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Abstract

The global expansion of photovoltaics (PV) is increasingly confronted with limitations in
specific geographic contexts, such as densely populated urban centres and mountainous
regions, where land availability constrains large-scale field-deployed installations. This has
driven the need for integrated PV (IPV) in the built environment. However, conventional glass-
glass modules are often too heavy or rigid for lightweight infrastructures. Transitioning to
glass-free, polymer-based architectures is essential for enabling flexible, lightweight designs,
yet this shift fundamentally redefines the requirements for the polymeric stack, which must

now provide the structural integrity and environmental protection formerly offered by glass.

This thesis establishes a scientific framework for application-specific, glass-free PV designs
by characterizing the physical, chemical, and thermomechanical behaviour of polymeric
materials. Through five systematic studies, the research investigates diverse pathways,
ranging from structural reinforcements to specialized thin-film coatings, and evaluates their

performance under accelerated aging and varying processing conditions.

The research first addresses the loss of structural rigidity resulting from the removal of the
glass layer by evaluating thermoplastic honeycomb sandwich composites (HSCs).
Polypropylene-based HSCs were identified as viable glass substitutes due to a coefficient of
thermal expansion (CTE) comparable to solar glass, maintaining stable material properties
after accelerated aging exposure. In the context of building-integrated steel facades, the study
identifies that while adhesion to building elements can be achieved via various bonding
approaches, moisture-driven interfacial weakening remains a critical failure mode. The results
indicate that further optimization, including the transition toward monolithic backsheets, is

necessary to ensure a 25-year service life.

For flexible CIGS and thin-film applications, a screening methodology revealed that
polyurethane (PU) formulations provide the optimal balance of adhesion and optical clarity.
Crucially, the work demonstrates that standard industrial aging tests (e.g., 1000h damp heat)
often over-stress these materials, leading to costly over-engineering for shorter-lived
consumer products. Finally, an in-depth analysis of encapsulants revealed that manufacturing
history and lamination duration significantly impact thermomechanical stability. These
findings exposed inconsistent behaviours in co-extruded materials, which led to a systematic
characterization of commercially available ethylene vinyl acetate-polyolefin-ethylene vinyl
acetate (EPE) encapsulants. This investigation revealed that EPE encapsulants are highly
variable in their properties, with ethylene vinyl acetate (EVA) still comprising up to 64% of the
volume, thereby challenging the industry assumption that these multi-layer stacks offer

inherently enhanced protection compared to single-layer EVA encapsulants.
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This work proves that glass-free PV is not a "plug-and-play" transition. Success depends on
a three-stage integration strategy: fundamental material characterization, lamination process
adaptation, and targeted optimization of hydrolysis resistance. By matching the material stack
to the specific operational environment rather than relying on generalized industrial labels,
this thesis provides the scientific foundation necessary for the next generation of adaptable,

high-reliability photovoltaic systems.
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Kurzfassung

Die weltweite Verbreitung der Photovoltaik (PV) stoRt in bestimmten geografischen
Kontexten zunehmend an Grenzen, beispielsweise in dicht besiedelten Ballungsraumen und
Bergregionen, wo die Verfiigbarkeit von Flachen den Bau grofRer PV Anlagen einschrankt. Dies
hat den Bedarf an integrierter Photovoltaik (IPV) im Bauwesen vorangetrieben. Herkommliche
Glas-Glas-Module sind jedoch oft zu schwer oder zu starr flr bestehende Infrastrukturen. Der
Ubergang zu glasfreien, polymerbasierten Architekturen ist unerlisslich, um flexible, leichte
Konstruktionen zu ermoglichen. Dieser Wandel definiert jedoch die Anforderungen an den
Polymerverbund grundlegend neu, da dieser nun die strukturelle Integritdat und den Schutz

gegeniber Umwelteinfliissen gewdahrleisten muss, die zuvor durch Glas geboten wurden.

Diese Arbeit schafft einen wissenschaftlichen Rahmen fir anwendungsspezifische,
glasfreie PV-Konstruktionen, indem sie das physikalische, chemische und thermomechanische
Verhalten von Polymermaterialien charakterisiert. Anhand von fiinf systematischen Studien
untersucht die Forschung verschiedene Ansatze, die von strukturellen Verstarkungen bis hin
zu speziellen Dinnschichtbeschichtungen reichen, und bewertet deren Leistung unter

beschleunigten Alterungsbedingungen und unterschiedlichen Verarbeitungsbedingungen.

Die Studie befasst sich zunachst mit dem Verlust der strukturellen Steifigkeit, der durch
das Entfernen der Glasschicht entsteht, und untersucht dazu thermoplastische
Wabensandwichverbundwerkstoffe (HSCs). HSCs auf Polypropylenbasis wurden als geeignete
Glasersatzmaterialien identifiziert, da sie einen mit Solarglas vergleichbaren
Warmeausdehnungskoeffizienten (CTE) aufweisen und ihre Materialeigenschaften auch nach
beschleunigter Alterung stabil bleiben. Im Zusammenhang mit gebdudeintegrierten
Stahlfassaden stellt die Studie fest, dass zwar die Haftung an Bauelementen durch
verschiedene Verklebungsverfahren erreicht werden kann, feuchtigkeitsbedingte
Schwiachung der Grenzfliche jedoch weiterhin ein kritischer Versagensmodus bleibt. Die
Ergebnisse deuten darauf hin, dass eine weitere Optimierung, einschlieRlich des Ubergangs zu
monolithischen Riickseitenfolien, erforderlich ist, um eine Lebensdauer von 25 Jahren zu

gewahrleisten.

Fir flexible CIGS- und Diinnschichtanwendungen ergab eine Screening-Methodik, dass
Polyurethan (PU)-Formulierungen das optimale Gleichgewicht zwischen Haftung und
optischer Klarheit bieten. Die Arbeit zeigt, dass standardmaRige industrielle Alterungstests (z.
B. 1000 Stunden feuchte Hitze) diese Materialien oft tiberbeanspruchen, was zu kostspieliger
Uberdimensionierung bei kurzlebigen Konsumgiitern fiihrt. SchlieRlich ergab eine eingehende
Analyse der Verkapselungsmaterialien, dass die Herstellungsgeschichte und die

Laminierungsdauer einen erheblichen Einfluss auf die thermomechanische Stabilitat haben.



Diese Erkenntnisse deckten uneinheitliche Verhaltensweisen bei coextrudierten Materialien
auf, was zu einer systematischen Charakterisierung handelsiblicher Ethylen-Vinylacetat-
Polyolefin-Ethylen-Vinylacetat (EPE)-Verkapselungsmaterialien fihrte. Diese Untersuchung
ergab, dass EPE-Verkapselungsmaterialien in ihren Eigenschaften sehr variabel sind, wobei
Ethylen-Vinylacetat (EVA) immer noch bis zu 64 % des Volumens ausmacht, was die in der
Branche verbreitete Annahme in Frage stellt, dass diese mehrschichtigen Verbundstoffe im
Vergleich zu einlagigen EVA-Verkapselungsmaterialien von Natur aus einen besseren Schutz

bieten.

Diese Arbeit belegt, dass glasfreie PV keine ,Plug-and-Play“-Umstellung ist. Der Erfolg
hangt von einer dreistufigen Integrationsstrategie ab: grundlegende
Materialcharakterisierung, Anpassung des Laminierungsprozesses und gezielte Optimierung
der Hydrolysebestdandigkeit. Indem der Materialstapel an die spezifische Betriebsumgebung
angepasst wird, anstatt sich auf verallgemeinerte industrielle Bezeichnungen zu verlassen,
liefert diese Arbeit die wissenschaftliche Grundlage fiir die nachste Generation

anpassungsfahiger, hochzuverldssiger Photovoltaiksysteme.



Samenvatting

De wereldwijde uitbreiding van fotovoltaische systemen (PV) stuit in bepaalde
geografische contexten steeds vaker op beperkingen, zoals in dichtbevolkte stedelijke centra
en bergachtige gebieden, waar de beschikbare ruimte grootschalige installaties in het veld in
de weg staat. Dit heeft geleid tot een toenemende behoefte aan geintegreerde PV (IPV) in de
gebouwde omgeving. Conventionele glas-glasmodules zijn echter vaak te zwaar of te stijf voor
lichtgewichtconstructies. De overgang naar glasvrije, op polymeren gebaseerde architecturen
is essentieel om flexibele, lichtgewicht ontwerpen mogelijk te maken, maar deze verschuiving
herdefinieert fundamenteel de eisen die aan de polymeerstapel worden gesteld, die nu de
structurele integriteit en milieubescherming moet bieden die voorheen door glas werd

geboden.

Dit proefschrift biedt een wetenschappelijk kader voor toepassingsspecifieke, glasvrije PV-
ontwerpen door het fysische, chemische en thermomechanische gedrag van
polymeermaterialen te karakteriseren. Aan de hand van vijf systematische studies onderzoekt
het onderzoek diverse benaderingen, variérend van structurele versterkingen tot
gespecialiseerde dunne-filmcoatings, en evalueert het de prestaties ervan onder versnelde

veroudering en variérende verwerkingsomstandigheden.

Het onderzoek richt zich in eerste instantie op het verlies aan structurele stijfheid als
gevolg van het verwijderen van de glaslaag, door thermoplastische
honingraatsandwichcomposieten (HSC’s) te evalueren. HSC’'s op basis van polypropyleen
werden aangemerkt als geschikte vervangingsmaterialen voor glas, omdat ze een thermische
uitzettingscoéfficient (CTE) hebben die vergelijkbaar is met die van zonneglas en hun
materiaaleigenschappen stabiel blijven na blootstelling aan versnelde veroudering. In de
context van in gebouwen geintegreerde stalen gevels stelt de studie vast dat, hoewel hechting
aan bouwelementen via verschillende verlijmingsmethoden kan worden bereikt,
vochtgedreven verzwakking van het grensvlak een kritieke faalmodus blijft. De resultaten
wijzen erop dat verdere optimalisatie, waaronder de overgang naar monolithische

achterplaten, noodzakelijk is om een levensduur van 25 jaar te garanderen.

Voor flexibele CIGS- en dunnefilmtoepassingen bleek uit een screeningmethode dat
polyurethaan (PU)-formuleringen de optimale balans bieden tussen hechting en optische
helderheid. Cruciaal is dat het onderzoek aantoont dat standaard industriéle
verouderingstests (bijv. 1000 uur vochtige warmte) deze materialen vaak te zwaar belasten,
wat leidt tot kostbare overengineering voor consumentenproducten met een kortere
levensduur. Ten slotte bleek uit een diepgaande analyse van inkapselingsmaterialen dat de

productiegeschiedenis en de laminatieduur een aanzienlijke invloed hebben op de
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thermomechanische stabiliteit. Deze bevindingen brachten inconsistent gedrag in co-
geéxtrudeerde materialen aan het licht, wat leidde tot een systematische karakterisering van
in de handel verkrijgbare ethyleenvinylacetaat-polyolefine-ethyleenvinylacetaat (EPE)
inkapselingsmaterialen. Dit onderzoek bracht aan het licht dat EPE-inkapselingsmaterialen
zeer variabel zijn in hun eigenschappen, waarbij ethyleenvinylacetaat (EVA) nog steeds tot
64% van het volume uitmaakt, wat de aanname van de industrie in twijfel trekt dat deze
meerlaagse stapels inherent betere bescherming bieden in vergelijking met enkellaagse EVA-

inkapselingsmaterialen.

Dit onderzoek toont aan dat de overgang naar glasloze PV geen kwestie is van ‘plug-and-
play’. Het welslagen hangt af van een integratiestrategie in drie fasen: fundamentele
materiaalkarakterisering, aanpassing van het lamineerproces en gerichte optimalisatie van de
hydrolysebestendigheid. Door de materiaalopbouw af te stemmen op de specifieke
gebruiksomgeving in plaats van uit te gaan van algemene industriéle classificaties, legt dit
proefschrift de wetenschappelijke basis die nodig is voor de volgende generatie aanpasbare,

uiterst betrouwbare fotovoltaische systemen.

Xl



List of abbreviations

BAPV building attached photovoltaics

BIPV building integrated photovoltaics

BoM bill of material

CIGS copper indium gallium (di)selenide

CTE coefficient of thermal expansion

DH damp heat

DIC digital image correlation

DMA dynamic mechanical analysis

DSC differential scanning calorimetry

EPE EVA-POE-EVA

ETFE ethylene tetrafluoroethylene

EVA ethylene vinyl acetate

FEM finite element method

FTIR Fourier-Transform Infrared Spectroscopy
Ge degree of crosslinking according to residual enthalpy
GFRP glass fibre reinforced polymer

GHFM guarded heat flow meter

GwmrF degree of crosslinking according to melt/freeze
HDGS hot dip galvanised steel

HIT heterojunction

HSC honeycomb sandwich composite

IEC International Electrotechnical Commission
IPV integrated photovoltaics

NIR near-infrared

PC polycarbonate

PCA principal component analysis

PCT pressure cooker test

PERC passivated emitter and rear cell
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PET polyethylene terephthalate

PID potential-induced degradation
POE polyolefin

PP polypropylene

PSC perovskite solar cell

PU polyurethane

PV photovoltaic

TC thermal cycling

Tc crystallization temperature
TGA thermogravimetric analysis

Tm melting temperature

TOPCon tunnel oxide passivated contact
TPO thermoplastic polyolefin

uv ultraviolet

uvID ultraviolet-induced degradation
VIPV vehicle-integrated photovoltaics
WVTR water vapor transmission rate
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1 Introduction

The solar energy had a shy start in 1839 with the observation of the photovoltaic (PV)
effect by Alexandre Edmond Becquerel [1]. However, practical progress remained limited for
more than a century. In 1954, researchers at Bell Laboratories developed the first modern
silicon solar cell, achieving an efficiency of approximately 4% [2]. Initially, these cells were
primarily used in space applications due to their high cost [1,2]. Over the following decades,
advances in device design steadily increased conversion efficiencies, with laboratory silicon
cells now approaching 28% [3] and gradually nearing the theoretical maximum of 33% for

single-junction devices [4].

In the early 1970s, PV installations began to appear in remote and off-grid applications
such as offshore platforms and isolated buildings [5]. Since the 1990s, the global deployment
of solar technologies has expanded dramatically, growing from a few megawatts to hundreds
of gigawatts annually [1]. Rising manufacturing volumes and declining module costs enabled
PV modules to penetrate a wide range of markets beyond space and remote terrestrial
applications [1,5]. Alongside crystalline and amorphous silicon technologies, several thin-film
approaches emerged, including gallium arsenide (GaAs), cadmium telluride (CdTe), copper
indium gallium (di)selenide (CIGS), organic photovoltaics (OPV), and perovskite solar cells
(PSC) [6]. While some of these technologies achieved high laboratory efficiencies, others, like
OPV, faced challenges in scaling and long-term stability due to environmental sensitivities such
as moisture exposure [7]. Today, the industry remains dominated by crystalline silicon
technologies based on p-type and n-type cell technology [8]. The global installed capacity has
surpassed 2 TW, with projections indicating continued growth as PVs play an increasingly

important role in the global energy transition [8-10].

The rapid expansion of PV modules has also come upon land availability limitations,
particularly in densely populated or mountainous regions where large field-deployed
installations are constrained [11-13]. This has driven the development of alternative
deployment strategies that generate electricity without competing with conventional land
use. Examples include agrivoltaics [14], floating PV systems [15], and various integrated
photovoltaics (IPV), such as building-integrated photovoltaics (BIPV) [16], vehicle-integrated

photovoltaics (VIPV) [17], and small consumer products.

Early IPVs were largely limited to simple two-dimensional modules in building envelopes,
with roof attachment being the preferred strategy due to ease of installation and maximum
solar exposure. Recent technological advances and increase in module efficiency, together
with supportive policies and climate regulations, have accelerated their adoption in diverse

urban and industrial environments [18]. Many countries now encourage or mandate
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renewable energy generation at the building design stage, supporting the transition toward
net-zero-energy buildings [19,20]. However, limitations remain: PV modules can be heavy and
may not be suitable for lightweight structures, industrial complexes, or historical buildings,

and aesthetic considerations often require custom designs [18,21].

Recent developments illustrate how IPVs are expanding beyond conventional module
formats into specialized and application-specific designs, as illustrated by selected examples
in Figure 1. Lightweight and flexible module concepts, pavement-integrated modules, glass-
free PV systems, and portable solar devices enable integration into surfaces and structures
previously unsuitable for conventional PV technologies. Many of these designs rely on
advanced polymer-based materials that enable lightweight structures, flexible geometries,

and adaptable module architectures [22—-25].

CC BY-SA-NC

Figure 1. Examples of IPV: a) Solarstratos - stratospheric solar-electric airplane [23], b) portable
charging station, c) invisible IPV terracotta rooftile for heritage building [22], d) IPV decorative
sculptural installation, e) Wattway project - solar road [24], and f) Soleva - refurbished van
with light weight PV attached to the roof [25].

By providing mechanical support and flexibility together with optical coupling and
environmental protection functions, polymer components play a central role in expanding the
practical deployment of IPVs across diverse applications. Despite these advantages, many
polymer-enabled solutions remain niche products with limited large-scale deployment.

Operational lifetimes can differ significantly from conventional field-deployed PV systems,
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which are typically designed for service exceeding 25 years. While shorter lifetimes may be
acceptable for portable or temporary applications, BIPV systems often require durability
comparable to conventional construction materials. Consequently, the current industrial BIPV
standard for crystalline silicon modules is the glass-glass architecture, which provides
enhanced mechanical stability, environmental protection, and compliance with building fire

regulations [26].

A central objective of this thesis therefore is to investigate material strategies for the
development of durable lightweight IPV module concepts, with a particular focus on polymeric
components. In addition, the suitability of alternative polymeric materials for structural and
protective functions in glass-free module designs is examined through the characterization of
commercially available construction and coating materials. Since IPV modules are often
integrated directly onto building envelope substrates, such as metal facade plates, integration
strategies based on different adhesion approaches are also studied from both a material and
module perspective. Furthermore, this work aims to help bridge the “innovation gap” created
by the rapid adoption of new materials by the photovoltaic industry. A primary example of
this gap is the transition toward co-extruded encapsulants, which have recently gained
significant market share despite limited publicly available scientific data on their material
properties. Consequently, the material properties of co-extruded encapsulants are
investigated and compared with those of established materials such as ethylene vinyl acetate

(EVA), with particular emphasis on their thermomechanical behavior.

In the Chapter 2, the individual module components are discussed in detail. Followed by
Chapter 3 on the functional roles of PV components, their material requirements, and the
characterization and degradation modes of polymer materials. Finally, Chapter 4 addresses
the development of material strategies and polymer-based solutions for lightweight, glass-

free IPV module designs.



2 PV module components

A PV module is a multilayer system in which several materials with distinct functions are
combined to ensure efficient energy conversion and long-term durability [27]. A typical PV
module is a laminate which, amongst others, consists of a front protective layer, encapsulant
materials, solar cells with their electrical interconnections, and a rear protective layer. Each
component fulfils specific functional roles, including optical transmission, electrical insulation,

mechanical support, and protection of the solar cells from environmental stressors [27].

The performance and durability of PV modules therefore depend strongly on the
properties of the individual materials and their interactions within the laminate structure [27].
Over the past decades, both module architectures and the materials used for individual
components have evolved significantly. Changes in solar cell technology, the emergence of
bifacial module designs, and increasing lifetime expectations have continuously driven the

development of new polymeric components, especially of encapsulants and backsheets [28].

Currently, the standard industrial architecture is a glass-glass module configuration, in
which glass is used on both the front and rear sides of the laminate. In this design, the
encapsulant represents the only polymeric material within the module stack. A schematic
representation of a standard PV module stack is shown in Figure 2. On the other hand, in IPV
modules, even though glass-glass modules are the dominant category, there is no standard
architecture [18]. A wide variety of designs exist and polymers play an important role in all

protective layers of the module stack [29].

o———— > Glass
————— Front encapsulant

» Solar cells with interconnections

e—— > Back encapsulant

o————— > Glass

Figure 2. The components of the standard glass-glass PV module.
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2.1 Frontsheet

The frontsheet serves as the interface between the solar cell and the environment,
necessitating a balance between high optical transmittance and mechanical resilience [27].
While various polymeric alternative materials [27], such as ethylene tetrafluoroethylene
(ETFE) [30], coated polyethylene terephthalate (PET) [31] and polycarbonate (PC) [32,33],
have surfaced over the last years, tempered low-iron glass remains the dominant frontsheet
material due to its unmatched balance of optical clarity, electrical insulation and
environmental resistance [27]. The primary role of the frontsheet is to provide mechanical
sturdiness, shielding the fragile solar cells from kinetic impacts, such as hail protection, wind
and snow loads, while maintaining high solar transmittance to maximize energy conversion
and keeping the moisture and oxygen out of the system. Historically, 3.2 mm glass was the
industry standard; however, the state of the art has transitioned toward thinner glass profiles
(typically 2.0 mm) [27]. This reduction in thickness is a critical trend driven by the need for
lightweight modules and the rise of bifacial glass-glass architectures, where weight reduction
is essential for structural integrity and ease of installation without compromising the module's
reliability [26].

2.2 Backsheet

The backsheet serves as a multi-functional barrier, providing electrical insulation for high-
voltage safety and environmental protection against moisture ingress, dirt and ultraviolet (UV)
degradation [27]. Mechanically, it offers the structural rigidity necessary to shield fragile cells
from wind and snow loads, while in BIPV applications, it can evolve into a primary construction
element such as a structural facade or a roofing tile [26]. Additionally, it plays a key role in
thermal and optical management, either reflecting light (white backsheet) to boost efficiency

or facilitating bifacial gain through transparency [34].

The historical evolution of backsheet technology oscillated between glass and polymeric
materials in response to cost and weight constraints [27]. While the early industry relied on
glass-glass configurations, the market eventually transitioned to polymeric backsheets. Firstly,
to multi-layer fluoropolymer laminated backsheets, then the laminated fluorine-free PET and
co-extruded polyolefin based backsheets, to double coated (CPC) backsheets [35,36]. The
reason for this transition was to achieve significant weight reductions and lower material
prices, while following newly imposed governmental regulations, such as PFAS reduction [36].
However, the current state of the art has witnessed a return to glass backsheet modules [8].
This shift is motivated by the superior moisture barrier properties of glass, which provide
better protection for advanced n-type cells [37,38], as well as improved mechanical rigidity

and fire safety [26]. Although glass-glass modules are heavier than their polymer-backed
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counterparts, the transition to thinner glass (e.g., 2.0 mm) and the resulting increase in energy
yield (bifacial gain) have made them the most economically competitive choice for long-term
reliability [8].

2.3 Solarcell

The technological heart of the PV module, the one converting solar energy to electricity,
is currently undergoing its most significant transition since the commercialization of silicon.
While p-type, passivated emitter rear cell (PERC) dominated the previous decade, the current
state of the art is defined by the rapid adoption of higher-efficiency n-type technologies,
specifically tunnel oxide passivated contact (TOPCon) and heterojunction (HJT) solar cells [6].
As of 2026, mass-produced n-type cells have pushed commercial module efficiencies beyond

23 - 25%, significantly outperforming the 21% ceiling of older p-type products [39].

The current "hot topic" in contemporary PV research are the perovskite and the
perovskite-silicon tandem cells. By layering a perovskite as a top-cell over a silicon bottom-
cell, these devices have shattered the single-junction Shockley-Queisser limit, with laboratory

records surpassing 35% efficiency [40].

Beyond silicon, thin-film technologies, particularly CIGS remain present in BIPV sector.
CIGS is favored for its flexibility, lightweight properties, and performance under low-light or
shaded conditions, making it suitable for solar facades and flexible roofing membranes where

rigid glass panels are impractical [41,42].
2.4 Encapsulant

The encapsulant layer serves as the internal binder of the PV module, and while the
chemical compositions have evolved, its fundamental functional roles remain constant:
providing mechanical embedding, optical coupling, electrical insulation, and structural

adhesion (gluing) between the cells and the outer layers [27].

For decades, EVA was considered the "golden cow" of the industry due to its low cost and
ease of processing. However, as the industry is moving toward high-efficiency n-type and
perovskite cells, and with the tendency of EVA to degrade in presence of humidity and release
acetic acid as by-product that can corrode interconnection and increase occurrence of the
potential induced degradation (PID) effect, it is no longer number one choice [43-46]. This has
led to the rise of polyolefin (POE) encapsulants [47], which offer superior moisture resistance
and chemical neutrality and development of the co-extruded EVA-polyolefin-EVA (EPE)
encapsulant (see Figure 3.). This co-extruded material combines the fast processability
(crosslinking) of EVA with the high-performance barrier properties of a polyolefin core, with

reduced costs compared to POE encapsulants [8,35].
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Figure 3. Microscope images of the cross-sections of two different a) and b) EPE encapsulant
types [48].

Other encapsulating materials have been used and studied as alternative to EVA, such as
ionomers, thermoplastic polyurethane (TPU), silicones and thermoplastic polyolefin (TPO)
[27,49,50]. Some of them continue to be researched and monitored but have yet to see
widespread commercial adoption compared to the dominant EVA, EPE and POE solutions.

2.5 Other components

Besides the primary components of the PV module stack, PV modules also include several
additional elements that contribute to their functionality and durability. These range from
essential components such as electrical interconnections to design-dependent elements
including junction boxes, edge seals, aluminum or steel frames, and anti-soiling coatings.
Although not part of the main stack structure, these components play important roles in
ensuring electrical connectivity (junction box), environmental protection (edge seal),
mechanical support (frame) and improved productivity (anti-soiling coatings) [27]. Recent
developments include efforts to reduce silver content in interconnections [51], eliminate lead
from soldering materials [52], and develop improved coatings to mitigate soiling and enhance
module performance [53]. However, as these components are not the focus of this thesis,

they will not be discussed further.



3 Functional Roles of PV components

The development of the lightweight IPV designs necessitates a fundamental re-evaluation
of the bill of materials (BoM). While glass-free architectures offer significant advantages in
terms of weight reduction and design versatility, they remove the protection provided by the
glass layer, placing unprecedented demands on polymeric components. This chapter moves
beyond a simple categorization of layers to a detailed investigation of their multi-functional
roles. Regardless of their chemical composition, the polymers explored in this thesis must
satisfy a rigorous set of optical, thermal, and mechanical criteria to ensure the suitability for

BIPV, optimal performance and reliability of the modules.
3.1 Optical properties

Transparency is a fundamental property in PV modules, as it directly impacts the overall
module efficiency. Most of the layers of the module stack contribute to light transmission to

some extent.

The frontsheet, in conventional PV modules, glass, provides excellent transparency, high

durability, and minimal degradation over time. When glass is replaced with polymeric
frontsheet materials, these optical properties must be closely matched to maintain module
performance. As previously mentioned, several polymer-based materials have been explored
for frontsheet applications. PC has been researched by various, it provides good optical clarity,
but it is prone to yellowing over time, however with right additives this can be delayed and
there are reported cases with PC used as the frontsheet in VIPV [33,54]. ETFE also offers high
optical transmittance and durability, with lower susceptibility to color change, but following
the recent EU incentives to reduce PFAS this type of frontsheet is less desirable [30].
Transparent coated PET films are also available on the market [55], though they are less
reported in the literature. In addition, for thin-film flexible PV modules advanced organic—

inorganic hybrid coatings have been explored as potential front layers [56].

The encapsulant layer ensures optical coupling between the frontsheet and the solar cells.

The optical properties of the encapsulant are directly influenced by the polymer type. EVA
generally exhibits higher transmittance than POE or EPE, due to lower polymer crystallinity
and higher crosslinking degree [47]. The optical properties can further be influenced by the
additives, such as UV absorbers or newly emerged UV-downshifting additives that convert UV
light into visible light [57,58]. Furthermore, optical properties of encapsulants are impacted
by processing conditions, particularly lamination parameters and cooling rates, for instance,
optimized cooling steps during vacuum lamination can reduce haze in POE, improving

transmittance [59].
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The backsheet layer plays a significant role in the optical behavior of the module,

particularly for bifacial or semi-transparent designs. Backsheet transmittance affects the
amount of light transmitted to the cells in bifacial modules and influence daylight transmission
in IPV applications [60]. Semi-transparent modules can provide shading or natural lighting in
buildings, or meet specific requirements in agrivoltaic systems, while opaque or colored
backsheets may be selected for visual integration or functional purposes. As with the
frontsheet and encapsulant, the optical performance of the backsheet is affected by polymer
type [61,62], additives and fillers (e.g. TiO2 for UV protection) [63] various protective coatings
(e.g. anti-scratch), and long-term material stability [64,65].

For seamless integration, besides backsheets, colored encapsulants, printed patterns,
matted or textured glass or frontsheet surfaces are often applied to improve aesthetic
integration into buildings, vehicles, or consumer products [66]. These modifications can
reduce direct light transmittance and therefore efficiency, but they enable architectural
flexibility and visual blending with the surroundings, for which lower generated energy is often

acceptable [66].

Optical properties of photovoltaic module materials are typically characterized using UV-
vis-NIR spectroscopy, covering the UV, visible (vis), and near-infrared (NIR) regions of the solar
spectrum [67—-69]. This spectral range corresponds to the wavelengths relevant for common
PV cells; crystalline silicon and CIGS solar cells absorb photons roughly between 300 and 1200
nm, while perovskite absorbers primarily utilize the visible region up to approximately 800 nm
[70,71]. Beyond the initial optical performance, spectral measurements also enable the
evaluation of changes occurring during service life. Degradation mechanisms such as
yellowing, haze formation, and additive consumption can be monitored through spectral
analysis [68], providing valuable insights for material selection and long-term module

reliability.

While light transmission is essential for photovoltaic energy conversion, exposure to solar
radiation and other environmental factors can also initiate degradation processes in both
polymeric materials and photovoltaic devices. The influence of environmental stressors on

module materials is therefore discussed in the following section.
3.2 Environmental protection

PV modules are exposed to a wide range of environmental stressors, and in the glass-free
IPV modules polymeric components must serve a dual protective role. On one hand, they
provide electrical insulation, preventing current leakage to surrounding structures, humans,
and animals (e.g. birds) from the solar cells. On the other hand, they protect fragile solar cells

and their interconnections from various stressors that can compromise performance [26].
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Effective environmental protection ensures safe module operation while maintaining

efficiency and long-term reliability.

While optical properties determine how much sunlight can get to the solar cells, the same
solar radiation that enables energy generation can also degrade module materials over time.
UV photons can initiate various degradation processes in the PV module components,
including the solar cells and polymeric layers. The degradation in solar cells is known as the
UV induced degradation (UVID) and it is recognized as one of the causes for the performance
loss in n-type solar cells [43,72]. Furthermore, polymer layers themselves are prone to
photooxidation which leads to chain scission that can cause material embrittlement and
yellowing or browning (see Figure 4. for backsheet yellowing) [73-75]. To mitigate UVID, and
photooxidation of polymer chains, polymer matrix formulations often incorporate stabilizing

additives such as UV absorbers and antioxidants (e.g. radical scavengers) [57].

Moisture ingress represents a critical environmental challenge for the reliability of PV
modules. Water vapor is in the gas form and can penetrate polymer layers, accumulate within
the module stack, and initiate a variety of degradation processes, including delamination,
corrosion, and cell degradation [76—78]. Therefore, maintaining strong barrier properties is

essential for both electrical safety and long-term module performance.

The barrier properties of polymeric materials are commonly evaluated using the water
vapor transmission rate (WVTR), which quantifies the amount of water vapor passing through
a defined surface area per day (g m™2 day™) [79]. Lower WVTR values of PV module
components indicate improved resistance to moisture-induced degradation. Encapsulants,
polymeric frontsheets and backsheets must provide effective moisture barriers. In a study by
M. Babin et al. [79], various polymeric materials were evaluated and compared. The results
showed that the WVTR of backsheets is one to two orders of magnitude lower than that of
encapsulants, that polar polymers exhibit significantly higher WVTRs than nonpolar polymers,
and that edge sealing plays a crucial role in limiting moisture ingress, even in glass-glass PV

modules.

For sensitive thin-film solar cells, the WVTR should be lower than 1 x 107® g m™2 day™,
which is difficult to achieve using polymer layers alone if long-term performance is required
[80,81]. However, for products with limited service lifetimes, polymer-based encapsulation

can be an appropriate choice when considering the trade-off between cost and durability.

In addition to radiation and moisture exposure, PV modules are also subject to surface
contamination from environmental sources. While outer layers protect the inner from
environmental stressors, dust, pollen, bird droppings, and other organic deposits may

accumulate on module surfaces during operation (see Figure 4.). In some cases, biological
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growth such as moss or mold may also develop on the surface of modules in humid
environments (see Figure 5. in subsection 3.3 Mechanical, thermomechanical and thermal
properties). Such contamination can reduce optical transmittance, create local shading
effects, and lead to the formation of hot spots that negatively affect power generation [82—
85]. To mitigate these effects, regular cleaning, and surface treatments of outer layers such as
anti-soiling or self-cleaning coatings are increasingly employed to reduce the accumulation of

contaminants and maintain optical performance [53].

Figure 4. The presence of the yellowing of the backsheet and the soiling layer on the PV
module [27].

While UV radiation, moisture ingress, and biological contamination represent important
environmental stressors, PV modules are also subjected to additional external loads during
operation. Mechanical stresses such as wind or snow loads, as well as thermal stresses arising
from temperature fluctuations and thermal cycling, can further influence the performance
and durability of the PV module. These mechanical and thermomechanical aspects are

discussed in the following section.
3.3 Mechanical, thermomechanical and thermal properties

PV modules are exposed to a wide range of mechanical loads throughout their
manufacturing processes and service life, including lamination [86,87], stresses during
transportation and installation [88], wind pressure [89], snow accumulation [90,91], hail
impact [92,93], etc. In conventional PV modules, the glass layers provide most of the structural
rigidity, protecting the brittle solar cells from excessive bending and deformation, while the

encapsulant, as the soft component, cushions the solar cells by absorbing mechanical loads.

11
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Even tempered glass, however, can fail under extreme conditions. For example, in Figure 5.,
hail caused breakage of a tempered glass layer, nevertheless, together with the encapsulant
layer the mechanical impact was absorbed. The module remains functional and is currently

monitored on the roof of the University of Leon, Spain.

When glass layers are replaced with lightweight polymeric materials in integrated PV
designs, the structural role of the module stack changes considerably. The reduced stiffness
of polymer-based architectures requires alternative design strategies to maintain mechanical
stability and protect the solar cells. Approaches explored in recent years include reinforcing
the back and front of the module with fiber reinforced composites, and integrating metallic
substrates or sandwich structures such as polymeric honeycomb cores on the backside of the
module [92,94-99]. Such designs leverage high stiffness-to-weight ratios, widely used in
engineering applications, to provide mechanical support while significantly reducing module
weight. Various testing methods exists for investigation of the mechanical properties of the
PV module, however, in dependence on how the PV module is integrated or attached to the
substrate, not all tests are needed nor compatible [100-102]. Regardless, hail tests, static and
cyclic loads, 4-point bending tests, amongst others should be included for the characterization

of any new components considered for the IPV module stack.

Figure 5. The glass breakage due to hail impact and the moss growing in the corner, the PV

module is still producing electricity under monitored conditions.

In addition to mechanical loads, PV modules are subjected to thermomechanical stresses

arising from differences in the coefficient of thermal expansion (CTE) under diurnal and

12
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seasonal temperature fluctuations [103—105]. As PV modules consist of a multilayer stack of
different materials, each with distinct CTE values, thermal expansion mismatches are
inevitable. The resulting cyclic expansion and contraction generate internal stresses that can
lead to various degradation mechanisms, such as interlaminar delamination, cell

displacement, and cracking [106—110].

Compared to glass and silicon, polymeric materials generally exhibit significantly higher
CTE values, as confirmed by several studies [111-113]. However, by reinforcing the polymer
matrix with glass fibers to form glass fiber reinforced polymer (GFRP) layers, the CTE can be
reduced substantially [114]. In addition, the CTE of polymers can be further reduced through
approaches such as biaxial chain orientation (e.g., in PET), annealing processes, or
reinforcement of the polymer matrix with fillers other than glass fibers [115,116]. The
encapsulant layer plays a central role in mitigating mechanical and thermomechanical
stresses, as it mechanically bonds the module layers and reduces stress transmission to the
solar cells [117]. Therefore, it is of utmost importance to accurately determine CTE values and
to predict material interactions and potential degradation mechanisms using finite element
modelling (FEM) [118].

Various measurement techniques, such as dynamic mechanical analysis (DMA),
thermomechanical analysis (TMA), and digital image correlation (DIC), have been employed
to characterize the thermomechanical behavior of encapsulants [111,119,120]. However, in
the literature, encapsulant CTE values used in FEM simulations are often simplified. Common
assumptions include linear elastic material behavior and a constant CTE of approximately 270
ppm over broad temperature ranges, frequently based on EVA as a reference material
[103,121-123].

Integration of PV modules into structural elements, such as steel facades, further
complicates the thermomechanical environment. In these applications, the module must
accommodate the thermal expansion of the supporting structure, which could differ from that
of the PV layers. For instance, solar glass typically exhibits a CTE of approximately 9 ppm [124],
while the stainless-steel substrate (e.g. ferritic grade) has a CTE of roughly 10-11 ppm
[125,126]. In contrast, the CTE of polymeric backsheets, depending on chemistry,
temperature, and layer configuration, ranges from 50 to 200 ppm [111]. When these materials
are bonded, the high-modulus glass or steel layers act as a mechanical restraint, severely
limiting the natural expansion and shrinkage of the polymer layers. This restrained movement
generates significant interlaminar shear stresses at the interfaces, particularly during thermal
cycling, which can lead to micro-cracking or adhesive failure [127]. Careful selection of
materials and design of interfaces are therefore essential to ensure mechanical compatibility

and prevent these stress-induced failures.
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Temperature interactions extend beyond the impact on the thermomechanical behavior
of PV module components. During the lamination process, all materials in the stack, beyond
the encapsulants, must withstand lamination temperatures while maintaining their
functionality, without undergoing any material changes such as melting or degradation.
During operation, solar cells can reach elevated temperatures and require efficient heat
dissipation to maintain optimal performance [128,129]. Materials in direct contact with the
cells and outer layers should therefore provide sufficient heat conductivity. Heat conductivity
of polymer materials is often limited and can be further challenged in insulated configurations
typical for IPV modules. Heat conductivity of BoM can impact the lamination process (e.g.

duration [94]) and module’s efficiency in IPV design [128].

Accurate characterization of thermal properties, including thermal transitions (glass
transition, melting and crystallization temperature), thermal degradation, and heat
conductivity, is necessary to prevent early power losses. Common measurement techniques
include differential scanning calorimetry (DSC) [68], thermogravimetric analysis (TGA) [68],
and guarded heat flow meters (GHFM) [130], while methods such as laser flash analysis (LFA)
[131] and infrared thermography [132] are also used to evaluate heat transport and

distribution within PV materials.
3.4 Structural integrity

The structural integrity of PV modules relies heavily on the adhesion between their
constituent layers. In conventional, integrated, and emerging PV module designs all
components are interconnected primarily through encapsulants. Encapsulants serve as the
main adhesive layer, bonding the solar cells to the front and back layers while simultaneously

distributing mechanical and thermal stresses across the module [27].

Beyond encapsulants, several other elements contribute to adhesion within the PV stack.
For instance, soldering flux enables adhesion between the interconnection ribbons and the
solar cells, ensuring stable electrical and mechanical connection [27]. In multilayer laminated
backsheets, polyurethane (PU) based adhesives are commonly employed to bond PET and
polyethylene (PE) or EVA layers, as well as other polymeric layers such as polyvinyl fluoride
(PVF), polyvinylidene fluoride (PVDF), and polypropylene (PP) [133]. Moreover, direct
integration of the PV stack on the construction elements such as aluminum or steel fagade
element can be achieved through adhesion via PV encapsulant or other adhesive layers
[134,135]. Strong and durable adhesion at this interface should be maintained throughout the

entire life time of the building element.

Adhesion within the PV laminate is governed by a combination of mechanical and chemical

mechanisms, ranging from micro-scale physical interlocking to molecular-level interactions
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such as covalent, hydrogen, and van der Waals bonding [136,137]. To optimize the interface
between dissimilar materials, adhesion can be significantly enhanced through chemical
promoters like silane coupling agents in the encapsulant [138], as well as surface
functionalization via plasma treatment [139] or mechanical profiling to increase effective
surface area [135]. Furthermore, the final bond strength is intrinsically linked to the material’s
thermal history, as the degree of crosslinking achieved during lamination impacts adhesion
strength [140].

Each component in the PV stack thus plays a functional role in maintaining adhesion, which
is crucial for long-term module performance. Delamination of any layer can lead to a wide

range of degradation mechanisms, including optical decoupling (see Figure 6.), reduced

efficiency, short-circuiting in interconnections, and accelerated moisture ingress [141].
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Figure 6. Delamination between the front layers in the PV stack.

Quantifying adhesion strength is essential, yet standardized thresholds are limited to
certain measurement techniques, such as cantilever beam methods [142]. While these
methods have been developed to test the adhesion strength, producers of encapsulant and
backsheet materials, as well as researchers in lack of suitable equipment, often rely on
alternative techniques such as 90° or 180° peel tests, T-peel tests, lap shear tests, or other
mechanical characterization methods which produce different and hard to intercompare
results [143—-145]. Furthermore, adhesion to construction components in IPV applications still

requires systematic determination and verification.

It is important to note that environmental stressors, including thermal cycling, moisture
ingress, mechanical loads, and UV exposure, can degrade adhesion over time [144,145]. These
factors can compromise the structural and functional integrity of PV modules and will be
discussed further in the concluding section of this chapter. Maintaining reliable adhesion
under diverse service conditions is therefore a central consideration in PV module design,

from conventional to integrated and glass-free architectures.
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3.5 Fire retardance

Fire behavior is an important consideration for IPV modules, with additional regulatory
and occupant-safety requirements applying specifically to BIPV systems integrated into
building envelopes [26]. BIPV modules are subject not only to electrical safety standards but
also to building regulations, including fire safety requirements [26]. Compliance with these
standards is essential to ensure that BIPV modules do not pose additional hazards to

occupants, rescue personnel, or adjacent structures during fire incidents [146,147].

While polymers enable novel module designs, they also introduce fire-related hazards that
must be carefully managed [148]. Polymer-containing PV modules can ignite under electrical
faults such as hotspots or arcing, or when exposed to external flame sources [149].
Combustion may produce flaming droplets, contribute to fire propagation, release toxic gases
and create toxic residues, all of which can increase danger to building occupants, spread of
fire and complicate firefighting operations [148,149]. The specific fire behavior depends on

the polymer type, composition, and position within the module stack.

In glass-glass PV modules, the glass layers can provide effective protection against
external fire exposure, allowing such modules to achieve the required fire classification for
roof systems (e.g., BROOF(t1)) [150]. However, in facade applications, the assessment criteria
differ, as the fire performance depends not only on the PV module itself but also on the entire
facade system [151]. Additional components, such as mounting structures, insulation, and
ventilated cavities, play a significant role in meeting fire classification requirements.

When glass is replaced and polymeric materials form the outer layers, their fire behaviour
becomes critical. In a study by U. Desai et al. [152], the fire behaviour of a honeycomb
sandwich composite backside was investigated according to I1SO 11925-2, targeting a
minimum classification of Class E under EN 13501-1 fire classification. To achieve this
classification, the flame spread (Fs) must remain below 150 mm within the specified test
duration. The results (Figure 7.) indicate that, with the exception of PPGF6, all samples
exhibited an Fs below 150 mm [152]. However, flaming droplets were observed for all samples
within the 2 s test period. This and other reported studies have a consistent observation:
polymer-based materials are combustible and may contribute to fire spread, particularly when

used as exposed outer layers, thereby posing an increased fire risk in fagade applications.
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Figure 7. Flammability test on four different honeycomb composite backsides with measured
Fs [152].

To mitigate these risks, several technological strategies can be employed. Flame-retardant
additives can be incorporated into polymer matrix during material processing, improving
resistance to ignition and slowing flame spread. The use of halogen-free flame-retardant
additives, including mineral, phosphorus-, nitrogen-, organosilicon-, and bio-based
compounds, which reduce environmental and health hazards compared to traditional
halogenated flame retardants is emphasized [148,149]. Additionally, intumescent coatings
can be applied to polymeric backsheets or other module surfaces. When exposed to heat,
these coatings expand and form an insulating char layer that limits heat and oxygen transfer
and helps prevent fire propagation [148,149]. Such coatings can be applied both during
production and, in some cases, to already installed modules. Challenges remain and yet have
to be investigated, regarding long-term durability, compatibility with lamination processes,
possible interlayer additive interaction or migration, and most of all the maintenance of

optical properties in the transparent components [148].

It should be noted that, while fire behavior represents an important consideration for
polymer-based BIPV, this thesis primarily focuses on material characterization and integration
strategies. Comprehensive fire testing and the optimization of fire-retardant systems remain

outside the scope of this work and are recognized as important directions for future research.
3.6 Degradation modes

While each component surrounding the solar cells fulfils a specific functional role, their
long-term durability and reliability under operational conditions cannot be assumed and must
be critically evaluated. As mentioned, PV modules are continuously exposed to a range of

environmental stressors that can affect their performance [141]. If the BoM and material
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combinations are not properly selected and tested, these stressors can induce degradation
processes that ultimately lead to power loss or even module failure [141]. While individual
stressors may trigger specific degradation modes, their combined action often accelerates

failure mechanisms and can result in severe or irreversible damage [153].

Reliability in PV modules is commonly described using the “bathtub curve,” which
distinguishes between early-life failures, a steady operational phase, and wear-out failures
[153]. Degradation mechanisms may occur at any stage of the module lifetime, from initial
deployment to end-of-life. Early identification of potential degradation pathways, material
interactions, and weaknesses in BoM combinations is therefore crucial for ensuring long-term

performance [153].

A wide range of degradation modes has been observed in field-deployed PV modules.
Historically, one of the most observed issues in early commercial modules was the yellowing
of EVA encapsulants, which reduced optical transmittance and with that module’s efficiency
[153]. Although material formulations have since been improved, similar degradation
phenomena still occur from time to time in modern modules. The most commonly observed
degradation modes include delamination, discoloration of encapsulants and backsheets,
corrosion of metallic components, cell cracking, glass breakage, and electrical degradation
effects such as PID, UVID, and light-induced degradation (LID) [153].

These degradation modes are driven by key environmental stressors, primarily moisture,
UV radiation, temperature, and mechanical loads as shown in Figure 8 [153,154]. Moisture
ingress, in particular, plays a critical role, as it can penetrate polymeric layers, weaken
interfacial adhesion, and initiate corrosion of metallization and interconnects [155]. In the
presence of moisture, hydrolysis reactions may occur in susceptible polymers such as EVA and
PET, leading to chain scission, formation of degradation by-products, and embrittlement
[141,153]. For EVA, this includes the generation of acetic acid, which can further accelerate
corrosion processes in metallic components and degradation of surface layers in TOPCon cells
[43,45]. Moisture is considered as the mayor degradation factor in thin-film solar cells (e.g.
CIGS [156]) and in the emerging cell technologies (e.g. tandem silicone-perovskite solar cells
[157,158]) where the cell layers (e.g. absorber materials) are highly sensitive to water

exposure.
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Figure 8. Schematic representation of typical environmental stressors on the glass-backsheet
PV module including: light (hv), strain (g), voltage bias (V), chemical diffusion, ingress and
egress (CH3COOH, H20, 02, Na+), electric field (E), and thermomechanical strain (AT) [153].

UV radiation is another major degradation driver, particularly for polymeric materials.
Although the UV portion of the solar spectrum (280-400 nm) represents only a small fraction
of the total irradiance, it carries sufficient energy to break chemical bonds (e.g., C—C and C-O
bonds) in polymer chains. This leads to photooxidation, resulting in chain scission,
embrittlement, and the formation of chromophores that cause yellowing or browning,
thereby reducing optical transparency [153]. Even though polymer matrix formulations often
incorporate stabilizing additives such as UV absorbers and antioxidants, these can be
consumed and their protective effect can terminate [159]. Maintaining not only high initial
transmittance but also long-term optical stability is therefore essential for module

performance.

Temperature further accelerates degradation processes by enhancing chemical reaction
rates and diffusion. Additionally, mismatches in CTE among module components induce
thermomechanical stresses during temperature fluctuations. These stresses, combined with
cyclic diurnal and seasonal variations, can lead to fatigue-related failures such as interfacial
delamination, deformation and breakage of the interconnections, and cell cracking [104,123].
Mechanical loads from environmental factors such as wind, snow, hail, or improper
installation can further exacerbate these effects, contributing to structural damage including

glass breakage.

Based on field observations and expected behavior in emerging module concepts, the
most relevant degradation modes can be summarized as follows [153]:
o Delamination: driven by moisture ingress, thermomechanical stress, and mechanical
loading; often linked to degradation of adhered interfaces.

o Discoloration (yellowing/browning): primarily caused by UV radiation and moisture-

induced chemical changes in polymers.
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o Corrosion: induced by moisture and corrosive by-products (e.g., acetic acid), affecting
metallic interconnections and solar cell absorber layers.

o Cell cracking: caused by mechanical loads (hail, wind, snow, handling) and
thermomechanical stress.

o Cell degradation: resulting from combined effects of moisture, temperature, UV

exposure, and electrical stress (e.g., PID, LID, UVID), with additional sensitivity in
emerging technologies such as perovskites.

o Glass breakage: mainly due to mechanical stress.

o Backsheet/frontsheet embrittlement and cracking: driven by UV exposure, moisture,

thermal aging, and hydrolysis of susceptible polymers such as PET.

To ensure adequate durability, a comprehensive set of international testing standards has
been developed, primarily within the International Electrotechnical Commission (IEC)
framework [102,160-165]. Commonly applied tests include damp heat (DH) exposure,
thermal cycling (TC), UV exposure, and sequential testing that combines multiple stress factors
[102]. However, it remains challenging to replicate all relevant field conditions in laboratory
environments, and outdoor testing, while essential, is time-consuming. This discrepancy is
particularly critical given the rapid development of new PV technologies and materials,
including IPV products. Consequently, ongoing research efforts aim to refine existing test

protocols and develop new methodologies to better capture real-world degradation behavior.

Ultimately, no single test or material property can fully predict long-term module
behavior, as the most reliable assessments require a combination of indoor accelerated
testing and outdoor exposure studies. Bridging this gap remains a significant research
challenge, tackled by institutions like National Laboratory of the Rockies (NLR) through the
use of Combined-Accelerated Stress Testing (C-AST) to mimic the complex interactions of real-
world environments [166]. Therefore, a thorough characterization of any new material is
essential prior to integration, ensuring that potential degradation mechanisms are identified

and long-term performance limitations are fully understood.

The following chapter builds on these considerations by examining novel module designs,
their associated constraints and opportunities, and introducing the approaches explored in

this thesis to address the identified challenges.
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4 Design paths for IPV modules

The selection and validation of the BoM remains a critical step in PV module design and
cannot be directly transferred between different module architectures [167]. While the PV
industry has historically relied on a limited number of polymer material families, these
materials are rarely used in their pure form, but rather as complex formulations containing
various additives. These additives may evolve or interact differently under operational
conditions, meaning that materials under the same label name, which have previously
demonstrated adequate performance, cannot be assumed to remain the same and reliable in
new system configurations. This limitation is exemplified by the interaction between POE
encapsulants and TOPCon cells, where the degradation of specific additives into acidic by-
products resulted in cell corrosion and performance losses [168]. Furthermore, materials that
performed well in conventional glass-glass or glass-backsheet modules may not exhibit the
same reliability when implemented in glass-free IPV designs. Therefore, material compatibility

and long-term behavior must be reassessed for each specific BoM combination.

Based on these considerations, several key challenges (see Figure 9.) arise in the design of
glass-free IPV modules, which are addressed in this thesis through targeted material and

design approaches.

First, the removal of glass eliminates the primary structural support within the module,
requiring alternative solutions to ensure mechanical stability under installation and
environmental loads such as wind, hail, and snow. This introduces challenges not only in
achieving sufficient stiffness and strength, but also in integrating new structural materials into
established PV module architectures. In this context, this thesis investigates glass-free module
concepts based on composite-backed structures and the direct integration of modules onto
stainless-steel facade elements, aiming to provide mechanically stable and application-

relevant design solutions.

Second, structural integrity is closely linked to interfacial performance, as strong and
durable adhesion throughout the entire material stack is required. In this context, the thesis
investigates adhesion from two distinct perspectives to address different application
requirements. On one hand, the research explores adhesion pathways for the direct
integration of modules onto facade elements; here, the challenge is maintaining a safety-
relevant, load-bearing bond over a 25-year service life under continuous environmental stress.
On the other hand, recognizing that not all integrated PV devices are intended for the building
envelope, the work also examines the adhesion of protective coatings onto flexible substrates.
In this second path, the focus shifts to achieving interfacial quality on prefabricated devices

where complex topographies and surface chemistries dictate the bonding success. By
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addressing both long-term integration and complex device coating, the thesis seeks to provide

a comprehensive understanding of interfacial reliability in glass-free designs.

Third, the introduction of new materials and layer configurations imposes constraints on
processing, particularly during vacuum lamination. Polymeric materials must withstand the
applied temperature and pressure loads without excessive deformation, which requires prior
understanding of their thermal behavior. At the same time, differences in thermal
conductivity between materials, ranging from insulating composite structures to conductive
metallic substrates, affect heat transfer during lamination and require adaptation of process
parameters to ensure proper encapsulant melt-flow and defect-free bonding. Due to these
differences, the use of standard industrial parameters for traditional glass modules, presents
challenges in achieving uniform heat distribution, therefore optimization is necessary to avoid
under-curing or thermal damage to the novel layer configurations. To address these
challenges, this thesis involves profiling the thermal behavior of individual materials to
propose suitable processing windows for novel BoM configurations. By establishing a scientific
logic for material selection, the work seeks to ensure that lamination conditions are aligned

with the physical limits of the glass-free design.

Fourth, the transition to glass-free, lightweight architectures significantly shifts the
thermomechanical balance of the PV stack. In glass-free designs, the lack of a rigid glass
constraint means that even minor variations in the encapsulant’s expansion or contraction
can lead to significant warping and mechanical stress. Within this thesis, the challenge is
addressed by experimentally investigating the complex thermomechanical behavior of various
encapsulants, moving beyond standard industrial simplifications. By examining how
processing history and lamination conditions influence the material's dimensional stability,
the research aims to establish a more accurate foundation for predicting the reliability of

integrated PV assembilies.

Finally, the long-term stability of polymeric materials remains a critical challenge.
Polymeric systems are intrinsically susceptible to chemical and physical changes over time,
including additive migration, degradation reactions, and the formation of by-products. These
processes can progressively alter mechanical, optical, and barrier properties, while also
triggering secondary degradation mechanisms at the module level. Importantly, such behavior
is governed not only by individual material properties but also by interactions within the
multilayer laminate. In this context, this thesis focuses on material characterization and
degradation-related behavior under accelerated ageing conditions, providing insights into

material stability within complex module configurations.
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Figure 9. Challenges in design and development of glass-free IPV modules.

Taken together, these challenges highlight the need for a systematic understanding of
material behavior, interfacial interactions, and process—structure—property relationships in
glass-free IPV modules. Despite extensive developments in polymer-based PV materials, their
behavior within glass-free and building-integrated module architectures remains insufficiently
understood, particularly with respect to material interactions, processing, and long-term
performance. Current approaches often remain largely empirical, focusing on module
fabrication and performance testing, while the role and behavior of polymeric materials within
multilayer systems are not systematically addressed. As a result, the reliable design of such
systems remains limited. This gap motivates the present thesis, which focuses on the role of

polymeric materials in enabling and constraining glass-free IPV module concepts.

To address this need, this chapter defines the objectives of this thesis in terms of targeted
design approaches for IPV modules, with a specific focus on the enabling and limiting roles of
polymeric materials. The first approach investigates glass-free module concepts based on
integrated composite backsides that provide mechanical support. The second approach
examines adhesion pathways for the direct integration of PV modules onto stainless-steel
facade elements. The third approach explores coating-based encapsulation strategies for
glass-free thin-film PV modules intended for short-term integrated applications, such as
portable products. Finally, the last section addresses the challenges associated with
encapsulation materials in glass-free architectures. Without the stiffness of glass to restrain

expansion and shrinkage, understanding the thermomechanical properties of standard (EVA
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and POE) and novel (co-extruded EPE) encapsulant materials becomes vital. This research
correlates the influence of encapsulant processing and the degree of crosslinking with
dimensional stability. Furthermore, in addition to investigating the thermomechanical
properties of co-extruded EPE encapsulants, a wide spectrum of their optical, chemical, and
thermal characteristics is evaluated to identify material differences and predict potential

integration challenges within IPV modules.
4.1 Glass-free, lightweight, polymeric composite design

In areas where traditional PV modules are too heavy for integration, particularly in urban
[169], industrial infrastructures [170], or heritage buildings [171], removing the glass layers
can reduce the weight, but it requires alternative structural components that provide
mechanical support, environmental protection, and maintain module functionality.
Lightweight composite backsides, including honeycomb sandwich structures [96], have
emerged as a promising approach to address these challenges. The properties of these
structures and their layers (core material and the reinforced skins) can be tailored to achieve
the desired mechanical, thermal, and protective performance while minimizing weight [172].
A schematic representation of the honeycomb backside IPV module stack is shown on

Figure 10.

o——————— Polymeric frontsheet

o——————— Front encapsulant

» Solar cells with interconnections

e———————— Back encapsulant

+————— Honeycomb composite backsheet

Figure 10. Schematic representation of the honeycomb backside IPV.

Previous studies have demonstrated the potential of PV modules with honeycomb
sandwich composite (HSC) backsides, often using aluminum or Nomex® cores with GFRP skins

[92,96,173]. These solutions reduced weight while maintaining structural stability under
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thermal and damp heat stresses. Furthermore, a rigid and torsion-resistant sandwich
composite composed of polyurethane foam as the core and GFRP skins was explored for VIPV
integration [174,175]. Overall, honeycomb backed PV modules appeared to be the most
promising approach for lightweight integration, but the high cost of Nomex® and the potential
for poor electrical insulation of aluminum cores motivated the exploration of thermoplastic

HSC as an alternative backside material for lightweight PV modules.

The approach was to test commercially available composites already used in the building
and automotive sectors and evaluate their suitability as backsides for PV modules, to bridge
the gap between niche and large-scale deployment. Material selection focused on composites
that are free of fluorinated compounds, cost-effective, and potentially recyclable. The
objective was to determine whether these materials could be integrated into standard
lamination processes, assess their ability to protect internal components from environmental
stressors such as UV, temperature, and humidity, and analyze their condition after exposure.
Within the project, fully functional PV modules were fabricated and tested according to IEC

standards.
4.2 Stainless-steel facade integration - polymer as electrical insulation layer

The use of stainless-steel facade elements as the structural rear side of the PV module was
investigated within a second integration concept. In this case, the PV module is directly
integrated into the facade system, where it together with the metal substrate becomes the
part of the building envelope (see Figure 11). Since stainless-steel is electrically conductive,
electrical insulation between the active PV components and the facade structure is required
[134]. For this purpose, the polymeric backsheet used in standard PV module architectures
represents a suitable solution, as it is already designed to provide long-term electrical

insulation within conventional module stacks.
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Figure 11. Schematic representation of the galvanised steel facade IPV.

The introduction of a direct polymer—steel interface introduces additional requirements
compared to conventional PV modules. In particular, a reliable and durable bond between the
backsheet and the metallic substrate is required to ensure mechanical integrity over the
module lifetime, especially under environmental loading. Related studies on aluminum-based
facade integration have demonstrated that PV stacks can be bonded to metallic substrates
using standard encapsulant materials such as EVA or POE [134,176,177]. These studies mainly
addressed manufacturing feasibility and electrical performance of PV modules with glass at
the front, without a detailed investigation of adhesion durability. Similarly, an investigation on
stainless-steel substrates has focused on the influence of surface properties and lamination
conditions on the adhesion strength between the stainless-steel substrate and the backsheet,
using EVA or POE as adhesive layers [135]. However, the study was limited to initial adhesion

measurements and did not address long-term behavior under ageing conditions [135].

As a result, a knowledge gap remains regarding the suitability of encapsulant-based
bonding strategies for long-term adhesion stability in steel-integrated PV modules, and
whether alternative interfacial concepts are more suitable. This motivated the investigation
of different adhesion approaches between the polymeric backsheet and hot dip galvanized
steel (HDGS) substrate, with a focus on both initial adhesion performance and durability under

environmental stress conditions.
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4.3 Glass-free, flexible coating encapsulation

Thin-film photovoltaic technologies, particularly CIGS cells, are well-suited for IPV due to
their inherent flexibility, lightweight form factor, and adaptability to complex shapes
[42,178,179]. However, encapsulation remains a key challenge for flexible photovoltaic
devices, as it requires balancing effective barrier performance with mechanical flexibility and
compatibility with scalable manufacturing. Conventional solutions rely on rigid, glass-based
designs to prevent moisture ingress [180], but these inherently limit flexibility, restrict shape

customization, and are not suitable for continuous roll-to-roll processes.

This limitation is particularly relevant for CIGS cells, which, despite a lower market share
compared to silicon [8], offer distinct advantages in terms of form factor. Their compatibility
with flexible substrates enables lightweight and conformable modules for applications ranging
from portable and loT devices to BIPV and VIPV [169]. In addition, the technology can be
adapted to different application lifetimes through the choice of BoM.

While glass encapsulation provides excellent protection against moisture, its removal in
flexible designs exposes CIGS cells to environmental degradation, creating a need for
alternative barriers that combine effective protection with mechanical flexibility. To address
this challenge, alternative encapsulation strategies, such as coating-based approaches, have
been explored [56,181-184]. Polymer-based coatings, such as polyurethane (PU), epoxy,
acrylates, and UV-curable systems, provide tunable material properties and are compatible
with scalable roll-to-roll deposition methods. Inorganic and hybrid barrier concepts, including
AlOy-based layers, have demonstrated improved resistance to moisture and oxygen ingress,

but are often limited by processing complexity, cost, and limited industrial adoption [56].

Despite these advances, scalable and cost-effective encapsulation solutions compatible
with flexible device architectures are still lacking. In this context, coating-based encapsulation
of flexible CIGS prefabricates on stainless-steel foils was investigated (see figure 12.), focusing
on commercially available and specially developed polymer coatings based on silicone, PU,

acrylate, and epoxy systems.
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> Polymeric frontsheet

CIGS prefabricate

Figure 12. Schematic representation of the coated flexible CIGS IPV.
4.4 Following the encapsulant footsteps

The design of the BoM for PV modules is far from simple. While the encapsulant is the
layer that binds the entire stack together, its thermomechanical behavior is often overlooked
or oversimplified in design stage and FEM simulation, even though it remains a significant
factor in module failure [103,118,185-187]. In conventional glass-glass modules, the rigid
glass layers constrain the dimensional changes of the encapsulant; however, the resulting CTE
mismatches lead to internal stress accumulation. In contrast, in flexible, lightweight, and glass-
free IPV designs, the encapsulant is less constrained, and even relatively small expansion or
contraction of the polymer layers can lead to significant module warping or deformation. If
not properly managed, these stresses, in both glass-glass and IPV modules, can contribute to
failure modes such as solar cell cracking, solder joint fatigue, and delamination, particularly in
mechanically sensitive technologies like perovskites, where layer delamination leads to device
failure [108-110,188].

A thorough understanding of these failure mechanisms requires an analysis of the
encapsulant’s thermomechanical behavior across various manufacturing stages, as its final
response is not defined by a single event. In other industries, such as automotive and
microelectronics, the processing conditions of polymeric parts are known to require
optimization to reduce warping and deforming [189-193]; however, this perspective is

currently underexplored in PV research.

Therefore, the objective of this part of the thesis is to move beyond simplified assumptions
by experimentally characterizing the thermomechanical behavior of various encapsulants. By

investigating the impact of processing history and lamination conditions on the CTE values of
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six material, including crosslinking EVA, POE and co-extruded EPE, and non-crosslinking TPO,
this research seeks to provide an understanding of material behavior and build a foundation
for ensuring the mechanical stability of both conventional glass-glass and lightweight IPV

designs.

In addition to the BoM design paths for IPV and thermomechanical behavior of the
encapsulants, over the course of this PhD thesis research, it became clear that the industry's
rapid technological shift was outpacing the scientific knowledge regarding the co-extruded
EPE encapsulant. This was driven by the need to protect n-type cells, which exhibit a higher
sensitivity to humidity than their p-type predecessors [194]. While EPE is marketed as a “best
of both solution” [55], combining the cost-effective EVA with the superior moisture-barrier
performance polyolefin core, it remains a relatively "black box" material in terms of its holistic

properties, creating a significant knowledge gap for all PV configurations.

Consequently, the final part of this thesis focuses on a systematic characterization of four
commercially available EPE films, by examining their chemical, optical, thermal,
thermomechanical, and barrier properties, to assess whether these emerging materials truly

fulfil their promise.

Together, these studies provide a comprehensive, material-level understanding of
standard and emerging encapsulation technologies, bridging the gap between fundamental

polymer science and the structural reliability of next-generation IPV.
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ABSTRACT

In densely populated or mountainous countries where installation of large-scale solar plants is challenging, photovoltaic (PV)
modules in building applications offer a solution by transforming passive surfaces into energy-generating systems. The need
for flexible, lightweight, and “invisible” PV modules, with a life-time of over 20years, comparable performance to the standard
modules, and enabled recyclability resulted in various designs on the market. This research focuses on thermoplastic honey-
comb sandwich composites (HSCs) with glass fiber-reinforced polymer skins as potential lightweight backsides for PV modules.
Through material characterization and damp heat testing, their optical, mechanical, and thermal performance, compatibil-
ity with lamination processes, and ability to protect internal components from UV radiation and humidity were evaluated.
Results show that proper glass fiber embedment improves mechanical properties and reduces water vapor transmission rates.
Semitransparent skins could enable bifacial PV modules but require UV absorbers for long-term stability. HSCs exhibit glass-like
thermomechanical behavior but low thermal conductivity, which could affect module temperature regulation. Damp heat expo-
sure caused minor degradation in PP-based materials, while PET materials experienced polymer chain-scission and significant
material embrittlement, which indicates the need for improved hydrolysis resistance.

1 | Introduction sufficient energy and meet carbon neutrality [3]. Countries that

are either densely populated or have mountainous terrains, such

The European Green Deal incentivizes increasing the share of
renewable energy in the energy mix by at least 40% by 2030 [1].
With this goal, Europe is setting a path for becoming the first
carbon-neutral continent by 2050. Although solar power is one of
the highest energy-dense renewable sources, its energy density
remains low compared to fossil fuels [2]. As a result, large areas
must be covered with photovoltaic (PV) modules to generate

as the Netherlands, Switzerland, and Austria, face challenges
in increasing their share of renewable energy produced by solar
power due to limited available land for large-scale PV plants.

Building-integrated and building-attached PV (BIPV and
BAPV) installations offer a solution by converting “passive”
building areas into active renewable energy sources and CO,
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neutral areas [4]. However, PV module integration is not without
obstacles; despite the numerous benefits it offers, it also presents
challenges.

Current standard PV modules, which consist of a glass back-
sheet, encapsulant, solar cells with interconnections, glass
frontsheet, junction box, and frame, are not a one-size-fits-all
solution. Based on technical data sheets from various PV mod-
ule producers, these modules can weigh up to 20kgm~2, and
with racking systems potentially up to 40kgm=2. BIPV mod-
ules must comply with both PV and building standards/codes,
as they have to fulfill a dual role as a building element and an
electrotechnical energy generator, where IEC 63092 combines
both aspects [4]. Mechanical stability and fire safety are of ut-
most importance for both BIPV and BAPV systems [5, 6], and
standard 3.2mm glass/glass PV modules typically pass certifi-
cation with ease.

However, industrial and commercial buildings, as well as histor-
ical or heritage buildings may not be able to bear the structural
load of these relatively heavy modules. In addition, the predom-
inantly flat geometry, the lack of flexibility, and the “typical”
dark, boxed, and rectangular appearance of standard PV mod-
ules often do not meet the aesthetic requirements of modern
and historical architecture [7], where the aim is to integrate PV
modules seamlessly with the building's design, often concealing
them within the structure [4]. This can be achieved by hiding
solar cells with colored encapsulant and frontsheet foils [8], by
opting for thin film solar cell technology or c-Si cell technology
for flexible designs [9].

Growing demand for innovative PV module designs specifically
tailored for BIPV and BAPV applications is still on the rise. The
need for flexible, lightweight, and “invisible” PV modules has
opened doors for creativity in the PV industry [10], emphasiz-
ing the importance of ensuring that new designs still achieve
a service life exceeding 20years, maintain the performance of
standard modules, prioritize recyclability and circularity while
remaining cost-effective [5].

In an effort to reduce the weight of integrated/attached PV
modules while maintaining or even enhancing mechanical sta-
bility, various “sandwich” composite solutions have been tested
and integrated as backsides of PV modules [11-16]. Martins
et al. investigated the use of honeycomb composite structures
as backsides for PV modules. The lamination of these compos-
ite structures was done using EVA, ionomer, and thermoplastic
polyolefin (TPO) encapsulants, which served as the adhesion
layer between the Nomex or aluminum core and the glass fiber
reinforced polymer (GFRP) skins. The honeycomb structures
showed good mechanical stability even after undergoing ther-
mal cycling and damp heat (DH) tests. PV modules incorporat-
ing these backsides exhibited favorable electrical performance,
with a power loss of 2%-3% after undergoing artificial aging
tests [12]. Kutter et al. introduced a rigid and torsion-resistant
sandwich composite composed of polyurethane foam as the
core and GFRP skins, aimed as a backside for lightweight PV
modules. Their modules were subjected to artificial aging, and
the degradation effect was observed following the DH exposure.
This resulted in the embrittlement of the GFRP skin, allowing

water ingress that led to corrosion of the interconnections.
In contrast, thermal cycling and ultraviolet (UV) weathering
had no observable impact on the backsheet [16]. Additionally,
Alanis et al. conducted simulations to assess the thermal ef-
fects of integrating lightweight PV modules with sandwich
composites as backside into the box body of refrigerated cargo
trucks, confirming their findings through a mini-PV module
experimental setup. Their research indicates that, in addition
to providing good mechanical properties, sandwich composite
structures can help insulate substrates (such as roofs and walls)
to which PV modules are attached from the heat generated by
the solar cells [17].

As previously mentioned, reducing weight and costs, along with
introducing design flexibility, is a key driving factor in the devel-
opment of glass-free PV modules. While enabling new designs
through versatile backsheets, it is important not to neglect the
functional role of the backsheet in PV modules. New designs
must still protect the internal components from external factors
such as gases, humidity, and UV radiation, while providing me-
chanical stability and electrical insulation of the active part of
the PV module [18-20].

Even though sandwich structures with GFRP skins and alu-
minum or Nomex core materials fulfill the role of a structural
backside [12], the high costs of Nomex and the potential for
poor electrical insulation of the aluminum core have moti-
vated the investigation of thermoplastic honeycomb sandwich
composite (HSC) as a potential substitute for backside material
in lightweight PV modules. In this study, commercially avail-
able polymeric HSC, already used in building and automotive
industries, have been selected and evaluated for their suitabil-
ity as backsides for PV modules. During material selection, it
was ensured that the composites were free of fluorinated com-
pounds, cost-effective, and potentially recyclable. Material
characterization was conducted at the component level in
accordance with PV standards, including Series IEC 62788
and IEC Technical Specification and the fire tests described
in IEC 61730-2 [4], to assess the general, optical, mechanical,
and thermal properties of the materials. The objective of this
assessment was to determine whether the composites could
be integrated into the standard lamination process for the PV
module production, evaluate their effectiveness in protecting
internal components from environmental influences, for ex-
ample, UV, temperature, humidity, and analyze the material
state after exposure.

Inadequate or improper testing may result in unsuitable ma-
terials entering the market and lead to PV failures, which
may cause economic losses as well as adverse environmental
and health impacts (release of F-reach gasses in case of PV
module burning). Testing protocols are not infallible, as it is
difficult to predict every environmental stressor and potential
interaction that could influence material performance, aging,
and degradation. While long-term outdoor testing can pro-
vide definitive information on material performance [21], it is
time-consuming. Therefore, indoor artificial aging tests and
material characterization [22] can sufficiently define material
properties to either approve or disqualify specific materials for
PV applications.
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TABLE1 | Composition and dimensional properties of HSC with polypropylene (PP) and recycled polyethylene terephthalate (rPET) cores; glass
fiber reinforced (GFR) PP, GFR polyethylene terephthalate glycol (PETg), and biaxially oriented (BO)PET skins.

Sample Areal weight Thickness Thickness
(core_skin) Core material Skin material (kgm2) sandwich (mm) skin (mm)
PP80_PP1 PP GFR PP 2.30 12.00 0.40
PP120_PP2 PP GFR PP 2.97 11.80 0.47
PP120_PP3 PP GFR PP 3.37 12.00 0.55
PET80_PET1 rPET GFR PETg 2.51 10.30 0.48
PET80_PET2 rPET BOPET 1.82 10.50 0.25
where the inner side of the backsheet is sealed with the encapsu-
lant and frontsheet, and the edges are sealed with either a frame
or an edge seal. The samples were dried at 40°C for 48h to ob-
tain the initial weight and then placed in a Weiss WLK 64-40
climate chamber. Continuous heating and cooling cycles from
85°C to 5°C and 85% humidity were maintained for 30days.
55 J Samples were kept at 85°C for 18 h and at 5°C for 5h. The weight
e s of the samples was measured at the end of the cooling cycle.
Skins o After 30days, the samples were dried again at 40°C for 48h and

FIGURE1 | Scheme of a honeycomb sandwich composite structure.
[Color figure can be viewed at wileyonlinelibrary.com]

2 | Experimental Section
2.1 | Materials

Five different polymeric HSCs provided by EconCore N.V,
Belgium, have been selected as potential PV backsides; details
on their composition are given in Table 1, and the structure is
shown in Figure 1. The materials were characterized both prior
to and post accelerated aging exposure, with all tests conducted
in three repetitions to minimize experimental errors.

2.2 | Accelerated Aging
2.21 | DH

Series of PV module laminates with PP and PET based HSC as
backsides were prepared as described in [23] and exposed to DH
conditions of 85°C and 85% humidity for 1000h, following IEC
61215 MGT 13 [23, 24]. After accelerated aging, samples were
taken from both the skin and the core of the HSC for thermal
characterization and determination of material durability to-
wards DH conditions.

2.2.2 | Water Condensation

To investigate water condensation within the hollow cell space
of the core layer, HSC panels were cut into 10 X 10cm? samples.
Aluminum adhesive tape was applied on the edges and rear
side of the panels to mimic realistic conditions in a PV module,

the weight was measured post-drying.

2.3 | Material Characterization
2.3.1 | Microscope Imaging

Light microscopic images of the skin material embedded in
epoxy resin were taken with a Light Microscope MAT 7 from
Carl Zeiss GmbH, in the bright field mode.

2.3.2 | UV-vis-NIR

Hemispherical transmittance of the independent skins was re-
corded over the wavelength range between 250 and 2500nm
with a Lambda 950 Ultra Violet-Visible-Near Infrared (UV-vis—
NIR) Spectrophotometer (PerkinElmer Inc.).

2.3.3 | Differential Scanning Calorimetry (DSC)

DSC was performed using a DSC 6000 from PerkinElmer Inc. to
measure thermograms of each polymeric component material,
core and skin, separately. Approximately 10 mg of each material
was placed in an aluminum pan with a perforated lid and sub-
jected to a first heating run from —60°C to 300°C, followed by
a cooling run from 300°C to —60°C and a second heating run
from —60°C to 300°C. The heating rates were set to 10K min~!
and a nitrogen flow of 50 mL min~! was imposed.

2.3.4 | Heat Conductivity

The heat flow through the HSC samples was measured
using a Guarder Heat Flow (GHF) Meter DTC-300 from TA
Instruments (thermal conductivity tester). For this purpose,
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the samples were cut into round specimens with a diameter
of @50 mm. The sample was placed between an upper “hot”
and a lower “cold” plate. The upper plate is heated to a tem-
perature 15°C higher, and the lower plate is cooled to a tem-
perature 15°C lower than the temperature at which material's
heat conductivity is to be determined. Heat flows through the
sample from the hot to the cold plate until thermal equilib-
rium is reached. The heat conductivity is calculated using
Fourier's law:

A= — )

where Q is the heat flow throughout the specimen in W, d is the
thickness in m, A is the area in m?, and AT is the temperature
difference across the sample in K [25].

2.3.5 | Coefficient of Thermal Expansion (CTE)

The CTE was measured using a Dantec Q400 TCT (Dantec
Dynamics) Digital Image Correlation (DIC) system. The device
consists of two cameras and a heating/cooling concealed cham-
ber equipped with a thermal plate. Time series of images of the
measured sample are taken during the thermal stages, which
are then compared to the initial picture. During analysis, the
evaluation software Istra 4D (Dantec Dynamics) calculates the
relative displacement between the reference and each image of
the acquired time series. Sample preparation is important as the
software follows a speckle pattern that is applied on the surface
of the rectangular sample of 3x 3cm?. The speckle pattern was
applied on the skin of the HSC in two layers; the first white coat-
ing serves as a primer and substrate cover and is followed by a
second layer that is a black coating which is creating the speckle
pattern. Achieving good contrast and independent speckles is
necessary to guarantee a measurable surface area. The CTE of
the honeycomb composites was measured in the temperature
range from —50°C to 120°C, with a heating rate of 2K min~'.

2.3.6 | Thermogravimetric Analysis (TGA)

TGA was done using a Thermogravimetric System TGA/DSC
1 of Mettler Toledo GmbH. The weight loss of approximately
10mg of material was monitored while heating the sample in
nitrogen atmosphere (50 mLmin~!) from 35°C to 700°C, with a
heating rate of 10°C min~'. The temperature at which the weight
loss is equal to 5% with respect to the initial value (=T, is con-
sidered an indicator for the beginning of the material's decom-
position process.

2.3.7 | Mechanical Properties

Zwick Universal Testing Machine (Z020) was used, with a load
cell of 1kN capacity, to perform 4-point bending tests at room
temperature on the HSC samples to compare the mode of failure
and the flexural rigidity. The tests were performed on the sam-
ples of 220 mm length and 25 mm width with a 20um s~ loading
rate, 190mm outer span length, and 90mm inner span length,
in the transversal direction to the core cells, as described in [26].

3 | Results and Discussion

Optimal qualification of the HSCs as a suitable “backsheet”
option for PV modules can be achieved by comparing its prop-
erties to those of the most commonly used polymer composite
backsheet Tedlar-PET-Tedlar (TPT) and the glass backsheet.
Summary of all results is presented in Table 2.

3.1 | Physical Properties

The quality of embedment of the glass fibers (GFs) within the
skin-sheets was investigated first, as the importance of proper
impregnation of GFs within the polymer matrix and its influ-
ence on material properties, such as mechanical strength, water
vapor, and gas permeation, has been emphasized multiple times
in the literature [29, 34-36]. Common processing defects within
GFRPs include voids in the form of entrapped air bubbles, in-
sufficient wetting of the GFs with polymer, cracking of the poly-
mer matrix in areas with fiber bundles, and delamination of the
layer stack [36] Such defects might negatively impact the me-
chanical strength and increase the permeation of humidity, ox-
ygen, or other gases in the skins of the HSCs under study. Thus,
the water vapor transmission rate (WVTR) of all skin materials
was measured and compared to standard PV backsheet materi-
als [36] as it is known to be critical when selecting components
for PV modules. Ingress of humidity into the module can lead
to degradation of internal components including delamination,
yellowing, and hazing of encapsulants, power loss in solar cells,
corrosion of interconnection, and ultimately, PV module failure
[37-40].

Microscopic images of the cross-sections of the GFR PP skins
PP1-PP3 and the PET1 skin are shown in Figure 2. Differences
in the GF distribution, for example, formation of fiber bundles,
voids, and microcracks in the matrix of the skins are visible. The
increase in thickness from PP1 to PP3 is due to the higher con-
tent of both GFs and the polymer matrix. With the increase in
the amount of polymer in the composite, a decrease in WVTR
is expected. The WVTR of these HSC skins was measured by
Babin et al. [34]; the results confirm that lower WVTRs were
observed for GFRP sheets with a thicker outer polymer layer
covering the GFs (Sample PP3), see Figure 3. In contrast, higher
WVTRs were measured for samples where the GFs were poorly
covered with a thin polymer layer (Sample PP1). The type of
polymer matrix also affects the WVTR of GFRP. This becomes
evident when comparing the WVTRs of the skin sheets with
the PET polymer matrix (Sample PET1, value WVTR) and that
with the PP polymer matrix (Sample PP2, value WVTR), despite
the samples having the same thickness and GF distribution (see
Table 1 and Figure 4) [29]. In addition to increasing the thick-
ness of the outer polymer layer and providing better coverage/
embedment of the GFs, a gel coat can be applied to the outer
GFRP skin layer to further decrease the water vapor permeabil-
ity, enhance UV resistance, and, in special formulation, increase
fire resistance [41-43].

The light transmittance of PV module backsides, for example,
blocking of UV light is particularly important, as it can lead to
degradation of internal components, thereby reducing the ef-
ficiency and lifetime performance of PV modules [18]. On the
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TABLE 2 | Summary of the PP and PET HSC, TPT, and glass backsheet properties, including the effect which HSC could bring onto the PV

module.
Effect of the HSC as a

Property Backsheet? Glass PP HSC PET HSC backsheet to the PV module

Thickness (mm) 0.2-0.4 [20] 3.2 11.8-12 10.3-10.5 Thicker PV module—need

for new frame design.

Areal weight ~0.5°[27] 8 28] 2.3-34 1.8-2.5 Significant reduction of weight

(kgm2) compared to glass backsheet.

Mechanical weak strong GFR skin Brittle Replacement of the glass

strength dependent frontsheet as well as the

removal of the aluminum frame
feasible for PP based HSC.

WVTR <1[20] <107 2-8[29] 0.7-1.2 [29] WVTR are high and could lead

(gday'm™?) to degradation of the inner

components (corrosion, solar
cell degradation, encapsulant
degradation—delamination).

UV transmission Cut off 90% <40% Cut off at 310nm UV absorbers must be added in

(250-380nm) the polymer matrix to protect

backsheet and inner components
from photooxidation.

Degradation onset >380°¢ — >430 >400 Some backsheets have fire-

T (Ty,—°C) retardant properties in
comparison to the pure PP
and PET, on the other hand
they can generate toxic gas

and toxic residues [30].

Melting 195 [31] — 145-175 >230 PP HSC unsuitable for standard

temperature (°C) lamination process at 160°C,
suitable for noncrosslinking
encapsulants such as TPO.

CTE at 25°C (ppm) > 304 7° 6-124 10-17¢ Similar to the glass, should
not result in delamination.

Heat conductivity 0.15[32] 1[33] ~0.15 ~0.15 Benefit: insulation

(Wm™K™) towards the building
Challenge: Potential slower
cooling of the PV module—

decrease in efficiency.

Accelerated aging Weak impact ~ No impact Material Material Chain scission in PET material

dependent dependent led to material embrittlement—

antihydrolysis additive for
polymer matrix necessary.

aStandard laminated backsheet with PET core layer.
bCalculated from density for 0.34mm thickness.
“Measured at PCCL.

4T dependent.

contrary, the transmittance of UV and visible light through the
backsheets is beneficial for the yield of bifacial PV modules, as
light can be absorbed by the rear side of the cells, converted into
electricity, and increase power generation.

PP2, a dark black skin with unspecified additives (most likely
carbon black), effectively blocks both visible and UV light.
In contrast, PP1, PP3, PET1, and PET2 are semitransparent

skins, with visible light transmittance ranging from 38% to
88% (see Figure 4), offering potential for bifacial PV modules.
The disadvantage of these semitransparent skins, however, is
that the transmitted UV radiation can cause photo-oxidative
degradation of the HSC skins and the core. To block or min-
imize UV transmission, these materials would need to be
adapted or supported with additional layers. This can be
achieved through the addition of UV absorbers to the polymer
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FIGURE2 | Microscope images of the GFR honeycomb skin cross-sections and polymer matrix defects (a) small air bubble entrapment, (b) large
air bubble entrapment, and (c) crack due to the fiber bundle. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 | WVTR of HSC skins (recalculated from [29] for the ex-
act thickness of material, instead of WVTR values per 100 um). [Color
figure can be viewed at wileyonlinelibrary.com]

matrix or by applying an external UV-blocking coating to the
outer skin layer in combination with a UV-blocking encapsu-
lant on the cell backside.

3.2 | Thermal Properties

Thermal properties of polymer materials are of great significance
when designing PV modules. First, during the lamination pro-
cess of PV module production, which occurs at high temperatures
(~150°C) and vacuum pressure (up to 1bar), all components, be-
sides encapsulating material, must remain dimensionally intact
(minimal shrinkage, compression, deformation). Second, through-
out the lifetime of a PV module, it will undergo thermal fluctua-
tions (day—night and summer—winter).

The glass transition/softening (Tg) and melting (T,) tem-
peratures of the HSC components are of special interest to
determine the optimal PV module lamination temperatures
to avoid structural and dimensional changes of the backsheet
material. The first heating thermograms (see Figure 5) show
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the thermal behavior of the material before it undergoes the
lamination process. The PP HSC components melt in the
range from 145°C to 175°C, while the PET core and PET2 skin
components have T above 230°C. PET1 skin is an amorphous
polymer; therefore, it does not melt but only softens at ele-
vated temperatures (T, above 75°C). Considering the standard
lamination conditions developed for the production of glass-
based PV modules with EVA encapsulants and polymeric
backsheets, the melting temperatures of PP are relatively low.
Hence, PP HSC would require an adaptation of the lamination
temperature and the careful selection of encapsulants that
can be processed at temperatures below 140°C, such as TPOs.
However, PET HSC have none or high melting temperatures
and should be compatible with commonly used encapsulants,
like EVA and crosslinking polyolefins (POESs) or combinations
thereof (EPE).

Results of the heat conductivity (1) measurements show that

HSCs are insulating materials, with values below 0.2 Wm™K~!
for all material combinations investigated, as shown in Figure 6.

100

80

(]
o
1

Transmittance (%)

——PP1

——PP3
PET1
PET2

uv visible NIR

T T T
250 500 750 1000
Wavelength (nm)

FIGURE 4 | UV—vis—NIR spectra of honeycomb skins. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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Furthermore, HSCs exhibit A values up to five times lower than
glass A=1Wm™K™) [44]. As c-Si solar cells convert only a
portion (~20%-23%) of the absorbed light into electricity and the
rest into heat, thermally conductive materials surrounding solar
cells are preferred to enhance heat dissipation. Low heat con-
ductivity of insulating materials leads to increased operational
temperatures of the PV module, negatively impacting the effi-
ciency of solar cells, as well as the reliability and durability of
both the module and its components, especially polymers [4, 45].
Research by Ozkalay et al. [46] determined the maximum oper-
ating temperatures (T, ) for identical modules in open-rack and
BIPV systems and evaluated their impact on module efficiency
and long-term performance. T, . measured for open-rack PV
modules in both glass/glass and glass/backsheet configurations
was approximately 60°C during the operational hours. In con-
trast, ventilated and insulated BIPV modules exhibited higher
T a5 Slightly above 80°C and 90°C, respectively [46].
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FIGURE 6 | Heat conductivity of the honeycomb sandwich compos-
ites and glass. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | DSC first heating curves of honeycomb components. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE7 | CTE graphs of honeycomb skins (left side PP- and right side PET-based HSC). [Color figure can be viewed at wileyonlinelibrary.com|

Based on these data, similar behavior could be expected when
HSCs are integrated as the backsides in lightweight PV modules.
Additionally, a challenge can arise during the lamination process
as heat conduction and distribution within the PV module can
take longer, unless the lamination process is performed by plac-
ing the front side of the module on the hot plate. On the posi-
tive side, this reduced heat conductivity could provide a benefit
in terms of thermal insulation for the building interior to which
these PV modules are attached, such as facades or roofing ele-
ments [47].

In addition to differences in T, of the modules installed in
the open-rack and BIPV configuration, significant day-night
temperature variations exceeding 75°C for insulated BIPV mod-
ules were measured [46]. These daily temperature fluctuations
impact the thermomechanical material behavior of the materi-
als within the module stack, and an inherent mismatch in the
CTE between the individual material layers can create internal
stresses resulting in interlayer delamination, failures of solder
joints, and solar cell cracking [4, 48]. Therefore, careful consid-
eration of the bill of materials (BoM) is essential when selecting
components for lightweight PV modules.

The dimensional stability and mechanical behavior of the HSC
materials at different temperatures, in terms of CTE, are pre-
sented in Figure 7. The HSC skins PP1, PP2, PP3, and PET1 with
GFR exhibit comparable behavior in the x- and y-directions due
to the presence of the GFs in 0°-90° ply orientation. These mate-
rials show numerical CTE values between 6 and 12 ppm within
the temperature range from —40°C to 120°C. The PET2 skin,
a biaxially oriented PET material, shows slightly higher CTE
values, 10-17 ppm, in the same temperature range, but with a
somewhat greater anisotropy in the x- and y-directions com-
pared to the GFR skins. All HSC skins investigated exhibit low
anisotropy and lower CTE values than those of commonly used
commercial polymer backsheets (e.g., TPT, coated PET [CPC],
coextruded PP, triple polyamide [AAA]) [49, 50]. Additionally,
CTE values of GFR HSCs can be compared to those of glass re-
ported in the literature [51] and measured in-house (see Table 2).
Given this similar thermomechanical behavior, GFR HSCs are

expected to exhibit comparable performance to glass when inte-
grated as a backsheet in a PV module.

3.3 | Mechanical Properties

Upon visual observation, HSC are a thicker product (10.3-
12mm, see Table 1), particularly when compared to standard
polymeric backsheets (0.5 mm) or glass backsheets (3.2mm). On
the other hand, the honeycomb-metamaterial core significantly
reduces the weight of the composite while enhancing its me-
chanical strength. When HSC (areal density=1.82kgm™2) are
implemented as backsheets, the need for a solar glass frontsheet
(areal density=8kgm= [52]) can be eliminated, resulting in a
reduction of the PV module's weight by up to a factor of four [26].

Load vs. displacement diagrams of the four-point bending tests
are shown in Figure 8. The PP80_PP1 HSC was excluded from the
test due to the high WVTR and thin wall of the core's cell. The
PET-based HSC failed under the compression stress upon reach-
ing its maximum load carrying capacity. On the other hand, the
PP-based HSC yielded above the maximum carrying load. This
behavior could be due to the fact that at room temperature PET
remains in a glassy state (T, o= 80°C, Figure 5), which can restrict
the mobility of the chains; hence, resulting in a brittle-like failure.
When comparing the mechanical behavior of the PP-based HSC,
PP120_PP3 shows greater stiffness (as indicated by the steeper
slope in the load-line displacement diagram in the elastic region)
and greater load carrying capacity compared to PP120_PP2. This
could be connected with the better embedment of the GF in the
polymer matrix in PP3 skin when compared to PP2 (see Figure 2).

3.4 | Accelerated Aging Influence on Properties

The longevity of the electricity generation of PV modules is directly
linked to the performance of the envelope materials. To ensure a
long lifetime, reliability, and maintained efficiency of PV modules,
the durability of the materials used in the PV modules needs to be
characterized. Material behavior/degradation is best understood
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through outdoor testing; this is time-consuming, in particular
considering targeted lifetimes of 25years and beyond. Therefore,
indoor artificial aging tests and material characterization methods
are typically used to determine reliability and material properties
post aging. In this study, a DH test was performed according to IEC
61215, and DSC and TGA characterization methods were done to
characterize material state and changes that occurred during the
exposure period. Additionally, to investigate water condensation
within the hollow cell space of the core layer, HSC were placed in
the climate chamber under continuous heating and cooling cycles
(from 85°C to 5°C, with 85% humidity) for 30days.

Upon the accelerated aging, yellowing of the PP HSC was ob-
served, similar to the observation by other studies [5]. Thermal
aging affects the stability of additives in the PP matrix, which
then change color; however, the effect is reversible after photo-
bleaching [53]. The cooling thermograms from DSC for PP core
and PP3 skin material in Figure 9 show no significant changes in
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FIGURE S8 | Load versusdisplacement diagram of PP and PET based
HSC under flexural loading. [Color figure can be viewed at wileyon-
linelibrary.com]
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the crystallization temperature (T,), meaning that DH aging left
no apparent impact on the polymer matrix. This was similarly
observed for commercially available PP backsheets [28, 53-54].
However, a shift to higher T . values was observed for the PP2 skin,
rPET core, and PET?2 skin, from 118°C to 124°C, 206°C to 218°C,
and 176°C to 186°C, respectively. This shift, indicating an earlier
onset of crystallization, occurs due to the chain scission in both
PP and PET polymer [55, 56]. This phenomenon has already been
reported by Oreski et al., where the authors determined that criti-
cal crystallization temperatures between 208°C and 211°C corre-
spond to a reduction in molar mass and severe embrittlement of
PET [56]. Lamentably, DH aging resulted in a shift of T, above the
critical values for rPET, and consequently in the loss of mechani-
cal properties, making the rPET core prone to cracking and struc-
tural failure under an external mechanical load. Anti-hydrolysis
additives can be added to the PET polymer matrix to mitigate the
chain-scission process and ensure mechanical strength [57].

Aging under the DH conditions also resulted in the earlier
material decomposition of both PP and rPET core materials,
evident for both materials in Figure 10. The change in the
onset decomposition temperature marked by the temperature
at which 5% of weight loss (T,) occurs is more pronounced
for the rPET core, where the T,, shifted from 394°C before
aging to 385°C after aging. In contrast, for the PP material, T,
shifted from 430°C to 428°C after aging. Of all skin materi-
als, only PP2 skin showed earlier decomposition onset, which
shifted by 5°C compared to the unaged sample. The polymer
chain scission created smaller molecules that are decompos-
ing into volatile products faster; therefore, T, shifted toward
the lower temperatures.

The water condensation test resulted in a weight gain of less than
0.2wt% for all HSC samples. Since no established standard could
be found for it, an in-house created test procedure was followed.
The relatively low weight gain of these materials may be attributed
to the “breathability” of the composite's outer skins, which allow
moisture vapor transmission and thus prevent water condensa-
tion within the closed hexagonal cells of the core. Alternatively, it
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FIGURE9 | DSC cooling curves of unaged and aged PP and PET. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 | TGA curves of core material before and after aging. [Color figure can be viewed at wileyonlinelibrary.com]

is possible that the test procedure itself needs further adaptation
to create better conditions for water condensation. Nevertheless,
it can be concluded that no significant weight gain is expected for
BAPV and BIPV modules with HSC backsheets under the heat-
ing and cooling conditions typically encountered during outdoor
exposure. This property brings a positive impact, as water will not
accumulate in the hollow areas and impact overall weight, mate-
rial durability, and mold growth [4].

4 | Conclusions

The selected, commercially available PP and PET HSC, already
used in building and automotive industries, proved to be prom-
ising materials for the backside integration into the lightweight
PV modules. Results have shown that proper GF embedment
within the polymer matrix, in the GFRP skin material, improves
the mechanical properties of entire sandwich composites and re-
duces WVTRs. Semitransparent skins with transmission in the
NIR and visible light spectra could enable bifacial PV modules
but require the addition of the UV absorbers to ensure long-
term stability of HSC components and of the internal module
components (encapsulants and solar cells). HSCs exhibit glass-
like thermomechanical behavior but low thermal conductivity,
which could affect module temperature regulation and nega-
tively impact efficiency. DH exposure caused minor degradation
in PP-based materials, which resulted in yellowing, while PET
materials experienced more prominent polymer chain scission
and significant material embrittlement, which indicates the need
for improved hydrolysis resistance. Further investigation is re-
quired to assess mechanical reliability. Replacing the glass front-
sheet and removing the aluminum frame are considered feasible,
though evaluation is still ongoing.
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Abstract — The integration of photovoltaics (PV) into building
facades enables the expansion of renewable energy generation
without additional land use. This work investigates a lightweight
PV module concept designed for integration into large-scale steel
facade elements. The proposed architecture omits front glass,
using a transparent polymeric film as a frontsheet, while the
structural steel facade sheet is integrated at the rear of the module
during manufacturing. A key challenge for this concept is
achieving durable adhesion between the polymeric backsheet and
the hot-dip galvanized steel (HDGS) substrate. Three different
adhesion approaches were investigated and comparatively
evaluated. Approach A (conventional) relies on bonding the
backsheet to the HDGS using an encapsulant layer, while
approach B (modified) uses a thin adhesive layer at the interface.
Approach C (proprietary) on the other hand, eliminates
intermediate layer, and employs an alternative interfacial design
developed in collaboration with industrial partner. Adhesion
strength was assessed using 180° peel test, and durability was
studied under accelerated aging conditions, including damp heat
exposure (85 °C / 85% relative humidity) and thermal cycling (—
40 to 85 °C). Peel tests were conducted before and after aging.
Results demonstrate that while all three approaches achieved
robust initial adhesion to HDGS, exposure to damp heat led to
significant degradation at the POE-PET interface in approach A
and the cohesive failure of the adhesive layer in approach B after
1000 hours. Approach C emerged as the most durable solution,
maintaining superior interfacial integrity and mechanical
performance across all accelerated aging tests.

1. INTRODUCTION

As part of the European Green Deal, Europe aims to increase
the share of renewable energy in its energy mix to at least 40%
by 2030 [1], while progressing toward climate neutrality. A
major constraint in this transition is the limited availability of
free space for large-scale photovoltaic (PV) installations,
particularly in densely populated regions such as Belgium and
the Netherlands and in geographically constrained areas such as
Austria and Switzerland [2]. Since the energy density of solar
power is significantly lower than that of fossil fuels, large
installation areas are required to meet decarbonization targets
[3].

As a result, integrating PV systems into existing
infrastructure has become an important strategy to expand

deployment without additional land use. However,
conventional PV modules are often unsuitable for direct
structural integration due to their weight and mechanical
limitations [4]. This has driven the development of lightweight,
glass-free PV concepts where structural rigidity is provided by
the building element itself.

Recent studies have investigated integrating PV module
stacks into metal fagade systems, such as aluminum and
stainless steel [5]-[8]. In the explored integrated architectures
on metal substrates, the backsheet serves as a dielectric barrier.
Because the metal substrate acts as a large, conductive ground,
the electrical insulation provided by the backsheet is the most
critical safety factor for building integrated PV (BIPV)
compliance.

S. Jahreis et al. [S] have bonded PV stack to aluminum facade
substrates using ethylene-vinyl acetate (EVA) and polyolefin
(POE) encapsulant materials, with one variant employing a
non-specified adhesive interlayer. The study primarily
addressed manufacturing feasibility and post-process
performance after accelerated aging, while the underlying
interfacial adhesion behavior was not systematically analyzed
[5]

A study by Y. Kim et al. [7] examined adhesion between PV
backsheet, EVA and POE encapsulants, and stainless-steel
substrates, focusing on the influence of surface roughness and
lamination parameters on initial adhesion strength. However,
the absence of accelerated aging limited any conclusions
regarding long-term stability. Besides fundamental research,
there are already companies promoting roof or fagade elements
with metal-substrate integrated PV, including Roofit Solar [9],
ArcelorMittal [10], Ernst Schweizer AG [11], BIMsolar PIM
[12] and Kalzip GmbH [13].

Despite progress in integrating PV stacks onto metallic
substrates, the long-term reliability of polymer-metal interfaces
remains insufficiently understood. While such interfaces are
central to industries ranging from food packaging laminates
[14] to encapsulated microelectronics [15], BIPV components
face unique extremes: they must maintain structural integrity
over vast surface areas, up to 12 m in length (as planned in the
PVfagade project), while enduring decades of direct
weathering. This makes the durability of the steel-polymer
bond a distinct engineering hurdle compared to shorter-lived or



protected consumer applications. To address this gap, this study
systematically investigates the interfacial integrity of a
polymeric backsheet adhered to hot-dip galvanized steel
(HDGS) under damp heat and thermal cycling exposure.

II. BIPV FACADE TECHNOLOGY

A. Module configuration

As a building element, PV module must meet requirements
for mechanical stability and rigidity [16]. The design concept
behind the lightweight BIPV module in PVfacade Project
involves replacing the front glass cover of conventional PV
modules with a transparent polymeric film as a frontsheet. To
compensate for the resulting loss of structural integrity,
mechanical stability is reintroduced through the integration of
the HDGS sheet as a back-side component (see Fig. 1).

s—————— Polymeric frontsheet
Front encapsulant

> Solar cells with interconnections
Back encapsulant

Polymeric insulation

Galvanised steel fagade element

Fig. 1. Material lay-up of BIPV module structure.

HDGS sheets are already commonly used in the construction
of industrial buildings, and serve as an ideal structural base for
BIPV modules. Given that the BIPV module is a complex
multi-layer product, establishing a durable bill of materials
(BOM) is essential. In this research, material selection was
guided by four key criteria: availability, sustainability,
processability, and long-term performance.

Regarding availability, the study prioritizes commercially
available products manufactured in Europe. From a
sustainability perspective, the selection aims for halogen-free
and recyclable materials wherever feasible. Ultimately, the

module components must ensure minimal performance
degradation over a service life exceeding 30 years.

Based on the material screening from the previous work [17],
EVA was identified as incompatible with galvanized substrates
in BIPV applications. Under damp heat aging, the deacetylation
of EVA caused release of acetic acid, which promoted
corrosion of the galvanized layer. This chemical interaction
resulted in interfacial separation of the backsheet [17].
Consequently, any polymeric materials, including encapsulants
or backsheets containing EVA, were excluded from the present
study. Therefore, POE-based encapsulants, which were proved
to provide good adhesion between the backsheet and frontsheet
layers [18], were selected to promote adhesion between the
HDGS and the backsheet.

Two commercially available polyethylene terephthalate
(PET)-based backsheets were selected as the electrical
insulation layer, consisting of one (BS-1) or two PET layers
(BS-2). Both backsheets feature an integrated polyethylene
(PE) adhesion-promoting layer oriented toward the cell side.
The internal layers of the backsheets (PET/PE and
PET/PET/PE) are bonded with a thin adhesive layer. Although
the specific chemistry of this adhesive was not disclosed by the
supplier, internal analysis showed a close spectral match to the
polyurethane (PU) family, suggesting a PU-based system or a
related copolymer blend.

The integration of the HDGS sheet as a structural back
component introduces a critical interface within the BIPV
module, namely the adhesion between the polymeric backsheet
and the HDGS substrate. This interface must maintain
mechanical integrity during manufacturing, installation, and
throughout its service life under environmental exposure. To
address this challenge, three distinct approaches for adhering
the backsheet to the HDGS sheet were investigated. These
strategies differ in their interfacial design and bonding
mechanisms while remaining compatible with standard
industrial lamination processes.

B. Adhesion approaches

Three distinct approaches were investigated to achieve
durable adhesion between the two different polymeric
backsheets and the HDGS substrate, the resulting multi-layer
stack configurations for all investigated material combinations
are summarized in Table L.

TABLE I
MATERIAL COMBINATIONS IN THE SAMPLE LAY-UP

Substrate Adhesion approach Electrical insulation layer Accelerated aging
A (POE layer) BS-1 (PET/PE) 100, 250, 500 and 1000 h
hot-dip B (adhesive layer) BS-1 (PET/PE) at 85 °C and 85% rh
galvanized steel B (adhesive layer) BS-2 (PET/PET/PE) &
(HDGS) C (proprietary) BS-1 (PET/PE) 50, 100 and 200 thermal cycles
C (proprietary) BS-2 (PET/PET/PE) from -40 to 85 °C




Approach A (conventional) relies on bonding the backsheet
to the HDGS using an encapsulant layer, while approach B
(modified) uses a thin adhesive layer at the interface.
Approach A is implemented in a single-step lamination process
for all module components, whereas approach B requires a two-
step process. Beyond the processing difference, the increased
stack thickness and the additional encapsulant layer in approach
A introduce an extra combustible component, which may
increase the flammability of the PV module.

Approach C (proprietary) on the other hand, eliminates
intermediate layer, and employs an alternative interfacial
design developed in collaboration with the industrial partner.
The adhesive layer in approach B and the details of approach C
are proprietary and will not be disclosed here; however, the
resulting adhesion and comparison among all three approaches
are presented.

The preparation of the sample coupons followed a
collaborative manufacturing workflow. Samples utilizing
approaches B and C were prepared at voestalpine Stahl GmbH,
leveraging industrial-scale processing capabilities. Samples
using approach A were laminated using a single-sided heated
vacuum laminator. For the latter, lamination parameters were
based on the encapsulant supplier's recommendations, with
specific modifications to the vacuum and heating profiles to
account for the single-sided heating configuration.

C. 180° peel test and accelerated aging

Adhesion performance was quantified through 180° peel
testing in accordance with ASTM D3330. Tests were
performed at room temperature using a Zwick/Roell Zwicki
(2.5 kN) universal testing machine equipped with a 1 kN load
cell and operated at a constant test speed of 5 mm s7'.

To evaluate the long-term reliability of the polymer-metal
interfaces, all sample groups were subjected to accelerated
aging in damp heat (DH): 85 °C / 85% relative humidity) and
thermal cycling (TC): —40 to 85 °C in accordance with IEC
61215-2:2021 [19]. Adherence to these protocols ensured the
samples met the rigorous durability requirements for PV
module qualification criteria [20]. Peel tests were performed at
specific intervals to track degradation kinetics, with
measurements taken after 100, 250, 500, and 1000 hours of DH
exposure, and after 50, 100, and 200 TC. These stressors were
prioritized as moisture ingress and thermo-mechanical fatigue,
driven by the mismatch in coefficients of thermal expansion
(CTE) between the steel and polymer, are the potential drivers
of interfacial degradation. To ensure statistical significance, a
minimum of five specimens were measured for each
combination of material and aging duration.

Following the peel tests, the delaminated interfaces were
analysed using a Perkin Elmer Fourier Transform Infrared
(FTIR) spectrometer. This analysis was instrumental in
determining the specific failure mode, allowing for a clear
distinction between cohesive and adhesive failure type.

III. RESULTS AND DISCUSSION

A. BS-1: approach A

For the evaluation of bonding with the approach A, only the
BS-1 backsheet was used. The combination of a POE
encapsulant layer with the thicker BS-2 backsheet was excluded
to minimize the total polymer volume, thereby optimizing the
module for weight, stack thickness, and fire safety behavior.

The unaged samples demonstrated high initial adhesion, with
an average adhesion strength of 104 N/10 mm. Although
delamination initiated as an adhesive failure between the POE
and the HDGS substrate, the failure path quickly transitioned.
Visually, the delaminated POE surface appeared transparent,
which suggested a clean adhesive separation from the white
PET backsheet. However, FTIR spectroscopy (Fig. 2) revealed
the presence of characteristic PET peaks in the fingerprint
region below 2000 cm™ (most notably the C=O stretch at
~1715 cm™ and C-O stretching at ~1240 cm™ [21]) combined
with POE peaks in the 2900-2800 cm™ range (corresponding
to CH, symmetric and asymmetric stretching [22]). This
confirms that the failure was actually cohesive within the
backsheet, leaving a thin, translucent layer of the PET outer
skin bonded to the POE encapsulant. Therefore, the average
peel strength was calculated specifically across this cohesive
region, as the initial metal-interface separation represented a
negligible portion of the total peel area.
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Fig. 2. FTIR-ATR spectra of the HDGS and BS interface surfaces after
delamination (adhesion approach A), together with a POE encapsulant
reference spectrum.

As observable from the Fig. 3. the introduction of
environmental stress via DH exposure significantly
compromised adhesion strength. After 100 h of DH, the
adhesion strength decreased to 20 N/10 mm. At this stage, the
failure mode shifted to a primarily adhesive separation between
the POE and the PET-air layer, though certain regions remained



well-adhered and continued to exhibit cohesive failure. By
1000 h of DH, the adhesion strength reached a minimum of
5.5N/10 mm, with the adhesive failure almost entirely in
POE/PET-air interface.

In contrast, the samples showed greater resilience to TC.
Even after 200 cycles, the average adhesion strength remained
high at 72 N/10 mm, maintaining the same cohesive failure
mode observed in the unaged samples. This suggests that while
the POE/PET-air interface is highly susceptible to hydrolytic
degradation, it remains mechanically stable under
thermomechanical fatigue.
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Fig. 3. Adhesion strength values for samples with BS-1 adhered to
HDGS with approach A, before and after damp heat and thermal cycle
exposure.

B. BS-1. approaches B and C

Samples prepared using approach B with the BS-1 backsheet
demonstrated a markedly different failure mechanism than
those observed in approach A. While initial visual inspection
suggested cohesive failure within the PET, subsequent
microscopic analysis (Fig. 4) revealed that the mono PET-air
layer was actually a coextruded PET/PET laminate. Therefore,
delamination primarily occurred at this internal coextruded
interface, as the interlaminar adhesion within the backsheet was
weaker than the bonds between the other interfaces.
Consequently, the initial average adhesion strength of
4.2 N/10 mm represents the internal structural integrity of the
backsheet rather than the adhesion between the HDGS and the
polymer stack.

PE
- adhesive
U.') = e Cohesive failure after 0 h; 100 h;
[<a] PET-air = 500 h and 250 h @ DH
. and 50; 100 and 200 TC
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Fig. 4. Schematic cross-section of the layer stack for samples prepared
using approach B with backsheet BS-1 (integrated microscopic

Cohesive failure after 500 h and
1000 h @ DH

image), and the corresponding delamination interfaces after
accelerated aging. Arrows indicate the locations of delamination
before and after damp heat and thermal cycling, the layers are not to
scale.

Exposure to DH led to a significant reduction in adhesion
strength, which remained stable at approximately 3 N/10 mm
throughout the 100 h, 250 h, and 500 h intervals, as shown in
Fig. 5. For the samples aged for 500 h in DH, a hybrid failure
mode emerged; while two out of five samples maintained the
internal backsheet delamination observed in unaged samples,
three out of five samples (60%) exhibited a shift to cohesive
failure within the adhesive layer between the HDGS and the
backsheet. This transition signals the onset of hydrolytic
degradation within the primary adhesive layer. By 1000 h of
DH, this cohesive failure within the adhesive was observed
across all specimens, with the adhesion strength dropping to a
critical value of 0.2 N/10 mm.

Interestingly, TC did not impact the integrity of the steel-
adhesive-backsheet bond. Instead, it had a far more pronounced
impact on the PET/PET coextruded interface than moisture
exposure did. After only 50 cycles, the adhesion strength was
halved to 1.9 N/10 mm, eventually reaching 0.7 N/10 mm after
200 cycles. This indicates that while the primary adhesive
remains stable, the coextruded interface within the backsheet is
particularly vulnerable to the thermomechanical stresses
induced by cyclic loading.
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Fig. 5. Adhesion strength values for samples with BS-1 adhered to
HDGS with approach B (red) and C (blue), before and after damp heat
and thermal cycle exposure.

For samples laminated using approach C, the failure
interfaces mirrored those of approach B, with delamination
localized within the coextruded PET/PET interface. However,
approach C consistently yielded adhesion values 1-3 N/10 mm
higher than approach B across all tested conditions. This
improvement may be attributed to the specific
lamination parameters used in approach C, suggesting a



beneficial effect on the interlaminar adhesion within the
backsheet layers.

A unique phenomenon was observed after 1000 h of DH
exposure: delamination occurred across multiple interfaces,
progressing from the coextruded PET/PET interface into the
interlaminar adhesive/PE layer. This complex failure caused
significant plastic deformation of the PE layer during the peel
test. This resulted in a localized, false increase in the average
peel strength due to the force required to plastically deform
(stretch) the PE [23]. Consistent with the findings for approach
B, TC proved to be the more detrimental stressor for the
interlaminar adhesion of the backsheet, further highlighting the
sensitivity of these coextruded interfaces to thermomechanical
fatigue.

C. BS-2: approaches B and C

Samples prepared using approach B with the BS-2 backsheet
exhibited cohesive delamination within the backsheet both
before aging and after most accelerated aging conditions. The
only exception was the sample group subjected to 1000 h of
DH, where failure occurred cohesively within the adhesive
layer between the HDGS and the backsheet. Accelerated aging
influenced the overall adhesion strength; therefore,
delamination within the backsheet was analysed in detail to
assess changes in adhesion strength and failure behaviour.

Within the backsheet, the adhesion strength initially
increased from 9.8 N/10 mm to 18.8 N/10 mm after 100 h of
DH exposure, likely due to heat- and/or humidity-induced post-
curing of the adhesive layers. With continued aging, the
adhesion strength decreased, reaching 2.6 N/10 mm after 500 h
of DH exposure, which is attributed to progressive degradation
of the adhesive layer in the BS. In parallel, the delamination
interface within the backsheet changed as shown in Fig 6.
Initially, adhesive failure occurred at the PET-air/adhesive
interface; however, after 500 h of DH exposure, the failure
mode shifted to cohesive failure within the adhesive layer
between the PET-air and PET-core layers. In contrast, TC did
not alter the failure interface compared to unaged samples,
though it slightly reduced the average adhesion to 8.5 N/10 mm
after 200 cycles.
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adhesive -
Cohesive failure after 1000 h @ DH

Fig. 6. Schematic cross-section of the layer stack for samples prepared
using approach B with backsheet BS-2 (PET/PET/PE), and the
corresponding delamination interfaces after accelerated aging. Arrows
indicate the locations of delamination before and after damp heat and
thermal cycling, the layers are not to scale.

For samples prepared using approach C and BS-2,
delamination also occurred cohesively within the backsheet

both before and after all accelerated aging conditions. The
measured adhesion strength was consistently higher than that of
samples from approach B by approximately 1-3 N/10 mm
across all DH conditions (Fig. 7), aligning with the trend
observed for BS-1. This once again suggests that the lamination
parameters of approach C have a beneficial effect on the
interlaminar adhesion within the backsheet layers. The
evolution of the failure interfaces within the backsheet followed
a similar trajectory to approach B, with samples aged for 1000 h
in DH exhibiting cohesive failure within the internal adhesive
layer between the PET-air and PET-core. Notably, TC impacted
the average interlaminar adhesion of approach C samples more
significantly than in approach B, ultimately reducing the
adhesion strength to values similar to those observed in the
approach B group.
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Fig. 7. Adhesion strength values for samples with BS-2 adhered to
HDGS with approach B (red) and C (blue), before and after damp heat

and thermal cycle exposure.

D. Adhesion strength — degradation paths

The observed decline in POE-PET adhesion under DH
exposure from approach A, despite stability during TC, points
to a chemical rather than mechanical failure path. In this
interface, moisture acts as a primary degradant through several
simultaneous mechanisms: the disruption of secondary Van der
Waals forces via interfacial water accumulation and the
potential hydrolysis of silane coupling agents commonly used
in POE formulations to promote adhesion to solar cell and solar
glass [24]. To mitigate this, surface functionalization of the
PET, such as corona treatment, plasma activation, or the
application of specialized primers, could be employed to
enhance chemical coupling with the POE, potentially delaying
moisture-induced debonding.

In the multi-layer backsheets, such as BS-1 and BS-2, the
interlaminar adhesion behaviour is largely governed by the
chemistry of the incorporated adhesives. The initial increase in
strength during DH exposure is consistent with the behaviour



of moisture-curable adhesives, such as certain PU-based
systems, where residual reactive groups (e.g., isocyanates) react
with diffused water to increase cross-linked density [25].
However, this reinforcement is temporary, continued moisture
ingress likely triggered hydrolytic chain scission, leading to the
chemical breakdown and embrittlement of the adhesive
backbone, as observed for BS-2 after prolonged DH exposure
[26]. Similar observations were made by several other research
institutes on both laboratory and field aged backsheets [27]-
[33].

Moisture also acted as a degrading mechanism for the
adhesive used to bond the HDGS to the backsheet in approach
B. The cohesive failure within the adhesive after 1000 h of DH
exposure revealed that this formulation was not adapted for
prolonged hydrothermal stress. Although moisture penetration
will be significantly reduced in a complete PV module stack,
the susceptibility of this adhesive to hydrolysis poses a critical
risk for edge delamination. To ensure long-term reliability
against moisture, it is essential to reformulate adhesive with
improved hydrolysis resistance.

Ultimately, the mechanical vulnerability of the stack was
exposed during TC. Because the rigid HDGS substrate acts as
a significant mechanical constraint with a substantially lower
CTE than the polymers, it restricts the natural expansion and
contraction of the backsheet. This constraint generates high
internal stresses, particularly at the interlaminar interfaces. In
multi-layer PET backsheets, layers often possess different
processing histories, leading to localized CTE mismatches
within the backsheet itself. When locked to the HDGS, these
internal layers pull against one another, causing the interfaces
to fatigue and eventually fail.

The impact of this internal interfacial weakness on long-term
module reliability cannot be overstated, especially when
considering the scale of envisioned BIPV applications. For
large-scale fagade components reaching length size of up to
12 m, these CTE mismatches will play an even more dominant
role, as the cumulative thermal strain over such lengths can lead
to catastrophic delamination. Since all three approaches
achieved robust bonding to the HDGS, the internal backsheet
structure remains the primary weak link in the system.
Therefore, while adhesive reformulation is necessary for the
chemical stability of Approach B, transitioning toward a
monolithic (single-layer) backsheet is strongly recommended
to minimize the number of interfaces susceptible to thermal-
mechanical degradation.

In interpreting the adhesion data, it must be noted that the
180° peel test provides a comparative rather than an absolute
measure of interfacial adhesion strength. Because a portion of
the applied force is inevitably consumed by the plastic
deformation of the polymeric peel arm, the recorded values do
not correspond directly to pure interfacial adhesion energy.
While methods like the width-tapered single cantilever beam
and the compressive shear tests provide a more precise
adhesion strength values, they are significantly more time-
consuming [30], [34]-[36].

For the requirements of this study, the 180° peel test was the
most practical choice to allow for a consistent, comparative

evaluation across a large number of samples. Using this method
as an efficient screening tool allowed for the identification of
clear performance trends within a reasonable timeframe. Once
the most optimal backsheet and adhesion approach is defined,
more precise testing will be conducted in the final phase of the
project to characterize the absolute adhesion strength.

IV. SUMMARY AND OUTLOOK

In this work, PV modules were laminated onto HDGS fagade
components, forming a multi-layer system in which the
polymeric backsheet provides electrical insulation while the
adhesive strategy governs the mechanical coupling to the
HDGS substrate. Three different adhesion strategies were
systematically compared with respect to their initial adhesion
strength and durability under DH and TC: approach A
(conventional) using a POE encapsulant as the adhesive layer,
approach B (modified) with a thin adhesive layer, and approach
C (proprietary) featuring an alternative interfacial design.

The investigation confirmed that while all approaches
provide robust initial bonding, long-term durability is dictated
by the chemical and mechanical stability of the internal layers.
Results for approach A revealed that the POE-PET interface is
highly susceptible to moisture-driven weakening. In the case of
approach B, the cohesive failure observed after 1000 hours of
DH exposure confirms that the adhesive formulation was not
adapted for prolonged hydrothermal stress. Although moisture
penetration is naturally reduced in a full PV module stack, the
vulnerability of this layer remains a critical risk for edge
delamination, necessitating a reformulation of the adhesive to
enhance its hydrolysis resistance. In contrast, approach C
emerged as the most durable solution, maintaining superior
interfacial integrity throughout all accelerated aging tests.

Future work is underway to further quantify these
degradation mechanisms and refine the module architecture for
large-scale application. Cross-sections of aged samples will be
examined using nanoindentation to map mechanical changes
within the individual layers and quantify the degree of polymer
degradation. Additionally, full-stack mini-modules have been
installed for outdoor monitoring to correlate laboratory data
with natural weathering performance. Further durability
testing, including UV accelerated aging, will be conducted to
define adhesion performance under the full spectrum of
environmental conditions. Ultimately, the results suggest that
while adhesive reformulation is necessary for specific designs,
transitioning toward monolithic backsheets and employing PET
surface treatments are the most effective strategies to eliminate
internal failure planes and ensure the 25-year service life
required for steel-integrated BIPV.
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Abstract

Copper indium gallium (di)selenide (CIGS) solar cells can be deposited onto flexible substrates,
enabling their integration into portable devices and complex-shaped modules for building-
and vehicle-integrated photovoltaics. However, their sensitivity to humidity has traditionally
favored rigid module designs with glass encapsulation, limiting flexible, application specific
solutions. This study investigates coating encapsulation of flexible CIGS prefabricates on
stainless-steel foils using commercially available and specially developed barrier coatings.
Fourteen coating materials were selected and grouped according to their main component:
acrylate, epoxy, polyurethane (PU), and silicone. Acrylate coatings exhibited defects or
insufficient adhesion under mechanical loading, epoxy coatings showed significant volumetric
shrinkage during curing, and silicone coatings were constrained by additional processing steps
and thickness limitations, reducing their suitability for scalable industrial applications. PU
coatings, despite complex curing behavior, demonstrated good adhesion, uniform coverage,
and maintained substrate flexibility, making them the most promising candidates.
Accordingly, PU coatings were subjected to accelerated aging tests to evaluate adhesion,
optical stability, and overall suitability for flexible CIGS PV modules durability. Coatings with
poor initial adhesion delaminated rapidly under pressure cooker test within 1 h. Contrary,
under damp heat exposure, degradation progressed more slowly, with wrinkling,
delamination and yellowing, developing over several hundred hours, with PU 6 and PU 4
showing the best overall combination of adhesion and optical stability. As a final step, a
systematic coating rating scheme was applied to identify the most promising materials for
long-term encapsulation performance.

Key words
CIGS, BIPV, flexible PV, encapsulation, barrier coatings



1 Introduction

Copper indium gallium (di)selenide (CIGS) and other thin-film photovoltaic (PV) technologies
accounted for less than 2% of the global PV market in 2024 [1]. Despite their lower module
efficiencies compared to crystalline silicon (c-Si) technologies (<19% versus >24%), CIGS solar
cells continue to maintain a presence in the market [1-3]. This persistence is not driven by
peak efficiency, but by form-factor advantages, most notably their compatibility with flexible
substrates and cost-effective roll-to-roll manufacturing processes [4—-8]. CIGS solar cells can
be deposited onto a variety of flexible substrates, including stainless-steel metal foils [7,9],
polymer films [10,11], and ultra-thin glass with thicknesses of 100 um [12,13]. Their
mechanical flexibility and ability to be deposited directly onto functional components enable
a high degree of customization and integration in diverse applications, ranging from small
portable and Internet of Things (loT) devices to complex-shaped photovoltaic modules for
building-integrated photovoltaics (BIPV) and vehicle-integrated photovoltaics (VIPV) [14-18].
Furthermore, depending on the selected bill of materials (BOM), CIGS technology can be
tailored for both short-term and long-term applications.

However, these form-factor advantages introduce significant challenges with respect to
module reliability and qualification. In particular, CIGS PV modules face difficulties in meeting
existing qualification standards, such as IEC testing protocols [19], which are primarily
designed to assess long-term outdoor exposure and may not adequately reflect the
operational requirements of devices intended for short-duration or application-specific use.
In addition, the relatively high sensitivity of CIGS cells to humidity has historically driven
module designs toward rigid configurations, typically incorporating glass front encapsulation
to limit moisture ingress [20,21]. Such designs enable operational lifetimes of up to 20 years
with degradation losses below 20% [22]. However, they inherently constrain mechanical
flexibility and are incompatible with continuous roll-to-roll manufacturing.

To overcome these limitations, a transition toward roll-to-roll-compatible encapsulation and
lamination processes is underway, although optimization of the BOM remains a critical
challenge [23]. While flexible CIGS modules are already commercially available, they often rely
on high-cost specialty polymer frontsheets, whose compositions are generally not disclosed
by manufacturers [24,25]. Beyond conventional lamination, alternative encapsulation
strategies have been explored, including the application of transparent, flexible barrier
coatings deposited as single or multilayer systems using additive manufacturing techniques.
Prior studies have reported the use of polymer-based coatings such as polyurethane (PU),
epoxy, acrylates, and ultraviolet (UV)-curable materials, however, coating application and
long-term durability were not systematically investigated [26,27]. Thin ceramic films and
multilayer polymer—ceramic barrier structures, most commonly based on atomic layer
deposition (ALD) of AlOx, have also been studied [27-30]. Although the presence of AlOx layer
has demonstrated enhanced resistance to moisture and oxygen ingress, its adoption in PV
module manufacturing appears limited due to high processing costs, complex deposition
methods, and limited commercial availability. As a result, vacuum lamination remains to be



the dominant manufacturing approach, despite being suboptimal for flexible and roll-to-roll-
compatible modules.

While demand for flexible, application-specific CIGS PV modules continues to increase,
scalable and low-cost encapsulation solutions compatible with roll-to-roll manufacturing
remain lacking. Addressing this gap is the central motivation of this present study where
coating—based encapsulation of flexible CIGS PV prefabricates on stainless-steel foils is
systematically investigated. An assessment was performed on a range of commercially
available coating materials typically used as barrier layers in stainless-steel construction,
transportation, and organic light-emitting diode (OLED) applications to provide protection
against moisture and other harsh environmental conditions. These coatings were deposited
onto the various substrates present in CIGS PV prefabricates supplied by Sunplugged GmbH
using multiple application methods. The objective of this study is to identify coating—process
combinations that meet the encapsulation requirements of flexible PV modules intended for
BIPV products, with particular emphasis on adhesion performance and compatibility with roll-
to-roll manufacturing.

2 Methodology

Coating application was selected as a scalable, low-cost approach for the encapsulation of
flexible CIGS PV modules. A variety of deposition techniques are available for coating
deposition (see section 2.4 Coating application methods) and this method offers advantages
compared to vacuum lamination such as fast processing, design flexibility and reduced
material waste [31]. A key requirement for the encapsulation process was that the applied
coatings maintain the flexibility of the module after curing. The experimental approach
involved defining functional requirements for the encapsulation materials, selecting
commercially available candidates, and the optimal deposition process. Coating quality and
the effectiveness of drying or curing procedures were assessed visually after each application
step and following accelerated aging tests, including exposure to pressure cooker test (120 °C,
100% relative humidity) and damp heat (85 °C, 85% relative humidity).

2.1 CIGS prefabricate

The CIGS PV prefabricate investigated in this study consists of multi-layered thin-film stack on
a stainless-steel substrate. The deposition processes of the individual cell layers including the
CIGS absorber onto SiOx coated stainless-steel and composition of SiOx are a proprietary
knowledge of Sunplugged GmbH and therefore not further addressed here. The surfaces
targeted for encapsulation include the stainless-steel edges and corners (frame-like regions),
which transition into a thin and narrow SiOx barrier layer that electrically insulates the
stainless-steel from the CIGS cell. The front contact layer, i.e. the uppermost material of the
solar cell, was Indium Tin Oxide (ITO), along with a copper-based grid used for module
interconnection and Kapton® tape applied along the edges of the copper busbars.



Since strong adhesion to the stainless-steel substrate and the SiOx layer (which forms the
frame around the cells) is critical to prevent delamination on the sides and water ingress, the
study evaluated, complete CIGS prefabricate (configuration 1), self-standing stainless-steel foil
(configuration 2), stainless-steel foil with a SiOx layer (configuration 3), and stainless-steel foil
with CIGS cell layer stack (configuration 4). A schematic representation of all four
configurations is shown in Figure 1.

It should be noted that this study does not investigate the effect of coatings on functioning PV
modules. Functional modules were not tested due to limited availability and variations in the
CIGS layer stack and module efficiency. Only the prefabricated substrates were examined in
this work. The effect of coatings on complete, functioning modules will be addressed in future
studies by the company partner, who will test the most promising coating materials identified

here.
stainless-steel
copper busbar/
interconnections
CIGS cell
Kapton tape
SiOx
Configuration 1 Configuration 2
Configuration 3 Configuration 4

Figure 1. Schematic representation of the four substrate configurations.

2.2 Material requirements

The selection of suitable materials for the encapsulation of flexible CIGS PV modules requires
careful consideration of both device performance and process compatibility. As summarized
in Table 1. Coating requirements for flexible CIGS encapsulation., the key requirements include
specific optical, chemical, mechanical, and processing properties [26].

Optically, the front coating must maintain high transparency and low haze to ensure efficient
light transmission towards the CIGS cell layer, while also exhibiting stability under prolonged
ultraviolet (UV) exposure. Chemically, encapsulation materials must be inert with respect to
all underlying layers, presence of any strong or corroding solvents is not preferred.
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Mechanically, coatings must adhere strongly to heterogeneous substrates and maintain
flexibility after curing, enabling the final module to withstand bending or minor deformation
without cracking or delamination [27].

From a processing standpoint, materials must exhibit viscosities suitable for coating
techniques and be compatible with the thermal limits of the substrates during curing. Uniform
coverage and layer thickness of less than 500 um are critical for consistent barrier
performance and thin end product. Finally, practical considerations such as commercial
availability (European market), cost-effectiveness, and scalability for roll-to-roll processing
were incorporated into the selection criteria.

Table 1. Coating requirements for flexible CIGS encapsulation.

Optical transparency | > 90% transmission over visible and NIR range (400 to 1200 nm)
UV stability No yellowing, hazing or microcracking under UV exposure

Heat resistance No softening nor degrading up to 100 °C

Viscosity Between 2000 to 10 000 mPa s

Adhesion Strong adhesion to all CIGS prefabricate components

Curing Low temperature curing, without by-product formation
Chemistry Halogen and acid free systems

Mechanical flexibility | High flexibility post-curing to fit roll-to-roll process

Thickness <500 pm

2.3 Coating selection

One of the objectives of this study was to identify commercially available coatings suitable for
the encapsulation of flexible CIGS PV modules. Several criteria guided the selection process,
covered in previous sub-section. Additionally, cost-effectiveness was important, as
economically viable solutions are essential for scalable production of PV modules.

In addition to practical considerations, the selection of the suitable coatings was based on the
prior applications in related fields. Coatings originally developed for OLED devices,
transportation vehicles (e.g. boats), and other industrial applications where stainless-steel
protection is of importance, were considered due to their proven durability under harsh
environmental conditions, including moisture, temperature fluctuations, and mechanical
stress. These coatings are typically designed to serve as barrier layers, protecting sensitive
functional layers while maintaining flexibility and adhesion on heterogeneous substrates.
Additionally, silicone coatings developed for PV encapsulation [32], which are not yet widely
used and for which limited performance data are available in the literature, were included in
the study.

Based on these criteria, candidate materials were identified for further evaluation in terms of
compatibility with flexible PV prefabricates, processability, and expected long-term stability.



The selected coatings, experimental testing and their performance are presented in section 3
Results and discussion.

2.4 Coating application methods

Coating techniques with potential compatibility for roll-to-roll processing were selected to
enable integration into existing CIGS production lines. In this study, coatings were applied
using mold casting, spray coating, doctor blade coating, and gravure coating.

The mold casting, even though unsuitable for the roll-to-roll processing [31,33], was employed
as a laboratory-scale reference method, providing controlled film formation under static
conditions. Spray coating was selected as best method for low viscosity coatings, and due to
its flexibility, possibility of coating complex shape products and demonstrated potential for
implementation in roll-to-roll environments [31,34].

Doctor blade coating was included as a technique directly compatible with roll-to-roll
processing, offering well defined control over wet film thickness through parameters such as
blade gap, coating speed, and coating viscosity [31]. Gravure coating method represents a fully
industrialized roll-to-roll process and was investigated as a benchmark for high-throughput,
continuous coating under conditions relevant to CIGS prefabricates manufacturing [31,35].

Together, these methods enable assessment of coating performance across deposition
techniques with increasing relevance to integration into CIGS production lines.

2.5 Drying and/or curing processes

The coatings selected for this study required different curing strategies depending on their
chemistry. UV curing was the preferred method due to its rapid curing kinetics and low
thermal load, making it well suited for inline implementation. Thermal curing was the second
preferred option, as it can also be relatively fast, is temperature-controlled, and can be applied
inline in roll-to-roll processing. Process temperatures were limited to €150 °C to preserve CIGS
functionality and minimize thermomechanical mismatch. Room temperature curing (drying)
was considered the least favorable method due to inherently longer processing times.
Nevertheless, this curing condition was required for certain coating systems.

2.6 Material performance

Coatings were initially evaluated immediately after application to assess wetting behavior.
After complete curing, the state of both the coating and substrate, as well as adhesion, was
assessed using a stepwise procedure. Visual inspection was performed first, followed by
manual bending tests (with angles up to 60°) to evaluate whether the coatings could withstand
mechanical deformation without delamination or cracking. Samples passing this test were
subsequently subjected to accelerated aging using a pressure cooker test (PCT) (120 °C, 100%
relative humidity, steam pressure >100 kPa) and damp heat (DH) test (85 °C, 85% relative
humidity, 1000 hours, IEC 61215 standard). PCT was conducted in an in-house chamber with
a stainless-steel mesh, 1 h exposure time was considered sufficient to identify weakly adhered
coatings. After accelerated testing, samples were visually inspected for optical or adhesion
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defects, including the state of the substrate and coating, and manual bending was repeated
for coatings showing no visible delamination to confirm mechanical integrity.

3 Results and discussion

3.1 Selected coatings, application methods and curing processes

A set of fourteen commercially available coatings was selected as potential candidates for the
barrier layer of flexible CIGS PV modules. Two of the coatings were further optimized in close
collaboration with industrial partner, following detailed discussions of application-specific
requirements from Table 1. and resulting in formulations optimized for the targeted barrier
performance. The selected coatings were arranged into four groups according to their main
component: acrylate, epoxy, polyurethane (PU) and silicone-based coatings. The complete list
of tested coatings is provided in Table 2.

Application methods were selected based on the viscosity of each coating and are listed
together with the curing mechanisms and conditions in Table 2. As mentioned previously, UV
curing is the preferred method; however, the availability of transparent, UV-curable coatings
suitable for outdoor applications is limited, and only two coatings met the requirements for
this study. Both UV-curable coatings were acrylate-based and underwent curing through a
photopolymerization mechanism. This process was initiated by photo-initiators incorporated
into the formulation, which absorbed UV radiation and underwent photochemical cleavage to
generate highly reactive free radicals. These radicals initiated the polymerizations of the
acrylate functional groups, leading to extensive crosslinking and the formation of a three-
dimensional polymer network [36].

Thermally assisted curing was carried out for the silicone, PU, and epoxy-based coatings,
although the underlying curing mechanisms differ among these systems. Silicone coatings 1
and 3 cure via a platinum-catalyzed hydrosilylation (addition-cure) reaction, resulting in the
formation of a crosslinked poly (dimethyl siloxane) (PDMS) network [37]. PU-based coatings
cured through an addition reaction between isocyanate and hydroxyl (polyol) functional
groups; in the presence of catalysts and/or elevated temperature, this reaction proceeds via
step-growth polymerization, resulting in a crosslinked polymer network [38,39]. In contrast,
epoxy-based coatings in general cure through reactions between epoxy monomers and co-
monomers (hardeners) and/or initiators. Depending on the formulation, epoxy polymers may
be formed via step-growth polymerization, chain polymerization, or a combination of both
mechanisms [40]. As the materials used in this study were commercial-grade products and
detailed formulation information was not provided by the suppliers, the specific curing
mechanism in the epoxy coatings could not be conclusively identified.

Although prolonged room temperature (rT) drying is the least favorable curing approach,
some PU coatings and silicone 2 fell into this category. Curing of silicone 2 was assisted by
atmospheric humidity via a condensation-cure mechanism [41], however, the detailed curing
chemistry was not disclosed by the supplier. The PU coatings here had different formulations,
but followed the same curing mechanism as described above, except that curing occurred at
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room temperature. Nevertheless, these coatings were applied to all substrate configurations
and evaluated for their performance to assess their feasibility, with the understanding that
curing parameters could be modified if necessary, for example by increasing the curing
temperature, enhancing ventilation to accelerate solvent evaporation, or modifying the curing

chemistry to a faster-curing system.

Table 2. Tested coating types, application methods, curing mechanisms and conditions.

Coating Number of Application . . Curing
Curing mechanism ..
type components methods conditions
spray coating; o UV curing
late 1 1 h I
acrylate gravure coating photopolymerization (<1 min)
. N UV curing
acrylate 2 1 gravure coating photopolymerization (<1 min)
epoxy 1 2 mold casting cpoxy mpnpmer 24 hatrT
crosslinking
epoxy 2 2 mold casting epoxy mpnpmer 12 hat60°C
crosslinking
PU 1 5 spray coating; addition 12hatrTor2h
gravure coating polymerization at 60 °C
PU 2 5 spray coating; addition 10hatrTor3h
gravure coating polymerization at 60 °C
PU 3 2 spray coating addlt.|on. 24 hatrT
polymerization
. addition
PU4 2 spray coating L 24 hatrT
polymerization
. humidity assisted 24hatrTor3h
PUS 1 t
spray coating addition at 65 °C
PU 6 3 spray coating; addltilon. 24 h at (T
doctor blade polymerization
mold casting; addition 4hat70°Cin
PU7 2 .
doctor blade polymerization the vacuum
silicone 1 5 mold casting; addition 48 hat rT or
doctor blade polymerization 35 min at 100 °C
silicone 2 5 mold casting; condens.atlon 48 h at 1T
doctor blade reaction
silicone 3 5 mold casting; addition 48 h at rT or
doctor blade polymerization 35 min at 120 °C

3.2 Applied and cured coatings

Visual inspection of the coated substrates was conducted both after coating application and
after completion of the curing process. Three substrate configurations were coated with all
investigated coatings: self-standing stainless-steel foil (configuration 2), stainless-steel foil
with a SiOy layer (configuration 3), and stainless-steel foil with CIGS cell layer stack
(configuration 4). Additionally, to evaluate wetting quality and uniformity, copper busbars
were added in configuration 4 to create variation in the surface profile. Prior to coating, all
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substrates were cleaned with either ethanol or isopropanol to remove surface contaminants
and promote optimal wetting of the coating materials.

Upon inspection, several challenges were observed across the different substrate types, as
illustrated in Figure 2. Thorough surface cleaning and minimization of surface profile variations
(e.g., through the use of thinner copper busbar tape) were found to be critical for achieving
uniform coatings. Height variations across the substrate surface led to localized air
entrapment during application, which compromised wetting and resulted in non-uniform
coating layers. Maintaining a dust-free environment during coating application was also
essential, as even minor particulate contamination disrupted coating continuity and
uniformity.

Several coatings exhibited void formation within the layer, which was attributed to two main
factors: the skin effect and air entrapment during coating preparation. The skin effect refers
to the formation of a thin, partially cured surface layer before the underlying solvent has fully
evaporated, thereby trapping solvent and generating microbubbles during curing [42]. Air
entrapment, on the other hand, results from insufficient degassing of air bubbles introduced
during the mixing of multi-component coatings. In some cases, these entrapped bubbles
remained in the applied coating and evolved into voids upon curing. In addition, droplets
formation of coating on the substrate surface were observed. These resulted from the
mismatches between the surface tension of the substrate (or localized areas of it) and that of
the applied coating, a phenomenon commonly referred to as coating dewetting [43]. This
effect was particularly pronounced on substrates with SiOx layer (configuration 3) highlighting
the sensitivity of the coating process to substrate-coating interactions.

Overall, the visual inspection highlighted the importance of substrate preparation,
environmental control, and careful handling of the coating mixture in achieving defect-free,
uniform layers. Following these observations, the coatings were evaluated by material group.




Figure 2. Coating defects after coating application: a) air bubbles near the busbar for spray
coated samples (PU 1 and 6), b) dry spot due to improper cleaning (acrylate 1), c) entrapped
dust particle, and d) micro voids over entire coating layer due to the skin effect (PU 3).

Acrylate-based coatings

For the UV-curable acrylates, spray coating and gravure coating were identified as the most
suitable application methods. Acrylate 1 exhibited poor wetting on the SiOx layer, which is
attributed to a mismatch in surface energy between the inorganic oxide surface and the
organic acrylate formulation, resulting in pronounced droplet formation. Adequate wetting
was observed only on the stainless-steel and ITO layers; however, even minimal surface
contamination, resistant to ethanol and isopropanol cleaning, led to localized droplet
formation, indicating a narrow and contamination-sensitive processing window. In contrast,
acrylate 2 showed good initial wetting on all investigated substrates, but adhesion after UV
curing was insufficient. Delamination occurred on all substrates during bending tests designed
to simulate the mechanical stresses encountered in flexible PV module applications,
suggesting inadequate interfacial bonding strength. Since a uniform and defect-free coating
could not be reliably achieved with acrylate 1, and acrylate 2 failed to meet the adhesion
requirements under mechanical loading, both materials were excluded from further
investigation.

Epoxy-based coatings

Epoxy coatings 1 and 2 could be applied using doctor blade and casting methods. However,
pronounced volumetric shrinkage during curing (>10%) generated significant internal stresses,
leading to deformation of the substrates. Non-disclosable filler material provided by the
supplier were incorporated into the formulations primarily to adjust viscosity and reduce
water vapor transmission rates; it was further hypothesized that the presence of inert fillers
could also mitigate dimensional change during curing. Despite this, no measurable reduction
in shrinkage was observed, and dimensional changes during curing continued to induce
substrate deformation. Consequently, both epoxy coatings were excluded from further
testing.

PU-based coatings

With the exception of PU 7, the PU coating formulations exhibited lowest viscosity and could
be applied by spray coating, doctor blade, or gravure coating, all of which are readily
compatible with industrial roll-to-roll processing. In contrast, mold casting was the supplier-
recommended application method for PU 7.

PU 2, a water-based formulation, was considered potentially risky due to the sensitivity of
CIGS cells to water; nonetheless, it was tested to expand the dataset and to include a wider
range of PU formulations. This coating was applied and cured without any defects and
exhibited good initial adhesion to all substrates. The optimized PU 3 presented challenges
during curing, as a pronounced skin effect led to microbubble entrapment within the coating,
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as shown in Figure 2. d. Further optimization yielded PU 4, which could be successfully applied
and cured without exhibiting these issues.

Substrate cleaning was critical for successful application of PU 1, 4, and 6, particularly on
configurations incorporating a SiOy layer, where dry spots were frequently observed. A similar
sensitivity to substrate cleanliness was noted for PU 6 on bare stainless-steel substrates.

In addition to substrate preparation, the choice of application method strongly influenced
coating quality for PU 1, 6, and 7. For PU 1 and 6, spray coating resulted in incomplete wetting
and voids near copper busbars; these issues were resolved by implementing gravure or doctor
blade coating, with optimized movement to allow the coating to fill surface profile variations.
PU 7 proved to be the most challenging formulation to apply. Initial application via mold
casting was difficult due to the high viscosity and slow flow behavior of the material, resulting
in an uneven layer. As a two-component system, PU 7 required thorough mixing to achieve a
homogeneous resin, which inevitably introduced air bubbles. The rapid curing behavior, with
a pot life of less than 30 minutes, further limited the time available for bubble release,
resulting in air entrapment within the cured layer. In collaboration with the supplier, attempts
were made to optimize the viscosity using thinners; however, no alternative formulations
were available. Application via doctor blade improved coating uniformity, and curing in a
vacuum oven removed the majority of entrapped air, although small and micro-scale bubbles
persisted. Despite these limitations, PU 7 was included in accelerated aging tests alongside
the other PU coatings.

PU 5 was applied via spray coating onto all substrates without difficulty; however, after curing,
an orange peel effect was observed on configuration 3. This defect, likely resulting from
surface tension mismatches, could not be resolved for this configuration. Configurations 2 and
4 were nonetheless exposed to accelerated aging to evaluate adhesion on these substrates.

PU coatings with good initial adhesion and uniform coverage were selected for accelerated
aging experiments to evaluate their stability under stress conditions. The flexibility of PU 7,
along with its prior use in OLED encapsulation, regardless of present micro voids, made it the
leading candidate. Therefore, configuration 1 (mini CIGS PV module prefabricate) was coated
with PU 7 to assess its performance under accelerated aging.

Silicone-based coatings

Silicone-based coatings showed significant application and performance limitations. Doctor
blade deposition was not feasible due to improper curing of the applied layer at low
thicknesses and material overflow at higher blade gaps, restricting application to mold casting.
Mold casting required extended preparation times and vacuum degassing both before and
after application to remove entrapped air. All three silicone formulations exhibited poor initial
adhesion, as cured layers could be manually peeled from all substrates. The use of a supplier-
recommended primer significantly improved adhesion for silicone 1 and silicone 2, whereas
no compatible primer was available for silicone 3, which was excluded from further testing. In
addition, complete curing of silicone 1 and 2 was only possible for layer thicknesses exceeding
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500 um. Due to excessive coating thickness, complex processing, and limited applicability,
silicone-based coatings were excluded from further evaluation.

3.3 Accelerated aged coatings

PU coated samples passing initial inspection were subjected to accelerated aging using either
PCT or DH test. After accelerated aging, samples were visually inspected for optical or
adhesion defects, including the state of the substrate and coating, and manual bending was
repeated for coatings showing no visible delamination to confirm mechanical integrity.

Delamination of weakly adhered coatings was already evident after 1 h in the PCT; the films
began to wrinkle, warp, or detach completely from the substrates. PU 1 and PU 2 coatings
delaminated from all substrate types. PU 4 delaminated from configurations 3 and 4, PU 6
delaminated from configuration 3. An example of samples after 1 h in the PCT is shown in
Figure 3., where the difference in adhesion of PU 6 on configuration 2 (good adhesion)
compared with configuration 3 (weak adhesion) is clearly visible. All other samples retained
good adhesion. The only observable change in optical properties occurred for PU 2, which
developed a hazy appearance. This effect is most likely attributable to water absorption at the
inner side of the coating following loss of adhesion to the substrate, potentially caused by
insufficient curing.

Figure 3. Samples with PU 6 coating on the stainless-steel (left) and SiOx (right) substrates
after 1 hin PCT.

Coating-substrate combinations that exhibited weak adhesion after the PCT were excluded
from DH exposure, with the exception of PU 4 and 6. PU 4 and 6 were intentionally subjected
to DH exposure to determine the time required for a similar degradation behavior to occur.
Exposure to 85 °C and 85% relative humidity led to progressive degradation of several PU
coatings, with effects varying depending on coating type and substrate. After 250 h, only visual
inspection of the samples was performed, revealing initial degradation characterized by
spider-web-like wrinkling initiating from the corners for PU 4 on configurations 3 and 4, as well
as for PU 6 on configuration 3 (see Figure 4.). This wrinkling resulted from localized coating
delamination, which created tunnel-like pathways for humidity ingress and thereby
accelerated further delamination propagating deeper along the coating—substrate interface.
In addition, pronounced yellowing was observed for PU 5, while all other combinations
remained unchanged.
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Figure 4. Spider web-like delamination formation on a configuration 3 coated with a) PU4
and b) PU 6 after 250 of DH exposure.

Further exposure to DH resulted in continued expansion of the spider-web-like wrinkling and
increased yellowing of the PU 5 coatings, while PU 7 began to show signs of yellowing after
approximately 500 h. After 1000 h, the spider-web-like wrinkling had spread across the entire
surface of PU 4 on configurations 3 and 4, and PU 6 had completely delaminated from
configuration 3 (see Figure 5.). PU 6 demonstrated good adhesion and compatibility with the
stainless-steel substrate and the ITO layer of the CIGS stack, showing no signs of yellowing. PU
4 exhibited good adhesion only on stainless-steel and likewise showed no yellowing. In
contrast, PU 7 and PU 5 did not delaminate on any substrate but showed yellowing after DH
exposure, which was more pronounced for PU 5.

Figure 5. Coated samples before and after 1000 h in DH conditions: a) PU 5 on configuration
2 and 4 (yellowing of the coating); b) PU 6 on configuration 2 (no delamination) and
configuration 3 (fully delaminated); ¢) PU 7 on mini CIGS PV module prefabricate (yellowing
of the coating).
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Since the coatings investigated in this study were of commercial grade, the exact polymer
chemistry, additive content, and stabilizer formulations were not disclosed and are therefore
beyond the scope of this work. Consequently, only interpretations based on observations
reported in the literature are provided. Yellowing of polyurethane coatings is a well-known
phenomenon, typically resulting from polymer oxidation which can be accelerated by UV
exposure, elevated temperature, humidity, or a combination of these factors [44]. This effect
is commonly mitigated through the inclusion of antioxidants [44]; however, in some of the
coatings studied here, a low concentration (PU 7) or absence (PU 5) of such stabilizers likely
contributed to the observed yellowing.

Adhesion of PU coatings is strongly influenced by both the polymer chemistry and the
substrate. PUs containing a high density of functional groups generally exhibit strong
adhesion, whereas non-polar, short-chain PUs tend to adhere less strongly, particularly if they
are susceptible to hydrolytic degradation [45]. Selecting PU formulations with a higher density
of reactive functional groups, likely the case for the more robust PUs in this study, can
therefore enhance adhesion and overall reliability under environmental stressors such as heat
and humidity.

3.4 Rating of the coatings

A summary of observations and ranking for all tested coatings with respect to their suitability
for flexible CIGS module encapsulation is provided in Table 3. The application column
combines results of coating preparation, component mixing, the state of the coating after
preparation, wetting behavior, and the suitability of the chosen deposition method. On the
other hand, the curing process was graded qualitatively as slow, fast, or relatively slow, with
any additional post-curing changes also noted. Initial adhesion was assessed as weak or good,
while the impact of accelerated aging was evaluated in terms of optical changes and adhesion
degradation. Based on these criteria, a total ranking was assigned, categorizing coatings as
either unfit (does not meet minimum requirements) or partially suitable (meets some criteria,
but requires further testing). None of the coatings fully met all requirements, reflecting both
the stringent testing conditions and the complexity of encapsulation requirements for flexible
CIGS. As previously noted, the DH accelerated aging conditions employed here may be overly
severe for the materials studied. Observed changes, including loss of adhesion and yellowing,
might not occur in products intended for short-term use. Consequently, aging conditions
should be adapted to avoid overstressing the coatings and overestimating the real impact of
environmental exposure. Furthermore, with additional development and formulation
optimization, acrylate 2 may achieve better initial adhesion and the addition of anti-oxidative
additives could prevent yellowing in PU 5. Overall, substantial potential remains for
adaptation and optimization of the coatings presented here. Encapsulation via coating
appears to be a promising approach and should be further investigated.

Table 3. Summary of observations and ranking according to suitability for flexible CIGS
encapsulation.
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. Application Curing process Initial Aging .
Coating (wetting + R2R fit) | + observations | adhesion impact Ranking
acrylate 1 | Droplet formation - - - unfit
Uniform wetting + )
acrylate 2 Fast Weak - unfit
R2R
epoxy 1 Dimensional i i unfit
poxy Uniform wetting + change
Mold casting Dimensional )
epoxy 2 - - unfit
change
PU1 Relatively slow Good Adhesion unfit
loss
Adhesi
PU 2 Relatively slow Good dhesion unfit
loss
PU 3 . . Slow + skin . . unfit
Uniform wetting + effect
R2R i
PU 4 Slow Good Reduced | Partially
adhesion suitable
PUS Slow + orange Good Stron.g unfit
peel yellowing
PU 6 Slow Good Reduced | Partially
adhesion suitable
PU 7 Microbubbles + Relatively slow Good Yellowing Pa.rtlally
R2R + vacuum suitable
Pri
silicone 1 Relatively slow rimer - unfit
needed
silicone 2 MOI(.j casting + Slow Primer - unfit
thick layer needed
silicone 3 Relatively slow Weak - unfit

4 Conclusions

A set of fourteen commercially available coatings was evaluated as potential barrier layers for
flexible CIGS PV modules. The coatings were grouped according to their main component:
acrylate, epoxy, PU, and silicone-based materials. Application methods were chosen based on
coating viscosity and included mold casting, spray coating, doctor blade, and gravure coating.
UV curing was preferred due to its rapid kinetics, followed by thermal curing (<150 °C), while
rT drying was used only when required by specific formulations.

Initial inspections revealed that acrylate, epoxy, and silicone coatings exhibited poor
uniformity, adhesion issues, or caused excessive substrate deformation. In contrast, PU
coatings showed formulation-dependent differences in application and adhesion. Most PUs
could be applied uniformly using doctor blade or gravure coating, whereas PU 7 required
careful mixing and vacuum curing to minimize entrapped air resulting from rapid curing and
high viscosity. Substrate preparation was critical for achieving good adhesion, particularly for
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PU 1, 4, and 6 on SiO4-containing configurations. Overall, only the PU coatings were found
suitable for further evaluation.

Coatings with weak initial adhesion delaminated rapidly under PCT, with delamination
observed already after 1 h. Contrary, under DH exposure, degradation developed more
gradually, with spider-web-like wrinkling, delamination and yellowing occurring over several
hundred hours. PU 6 and PU 4 showed the best overall combination of adhesion and optical
stability. These results demonstrate that PCT provides a rapid screening method for coating-
substrate compatibility, whereas DH testing is necessary to evaluate slower aging phenomena,
including optical changes.

While this study focused solely on damp heat exposure, comprehensive assessment of coating
performance will require additional environmental stressors. Future work should include
thermal cycling to evaluate thermomechanical effects and UV exposure to assess
photochemical stability, providing a more complete understanding of coating durability and
optimal coating-substrate combinations. However, aging conditions should be adapted to
avoid overstressing the coatings and overestimating the real impact of environmental
exposure. As functional modules were not tested due to limited availability and variations in
the CIGS layer stack and module efficiency, the effect of coatings on fully operational modules
will be addressed in future studies by Sunplugged, who will evaluate the most promising PU
materials identified in this study.
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Abstract

Encapsulants are vital for the structural integrity and protection of photovoltaic (PV) modules,
yet the impact of processing history and crosslinking on their thermomechanical behaviour is
often oversimplified in numerical simulations. This study experimentally investigates how
lamination conditions affect six encapsulant types, including crosslinking (EVA, POE), non-
crosslinking (TPO), and co-extruded (EPE) materials. The degree of crosslinking was
characterized using differential scanning calorimetry (DSC) and Fourier transform infrared
spectroscopy (FTIR), while thermomechanical properties were assessed via digital image
correlation. Results indicate that conventional DSC-based methods, while standard for EVA,
have significant limitations when applied to complex or multi-layer encapsulants. Conversely,
FTIR-ATR combined with principal component analysis (PCA) proved to be an effective, rapid
method for assessing crosslinking. The findings reveal that manufacturing history strongly
influences pre-lamination behaviour, even within the same polymer family. Increased
lamination duration drives encapsulants toward more isotropic coefficients of thermal
expansion (CTE), with non-crosslinking materials reaching stability faster. These results
emphasize that using realistic post-lamination properties in finite element modelling is
essential, as simplified assumptions can lead to significant errors in predicted stress
behaviour. Accurate material characterization is therefore crucial for improving PV module
reliability assessments.

Key words
PV encapsulants, EPE, crosslinking degree, thermomechanical behaviour, CTE



1. Introduction

With the continuous rise in photovoltaic (PV) module installations, the decrease of module
prices, and the rapid evolution of solar cell technologies, material selection within the PV
module stack continues to be a critical factor for its long-term reliability [1-6]. According to
ITRPV, performance warranties are extending toward 30 years, while module architectures
and bill of materials are undergoing significant transitions [1] without the knowledge on long-
term performance of the new module designs. In particular, the industry is moving from
glass/backsheet to glass/glass module designs, from p-type to n-type, perovskite and silicone-
perovskite tandem solar cells, and from the long-established ethylene vinyl acetate (EVA)
encapsulant toward alternative materials such as polyolefin (POE), thermoplastic polyolefin
(TPO), and co-extruded EVA-POE-EVA (EPE) encapsulants [1,2,7,8]. These developments place
new demands on the performance and stability of polymeric materials used in PV modules.
For instance, n-type and perovskite solar cells exhibit sensitivity to moisture, while in glass-
free PV designs the moisture barrier often needs to be further supported by the encapsulant
layer [9-13]. In addition, perovskite and tandem devices can be prone to delamination during
or after lamination due to mismatches in thermomechanical properties [14,15]. Alongside
these technical challenges, cost pressure has also driven the development and adoption of
alternative encapsulant materials, such as EPE [7].

Encapsulants play a central role in the mechanical and structural integrity of PV modules.
Beyond providing optical coupling and electrical insulation, they embed and connect solar
cells with the rest of the stack, reduce moisture ingress and minimize transfer of the stresses
between module components induced by environmental loading [16,17]. Among all
components in a glass/glass PV module, the encapsulant is the only soft, polymeric layer and
therefore largely governs how the module responds to thermal and mechanical loads. Daily
and seasonal thermal cycling leads to repeated expansion and contraction of the PV stack
components, resulting in stresses caused by coefficient of thermal expansion (CTE)
mismatches between glass, solar cells, interconnects, and polymer layers [18,19]. While the
glass layer in conventional modules helps constrain dimensional changes of the encapsulants
in the stack, the situation is different for flexible, lightweight, or glass-free integrated PV
modaule designs. In these cases, even relatively small expansion or contraction of the polymer
layers may lead to larger warping or deformation of the module. If not properly managed,
these stresses can contribute to failure modes such as solar cell cracking, solder joint fatigue,
delamination, and in the case of mechanically sensitive technologies such as perovskites, solar
cell layer delamination and device failure [14,15,19-22].

Thermomechanical behaviour of polymers has been extensively studied in other technological
fields, including automotive, microelectronics, packaging, and medical applications [23-32].
In contrast, experimental investigations focusing on the thermomechanical properties of PV
polymeric components, including encapsulants, remain limited [33—-38]. Many studies
addressing thermomechanical effects in PV modules rely primarily on numerical simulations,
in which encapsulant behaviour is often simplified to facilitate modelling, or sometimes even
ignored [39]. Common assumptions include linear elastic material behaviour and often

assumed constant CTE at 270 ppm over broad temperature ranges, frequently based on EVA
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as a reference material [40-46]. While researchers introduced viscoelastic material
descriptions to better capture encapsulants behaviour [36,42,47], constant CTE values are still
widely used. As a result, simulated stress states may deviate significantly from experimentally
observed behaviour. Furthermore, the influence of manufacturing processing history of
encapsulants is fully neglected. In reality, the thermomechanical response of polymer
materials is strongly influenced by their processing history [26]. However, systematic
experimental studies addressing the impact of encapsulant processing history on
thermomechanical properties are scarce [48]. Polymer morphology, crystallinity, and
dimensional stability are affected by manufacturing conditions (extrusion temperature and
speed, stretching in both machine and transverse direction, speed of cooling down, annealing
process) prior to lamination [24,26,33,49]. These factors determine the initial material state
entering the PV module and may significantly alter expansion and contraction behaviour
during the lamination process.

On the other hand, lamination temperature, pressure, dwell time, and cooling conditions
determine the extent to which initial processing history is overwritten and new polymer
networks and chain orientations are formed [34]. These parameters are of great importance
for minimizing residual stresses which can impact PV module reliability during operation
[44,50]. For crosslinking encapsulants, the degree of crosslinking represents an additional
impacting parameter on encapsulants properties in the PV module. Previous studies have
demonstrated methods for determining the degree of crosslinking [51-62] and the
importance of its impact on adhesion, discoloration, corrosion, and potential-induced
degradation in PV modules [50,63—67]. In contrast, the influence of the degree of crosslinking
on thermomechanical properties, particularly on CTE behaviour, has received little attention
[68]. On top of that, for non-crosslinking encapsulants such as TPO, the absence of a defined
curing reaction raises fundamental questions regarding how sufficient lamination conditions
should be defined to ensure long-term reliability.

This work addresses mentioned gaps by experimentally investigating the effect of processing
history and lamination duration on the thermomechanical properties of PV encapsulants. A
total of six encapsulant materials, including crosslinking EVA, two crosslinking POE types, a
non-crosslinking TPO and two co-extruded EPE, were studied under multiple lamination
conditions. The degree of crosslinking was characterized using destructive (differential
scanning calorimetry) and non-destructive (Fourier transform infrared spectroscopy)
techniques, and thermomechanical behaviour was assessed using digital image correlation.
By systematically separating the effects of processing history and lamination conditions, this
study provides experimental insight into encapsulant thermomechanical behaviour relevant
to current and emerging PV module technologies.

2. Materials and methods

The experimental investigation was carried out on six commercially available PV encapsulant
materials, produced by different manufacturers. The encapsulants are referred to
anonymously throughout the text to avoid bias or brand-specific interpretation. The study
included an industry-standard EVA, followed by two crosslinking POEs, one non-crosslinking
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TPO, and two EPE encapsulants. The two EPE encapsulant differed with their polyolefin core
type, EPE-1 had a non-crosslinking and the EPE- 2 crosslinking polyolefin core. For each
encapsulant type, a roll of approximately 10 m in length was available. From each roll, two
specimens with dimensions of 20 x 20 cm? were cut from random positions along the roll
length, in order to account for potential in-roll material variability. The degree of crosslinking
and thermomechanical properties of all encapsulants were investigated in both unlaminated
(uncured) and laminated (cured) states.

Lamination of single encapsulant sheets was performed by placing the material between two
2 mm thick glass plates. A non-stick polytetrafluoroethylene (Teflon®) mat was used between
the glass and encapsulant layers to prevent adhesion (see Figure 1). Thickness control spacers
were employed to avoid edge pinching effects during lamination. Cooling was performed
within the glass stack to limit deformation of the encapsulant during cooling, thereby
approximating the material state post-cooling as close as to one within a PV module. An
overview of the investigated materials and lamination parameters is provided in Table 1.

Glass Encapsulant  Teflon®

|

Figure 1. Representative scheme of the laminated layer stack including glass, Teflon® and
encapsulant.



Table 1. Encapsulant materials and lamination conditions.

Encapsulant Polymer type Crosslirlking Lamination conditions
chemistry
EVA ethylene vinyl acetate peroxides
POE-1 ethylene a-olefin peroxides Evacuation step at 135 °C
- - (110 °C for TPO) for 4 minutes.
POE-2 ethylene a-olefin peroxides
TPO ethylene ethyl acrylate | non-crosslinking Lamination step at 150 °C
EPE-1 EVA - ethylene acrylate | peroxides for | (155 °C for EVA; 135 °C for TPO)
copolymer - EVA [8] EVA layers for 2,5, 10, 12, 15, 20 and
EPE-2 EVA - e'EhEKI/eAn[eg]a—olefln peroxides 30 minutes.

2.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed using a DSC 4000 from PerkinElmer Inc.
to measure thermograms of encapsulants. Approximately 7 mg of each material was placed
in an aluminium pan with perforated lid. For each material, three measurements were
performed, and the average of these measurements was used for the calculations. DSC
measurements were carried out in accordance with IEC 62788-1-6:2017 for the combined
enthalpy and melt/freeze method [69]. According to this standard, the degree of crosslinking
of EVA-based encapsulants can be determined from the residual curing enthalpy and from
changes in the crystallization behaviour. In the work of [62] the method was proven to be
suitable for determination of crosslinking degrees of POE encapsulants. In the present study,
the same methodology was applied to all crosslinking encapsulants investigated.

The initial measurement temperature was set to 25 °C, and the first heating step was
performed up to 100 °Cin order to melt the specimen and eliminate structure-related thermal
history while remaining below the peroxide activation temperature. Subsequently, the sample
was cooled to -20°C to obtain the crystallization peak of both uncured and cured
encapsulants. From the first cooling curve, the crystallization onset temperature (T,), peak
temperature (T¢), and peak shape (SF) were evaluated to calculate the degree of crosslinking
(Gme). In the second heating step, the sample was heated to 225 °C to allow the peroxide
decomposition and the curing reaction to occur. From the second heating curve, the
crosslinking reaction enthalpy of the uncured sample and the residual enthalpy of the
laminated samples were determined to calculate the degree of crosslinking (Ge). An additional
cooling step to -20 °C was then performed to obtain a crystallization peak from a fully cured
sample, which was used as a “maximum cured” reference for the degree of curing calculations.
No dwell time was applied between the steps; the heating rates were set to 10 °C mint and a
nitrogen flow of 50 mL min'! was maintained.



2.2 Fourier transform infrared spectroscopy (FTIR) and principal component analysis
(PCA)

Fourier transform infrared spectroscopy in attenuated total reflexion mode (FTIR-ATR) was
applied as a non-destructive method to investigate the crosslinking behaviour of the
encapsulant materials. This method was chosen as it enables possible observation of small
chemical differences between materials that might have been below limit of detections of the
destructive methods studied here. FTIR-ATR measurements were performed using a
SpectrumTwo spectrometer (PerkinElmer, Inc., USA) equipped with a Quest ATR unit with
diamond crystal (Specac Ltd., United Kingdom). Three spectra per sample were recorded over
a wavenumber range of 4000 to 650 cm™ at a resolution of 4 cm™, with each spectrum
representing the average of four scans.

The obtained FTIR-ATR spectra were analysed by principal component analysis (PCA). PCA is
an exploratory multivariate statistical method that reduces the dimensionality of complex
datasets while preserving most of the original variation [70,71]. In this study, PCA was used as
a visualisation tool to reveal spectral trends, sample groupings and changes related to the
degree of crosslinking. In general, PCA reduces the dimensionality of the dataset by generating
a smaller number of new variables, referred to as principal components (PCs), which retain
most of the variation present in the original data. The first principal components account for
the largest share of the total variance. In this study, score plots of the first two components
(PC1 and PC2) were used to assess possible trends within the sample sets. Prior to PCA, the
spectra were pre-processed by Standard normal variate (SNV) normalization and first-
derivative transformation using a Savitzky Golay filter with smoothing. In addition, mean
centering was applied before PCA. The PCA results were then compared with the findings of
the other methods used in this study.

2.3 Digital image correlation (DIC) — Coefficient of thermal expansion (CTE)

The dimensional stability of the unlaminated samples and coefficient of thermal expansion
(CTE) of the unlaminated and laminated samples were measured using a Dantec Q400 TCT
digital image correlation (DIC) system from Dantec Dynamics. The device consists of two
cameras and a temperature-controlled chamber equipped with a heated/cooled thermal
plate. During measurement, a time series of images of the sample surface are taken during
the thermal stages. The recorded images were evaluated using Istra 4D software (Dantec
Dynamics), which calculates the relative surface displacement by correlating each image in
the series with the initial reference image.

Samples for DIC measurements were square shaped with dimensions of 4 x 4 cm?. They were
cut from the 20 x 20 cm? laminated sheets at positions several centimetres away from the
edges to exclude regions affected by thickness reduction due to unavoidable edge pinching
during lamination. Sample preparation is an important step as the Istra 4D software follows a
speckle pattern that is applied on the surface of the sample. The speckle pattern was applied
on the encapsulants in 2 layers; the first white coating serves as a primer and substrate cover
and is followed by a second layer, black coating, which creates the speckle pattern. Achieving
good contrast and independent speckles is necessary to guarantee a measurable surface area.
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The measurements were done in the temperature range from 20 to 120 °C, with a heating
rate of 2 °C min'’. For the dimensional stability of the unlaminated encapsulants, the length
change in both the machine direction and transverse direction was followed relative to the
initial diameter of 20 mm, taken from the centre of each sample.

3. Results

3.1 The behaviour and degree of crosslinking from DSC

As mentioned, according to IEC 62788-1-6:2017, the degree of crosslinking of EVA-based
encapsulants can be determined from the residual curing enthalpy and from changes in
crystallization behaviour. In this study, the same heating profile was applied to all
encapsulants, and the degree of crosslinking was calculated following the equations provided
in the standard [69].

The first cooling and second heating curves are particularly important, as they provide the
information required for the calculation of the degree of crosslinking. Therefore, these curves
were carefully analysed and compared. Calculated values for the degree of crosslinking from
enthalpy (Ge) and melt/freeze (Gmr) method are presented in Table 2. Due to the large amount
of data, Figure 2 and Figure 3 show only the DSC curves for POE- 1, EPE- 1, and EPE- 2; the
remaining curves for the other encapsulants are provided in the Error! Reference source not
found. together with graphs showing the full heating range for all encapsulants at the
lamination time of 15 min.

Table 2. Crosslinking degrees calculated according to residual enthalpy (Ge) and melt/freeze
method (Gwme).

Larmin ation EVA POE-1 POE-2 EPE-1 EPE-2
time (min) Ge Gwmr Ge Gwmr Ge Gwmr Ge Gwr Ge Gwmr
(%) (%) | (%) | (%) | (%) | (%) | (%) (%) (%) | (%)
) 149 | 72 | 395 29 0 0 0 0* 0
5 66.1 | 79.0 | 209 | 123 | 23 | o* | 105 | 1.3 | 346
10 63.6 | 964 | 63.7 | 525 | 52.4 | 460 | 59.2 | 90.4 | 94
12 661 | 993 | 582 | 502 | 643 | 661 | 67.1 | 110.7° | 947 | Pu@
15 777 | 1017 | 549 | 695 | 857 | 646 | 961 | 1060° | 962 | Pe2K
20 80.7 | 100.9° | 67 | 88.1 | 857 | 63.8 | 93.4 | 103.3% | 99
30 84 | 101.7° | 76.9 | 949 | 857 | 76.7 | 947 | 101.1% | 97.7

*false negative value
"false positive value
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Figure 3. The 2" heating DSC curves of uncured and laminated POE- 1, EPE- 1 and EPE- 2.
The dotted line indicates the thermogram baseline and aids in identifying the exothermic
crosslinking peak.

For the EVA encapsulant, according to the change in the crystallization peak from 15 cooling
curves, a degree of curing of 96.4% is reached after 10 min of lamination. However, in the 2™
heating curve, an exothermic peak, between 160 °C and 180 °C, is still present at this
lamination duration, suggesting that some peroxides remain undecomposed. This may be
attributed to incomplete peroxide decomposition or delayed degassing due to the excess
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peroxide content commonly added to ensure complete crosslinking, resulting in differences
in the calculated degree of crosslinking [62,72]. This observation is confirmed by the
calculations, while the degree of curing for the Gvr does not change for 212 min laminated
samples. The apparent increase of Gur above 100% for 215 min is likely an artefact resulting
from small variations in crystallization behaviour, which are sensitive to the maximum heating
temperature used in the DSC cycle. Ge is in steady increase and reaches a maximum value of
84% for 30 min lamination duration.

POE- 1 exhibits the slowest curing behaviour among the studied single layer encapsulants.
Furthermore, a second melting peak at approximately 104 °C is observed, likely from the
presence of a small amount of the crystalline fraction from low density polyethylene. An
exothermic peak in the 2" heating curve remains visible up to a lamination time of 30 min,
and a similar trend is observed in the crystallization peak during the 1%t cooling. However, the
calculated values of Ge and G differ, the degree of crosslinking from the residual enthalpy is
lower than the melt/freeze, 76.9% and 94.9%, respectively.

POE- 2 exhibits a relatively slow change in the crosslinking behaviour for lamination times
below 10 min. Additionally, the false negative Gmr values are observed for 2 and 5 min
lamination times. These values are likely related to differences in thermal history between
extrusion and lamination of encapsulant, which impact the crystallization behaviour of the
semi crystalline polymer network while the degree of crosslinking is still low. A lamination
duration of 15 min at 150 °C appears sufficient to ensure complete peroxide decomposition
and to reach the maximum degree of curing for this material formulation. For lamination times
215 min, the characteristic exothermic peak associated with peroxide-initiated crosslinking is
no longer visible. However, a change in the baseline slope of the heat-flow curve within the
same temperature interval indicates the presence of residual crosslinking reaction. Based on
the residual enthalpy, the calculated degree of crosslinking stabilizes at approximately 85%
across all samples. Furthermore, the first cooling thermograms reveal a change of the
crystallization peak for all specimens laminated for 215 min. This behaviour suggests that
residual crosslinking reaction, observed in the 2" heating, continues beyond the primary
peroxide-initiated stage, although at a reduced rate, likely governed by thermally activated
radical recombination or gradual network rearrangement processes.

As expected, TPO is a non-crosslinking encapsulant, and therefore its thermal properties are
independent of lamination duration.

More complex crosslinking behaviour is observed for the EPE encapsulants. As mentioned
previously, EPE- 1 and EPE- 2 differ in the nature of their polyolefin core materials. In EPE- 1,
the polyolefin core is a non-crosslinking type, therefore, the peroxides present in the material
are intended solely for EVA crosslinking. Consequently, no changes in the melting or
crystallization peaks of the polyolefin core are observed. Analysis of the 2" heating curves
revealed an unexpected deviation for the samples laminated for 12 min. All three tested
specimens exhibited a lower apparent polyolefin fraction compared to samples laminated for
other durations. These specimens were taken from random positions within a single 20 x 20
cm? laminated sample. Additional DSC measurements were performed on several specimens
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from the same laminate, and the reduced apparent polyolefin content was consistently
observed. This suggests that the effect is not related to measurement variability but rather to
a structural inhomogeneity within the laminate. A possible explanation is an uneven
distribution of the polyolefin layer within the laminated stack. To verify this assumption, cross-
sections of the laminate were examined by optical microscopy. The images confirmed local
variations in the polyolefin layer distribution. Representative images are provided in the
Supporting Information. For the crosslinking behaviour from the 2" heating curve, contrary
to the single EVA encapsulant, the exothermic peak after 15 min of lamination duration is no
longer observable. A similar trend is observed from the 1% cooling curves, where the
crystallization peak for samples laminated for 215 min is influenced by the amount of
polyolefin core present, but no further crosslinking is observed.

EPE- 2 exhibits distinctly different behaviour compared to the EPE-1. In this material
formulation, both the EVA and POE components are crosslinking polymers. For uncured and
under-cured samples (0, 2 and 5 min lamination time), two exothermic peaks are observed,
which could be attributed to the presence of different crosslinking systems [73]. In contrast
to the measured single layer EVA and POE samples, no exothermic peak is observed after
12 min of lamination, indicating that the peroxides have fully decomposed, and EPE- 2 has
reached an apparent degree of crosslinking of 94.7%. However, analysis of the 1t cooling
curves, together with the cooling curve from the 2™ cooling step, referring to the “maximum
cured sample” (grey curve in Figure 2) shows that the crosslinking reaction is still ongoing,
similar to the behaviour observed for POE- 2. At this stage, heat acts as the main driving factor
for further network formation, and the reaction proceeds slowly at 150 °C. This behaviour
indicates that, although the peroxides have decomposed, the curing process has not reached
its maximum extent. Higher lamination temperatures or longer lamination times are therefore
required to achieve a higher degree of curing in the polyolefin core, as visible from the 2"
cooling curve, where the crystallization peak associated with the polyolefin phase appears
with higher intensity.

In addition, even though the crosslinking reaction in EPE- 2 proceeds slowly after peroxide
decomposition, similar to POE- 2, no baseline slope change is observed in the 2" heating
curve. This low detectability of residual crosslinking reaction is due to the slow reaction rate,
combined with the polyolefin fraction representing only about one third of the total mass in
a small sample size (=<7 mg). Additionally, the degree of curing could not be determined using
the melt/freeze method, which is designed for encapsulants exhibiting a single crystallization
peak. Whereas the presence of two crystallization peaks in EPE- 2 prevents reliable calculation
using this approach.

3.2 PCA of FTIR-ATR spectra of encapsulants according to lamination duration

PCA of all crosslinking encapsulants revealed distinct clusters corresponding to low, medium,
and high degrees of crosslinking, with clear trends in distribution between lamination
durations from right (0 min) to the left (30 min) (see Figure 4). Across all materials, 0 and 2 min
lamination samples consistently fall in the low-crosslinked cluster, as expected. For POE-1 and
EPE-1, 5 min lamination falls in the medium-to-low range, whereas for the other encapsulants
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it is closer to medium-to-high. Lamination time of 10 min appears sufficient to reach medium-
to-high crosslinking for EVA according to PCA clustering, in agreement with DSC, whereas POE-
2 is clustered higher by PCA than indicated by DSC. Lamination times above 12 min generally
fall in the high-crosslinked cluster for all encapsulants, in close agreement with DSC
calculations. Comparison with DSC data indicates that PCA clusters generally reflect the trends
observed in the Gur calculations. For the EPE encapsulants it is important to highlight that the
FTIR-ATR is essentially a surface-sensitive method, as the penetration depth of measurement
is limited to only a few micrometres. Therefore, in the multilayer encapsulants, the recorded

spectra mainly reflect the outermost EVA layer rather than the full multilayer structure.
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Figure 4. PCA scatter plots of PC1 vs. PC2 for all crosslinking encapsulants at different
lamination times.

3.3 Thermomechanical behaviour of unlaminated (uncured) and laminated
encapsulants

The coefficient of thermal expansion (CTE) measurements of the unlaminated encapsulants
revealed pronounced differences in dimensional stability, reflecting variations in processing
history between studied encapsulants. These differences were observed not only between
different material classes, but also among encapsulants belonging to the same material group,
highlighting the strong influence of processing conditions on dimensional behaviour prior to
lamination. Such variations are expected to affect stress development and layer misalignment
during PV module lamination.

Figure 5 shows the in-plane dimensional changes, calculated from horizontal and vertical
gauge lines taken from the centre of the samples, each with an initial length of 20 mm. Figure
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6 presents the CTE evaluated over the central area of the sample, represented by a regular
grid (see the red mesh in Figure 7a), in the temperature range from 20 to 120 °C for all
investigated unlaminated encapsulants, in both the machine direction (MD) and the
transverse direction (TD). Dimensional stability (i.e., shrinkage and expansion) is directly
related to the CTE, as the latter is derived from the measured dimensional changes.

EVA encapsulant exhibited shrinkage in both directions over the measured temperature
range. As the material contracted in-plane, a corresponding increase of 0.15 mm in thickness
was observed, indicating material flow towards the interior. Shrinkage was more pronounced
in the MD, while a reduction in shrinkage rate was observed at temperatures around 90 °C.
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Figure 5. Dimensional (length) change in machine (MD) (left) and transverse (TD) (right)
direction for unlaminated encapsulants. Dotted arrows point the visually observed shrinkage
or expansion trends for TPO and EPE- 1, beyond the data measured by DIC.

Although POE- 1 and POE- 2 belong to the same material class, significant differences in their
dimensional response were observed, indicating differences in processing history. POE- 1
showed strong shrinkage in the MD accompanied by expansion in the TD. The magnitude of
shrinkage clearly exceeded the transverse expansion, suggesting a high degree of molecular
orientation post manufacturing process, likely introduced during stretching and insufficient
relaxation during cooling. Similar to EVA, in-plane shrinkage was accompanied with the
specimen thickness increase from 0.45 mm to about 1.0 mm after the complete thermal cycle.
In contrast, POE- 2 exhibited substantially lower dimensional changes in both directions, with
shrinkage magnitudes approximately eleven times lower than those observed for POE- 1,
indicating more optimized processing conditions.

TPO, as the only single-layer thermoplastic encapsulant investigated, experienced
pronounced shrinkage in the MD once the melting onset temperature was reached. Above
approximately 105 °C, the applied speckle pattern could no longer be tracked by DIC due to
excessive deformation caused by encapsulant warping, and no further quantitative data could
be obtained. Nevertheless, visual observation confirmed continued shrinkage in the MD. Only
minor expansion was observed in the TD.
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Figure 6. CTE in machine (MD) (left) and transverse direction (TD) (right) for unlaminated
encapsulants. Dotted arrows point the CTE behaviour trends for TPO and EPE- 1, beyond the
data measured by DIC.

EPE-1, which contains a thermoplastic core layer, exhibited the largest dimensional change
among the investigated encapsulants. A pronounced shrinkage was observed in the MD, while
expansion in the TD was higher than for the other materials. On Figure 7, the dimensional
change of EPE-1 specimen can be seen after the heating and cooling step, observable
shrinkage corresponds to the combined shrinkage occurred during heating and additional
shrinkage that took place during the cooling stage. This shrinkage is accompanied by a
substantial increase in thickness, from an initial value of 0.45 mm to approximately 1.5 mm.

Among all investigated materials, EPE- 2 demonstrated the highest dimensional stability. Only
minor shrinkage was observed in MD directions (-0.23 mm or 1.1%), indicating highly
optimized processing conditions relative to the other encapsulants studied.

Figure 7. Unlaminated EPE-1 before (a) and after (b) CTE measurements, shrinkage in
machine (black arrows) and expansion in transverse direction (white arrows).

A lamination time of 2 min appears sufficient to remove most of the processing history (see
Figure 8), howeuver, it is not long enough to allow full relaxation and reorientation of polymer
chains in the molten state, nor to enable significant crosslinking to form a crosslinked polymer
network, as seen from DSC results. Nevertheless, an impact on dimensional stability is still

observed. Lamination applies a unidirectional pressure over the entire surface, which leads to
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a transition from the MD-shrinkage/TD-expansion behaviour observed in the unlaminated
state to predominantly MD-shrinkage/TD-shrinkage, i.e., material contraction occurring in
both directions.

EVA exhibits the strongest shrinkage, likely due to its lower viscosity, which allows greater
chain mobility and stretching during lamination. Since crosslinking reaction is still limited at
this stage, and the lamination duration is insufficient to fully reorient the polymer chains in
new shape, contraction upon reheating occurred. Interestingly, POE- 1, which displayed high
shrinkage in the unlaminated state, adopts a more thermomechanical stable configuration
after 2 min of lamination. Both EPE-1 and TPO also exhibit reduced shrinkage compared to
their unlaminated states, while POE- 2 follows similar trend as POE- 1. Among all materials,
EPE- 2 continues to display the highest dimensional stability, maintaining minimal shrinkage
in both directions.
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Figure 8. CTE curves in machine (MD) (left) and transverse direction (TD) (right) of 2 min
laminated encapsulants.

For longer lamination times (see Figure 9), all encapsulants show a clear reduction in
anisotropy, with expansion and contraction becoming increasingly similar in both the machine
and transverse directions. This behaviour results from a combination of the uniform
lamination pressure applied over the surface, sufficient time for polymer chain relaxation and
reorientation, and crosslinking reactions contributing to dimensional stability through the
formation of a crosslinked polymer network.

A lamination time of 5 min was insufficient to achieve final dimensional stability for EVA,
POE- 1, and POE- 2, nearly sufficient for TPO and EPE-1, and close to sufficient for EPE- 2.
POE- 1 exhibited highest shrinkage in both directions, suggesting need for longer lamination
times at 150 °C for polymer chain reorientation and higher crosslinking degree. All
encapsulants obtained “final” thermomechanical properties for 210 min lamination duration.

Interestingly, a small difference in CTE values and curve shape was observed for EPE- 1
laminated for 12 min. DSC analysis indicated that this sample contains a lower fraction of the
polyolefin core, suggesting that in coextruded encapsulants the relative layer thickness can
additionally influence thermomechanical properties. While the effect is not large, it is
noticeable.
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When the thermomechanical behaviour of all six encapsulants laminated for 30 min is
compared (see Figure 10), clear differences in CTE values and temperature-dependent
dimensional changes are observed. These differences appear not only between different
polymer types, but also within the same material groups, as shown by the variation between
POE-1 and POE-2 and between EPE-1 and EPE-2. Non-crosslinking TPO and partially
crosslinking EPE-1 show the lowest CTE range and only minor contraction above the melting
temperature. In contrast, crosslinking materials, EVA, POE-1, POE-2, and EPE-2, exhibit CTE
values ranging from approximately 250 ppm to -100 ppm across the measured temperature
range, together with noticeable contraction in the melting region, which can be linked to
remaining non-crosslinked polymer fractions.

Despite these differences between materials, overlapping the CTE curves measured in
machine and transverse directions (Figure 10) shows that all encapsulants individually display
nearly isotropic behaviour after 30 min of lamination. Compared to the initial state and shorter
lamination times, this indicates that longer lamination improves the uniformity of the
thermomechanical response.

300+
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Figure 10. CTE curves in machine (solid line) and transverse direction (dash/dot line) of
30 min laminated encapsulants.

4. Discussion

In practice, the selection of encapsulants often relies on familiarity rather than systematic
evaluation. Engineers may choose materials based on previous experience, literature
examples, or simply because the polymer type has “worked before” [20]. While convenient,
this approach can be misleading, even materials labelled under the same polymer family, such
as in case of POE and EPE, often differ in formulation, additive content, or processing history,
leading to unexpected variations in material behaviour [2,8]. This inherent variability becomes
especially critical when predicting reliability of PV modules.
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4.1 Determining degree of crosslinking

Combined enthalpy and melt/freeze DSC methods have been used to evaluate degree of
curing for EVA [62,72,74], but applying these methods to POE and coextruded EPE
encapsulants reveals their limitations. For EVA, Ge values indicated a lower degree of
crosslinking compared to Gwr, likely due to excess peroxides in the formulation. Once the
maximum degree of curing is reached, additional non-decomposed peroxides remain,
contributing to residual enthalpy without affecting the crystallization peak [62,72]. While this
may lead to misinterpretation of the crosslinking degree, it poses additional concern. Residual
peroxides in combination with other additives can cause encapsulant yellowing and corrosion
of PV module components [22,75].

POE- 1 and POE- 2 differed in the speed of their crosslinking, and for both of them, peroxides
were decomposed before the maximum degree of curing could be reached, at least according
to the Gwr calculations. POE is generally considered a slow-curing material with a lower overall
degree of crosslinking compared to EVA, suggesting that the available peroxide content was
sufficient to reach an optimal cure despite apparent differences in measurement [59].

The limitations of these methods become more apparent for coextruded EPE encapsulants. In
EPE- 1, peroxides are present only to crosslink the EVA layer, however it is still unclear if they
can diffuse from the EVA layer to the polyolefin core layer and affect overall crosslinking
behaviour. For EPE-1, residual enthalpy-based calculations show a clear trend in crosslinking
development, while Gur values become unreliable due to the influence of the polyolefin layer
on the crystallization peak of EVA, producing apparent “over-curing” or false positive values.
EPE- 2 presents a different challenge, both layers are crosslinking polymers, but with distinct
curing rates. While Ge indicates high crosslinking and rapid peroxide decomposition,
melt/freeze calculations are limited by a second crystallization peak in the 2™ cooling curve.
Additional measurement limitations for POE- 2 and EPE- 1 must be considered, as observed
from the difference in the crystallization behaviour after lamination compared to the
unlaminated sample, that produced false negative Gwur values, replace by “0*” in Table 2.

These observations highlight that methods developed for EVA must be reconsidered and
adapted for more complex, multilayer encapsulants. Non-destructive FTIR method together
with PCA revealed distinct clusters corresponding to low, medium, and high degrees of
crosslinking. Even though, comparison with DSC data indicated that PCA clusters generally
reflect better the trends observed in the Gwme calculations, the uncertainties from the DSC
calculations were observed once again from the deviations in results. Even though FTIR-ATR
is a surface measurement, in combination with PCA it could serve as a fast method to assess
whether encapsulants are sufficiently crosslinked, by correlating cluster positions in the PCA
with the degree of crosslinking measured using quantitative methods such as Soxhlet
extraction. It should be noted, however, that despite being non-destructive at the
measurement level, FTIR cannot be readily implemented for inline monitoring, as the
encapsulant still needs to be extracted from the module, similar to DSC and Soxhlet methods.

While gel content determination by Soxhlet extraction has long been regarded as the most

reliable technique for assessing the degree of crosslinking in individual EVA or POE layers, its
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applicability reaches practical limits in multilayer EPE systems. Accurate determination
becomes considerably more challenging, as it requires detailed knowledge of layer
composition, relative mass fractions, and individual crosslinking behaviour, particularly when
components cure at different rates. Previous studies on Soxhlet extraction in EPE have largely
focused on extraction time, which was found to be longer than for the corresponding
individual materials [59,60].

4.2 Dimensional stability of unlaminated encapsulants

Results from this study provide direct experimental evidence that manufacturing history
decisively governs the thermomechanical response of encapsulants both before and during
lamination. Although the influence of extrusion and cooling conditions is well recognized in
polymer science, it is often overlooked in encapsulant selection for PV modules. The
pronounced differences in dimensional stability observed here confirm that the initial state of
the film entering the lamination process is far from uniform, even among materials belonging
to the same encapsulant category.

The comparison between POE-1 and POE- 2 clearly illustrates this effect. Despite their
identical material classification and base polymer, POE- 1 exhibited strong shrinkage in the
MD accompanied by TD expansion, indicating significant residual molecular orientation
introduced during film extrusion and stretching, and insufficient relaxation during cooling. In
contrast, POE- 2 showed substantially lower dimensional changes, suggesting more optimized
extrusion and post-processing conditions. These differences cannot be attributed to polymer
chemistry, but rather reflect the processing history embedded in the material.

Similar behaviour was observed for TPO and EPE-1, both of which demonstrated pronounced
shrinkage in the MD upon reaching the melting onset temperature. Such aggressive
contraction indicates the release of internal stresses accumulated during manufacturing.
Conversely, EPE-2 exhibited the highest dimensional stability among all investigated materials,
suggesting effective stress relaxation during or an annealing step after production.

For clarity, Figure 11 schematically illustrates the evolution of polymer chain orientation
throughout encapsulant manufacturing and stages of PV module lamination. In the first step,
during extruder mixing, the polymer matrix is compounded with additives such as peroxides,
antioxidants, and UV stabilizers. At this stage, polymer chains are considered unconstrained.
In the second step, during encapsulant sheet extrusion and film shaping and stretching,
molecular orientation is introduced as the film is elongated, particularly in the machine
direction. The third step involves cooling, during which partial relaxation of the oriented
chains should occur, and end of the encapsulant manufacturing process. However, depending
on cooling rate and processing conditions, residual imposed orientation may become frozen
as the material solidifies below its melting temperature and crystallizes [24,26,76]. This
defines the initial state of the encapsulant prior to lamination. The fourth step represents the
first stage of lamination, where the module stack is heated without applied pressure. In this
unconstrained state, the previously imposed polymer chain orientation can relax freely,
leading to in-plane dimensional changes, most commonly shrinkage in the machine direction,
as observed in this study. The extent of this relaxation depends strongly on the manufacturing
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history of the film and explains the pronounced differences in dimensional stability between
materials of the same polymer family. The subsequent lamination stages, which will be
discussed in the following section 4.3 Thermomechanical behaviour of laminated
encapsulants, further modify polymer orientation and thermomechanical behaviour.

Figure 11. Changes in polymer structure alignment of the encapsulant during its
manufacturing process (1-3): (1) polymer matrix compounding, (2) sheet extrusion and
stretching, and (3) cooling at the end of the process; and during the PV module lamination
process (4—7): (4) evacuation step, (5) heat and pressure application, (6) full pressure
(crosslinking), and (7) final cooling of PV module.

The implications of thermally induced encapsulant shrinkage during the unconstrained
heating stage extend beyond dimensional stability and may also relate to failure modes
reported in the literature, especially for mechanically sensitive photovoltaic technologies such
as perovskite solar cells. A recent minimodule encapsulation study has shown that POE can
produce shrinkage or warpage severe enough to cause delamination of the perovskite cell
stack and PV module failure [14]. Moreover, outdoor and accelerated indoor testing has
demonstrated instances of encapsulant induced partial delamination in perovskite solar cells,
even among nominally identical devices, underscoring the influence of subtle variations in
material behaviour on long term integrity [20]. In mechanically fragile stacks, such as those
incorporating perovskite absorbers or transport layers with low fracture toughness, even
moderate dimensional changes during early lamination steps could cause interfacial shear and
promote partial debonding.

Beyond perovskite solar cells, the impact of encapsulant dimensional changes on the
backsheet has been reported in the literature. In one study, backsheet wrinkling was correctly
attributed to contraction of the encapsulant during lamination [76], whereas another study
attributed the deformation solely to the backsheet’s CTE above glass transition temperature
(Tg) and did not consider encapsulant effects [77]. The present study analysis suggests that
sudden and pronounced shrinkage of the encapsulant at high lamination temperatures is the
primary driver of such backsheet wrinkling. Since the backsheet is above its Tg during the first
heating stage, it becomes softer and more compliant, allowing the contracting encapsulant to
deform it, resulting in permanent wrinkles. The same phenomenon was observed in in-house
lamination tests, where the polymer frontsheet was visibly wrinkled (Figure 12a).

The dimensional change effect can also be present in PV modules with different back and front
side encapsulants with different processing histories. As illustrated in Figure 12b, when two
different encapsulants are laminated together and the backside encapsulant (black colour)
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exhibits greater shrinkage than the front encapsulant (orange colour) difference in shrunken
area is clearly observable. With the ongoing development of TOPCon module designs, where
EVA (including white EVA variation), POE, and EPE combinations can be interchanged between
frontside and backside encapsulation, difference in the thermomechanical behaviour can
cause residual stresses which may accumulate within the stack, potentially compromising
module’s long-term reliability [78—80].

Figure 12. Examples of defects created during the lamination of PV modules caused by high
encapsulant shrinkage: a) wrinkles in the frontsheet, b) back encapsulant shrinking, and c)
wrinkle in the backsheet [76].

Collectively, these observations reinforce the need to evaluate encapsulant materials not only
for nominal polymer type, adhesion or moisture barrier performance but also for their
thermomechanical behaviour and dimensional stability prior to lamination. The first heating
stage of lamination represents a critical window in which residual orientation, polymer chain
relaxation, and material-specific shrinkage interact to define stress development within the
module stack, a factor that can have lasting consequences for cell alignment, module
reliability, and performance of emerging PV technologies.

4.3 Thermomechanical behaviour of laminated encapsulants

Building on the understanding of how the manufacturing history affects unlaminated
encapsulants, this section connects the subsequent lamination stages from the Figure 11. with
the resulting thermomechanical behaviour.

In the fifth step in Figure 11 a uniform pressure is applied to the PV module stack, causing the
melted encapsulant to flow and cover all areas around the interconnections and solar cells,
eliminating voids. Pressure is applied gradually to allow encapsulant to flow and fill areas
around the interconnection and cells, while minimizing squeeze-out and ensuring the required
encapsulant thickness for both insulating and buffering functions. During the sixth stage, full
pressure is applied over the PV module and polymer chains are stretched unidirectionally into
their new configuration. In crosslinking encapsulants, this step also initiates the crosslinking
reaction, forming a new polymer network [34]. With sufficient lamination time, a higher
degree of curing occurs, and the polymer network reaches a more stable state. For the non-
crosslinking encapsulants, lamination time should be long enough for polymer chains to
reorient and relax in the new configuration.
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The final, seventh step is cooling, which locks the encapsulant in its new configuration. It is
important to note that polymer chains are never fully crosslinked due to the complex nature
of the polymer matrix, limited peroxide availability, and their non-uniform distribution [81].
Once a random crosslinked network forms, chain mobility decreases, but the remaining non-
crosslinked fraction retains some freedom of movement once pressure is removed, leading to
in-plane contraction during the cooling stage. This phenomenon has been observed in the
literature through curving of the PV module laminate, solar cell and interconnection
displacement [50,82-86].

Following these lamination stages, the thermomechanical behaviour of the encapsulants
begins to reflect both the relaxation of residual chain orientations and the progression of
crosslinking reactions. Even short lamination duration partially reduces the effects of prior
processing, allowing polymer chains to adopt a new configuration resulting in change in the
CTE values, but too short lamination times (2 and 5 min) are not sufficient for full relaxation
of the polymer matrix nor to form a crosslinked polymer network. Material-specific
differences in the time required to reach “final” CTE values are evident: A lamination time of
5 min was insufficient to achieve final dimensional stability for EVA, POE- 1, and POE- 2, nearly
sufficient for TPO and EPE-1, and close to sufficient for EPE- 2. These differences arise from
three main factors. First, polymer type: non-crosslinking encapsulants reach their new
configuration faster, likely because only heat and in-the plane pressure influence chain
orientation. Second, the degree of crosslinking: thermomechanical behaviour of encapsulants
with lower crosslinking degrees exhibit higher CTE values and anisotropy. The third and final
is the difference in the residual stress from the manufacturing, which was lowest for the
EPE- 2.

Interestingly, the encapsulants that showed the largest dimensional changes in unlaminated
state, TPO and EPE-1, exhibit the lowest CTE range in measured temperature range, after
extended lamination. This behaviour is attributed to the higher degree of structural order
within the polymer matrix. These materials possess significantly higher crystallinity, which
ultimately dictates the final CTE values [32]. These findings suggest that, through an optimized
manufacturing process or controlled post-manufacturing annealing, these materials could
offer improved dimensional compatibility for perovskite and tandem solar cells during
lamination; however, long-term compatibility and stability still need to be validated.

The contraction that occurs during cooling sets the initial stress state of the laminate. Once in
the field, these stresses are combined with additional thermomechanical loads caused by daily
and seasonal temperature changes. PV modules experience continuous thermal cycling, and
the size of these temperature swings depends strongly on how the module is installed. Field
deployed or building attached modules are usually cooled by airflow at the back, keeping
temperatures relatively moderate, whereas integrated and insulated PV modules can reach
higher temperatures and see larger temperature differences [87]. As a result, the effective
expansion and contraction of the layers is greater, meaning that CTE mismatches create larger
stresses between the layers over time. These repeated stresses can add up and influence the
long-term durability of the module.
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As discussed in the introduction, many studies investigating thermomechanical stresses in PV
modules rely on finite element modelling, where encapsulant behaviour is often simplified by
assuming constant CTE over broad temperature ranges. The results presented in this work
demonstrate that the dimensional behaviour of encapsulants is strongly influenced by their
processing history and by the lamination process itself. Therefore, the thermomechanical
properties of encapsulants after lamination should be considered when using FEM to predict
thermomechanical stresses in PV modules.

5. Conclusions

While in practice, the selection of encapsulant materials for a PV module is often based on
familiarity rather than systematic characterization, it is important notice that even materials
labelled under the same commercial nomenclature, such as POE and EPE, can differ in
formulation, additive content, or processing history, leading to unexpected variations in
material behaviour, as observed in this study.

When determining crosslinking degree using combined residual enthalpy and melt/freeze
methods, several limitations emerged. The peroxide content in the material may be higher
than needed, leaving residual peroxides that make the encapsulant appear under-crosslinked,
or too low, giving the opposite impression. Therefore, comparing Ge with Gmr is necessary, but
both methods have limitations, as Gur values can be influenced by thermal history, which is
affecting crystallization behaviour and yielding inaccurate results. In this study, combining
FTIR-ATR with PCA proved to be a suitable non-destructive technique for qualitatively
assessing crosslinking. Both methods, however, face challenges with coextruded
encapsulants. DSC results are affected with EVA and polyolefin distribution in the stack and
peroxide distribution across layers, as both Ge and Gme calculations are impacted. FTIR-ATR
measures the surface, limiting assessment only to the outer EVA layers.

Dimensional stability measurements revealed significant differences among encapsulants and
highlighted the strong influence of manufacturing history on thermomechanical behaviour.
Unlaminated encapsulants retain stresses and molecular orientation introduced during
manufacturing, which can be released as shrinkage during unconstrained heating (the first
lamination step). This dimensional change may relate to failure modes reported in the
literature, especially for mechanically sensitive photovoltaic technologies such as perovskite
solar cells. Surprisingly, literature reports on dimensional stability measurements are scarce,
despite existing IEC 62788-1-5 standard for measuring the maximum representative change in
linear dimensions of encapsulation sheet material.

An interesting observation came from measurements of the CTE versus lamination duration,
showing a clear need for 5-10 min of lamination time for encapsulant to reach final values.
Differences in CTE values between encapsulants were observed: encapsulants with non-
crosslinking polyolefins, such as TPO and EPE-1, exhibited the strongest shrinkage initially, but
after sufficient lamination, they reached the lowest CTE range. This underscores the
importance of optimizing extrusion processes or applying post-processing annealing to reduce
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processing-induced stresses, enabling non-crosslinking encapsulants to provide better
support for minimizing CTE mismatch in the PV stack.

It is important to note that these measurements were performed on unconstrained
encapsulants, so reported CTE values will differ from those in a fully stacked module, where
movements are constrained. Nonetheless, these measurements capture the intrinsic
tendencies of the encapsulants post-lamination and indicate the stresses or CTE mismatches
that would be present in a PV stack. Future work will include CTE measurements within
individual layers of the stack and track three-dimensional changes in the PV module.
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ARTICLE INFO ABSTRACT

Keywords: Coextruded ethylene vinyl acetate - polyolefin - ethylene vinyl acetate (EPE) encapsulant films were developed in
n-type solar cell response to industrial demand and to support the technological transition in photovoltaic modules (PV) towards
Tandems higher-efficiency solar cells that are more sensitive to moisture than previous generations. EPE was designed to
E;;apsulams combine cost-effectiveness and processability of ethylene vinyl acetate (EVA) with the superior electrical insu-
Reliability lation and moisture barrier properties of polyolefin. This study systematically investigates the chemical, optical,

thermal, and thermo-mechanical properties of commercially available EPE encapsulants.

The outer EVA layers of all EPE encapsulants were comparable, showing only slight differences in vinyl acetate
content. The main difference between the four EPE encapsulants was found in the inner polyolefin layer. EPE-1
has an ethylene acrylate copolymer, whereas EPE-2; —3; —4 have ethylene a-olefin copolymer core layers, but
with different side groups and/or varying comonomer contents. The water vapor transmission rate (WVTR) of all
EPE films is significantly lower than that of EVA.

Differences in the crosslinking behaviour were evident from thermal analysis. EPE-1 was the only sample with
a non-crosslinking inner polyolefin layer, whose high crystallinity reduced visible-light transmission but also
enhanced barrier to water vapor. The co-extrusion process appeared to improve the dimensional stability of EPE-

Material properties

2; —3; —4, compared to standard EVA.
Overall, EPE encapsulants fulfil their intended purpose of reducing WVTR. However, the long-term impact of
the EVA layer at the cell interface under environmental exposure remains to be evaluated.

1. Introduction

Environmental, economic, and social challenges are driving the
development of photovoltaic (PV) technology towards more energy-
efficient and cost-effective PV modules [1]. In practice, achieving cost
reductions often requires removing, replacing, or reducing material
thickness, as has already been observed for several module components
such as solar cells, interconnections, and solar glass [1-6]. Such changes
can cause various issues, including reduced mechanical stability and
resistance to environmental influences, delamination of the intermedi-
ate layers, corrosion, glass breakage, encapsulant yellowing and cracks
in the backsheet [5,7-10]. All of these can negatively impact the per-
formance and lifespan of PV modules.

The technologies and materials on which the PV industry has relied

in recent years are already being gradually replaced. Passivated Emitter
and Rear Cell (PERC) solar cells are being replaced by n-type technol-
ogies such as Tunnel Oxide Passivated Contact (TOPCon) and Silicon
Heterojunction (SHJ) cells, as these offer higher efficiency. Further-
more, bifacial modules are increasingly being manufactured using glass/
glass (G/G) construction, while the use of polymer backsheets is
declining [1,11]. Consequently, the requirements for the polymer
encapsulation material, the binding element in the PV module layers,
are also changing.

Ethylene vinyl acetate (EVA) has long dominated the encapsulation
materials market due to its low cost, ease of processing, and widespread
use in the PV industry [1]. However, the increased use of less robust
n-type cells (TOPCon, SHJ) and tandem cells disfavours EVA as the
encapsulant of choice, since it provides limited barrier against water
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vapor and decomposes in the presence of moisture, forming corrosive
acetic acid. Both moisture and an acidic environment can lead to
corrosion of the front metallization of n-type solar cells, resulting in a
reduction of the fill factor and overall electrical performance [7,12-15].
In glass/backsheet (G/BS) modules, acetic acid can diffuse outwards
through the permeable polymer backside film, however, moisture
penetration into the module is an undesirable side effect of
non-diffusion-tight materials [16]. While moisture penetration is
severely restricted in G/G modules (it can only occur via the side edges),
if moisture does penetrate, both the moisture and the resulting acetic
acid are retained within the module, promoting corrosion processes.
These limitations have driven the development of new encapsulant
formulations, including EVA with reduced VA content, polyolefin (POE)
with improved glass adhesion, thermoplastic polyolefins (TPO), and
coextruded EVA-polyolefin-EVA (EPE) encapsulants. The latter was
developed to combine and balance the cost-effectiveness and process-
ability of EVA with the superior electrical insulation and moisture bar-
rier properties of POE [11,17].

Highly efficient and thinner silicon wafers of n-type solar cells will
completely replace the PERC solar cell by 2030, according to market
forecasts in the International Technology Roadmap for Photovoltaic
(ITRPV) 2025 [1]. This leaves researchers and industry with only a few
years to find the optimal material combinations and thus avoid prema-
ture failures and long-term reliability problems in these PV modules.
However, PV modules with n-type solar cells and novel EPE encapsu-
lation technology are already in use, even though the entire spectrum of
their reliability challenges and degradation phenomena has not yet been
fully explored. While the three primary degradation modes (humidity
sensitivity, potential-induced degradation (PID) and ultraviolet-induced
degradation (UVID)) for n-type technology are already widely known,
far less is known about the properties and behaviour of EPE and its
interaction with novel solar cell architectures. EPE has been used in
several studies for encapsulating n-type cells in both G/G and G/BS
module designs, where the focus has largely been on its impact on
module efficiency. Although incorporating EPE in the module stacks has
shown beneficial effects, including reduced cell degradation rates,
limited data are available regarding its fundamental material properties,
structure and composition [18].

To bridge the knowledge gap between material understanding and
module performance, this study systematically investigates the chemi-
cal, optical, thermal, and thermo-mechanical properties of commercially
available EPE encapsulants. The motivation arises from the many un-
knowns surrounding EPE that extend beyond the general claim that it
combines the advantages of both EVA and polyolefin. Specifically, this
study seeks to answer the following questions:

e Which EVA and polyolefin types are used in the co-extruded
encapsulant?

e What are the thicknesses of the individual EPE layers, and how
uniform are they?

e What happens to the layers during lamination regarding distribution,
mixing, thickness changes, or bubble formation?

e How does the water vapor transmission rate/permeability (WVTR) of
EPE compare to that of single layer EVA or polyolefin?

e What is the thermal behaviour of EPE and which layers crosslink?

Understanding the types of EVA and polyolefin in the co-extruded
encapsulant is essential, as they influence both processability and
long-term module stability. Therefore, in this study we aim to address
these open questions through a comprehensive comparative study of
four commercial EPE encapsulants with EVA and POE as reference
materials.

2. Experimental: Materials and characterisation methods

Four different types of commercially available EVA—polyolefin-EVA
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(EPE) encapsulants were selected for this study. However, to avoid
creating a bias or brand-specific interpretation, the encapsulants are
referred to anonymously throughout the text.

The properties of these encapsulants were investigated in both their
uncured and cured (laminated) states. Lamination of single encapsulant
sheets was performed by placing encapsulant between two glass plates,
using a non-stick mat made of Teflon between the glass and encapsulant
layers. Thickness control spacers were employed to prevent edge
pinching effects. The lamination parameters are summarized in Table 1.

For reference, EVA and crosslinking polyolefin encapsulants supplied
by one of the EPE manufacturers (well known in the PV industry) were
also included in the study. These materials were laminated under the
same conditions and used for comparison of selected properties.

To facilitate certain analyses such as Fourier Transform Infrared
Spectroscopy - Attenuated Total Reflectance (FTIR-ATR) and optical
microscopy, the samples were embedded in epoxy resin. Additionally,
mini-PV modules with dimensions of 10 x 10 cm? were laminated for
cross-sectional microscopy in the regions of the solar cells and in-
terconnections. The purpose of these mini modules was to evaluate
encapsulant wetting behaviour, layer distribution, and variations in
layer thickness. The same lamination conditions as for the single-sheet
samples were applied.

2.1. FTIR-ATR spectroscopy

The surfaces of the uncured and cured encapsulants were analysed
using a Fourier transform infrared (FTIR) spectrometer from Perki-
nElmer model Spectrum One, equipped with a deuterated triglycine
sulphate (DTGS) detector. The measurements were performed on a
universal attenuated total reflection (ATR) unit equipped with a dia-
mond ATR-crystal having a contact area of ~1.5 mm in diameter. As it is
not possible to investigate the polyolefin core layers of the EPE encap-
sulants with such a device, epoxy embedded cross-sections of the EPE
were analysed by FTIR ATR imaging setup placed in the optical focus of
a FTIR-Microscope. This device includes a germanium crystal with a
round contact area with a diameter of ~750 pm. For the investigations, a
FTIR spectrometer (PerkinElmer model Spectrum One) combined with
an AutoIlmage microscope (PerkinElmer Spotlight 400) equipped with a
liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector was
used.

2.2. UV-vis-NIR spectroscopy

Hemispherical transmittance of the laminated encapsulants was
recorded over the wavelength range between 250 and 1100 nm with a
Lambda 950 Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectro-
photometer from PerkinElmer Inc. Three samples were measured per
laminated encapsulant sheet.

2.3. Water vapor transmission rate (WVTR)

The water vapor transmission rate (WVTR) of all samples was
measured using a Mocon Permatran-W 3/34H. The measurements were
performed at 85% relative humidity (RH) and 23 °C. The sample area
was 5 cm? and two to three measurements were performed on multiple

Table 1
Encapsulant materials and lamination conditions.

Encapsulant ~ Lamination conditions

EPE-1 Evacuation step at 135 °C for 240 s

EPE-2 Lamination step at 150 °C (155 °C for EVA) for 900 s
EPE-3 Stack for single layer encapsulant lamination: glass/Teflon/
EPE-4 encapsulant/Teflon/encapsulant/Teflon/glass

POE

EVA
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(2 to 4) independent sample specimen for each material. The thickness
of the foils was determined according to DIN ISO 4593:2019, 5 points
were measured and averaged. For better comparability, the measured
WVTR of the encapsulant foils, [g m™ day'], was also calculated/
normalized for a foil thickness of 100 pm.

2.4. Light microscopy

The microscopic images of the embedded cross-sections of uncured
and cured encapsulants were performed with an Olympus reflected-light
microscope (bi-ocular) with 40x magnification. Light microscopic im-
ages of the cross-section of the laminated mini-PV modules were taken
with Alicona InfiniteFocus Microscope IFM G4 from Alicona Imaging
GmbH, implemented magnification of 5x was used in the bright field
mode.

2.5. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed using a DSC
6000 from PerkinElmer Inc. to measure thermograms of encapsulants.
Approximately 7 mg of each material was placed in an aluminium pan
with perforated lid; measurements were done in the three repetitions
and averages from all measurements were used for the calculations.
Measurements were done following the IEC 62788-1-6:2017 standard
for combined enthalpy and melt/freeze method [19]. Initial tempera-
ture was always set to 25 °C, first heating was done up to 100 °C, this
step is done to melt the specimen and erase structure-related effects, but
under the temperature of peroxide activation. Next step was first cool-
ing, down to —20 °C to obtain crystallization peak of uncured encap-
sulants. The specimen was then heated up to 225 °C in the second
heating step for the curing reaction to take place. Additional cooling
down to —20 °C was done to obtain a “maximum cured” crystallization
peak. The same heating steps were measured for the laminated samples.
There was no dwell time between the steps; the heating rates were set to
10 °Cmin™ and a nitrogen flow of 50 mL min’! was imposed. Following
this method, the degree of curing of EVA-based encapsulants can be
calculated from residual enthalpy and from the crystallization peak.

2.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was done using a Thermogravi-
metric System TGA/DSC 1 of Mettler Toledo GmbH. The weight loss of
approximately 10 mg of material was monitored while heating the
sample in a nitrogen atmosphere (50 mL min™") from 35 to 700 °C, with a
heating rate of 10 °C min™'. The temperature at which the weight loss is
equal to 5% with respect to the initial value (Tsy,) is considered an in-
dicator for the beginning of the material's decomposition process.

2.7. Digital image correlation (DIC)

The dimensional stability of the uncured samples and coefficient of
thermal expansion (CTE) of the laminated samples were measured using
a Dantec Q400 TCT Digital Image Correlation (DIC) system from Dantec
Dynamics. The device consists of two cameras, and a heating/cooling
concealed chamber equipped with a thermal plate. Time series of images
of the measured sample are taken during the thermal stages, which are
then compared to the initial picture. During analysis, the evaluation
software Istra 4D, Dantec Dynamics, calculates the relative displacement
between the reference and each image of the acquired time series.
Sample preparation is important as the software follows a speckle
pattern that is applied on the surface of the rectangular sample of 4x4
cm?. The speckle pattern was applied on the encapsulants in 2 layers; the
first white coating serves as a primer and substrate cover and is followed
by a second layer (black coating) which creates the speckle pattern.
Achieving good contrast and independent speckles is necessary to
guarantee a measurable surface area. The measurements were done in
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the temperature range from 25 to 140 °C, with a heating rate of 2 °C min
1

2.8. Dynamic mechanical analysis (DMA)

The experiments were conducted on a DMA 8000 instrument (Per-
kinElmer Inc.) in shear mode. Circular samples (9 mm in diameter) were
prepared and measured at a sample displacement of 20 pm and a test
frequency of 1 Hz. The sample temperature was varied from 50 to 200 °C
at a heating rate of 3 °C min’, two measurement repetitions were done.

2.9. 180° peel test — adhesion strength

The 180° peel tests were performed using a 2.5 kN Zwicki from
Zwick/Roell, equipped with a load cell of 1 kN capacity, at room tem-
perature, with a test speed of 5 mm st Sample coupons, consisting of
solar glass, a single layer of encapsulant, and a backsheet with an Al
inner layer, were laminated under the conditions specified in Table 1.
Samples measuring 20 cm in width, with an adhered length of 10 cm
between the glass/encapsulant/backsheet layers and a non-adhered
backsheet length of 20 cm were prepared according to ASTM D3330.
Multiple strips of 1 cm width were cut with a scalpel and a minimum of
five repetitions per encapsulant type were tested.

3. Results and discussion
3.1. Qualitative and quantitative material identification

3.1.1. Infrared spectroscopy

The IR-Spectra of the outer layers of all EPE foils (EPE-1 to 4) were
comparable and showed the main absorptions of the polyethylene (PE)
chain in the CH-stretching (v) vibration region (maxima at 2918 and
2851 cm'l) and the CHp-deformation vibration region (at 1468 and 720
cm™). An additional absorption was observed at 1371 cm! and attrib-
uted to the deformation vibration of the methyl (CHs) group. The bands
at 1738 (v C=0), 1240 (v CO(=0)) and 1020 cm™ (vO-C) were assigned
to vibrations of an acetate group. All observed IR absorptions are typical
for EVA and in good agreement with literature on crosslinked EVA
encapsulant films for PV applications [20-22]. The vinyl acetate (VA)
content of the EVA films was then calculated from the absorption ratio of
the v C=0 band (at 1738 cm™!) and the n CH band at 2918 ¢cm™! ac-
cording to Ref. [22]. For all 4 EPE types, the VA-content of the
EVA-layers was between 25.3 and 29.4 % (see Table 2.).

However, the IR spectra of the polyolefin core layers showed some
spectral differences (see Fig. 1.). The main features were identical for all
polyolefin types and were observed in the CH-stretching and deforma-
tion region (maxima at 2918, 2850, 1467 and 720 cm'l), typical for the
PE molecular chain. The polyolefin layer of samples EPE-2, EPE-3 and
EPE-4 showed small additional absorptions at 2954 (shoulder) and at
1377 cm’}, which were assigned to CHj stretching and deformation vi-
brations, respectively. These two absorptions show increased intensity
for sample EPE-3 indicating a higher relative concentration of methyl
groups, thus branched side chains. Furthermore, only the polyolefin
layer of EPE-2 has additional weak bands and 1092 and 770 cm™. The
band at 770 cm™ can be assigned to CH, rocking vibration characteristic
of ethyl-type short-chain branches (evidence of a-olefin comonomer

Table 2
VA content of the EVA calculated from the IR intensity ratios of the EVA layers of
the different EPE types and converted to the entire EPE film.

Sample A1738/A2018 VA-content in EVA (%) VA-content in EPE (%)
EPE-1 0.99 26.7 15

EPE-2 1.10 29.4 19

EPE-3 0.94 25.3 13.4

EPE-4 1.03 27.7 11.6
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Fig. 1. FTIR-ATR spectra of the inner polyolefin layer of EPE encapsulants.

incorporation) [23,24]. In PE and related long-chain alkanes, a weak
band around 1090-1095 cm™ is commonly assigned to CHj twist-
ing/skeletal C-C stretching in the polyethylene backbone, sensitive to
chain conformation and crystallinity. Only if the material had been
silane-grafted or contained siloxy additives, the absorption at 1092 cm’!
could be plausibly assigned to Si-O-C/Si-OCHj stretching [25].
Siloxane groups in encapsulants are either incorporated as adhesion
promoters or, in certain thermoplastic polyolefin formulations, intro-
duced by grafting to enable latent curing of the encapsulant [17,26].

In contrast, in the IR spectra of the core layer of EPE-1 hardly any
absorptions characteristic for methyl groups were detected, but carbonyl
absorptions at 1736 and 1242 cm™ indicating the presence of a car-
boxylic acid ester. In addition, a low intensity absorption at 1170 cm™ is
observed and can be attributed to a secondary ester C-O stretching vi-
bration (O-C-C) of an acrylate unit, possibly coupled with backbone
C-C and CH wagging modes [27]. Consequently, the inner layer of EPE-1
can be identified as an ethylene acrylate-based material, which clearly
distinguishes it from the other EPE types that lack ester-related ab-
sorptions and exhibit more typical polyolefin spectra.

3.1.2. UV-vis-NIR spectroscopy

One of the key roles of encapsulant in a PV module is optical
coupling, for which high transmittance is essential. For the EPE encap-
sulants studied here, transmittance was measured after lamination, the
corresponding UV-Vis-NIR spectra are shown in Fig. 2. EPE-2, EPE-3,
and EPE-4 exhibited average transmittance values in the visible range
between 90.5% and 93%. In contrast, a lower transmittance of 86.5% in
the visible light region was observed for EPE-1, which can be attributed
to a hazy appearance after lamination. A similar effect has been reported
previously in the literature, where hazing of the polyolefin encapsulant
was associated with material crystallization in dependence on the
cooling rate after the lamination [17,28-30]. In addition to the haziness,
some laminated samples form EPE-1 had a “marble effect,” character-
ized by white curved lines that likely resulted from uneven material
distribution and high crystallinity of the polyolefin component. Inter-
estingly, the UV-Vis-NIR curves shown in Fig. 2 show that all four EPE
encapsulants under test were formulated without UV absorbers. The
absorption at 275 nm for EPE-1 suggests the presence of light stabilizers
and antioxidants [31]. However, because additive analysis tools were
not used in this study, neither the identification of these compounds nor
the determination of the EPE layer in which they are located was
possible.
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Fig. 2. UV-vis-NIR spectra of the EPE encapsulants.

3.1.3. Light microscopy on cross sections of the foils and mini-PV modules

After qualitative identification of the individual layers, the relative
proportions were determined based on the thickness distribution data of
the microscopic images of the cross-sections of the coextruded encap-
sulants after lamination (shown in Fig. 3.). The thickness of the indi-
vidual layers and the relative proportion of polyolefin are given in
Table 3. The relative fraction of polyolefin is ranging from 36% for EPE-
2 to 58% for EPE-4.

As a next step, the encapsulant thickness and layer distribution in the
laminated mini-PV modules, containing solar cells with 250 pm-high
busbars, were examined. Mini-PV modules were cut through the middle,
with a water jet saw, to expose the area containing the solar cell and
interconnections. All encapsulants had good wetting of the in-
terconnections. Despite the use of thickness controls during the lami-
nation, some encapsulants were squeezed out, the reduction in total
thickness of 20 and 30% was observed for EPE-1 and EPE-3, respec-
tively. Adjustment of lamination parameters, such as applied pressure,
may therefore be necessary to minimize this effect. Interestingly, the
polyolefin layer was the one predominantly squeezed by the solar cell
and busbars. A reason for this likely comes from the lower viscosity and
slower curing process of the polyolefin component. The thickness
reduction of the polyolefin layer was up to 75%, especially in the region
above the interconnections. Thickness reduction of EPE-2, shown in
Fig. 4., happened in all three layers. The inner EVA layer filled in the
region around the interconnections and experienced the highest thick-
ness reduction above the busbar, while the outer layer of EVA in contact
with glass had the least thickness reduction of all three layers. In the case
of EPE-4 the outer EVA layer maintained the same thickness throughout
the entire cross-section, while the thickness of the inner EVA layer above
the busbar was reduced to less than 20% of thickness above the solar
cell. In addition to these observations, in some samples interlayer
diffusion and flow of the polyolefin component into the EVA layer were
observed in the surrounding of the interconnections and around the cell
edges (see supporting information for corresponding figure).

3.2. Permeation characteristics: Water vapor transmission rate (WVTR)

The water vapor transmittance (WVTR) of all EPE types, as well as of
EVA and POE for comparison, was determined in the laminated state.
The measurements were performed at 23 °C and 80% relative humidity.
For better comparability, the WVTR results were normalized to a sample
thickness of 100 pm (shown in Fig. 5.).

EVA showed by far the highest WVTR of 35 g m™ day™ per 100 pm,
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Fig. 3. Light microscopic images of the cross-sections of EPE-2 and EPE-3 before (left) and after (right) lamination.

Table 3

Thickness and relative contribution of the individual layers (after lamination) as
derived from the light microscopic images (10 measuring points per value,
standard deviation + 10 pm).

Laminated Layer thickness (pm) Relative contribution per layer

sample (%)

EVA  POE EVA' total EVA POE EVA' EVA+
EVA'
EPE-1 132 210 133 475 28 44 28 56
EPE-2 178 187 159 523 34 36 30 64
EPE-3 155 293 171 619 25 47 28 53
EPE-4 101 283 107 490 20 58 22 42

*EVA and EVA' each present one side of the EVA layer in the coextruded
encapsulant.

250.61um

200 pm

. 3w

Fig. 4. Cross-section of a laminated mini-PV module with EPE-2 encapsulant.

while for the POE foil a low value of 5.4 was determined. The EPE films
EPE-1 to EPE-4 gave normalized WVTRs between 3.1 and 11.7 g m™ day”
1 per 100 pm with EPE-1 having superior water vapor barrier properties,
surprisingly even better than the single POE foil. This low value of the
WVTR for EPE-1 confirms observation from the UV-Vis-NIR spectra, that
the crystallinity of this polyolefin is higher compared to the others.

40
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Fig. 5. WVTR of the cured EPE-1 to 4, POE and EVA encapsulants normalized
to a sample thickness of 100 pm.

Since for a multi-material foil the layer with the lowest WVTR de-
termines the overall WVTR, normalizing the WVTR to the polyolefin
layer thickness can provide additional insights into the differences in
barrier performance. Despite having the second thinnest polyolefin
layer, EPE-1 exhibits the best barrier properties at 1.4 g m™2 d! per 100
pm of polyolefin layer, followed by EPE-2 at 4.2 g m'2 d'L. In contrast,
EPE-3 and EPE-4, both of which have a thicker polyolefin layer, show
higher per 100 pm polyolefin normalized WVTR values of 4.3 and 4.8 g
m? d?!, respectively. This result underscores the influence of the
respective polyolefin type on the barrier performance of the EPE.

3.3. Thermal & thermo-mechanical properties

3.3.1. Differential scanning calorimetry (DSC)

Thermal properties, including melting temperature (Tp), cross-
linking reaction initiated by peroxide decomposition, and crystallization
temperature (T.), of encapsulants can be obtained from DSC curves
using the combined enthalpy and melt/freeze method described in IEC
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62788-1-6:2017. All results are summarized in Table 4., and it is
important to note that the reported values were extracted after removal
of the thermal history (i.e., after the first heating cycle to 100 °C). The
values for uncured and 15 min laminated encapsulants are obtained
from the 1st cooling and 2nd heating curves, and the max. cured values
are obtained from the 2nd cooling curve, after heating up to 225 °C.

The second heating curves of uncured and laminated samples for EPE
encapsulants are shown in Fig. 6., represented by solid line and dotted
line, respectively. It is evident that EPE-3 and EPE-4 contain two
different types of peroxides, most likely one intended for crosslinking
the EVA component and the other for the polyolefin component,
although a definitive conclusion cannot be drawn without additive
analysis. The relatively flat curve above 120 °C for the laminated
encapsulants indicates that most of the peroxides have reacted and that
crosslinking process has likely reached its maximum. In addition to the
crosslinking reaction, a second melting peak is present at 105 °C for the
EPE-1. The melting peak value does not change after lamination, sug-
gesting that it corresponds to the polyolefin component and that this
layer is a non-crosslinking polyolefin type. This interpretation is
consistent with the information provided in the manufacturer's technical
data sheet (TDS). For the EPE-2, EPE-3 and EPE-4, only a single melting
peak is observed, suggesting that the melting process of both EVA and
polyolefin component overlaps.

The melting peak values of the cross-linkable components in the EPE
encapsulants shift to lower temperatures, after crosslinking following
the same trend as the corresponding shift of the crystallization peak.
This behaviour arises from the reduced chain mobility after crosslinking,
which limits the ability of the polymer chains to align and form well-
ordered crystals. As a result, crystallization requires more energy
(lower temperature), and the crystals that form are less perfect due to
the restricted space available for their growth, making them easier to
melt. Consequently, both the crystallization temperature and the
melting temperature decrease, as shown in Fig. 6 and 7., and in Table 4.

The cooling curves provide more insights into the differences be-
tween the EPE encapsulants, particularly in respect to the crosslinking
process. Fig. 7 shows only the temperature range where changes in
material behaviour are present, i.e. 25 to 70 °C. The T, at 90 °C observed
for EPE-1, belongs to the non-crosslinking polyolefin component, re-
mains unchanged after lamination (see the complete DSC cooling curve
in the supporting information). The solid line represents the 1st cooling
step of the uncured samples, while the dotted line corresponds to the 1st
cooling curve of samples laminated for 15 min. The curve of the maxi-
mally cured sample (dashed line) was obtained from the second cooling
after heating the laminated sample to 225 °C. Interestingly, EPE-2 and
EPE-4 exhibit two crystallization peaks after lamination despite showing
only a single melting peak. This behaviour can be explained by differ-
ences in crystallization kinetics between the two polymer components.
Based on in-house DSC measurements of pure EVA and pure polyolefin
encapsulants, the polyolefin crystallizes at higher temperatures,
whereas EVA crystallizes at lower temperatures. Therefore, the first
(higher-temperature) crystallization peak can be attributed to the
polyolefin, while the second (lower-temperature) peak corresponds to
the EVA component. Moreover, the 15 min lamination appears insuffi-
cient to achieve a high degree of cure in the polyolefin component of
EPE-2 and EPE-4. This conclusion is supported by the shape and

Table 4
Thermal properties of uncured, 15 min laminated and maximally cured EPE
encapsulants.

Uncured 15 min laminated Max. cured
Sample Ty (°C) T. °C) Tm (°C) T. (°C) T (°C)
EPE-1 72 105 51 91 64 104 42 91 43 91
EPE-2 70 48 62 39 50 39 48
EPE-3 68 50 63 40 40
EPE-4 72 49 64 40 51 40 50
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Fig. 7. The cooling curves of uncured (solid line), 15 min laminated (dotted
line) and max. cured (dashed line) EPE encapsulants.

intensity of the crystallization peak, which differ from those of the
maximally cured samples. In contrast, the crystallization peak in EPE-1
originates solely from the EVA component, and in EPE-3 the crystalli-
zation of both components overlaps due to the similar crystallization
kinetics, resulting in a single crystallization peak.

3.3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) provides information about the
thermal decomposition of polymeric material. The temperature at which
the sample has lost 5% of its initial weight (Tse,) is commonly used as an
indicator of the onset of decomposition. This technique has also been
applied to estimate the vinyl acetate (VA) content in EVA-based
encapsulants [18,32-34]. In principle, the weight loss occurring
around 350 °C corresponds to the thermal degradation of VA units,
while the ethylene backbone remains stable at this temperature.
Therefore, by assuming that only the VA component decomposes in this
temperature range, the observed mass loss can provide an approximate
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quantitative measure of the VA fraction within the encapsulant. How-
ever, several factors must be considered: other components in the
encapsulant, such as polyolefin layers, additives, or stabilizers, may also
degrade at similar temperatures. Since additive analysis was not per-
formed in this study, and the onset of degradation for the specific
polyolefin component present in the EPE encapsulant is unknown,
calculating weight loss at 350 °C may significantly overestimate the VA
content. Nevertheless, the TGA curves shown in Fig. 8 indicate that
EPE-1 and EPE-2 exhibit similar weight loss, as do EPE-3 and EPE-4,
with all four encapsulants falling between the degradation curves of
the pure POE and EVA reference materials. The presence of the POE
layer appears to improve the thermal stability of the encapsulants, as
evidenced by the higher Ts, values, i.e. 5 and 12 °C, compared to pure
EVA.

3.3.3. Dimensional stability and coefficient of thermal expansion (CTE)

The dimensional stability of encapsulants is strongly influenced by
their thermal and processing history during production. In the first step,
the polymer is melted and mixed with additives through extrusion. In
the second step, the foil is formed by flat-die extrusion or calendering,
which introduces polymer orientation, industrially known as the ma-
chine direction (MD). Processing parameters such as melt temperature,
calendering pressure, and cooling rate must be carefully optimized to
minimize residual stress that could lead to shrinkage during the lami-
nation process.

Dimensional stability was evaluated using digital image correlation
(DIC), which enables the measurement of non-constrained, uncured
encapsulant films on a heated plate to detect dimensional changes such
as shrinkage, expansion, or warping. With greater dimensional change,
the higher the thermo-mechanical stress that may be introduced during
PV module lamination that can cause issues such as solar cell displace-
ment, interconnection delamination, wrinkles in the polymeric front-
sheet or backsheet [35]. Fig. 9 shows the dimensional (length) change in
both MD and transversal to MD for the four EPE encapsulants. Among
them, EPE-4 exhibited the smallest dimensional change, followed by
EPE-3, EPE-2, and EPE-1 which showed the largest shrinkage in MD and
is the only encapsulant with high expansion in the transversal to MD.
Shrinkage begins once the onset of the melting temperature is reached.
For EPE-2, EPE-3, EPE-4, and the POE encapsulant, shrinkage largely
ceases above 80 - 90 °C. In contrast, for EPE-1, the highest shrinkage
occurs when the polyolefin component begins to melt, causing the ma-
terial to shrink to the extent that the speckle pattern above 105 °C can no
longer be recognized by the software. EVA continues to shrink above
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Fig. 8. TGA curves of the cured EPE-1 to 4, POE and EVA encapsulants.
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80 °C, but at a lower rate. Furthermore, comparing EPE-3 with the POE
and EVA encapsulants from the same manufacturer shows that EPE-3
exhibits the lowest overall length change. These observations suggest
that the co-extrusion process seems to reduce residual stress in the
encapsulant films.

The coefficient of thermal expansion (CTE) is a critical property
within the PV module stack. CTE mismatches, high CTE values, and
anisotropic thermal expansion can generate thermomechanical stresses
during temperature fluctuations. Over time, these stresses may cause
reliability issues such as solar cell displacement, microcracking, or
interfacial delamination between the cells, interconnections, and the
backsheet and frontsheet layers. In general, encapsulants with lower
CTE improve PV module reliability, reduce residual stress, and help the
material act effectively as a damping layer. The CTE values of the four
EPE, as well as the POE and EVA reference materials, in the relevant PV
module service temperature range (20 to 85 °C) are shown in Fig. 10.
Although lamination reorients the initial molecular chain orientation
introduced during film extrusion and crosslinking “locks in” the polymer
network, encapsulant films generally remain anisotropic, exhibiting
different CTE values and dimensional changes in the MD and transversal
direction. Interestingly, although EPE-1 exhibited the highest shrinkage
and expansion in the uncured state, lamination reduced its CTE,
resulting in a lower range values compared to the other EPE encapsu-
lants. With a heat stabilization process or prelamination step (below
crosslinking onset) this encapsulant would introduce the lowest
mismatch among the components of the PV module, within the tested
temperature range.

3.3.4. Dynamic mechanical analysis (DMA)

Next to the DSC technique, the crosslinking behaviour of the
encapsulants can be assessed by dynamic mechanical analysis (DMA)
[20,36]. Fig. 11 shows the temperature-dependent storage viscosity (1)
of the uncured encapsulant films and illustrates the progression of the
thermal curing process. Upon heating, the storage viscosity initially
decreases as the materials soften and transition toward a molten, more
flowable state. A change in the slope of the curve in the mid-temperature
range indicates that melting is essentially complete and the polymers are
fully molten. With further heating, the storage viscosity continues to
decrease until the curing reaction is thermally activated at temperatures
above ~120 °C. At this point, the viscosity reaches a minimum and then
begins to increase, reflecting the onset of crosslinking. This rise corre-
sponds to the formation of a growing three-dimensional polymer
network that restricts molecular mobility and increases resistance to
flow. At higher temperatures, the storage viscosity levels off and be-
comes largely temperature-independent, indicating that the crosslinking
reaction has reached completion and a stable network structure has
formed in the encapsulant films. The crosslinking onset temperatures of
the EPE encapsulants fall between those of the pure EVA and POE
reference encapsulants, with only a few degrees difference in both onset
and offset temperatures.

Additional information on material behaviour can be obtained from
the storage viscosity values of all encapsulants before crosslinking (at
120 °C) and after crosslinking (at 150 °C), as presented in Table 5.
Before the crosslinking reaction takes place all encapsulants exhibit
similar storage viscosity values. A lower viscosity at this stage is bene-
ficial, as it improves wetting of the PV module components, particularly
of the interconnections. As crosslinking progresses, the storage viscosity
increases, and at 150 °C differences between the encapsulation materials
become noticeable. The strong influence of the non-crosslinking poly-
olefin component in EPE-1 on its storage viscosity is evident, as its vis-
cosity does not change significantly after EVA crosslinking. The
relatively low viscosity of the polyolefin also explains the thickness
reduction of the EPE encapsulant observed in the mini-PV module. Due
to its higher flowability, the polyolefin layer is more prone to squeeze-
out during lamination, whereas the EVA layer crosslinks earlier and
exhibits an increase in viscosity.
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Fig. 10. CTE values from laminated EPE-1 to 4, POE and EVA from 20 to 85 °C in both MD and transversal to MD.

The POE encapsulants generally have lower storage viscosity than
EVA as they crosslink more “lightly” [37]. Consequently, the influence
of the polyolefin inner layer is also visible for EPE-2 and EPE-4, which
show storage viscosity of one-half and one-fifth of the EVA. In contrast,

EPE-3 shows the highest storage viscosity among the EPE samples and
the closest value to EVA. Nevertheless, EPE-3 was the most strongly
squeezed encapsulant in the mini-PV module tests, indicating that this
behaviour was not related to viscosity but rather to the fact that EPE-3



N. Pervan et al.

1E+5
K crosslinking
region

™y T —
© 1E+4 4
S o——]
g
)
o
[$]
2
>
[}
(o))
©
o 1E+3
n — EPE-1

—— EPE-2

—— EPE-3

EPE-4
—— POE
— EVA
1E+2 T T T T T
50 75 100 125 150 175 200

Temperature (°C)
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Table 5
Storage viscosity values of four uncured EPEs, POE and EVA encapsulants at
120 °C and 150 °C.

Sample n' (Pas) at 120 °C n’ (Pas) at 150 °C
EPE-1 935 890

EPE-2 1070 7770

EPE-3 1598 14435

EPE-4 1082 3775

POE 1071 998

EVA 926 14346

was the thickest EPE material examined, and thickness control and
lamination pressure need to be optimized.

The storage viscosity values of the laminated encapsulants hold
importance for the material behaviour during the service life, as it
provides higher mechanical stability (graph and table is provided in
supporting information). EPE-1 at 85 °C has the highest storage viscosity
due to the non-crosslinking polyolefin inner layer that is in a solid state,
the same positive impact as on the CTE values. However, above melting
onset of the polyolefin the storage viscosity values decrease. Post curing
was present for EPE-1 and EPE-2 which confirms that lamination time of
15 min is not long enough to reach maximal degree of cure. Since the
EPE-4 has the highest amount of the polyolefin, the influence on its
storage viscosity is high and is observed from decrease in the values as
the material is heated, and eventually reach the same values as the pure
POE.

3.4. Adhesion strength: 180° peel test

Multiple adhesion test methods are used to evaluate the adhesion
between the various PV module components, and several have been
proposed by various research institutes. These include the 90°, 180° and
T-peel tests (measuring adhesion strength, N cm'l), the width-tapered
single cantilever beam test (measuring adhesion energy, J m?) and
the compressive shear test (measuring shear stress, MPa) [38-42]. To be
able to compare adhesion strength values presented in the manufac-
turer's TDS, based on 180° peel angle, we conducted measurements
following ASTM D3330. To test adhesion strength between encapsulant
and solar glass, a peel arm of backsheet with an aluminium inner layer
was used, due to its strong adhesion to all types of encapsulants and
minimal plastic deformation during the peel test.

The measured adhesion strength between EVA and glass was
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consistent with the values reported in the TDS, while the adhesion
strength of POE exceeded the TDS values. In contrast, all EPE encap-
sulants exhibited adhesion strength below the range specified in the
TDS. This deviation is most likely attributed to improper storage con-
ditions of the EPE encapsulants prior to peel testing and coupon prep-
aration and relates to the loss of silane adhesion promoters [43].

Since comparison and discussion on adhesion strength results ob-
tained in this study is not possible and enhanced adhesion of EPE
compared to POE, but comparable to EVA is expected, a literature re-
view was conducted and observations from similar studies were inte-
grated to evaluate whether EVA and EPE indeed provide better adhesion
than POE encapsulant. The development of polyolefin encapsulants with
improved adhesion to other components of PV modules has been widely
researched, and the addition of various adhesion promoters has shown
to be beneficial [44-46]. Comparing the TDS values of commercially
available EPE, EVA, and POE, it appears that all of them exhibit adhe-
sion in a similar range of > 60 N cm’! [11]. In various studies, POE and
EVA show similar adhesion strengths; furthermore, accelerated aging
tests suggest that POE experiences a lower reduction in adhesion
strength compared to EVA [18,42,43,47]. Based on this and the results
we observed between EVA and POE, it can be concluded that current
POE formulations achieve adhesion strength similar or equal to EVA,
although it remains a question how this material will compare to EVA in
the long run under outdoor conditions.

4. Is EPE the future of PV encapsulation? Comparison between
EPE, EVA and POE encapsulants

As mentioned in the introduction, EPE encapsulant was developed in
response to industrial demand and to support the technological transi-
tion from PERC to TOPCON, HJT and tandem solar cells. It was designed
to combine and balance the cost-effectiveness and processability of EVA
with the superior electrical insulation and moisture barrier properties of
POE. However, some questions and uncertainties regarding EPE were
still unanswered, and were touched upon in this study. All observations
are gathered in Table 6 with short comparison of EPE with POE and EVA.

e Which EVA and polyolefin types are used in the co-extruded
encapsulant?

The IR-Spectra of the outer EVA layers of all EPE foils (EPE-1 to 4)
were comparable, showing only slight differences in VA content. How-
ever, the main difference among the four EPE encapsulants was found in
the inner polyolefin layer. Based on the IR-Spectra data, EPE-1 has an
ethylene acrylate copolymer inner layer, whereas EPE-2; —3; —4 have
ethylene a-olefin copolymer core layers, but with different side groups
and/or varying comonomer contents. In addition, EPE-1 is a non-
crosslinking type, while the others undergo crosslinking, as evidenced
by the thermal transitions observed in the DSC curves. Since EPE-1 does
not crosslink, it shows higher crystallinity, as seen in the DSC results.
This higher crystallinity was also reflected in the UV-Vis-NIR spectra,
where EPE-1 exhibited lower transmittance in the visible range, which
can lead to reduced electricity yield.

e What are the thicknesses of the individual EPE layers, and how
uniform are they?

The total encapsulant thickness and the thickness of each layer
varied among the four EPE types. EPE-3 had the thickest polyolefin
layer, accounting for about half of the total volume. It was followed by
EPE-4, which had the second-thickest inner layer; however, its outer
EVA layers were thinner than those of the other types, resulting in the
lowest overall EVA content. EPE-2 had the thinnest polyolefin layer and
the highest EVA content, comprising about two-thirds of the total
encapsulant. EPE-1 was the thinnest overall, with just over half of the
stack consisting of EVA. Layer distribution and uniformity were
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Table 6
Summary and comparison of EPE, EVA and POE encapsulants properties.

Property EPE EVA POE EPE vs. EVA/POE
VA content (per 11.6 - 19 ~ 28 0 Less acetic acid
total sample formation per total
weight) (%) weight compared to
EVA.
Transmission 86.5-93 >90 >90 [11] Influenced by the
(%) [11] crystallinity of the
polyolefin
component.
WVTR (gm?d? 3.1-11.7 35 5.4 Improved compared
per 100 pm) to the EVA.
Crosslinking Yes, and Yes Yes More complex —
partially temperature and
lamination duration
must be optimized
for both EVA and
POE in case both are
crosslinking.
Dimensional 0.5 to 10% 7% 3% Co-extrusion process
stability; seems to result in
length change lower shrinkage.
in MD at
105 °C (%)
DMA, storage Low — high High Low Applied pressure
viscosity during the
during lamination needs to
lamination (Pa be optimized to
s) minimize thinning of
the encapsulant
layer especially
above
interconnections
Adhesion Similar to High Good [11] Complex — depends
strength EVA [11] on the adhesion
according additives present in
to [11] the POE - initial
adhesion lower than
for the pure EVA
Price Between Cheap Expensive Economical solution
EVA and [1,11] [1,11] for expensive POE.
POE [1,11]

consistent on the tested cross-sections.

e What happens to the layers during lamination regarding distribution,
mixing, thickness changes, or bubble formation?

For lamination, the parameters recommended by the manufacturers
were followed, with adaptations for the one-sided heating laminator
available in-house. After lamination, all mini-PV module samples
appeared defect-free, with no visible bubbles. Despite using thickness
controls during lamination, some encapsulant material was squeezed
out, predominantly from the polyolefin layer, due to its lower viscosity
and slower curing process. A reduction in the POE layer thickness is
expected to increase the WVTR and the probability of PID. Reducing
lamination pressure could mitigate this issue, but may increase the risk
of bubble formation, which is more common when laminating with POE
[48]. In some samples, interlayer diffusion and flow of the polyolefin
into the EVA layer were observed around the interconnections and cell
edges; however, these effects were localized. Previous studies have re-
ported insufficient wetting of the interconnections when laminating
with EPE, identifying this as a weak spot for delamination propagation
[7,12]. In contrast, in this study, complete wetting of the in-
terconnections was observed for all four EPE encapsulants.

e How does the water vapor transmission rate/permeability (WVTR) of
EPE compare to that of single layer EVA or polyolefin?

The WVTR of EPE is significantly lower than that of single-layer EVA,
demonstrating the effectiveness of the multilayer structure. Among the
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EPE foils, EPE-1, despite having the thinnest polyolefin layer, exhibits
the best barrier properties, even surpassing those of a single POE layer.
his behaviour is attributed to its higher crystallinity. These results
confirm that EPE fulfils its intended purpose of reducing water vapor
permeation in PV modules.

e What is the thermal behaviour of EPE and which layers crosslink?

From DSC thermograms it was observed for EPE-1 that the 2nd
melting peak and the 1st crystallization peak do not change after the
lamination process, and that they belong to the non-crosslinking poly-
olefin component. On the other hand, in other three EPE materials both
components were crosslinking. From the heating curves a single melting
peak was observed, suggesting that the melting process of both EVA and
polyolefin component overlaps, and after lamination it is translating to
the lower temperature, following the same trend as the corresponding
shift of the crystallization peak. The cooling curves provided more in-
sights into the differences between the EPE encapsulants, particularly in
respect to the crosslinking process. EPE-2 and EPE-4 exhibited two
crystallization peaks after lamination despite showing only a single
melting peak. The first (higher-temperature) crystallization peak is
attributed to the polyolefin, while the second (lower-temperature) peak
corresponds to the EVA component. Moreover, the 15 min lamination
appears insufficient to achieve a high degree of cure in the polyolefin
component of EPE-2 and EPE-4. This conclusion is supported by the
shape and intensity of the crystallization peak, which differ from those
of the maximally cured samples. In contrast, for EPE-3 the crystallization
process overlaps for both components due to the similar crystallization
kinetics, resulting in a single crystallization peak. Calculations of the
degree of cure were out of the scope of this paper, as the calculations and
measurement techniques are quantitative and were developed for single
layer encapsulants, their adaptation would be necessary, therefore this
will be part of the future work.

The presence of a polyolefin layer improved thermal resistance of the
encapsulant. The co-extrusion process appeared to improve the dimen-
sional stability of EPE-2; —3; —4, whereas the non-crosslinking poly-
olefin in EPE-1 led to higher shrinkage and expansion. This behaviour
could result in high residual stress within the PV module. Contrary, if
EPE-1 would be thermally stabilized so that residual stress from the co-
extrusion process would be removed, its dimensional stability would be
improved, and the CTE mismatch would be reduced compared to other
tested encapsulants.

Besides the degree of curing, several issues remain unresolved. If
EVA has a shorter processing window and polyolefin a longer one, it is
unclear whether the polyolefin component in the EPE needs to be fully
crosslinked or if partial crosslinking is sufficient. The long-term stability
of this encapsulant also remains uncertain, including the potential for
additive migration or other unexpected negative effects. Similar to
“POE” encapsulants, datasheets do not reveal differences between the
material type, which makes it difficult to compare different EPE
encapsulants. Each EPE type can be expected to result in different levels
of cell corrosion and PID behaviour, depending not only on WVTR but
also on the absolute content of VA groups, which may degrade into
acetic acid over time, ultimately affecting the long-term performance
and reliability of PV modules.

In this context, providing a final conclusion on whether EPE is the
future of PV encapsulation is challenging. EPE offers several advantages,
including improved dimensional stability, lower WVTR, and reduced
overall VA content. However, whether this will be sufficient for high
humidity sensitive solar cells such as e.g. n-type and tandem solar cells
contained in glass/glass PV modules remains to be seen after environ-
mental exposure. As shown in the results, all four tested EPE variants
differ from each other. Which of them will deliver the best long-term
performance and how they will interact with the cells over time is still
uncertain. Therefore, the next study will focus on additive analysis and
artificial aging, after which we will perform material characterization to
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provide further clarity. An additional perspective for avoiding direct
EVA contact with the solar cell is a potential alternative encapsulant
design involving a coextruded EVA-polyolefin structure, where a single
thin EVA layer is combined with POE directly contacting the solar cells.
If EVA and POE with similar material behaviour can be combined, this
could eliminate stack asymmetry, something that EPE currently ad-
dresses with its two outer EVA layers.

5. Conclusions

The four studied EPE encapsulants from different manufacturers
varied in their chemical composition, thermal and optical properties.

The IR-Spectra of the outer EVA layers of all EPE encapsulants were
comparable, showing only slight differences in VA content. The main
difference between the four EPE encapsulants was found in the inner
polyolefin layer. Based on the IR-Spectra data, EPE-1 has an ethylene
acrylate copolymer inner layer, whereas EPE-2; —3; —4 consists of
ethylene a-olefin copolymer core layers, but with different side groups
and/or varying comonomer contents.

The water vapor transmission rate (WVTR) of EPE is significantly
lower than that of single-layer EVA, demonstrating the effectiveness of
the multilayer structure in optimizing the barrier properties. The layer
distribution and uniformity of the tested EPE films, as determined from
the light microscopic images of the cross-sections were found to be
comparable, and complete wetting of the interconnections could be
achieved with all four EPE encapsulants.

Difference in the crosslinking behaviour were evident from the DSC
analysis, EPE-1 was the only sample with a non-crosslinking inner
polyolefin layer, whose high crystallinity reduced visible-light trans-
mission but also enhanced barrier to water vapor. The presence of a
polyolefin layer improved the thermal resistance of the encapsulant. The
co-extrusion process appeared to improve the dimensional stability of
EPE-2; —3; —4 compared to pure EVA film, whereas the non-crosslinking
polyolefin in EPE-1 led to higher shrinkage and expansion.

Overall, EPE encapsulants fulfil their intended purpose of improving
the barrier properties of the encapsulant to better protect the newly
developed humidity sensitive solar cell types. However, the long-term
impact of the EVA layer in direct contact with the cell, particularly
under environmental exposure, has yet to be fully evaluated. This is
especially relevant considering that the EVA content of EPE film ranges
between 42% and 64% by volume, and the polyolefin core layer thins
more during lamination than the EVA layer. Therefore, the formation of
acetic acid is to be expected. In this context, a potential alternative
approach for encapsulant design could involve a coextruded EVA-
polyolefin material, with a single thin EVA layer and POE in direct
contact with the solar cells.

In summary, EPE does not constitute a single-material solution but
rather represents a materials design concept. Its performance and
durability are determined by formulation parameters, additive chemis-
try, and processing conditions, which collectively impact long-term
stability. Without systematic understanding and control of these fac-
tors, reliable device operation cannot be ensured. Future research
should therefore aim to establish clear structure—property-stability re-
lationships to support predictive formulation strategies and sustained
long-term performance.
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6 Summary and Conclusions

The global expansion of PV has reached a point where land availability, particularly in
densely populated or mountainous regions, constrains large-scale field-deployed installations.
This has created space for alternative deployment strategies that integrate electricity
generation into the existing built environment without competing for land. The integration of
PV spans from BIPV, VIPV, and consumer products, representing a key development in the

transition toward net-zero-energy environments.

While early IPV solutions were mainly restricted to simple two-dimensional roof
attachments, modern requirements demand specialized, application-specific designs.
However, a hurdle remains: conventional glass-glass modules are often too heavy for
lightweight infrastructures, such as industrial complexes and heritage buildings. To overcome
these limitations development of the solutions for glass-free PV modules based on polymer
materials to enable flexible geometries, adaptable architectures, and reduced weight is

ongoing.

Transitioning from glass-based to glass-free PV fundamentally redefines the requirements
for the polymeric components within the module stack. In traditional designs, glass provides
the primary mechanical stiffness and environmental barrier. In glass-free configurations, these
functions are transferred to the polymer layers, which must then provide structural integrity,

thermal stability, and long-term protection.

This thesis investigated how various design paths and roles of the polymer materials can
be adapted to meet these shifted requirements. A central challenge lies in aligning material
selection with the specific demands of the application. For building-integrated systems, the
focus is on maintaining interfacial adhesion and dimensional stability under environmental
loads. Conversely, for integrated consumer electronics, the objective shifts toward price and
process efficiency, where standard industrial solutions may lead to over-engineering. By
characterizing the physical, chemical, thermal, thermomechanical and mechanical behavior of
materials, such as polymeric based honeycombs, co-extruded encapsulants and specialized
coatings, this work established a scientific framework for developing application-specific,

glass-free PV designs.

The initial focus of this thesis was to address the loss of structural rigidity in glass-free
architectures via the characterization of thermoplastic honeycomb sandwich composites as
functional backside materials. A key scientific finding was that these composites exhibit CTE
only slightly higher than that of solar glass and significantly lower than typical polymeric
backsheets. This alignment is essential for minimizing internal stresses and preventing cell-

cracking during thermal cycling. However, their integration required a redefinition of standard
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lamination conditions. The low thermal conductivity of the honeycomb sandwich composites
will hinder heat transfer during the lamination process, extending the required duration, while
the low melting point of the PP variants necessitates the use of low-temperature crosslinking
or non-crosslinking encapsulants to preserve structural integrity. Long-term reliability testing
further differentiated the material candidates: while PP-based honeycombs remained stable,
PET-based structures proved unsuitable for hot and humid environments due to significant
polymer chain-scission and embrittlement. The findings indicate that while PET remains a
potential candidate if hydrolysis resistance is improved, PP-based HSCs are the more viable
choice, as long as the material stack and lamination parameters are specifically tailored to

their thermal constraints.

To facilitate the integration of PV modules into large-scale infrastructure, such as the 12-
meter steel facade elements investigated in the PV Industriefassade project, the second part
of this thesis evaluated the adhesion between polymeric backsheets and hot dip galvanized
steel. In these glass-free architectures, the backsheet must function as a dielectric barrier
against the conductive steel substrate, making the long-term integrity of the polymer-metal
bond a primary safety and structural requirement. While three distinct bonding strategies
achieved robust initial adhesion, the approach C (developed by the industrial partner)
emerged as the most promising adhesion path. Results ultimately demonstrated that
transitioning toward monolithic backsheets is necessary to minimize the number of internal

interfaces and ensure a service life of at least 25 years for steel-integrated BIPV.

To expand the application of flexible CIGS solar cells beyond rigid glass encapsulation, the
third study of this thesis established a screening methodology for identifying coating solutions
capable of adhering to complex substrates with significant surface tension variations.
Fourteen materials across four chemical families, acrylate, epoxy, silicone, and PU, were
evaluated for compatibility with high-throughput roll-to-roll processing while maintaining
optical transmittance and mechanical flexibility. Specific PU formulations demonstrated the
most robust equilibrium of uniform coverage and interfacial stability. The results
demonstrated that the PCT serves as an effective method for the rapid identification of weak
interfacial adhesion. On the other hand, the standard 1000 h DH exposure was found to be an
excessive stressor for these thin-film materials, highlighting the need to adapt aging
conditions to avoid overestimating environmental degradation for products with shorter

intended service lives, thereby preventing costly over-engineering.

The fourth study of this thesis investigated the impact of manufacturing history and
lamination duration on the thermomechanical properties of six different encapsulant types
(EVA, POE, TPO, and EPE). While the thermomechanical role of the encapsulant has often been

simplified in numerical FEM simulations, this research demonstrated that its dimensional
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stability and CTE values are fundamental to the module's long-term integrity. In glass-free
designs, the lack of a rigid glass constraint means that even minor variations in the
encapsulant’s expansion or contraction can lead to significant warping and mechanical stress.
Experimental measurements revealed that unlaminated encapsulants retain significant
internal stresses and molecular orientations from the extrusion process, which are released
as shrinkage during the first stages of heating. This dimensional instability is particularly
relevant for mechanically sensitive technologies, such as perovskite solar cells, where such
movements can trigger premature failure. The findings show that a lamination duration of 5—
10 minutes is required for the materials to reach stable CTE values. Notably, non-crosslinking
polyolefins (TPO and EPE) exhibited the highest initial shrinkage but ultimately achieved the
lowest final CTE range, suggesting that with optimized processing, these materials can better
minimize thermomechanical mismatch within the PV stack. This work established that using
post-lamination material properties is essential for accurate thermomechanical modelling,
especially in glass-free designs where the rigid locking effect of glass is absent. Furthermore,
the study highlighted that even within the same polymer categories, particularly with co-
extruded EPE, material behavior is more complex and challenges the current understanding

of these materials.

Motivated by the complexities identified in the fourth study, the fifth study performed a
systematic characterization of four commercially available co-extruded EPE encapsulants to
investigate the factors driving their inconsistent behavior. While EPE was developed to
combine the processability of EVA with the superior barrier properties of polyolefins for
humidity-sensitive cells, this research demonstrated that EPE is not a single-material solution
but a variable materials design concept. A comparative analysis of four EPEs revealed that
while the outer EVA layers were similar, the core layers differed significantly, ranging from
non-crosslinking ethylene acrylate copolymers to various ethylene a-olefin copolymer core
layers, with different side groups and/or varying comonomer contents. These chemical
differences directly impacted performance: the non-crosslinking core in EPE-1 provided a
superior water vapor barrier due to high crystallinity but resulted in reduced visible light
transmission. Crucially, the study revealed that EVA still constitutes between 42% and 64% of
the total EPE volume. Cross-sectional analysis demonstrated that the polyolefin core thins
more significantly than the EVA layers during lamination, meaning the final stack remains
dominated by EVA. This volumetric majority, combined with the EVA's direct contact at the
cell interface, suggests that the potential for acetic acid formation is not eliminated. By
uncovering these structural and chemical variables, this work establishes that without a
systematic understanding of EPE formulations, the long-term reliability of next-generation PV

modules cannot be ensured.
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The findings of this thesis demonstrate that glass-free designs allow for greater creativity
in module architecture; yet this flexibility requires a shift from standardized manufacturing
processes toward targeted optimization. Furthermore, the success of these designs depends
on matching the material stack to the actual operational environment of the final product,

rather than adhering to generalized industrial standards that may lead to over-engineering.

This research proves that diverse pathways, ranging from honeycomb reinforcements to
specialized thin-film coatings, are feasible, provided the interactions between materials are
thoroughly understood. A key finding in this regard is that current industrial classifications for
PV products are often insufficient for predicting performance. For instance, encapsulants
sharing the same nomenclature, such as POE or EPE, can exhibit significantly different material
properties which can lead to unpredictable behavior in both glass-glass and glass-free stacks.
Ultimately, integrating any commercial product is not a plug-and-play process. Whether
dealing with new architectural components or standard encapsulants, even accredited
materials require a three-stage integration strategy: first, a characterization phase to
investigate fundamental properties; second, an adaptation of the lamination process; and
finally, targeted material optimization (e.g., enhancing hydrolysis resistance) to ensure

durability under PV-specific conditions.

The practical viability of the findings presented in this thesis is further evidenced by their
implementation across three European research projects. While the specific field data falls
outside the scope of the work presented here, these collaborations have already culminated
in the production of functional PV modules that utilize the design principles established in this
study. For instance, lightweight PP-based honeycomb modules, incorporating colored, low-
temperature encapsulants and glass-free frontsheets, are currently being monitored in a
rooftop installation in Neuchatel, Switzerland. Similarly, coated thin-film CIGS mini-modules
are undergoing outdoor performance observation at Sunplugged in Austria. Finally, a third
project regarding integration into steel facades is still ongoing, focusing on the reformulation
of adhesive layers and the development of monolithic polymeric insulating layers. In addition,
the full material stack is being validated through outdoor aging of trial mini-modules at the
Technical University of Leoben, alongside parallel sequential testing under accelerated

laboratory conditions.
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7 Outlook

While this thesis establishes a scientific framework for the design and integration of glass-
free PV modules, several areas remain for future investigation to ensure the long-term success

and adoption of these technologies.

Looking ahead, enhancing the fire retardancy of polymer-rich PV modules represents a
clear direction for future work. Although this topic was not part of the scope of the present
thesis, investigations into strategies for improving fire performance were carried out and
viable approaches were identified. These results provided the basis for a new funding project
dedicated to further developing such solutions in line with future safety and regulatory

demands.

Another aspect for future development is the adaptation of existing IEC standards toward
application-specific testing procedures for integrated PV devices. Current standards are often
based on conventional module designs and can lead to over-stressing during qualification
testing, resulting in unnecessary over-engineering. The need for tailored standards is
increasingly recognized and has emerged as a recurring topic of discussion at recent

conferences and industry meetings.

Finally, further research is required to better understand the thermomechanical behaviour
of different module material stacks. Detailed experimental investigation of interfacial
displacement and layer interaction in polymer-based, glass-glass, glass-polymer, glass-metal,
and polymer-metal configurations is required for the development of reliable predictive FEM
simulations. Bridging this knowledge gap is a prerequisite for addressing challenges such as
delamination in perovskite and tandem solar cells, which currently limits the broader

deployment of these next-generation technologies.

Addressing these remaining challenges will ensure that glass-free modules meet the

reliability requirements necessary for large-scale industrial application.
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8 Al Based Tools

Table 1. Declaration of the use of Al-based tools.

Reason
Correction of
grammar and

improvement of the
writing style

Correction of
grammar,
improvement of the
writing style and help
with summarizing

Translation of
abstract to German
and Dutch languages

Share [%]

10%

10%

100%

Al Tool

ChatGPT
(GPT-40 and
GPT-5.5)

Gemini
(Gemini 3
Flash)

Deep L

123

Prompts
Identify and correct grammatical
mistakes, and provide synonyms
that align with an academic writing
style.

Identify and correct grammatical
mistakes, and provide synonyms
that align with an academic writing
style.

Summarize these paragraphs to
one-third of their original length.

n/a
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10 Appendix

10.1 Supplementary material
10.1.1 Publication IV: Supporting information

Title: Effects of Manufacturing Process History and the Lamination Duration on

Thermomechanical Properties of PV Encapsulants

Journal: Advanced Energy and Sustainability Research

Date of submission: 5" of May 2026
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Figure 1. Curing degrees calculated according to residual enthalpy and melt/freeze method.

Figure 2. Microscope images of the cross-section of EPE-1 encapsulant samples with a) lower

amount and b) higher amount of the polyolefin core layer.

146



Appendix

o [T EVA POE-1 POE-2
X 0.2Wig
o 4

o

=

3

o

T

Q

F =

el

o

N

©

o

z

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-20 0 20 40 60 80 100 120 140 160 180 200 220 -20 0 20 40 60 80 100 120 140 160 180 200 220 -20 0 20 40 60 80 100 120 140 160 180 200 220

Temperature (°C) Temperature (°C) Temperature (°C)
15 min laminated 1t heating 1%t cooling 2" heating 2" cooling
T EPE-1 EPE-2
24 02w TPO
o 4
2
=
3
o
2
®
15
N~
el
(5
N
s
£
£
o
2|
T T T T T T T T T T
-20 0 20 40 60 80 100 120 140 160 180 200 220  -20 O 20 40 60 80 100 120 140 160 180 200 220 ~ -20 O 20 40 60 80 100 120 140 160 180 200 220

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. DSC 1t and 2"® heating and cooling thermograms from 15 min laminated

encapsulants.

kOmin

~ )/
N——

li

\
&:ﬁﬁ

30 min

Normalized heat flow (W/g)exo

EVA POE-1 POE-2

-20 0 20 40 60 80 100 120 140 160 180 200 220 -20 O 20 40 60 80 100 120 140 160 180 200 220 -20 O 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C) Temperature (°C) Temperature (°C)

—— 0 min——2 min—— 5 min 10 min 12 min—— 15 min—— 20 min—— 30 min

TPO EPE-1 EPE-2

Normalized heat flow (W/g) £x2

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-20 0 20 40 60 80 100 120 140 160 180 200 220 -20 O 20 40 60 80 100 120 140 160 180 200 220 -20 O 20 40 60 80 100 120 140 160 180 200 220

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4. DSC — 2™ heating curves for all lamination times and encapsulants.
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Figure 5. DSC - 1%t cooling curves for all lamination times and encapsulants.
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10.1.2 Publication V: Supporting information

Title: Is EPE the Future of PV Encapsulation? A Comprehensive Material-Level

Assessment

Journal: Solar Energy Materials and Solar Cells,

https://doi.org/10.1016/j.solmat.2026.114258

Date of publication: 20t of February 2026 (online), 15 of June 2026 (in print)

Figure 1. Microscope image of the cross-section of mixing between EVA and POE around the

interconnections.
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Table 1. Storage viscosity values of four laminated EPEs, POE and EVA encapsulants at 85 °C
and 105 °C.

Sample n’ (Pas) at 85 °C n’' (Pas) at 105 °C
EPE-1 22 080 11740
EPE-2 20 295 19 860
EPE-3 17 780 17 472
EPE-4 15 260 14 200

POE 12 755 12 100
EVA 19 026 18 700
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10.2 Scientific and Professional Activities
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Oreski, A. Faes, C. Ballif, Novel Lightweight PV Modules Based on Polymeric
Honeycomb for Building Integration, 2024 IEEE 52nd Photovoltaic Specialist
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https://doi.org/10.1109/PVSC57443.2024.10749199
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Backsides in Glass-Free PV Modules, Journal of Applied Polymer Science 142, no. 48
(2025): 57892, https://doi.org/10.1002/app.57892.
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G. Oreski, Backsheet-Galvanized Steel Adhesion Approaches for Integrated
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N. Pervan, J. Geier, M. Daenen, G. Oreski, Effects of Manufacturing Process History and
the Lamination Duration on Thermomechanical Properties of PV Encapsulants,

Advanced Energy and Sustainability Research, 2026 (submitted)
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PhD Peer Mentorship: provided technical guidance and collaborative support to Bin
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Master’s Thesis Co-supervision: Christian Veas, “Interfacial adhesion of polymeric
components in a steel facade integrated PV module” (2025).

Graduate Research Supervision: managed and mentored Master’s students Christian
Veas, Maja Knezovic, and Marissa Maier during their research internships at PCCL
(2024-2026).

156



Appendix

10.2.4

10.2.5
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