorescence with two main emission peaks at about 410 -450 nm and 535 nm. 

The results are in good agreement with previous studies reported in literature 

[4]. The modules exposed to UV test showed fluorescence with a slightly lower 
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intensity compared to the modules exposed to UV-DH test. However, it was 

possible to observe for both modules a higher fluorescence intensity when the 

measurements took place above the cell rather than above the backsheet. This 

behavior might be explained with the higher temperature reached by the 

encapsulant material above the cell due to the heat released by the solar cell 

upon illumination. Additionally, the presence of humidity might have 

accelerated the formation of chromophores and further stressed the stability of 

the EVA encapsulant.  

 

Figure 5.23: Fluorescence spectroscopy measurements on mini-modules: reference 

(a), module exposed to DH test (b), module exposed to UV test (c), module exposed 

to UV-DH test (d). Full lines represent spectra of the sample measured through the 

glass above the backsheet, whereas dotted lines represent spectra of the sample 

measured through the glass above the cell. 

The images displayed in Figure 5.24 (a) to (d) further allow to visualize the 

different fluorescent behavior of the encapsulant material laminated within the 
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PV mini-modules. The images corresponding to the reference module and to 

the module exposed to DH test appear dark, whereas the modules exposed to 

UV and UV-DH combined test glow in the dark when exposed to UV light. The 

sample exposed to UV-DH combined test shows additional fluorescence when 

looking at the inner side of the backsheet that was uncovered by the glass and 

therefore directly exposed to the radiation during the UV-DH combined test. It 

is possible to notice that the inner side of the backsheet cracked, this exposing 

the PET core layer, which shows an intense fluorescence as well as the 

encapsulant material. The embrittlement of the backsheet directly exposed to 

the radiation was so severe that some small pieces of the backsheet fell apart  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.24: Fluorescence spectroscopy images taken using UV LED light source 

with 365 nm peak. The PV mini-modules displayed are the reference sample (a), 

module exposed to UV for 2000 hours (b), module exposed to dry UV test with a UV 

dose of 500 kWh m−2, module exposed to UV-DH combined test with a dose of 

250 kWh m−2. 
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5.3.6 DSC 

Figure 5.25 and Figure 5.26 show the thermal behavior of the encapsulants 

withdrawn from above the backsheet. The first heating curves (full line) give 

information regarding morphology of the materials and show both reversible 

and irreversible changes due to physical and chemical ageing, respectively. The 

second heating curves (dotted lines), instead, give more information regarding 

occurrence of irreversible modifications (chemical ageing).  

 

Figure 5.25: First (full lines) and second (dotted lines) heating curves of DSC 

measurements performed on EVA withdrawn from above the backsheet and 

exposed to different artificial ageing tests. 

The first heating curve of the reference sample shows a melting process that 

takes place between 30 °C and 85 °C with two melting peaks at about 49 °C and 

69 °C. Upon a second heating, the melting peak at lower temperature is no 

longer visible, whereas the main melting peak at 69 °C is left. This behavior is 

due to the rearrangements of crystalline structures upon melting. The cooling 

curve shows a crystallization process ongoing with a peak at about 47 °C. Upon 

the exposure to the artificial ageing tests, significant irreversible changes cannot 

be seen because the melting peak of the second heating curve remains 

substantially at the same temperature. On the other hand, morphological 

changes due to reversible (physical) processes are detected. The reversible 

effects disappear upon melting. 

The samples exposed to DH shows a slight decrease of the lower temperature 

melting peak (from 49 °C to 44 °C), whereas the higher temperature melting 
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peak does not change its position. A further decrease of the lower temperature-

melting peak towards 43 °C can be seen also for the samples exposed to UV 

irradiation. The higher temperature-melting peak, instead, does not show any 

changes for the samples exposed to UV-DH combined test. The samples 

exposed to dry UV test show the presence of populations with different crystal 

size, because they melt at different temperatures. Two melting peaks at 65.5 °C 

and 79.4 °C are identified. The crystallization peak slightly shifts from 47 °C of 

the reference sample to 48 °C of the sample exposed to UV test and to 46 °C of 

the samples exposed to dry UV and UV-DH combined test.  

 

Figure 5.26: Cooling curves of DSC measurements performed on EVA withdrawn 

from above the backsheet and exposed to different artificial ageing. 

A similar behavior to what has been described for the EVA extracted from 

above the backsheet can be seen for the encapsulant samples extracted from 

above the cell, Figure 5.27. The reference sample shows in the first heating the 

same melting peaks at 49 °C and at 69 °C. Similarly, the samples exposed to 

DH, dry UV and UV-DH combined tests shows a slight decrease towards about 

45 °C. The sample exposed to dry UV, however, shows the presence of multiple 

melting peaks in the range between 35 °C and 90 °C, indicating the presence of 

crystals with different lamellar thicknesses and therefore different melting 

temperatures. The peculiar thermal behavior of the encapsulant material 

exposed to artificial ageing tests including UV radiation might be explained 

with the different temperature that the EVA reached during the tests. The EVA 

in contact with the cell in a module exposed to UV radiation might have had a 
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higher temperature than the EVA in contact with the backsheet. The second 

heating curves of the samples exposed to UV and UV-DH test showed a slight 

decrease of the melting peak temperature with respect to the reference sample 

regardless the position where the materials were extracted from (above the 

backsheet or above the cell). A slight drop in the melting enthalpy might be due 

to the recrystallization of the low-molecular degradation products generated 

upon exposure [36]. The results would been in good agreement with the 

increase of fluorescence intensity and yellowness index due to material 

degradation and chromophore formation [5, 36] 

 

Figure 5.27: First (full lines) and second (dotted lines) heating curves of DSC 

measurements performed on EVA withdrawn from above the cell and exposed to 

different artificial ageing. 

The cooling curve of the reference sample, Figure 5.28, shows a crystallization 

process with a peak at about 47 °C. The sample exposed to UV and UV-DH tests 

show a decrease of the crystallization temperature to about 45.5 °C.  

The samples taken from “outside” are displayed in Figure 5.29 and Figure 5.30. 

The reference sample in this position shows some differences with respect to 

the same material above the backsheet and above the cell. The main melting 

peak remains stable at 69 °C in both first and second heating curve. 

Additionally, the first heating curve shows one peak at 50.3 °C and a shoulder 

at 42 °C. The cooling curve shows a crystallization peak at about 47 °C. The 

sample exposed to DH shows a slight increase of the high melting temperature-

peak from 69 °C to about 71 °C in the first and second heating curve and a 
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secondary melting peak is present at about 45 °C. The cooling curve, instead, 

shows an increase of the crystallization temperature to 50 °C with respect to the 

reference material. The sample exposed to dry UV test shows two melting peaks 

in the first heating curve at about 42 °C, at about 80 °C and a shoulder is 

detected at 73.3 °C. The second heating curve shows a melting peak at about 

75 °C. 

 

Figure 5.28: Cooling curves of DSC measurements performed on EVA withdrawn 

from above the cell and exposed to different artificial ageing. 

 

Figure 5.29: First (full lines) and second (dotted lines) heating curves of DSC 

measurements performed on EVA withdrawn from “outside”, directly exposed. 

The cooling curves of the sample exposed to UV irradiation show the most 

relevant differences with respect to the reference sample, Figure 5.30. The 
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sample shows a crystallization peak at about 47 °C in the cooling curve and an 

additional peak at about 25 °C. The cooling curve of the sample exposed to UV-

DH combined test shows that the higher temperature crystallization-peak 

(about 48 °C) almost disappears, whereas a crystallization area can be observed 

starting from about 35 °C and going to lower temperatures.  

 

Figure 5.30: Cooling curves of DSC measurements performed on EVA withdrawn 

from “outside”, directly exposed. 

The crystallinity, calculated based on the melting enthalpy of the second 

heating curve, shows a decrease from ~22% of the reference sample to ~12% of 

the sample exposed to UV-DH combined tests. The decrease of the melting 

enthalpy of the second heating curve, associated to a decrease of the 

crystallization temperature and crystallinity are a clear sign of occurrence of 

chain scission processes for polyolefines [37]. 

5.3.7 TGA 

Thermogravimetric analysis has been performed to determine changes in 

thermal stability of the exposed samples. The thermograms show the typical 

EVA behavior with two significant weight loss steps: 

 First step between about 300 °C and 390 °C, meaning loss of vinyl acetate 

moieties (deacetylation); 

 Second step between 390 °C and about 510 °C, meaning decomposition 

of polymer backbone [38]. 
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Thermograms of EVA encapsulant withdrawn from above the backsheet, 

Figure 5.31, did not show significant material changes due to artificial ageing 

and the same conclusion can be drawn when looking at the encapsulant 

withdrawn from above the cell, Figure 5.32. 

 

Figure 5.31: TGA thermograms of encapsulant samples withdrawn from above the 

backsheet. 

 

Figure 5.32: TGA thermograms of encapsulant samples withdrawn from above the 

cell. 

The excess encapsulant directly exposed showed, instead, signs of material 

degradation, Figure 5.33. The values of T5 (temperature corresponding to 5% 

weight loss) and T40 (temperature corresponding to 40% weight loss) showed a 

shift towards lower temperatures for the samples exposed to UV and the effect 
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was even more pronounced for the sample exposed to UV-DH combined test, 

Figure 5.34. The sample exposed to DH, instead, did not show a significant 

change of thermal stability behavior with respect to the reference material  

 

Figure 5.33: TGA thermograms of excess “outside” encapsulant samples. 

 

Figure 5.34: T5 (temperature corresponding at 5% weight loss) and T40 (temperature 

corresponding at 40% weight loss) values from TGA of EVA samples taken from 

different positions. 

The change of the shape of the curve in the first step for the more “severe” 
ageing tests, and the reduction of T5 and T40, is a confirmation of the worsening 
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of the thermal stability of the material. The occurrence of chain scission as well 

as the formation of many reactive species are produced upon UV exposure has 

been already proved my means of DSC analysis and FT-IR ATR spectroscopy, 

respectively. Therefore, with increasing temperature up to 400 °C, not only the 

deacetylation process takes place, but also the pyrolysis of the reactive species 

and the shorter chains [39], confirmed by GC/MS analysis.  

5.4 How do polymer changes correlate to PV power 
degradation? 

As expected, the results presented in this study showed that samples with the 

same bill of materials behaved differently upon the exposure to different 

artificial ageing tests, corresponding to different microclimates. The UV-DH 

combined test showed the strongest influence on power output among the used 

tests. This means that the combination of the stresses, rather than the single one, 

is decisive in causing material degradation and consequent power losses. The 

decrease in power output was mainly associated to a decrease in ISC, which 

could be correlated with worsening of optical properties of the encapsulant, i.e. 

yellowing. Significant production of acetic acid upon exposure might be 

excluded as root cause, because a decrease of the carbonyl peak intensities in 

the FT-IR spectra could not be detected and no relevant changes could be seen 

in TGA measurements. Additionally, no significant changes of FF could be 

detected, often indirectly associated to corrosion of metallization and 

interconnections acetic acid production [20]. 

Color changes could not be correlated with any relevant change in functional 

groups detected by means of FT-IR spectroscopy measurements. The 

encapsulant above the cell and above the backsheet of the exposed samples, 

indeed, did not show significant differences with respect to the reference mini-

module. The hypothesis is that the observed yellowing was caused by products 

of the antioxidant degradation, which was no longer detectable after the 

exposure to UV-DH combined test. However, the mentioned degradation 

products were not detected with FT-IR spectroscopy measurements. Therefore, 

power loss seems to not be directly related to degradation of the EVA polymer 

chain molecules, but rather to additive degradation [27]. 
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FT-IR spectroscopy can be useful to understand the chemical changes taking 

place in the encapsulant, but it is not sensitive enough when the changes 

involve the stabilizers. When the material itself begins to degrade, by means of 

photo-oxidation reaction, it is then possible to additionally observe the 

formation of new functional groups. Degradation of the main polymer chain 

also results in reduced thermal stability.  

Nevertheless, the increase of fluorescence intensity showed a good correlation 

with the increase of yellowness index of materials exposed to UV and UV-DH 

combined tests. The mini-module exposed to DH, although showing an 

increase of YI, did not show an increase of EVA’s fluorescence, thus indicating 
that the origin of the discoloration might be, in this case, due to an unfavorable 

interaction between encapsulant and backsheet or to the reaction of unreacted 

peroxides with EVA’s degradation products. Additionally, the increase of 
fluorescence intensity is well correlated with the decrease of melting 

temperature in the second heating curve for the materials exposed to artificial 

ageing tests including UV exposure. In this case, the increase of module 

temperature due to radiative heat combined with the UV radiation itself might 

have accelerated formation of unsaturation.  

When comparing the behavior of the material directly exposed to the material 

encapsulated in the mini-module configuration, the importance of the shielding 

effect of the glass itself is obvious. The stabilization of the EVA encapsulant is 

crucial to the reliability of the material. The development of a special glass, 

which is not only highly transparent in the visible range of the solar spectrum, 

but is also able to filter the UV radiation out, might improve the whole module’s 
reliability [40]. A summary of the changes that PV polymer experience and their 

effect on module electrical performances can be seen in Table 5.5. 

Table 5.5: Polymer changes and correlation to electrical performances. 

Polymer change Causes Effects on PV module 

performances  

Encapsulant 

discoloration 

 Additives degradation 

 Encapsulant 

degradation 

 Reduction of power  

 Reduction of ISC 
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Polymer change Causes Effects on PV module 

performances  

Backsheet 

discoloration 

 Inner layer degradation 

 Negative interaction 

with encapsulant 

 No effect 

Acetic acid 

production 

 EVA degradation  Reduction of power 

 Reduction of ISC 

 Increase RS 

 Decrease FF 

 

5.5 Summary and conclusions 

Mini-modules have been produced with EVA encapsulant and 

PET/PET/primer backsheets to investigate the influence of different artificial 

ageing tests on the degradation mechanisms taking place and finally on the 

influence on power output. Additionally, the interaction between the 

encapsulant and glass/solar cells has been the object of the investigation.  

The encapsulant materials have been comprehensively analyzed with the 

objective to investigate changes in additive composition, chemical structure, 

morphology and thermal stability due to different environmental stress factors, 

microclimates and material interactions.  

Results of electrical measurements showed that a slight decrease of power 

output has taken pace regardless of the artificial ageing test performed. 

However, the highest and most significant impact was achieved upon the 

exposure to UV-DH test. In all cases, the decrease in power output was 

associated to a decrease in short circuit current, probably due to yellowing. By 

evaluating the optical properties through the glass of the EVA above the 

backsheet, it was possible to observe an increase of the yellowness index for all 

the exposed modules and especially for the module exposed to UV-DH test. 

This result well correlates with the electrical measurements performed.  

The degradation mechanism behind the formation of chromophores and 

discoloration of EVA encapsulant seems to be different. In the samples exposed 

to DH test, residues of crosslinking accelerators were detected. If the 
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crosslinking reaction has not taken place completely, it is possible that the 

unreacted peroxides created and oxidative environment and therefore 

chromophores were formed. The presence of UV irradiation, instead, caused 

not uniform consumption of antioxidant, whose degradation products might 

have caused the discoloration. However, the encapsulants withdrawn from 

above the backsheet and above the cell did not show significant formation of 

oxidation products at the surface in contact with the glass, and thermal 

properties did not change significantly. This indicates that no significant chain 

scission processes have occurred within the mini-module upon UV exposure. 

The encapsulant withdrawn from “outside”, namely the excess encapsulant 
directly in contact with the environment, showed extreme signs of degradation 

upon UV exposure, and especially upon UV-DH combined test. In this case, she 

browning of the encapsulant was due to photo-oxidative degradation reactions. 

Significant indications of chain scission could be detected with TD-GC/MS 

analysis, FT-IR ATR spectroscopy, DSC and TGA. 
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6 Analysis of degradation of EVA 
encapsulant in PV modules operating in 
different climates 

Parts of this work were presented as conference contributions: 

 “Effects of climate and microclimate on EVA degradation from field aged PV 

modules”, oral presentation, 38th European PV Solar Energy Conference 

and Exhibition (EU PVSEC), 6th-10th of September 2021, virtual event. 

 “Degradation of Crystalline Silicon Photovoltaic Modules Installed in 

Different Climates”, oral presentation, 49th IEEE Photovoltaic Specialists 

Conference (PVSC), 5th-10th June 2022, Philadelphia (USA). 

I would like to thank Julian Ascencio-Vásquez for the contribution in providing 

the data for the climate analysis and Mark Köntges for providing the results of 

the electrical characterization of the modules exposed in the Caribbean, 

electroluminescence images and the measurements of acetic acid concentration. 

6.1 Motivation 

The importance of testing materials and modules in different climates has 

become more and more significant in recent years. The concept of “one fits all”, 
namely one type of module fits all climates, was proven wrong in literature and 

new concepts of climate specific module design as well as artificial ageing tests 

were brought to the attention of the PV community [1].  

In recent years, more and more attention has been given to the importance of 

testing PV modules in different climates as well as to provide guidelines about 

climate specific PV module design. Jordan et al. [2] first published a literature 

review regarding changes in power output of PV systems all over the world, 

trying to identify and correlate power losses to specific climate-related 

degradation modes. The impact of climate on PV performance was addressed 

as a potential problem, but the lack of data did not allow to draw precise 

conclusion in regard [2]. However, over the last decade many studies dealing 

with monitoring of PV systems’ performances in different climate zones were 

published and more clear correlations between climatic conditions and PV 

degradation were found [3].  
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Omazic et al. [4] reviewed literature regarding field aged PV modules and 

identified the main degradation modes according to 5 different climate zones. 

Hot and humid conditions in tropical climates result as the most harmful for 

PV modules and encapsulant discoloration, extensive delamination at different 

interfaces and corrosion are the most relevant degradation modes. Production 

of acetic acid is favored by high humidity and high temperature conditions and 

all the acetic acid-related degradation modes occur with higher rates compared 

to other climates. In colder climates, the thermal degradation processes are 

slowed down. Degradation modes related to mechanical stresses are more 

relevant in snow and polar climates, where, besides snowfalls and wind, low 

temperatures (below −15 °C) can cause EVA embrittlement and further 

mechanical stress on the cells and interconnections. 

Ascencio-Vásquez et al. [5] developed a worldwide map of degradation 

mechanisms and degradation rates (%/year) for c-Si PV modules based on three 

mechanisms: EVA hydrolysis, thermomechanical and photo-degradation. 

Hydrolysis is temperature and humidity driven, photo-degradation is 

influenced by temperature, humidity and UV irradiation and thermo-

mechanical degradation is mainly affected by temperature and temperature 

differences [6]. In their study, the most un-favorable climate zones for c-Si PV 

modules are, once again, tropical because of the high humidity and high 

temperature conditions. 

New models able to predict power degradation and to make lifetime 

estimations were developed in recent studies [6, 7] and worldwide mapping of 

degradation rates were presented [5]. These studies show how the tropical 

climates, i.e. high irradiation, high temperature and high humidity values, 

strongly affect the performances of the PV modules. In these cases, the most 

relevant power losses were detected and correlated to failure modes such as 

yellowing of the encapsulant, corrosion of metallic interconnections and silver 

grids, delamination at different interfaces or backsheet cracks, just to name a 

few. However, most of the published studies include investigations of electrical 

performances [8–14] of field aged PV modules or characterization via non-

destructive methods [15–17]. Only few studies report destructive investigations 

on PV materials to better understand the degradation mechanisms that took 

place over the years [18–21].  
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The objective of the work described in this chapter was to investigate the 

implication of using modules with the same bill of materials in different 

climates and to assess the impact of the different environmental stresses on 

material degradation. An investigation of chemical and thermal properties was 

carried out to correlate their changes to power degradation. Additionally, an 

analysis of the different climate where the PV modules were located was 

performed to assess the entity of the environmental stress factors. 

6.2 Experimental 

Four PV modules with the same bill of materials were object of the 

investigations described in this chapter. One module, considered as reference, 

was kept in the dark while the other three modules were exposed outdoor and 

operated in two different locations for about 7 years. The modules operated in 

Germany, classified as moderate climate, and in the Caribbean, considered as 

tropical climate. All modules were characterized by the same configuration and 

bill of materials: PV glass, encapsulant (EVA), poly-crystalline Silicon solar 

cells, encapsulant (EVA) and polymer backsheet. Encapsulant material was 

withdrawn from four full-size PV modules named as follows: 

 M1, reference module, kept in the dark; 

 M2, module exposed in moderate climate (Germany) for about 7 years; 

 M3 and M4, modules exposed in tropical climate (the Caribbean) for 

about 7 years. 

The difference between M3 and M4 lies in the different electrical performances 

as well as in the concentration of the acetic acid produced upon exposure, 

details will be discussed in the next sections. 

Characterization of the electrical performances of the PV modules were carried 

out at the Institute für Solerenergieforschung GmbH in Emerthal in Germany. 

I-V curves were measured to assess the extent and to investigate the causes of 

the power degradation of the modules exposed in the tropical climate with 

respect to the reference module. Electroluminescence images were taken to 

further investigate the reason for the changes in electrical performances.  

Moreover, EVA encapsulant material was extracted from the modules and 

quantitative acetic acid measurements were performed to assess its 

concentration by means of ion chromatography. For each module, encapsulant 
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samples were withdrawn from five different positions (Figure 6.1) to evaluate 

the influence of the microclimate on polymer behavior and to assess 

interactions between the encapsulant and the different PV module components: 

 Back encapsulant, in contact with the cell and the backsheet, indirectly 

exposed to outdoor conditions (P1 and P2), 

 Back encapsulant between cell and backsheet (P3), below the adhesive 

layer connecting the junction box, 

 Back encapsulant between cell and backsheet (P4) in the area inside the 

junction box, 

 Front encapsulant (P5), between glass and the solar cell approximatively 

in the center of the module. 

The modules exposed in the tropical climate showed presence of darker areas 

in the middle of the cells in different positions in the central area of the module, 

as can be seen in bottom right hand side of Figure 6.1. 

 

 

 

Figure 6.1: Positions of encapsulants' withdrawal. P1 and P2 (left): back encapsulant, 

in contact with the cell and the backsheet, indirectly exposed to outdoor conditions. 

P3 (top right): back encapsulant between cell and backsheet, below the adhesive 

layer connecting the junction box. P4 (top right): back encapsulant between cell and 
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backsheet in the area “inside” the junction box. P5 (bottom right): front encapsulant, 

between glass and the solar cell in the center of the module. 

The characterization methods applied to the withdrawn encapsulants were: 

 TD-GC/MS for additive analysis, 

 FT-IR ATR spectroscopy to highlight the changes in chemical structure, 

 DSC to investigate chemical and morphological changes,  

 TGA to assess changes in thermal stability. 

6.3 Climate analysis 

The exact location where the PV module were installed was not disclosed for 

confidential reasons. The climate data analysis presented in this section was 

carried out considering a general location in central Germany and in the 

Caribbean as locations. The analysis is therefore carried out not to describe in 

detail the exact climate where the PV modules are installed, but to give an 

insight of the stressors typical of each climate and their impact on the polymer 

behavior. The climate data were obtained from the ERA5 reanalysis dataset [22] 

and manipulated to obtain the variable of interest. The ERA5 reanalysis 

datasets are characterized by an hourly resolution, include values of ambient, 

and dew point temperatures, global horizontal irradiance, irradiance in plane 

of array, wind speed, wind direction and many more.  

The ambient relative humidity 𝑅𝐻 values were calculated according to equation 

6.1 using the 𝑊𝑉𝑃, Water Vapor Pressure at dew temperature (𝑇𝑑𝑒𝑤) and at 

ambient temperature (𝑇𝑎𝑚𝑏) . 𝑅𝐻[%] = 𝑊𝑉𝑃(𝑇𝑑𝑒𝑤)𝑊𝑉𝑃(𝑇𝑎𝑚𝑏) ∙ 100            (Equation 6.1) 
The WVP values were calculated using the Buck model [23], equation 6.2: 𝑊𝑉𝑃 =
{  
  0.61115 ∙ exp ((23.036 − 𝑇330.70) ∙ (( 𝑇279.82+ (𝑇)))) , 𝑇 < 0
0.61121 ∙ exp ((18.678 − 𝑇234.84) ∙ (( 𝑇257.14+ (𝑇)))) , 𝑇 ≥ 0         (Equation 6.2) 

Module temperature values are calculated according to the model developed 

by Ross (equation 6.3): 
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𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 + 𝑘𝑅𝑜𝑠𝑠 ∙ 𝐸𝑃𝑂𝐴              (Equation 6.3) 
where 𝑇𝑚𝑜𝑑 corresponds to the module temperature, 𝑇𝑎𝑚𝑏 to the ambient 

temperature, 𝑘𝑅𝑜𝑠𝑠to a coefficient related to the efficiency of the heat transfer 

between the PV module and the surrounding environment depending 

especially on the mounting configuration, and 𝐸𝑃𝑂𝐴 corresponds to the incident 

solar irradiance. However, in this case the global horizontal irradiance (𝐺𝐻𝐼) 
was used, as the tilt angle of the installed modules was unknown. The value of 𝑘𝑅𝑜𝑠𝑠 was set to 0.03, which corresponds to an intermediate value between a 

well cooled and a not so well cooled module [24], being unknown the 

configuration of the PV modules exposed. 

The UV fraction (𝑈𝑉𝑡𝑜𝑡𝑎𝑙) of the solar spectrum that includes UVA and UVB 

radiation can be estimated, as a first approximation, according to a linear model 

(equation 6.4) [25]: 𝑈𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑐1 ∙ 𝐸𝑃𝑂𝐴 + 𝑐2                   (Equation 6.4) 
The coefficient 𝑐1 is typically set to 0.5, whereas the coefficient 𝑐2 can be 

neglected. As well as for the calculation of the module temperature, also in this 

case the 𝐺𝐻𝐼 values are used instead of 𝐸𝑃𝑂𝐴. 

The data calculated as described above were then grouped into daily values 

according to the following criteria: 

 Maximum and minimum daily ambient temperature, 

 Maximum and minimum daily module temperature, 

 Mean daily relative humidity, 

 Maximum daily global horizontal irradiance.  

The UV dose is calculated as the integral of the global horizontal irradiance 

values over the timeframe considered, from the beginning of 2010 until the end 

of 2018.  

Figure 6.2 and Figure 6.3 describe the values of maximum and minimum daily 

ambient temperatures in the Caribbean and in Germany from 2010 until 2018. 

From the boxplot, Figure 6.2, it is interesting to notice how the maximum and 

minimum daily temperature values are quite stable. The median value for the 

maximum daily ambient temperature is about 26.9 °C, whereas the value for 

minimum daily ambient temperature is about 25.4 °C. The corresponding 

values for Germany are 12.2 °C and 5.3 °C, respectively. However, the range of 
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ambient temperature is much larger for Germany with respect to the Caribbean. 

The variation for Germany is between 35.2 °C (absolute maximum) and 

−14.2 °C (absolute minimum, with some outliers going down to −21.4 °C), 

whereas the variation for the Caribbean is between 29.3 °C (absolute maximum) 

and 22.2 °C (absolute minimum).  

 

Figure 6.2: Maximum and minimum daily ambient temperature from 2010 to 2018 in 

the Caribbean and in Germany, box plot. 

 

Figure 6.3: Maximum and minimum daily ambient temperature from 2010 to 2018 in 

the Caribbean and in Germany, time series. 

Even though the ambient temperature values in the Caribbean do not seem 

extreme, it is important to notice how the microclimate influences very much 

the conditions that the modules experience. The estimated module 

temperatures, which consider the increase of temperature due to irradiation, 

show how the actual module operating temperature might be very different 

from the surrounding environment, especially the maximum values.  
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The maximum module temperature estimated for the modules operating in the 

Caribbean, Figure 6.4 and Figure 6.5, ranges between 58 °C and 42 °C, with a 

median value of about 52 °C, whereas the minimum module temperature varies 

between 28.6 °C and 22.2 °C, with a median value of 25.5 °C. 

 

Figure 6.4: Maximum and minimum daily module temperature from 2010 to 2018 in 

the Caribbean and in Germany, box plot. 

 

Figure 6.5: Maximum and minimum daily module temperature from 2010 to 2018 in 

the Caribbean and in Germany, time series. 

As well as for the ambient temperature, the module exposed in Germany can 

experience more significant temperature variations throughout their lifetime. 

The module temperatures, indeed, can vary between about 58.5 °C and -14.2 °C. 

However, the operating temperatures of the modules exposed in Germany are 

generally lower than the module temperature in the Caribbean. Figure 6.5 

shows the evolution of module temperature over time for both locations. It is 
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possible to observe how the difference between maximum and minimum 

values is quite constant in the Caribbean, whereas it changes quite significantly 

for Germany showing very strong seasonality. It is noticeable how the 

temperature difference decreases during winter times and how it increases 

during summer seasons. The mean daily relative humidity values are 

represented in Figure 6.6 and Figure 6.7. The mean daily relative humidity in 

the Caribbean varies between about 90% and 70%, whereas the mean daily 

relative humidity in Germany varies between 99.5% and 44.5%. The median 

value for both locations is about 82%. Once again, the variations that can be 

achieved in Germany are much more pronounced than the variations that 

might take place in the Caribbean. 

 

Figure 6.6: Mean daily relative humidity from 2010 to 2018 in the Caribbean and in 

Germany, box plot. 

 

Figure 6.7: Mean daily relative humidity from 2010 to 2018 in the Caribbean and in 

Germany, time series. 
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The global irradiance values for Germany and the Caribbean are shown in 

Figure 6.8 and Figure 6.9. The irradiance values for the Caribbean are very high 

compared to Germany. The median value for the maximum irradiance in the 

Caribbean is about 845 W m−2, whereas it is about 419 W m−2 in Germany. 

Additionally, the estimated UV dose accumulated in the two locations in the 9 

years of the PV module operation is about 505 kWh m−2 for Germany and 

almost double for the Caribbean, about 968 kWh m−2. 

 

Figure 6.8: Maximum daily global horizontal irradiance from 2010 to 2018 in the 

Caribbean and in Germany, box plot. 

 

Figure 6.9: Maximum daily global horizontal irradiance from 2010 to 2018 in the 

Caribbean and in Germany, time series. 

In summary, the modules operating in the Caribbean might experience 

conditions that are not significantly affected from seasonality. Values of module 

temperature, relative humidity and irradiance are less variable over the years, 

but typically higher than the corresponding values in Germany. Modules 
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operating in Germany are more subject to seasonality and especially to thermal 

cycling with respect to the modules exposed in the Caribbean.  

The significant difference between the climate and especially the microclimate 

that the modules experience in the two locations would make them prone to 

different behavior upon exposure. The modules exposed in Germany, that 

experience thermal cycles especially during the summer, would be particularly 

sensitive towards mechanical stresses due to encapsulants thermal expansion. 

However, the more overall mild environmental conditions should not cause a 

significant material degradation for a well-designed configuration. On the 

other hand, the higher stresses that the modules exposed in the Caribbean 

might experience persistently during their lifetime might lead to severe 

material and performances degradation. 

6.4 Results  

6.4.1 PV modules performances and acetic acid concentrations 

The modules exposed to the tropical climate in the Caribbean showed a 

significant power degradation with respect to the reference module. The 

reference module did not show power decrease with respect to the nameplate 

value and the other relevant parameters did not show significant deviations. 

M3 and M4 showed 45% and 10% power loss, respectively, that was mainly 

associated with a drop in fill factor. The measured fill factor for M3 was 43.6% 

instead of 73.7% (nameplate value) and 68.3% for M4. Additionally, M3 and M4 

showed a decrease in short circuit current. The measured value was 7.77 A for 

M3 and 8.05 A for M4 instead of 8.27 A (nameplate value). No significant 

decrease in performance was reported from the PV system owner for the 

module exposed in the moderate climate (Germany). The electroluminescence 

images, displayed in Figure 6.10, showed evidence of acetic acid corrosion on 

the cells, characterized by a typical pattern with dark areas on the cells. 

The acetic acid concentration measurements were performed on EVA extracted 

from the reference module M1 and on EVA extracted from other two modules 

(not described in this study). The modules were the same as M3 and M4, were 

exposed in the same location of the tropical climate and were characterized by 

power loss values of 31% and 53%, respectively. Also, the degradation 

mechanisms observed for these additional two modules were the same as 



 

130 

described for M3 and M4, namely power loss associated with drop of fill factor, 

decrease of short circuit current and presence of typical acetic acid corrosion 

pattern on the electroluminescence images. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6.10: Electroluminescence images of reference module (M1) taken at 1/10 ISC 

(a) and ISC (b) forward current and module exposed in the Caribbean with 45% 

power loss (M3) taken at 1/10 ISC (c) and ISC (d) forward current. 

The concentration of acetic acid was equal to 82±14 µg/gEVA for the reference 

module (M1), to 498±87 µg/gEVA for the module with 31% power loss and to 

827±144 µg/gEVA for the module with 53% power loss. It is reasonable to assume 

that the values for M3 and M4 would have been included within the range 

mentioned above. These results are particularly interesting because they show 

how the acetic acid production upon exposure was severe for the EVA extracted 

from modules exposed in the tropical climate.  

6.4.2 Backsheet material identification 

As a preliminary procedure, the backsheets were cut and embedded in an 

acrylic resin to look at the cross section for further analysis. The so prepared 

samples were characterized by means of optical microscopy and FT-IR 

microscopy. The objective of the investigations was to determine the thickness 

of the different polymer layers constituting the backsheets and to identify the 
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polymers, respectively. The device used for the measurements mentioned 

above was an Olympus Microscope BX51 reflecting microscope. 

The materials constituting the backsheet were proven to be the same for each 

PV module. The identified structure for each backsheet can be seen in Figure 

6.11. Six layers were identified. Layer 1 corresponds to the outer layer of the 

backsheet, which is directly in contact with the environment, and was identified 

as PET.  

 

Figure 6.11: Microscope image of the cross section of a backsheet sample. 

Layers 2 and 3 are possibly an adhesive layer used to connect the outer layer 

with the core layer of the backsheet and from FT-IR analysis, it seems to be 

acrylate-based. Layer 4 is the core layer of the backsheet and it is PET based. 

Differently from the other layers, which appear to be transparent, the core layer 

is white looking due to the presence of whitening agents, presumably TiO2. 

Layer 5 is an additional adhesive layer and layer 6 is the inner layer in contact 

with the encapsulant material. The inner layer is based on polypropylene. All 

the backsheets analyzed are characterized by the same overall thickness that is 

about 300 µm.  

6.4.3 TD GC/MS 

The results of the TD-GC/MS measurements of EVA extracted from M1 

(reference module) are showed in Figure 6.12. The same additive composition 

was identified for materials extracted from all positions. A 2,6-bis(1,1-

dimethylethyl)-4-methyl phenol (also known as butylated hydrohytoluene, 
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BHT) was detected as primary antioxidant at a retention time of about 15 min. 

Additionally, a phosphoric acid, tris(2-ethylhexyl) ester was detected at about 

24.5 min and identified as a secondary antioxidant. Finally, a [2-hydroxy-4-

(octyloxy)phenyl]phenyl methanone was detected at about 27 min and it 

corresponds to an UV absorber. Interestingly, the primary antioxidant could 

not be detected in the front encapsulant, although no difference was reported 

in the bill of materials between front and back encapsulant. The same stabilizers 

detected in M1 could be detected also in M2. Once again, the primary 

antioxidant could not be in the front encapsulant, Figure 6.13. 

 

Figure 6.12: Chromatograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from the reference module. 

The qualitative additive analysis performed on M3, Figure 6.14, revealed the 

presence of the secondary antioxidant in the EVA samples withdrawn from 

each area of the PV module. The primary antioxidant was detected in the back 

encapsulant (P1, P2), not homogenously in the back encapsulant underneath 

the junction box (P3 but not in P4) and not detected in the front encapsulant. 

The UV absorber could be detected in the back encapsulant and could not be 

detected in the front encapsulant.  

The EVA withdrawn from M4, Figure 6.15, showed the same additive 

distribution as in M3. The back encapsulant was characterized by the presence 

of primary and secondary antioxidant and UV absorber. The back encapsulant 

underneath the junction box showed the secondary antioxidant and the UV 
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absorber, the primary antioxidant was not homogenously distributed. The front 

encapsulant showed only the secondary antioxidant. 

 

Figure 6.13: Chromatograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from the module exposed in Germany. 

 

Figure 6.14: Chromatograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from the first module exposed in the 

Caribbean. 



 

134 

 

Figure 6.15: Chromatograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from the second module exposed in the 

Caribbean. 

To summarize, the primary antioxidant could not be detected in the front 

encapsulant regardless the location of exposure, namely Germany or the 

Caribbean. The reference sample did not show presence of primary antioxidant 

in encapsulant as well as the other modules. Though the composition of front 

and back encapsulant should have been the same according to the information 

available in the bill of materials, the results showed a discrepancy. The back 

encapsulant, indeed, requires a more effective stabilization recipe towards 

oxidative reactions, as oxygen molecules might penetrate from the polymer 

backsheet in the first place. The encapsulant samples, withdrawn from M1 and 

M2, between the cell and the backsheet showed, indeed, presence of primary 

and secondary antioxidants. The modules exposed in the Caribbean, however, 

showed an inhomogeneous distribution of the primary antioxidant, which is 

missing in correspondence of the junction box. Higher temperatures developed 

near the junction box [26] might be the main cause of the stabilizer’s 
consumption in that area of the module. Additionally, the UV absorber could 

be detected in the front encapsulant of M1 and M2, but not in M3 and M4. 

Possibly, the higher levels of radiation that the modules experienced during 

exposure in tropical climate were too high and the stabilizer was no longer 
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effective after about 7 years of operation. A summary of the results can be seen 

in Table 6.1. 

Table 6.1: Summary of TD-GC/MS measurements of the encapsulants. 

 

Additive 

Back 

EVA 

(P1) 

Back 

EVA 

(P2) 

Back EVA 

J-Box (P3) 

Back EVA 

J-Box (P4) 

Front 

EVA (P5) 

M1 

Primary 

antioxidant 
    n. d. 

UV absorber      

Secondary 

antioxidant 
     

M2 

Primary 

antioxidant 
    n. d. 

UV absorber      

Secondary 

antioxidant 
     

M3 

Primary 

antioxidant 
   n. d. n. d. 

UV absorber     n. d. 

Secondary 

antioxidant 
     

M4 

Primary 

antioxidant 
  n. d.  n. d. 

UV absorber     n. d. 

Secondary 

antioxidant 
     

= detected, n. d. = not detected  

6.4.4 FT-IR ATR Spectroscopy 

EVA encapsulant samples were withdrawn from the modules in different areas 

to and FT-IR ATR spectroscopy measurements were performed to investigate 

possible changes in the chemical structure of the EVA’s surface in contact with 
different module’s materials. In particular, the measured side of the EVA 

samples taken from the backside was the one directly in contact with the 

backsheet, possibly more susceptible to oxidation, due to the shorter oxygen 
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transport pathway. For the EVA withdrawn from the front side, the side 

directly in contact with the glass corresponds to the surface object of the 

investigation. The characteristic bands of EVA were extensively discussed in 

the previous chapters (Chapter 3 and Chapter 4) and the most relevant bands 

and their assignments are summarized in Table 6.2.  

Table 6.2: FT-IR ATR spectroscopy bands of EVA and their assignments 

Wavenumber 

[cm–1] 

Assignment Remark  

2920 Asymmetric stretching vibration of 

CH2 

Ethylene moieties 

2850 Symmetric deformation vibration 

of CH2 

Ethylene moieties 

1736 C=O stretching vibration Vinyl acetate moieties 

1465 Asymmetric deformation vibration 

of CH2 

Ethylene moieties 

1370 Symmetric deformation of CH3 Ethylene moieties 

1238 C–O–C stretching vibration Vinyl acetate moieties 

1020 C–O–C stretching vibration Vinyl acetate moieties 

960-940 CH out-of-plane deformation 

vibration of vinyl ether 

Degradation product 

910 CH out-of-plane deformation 

vibration of vinyl 

Degradation product 

720 CH2 skeleton rocking vibration Ethylene moieties 

The typical bands for ethylene units are visibe at 2920 cm−1, 2850 cm‒1, 

1465 cm−1, 1370 cm−1 and 720 cm−1 (see Figure 6.16). The vinyl acetate related 

bands are located at 1736 cm−1, 1238 cm−1 and 1020 cm−1. The additional bands 

presents in the region between 1600 cm−1 and 1500 cm−1 might be related to 

additives and/or degradation products [27]. Looking at the spectra with a naked 

eye it seems that there are no significant differences between the materials 

extracted from different areas of the modules as well as from different modules.  
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Figure 6.16: FT-IR ATR Spectra of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from the reference module – M1 (a), from 

the module exposed in Germany – M2 (b), from the modules exposed in the 

Caribbean – M3 (c) and M4 (d). 

It seems that there is a small reduction in the intensity of the bands zooming in 

the region between 1800 cm−1 and 650 cm−1 related to vinyl acetate units for the 

samples taken from the front encapsulant in the modules exposed in the 

tropical climate (M3 and M4) with respect to the materials taken in different 

positions (Figure 6.17). The decrease the intensity of the bands in the region 

mentioned above is often associated to the occurrence of the deacetylation 

process. However, the trend seems to be very limited and no clear conclusions 

regarding material degradation might be derived from these results. 
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Figure 6.17: Zoom of FT-IR ATR spectra of EVA encapsulant withdrawn from 

different positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, 

P5 front encapsulant in the middle of the module) from the reference module – M1 

(a), from the module exposed in Germany – M2 (b), from the modules exposed in 

the Caribbean – M3 (c) and M4 (d). 

Oxidation indices were calculated based on the measured spectra of all the 

extracted materials at least three measurements were performed for each 

sample and averaged. The results are showed in Figure 6.18 and the error bars 

correspond to the standard deviation between the measurements. 

The samples extracted from the reference module (M1) showed similar OI 

values, regardless of the position of the module from where the sample was 

extracted. The OI values of the modules operating outdoor showed higher 

values compared to those of the reference module, although it was not possible 

to observe a clear trend between the different locations of exposure.  
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Figure 6.18: Oxidation indices measured from the ATR spectra of the encapsulants 

withdrawn from the four different module areas: back encapsulant (P1-P2), back 

encapsulant underneath the junction box (P3-P4), front encapsulant (P5). 

6.4.5 DSC 

Thermal properties of encapsulant extracted from the PV modules were 

characterized by means of DSC analysis and the results are shown in Figure 

6.19. The thermographs representing the first heating step of the DSC analysis 

showed a melting peak area between 29 °C and 78 °C for the reference module 

(M1). The module exposed in Germany, showed a melting area between 26 °C 

and 85 °C with multiple peaks observable in this area due to rearrangements of 

the crystalline structures due to melting of crystals and recrystallization at 

lower temperatures. The modules exposed in the Caribbean (M3 and M4) 

showed melting regions similar to the one observed for M2. However, subtle 

differences can be seen between the modules exposed in Germany and in the 

Caribbean. The latter, indeed, showed a more relevant melting area within the 

temperature interval 26 °C – 60 °C, whereas the module exposed in Germany 

showed peaks with more pronounced intensity at higher temperatures. This 

behavior could be explained with the different temperature that the polymers 

experienced during PV modules operation. As described in previous sections, 

Germany is characterized by more pronounced differences between maximum 

and minimum module temperature, especially during warm season. The 

temperature variation might have favored thermodynamic rearrangements of 

crystalline structures. 
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The melting peak temperatures extracted from the thermograms representing 

the second heating step of the DSC analysis are summarized in Figure 6.20. The 

melting peak of the materials extracted from the reference modules are, 

regardless the position, higher than the melting temperatures of the material 

extracted from modules exposed outdoor, regardless the location of exposure. 

The modules exposed in Germany and the Caribbean did not show a significant 

trend. The only relevant difference could be observed for the material extracted 

in P5 (front encapsulant between glass and solar cell). The samples extracted 

from the modules exposed in the Caribbean showed a melting peak 

temperature of about 55 °C, whereas the material taken from M2 showed a 

value of about 57 °C and the reference module a value of about 60.4 °C.  

 

Figure 6.19: DSC thermograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 

encapsulant in the middle of the module) from four modules (M1 – Reference, 
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exposed in Germany, M3 and M4 – exposed in the Caribbean). Thick lines are 

referred to first heating curves (FH), thin lines to second heating curves (SH). 

This behavior, once again, could be explained from the higher temperature 

reached by the encapsulant above the solar cell due to the effect of the solar 

radiation during the exposure time. The almost constantly higher module 

temperature experienced by the modules in the Caribbean most likely caused a 

reduction of the EVA molecular mass, resulting in a decrease of the melting 

temperature. Finally, the results of the crystallinity evaluation are displayed in 

Figure 6.21. The results did not show very significant differences. The samples 

extracted from the backside showed crystallinity values between 3% and 4%, 

without showing a particular trend. The samples extracted from the front side 

of the modules exposed in the Caribbean showed lower crystallinity values 

compared to the other modules. 

 

Figure 6.20: Melting peak temperatures extracted from the second heating curves of 

DSC thermograms for the EVA withdrawn from M1 to M4 in the areas: back 

encapsulant (P1-P2), back encapsulant underneath the junction box (P3-P4), front 

encapsulant (P5). 



 

142 

 

Figure 6.21: Crystallinity calculated from EVA melting peak in the second heating 

curves of DSC thermograms for the EVA withdrawn from M1 to M4 in the areas: 

back encapsulant (P1-P2), back encapsulant underneath the junction box (P3-P4), 

front encapsulant (P5). 

6.4.6 TGA 

The EVA encapsulant material extracted from the different areas of the PV 

modules was investigated by means of TGA and the results are shown in Figure 

6.22. The curves are very similar to one another and no clear differences can be 

identified by naked eye when looking at them. The only noticeable difference 

is that the residue at 550 °C is higher for all the samples extracted from the front 

side with respect to the samples extracted in the different areas of the module. 

The samples extracted from P1 to P4 are encapsulant removed from the 

backside of the module, between the solar cell and the polymer backsheet, 

whereas the P5 samples were taken out from the front side of the module, 

between the solar cells and the glass. During the extraction procedure, it was 

easier to detach the encapsulant from the backside of the cell rather than from 

the front. Additionally, the residue of the solar cells present on the front EVA 

were scratched manually to remove as much material as possible, however it 

was not possible to remove completely all the residues. This discrepancy in the 

sample preparation procedure might have led to a difference in the residue at 

the end of the measurements. T5 values were extracted from the thermograms 

of the extracted samples and the results are shown in Figure 6.23. Within the 
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same module, T5 values did not show significant differences regarding to the 

area of the module from which the materials were extracted. However, little 

differences could be observed when looking at the EVA taken from the same 

position of different modules. In this case, indeed, the T5 values of the 

thermograms related to EVA taken from the reference module are slightly 

higher that the T5 values referred to the encapsulant material taken from 

modules operating in the field, regardless of the location and regardless of the 

area of extraction. The results are in good agreement with the trend of the OI 

values described in chapter 4, namely the slight reduction in the materials’ 
thermal stability well correlates with an initial occurrence of materials’ 
oxidation.  

 

Figure 6.22: TGA thermograms of EVA encapsulant withdrawn from different 

positions (P1-P2 back encapsulant, P3-P4 back encapsulant junction box, P5 front 
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encapsulant in the middle of the module) from the M1 (a), M2 (b), M3 (c) and M4 

(d). 

However, it is important to notice that neither results from TGA nor results 

from FT-IR ATR measurements did show evidence of acetic acid production 

even though high acetic acid concentrations were detected by means of ion 

chromatography. It seems that even high concentrations of acetic acid are below 

the limit of detection for the deacetylation reaction using FT-IR ATR or TGA.  

 

Figure 6.23: T5 values extracted from TGA measurements performed on EVA 

encapsulant materials taken from different areas (P1 to P5) of the four PV modules 

(M1 to M4). 

6.5 Influence of microclimate on polymer behavior 

The modules exposed in tropical climate showed very strong power loss (about 

45% for M3 and about 10% for M4) compared to the reference sample. No 

significant performance loss was reported from the PV system owner for the 

module operating in moderate climate (M2). The power loss was associated 

with a decrease of fill factor and short circuit current. The decrease in fill factor 

was associated with corrosion of metallization and cell degradation. The acetic 

acid measurements showed that the modules that experience power losses 

between 31% and 53% were characterized by acetic acid concentration 6-10 

times higher than the reference module (M1). Interestingly, even though 

significant acetic acid amount was detected via ion chromatography and clear 
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evidences could be seen from electroluminescence images, no relevant signs of 

deacetylation could be determined via FT-IR ATR spectroscopy or TGA. The 

most significant difference that could be detected was related to the thermal 

properties when observing the melting peak of the second heating curve. The 

results showed a decrease of the temperature for all the field exposed modules 

with respect to the reference. In particular, the materials extracted from M3 and 

M4 in P5 showed a further decrease of the melting peak temperature, and about 

5 °C of difference could be detected with respect to the reference module. Based 

on this evidence, it seems that DSC would be the most sensitive method, 

compared to FT-IR ATR spectroscopy and TGA, to detect changes in molar 

mass for EVA encapsulant. Ion chromatography remains the main 

characterization method able to provide quantitative values of acetic acid 

concentrations.  

The estimated module temperature based on satellite data for the Caribbean 

was quite higher than the estimated module temperature for Germany. This is 

due to generally higher ambient temperature in the Caribbean and especially 

to high solar radiation, which is almost double than the radiation estimated for 

Germany. A high module temperature combined with a generally high 

humidity throughout the operating time favored the occurrence of 

deacetylation. This reaction caused the reduction of molecular mass of the EVA 

and could be seen from the decrease of its melting temperature detectable in 

the second heating curve. Additionally, from the methodology point of view, it 

is once again interesting to see how even a slight increase of the OI calculated 

using FT-IR ATR spectra well correlated with slight decrease of thermal 

stability for the materials object of the investigation.  

6.6 Summary and conclusions 

In this chapter, four PV modules characterized by the same bill of materials 

were object of the investigation. Three of the four modules were in field 

operation of two different locations, Germany and the Caribbean, for about 7 

years. After this time, the performances of the module exposed in the Caribbean 

significantly degraded, whereas the module exposed in Germany did not 

experience significant and unexpected power losses. Additionally, the extent of 

the power loss was not homogeneous  
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From the analysis of the satellite-based climate, it resulted that the PV module 

exposed in the Caribbean experienced an almost double UV dose with respect 

to the module exposed in Germany during the operating timeframe. 

Additionally, the Caribbean climate is characterized by generally higher 

ambient temperature and humidity values than the one typical of the German 

climate. High ambient temperature and high solar radiation result in a much 

higher module temperature throughout the whole year. Those factors can be 

translated into very high stresses that PV materials have to withstand in the 

Caribbean during operation. The German climate is more subject to seasonality 

and it seems that the temperature differences (thermal cycles) might be the most 

relevant stress parameter for PV materials in this type of climate. The modules 

exposed in the Caribbean experienced the most relevant damage even though 

the extent of the damage was not homogeneous. The power loss could be 

correlated especially to the acetic acid production. 
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7 Summary 

The lifetime of polymeric materials exposed in the environment is affected by 

several factors such as intrinsic stability, additives and stabilizers, climatic 

conditions, microclimate and so on. Polymers used as encapsulant materials are 

supposed to last in the environment for at least 25 years and it is very important 

that they are able to withstand the conditions that they will face. Additionally, 

the understanding of the degradation mechanisms taking place during 

operation is everything but an easy task especially when multiple stressors are 

acting simultaneously. 

Even though EVA is still the most widely used encapsulant, its degradation 

mechanisms taking place during operation are not yet completely understood, 

this is also because of the variety of formulations available on the market. Each 

stabilization package and combination with different PV module components 

might potentially lead to different degradation pathways. New materials are 

continuously developed and offered as a potential replacement for EVA to 

overcome the issues associated with its use. For this reason, it is necessary to 

evaluate the stability of the alternative materials and to investigate their 

behavior under the effect of typical environmental stress factors.  

A comparison of the performances of POE and TPO encapsulants with respect 

to EVA was presented in the first part of the thesis. The materials were exposed 

to different artificial ageing tests (with and without UV irradiation). All the 

encapsulant did not show significant changes after the exposure to DH test. 

Among the tested materials, TPO showed the worst behavior upon UV 

exposure ant that was characterized by strong presence of oxidation products, 

significant discoloration, embrittlement and severe decrease of thermal 

stability. The antioxidant present in the reference TPO was depleted already in 

the early stages of exposure, thus leaving the material unprotected from the 

action of the irradiation. EVA and POE were characterized by a different 

stabilization recipe, which proved to be more effective in protecting the 

polymers from degradation up to higher UV doses. However, the materials 

showed evidence of consumption of stabilizers, signs of oxidation, decrease of 

thermal stability and discoloration in correspondence of the highest UV dose 

applied. From the methodological point of view, a good correlation was found 
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between increase of oxidation indices calculated from FT-IR ATR spectroscopy 

measurements and decrease of T5 values calculated from TGA in 

correspondence of depletion/consumption of stabilizers, in particular 

antioxidants.  

The second and third part of the thesis dealt with further investigation of EVA 

degradation behavior considering different microclimates, corresponding to 

sample configurations, exposure to artificial ageing and natural weathering in 

different climates. An additional topic of interest was the change of materials 

properties and characteristics and the effect on changes of PV module 

performances. Mini-modules exposed to different artificial ageing tests were 

considered in the second part of the thesis, whereas full scale modules 

operating in different climates were object of investigation for the third and 

final part. In particular, the second part of the thesis showed that the exposure 

of mini-modules to UV and especially UV-DH combined test causes the most 

relevant changes in electrical performances and encapsulant properties. The 

power losses were more relevant for modules exposed to UV-DH combined test 

and associated especially with decrease in short circuit current, due to 

yellowing of the encapsulant. The mini-modules were laminated so that excess 

of EVA encapsulant was present on the outer perimeter of the glass. In presence 

of oxygen (excess of encapsulant material directly exposed to the environment) 

it was possible to observe at the end of the exposure consumption of stabilizers 

(especially BHT antioxidant) with consequent yellowing, formation of 

oxidation products, chain scission phenomena with effect on thermal properties 

and thermal stability. A similar behavior could be seen for the EVA directly 

exposed in the first part. The illuminated samples, instead, showed. The same 

trend, with different impacts depending on the artificial ageing procedure 

applied (dry UV test or UV-DH combined test) could be seen also in the 

laminated EVA.  

Bare EVA samples exposed to DH test did not show significant changes in 

thermal stability, chemical composition and presence of stabilizers, in 

accordance to what was showed in the first part of the thesis. The same trend 

could be seen in this chapter for the laminated encapsulant between cell and 

glass and between backsheet and glass. The PV module stack including solar 

cells, glass and backsheet were proven to have a significant effect of changes in 
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polymer properties upon UV and UV-DH combined exposure, thus 

substantiating how the microclimate can affect polymer behavior. 

The final part of the thesis showed how the climate and especially the 

microclimate that the polymers see during the operation of the PV modules has 

a tremendous impact on the performances and the degradation phenomena 

taking place. Three PV modules with EVA as encapsulant and with the same 

bill of materials have been in operation in for about 8 years in moderate 

(Germany) and tropical climate (the Caribbean). A fourth module was stored 

as a reference during the same period. The results showed that the modules 

exposed in the tropical climate experienced the most severe power degradation, 

associated especially with corrosion phenomena due to acetic acid production. 

The acetic acid concentration was detectable by means if ion chromatography 

and electroluminescence images, but evidence of deacetylation reaction could 

not be detected by means of FT-IR ATR spectroscopy or TGA, possibly because 

below of the limit of detection for these methods. Chain scission processes 

could be detected observing the Tm values of the DSC second heating run. 

Moreover, the qualitative additive analysis showed that a consumption of the 

antioxidant took place for the encapsulants in the area of the PV module 

beneath the junction box for the modules exposed in tropical climates. 

Additionally, the UV absorber was no longer detectable in the front encapsulant 

of the modules exposed to tropical climates.  

The results presented in this thesis showed how the microclimate has a 

fundamental effect in determining how the materials behave upon the exposure 

to environmental stress factors. The work additionally showed that the 

degradation mechanisms taking place follow complex pathways interacting 

with each other. From the methodology point of view, good correlation was 

found between consumption of antioxidants, increase of OI and decrease of T5 

values. The outcomes of this work can be useful to the PV community to better 

understand the interactions between materials upon exposure. Additionally, 

this work showed hot it is necessary to look not only at the overall properties 

of the encapsulants but also to the changes in the additives present in the 

polymers, to better understand degradation mechanisms and their effects. 

Further work and effort should be focused on making the additive analysis not 

only qualitative, but also quantitative, which might be particularly challenging 
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in case of strongly degraded polymers. Furthermore, the presented 

methodology could be applied to test the reliability of PV modules with 

alternative encapsulants such as POEs and TPOs. As in the future more and 

more modules with different encapsulants will be on the market, possibly new 

degradation modes will be observed. Having a known portfolio of 

characterization methods able to describe polymer ageing in PV application is 

already a good starting point to analyze and understand the causes of possible 

damages. A graphical summary of the main findings of the thesis can be seen 

in Figure 7.1. 

 



 

154 

 

Figure 7.1: Summary of stress factor, effects on material properties and PV power output. 


