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Abstract

In densely populated countries, little free land is available for the deployment of photovoltaics
(PV) in field installations. In addition, 40% of the world’s demand for electricity is related
to buildings. These facts provide a strong argument for the accelerated development of
building-integrated PV (BIPV), as it enables electricity production with a minimal impact on
free land. However, BIPV elements currently on the market show some limitations, which
includes their relatively high prices, as most products are custom-made and produced in
small volumes. Moreover, the relatively high weight (= 15-20 kg/m?) of these products may
preclude their use in the potentially promising market of renovations of older buildings, for
which excessive load could be a serious constraint.

With the aim of limiting the module weight while preserving excellent mechanical stability
and durability, we demonstrate that, with careful material selection and a proper adaptation of
the manufacturing processes, we are able to manufacture lightweight modules with a weight
of < 6 kg/m?. The weight reduction is achieved by replacing the backsheet, conventionally
glass or polymer, with a rigid composite sandwich structure and by replacing the front cover
glass with a thin polymer foil. In our approach, the conventional liquid epoxy used to glue
skins and core is substituted with a thermoplastic adhesive foil (polyolefin) that ensures a
good adhesion and stress transfer between the sandwich components. By associating this
adhesive with a high-thermal-conductivity honeycomb core (aluminum), we can employ
conventional lamination processes used in the PV industry to manufacture the backsheet and
the full solar module stack simultaneously during a single process. These modules show an
excellent resistance and stability when subjected to mechanical, climatic and electrical stress
tests used in the solar industry. In fact, these solutions show a reduced power loss (<-5%), no
major visual changes and preserve a good insulation resistance. These results demonstrate
the potential of our design to successfully comply with the relevant PV qualification standards
(e.g. IEC61215).

We further demonstrate that our lightweight modules can successfully pass hail tests without
cracked cells by tuning the mechanical properties of the frontsheet and backsheet simulta-
neously. The design of the lightweight PV modules is successfully scaled up to a sixteen-cell
0.81x0.81 m* module.



Abstract

Furthermore, the BIPV elements need to comply not only with PV standards but also with
construction and safety standards, e.g. fire resistance. Preliminary results indicate that the
proposed design in this thesis may successfully pass the relevant fire tests used for building
elements (CEN/TS 1187). These first results also give indications on how to optimize the
product further.

Finally, to reach a commercial market, some challenges must still be addressed: we must scale
up to standard module sizes (1.6 m?), and we must develop an ideal mounting solution for a
good integration of the modules into the building.

Key words: Renewable energy; Solar energy; Photovoltaics; Solar module; Building-integrated
photovoltaics (BIPV); Solar cell; Reliability; Accelerated-aging test; Failure modes; Lightweight;
Composite sandwich structures; Skins; Honeycomb core; Adhesive; Bending stiffness; Young'’s
modulus
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Résumé

Dans pays densément peuplés, 'espace au sol disponible ne permet pas d’envisager de
grandes centrales de production photovoltaique (PV). De plus, 40% de la demande mondiale
en électricité est liée a la consommation des batiments. Ces faits fournissent un argument
solid pour le développement des solutions PV directement intégrées au batiments (BIPV),
car il permet la production d’électricité avec un impact minimal sur I’espace au sol. Certains
éléments existent déja sur le marché, mais ils présentent encore de limitations, notamment
au niveau du prix, trop élevé, la plupart des produits étant fabriqués sur mesure et en petite
volume. De plus, le poids relativement élevé (=~ 15-20 kg/m?) des produits existantes pourrait
leur barrer 'accés au marché, potentiellement prometteur, de la rénovation de batiments
anciens, en raison de contraintes sur la charge admissible.

Pour réduire le poids des modules tout en conservant d’excellentes propriétés de stabilité
mécanique et de durabilité, nous démontrons qu'une sélection rigoureuse des matériaux et
I'adaptation des méthodes de fabrication sont exigées. Dans le cadre de ce travail, des modules
légers < 6 kg/m? ont ainsi pu étre développés. La réduction de poids est obtenue en remplagant
la feuille arriere, traditionnellement en verre ou en polymeére, par une structure sandwich
composite rigide et en remplacant le verre avant par une mince feuille de polymere. Dans notre
approche, I'époxy liquide normalement utilisée pour 'adhérence des différentes couches du
sandwich est remplacée par une feuille adhésive thermoplastique rigide (polyoléfine) assurant
une bonne adhésion et un bon transfert des contraintes. En associant cet adhésif a un coeur
en nid d’abeille de haute conductivité thermique (aluminium), nous pouvons utiliser les
processus de fabrication PV classiques pour fabriquer des modules légers en une seul étape.
Les modules ainsi congus présentent une résistance et une stabilité excellentes lorsqu’ils sont
soumis aux tests de contrainte mécanique, climatique et électrique utilisés dans I'industrie
solaire. Ils affichant en effet une perte de puissance minime (<-5%), aucune modification
visuelle majeure et une bonne isolation électrique. Ces résultats trés prometteurs ouvrent la
voie a une possible certification des modules au regard des normes de qualification en vigueur
dans I'industrie PV (par exemple, la IEC 61215).

Nous démontrons, en outre, que les modules ultra-légers développés peuvent satisfaire les
tests de gréle, avec aucune cellule solaire fissurée, en optimisant simultanément la rigidité des
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Résumé

couches arriere et avant. Des modules ultra-légers de seize cellules ont ainsi été développés,
représentant une taille de 0.81x0.81 m?.

Il faut néanmoins signaler que les éléments BIPV doivent non seulement satisfaire I'ensemble
des normes pour le PV mais également certaines normes de construction et de sécurité, par
exemple celles liés a la résistance au feu. Or, nos résultats préliminaires indiquent que le
design original proposé dans cette thése est également adéquat pour satisfaire les tests au
feu utilisés pour les éléments de construction (CEN/TS 1187). De plus, ces premiers résultats
fournissent des indications tres utiles sur la maniere d’optimiser davantage le produit.
Finalement, en vue de I’exploitation commerciale, certains défis doivent encore étre résolus :
une accroissement de la taille pour atteindre celle des modules standards (1.6 m?) et le
développement d'un systeme de fixation dédié pour une parfaite intégration au batiment.

Mots clefs : Energie renouvelables; Energie solaire ; Photovoltaique ; Module solaire; Photovol-
taique intégré au batiment (BIPV); Cellule solaire; Fiabilité; Test de vieillissement accélérés;
Léger; Structure sandwich composite; Peau; Coeur en nid d’abeilles; Adhésif; Rigidité de
flexion; Module de Young
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|} Introduction

Summary

The focus of the thesis is to study the challenges of designing lightweight photovoltaic (PV)
modules based on crystalline-silicon technology, focusing on applications in the field of
building-integrated photovoltaics (BIPV). This chapter starts by giving an overview of the
market status of PV/BIPV and the potential of BIPV to become a key ingredient in the electricity
generation mix. Then, it presents the state-of-the-art of module technology, processing and
reliability issues. Finally, it presents the outline of this thesis and its main contributions to the
field of long-term performance of lightweight PV modules.

1.1 Solar energy

1.1.1 Current status of solar photovoltaic energy

Global energy demand is continuously increasing [1]. In 2017, it grew by 2.1%, more than twice
the growth rate in 2016, while energy-related CO; emissions rose by 1.4%, raising concerns
about the world’s ability to meet the goals of the Paris Agreement of 2015 on climate change [2].

Renewable energies are the key to offer energy with reduced environmental and health impacts.
Solar power generation is one of the major energy sources of the renewable energy portfolio.
Besides producing electricity, solar represents a sustainable carbon-free energy source that
can slow down the pace of climate change and prevent further damage to the environment.
PV technology is a unique and highly promising option that directly converts the incident
energy from the Sun into electricity. From the 86x10% GW of power received by Earth from the
Sun [3,4], only one hour is needed to meet the annual energy needs of all people worldwide.



Chapter 1. Introduction

PV technology is the renewable energy that has, in particular, experienced the fastest growth
in the last few decades. According to the International Energy Agency, the cumulative PV
capacity has increased globally from 1.4 GW in 2000 to 400 GW in 2017 [5], with a record of
98 GW of newly added PV capacity in 2017. This fast market growth has happened mainly
thanks to advances in technology (e.g., increased solar cell efficiencies), supportive policies [2]
and a steady reduction of PV module costs [5]. Indeed, figure 1.1 shows the average PV
module cost at an impressive level of 0.34 $/Wp in 2017 (dropping by approximately 80%
since 2009). In addition to utility-scale ground-mounted solar farms, rooftop installations
on residential, commercial, and industrial buildings constitute a significant part of solar
electricity generation.
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Figure 1.1 — Learning curve for module price as a function of cumulative shipments with
reference to global cumulative PV capacity in 2000, 2009 and 2017 (figure adapted from [5]).

1.1.2 Photovoltaics in buildings: market status

Cities are responsible for generating 70% of greenhouse gas emissions [6]. Solar energy could
positively contribute to their reduction. In several countries, only a few sites are available
for large-scale field PV installations and the lack of availability of free land may constitute
a bottleneck for the diffusion of solar electricity. Applying PV to buildings (see figure 1.2a)
offers useful alternative, since more than one third of worldwide final energy consumption
is attributed to buildings [7, 8]. For example, in countries like Switzerland already = 98% of
solar installations are installed in the built environment, and studies indicate that the use
of well-oriented roofs and fagades has the potential to meet up to 30% of the Swiss annual
electricity demand (20 TWh) [9]. However, in urban environments, most PV installations are
added to an existing roof, the so-called building-added PV (BAPV). For aesthetic reasons, the
use of BAPV in the urban environment is still controversial [10,11].
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(a) Traditional BAPV roof installation (b) Partial BIPV installation

Figure 1.2 — Examples of (a) a typical building-added PV (BAPV) installation and (b) a partial
roof building-integrated PV (BIPV) installation. Both cases use monocrystalline silicon solar
cells laminated in a standard glass-backsheet configuration (figures taken from [12]).

Building-integrated photovoltaics (BIPV) can redefine the PV module as an architecturally
relevant building component with an active energy-producing unit that also adds aesthetic
value to the whole construction. The first BIPV elements were introduced at the end of the
1980s. However, at that time, BIPV was limited to rooftop integrations of relatively conventional
PV modules. Figure 1.2b shows an example of standard BIPV integration based on crystalline
silicon (c-Si) modules using a glass-backsheet configuration. BIPV solutions have improved for
monocrystalline or multicrystalline silicon modules with a homogenized black appearance or
modified cell color and thin-film modules that can provide some level of transparency [10, 13].
For a long time these products were seen as non-aesthetic solutions with low flexibility in
design, not satisfying the needs of architects or builders.

In recent years, exemplary demonstration projects have been realized and exhibited the high
potential of BIPV elements. As an example, figure 1.3a shows a full BIPV roof installed on a
historical building situated in a protected zone by the Federal Inventory of Swiss Heritage Sites
(ISOS), using PV modules composed of black monocrystalline silicon solar cells and special-
sized dummy modules to ensure full roof coverage. Another impressive demonstration project,
shown in figure 1.3b, is a 70 kWp facade integration composed of semi-transparent bifacial
modules using c-Si heterojunction solar cells connected with SmartWire Technology [14].
Such projects highlight the double nature of BIPV solutions as electricity generators and
construction material elements that have the potential to reach per-meter-square costs in the
range of the materials they are substituted for [15]. Indeed, a study of the prices of PV rooftop
systems in the residential sector undertaken by the National Renewable Energy Laboratory
(NREL) demonstrated that the multifunctional features of BIPV elements offer a promising
return on investment: BIPV has the potential to achieve system prices that are about 10% lower
than rack-mounted PV systems, mainly due to the elimination of the cost of the hardware and
the associated labor costs [16].
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(a) Full-roof PV integration in a historical building (b) Fagade PV installation

Figure 1.3 — Examples of BIPV demonstration projects: (a) the full-roof renovation of a histori-
cal building using monocrystalline silicon modules (Switzerland) and (b) a fagade installation
at the Swiss Center for Electronics and Microelectronics (CSEM) using glass-glass modules
with c-Si heterojunction bifacial modules (pictures adapted from [15]).

Today, thanks to the impressive reduction of c-Si solar cell costs and improvements in PV
module reliability, many BIPV examples can be found all over the world, for example: the
Stadtwerke Konstanz Customer Center (Konstanz, Germany), the Heron Tower (London, UK),
the Roman Catholic Parish (Basel, Switzerland), the Tobias Grau Lightning (Hamburg, Ger-
many), the Bowe CardTec building (Paderborn, Germany), the Historical Building in Affoltern
(Affoltern, Switzerland) or the Xicui Entertainment Complex (Beijing, China). The largest part
of these solutions is composed of c-Si solar cells embedded in a glass-glass configuration.
Researchers have been continuously working on improving BIPV aesthetics by masking the
interconnection between solar cells, by changing module color through adding coatings on
the glass (inside or outside) to create homogeneous color effects [17] (figure 1.4a), and by
developing films that can hide the cells while still allowing them to act as electrical energy
generators. The white module from Solaxess' is an example of these BIPV aesthetic solutions:
these modules absorb in the infrared spectral range to generate electricity and reflect the visi-
ble light to create a white appearance which is very attractive for facade installations. Thanks
to all this technological progress, it is even possible today to include different images in the
modules in low or high resolution [18] (figure 1.4b).

In the coming years, BIPV installations are expected to meet more than 22% of the expected
2030 electricity demand [7] mainly thanks to the adoption in several countries of new energy-
efficiency codes, the high demand for renewable energy, and the “green building” movement
in the construction sector. The Energy Performance of Buildings Directive (EPBD) [19] requires
that all new buildings in Europe comply with the Nearly Zero-Energy Building standard by
December 31%, 2020, which stipulates that the energy consumption of a building must be
covered by renewable energy produced on-site [20]. This directive favors the direct integra-

1Company website: www.solaxess.ch/
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(a) Colored BIPV modules based on front glass coat- (b) A high-resolution colorized BIPV module
ing

Figure 1.4 — Building-integrated elements with improved aesthetics: (a) colorful facade that
uses glass-coating technology and (b) a BIPV panel that includes a high-resolution image.
Both BIPV elements use c-Si solar cells (pictures taken from [18,21]).

tion of decentralized energy sources in buildings, among which BIPV appears to be the most
promising one [15].

BIPV limitations

One technical constraint of BIPV modules is the absence or non-uniformity of building codes
and standards from country to country. Many researchers have thus been focusing on new
regulations and building codes and, recently, a European norm was published, EN 50583-1: PV
in buildings - Part 1: BIPV modules [22]. This norm addresses which codes from both building
construction and electrical devices must be applied. However, this norm does not speak about
performance or durability tests regarding the electricity production of a BIPV module, it does
not consider whether the higher temperatures experienced by BIPV elements require different
testing levels, and it still contains many references to "national requirements".

Another limitation is the fact that builders and architects are still not aware of the advantages
of this type of technology and thus barely consider PV when designing new projects [15, 23].
Indeed, BIPV solutions are often considered at the end of a building’s design or renovation.
Most of the BIPV products currently on the market are based on standard c-Si module archi-
tectures, which have the drawback of a high weight due to the presence of one or several glass
sheets [24, 25]. This conventional design satisfies many solar consumers’ needs; however, for
buildings with weight constraints and a high supply-chain cost, lightweight modules may be
preferable. Table 1.1 shows standard module weights for c-Si modules. The high weight puts
constraints on the building envelope and on the supporting structure, resulting in increased
balance-of-system (BOS) costs and installation limitations, especially in the case of building
refurbishment.
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Table 1.1 — Typical module weights for c-Si PV modules in three configurations: standard
glass-backsheet, glass-glass, and special glass-glass for BIPV applications [24, 26].

Module layup Weight, w [kg/m?]

Glass-Backsheet 12-16
Glass-Glass 14-17
Glass-Glass for BIPV >20

1.2 Lightweight PV modules

Often, particularly in the case of older buildings undergoing renovation, excessive loads are
not well tolerated by roofs or other building structures [25,27,28]. In these cases, inclusion
of traditional PV modules is abandoned. The idea of lightweight modules is very attractive
and could favorably cover all these old buildings undergoing renovation. Moreover, these
lightweight PV products can easily fit other industries, such as the marine and mobility
industry (boats, car roofs, caravans) or the aerospace industry (planes, satellites). Because
they are easily carried, they can even be attached to unusual places (tents, laptops, backpacks).
Indeed, lightweight PV modules can be seen as portable devices, easily transported to remote
areas, post-disaster or reconstruction scenarios (cases where electricity does not exist, e.g. due
to natural disasters). In such applications, current PV modules cannot satisfy those needs due
to their relative weight, complex transportation and the high risk of glass breakage. Having
a lightweight unbreakable solution will increase the number of buildings or places that can
receive PV modules, and reduce the installation cost and labor.

However, one of the challenges of lightweight PV module design is the questionable module
resistance to environmental stress: a new structure design means that the durability and
long-term performance are unknown, which results in market uncertainty. The issues of
weight and durability are the focus of this thesis.

1.3 Photovoltaic modules

PV modules are made from a series of electrically interconnected solar cells sandwiched in a
multilayer structure that provides mechanical and environmental stability against external
elements [29]. Based on the manufacturing technology and on the absorber material used,
PV modules are commonly classified into two major groups: c-Si modules and thin-film
modules. PV modules based on c-Si are the most widespread technology, with up to 93% of the
market share from the total PV installed capacity in 2017 [30]. Therefore, this thesis focuses on
modules produced with this type of technology.

6
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1.3.1 Structure of standard PV modules

Crystalline-silicon PV modules usually consist of a group of solar cells connected to form a
string, which are then embedded in an encapsulating polymer foil that bonds them to the
front and back cover layers. Figure 1.5 presents the most common PV module structure.

back sheet

Figure 1.5 - The most common PV module structure for wafer-based c-Si modules: the
glass-backsheet structure (figure taken from [31]).

The PV module capacity to convert direct energy from photons to electrons is realized by
the active component, the solar cell. c-Si solar cells are processed from silicon crystalline
wafers. Their processing steps include etching, doping, texturing, screen-printing and firing.
The operating principle of the solar cells is based on a doped semiconductor to form a p-n
junction: (1) the semiconductor material absorbs light (photons) and (2) the p-n junction
forms an internal electrical field that separates charges. This energy conversion is called the
"photovoltaic effect". A detailed description of the electrical working principles on the cell
and module levels is given in [32,33].

The interconnections electrically connect the different solar cells to form a string. They
are made of copper coated with soldering material, and are approximately 130 ym thick
and 1-2 mm wide [34]. Depending on the cell design, three, four or five interconnectors are
generally soldered to the front and back side busbars of the solar cell. There is a market trend
towards a higher number of interconnections.

The PV encapsulant works as an adhesive to bond the different layers of a PV module. A good
candidate for a PV encapsulant should provide a high optical transparency, good adhesion to
the module components, adequate thermo-mechanical compliance to accommodate stress
induced by differences in thermal expansion coefficients, moisture and electrical barrier prop-
erties, etc. [35,36]. The most commonly used PV encapsulants are based on ethylene-vinyl
acetate (EVA) [37]. Polyvinyl butyral (PVB) is also used in PV modules mainly for BIPV appli-
cations due to its excellent long-term resistance to UV light and temperature stability, and
because it fulfills the relevant safety standards for laminated safety glass (i.e. glass-glass struc-
tures) [38]. There are other encapsulant materials that have historically been used, such as
ionomer, silicon or polyolefin.
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The front cover of PV modules is typically tempered glass due to its strength and safety.
The standard glass thickness is 3.2 mm or 4 mm but it can be as thick as 6 mm for BIPV
applications for safety and stability reasons. The glass must ensure good transparency in
the relevant wavelength, provide mechanical rigidity and impact resistance, block moisture
ingression and have good outdoor weather-ability [35].

The back cover of PV modules (normally called the backsheet) can be either a multi-polymer
layer or a second glass sheet. The main functions of the back cover are to provide electrical
insulation, environmental protection and structural support. The advantage of PV modules
with a polymer backsheet compared to those with a glass rear is their lower weight.

1.3.2 Structure of lightweight PV modules

In standard PV configurations, 60-70% of the weight of a module comes from the glass.
Therefore, the primary way to reduce the weight of a solar module is to replace the PV modules’
frontsheet and backsheet materials with a lighter material. There are three main types of
lightweight PV modules:

* Flexible PV — Modules without glass have already been the focus of several develop-
ments, especially in the field of mobility (boats [39], cars, and caravans [40]). The
preferred option for weight reduction is to process a flexible PV module that is fully com-
posed of polymers. These lightweight solutions have weights ranging from 2-3 kg/m?.
The drawback of these products is related to the long-term performance. Most are de-
veloped for transportation applications, and thus the manufacture generally proposes a
limited product warranty of 5-10 years without any product compliance with relevant
PV standards.

e Semi-rigid PV - These lightweight modules are usually composed of polymer materials
reinforced with fibers, having weights ranging from 5-7 kg/m?. These solutions are
normally used for special applications such as satellites [41] or solar planes [42-44].
For such applications, semi-rigid PV modules are advantageous because they provide
additional mechanical stability under very harsh conditions. Some manufacturers claim
compliance with the relevant PV standards. However, these solutions show degradation
in performance and mechanical stability when submitted to some accelerated-aging
tests. More details can be found in Chapter 3.

* Rigid PV - These lightweight modules are normally produced in two steps: first a (semi-)
flexible PV module is produced with a standard lamination process and, in an additional
processing step, it is integrated with a light composite sandwich structure, widely used
in several industries such as aeronautics [45-47] or construction [48-50]. The additional
processing steps for these modules add to their cost and make them less competitive.

Lightweight PV modules based on glass-glass technology do exist as few companies propose a

8
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reduction of glass thickness from the standard 3.2 mm to as thin as 0.8 mm, achieving a weight
of 6.5 kg/m? [51]. However, the cost of ultra-thin glass contributes to a considerable increase
in PV module cost. They are also more susceptible to cracks; thus the market penetration is
still very low. Some other companies, such as Yingli Solar, have been working on reducing
the weight of PV modules, and have received many patents [52-56]. However, no lightweight
PV modules from these companies are exploited commercially. Oreski et al. [57] have shown
that another way to reduce the PV module weight consists of reducing the encapsulation
material’s thickness while keeping the required functional properties. However, a change
in PV encapsulant foil would contribute only a little to the reduction of PV module weight.
In 2017 the company 2CA proposed a composite lightweight PV module with integrated PV
connectors. This solution has a final weight of 3.8 kg/m? and a power output of 150 W/m?.
The company claims compliance with relevant PV standards but, as of today, their modules
are not commercially available [58-60].

1.3.3 Lamination

A PV module is manufactured using a lamination process. Once the module assembly is
ready, it is laminated in a flat-bed vacuum bag laminator. The laminator is divided into two
chambers and separated by a flexible rubber membrane. The bottom chamber is composed
of a homogeneous heating plate, which heats the PV module stack, and of metal pins that can
be moved up or down from the heating plate to adjust the heating rate of the module [61, 62].
During the lamination process, temperature, pressure and time are controlled to have the
ideal lamination profile (T-p-t profile). In a standard PV lamination profile there are three
main stages that can be adjusted depending on the type of encapsulant and module stack
used (as represented in figure 1.6):

* Preheating - the module lies on top of the metal pins. The main purpose of this stage is
to remove the air bubbles between the frontsheet and backsheet and to slowly melt the
encapsulant to avoid cracked solar cells during the curing step.

* Curing - In a second step, the pins are retracted and the module is in direct contact
with the heating plate. At the same time, air is allowed to fill the upper chamber up to a
maximum atmospheric pressure (1 atm), pressing the rubber membrane to the module.
The purpose is to remove any remaining bubbles present in the encapsulant and to
allow the encapsulant to form a bond between the different module components. The
temperature of this step is normally selected based on the type of the encapsulant foil
used.

* Cooling-In alast (optional) step, the laminate is transferred to a second chamber where
cold water flows on the tubes below the plate. At the same time, a rubber membrane
applies a pressure of 1 atm to ensure that there will be no warping of the module stack.
The main purpose is to minimize bowing and to prevent edge delamination.



Chapter 1. Introduction

L e B
160 L-Preheating;  Curing step | Cooling step -
step

o .
= 120 g

g B

2 N =

= 80 £

Q) e
H -

40 +
| | L | L | | 00

0 200 400 600 800 1000
Time, ¢ [s]

Figure 1.6 — Typical temperature-pressure-time (T-p-t) profile used in standard PV module
lamination process. The figure shows the three different steps during a standard lamination
process: preheating, curing, and cooling (optional).

1.4 Reliability of crystalline-silicon PV modules

Today’s c-Si PV modules are sold with a double warranty that guarantees 90% of the nominal
power for the first 10 years and 80% of the nominal power for 25 years of operation in the field.
This warranty corresponds to an annual power degradation rate of 0.8%/year. The term "power
degradation” corresponds to the decrease of the maximum power Py, (maximum power
output of the module when measured at standard test conditions (STC)) with respect to the
nominal power Py, (initial maximum power of the module measured by the manufacturer).
Today, some companies provide warranties that assume a linear degradation over time [63].
Module manufactures and researchers are continuously working towards even higher lifetimes
to make PV power more cost-effective: the longer a module produces electricity in the field,
the lower its cost per generated kWh. This warranty is given based on the reliability of PV
modules.

Thanks to years of field installations and operations of PV plants in various climates, the PV
community has gained considerable insights into the common failure modes of field-deployed
PV modules [64, 65]. Figure 1.7 shows the more frequent failure modes appearing after long-
term outdoor exposure, in which we can see that the dominant failure mode has changed
over the years, as the technology has evolved. Different accelerated-aging tests are used as
a feedback on module design stability under high stress. For c-Si PV modules, the set of
qualification tests is proposed by the International Electrotechnical Commission (IEC) such
as: IEC 61215:2016 - Terrestrial PV modules-design qualification and type approval [66] and
IEC 61730:2016 — PV module safety qualification: Requirements for construction [67].
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Figure 1.7 — Pareto chart of the most significant degradation modes for (a) systems installed
more than 20 years ago and (b) systems installed in the last 10 years (Figure taken from [68]).

1.4.1 Common failure modes of BIPV modules

As previously mentioned, PV design has been driven by learning from the failure modes present
in field installations. Up to now, BIPV installations have been limited to demonstration projects
or recent installations; thus, information about failure is scarce and, in some cases, hidden by
the manufacturers. The two main causes of fast degradation of BIPV are the high operating
temperatures BIPV modules might experience due to reduced or absent back ventilation, and
the high likelihood of hot spots due to shadows created by other buildings (especially in the
case of facade integration).

Figure 1.8 shows examples of the main degradation modes of two BIPV installations in Switzer-
land and Italy after only a few years of installation (11-13 years) [69, 70]. In the case of the
BIPV installation in Switzerland, the BIPV modules are composed of a glass-backsheet bonded
to a roof tile, while the installation in Italy is composed of a glass-backsheet configuration
mounted with clamps with an air gap of 10 cm. In both cases, the observed failure modes
are: (a) corrosion: a strong surface pollution is visible due to the corrosion of the top solar
tiles and cables (figure 1.8a); (b) delamination: the mini-solar module is bonded to the top
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(a) Tile corrosion (b) Delamination (c) Yellowing and delami-
nation

Figure 1.8 — Failure modes observed in three BIPV installations: (a) corrosion of tiles due to
environmental influences, (b) delamination between the tiles and the solar module and (c)
yellowing and delamination along busbar.

the roof tiles; however, over time, large gaps of up to 16 cm have opened between these two
components (figure 1.8b); and (c) yellowing: all installed modules showed frontsheet and
backsheet yellowing due to EVA degradation (figure 1.8c). Moreover, some modules also show
a color change from yellow to brown.

In addition to failure modes similar to those of standard PV installations, BIPV modules nor-
mally see higher operating temperatures (OT) due to limited rear ventilation, meaning that
the degradation can be further accelerated compared to standard PV modules. Nordmann et
al. [71] analyze the rise of module temperatures (T,04uie - Tampient) @s @ function of irradiation
for different BIPV systems: a fully integrated PV system on the roof, a well-ventilated roof
system, a facade installation with free airflow on the inside of the building and a fagade with
a narrow air gap between the module and the insulation. The author shows that the peak
temperature can typically be 15 to 35°C higher for BIPV compared to well-ventilated systems.
The losses averaged over one year that arise from higher temperatures will be in the range of
3 to 8% (figure 1.9). By comparison, the average operating temperature of a well-ventilated
PV array in Switzerland is 35°C, which corresponds to an annual energy loss of less than 4%.
Indeed, other authors point out that BIPV modules fully integrated into the building envelope
with no ventilation from the rear side can reach operating temperatures as high as 86°C for a
sunny summer day [72]. As stated by many authors [73, 74], the energy losses can be mitigated
by adequate ventilation with a distance of 15 cm between the module and the building.

1.4.2 Accelerated-aging tests

In the PV industry, reliability refers to the ability of the PV module (or system) to perform as
required, without failure, for a given time interval, under given conditions [75]. The long-term
performance of PV modules is analyzed by applying accelerated-aging tests. The IEC 61215
lays down requirements for the design qualification and type approval of PV modules suitable
for long-term operation in general open-air climates. Figure 1.10 summarizes the different

12



1.4. Reliability of crystalline-silicon PV modules

Temperature Losses I | @ Temperature Rise |

16% @ 60
' N
E
12% 40 =
2 0 =
ks s =
o 8% L 20 o
5 2
& 3
g 4% o g
g @
h e
0% 20 £
9
o

-4% -40

Sloped roof, Facade Sloped roof Freestanding Flat roof
highly
integrated

Figure 1.9 — Overview of temperature losses and the rise in module temperature of well-
integrated sloped roofs, facades, well-ventilated roofs and freestanding and flat roofs (figure
taken from [71]).

test sequences proposed in [66]. It includes thermal stress tests (damp heat, thermal cycling,
humidity freeze, UV preconditioning, and hot-spot tests) and mechanical tests (mechanical
load and hail tests). Table 1.2 gives a short description of these tests with the description
of the failure modes they aim to reproduce. This standard incorporates a strict "pass" or
"fail" criterion which allows manufacturers to demonstrate the degree of performance [76]. A
module is said to pass the qualification tests if:

e after each test sequence mentioned in figure 1.10, the maximum power output drop
of each module (P,,4y) is less than 5%, in reference to the module’s initial measured
output power Py, 4. (In this work, when modules are submitted to single-shot tests or
different test sequences, we consider the limit of -5% loss after each test, for the purpose
of diagnosis)

e there is no visual evidence of major defects (yellowing, delamination, corrosion, bend-
ing).

e the insulation (dry) and wet leakage current test requirements are met at the beginning
and at the end of each sequence.

These qualification tests are critical to identifying product design flaws that may show up in
the field after several years. However, these tests have some limitations such as: (i) difficulty to
correlate the output of accelerated-aging tests with the module’s lifetime because the correla-
tion between stress during the laboratory tests and in the field is weak; (ii) accelerated-aging
tests are independent of climatic environments (the same module can show different degrada-
tion rates if installed in different climates) [77, 78]; (iii) modules might pass the predefined
duration of an accelerated-aging test with similar power loss but show different degradation
after this period [79]; and (iv) there are nearly no UV testing present in IEC 61215.
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Figure 1.10 — Sequence of tests for module qualification as defined in IEC 61215 [66].
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Table 1.2 — Examples of the most-demanding aging tests contained in IEC 61215:2016 and IEC
62804:2015 with corresponding failure modes that each test aims to reproduce. More details
can be found in [66, 80-85].

Aging test Purpose/Description Failure modes
Thermal Determine module’s ability to withstand thermal mis- Broken interconnections,
Cycling match or fatigue: module is exposed to cyclic temper- cell breakage, solder bond-
atures of 85 to -40°C for 200 cycles. For temperatures ing failure, junction box
above 25°C, the module maximum current flows through  adhesion, delamination,
the module. junction box failure
Damp Verify module’s ability to survive the effect of long-term  Delamination, corrosion,
heat penetration of humidity: module is exposed to a temper- encapsulant discoloration,
ature of 85°C and a relative humidity of 85% for a period  solder bonding failure, snail
of 1000 h. trails
Humidity = Evaluate module’s resistance to the effect of high temper- Delamination, cell break-
freeze ature and humidity followed by sub-zero temperatures: age, junction box failure,
module is subjected to temperatures cycling between solder bonding failure
85°C with relative humidity of 85% and -40°C. During the
tests the module has a continuous current flow of <0,5%
of the measured current under standard test conditions.
Mechanical Determine module’s ability to withstand wind, snow, Structural failures, glass
Load static or ice loads: module is loaded on the front side damage, broken intercon-
with 2400/5400 Pa for 1h and afterward with -2400/- nections, cell breakage,
5400 Pa for another 1h. This sequence is repeated three  solder bonding failure
times.
Hail test Verify module’s ability to withstand the impact of hail: ~Cell breakage, glass damage
module is shot in several positions with ice balls with di-
ameters of 25-75 mm at specific velocities (23-39.5 m/s).
UV pre Evaluate components that are susceptible to UV degra- Encapsulant and backsheet
condition- dation: modules are placed in a chamber at (60 +5)°C  discoloration, delamination
ing and illuminated by a UV light source within the wave-
length ranges of 280400 nm, not exceeding 250 W/m?
and a percentage in the range of 3-10% of UV between
280-320nm. A total dose of 15 kWh/m? must be admin-
istrated.
Potential-  Analyze module’s resistance against PID: module is sub- potential induced degrada-
induced ject to 60°C, 85% RH in a climatic chamber with a volt- tion, corrosion of the electri-
degrada-  age of -1000 V applied between the cells’ circuit and the cal connections
tion grounded frame for 96 h.

Correlation between indoor accelerated-aging tests and outdoor exposure: lifetime pre-

diction

In the last few years, researchers started to address the issue of correlation between indoor

accelerated-aging tests and outdoor prediction. A lot of effort is aimed at developing compara-

tive and lifetime tests in the assessment of module reliability. These tests aim at predicting
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performance in the long term, providing an absolute quantification of a module’s lifetime. To
reach this goal, different test protocols are being developed, e.g., Annigoni [86] proposes an
indoor test sequence that, when performed in combination with a mathematical model and a
simulation procedure, allows for the prediction of the PID effect on the electricity production
of a module in the long-term. The same principle must be applied to lifetime prediction of
BIPV modules. In an outdoor environment, a BIPV module will experience a higher operating
temperature than a BAPV module. This might more quickly induce failure modes that are
accelerated by temperature (e.g. backsheet cracking, delamination, hot spots, breakage of
interconnection, etc.). Until now, PV modules from both types of installations (BAPV and
BIPV) are tested under similar accelerated-aging tests, ignoring the future outdoor installation
type and the maximum operating temperature modules might reach. In order to predict the
lifetime of BIPV modules, the main failure mechanism must be identified and a new indoor
test sequence must be developed to reproduce failure modes observed in the field and to
extract degradation rates (e.g. identify activation energy from indoor tests, if degradation
follows an Arrhenius dependency). This will help researchers to find mathematical models
that can be used to predict the evolution of the module’s power according to the module’s
operating temperature. A proposed sequence methodology is presented in Chapter 9.

1.5 Objectives and structure

1.5.1 Motivation and goal of this work

The conventional glass-glass BIPV design satisfies many solar consumers’ needs. However,
these solutions usually present a high price or constraints that have, for the moment, limited
the deployment of PV into buildings as expected some years ago. This thesis focuses on the
operational strategies to overcome technical obstacles towards large-scale BIPV integration
into the urban renewal process. One of the obstacles identified includes the relative high
weight of BIPV solutions, the complex manufacturing process of lightweight PV elements and
their lack of aesthetics and long-term performance.

In this context, the global goals of this thesis are twofold:

e To identify and analyze the major limitations of current lightweight PV elements by
proposing dedicated sets of characterization and test sequences. The objective is to
understand the materials’ constraints and interactions that can lead to failure. To fulfill
this goal, we focus initially on the fundamental properties of the various materials
composing the PV module (frontsheet, encapsulant, solar cell, backsheet). Modules on
the market are then analyzed and tested in detail in order to gain insights into ways to
improve the design of lightweight BIPV elements.

* To propose novel module designs for both easier implementation into building and
long lifetime, with a focus on lightweight panels (targeting a weight of <6 kg/m?). The
proposed lightweight PV elements must be manufactured in a single lamination process
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using standard lamination tools in order to be easily adapted to any existing manufac-
turing tools and to use as many materials used by the PV industry as possible. This will
allow a simplification of the manufacturing while reducing manufacturing time.

1.5.2 Structure

Following this introductory chapter on the topic of reliability of BIPV and lightweight PV
modules, this thesis is structured as follows:

e Chapter 2 presents a short description of materials and experimental techniques used
in this thesis. This chapter includes the description of materials selected for the de-
velopment of lightweight PV modules, the experimental methods used for material
characterization and finally the description of setups used to characterize the electrical
performance of the module.

e Chapter 3 presents an aging study performed on a set of commercially available lightweight
solutions. This chapter also identifies their typical failure modes and the main materials
used in their fabrication.

* Chapter 4 gives a theoretical introduction to composite sandwich structures considered
for the design of lightweight modules. This chapter also shows the sandwich properties
and failure modes that must be known during the design of modules.

e Chapter 5 shows the manufacturing process of lightweight PV modules and how a
standard PV lamination process can be optimized when new materials or designs are
used. This chapter also identifies the key properties that must be controlled during the
manufacturing process optimization (adhesion, adhesive viscosity, cross-linking).

* Chapter 6 is dedicated to the reliability study of our glass-free lightweight PV modules.
This module design is tested under the most challenging thermal stress tests such as
thermal cycling, damp heat, potential-induced degradation and humidity freeze tests.
This chapter also shows the scale-up process from two-cell modules to sixteen-cell
modules.

e Chapter 7 shows how lightweight PV modules can be optimized to successfully pass
mechanical stress tests, specifically point impacts and uniform loads. Furthermore, the
response of the lightweight PV modules to the hail test and static mechanical load is
discussed.

* Chapter 8 shows that the proposed lightweight modules are also compliant with some
demanding tests present in building and safety standards (ISO 12543 and CEN/TS
1187:2012). It also shows the optimization of their appearance and their mounting
systems.
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e Chapter 9 presents general conclusions of the outcomes of this thesis and proposes an

outlook to future developments.

1.5.3 Contribution to the research field

This thesis contributes to the research field of the long-term performance of lightweight PV

modules and encapsulation processes as follows:

18

1. By studying the degradation mechanism of commercial lightweight PV modules, we

demonstrate that these solutions show a reduced performance even when the manu-
facturer claims compliance to relevant IEC/UL standards. We report, for the first time,
the main failure modes of lightweight PV modules along with the main materials used
for their fabrication. At this stage, novel materials are proposed for the development of
lightweight PV modules.

. We propose a fast and simple PV manufacturing process for composite sandwich struc-

tures using a flat-bed vacuum bag laminator, keeping high stiffness and low weight. This
manufacturing process is compatible with lamination guidelines already used within
the PV industry. This is achieved by substituting the standard liquid thermoset adhesive
with a thermoplastic adhesive foil, developed in-house. This thermoplastic polymer,
polyolefin, is designed to have a very high Young’s modulus at operating temperatures to
ensure a good stress distribution within the composite sandwich, but a melting tempera-
ture low enough to ensure a good wettability of the skin and core during manufacturing,
providing a good adhesion between the two components.

. We demonstrate that the mechanical properties of the proposed composite sandwich

structure do not change after high stress tests such as temperature cycles, humidity, etc.
We demonstrate that composite-based lightweight PV modules successfully passed the
damp heat, thermal cycling, humidity freeze, UV-preconditioning and even potential-
induced degradations tests with a reduced power loss.

. We demonstrate that the frontsheet of the proposed lightweight PV module is designed

to pass the hail test without power loss or cracked cells and without need of a front glass.
Moreover, we demonstrate that the backsheet can be easily engineered to retain the
loading case. Thanks to the correct trade-off between the frontsheet and backsheet, we
demonstrate that the glass-free lightweight PV device survived harsh mechanical stress
tests.

. Finally, we demonstrate that our lightweight PV modules give positive feedback also

under norms indispensable for building construction, such as the CEN/TS 1187: Test
methods for external fire exposure to roofs. The most promising solutions passed the fire
test; the fire extinguished itself and damages to the PV module were minimal. These
results were validated on both the frontsheet and backsheet.
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These findings open new perspectives for the adoption of lightweight PV modules both by
potentially decreasing the cost of BIPV production and installation and by enabling improve-
ments on the stability of lightweight PV designs. From this work, three articles were published
in peer-reviewed journals [87-89]. The lightweight elements developed in this thesis have also
led to the application for an international patent with the title "Lightweight Solar Photovoltaic
Module", which is under revision during the time of the writing of this thesis. Moreover, the
results of these research efforts also led to presentations at various international conferences
with contributions to four conference proceedings (the complete list of publications can be
found at the end of this thesis in the Publication List section).
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4 Experimental Methods

Summary

This chapter focuses on the materials and experimental methods used for the development
and characterization of our lightweight PV modules. We start by explaining the materials used
for the manufacture of lightweight modules in section 2.1 and then the experimental methods
for the characterization of materials and PV modules in sections 2.2 and 2.3, respectively.

2.1 Materials

The lightweight PV module can be divided into two main components: the back cover (the com-
posite sandwich structure) and the front cover (the polymeric frontsheet). In the lightweight
PV module design, backsheet will be addressed to the full composite sandwich structure,
which is composed of the skins, the core and the adhesive (figure 2.1).

Honeycomb
Core

Skin

Adhesive

Figure 2.1 - Composite sandwich structure (backsheet) composed of two skins bonded to a
core with an adhesive (figure taken from [90]).
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Chapter 2. Experimental Methods

2.1.1 Honeycomb core

We selected two types of honeycomb core to test: a 6-mm-thick 48 kg/m® aramid hexagonal
honeycomb with a 3.2 mm cell size from Coremaster Advanced Composites and a 6-mm-thick
77 kg/m? aluminum hexagonal honeycomb with a 4.8 mm cell size from Euro-Composite®.
Both cores are industrial grade. The two cores were selected for their heat thermal conductivity
properties. The properties of the two cores are listed in table 2.1.

Table 2.1 - Mechanical properties of the sandwich core. L and W stands for the ribbon direction
and direction normal to ribbon, respectively.

Core Type Compressive Strength [MPa] Shear Strength [MPa] Shear Modulus [MPa]

Bare Stabilized L W L W
Aramid 1.8 2.0 1.2 0.7 36.0 24.0
Aluminum 3.9 - 2.3 1.5 456 265

2.1.2 Skin material

The composite sandwich skins were fabricated using unidirectional (UD) E-glass fiber of
220 g/m? in a [0/90] configuration and reinforced with epoxy L/hardener EPH 161, yielding a
skin final thickness of 0.7-0.8 mm with a mass fiber ratio of 0.65. A vacuum bag technique was
used to produce our skins (see Chapter 4). After applying the epoxy resin between the four
layers, the skins were sealed inside a bag and left to cure at room temperature for 24 hours.
After this time, the skins were removed and post-cured for 15 hours at 100°C with a heating
rate of 0.2 °C/min.

2.1.3 Adhesives

We selected two types of adhesives: a thermoset material, which is a polymer that can cross-
link and form irreversible chemical bonds during the curing process, avoiding the risk of
polymer remelting when heated, and a thermoplastic material, which is a polymer that can
soften when heated and become more fluid as additional heat is applied. In this case, the cur-
ing process is reversible as no chemical bonds are formed. Specifically, we used ethylene-vinyl
acetate (EVA S88 Bridgestone) and epoxy (epoxy L/hardener EPH 161) as thermoset polymers,
and ionomer (SentryGlas and PV5004T from DuPont) and polyolefin (polymer formulation
developed internally by CSEM, it is a polymer produced from a simple olefin as a monomer)
as thermoplastic polymers. The type of processing used depends on the adhesive selected. For
an epoxy-based sandwich (our reference sample), a multi-step process is needed: (1) assem-
ble solar cells with the inner skin of the backsheet, (2) laminate the assembly (=20 min), (3)
assemble laminate with the core and skin by applying a liquid-epoxy adhesive in a wet-layup
technique (=20 min), and (4) process in a vacuum bag to fully cure the adhesive (=24 hours).
Figure 2.2 represents all steps necessary to process an epoxy-based lightweight module. By
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1. Assembly of cells 2. PV lamination 3. Assembly of laminate 4. Vacuum bag
with inner skin with core and outer skin e

) S—— ?__L@)

Figure 2.2 — Multi-step process for manufacturing of lightweight PV modules using an epoxy
adhesive: (1) assemble solar cells with inner skin, (2) standard PV lamination process, (3) in-
troduction of epoxy between laminated module and core and in between core and second
skin and (4) the vacuum bag process.

substituting epoxy for PV adhesives, we aim to reduce the manufacturing time, reducing the
cost of production and finally propose a process compatible with equipments used already
within PV industry. The PV adhesive-based lightweight modules were manufactured using
common PV processes (standard PV lamination guidelines using a flat-bed vacuum bag lami-
nator).

We carefully consider the cost of materials during the development of lightweight modules. In
large-scale production, these materials can achieve low costs: 5-20 $/m? for the aluminum
honeycomb structure, 10-20 $/m? for the glass-fiber-reinforced polymer and 3-5 $/m? for the
adhesive layers. No additional manufacturing costs are expected since the sandwich structures
will be optimized to use standard lamination processes.

2.2 Tools for characterization of the sandwich materials

2.2.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a common thermo-analytical technique that mea-
sures heat flow into or from a sample under heating, cooling or isothermal conditions, as a
function of sample temperature. It allows for measuring the thermal transitions of polymers,
including the glass transition temperature T (the temperature at which a polymer changes
from a viscous or rubber condition to a hard or relatively brittle one due to changes in chain
mobility), melting temperature T, (the temperature at which a polymer changes from a solid
to aliquid state, in which polymer chains are able to move freely) or crystallization (the tem-
perature above T at which chains have enough energy to form ordered arrangements) as
well as following exothermic or endothermic reactions [91,92]. DSC is used within the PV
industry to determine the gel content of EVA encapsulant in a reduced testing time (close
to 30 minutes). Figure 2.3 shows a characteristic DCS thermogram of a non-cured EVA for a
temperature range of -50 to 200°C. The main phase transitions can be identified as: (i) the
glass transition between -40 and -20°C [93,94], (ii) the melting peak from 55 to 65°C [95], and
(iii) the exothermal decomposition of the additives (primary peroxides) corresponding to
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Figure 2.3 — Characteristic DSC thermogram of uncured EVA. The glass transition temperature
appears at around -30°C, two endothermic peaks are found at about 45 and 60°C and the
exothermic peak, which corresponds to the thermal decomposition of the additives (mainly
peroxide), from 110/130 to 200°C.

the reaction of EVA cross-linking from 110 to 200°C [96]. The enthalpy (peak integral) of the
exothermal transition from 110 to 200°C is proportional to the amount of residual peroxide in
the EVA [91]. Assuming a homogeneous initial distribution of peroxide, the enthalpy of the
exothermic transition of our samples AH,,,;.4 is directly related to the peroxide consumed
during the cross-linking reaction and hence to the EVA gel content, according to [97]

X = AI_Iuncured - AI_Icured @2.1)
AH uncured

where X is the degree of cross-linking and A Hy;,creq cOrresponds to the enthalpy reaction of
the uncured EVA reference. DSC measurements were performed on a Mettler Toledo DSC1
system operated in single-run mode. The samples consisted of 1-mm-thick discs of 5-10 mg.
Thermograms were recorded under constant nitrogen flow from -20 to 225°C at a heating rate
of 10°C/min, held at 225°C for 1 min and then cooled to 20°C at a cooling rate of 10°C/min.

2.2.2 Rheology

Rheology is the study of the flow and deformation of materials under the effect of an applied
force [98]. It helps to describe the mechanical behavior of materials as a function of stress,
strain, temperature and pressure in order to develop materials with correct processing behav-

24



2.2. Tools for characterization of the sandwich materials

Stress, Strain

@t

Figure 2.4 — Sinusoidal forms of stress and strain of viscoelastic materials. The phase lag 6
between stress and strain depends of the viscoelasticity of the material (figure taken from [98]).

ior. During this technique an oscillatory deformation is applied to a material and the resulting
response is measured with a phase lag expressed as the phase angle ¢ (figure 2.4).

In fully elastic materials the stress and strain are directly proportional, so both are in phase
(following Hooke’s law) [99]. For viscous materials, the deformation is time-dependent and the
relationship between the stress and strain rate is determined by Newton’s law. The viscoelas-
tic materials’ behavior lies somewhere between Hookean and Newtonian materials. Their
viscoelasticity makes the materials’ response to stress-strain behavior time-dependent and
their deformation partially reversible. The applied strain (¢) and the measured stress (o) are
described according to

€ €osSin(wt) (2.2a)

oosin(wt+9) (2.2b)

g

where ¢ is the strain amplitude, and w the angular frequency. Stress consists of in-phase and
out-of-phase components. The in-phase component corresponds to the elastic part of the
material; the out-of-phase components to the viscous part of the response to applied strain.
Based on these models, it is possible to calculate the viscoelastic moduli properties:

Complex modulus (G”) - measure of a material’s overall resistance to deformation.
G'=G +iG" (2.3)

Storage modulus (G’) - amount of energy stored in the material. Measure of elasticity of a
material.

G =2%0s5 (2.4)
€o
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Loss modulus (G”) - energy dissipated during the deformation. Measure of the viscous com-
ponent.

G"=2Lsins (2.5)
€o
Loss factor (tan §) — measure of material damping (such as vibration or sound damping).
The greater this value is, the higher dampening the material exhibits, because the G” of the
material is greater than the G, meaning that the viscous component of the G dominates the
material’s behavior.

U

tand = el (2.6)

Complex viscosity (") - relation between the complex modulus and frequency, consisting of
the viscous and elastic parts.

In*|

The rheology properties of the sandwich adhesive layer were analyzed by using a dynamic
moving-die rheometer (D-MDR). The measurements were performed using an MDR 3000
Professional by Montech Werkstoffpriifmaschinen GmbH and a cone-cone geometry: the

167
w

2.7)

lower plate was stationary, while the upper plate oscillated at a small angle (typically 0.5°) and
at a frequency of 1 Hz. During this measurement, the torque and the phase shift oscillation
were continuously recorded. The rheology measurements were performed from 30°C up to
170°C.

2.2.3 Dynamic mechanical analysis

Similar to rheology, dynamic mechanical analysis (DMA) is also used to obtain the viscoelastic
behavior of materials. However, it is used especially when the sample material does not flow

Figure 2.5 — Single-cantilever beam geometry used in dynamic mechanical analysis (DMA).
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easily and hence cannot be sheared between surfaces without slippage [100,101]. To study
the properties of the skins and the frontsheet, DMA is thus the ideal method to evaluate the
temperature-dependent viscoelastic properties, i.e. elastic storage (E) and loss (E”") modulus
and the Tg. DMA was performed on a TA Instruments Q800 dynamic mechanical analyzer
in the single-cantilever configuration (figure 2.5). Specimens were subjected to a constant
sinusoidal deformation with 20 ym of amplitude at an oscillation frequency of 1 Hz, while
the temperature increased from the ambient laboratory temperature of 21+3°C to 170°C at
a rate of 5°C/min. By DMA, the Ty of the skins is identified as the onset value on the storage
modulus curve (Tg onser), used as reference in guidelines for structural FRP design [102].

2.2.4 Fourier transform infrared spectroscopy

The Fourier transform infrared (FTIR) spectroscopy is an analytic technique used to identify
the materials of the commercially available lightweight modules. Two types of studies were
performed. Samples were measured in attenuated total reflectance (ATR) mode on a Bruker
Tensor 27 FTIR-Spectrometer with a Smart Orbit diamond ATR unit from Thermo over a
continuous scanning from 600-4000 cm! (the background is collected on a clean ATR crystal).
Samples on germanium discs were also measured in transmission mode on a Bruker Tensor
27 FTIR-Spectrometer during a continuous scanning from 6004000 cm™! with Opus software.
In both cases, each layer was analyzed by 64 scans recorded with a resolution of 4 cm™.

2.2.5 Peel test

The peel test is the most widely used technique to measure adhesion strength in the PV
industry [104-107]. This technique consists of pulling a peel arm from the peeling substrate
of interest at a constant rate, as represented in figure 2.6. We used a simple single-arm peel
test, where the peel arm is pulled with an angle 6. The peel strength (P [N/cm]) represents
the adhesion strength between the peel arm and the peeling substrate and is calculated as
the ratio between the average peeling force, when the bond line delaminates steadily, and
the sample width [103, 104, 108]. The measured peel strength does not depend only on the
interfacial adhesion strength, but also on the mechanical properties of the peel arm which
might cause different levels of plastic energy dissipation on it. For this reason, we selected

Substrat;
/ //}1/5/364

Figure 2.6 — Single-arm peel test used to measure peel strength (figure adapted from [103]).

27



Chapter 2. Experimental Methods

the same peel arm material for all the adhesion study (Dun-Solar PPE* backsheet). This test
was performed to study the adhesion between the sandwich skins and polymeric adhesives
in a 90° peeling test configuration. The test was performed on an Instron Zwick Roell Z020
mechanical testing instrument equipped with a 1 kN load cell in a displacement control test
at a fixed rate of 100 mm/min at room and high temperature.

2.2.6 Tensile testing

Tensile testing is used to evaluate a material’s rigidity (Young’s modulus, E [Pa]) and the
maximum stress that the material can withstand before failure (ultimate tensile strength, oyrts
[Pa]) [109]. This test was used to evaluate the mechanical properties of the skins and was
performed on a hydraulic universal testing machine (Instron 8800) with a video extensometer
at a constant cross-speed of 1 mm/min. Tests were performed at room temperature, at 80°C
and on aged samples (after damp heat and thermal cycling), according to ASTM D3039 [110].
The E is calculated by applying a linear regression to the slope of the stress-strain curve
obtained during the tensile test in the elastic regime (figure 2.7). The oyrs is calculated as
the maximum load prior to failure (Fpax [N]) divided by the average cross-sectional area (A
[mm?]).

300 ' Specimen

250

200

150

100 ~ —

Engineering Stress, o, [MPa]

0 , I , I , I L %)
0.0 0.5 1.0 1.5 2.0

Engineering Strain, &, [%]
Figure 2.7 — Typical stress-strain curve obtained during a tensile test for a composite sandwich
skin. The linear fit is used to calculate the Young’s modulus (E) and the maximum stress is

the ultimate tensile strength (oyrts). Above, it is presented a sketch of a tensile specimen with
aluminum tabs.
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2.2.7 Four-point bending tests

Sandwich structures are usually designed to resist bending loads. Bending tests are thus
performed to assess their mechanical performance. During this test, three main characteristics
are measured:

* Bending stiffness, D [N-m?]: the resistance of a beam against bending deformation.

* Yield load, Py [N]: the limit of the elastic region. Beyond this threshold, the sandwich
deformation becomes irreversible.

 Failure mode: this gives a direct insight into the weakest element or interface in the
sandwich. More details are given in Chapter 4.

There is a three-point bending test and a four-point bending test. The three-point bending
test is generally used to measure only the beam stiffness because failure usually occurs under
the loading point, producing local indentation and compressing the skin, from where no
valuable information can be obtained. In a four-point bending test the area between the
two inner loading points is free of shear and, since the load is applied over two points, the
magnitude of local indentation is reduced. The requirements of the four-point bending test
are defined in the ASTM C393-00 - Standard Test Method for Flexural Properties of Sandwich

500 T T T : T T
400 F vield Load, P, I y
- - 1 4
— | P2 P12
Z,300 |- | .
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- Elastic regime E Plastic regime
0 L 1 L L
0 2 4 6

Load Point Displacement, & [mm]

(a) Typical load-displacement plot obtained during a four-point  (b) Sketch of the four-point bend-
bending test ing test setup

Figure 2.8 — Setup and data obtained during a four-point bending test: (a) the setup and (b) a
typical load-displacement curve obtained with indication of elastic and plastic regimes.
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Constructions [111] in which the deflection of the loading points is given by

(2.8)

5 (LZ_LI) _ P(Ly—L1)*(Ly +2Ly) Pl - Ly
L2 48D 4S

The parameters P and § are the applied load and load point displacement respectively, as
shown in figure 2.8a. D and S are the bending and shear stiffness, respectively. Since during
the four-point bending test the beam is free of shear in between the two inner loading points,
equation 2.8 is reduced to

5o Pl Lily (2.9)
48D

Figure 2.8b shows the experimental setup used during this test. The investigated samples
have a width of 25 mm and a length of 220 mm. The test uses an outer load span (L) of
190 mm and an inner load span (L;) of 95 mm. All tests were performed using a Walter+Bai AG
EC80 MS mechanical testing instrument in displacement control at a rate of 20 um/s. A linear
variable differential transformer (LVDT) was used to measure the load point displacement
and the applied load was measured with a 10 kN load cell. The results obtained from the
measurements were compared with the values obtained by beam theory prediction, which
assumes that the beam is made with a perfect adhesive and a rectangular cross section (given
by equation 4.2). For well-bonded cores, the in-plane shear stiffness is sufficiently large so
that the overall displacement is dominated by the bending momentum 6 p only. The sandwich
beam stiffness D can thus be determined from the slope of the bending curve in the elastic
regime [112].

2.2.8 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is an analytical tool used to measure the yellowness
index (YI) and the haze factor of transmitted or reflected light through polymeric PV encap-
sulants. The YI is a number that indicates the degree of deviation of an object color from
colorless or from a preferred white, towards yellow [113]. The YI is derived from the spectral
transmittance or reflectance measurements according to ASTM Method C313-10[113] and is
calculated as follows

~100(1.301X — 1.1492)
B Y

YI (2.10)

30



2.3. Tools for characterization of module performance

where X, Y and Z are the tristimulus values in the XYZ color system using the CIE Standard
[lluminant D65 spectrum (according to ISO 11664-1/2). A YI value of 0.00 indicates no optical
absorption between 360 and 830 nm; a YI value >0.00 indicates yellowing from absorption
in the blue region of the spectrum and a YI value <0.00 indicates a shift towards blue due to
absorption in the red region of the spectrum [114]. In this study we use a UV-Vis-near-infrared
spectrophotometer (Lambda-950 equipment from PerkingElmer), dual-beam, covering the
spectral range from 280 to 2500 nm with a measurement increment of 1 nm. The system is
equipped with an integrating sphere to measure the total transmittance and reflectance [114—
116].

2.2.9 Contact angle measurement

The contact angle measurement is normally used to quantify the wettability of a solid surface
by a liquid. In our case, this test was performed to evaluate the wettability of the different
sandwich adhesives (epoxy, EVA and polyolefin) with three different solid substrates: skin,
aluminum and aramid. The contact angle (0) is defined by the mechanical equilibrium of
the drop under the action of three interfacial tensions: solid-vapor (), solid-liquid (y;;)
and liquid-vapor (y;,) (figure 2.9a) [117]. 0 is the angle measured through the liquid, where a
liquid—vapor interface meets a solid-liquid interface. Small contact angles (<< 90°) correspond
to high wettability, while large contact angles (>> 90°) correspond to low wettability. Figure 2.9b
shows the contact angle setup composed of an optical part that includes an IDS camera with
3.1 Mpix CMOS sensor from ON Semiconductor and an optical lens with a focal distance of
5 mm, a light source positioned behind the sample to make the liquid drop appear black, and
a heated support mounted on a translation system, allowing for subtle focus adjustments. All
parts are mounted on an aluminum breadboard.
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(a) Polymer drop (b) Contact angle setup

Figure 2.9 - Contact angle measurements: (a) example of a polymer drop used for the contact
angle analysis and (b) the contact angle setup used during the tests.
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2.3 Tools for characterization of module performance

2.3.1 Current-voltage (I-V) measurements

The fundamental electric characteristics of a PV module are evaluated by means of a current-
voltage (I-V) measurement. I-V curves represent all the combinations of current and voltage
at which the module can operate. This method consists of scanning an applied voltage across
the solar cell and measure the current response of the solar cell. An I-V curve is often displayed
with its associated power-voltage (P-V) curve (igure 2.10). The power at each voltage point
is calculated using the corresponding I-V curve [118]. In order to compare the efficiency of
different PV modules, this measurement has to be performed at standard test conditions (STC)
as defined by IEC 60904-3:2016 [119]: the module is at 25°C, illuminated by a simulated light
with an intensity of 1000 W/m?, with AM1.5G being the reference solar spectrum. From the
[-V measurement, we can calculate the parameters indicative of device performance such as:

* The open-circuit voltage (V,.) — the voltage when the current in the solar cell is zero,
representing the maximum voltage that can be obtained by a module.

e The short-circuit current (/) — the current passing through the solar cells when there
is no voltage crossing it, representing the maximum current that could be obtained if
materials behave optimally. This parameter depends on some factors such as the area
of the solar cells, the incident light source, the spectrum of the incident light, and the
optical properties of absorption and reflection of the solar cell.

e The current (Iy;pp) and voltage (Vjspp) at the maximum power point.
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Figure 2.10 — Characteristic current-voltage curve (I-V curve in black) and power-voltage curve
(P-V curve in blue) of a PV module, with relevant electrical characteristics.
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* The maximum power point (Pypp) — the maximum power that can be extracted from
the PV device. It is the product of the Iy;pp and the Vj;pp and is located at the knee of the
I-V curve.

e The fill factor (FF) — determines the maximum power delivered by the solar cell and is
defined as the ratio of the maximum power produced from the solar cells to the product
of V¢ - Isc. A FF of 1 represents a perfectly square I-V curve, a physical impossibility but

VmppIvpp

Vo Tsc ) Expressed as a percentage (%).

a useful reference shape (F F =

* The efficiency (1) — the ratio of the electrical power output to the incident light power
input under STC (n = PPM—;’). Expressed as a percentage (%).

* The series (R;) and shunt (Ryy) resistance — parasitic resistance caused by contact
resistance, resistance of the top metal contacts, resistance of lateral conduction in the
emitter or manufacturing defects.

The I-V curves are measured indoor using a solar simulator device. The PV module is placed
horizontally over a glass table with the solar cells facing downwards and connected in the
four-point probe configuration (to remove the effect of probe/cell contact resistance). The
device is then illuminated by a set of halogen and LED light sources which replicate the AM1.5G
spectrum. The temperature of the device is recorded by a temperature sensor placed at the
back of the module. The I-V curve is corrected by the software to STC (25°C) for temperature
deviations using the measured temperature and the temperature coefficients for V,, I;. and
Pyrpp. The measurement uncertainty of the setup is estimated at +3%, and the reproducibility
at +1%.

2.3.2 Electroluminescence (EL)

Electroluminescence (EL) imaging of PV devices is an easy and non-destructive method
that provides a qualitative analysis of the PV module including identification of shunts, pre-
breakdown sites, cracks, broken fingers and interconnections. During this test, a DC current
(typically the value of I) is injected in the module to stimulate radiative recombination
of electrons and holes in the solar cells [118]. These photons emitted by the solar cells

Figure 2.11 - Typical electroluminescence (EL) imaging of a commercial lightweight PV module
after accelerated-aging tests, showing shunt regions and cracked cells.
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are detected by a charge-coupled device (CCD) camera from Sensovation, model SamBa Ci
equipped with a Nikon lens with a fixed focal length and a pixel resolution of 1660x1252.
Images are acquired in dark conditions to reduce background noise. Figure 2.11 shows an
example of an EL image where many defects are easily detected.

2.3.3 Wetleakage current

This test evaluates the insulation resistance of the module under wet operating conditions.
The test was performed by submerging the module in a tank that contains water and a wetting
agent with a resistivity <3500 Q-cm and a temperature of 22+2°C. The solution covered all
module including junction box and cables. Once the module is installed, the short output
terminals of the module were connected to the positive terminal of the dielectric strength
tester and the liquid test solution is connected to the negative terminal of the test equipment.
A voltage of 500 V was applied (or the maximum voltage of the module) for 2 min. The current
was measured and used to calculate the insulation resistance. More details can be found in
IEC61215:2016 [66].

2.4 Accelerated-aging tests

Seven accelerated-aging tests were performed according to IEC 61215 [66] and the IEC 62804
[80] as described in the following subsections.

2.4.1 Thermal cycling (TC)

Two- and sixteen-cell modules are subjected to temperature cycles from -40 to 85°C for
200 cycles (equivalent to 50 days). The modules were connected in series and a current
corresponding to I, was applied when the temperature was above 25°C. The most promising
lightweight PV modules were subjected to up to 500 thermal cycles.

2.4.2 Damp heat (DH)

The test is performed by introducing a two-cell module and a sixteen-cell module into a
chamber at 85°C and 85% relative humidity for 1000 h. An extended damp heat test (of up to
2000 h) was performed with the most promising lightweight modules.

2.4.3 Humidity freeze (HF)

Two-cell modules are subjected to cycling between a temperature of 85°C, with a relative
humidity of 85%, and -40°C. PV modules are subjected to 10 complete cycles in the closed
climatic chamber (10 days). During the humidity freeze test a continuous current flow of no
more than 0.5% of the measured STC peak power current is applied to all modules. Again,
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most promising lightweight designs were submitted to extended humidity freeze cycles (up to
100 cycles).

2.4.4 Potential-induced degradation (PID)

For the PID test the metallic module frame was simulated by an electrically conductive alu-
minum tape applied to the four sides as shown in figure 2.12 [120]. The modules are introduced
into a climatic chamber at 85°C and 85%RH under -1000 V, as prescribed in IEC 62804-1 [80].
However, the test duration was extended from 96h to 192h, in order to gain more information
about the degradation process.

Figure 2.12 — Example of a two-cell lightweight PV module used for potential-induced degra-
dation tests. The aluminum tape was used to simulate the frame.

2.4.5 UV Preconditioning test

This test was performed with two-cell modules installed in a temperature-controlled light-
soaking chamber in dry conditions (relative humidity of around 15%). The test was performed
for 11 days (equivalent to a total dose of 15 kWh/m?). During the tests two main conditions
are considered: (i) irradiance between 280-400 nm, which is lower than 250 W/m?, and
(ii) wavelength range between 280-320 nm, which corresponds to 3-10% of the total irradiance
dose.

2.4.6 Hail test (HT)

The hail test setup is an internal development and is represented in figure 2.13. It comprises
five main parts: a pressure gauge controller, an air reservoir, a digital pressure gauge display,
an ice ball canon, and a velocity display. The ice balls were manufactured in two steps: first ice
cubes were prepared using a cubic mold and, in a second step, the ice cubes were placed into
an aluminum mold that produces round ice balls 25 mm in diameter. The test was performed
by shooting the ice balls at a velocity of 23.5 + 0.6 m/s. For the flexible lightweight modules
(commercial solutions), modules were tested on a rigid surface support and fixed to two of its
edges; for the rigid lightweight modules (solutions developed in this thesis), modules were
fixed by two bars along the short edges without any rigid mechanical support. The modules
were hit in four to seven different critical locations, depending on the number of solar cells.
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3. Digital pressure gauge display

4. Ice ball cannon

Figure 2.13 — Hail test equipment developed internally during this thesis. It is composed of a
pressure gauge controller, an air reservoir, a digital pressure gauge display, an ice ball cannon,
and a velocity display.

2.4.7 Static mechanical load test (ML)

The static mechanical load test applied a load of £2400 Pa to the surface of a sixteen-cell
module. This test aims at evaluating the mechanical stability of the composite sandwich
backsheet thus, modules are mounted using four clamps, as represented in figure 2.14. This
mounting system was selected because it does not add any extra support to the module,
meaning that resistance of the module to load is provided only by the backsheet. During the
test the electrical continuity of the module was constantly monitored.

(a) Module unloaded (b) Module loaded

Figure 2.14 — Example of static mechanical loading performed on sixteen-cell modules: (a) no
loading and (b) loading.
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Summary

In this chapter, we investigate the stability of lightweight PV modules under different stresses
and we show that commercial products show degradation under different accelerated-aging
tests, even if the manufacturer claims compliance with relevant PV standards (IEC or UL
norms). We also identify the main failure modes of lightweight modules: bending or twisting,
yellowing, delamination, visual surface deformation and cell cracks. These failures are due
mainly to poor material selection. These modules use materials with a high coefficient of
thermal expansion that are not stable under high temperatures and humidity. Or they employ
a thin or week frontsheet which does not provide the required protection to the solar cells.
We conclude that semi-rigid and rigid lightweight modules show superior behavior under
accelerated-aging tests and that they are less sensitive to handling (flexible modules presented
many cracked solar cells).

3.1 Introduction

Weight reduction can be achieved by changing the encapsulation materials of PV modules
and especially by replacing the standard glass with a lighter material. Nowadays, there are
different types of lightweight PV modules present on the market [42,51,59,60,121-123]. This
segment can be subdivided into two categories: flexible modules, which are mainly thin-film
technology, and semi-rigid or rigid modules composed of c-Si solar cells. Lightweight modules
based on thin-films are flexible structures that are very attractive for flat and curved roof
tops. The advantages of such designs are the significant weight reduction, simplicity of use,
custom-produced finishing and freedom in design [124]. Thin-film lightweight solutions can
be manufactured in roll-to-roll production and are easily adapted to building curvatures [125-
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127]. However, they offer lower conversion efficiencies, a limited field of applications and fast
degradation.

Lightweight solutions based on c-Si technologies are by far more attractive for BIPV. Lightweight
c-Si solutions using alternative materials to glass are available and can achieve a weight of
around 3 kg/m?. Such solutions are based on the substitution of the glass with a highly trans-
parent layer at the front side (e.g. ethylene tetrafluoroethylene) and supported by a polymer
backsheet or a fiber-reinforced polymer. These solutions can be flexible, semi-flexible or rigid.
The drawbacks of lightweight PV for BIPV are the reduced lifetime and lack of compliance with
relevant PV qualification standards.

3.2 Experimental procedure

3.2.1 Characterization of commercially available lightweight PV modules

We bought different types of lightweight modules and analyzed them according to a subset of
selected and relevant IEC qualification tests [66]. Of the lightweight modules, four were flexible
(developed mainly for portable and leisure applications such as for boats and caravans), one
was semi-rigid and one was rigid. The latter two were both developed for BIPV applications.
Table 3.1 summarizes the module types, properties and compliance with relevant standards.
Based on the type of PV module, we designed different sets of aging sequences (see figure 3.1).
All lightweight PV modules were evaluated electrically by means of I-V measurements. The
presence of defects, such as cracked cells or bad interconnections, were identified using EL
imaging, as described in Chapter 2. The modules were characterized electrically and visually
before and after each test.

Table 3.1 — Dimensions, weight, warranty and indication of compliance with relevant PV
standards of the commercially available lightweight PV modules tested.

Module ID Dimensions Weight  Warranty Compliance
[cmxcmxcm] [kg/m?] [years] [norm]

Flex-a 88x67x0.15 2.5 5 HT from IEC 61215
Flex-b 111x55x0.2 2.5 5 no
Flex-c 74x53x0.3 2.4 5 no
Flex-d 116x57x2 2 5 no
Semi-a 165x99x0.2 2.7 25 IEC61215/61701
Rigid-a 102x99x3.8 9 25 UL 1703 and HT from IEC 61215

3.2.2 Fourier transform infrared spectroscopy measurements

No information about the materials used for the fabrication of these flexible devices is provided
on the product data sheets. Thus, to understand the degradation observed under the different
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Figure 3.1 — Sequence of tests designed for the flexible, semi-rigid and rigid lightweight mod-
ules.

accelerated-aging tests, we analyzed small samples from the modules by FTIR according to
the method described in section 2.2.4. Samples of 5 cm x 5 cm were cut from the module
and separated into their individual layers. Each layer was measured by FTIR-ATR without
further treatment. For transmission on germanium discs, the different layers were dissolved
in tetrahydrofuran or hexafluoroisopropanol, pipetted onto a germanium target and dried to
build a thin film of the sample material.

3.2.3 Optical measurements

The yellowness index (YI) is calculated from the UV-Vis spectroscopy technique (see sec-
tion 2.2.8). We removed samples of 5 cm x 5 cm from the flexible devices and analyzed the
reflectance response using an UV-Vis—-near-infrared spectrophotometer. The YI is calculated
according to equation 2.10 using the spectral reflectance measurement [116].

3.3 Results and discussion

3.3.1 Failure modes of flexible lightweight PV modules

Figure 3.2 shows the performance degradation from the flexible lightweight. Figure 3.3
presents EL images of the modules before and after degradation. The EL images show lots of
cracks in the solar cells just after we received the modules. The absence of glass and a frame
allows for weight reduction but also decreases the mechanical rigidity of the module, thus
making it much more fragile (especially module Flex-c).

Thermal cycling was the first test we performed. The EL imaging of module Flex-a and Flex-b
shows no major defects, having a power loss of -1.2% and -0.5%, respectively. However, a
strong yellowing of the materials is visually noticed. The I did not change, thus the yellowing
must come from the backsheet and not from the encapsulant or the frontsheet. The module
Flex-c shows a strong degradation with a power loss of -60%. This loss comes from the fact
that half of the module was no longer working. This module has a bypass diode that can avoid
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Figure 3.2 — Loss of short-circuit current (Is), open-circuit voltage (V,,), fill factor (FF), and
maximum power output (P,,,y) obtained from the flexible (top) and rigid solutions (bottom)
after the sequence of aging tests defined in figure 3.1.

a big current drop (in case of defects or shadowing). In the presence of cracks or a shadow,
the bypass diode becomes "forward biased" and begins to conduct current. All the current
greater than the shaded cell’s new I, is bypassed through the diode, thus reducing drastically
the amount of local heating at the shaded area. Consequently, due to the large damages,
this bypass disconnects part of the module and thus Py, decreases considerably. During
the thermal cycling test, the materials tend to expand (when heated) and contract (when
cooled). In the case of the plastic foils used to substitute for the glass, the coefficient of thermal
expansion (CTE) is usually higher than other materials. This makes the module structure
bend and twist, inducing cracks in the solar cells and breakage of the interconnections [128].
The CTE of plastics (CTEpjastics = 50-770 x 10°% 1/K [25, 129, 130]) is much higher than that
of silicon (CTEgjjicon = 3.5 x 10 1/K [131]). Due to this strong degradation, this module was
not considered for further testing. The module Flex-d; did not pass the thermal cycling test
when the module was placed vertically, like standard glass-glass modules. In this position, the
module bends as can be seen in figure 3.4. By holding the module to the top of the chamber
(situation where module does not support its own weight from below), the module (Flex-dy)
passed successfully the thermal cycling test with no power loss.

After thermal cycling, we subjected the modules to the hail test. The EL images show solar cell
cracks and damages in all the impacted spots (figure 3.3). The power loss at the maximum

40



3.3. Results and discussion
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Figure 3.3 — Electroluminescence imaging of commercially available flexible lightweight mod-
ules after different accelerated-aging tests (thermal cycling, hail test, damp heat).

power point measured by I-V measurement is about -3.3 %, -11.1 %, and -4.3% for module
Flex-a, Flex-b and Flex-d,, respectively, relative to the power measured after thermal cycling.
This test shows that the frontsheet used on these solutions is too thin to efficiently protect
the solar cells against impacts. Moreover, besides the power loss lower than -5%, the impact
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Figure 3.4 — Visual inspection of the Flex-d; module after a few thermal cycles. Note the
module bending towards the frontsheet.

locations can be identified with the naked eye by the presence of visual cell cracks.

Finally, the damp heat induces the appearance of delamination and strong yellowing of the
module components. After only 200 hours of damp heat testing, we measured a yellowness
index of 4, already visible to the naked eye. From the I-V measurements, we observe a decrease
of I, especially with Flex-a. This loss is due to the color change of the frontsheet from
transparent to yellow, reducing the quantity of light arriving to the solar cells, and consequently
the I,.. In the case of Flex-d3 (equivalent to Flex-d, but without being subjected to thermal
cycling or hail test), we measured a reduced power loss (-0.4%). In this case, the yellowing
comes from the backsheet since we do not measure any chance in Ig.

3.3.2 Failure modes of semi-rigid and rigid lightweight PV modules

From our study of flexible modules, we conclude that the hail test is one of the most demanding
tests for lightweight modules. Thus, we performed this test first for our study of semi-rigid
and rigid lightweight modules. Figure 3.2 presents the performance degradation after each
aging test. After the hail test, we measure a power loss lower than the -5% threshold (-3% and
-0.9% for the semi-rigid and rigid modules, respectively). EL inspection shows, however, many
cracked cells that correspond to the impact spots of the test (figure 3.5). Moreover, the rigid
module shows a surface deformation, which can be detected by the naked eye, as seen in
figure 3.6.

After the hail test, the modules were exposed to thermal cycling. The results show a further
power degradation of -5.2% and -22.1% referent to the power after the hail test. This decrease
is due mainly to the loss in Iy and the increase of R;. The rigid module shows a higher loss
due to the presence of three bypass diodes that allow the current to pass around cracked cells
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Figure 3.5 — Electroluminescence imaging of commercially available semi-rigid and rigid
lightweight modules after different accelerated-aging tests (hail test, thermal cycling and
damp heat).

and thereby reduce the voltage losses through the module. Both modules show a pronounced
yellowing of their backsheets, as can be seen in figure 3.6.

The damp heat test was performed third. All the lightweight modules tested show an increase
in yellowing. We also observe that some polymers melted and flowed out of the frame, and
some other polymers showed a strong milky or hazy aspect (figure 3.6). The rigid module
uses polyolefin foils as an encapsulant. Thus, when the module is heated, the chains of the
polyolefin will tend to reorganize to form a big crystal. The boundary between two crystals in
the polymer will promote light diffraction that makes the polymer appear milky [132]. Due
to the high degradation state of the rigid module, we used a second module (Rigid-a,) from
the same producer to repeat the damp heat test (without subjecting it to the hail test or the
thermal cycling test). We observed similar results: high power loss (-9%), strong yellowing of
the backsheet and a milky aspect. This milkiness is concentrated on the bottom solar cells
and reduced the maximum current. Consequently, the bypass diode become "forward biased"
to avoid overheating this area, strongly decreasing the FF.
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(a) Surface deformation (b) Polymer milkiness

(c) Delamination (d) Yellowing

Figure 3.6 — Main failure modes observed from visual inspection of semi-rigid and rigid
commercially available lightweight PV modules: (a) surface deformation, (b) milkiness, (c)
delamination, and (d) yellowing.

3.3.3 Materials characterization

Figure 3.7 shows the FTIR spectra of all the materials present in the flexible lightweight
modules, showing that all the modules are composed of very similar materials:

* Ethylene-vinyl acetate (EVA) as a PV encapsulant. EVA is identified by the absorbance
of some bands assigned to the VA units (1734 cm™, 1240 cm™, 1020 cm™!, and 610 cm™!)
and by the absorbance of the ethylene groups (2920 cm™!, 2850 cm™!, 1470 cm™!, and
720 cm') [133-135].

* Polyolefin (PO) as PV encapsulant. PO is identified by the peaks associated with
methylene stretching vibration (2915 cm™ and 2846 cm™!) and methylene deforma-
tions (1463 cm™!, and 719 cm™) [136].

* Polyethylene terephthalate (PET) as a frontsheet or backsheet. PET is identified by the
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Figure 3.7 — FTIR spectra of module components with indications of main absorbance bands
characteristic of each material. These results show that flexible lightweight modules are
composed of: polyolefin, ethylene-vinyl acetate, polyethylene terephthalate and poly(methyl

methacrylate).

absorbance of bands assigned to the ester carbonyl stretching (1723 cm™!), ethylene

group (1340 cm™!, and 1410 cm™), terephthalate group (1240 cm™!), and interaction of a

polar ester group and benzene rings (730 cm™!) [137-140]. In the case of some flexible

modules, there is also a percentage of polyester/terephthalate on the inner side of PET.

Poly (methyl methacrylate) (PMMA) as a frontsheet (Flex-d). PMMA is identified by
the absorbance of the band associated with the C-H bond stretching (2951 cm™!), C=0
stretching (1722 cm™), CHj stretching (1446 cm™), and O-C stretching (1145 cm™!) [141].

The results of the accelerated-aging tests performed on the flexible modules show that tem-

perature and humidity significantly increase the yellowing of the materials. Figure 3.8 shows

the YI of the three flexible devices analyzed. For all samples, we observe a linear increase of

YI as a function of aging time. After only 200 h, a slight yellowing of the materials is already

visible (when YI = 4). The strong yellowing is explained by the materials identified during
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Figure 3.8 — Results obtained by optical spectroscopy: (a) total reflectance and (b) yellowness
index of commercial available lightweight modules measured during the damp heat test.

FTIR. PET gradually degrades under high temperature, humidity and ultraviolet radiation
due to the hydrolysis of the material. This degradation is caused by both thermal and hy-
drolytic degradation, inducing a loss of molecular weight of the polymer caused by chain
scission [142-144]. Additionally, the peroxide molecules from EVA might also decompose
in highly reactive peroxides, creating chromophores, making the EVA appear yellow. The
EVA and PET yellowing will reduce I as we observe from the I-V measurements. Moreover,
even if there are PET and EVA formulations that do not show such high degradation rates, the
manufacturers of the analyzed modules give a very short lifetime (5-10 years), thus most of
the polymers used might not be stabilized for long outdoor exposure.

3.4 Conclusions

The study of commercially available PV modules based on c-Si technology showed that
lightweight modules have a strong degradation under accelerated-aging tests, even if the
manufactures claim compliance with relevant PV standards (IEC or UL norms). From this
study, we conclude that:

* Flexible lightweight solutions are very fragile. EL images of the modules immediately
after we received them showed many solar cell cracks due to handling or transportation.

* Flexible modules have a poor design. Modules were composed of polymeric materials
with different thermal properties and, under thermal cycling tests, modules tend to
bend and twist due to CTE mismatch. Moreover, the bending was strongest when
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modules were kept in a vertical position during the test: due to the polymer softening,
the mechanical stability is reduced and modules showed a strong deformation.

 All lightweight modules showed delamination and yellowing. At high temperatures and
high humidity we observed a strong yellowing (YI,,,,x=12) of the module components.
The yellowing was detected by visual inspection and from the reduction of I in the I-V
measurements.

e All commercial products had a weak frontsheet design. The presence of cell cracks and
surface deformation after the hail test showed that the frontsheet design was too weak
to absorb the impact of adverse weather conditions.

* Rigid solutions showed higher thermo-mechanical stability than flexible modules. Rigid
and flexible lightweight PV modules had similar failure modes, however, the thermo-
mechanical stability of the rigid solutions seemed to be less affected (no bending or
twisting under high temperatures). From the data sheets of these modules, we know
that they were produced with composite materials.

Table 3.2 shows the power loss relative to the state prior to the test for all the commercially
available lightweight PV modules tested and their respective failure modes. These results show
that the lightweight modules on the market have low thermal and mechanical stability.

Table 3.2 — APy, of commercially available lightweight modules after each aging test.

TC HT DH Failure modes
Flex-a -1.2% -3.3% -1.3%
Flex-b -0.5% -11.1% -2.7% bending, twisting,
Flex-c -59.7% - - yellowing, cell cracks,
Flex-d, -0.1% -4.3% - delamination
Flex-d3 - - -0.4%
HT TC DH Failure modes
Semi-a -3.0% -5.2% - yellowing, milkiness,
Rigid-a; -0.9% -22.1% -12.8% surface deformation
Rigid-a, - - -9.1% under HT, cell cracks

With the increasing need of lightweight solutions, this study motivates us to start the develop-
ment of lightweight modules that are based on c-Si solar cells and are durable under outdoor
exposure. The main failure modes observed for lightweight PV modules showed that rigid
modules are more resistant to thermo-mechanical stress. Indeed, from the very start, they
were able to endure the stresses of handling and transportation, in contrast to some of the
flexible modules, which were damaged by shipping. Thus, we will focus our attention on the
design of glass-free rigid lightweight solutions.
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Composite sandwich structures

Summary

This chapter gives a theoretical introduction to composite sandwich structures, showing their
advantages over other polymer materials already used to develop lightweight PV modules.
We show that designing a symmetric and balanced skin with a fiber orientation [0/90]s will
limit thermal and hygroscopic deformations due to temperature and humidity changes during
processing and accelerated-aging tests.

4.1 Introduction

Composite sandwich structures were first discussed by Duleau in 1820 and later by Fair-
bairn [145]. However, it was only after the first flight of an airplane that intensive research
started with the aim of considerably reducing the weight of structures, while preserving the
relevant mechanical properties [146]. After extensive studies, the mass production of sandwich
structures started during the Second World War with the British Mosquito aircraft using a
balsa core and plywood faces [146]. From that time, sandwich structures have been constantly
re-designed and optimized, and today these structures can be found in many different appli-
cations, from high-tech satellites [41,43-45] to bridges and buildings [147, 148] to low-cost
wooden furniture [149].

A composite sandwich structure is composed of three main components: skins (also called
faces), the core and adhesive, as represented in figure 4.1. The two thin and strong skins are
bonded using an adhesive layer to a thick and light core. The adhesive transfers the stress
between the sandwich components and plays, therefore, a critical role. Sandwich structures
work similarly to I-beams. The way they function can be easily explained by studying the
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Figure 4.1 — The concept of sandwich structures and I-beams is analogous: placing of the ma-
terial where it is mostly needed and removal from where it is not needed (adapted from [151]).
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strain and stress acting on a beam during bending: the maximum strains are on the upper
and lower skin of the beam and the lower stress is near the neutral axis [150]. Thus, to keep
high stiffness and low weight, it is important to place materials with high strength where high
stress occurs (top and bottom positions) and soft and light materials where the strains are low
(close to neutral axis) [48]. The main difference between a sandwich and an I-beam is the fact
that the core of a sandwich is made of a different material from the skins and it is spread out
as a continuous support for the skins rather than concentrated in a narrow web. The adhesive
bond between the skins and the core has to be strong enough to transfer the stress from one
skin to another, through the sandwich core, without debonding. If the adhesive is too weak,
the different sandwich components will not act together to resist an applied load and the
stiffness of the structure will be usually limited by the poor mechanical performance of the
core. The choice of the adhesive between the core and the skins is thus of critical importance.

The selection of the right materials allows for the development of structures with increased
stiffness and strength but with reduced weight. Figure 4.2 is a generic example of the gain in
strength and flexural stiffness by inserting a light core between the two skins: an 0.81-mm-thick
aluminum sheet is compared to two sandwiches made by splitting the aluminum into two
skins and bonding a honeycomb core between them. In bending, the thickest of the two
sandwich panels is 37 times stiffer and more than 9 times stronger than the plan aluminum
sheet, with a weight increase of only 6% [152].

4.2 Components of the sandwich materials

During the sandwich design phase, one of the first steps is the selection of the sandwich
components: the skins, the core and the adhesive. This selection depends on the application,
the required mechanical properties, the processing and, especially, the cost, since it can vary
over several orders of magnitude.

4.2.1 Skin materials

The skin materials can be any structural material in the form of thin sheets [153]. The main
criteria used for the selection of the ideal skin are stiffness, strength under tensile and com-
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Figure 4.2 — Generic example of the stiffness, strength and weight of composite sandwich
structures compared to those of a solid aluminum panel.

pression, surface finish (adhesion to the bonding adhesive) and, in some cases, resistance to
impact or environmental stress (chemical, UV, heat, etc.) [146]. There are two main groups of
skin types: metallic and non-metallic materials. Fiber-reinforced skins are non-metallic skin.
They offer many advantages. They provide strength properties very similar to, or even higher
than, those of metals but with a much lower weight. It is easier to manufacture a sandwich
with non-metallic skins than with metal skins. There is a large selection of fiber reinforcement
that can be combined in different layers, orientation and types. This allows for the production
of skins with large variety of properties depending on the application’s needs.

Fibers for this type of skin are usually made of glass, aramid or carbon. Glass is the most
commonly used reinforcing material in fiber composites (especially E-glass fiber). Glass fibers
have good mechanical properties and environmental resistance, but it is their low cost that
makes these fibers so widely used. The main disadvantages are their relatively low elastic
modulus and higher density as compared to other reinforcement materials. Composites based
on glass fibers and polymers are called glass fiber-reinforced polymer (GFRP). The other types
of fibers, such as aramid or carbon fibers, present low densities and even higher strength and
stiffness than glass fibers. Their main drawbacks are high cost and potentially brittle behavior
(in the case of carbon fibers). The matrix of a fiber composite can be either a thermoplastic
(polyamide, polypropylene, etc.) or a thermoset polymer (epoxies, polyurethane, etc). For
large low-cost sandwich structures with glass fibers, polyester resins are often used, while
epoxy resins are preferred for advanced applications.

4.2.2 Core

The purpose of a core in a composite laminate is to increase the laminate’s stiffness by "thick-
ening" it with a low-density core material [154]. The primary properties of interest for core
selection are its density, shear modulus and strength (material’s response to shear stress) per-
pendicular to the skins plane. There are three main core groups: light woods (such as balsa),
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foams and honeycombs. Honeycombs’ cores have the highest strength and stiffness ratio to
weight, and are therefore used in high-tech applications such as aerospace applications. The
most-used honeycombs are made of aluminum, impregnated glass or aramid fiber mats (e.g.

Nomex®).

4.2.3 Adhesive

The adhesive layer links the core to the skins and has to be carefully optimized [155]. The
selection of the ideal adhesive is based on the skins and core to bond and the main considera-
tions are the toughness and strength of this layer. In a composite material the shear stress can
change rapidly between the skin and the core. If the adhesive is too weak, this can lead to a
complete failure of the composite structure [156, 157]. The most common adhesives are epoxy
resins, phenolics, polyurethanes and polyester resins.

4.3 Design of composite sandwich structures

Designing a sandwich structure requires predicting its mechanical behavior, which depends
on its construction (e.g. core thickness) and constituent properties (e.g. mechanical properties
of the skins). The usual pattern for the prediction of the mechanical behavior of a sandwich
structure is summarized in figure 4.3 and comprises the following steps:

1. The properties of a single unidirectional lamina (ply) are calculated based on its con-
stituents’ properties (matrix and fibers) using micro-mechanics models

2. The properties of the skins (laminate comprising several lamina stacked on top of each
other with different fiber orientations) are studied using macro-mechanics models
(classic laminate theory, CLT) [146,158-160].

3. The properties of the sandwich structure (combination of skins and core) are assessed
using the sandwich beam theory.

. Lamina . Composite
Matrix Laminate . P
/ sandwich structure
“

. T ™~

Fiber —
L 4 E th y
Micro-mechanics Macro-mechanics Structural

R

model model analysis

el WL

Figure 4.3 — Sequence of models used during composite structure design: (i) micro-mechanics
models are used to obtain properties of the lamina, (i) macro-mechanics models are used to
obtain properties of the laminate (skin), and (iii) structural analysis models are used to obtain
properties of the sandwich structure (pictures adapted from [158]).
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The composite mechanics (either skins or sandwich) have been covered extensively in several
books [146, 158,160, 161]. Therefore, only the main equations used in the present work are
given in this section, without a complete development.

4.3.1 Design of skins: micro-/macro-mechanics model

From composite mechanics theory, we know that laminate structures must be designed
to be symmetric and balanced: the skins’ symmetry will prevent warping from coupling
between in-plane strains and out-of-plane rotations (curvature); and the balance reduces
coupling between in-plane normal strains and in-plane shear strains (twist). Table 4.1 gives
some examples of the consequences of non-symmetrical laminates. For the development of
lightweight PV modules we selected symmetric and balanced skins with a fiber orientation
[0/90/90/0]. With this structure, we found that skins will limit the thermal and hygroscopic
deformations due to temperature and humidity changes during processing and accelerated-
aging tests.

Table 4.1 - Effect caused by (non)symmetry or (non)balanced design of laminates.

Type Fiber orientation Effects

angles
Symmetric/balance (0, +90, +90, 0) flat, constant mid-plane stress
Non-symmetric/balanced (90, +45, 0, 90, -45,0) Induces curvatures
Symmetric/non-balanced (-45, 0, 0, -45) Induces twist

Non-symmetric/non-balanced (-0, -45, 0, 90, -45,0)  Induces twist and curvature

4.3.2 Design of the sandwich: sandwich beam theory

Knowing the homogenized engineering constants of the skins (see Appendix A), and the
properties of the core, one can extrapolate the properties of the full sandwich structure.

Bending stiffness and stress

The bending stiffness (D) is calculated using the Euler-Bernoulli beam theory, which correlates
the beam’s deflection with the applied load. A cross section of a composite sandwich structure
is represented in figure 4.4 together with the nomenclature of the different properties and
thicknesses. The bending stiffness is given by

3 5 3
Entp Bl Erelp
12 12 12

D=B

te+t 2
+Ef1tf1 (d—e)2+Ef2tf2e2+ECtC( ¢ 5 12 —e) ) (4.1)
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Figure 4.4 - Composite sandwich structure with designation of thickness and Young’s modulus
of each component.

where Efand E. are the in-plane Young’s modulus for the skins and core, respectively, tfthe
skins thickness, t. the core thickness, B the width of the beam, d the distance between the
centers of the two skins, and e the position of the neutral axis. When the two skins have
the same thickness, the neutral axis is at the center of the beam, and the bending stiffness
presented in equation 4.1 is simplified and becomes

Eft} B3 Eptrd?
f+ cle fer
6 12 2

D=B

(4.2)

The first and second terms describe the stiffness of the two skins and the core about their own
centroids, while the third term adds the stiffness of the skins about the center of the beam.
When a flexural load (with a bending momentum M) is applied to the sandwich structure,
the skins are loaded in tension or compression and the core is loaded in shear. Compressive
(negative) and tensile (positive) maximum stress in the skins (f; and f>) is given by

_ M(d—e)Efl MeEf2

NETTTD 7=

(4.3)

Shear stiffness and stress

The shear stiffness (S) is computed in the same way as for the beam and considering G, as the
shear modulus of the core

G.d?
le

S=B

(4.4)
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with T being the shear force, the maximum shear stress in the core is given by

8 (4.5)
Te=— .
‘" Bd
Bending deflection

The maximum deflection of a sandwich beam under a bending momentum consists of two
terms: one due to the momentum itself,  p, and another due to core deformation in shear,
551112].

PI} PL
0=0p+0s=——+— (4.6)
ClD CgS
where c; and ¢, are constants that depend on the loading configuration. The parameters P
and 4 are the applied load and deflection, respectively.

4.4 Processing of sandwich structures

The basis for sandwich structure manufacturing consists in bonding the core with two stiff
skins with the help of pressure to ensure better quality. A complete description can be found
in [146,154,162].

4.4.1 Skins processing

In the widely used wet layup technique (figure 4.5a), a liquid resin is impregnated by hand
into fibers with the help of rollers or brushes. After impregnation, the laminates are left to cure
under standard atmospheric pressure. This technique is popular because it is simple and low
cost and because there is a wide choice of raw materials. However, the homogeneity of resin
distribution is difficult to control and the intensive labor makes this technique not suitable for
high-volume applications. The vacuum infusion technique (figure 4.5b), which consists in
introducing a structure into a molding compound and injecting resin to impregnate the fibers
by vacuum, produces a better skin quality. This technique can be used for mass production,
and the skins have a higher specific strength and stiffness. This technique can be used to
produce only sandwich structures with a closed-cell core in order to avoid filling the core with
resin. The pre-impregnated fibers (prepregs) are another type of skin that can be laminated
directly to the core with the help of an autoclave or an oven. A prepreg is a reinforcing fiber
which is already pre-impregnated with a resin, being ready to be laminated without the need of
additional resin. Generally, the resin matrix in prepregs is partially cured for ease of handling
and is stored in a cold place to prevent complete polymerization. This technique allows for
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Figure 4.5 — Most-used techniques for preparation of composite: (a) the wet layup technique
(also used for manufacturing of sandwich structures) and (b) the vacuum infusion technique.

high-strength properties, good reproducibility and short curing times. However, prepregs
have a limited lifetime, must be stored at very low temperatures to avoid curing and have a
high cost.

4.4.2 Sandwich processing

The most common processing method to produce sandwich structures is the adhesive bond-
ing method. This method consists in placing an adhesive layer between the skins and the core
and then subjecting the entire structure to an increase in temperature and pressure as required
by the adhesive resin. The bonding process can take place in a vacuum bag (figure 4.5a), an
autoclave or a hydraulic press, depending on the application. This technique results in a
well-controlled bonding and good mechanical properties. However, it requires intensive labor
and often the use of an autoclave — good resin adhesives normally need high temperatures
and pressures — both of which increase the cost of manufacturing.

The selection of the best manufacturing methods depends on the type of core, thickness of
the skin, type of adhesive, size of the structure to be fabricated and, and of course, cost.

4.5 Sandwich mechanics

4.5.1 Failure modes

Sandwich structure design often integrates sizing and material selection to obtain the me-
chanical properties required for the defined application. From the mechanical point of view,
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stiffness and strength are of major interest during the design. The stiffness can be estimated
by using the equations presented in section 4.3. However, the strength depends on the failure
mode, which depends on the internal structure of the sandwich as well as the applied load.
Table 4.2 lists the failure modes considered during the design of sandwich structures. Each
mode sets limits to the load-bearing capacity in a different way, limiting the overall perfor-
mance of the structure.

Table 4.2 — Illustration and description of the failure modes observed in composite sandwich
structures (figures taken from [146]).

Failure mode Description

Occurs when the skin reaches its maximum allowed stress,

whether it be yield or fractured stress, in either tension or
Face yield/fracture compression [163].

Occurs when shear stress in the core is higher than its shear
strength [164].

Core shear

Occurs due to local skin instability, which penetrates the core
and forms waves [153, 165-167].

Occurs due to the presence of out-of-plane loads, in which
case shear stress appears in the interface and can lead to
debonding, or compression that causes the skin to buckle
and debond from the core [168].

Is a general failure which starts being critical at the moment
the skins reach their yield strength. If the ultimate load-
bearing capacity of the sandwich is reached, the buckled

sandwich cannot sustain any more load [146].

Occurs when a large out-of-plane deformation is applied in

a post-buckled state while transverse forces build up due to
Shear crimping the deformation [146, 153].
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Face dimpling

Is a typical local instability observed in discontinuous cores
(such as a honeycomb) when thin skins are used. This failure
can be reversible but might also lead to failure of the skin [169,
170].

Local indentation

Occurs when a load point is applied. The skin will act as a
plane on an elastic support and will bend independently of
the opposite skin [164,171].
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Summary

This chapter proposes a new design for a composite sandwich structure to be used as the
backsheet for a lightweight PV module. Our goal is to develop a composite sandwich structure
with reduced weight, excellent mechanical stability and durability and that is processable in a
simple manufacturing process used in the PV industry. We demonstrate that by selecting a
thermoplastic material (ionomer or polyolefin) and a high-thermal-conductivity core (alu-
minum), we can manufacture a composite sandwich structure in a very short time, using the
standard lamination process used in the PV industry. This material combination allows for
the production of a polyolefin-based sandwich with a bending stiffness of 15.5 N-m? and an
ionomer-based sandwich with a bending stiffness of 16.4 N-m?. These values are equivalent to
(and even higher than) the bending stiffness obtained with an epoxy-based sandwich structure
(15.5 N-m?).

The results presented in this chapter are part of a publication entitled "Light and durable:
Composite structures for building-integrated photovoltaic modules" (see ref. [87]).

5.1 Introduction

As mentioned in Chapter 4, a symmetric composite sandwich structure is composed of two
skins bonded to a core by means of an adhesive. Usually, this adhesive is a two-compound
liquid, of which compound is a co-monomer responsible for the adhesive cross-linking. It
is also possible to find thermoset adhesives in a solid state (adhesive foils, i.e. prepreg)
which require storage conditions under negative temperatures to avoid spontaneous cross-
linking. Researchers have been working on the development of lightweight PV modules using
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these adhesives. In 1995, Carey et al. [172] developed a laminate structure in which solar
cells were sandwiched between two fluoropolymer tedlar/silicone and later glued with the
help of liquid adhesives onto the composite wings of an airplane. Rion [150] developed an
asymmetric photovoltaic sandwich structure comprising one skin made of cells glued with
a prepreg to the honeycomb core, allowing for a 20% weight reduction. Keller et al. [173,
174] demonstrated the possibility to include different types of solar cells into a transparent
composite frontsheet and a composite sandwich structure backsheet based on glass fiber-
reinforced polymer (GFRP) skins and a polyurethane core. This work showed that thin-films
are more appropriate for such a PV design due to the brittle behavior and higher thermal
coefficient of wafer-based solar cells. Zhang et al. [175] proposed a lightweight structure, in
which the solar cells are encapsulated using epoxy and bonded to the upper wing skin. The
disadvantages of such thermoset adhesives are the long manufacturing process (curing phases
up to 24 h), use of autoclave and high cost of raw materials (especially in the case of prepreg).
Besides these disadvantages, sandwich structures are very attractive for high-tech applications,
such as aerospace [41], marine [176] and construction [177], due to their excellent mechanical
properties (stiffness and strength) at minimum weight. However, they still remain a second
option when cost and simplicity of manufacturing processes are primary requirements.

This chapter focuses on the optimization of the manufacturing process of composite sand-
wich structures by substituting the standard liquid epoxy with a PV adhesive foil. The goal
is to propose a composite sandwich design compatible with standard PV lamination best
practices while preserving optimal mechanical properties (e.g. high stiffness). The mechanical
properties of the sandwich and the adhesive (e.g. bending stiffness, degree of cross-linking)
are quantified to evaluate the robustness of the designs proposed.

5.2 Experimental Procedure

5.2.1 Design and fabrication of composite sandwich structures

The composite sandwich structure consists of a stack composed of skin/adhesive/core/ad-
hesive/skin. The skins used are based on a GFRP described in section 2.1. For this study,

Table 5.1 - Elastic and thermal properties of the four selected adhesives. Poisson’s ratio is the
ratio of the lateral strain to axial strain in an axial loaded specimen [31, 159].

Adhesive Properties Epoxy EVA Ionomer Polyolefin
Thickness (1 layer), t, [mm] <0.05 0.46 0.45 0.10
Young’s Modulus, E [GPa] 345 0.015 0.057-0.394  0.002-0.235
Poisson’s ratio, v [-] 0.35 0.4 0.45 0.45
Coefficient of th 1 ion, CTE

[1%?6 Kmﬁn ot thermal expansion 50 270 150-180 35-110
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we select two types of cores: a low-thermal-conductivity core (aramid honeycomb), and a
high-thermal-conductivity core (aluminum honeycomb); and four types of adhesives: a liquid
thermoset as the reference (epoxy), a PV thermoset foil (EVA) and two PV thermoplastic foils
(ionomer and polyolefin). Table 2.1 and table 5.1 gives the mechanical and thermal proper-
ties of each core and adhesive used in this study. The manufacturing process is optimized
according to the type of core and adhesive selected (table 5.2):

* Epoxy/Vacuum bag process
A reference sandwich structure built using epoxy adhesive is manufactured using a
wet-layup vacuum bag technique, at room temperature (see figure 2.2).

* PV adhesive foil/single-step process (s)
A sandwich structure built using a PV polymer adhesive foil (EVA, ionomers or poly-
olefins) in place of the epoxy, manufactured in a simple lamination process (considerably
speeding up the manufacturing process).

e PV adhesive foil/double-step process (d)
Again, a sandwich structure built using a PV polymer adhesive but the sandwich is
produced in a double lamination process. A first lamination step is performed with the
frontsheet close to the heating plate and a second step after flipping the module by 180°.
(This process ensures that both adhesive layers in the sandwich have similar processing
conditions.)

Table 5.2 — Materials and manufacturing process used for the fabrication of composite sand-
wich structures. "s" and "d" stand for single and double lamination process, respectively.

Materials Processing conditions
Honeycomb core Adhesive Vacuumbag Lamination (min)

Epoxy 24h -
Aramid EVA i si1
Ionomer - sll
Polyolefin - s11
EVA - di1
Aramid Ionomer - di1
Polyolefin - d26
EVA - s26
Aluminum Ionomer - s26
Polyolefin - $26
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5.2.2 Characterization of the composite sandwich structure (backsheet)

In this section we briefly review the experimental techniques used to characterized our back-
sheets (details can be found in Chapter 2) and compliment the technique description with
sample information (sample type, number and preparation methods). The results of the
material characterization are presented in section 5.3.

Four-point bending test

The bending stiffness (D) and the yield load (Py) of the composite sandwich structures were
characterized using four-point bending tests (test description in section 2.2.7). Samples
were manufactured according to the respective choices of sandwich adhesive and core (see
table 5.2). For each composite sandwich structure, three to five samples of 25 mm x 220 mm
were tested. All tests were performed at room temperature.

90° peeling tests

The adhesion between the sandwich skins and the adhesive was investigated in a 90° peeling
test (see section 2.2.5). Samples (25 mm x 170 mm) composed of GFRP/EVA/peel arm were
laminated according to the processing guidelines in table 5.2. In order to reproduce the
temperature-pressure-time (T-p-t) profile measured during the fabrication of a full module, we
kept the same structure represented in figure 5.1, removing the interface GFRP/EVA we wanted
to study after lamination. A teflon releasing sheet was inserted into the interface between
the EVA and GFRP, functioning as the initiator for the subsequent peeling test. Samples were
measured in ambient environment after the encapsulation process without any intentional
accelerated aging. For each condition tested, four coupons were evaluated.

Temperature-pressure-time (T-p-t) measurements

During the lamination process, in order to monitor the real process temperature experienced
by the encapsulant layers at different positions in the sandwich stack, we manufactured a set
of 10 cm x 10 cm coupons embedding two PT1000 temperature sensors. The temperature
sensors were placed at the interfaces between the skin and core on each side of the sandwich
stack, as shown in figure 5.1. In all coupons, one sensor was in contact with the front skin
(i.e. closer to the laminator’s heating plate, P;), and another was in contact with the back skin
(farther from the heating plate, P,). The sensors were connected in a four-wire configuration
to an acquisition unit and the temperature was recorded every 10 seconds. Due to the low ther-
mal conductivity of the aramid honeycomb core, a temperature gradient (AT) was expected
between P; and Ps.
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Sandwich Skin
adhesive
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Aluminum loading plate

Solar cell Encapsulant Frontsheet

Figure 5.1 — Schematic of a lightweight PV module structure. Py and P, represent the position
of the PT1000 sensors used to record the temperature profiles during the lamination process.

Identification of failure modes

In order to gain insights into the quality of the materials and the processing conditions and to
anticipate failure modes that might happen when a module is aged under different thermal
aging tests, we produced coupons of 40 cm x 20 cm (the same stack materials presented in
figure 5.1). For this study we used always the same frontsheet composed of ETFE, and solar
cells were embedded in two layers of EVA encapsulant. Based on the sandwich adhesive used,
the ideal processing condition was selected from table 5.2. After lamination, we introduced
the samples into a chamber under cyclic temperatures (-40°C to 85°C, more test details can
be found in [66] under the Thermal Cycling Test section). The test was performed until visual
changes were observed.

5.2.3 Adhesive characterization
Differential scanning calorimetry (DSC)

DSC, in the case of thermosetting polymers as EVA, was used to evaluate the degree of cross-
linking of the layers at positions P; and P,. The measurements were performed as described
in section 2.2.1 and the degree of cross-linking calculated according to equation 2.1. Samples
of 10 cm x 10 cm size were manufactured according to structure presented in figure 5.1. A
25-um-thick ETFE layer was used to protect the encapsulant at position P; and P, to allow
for an easier removal from this layer after encapsulation. After the manufacturing process,
1-mm-thick circular discs were cut from the laminated EVA layer and used for analysis.

Contact angle measurement

This test was performed as described in section 2.2.9 using three sandwich adhesives (epoxy;,
EVA and polyolefin) and three substrates (GFRP, aramid and aluminum). The contact angle of
the EVA and polyolefin polymers were measured after heating the sample to 160°C (maximum
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temperature observed during lamination). We obtained a picture of the drop (figure 2.9a) and
this image was processed 10 times by the Image]J drop analysis plugin to evaluate the level of
precision on the analysis of a single drop.

5.3 Results and discussion
5.3.1 Quality of the EVA-based sandwich structure

Bending stiffness and peel strength

We first substitute EVA foil for the epoxy adhesive in the composite sandwich structure (ref-
erence condition) due to its long durability, its excellent adhesive bonding with glass and
backsheets, its cross-linkable properties which do not allow EVA to flow easily under high
temperatures (once cured), its low cost, and its status as the most-used encapsulant in the PV
industry. For these reasons, we started our study with an aramid honeycomb core and an EVA
adhesive using a single lamination process to bond the different layers of the backsheet.

Figure 5.2a shows the four-point bending load-displacement curves for sandwiches prepared
with epoxy (reference sandwich sample) and EVA. The bending stiffness of the epoxy-based ref-
erence sandwich is 15.5 N-m?, exhibiting shear crimping as a failure mode after the four-point
bending test. This failure suggests that there is a good stress transfer from the skins to the core
(see section 4.5.1 for a review of the main failure modes of composite structures). Moreover,
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(a) Four-point bending test (b) 90° peel test

Figure 5.2 — (a) Load-displacement curve from four-point bending tests of sandwiches made
with epoxy adhesive and EVA single lamination and (b) peel strength of the interface EVA/skin
in position P; and P».
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this value is close to the bending stiffness calculated by conventional beam theory predic-
tions (17.6 N-m?). The bending stiffness for the sandwich glued with EVA is about 8.5 N-m?,
much lower than the value obtained with epoxy. Additionally, we observe a different failure
mode with skin debonding. This failure mode occurs when the interfacial adhesion between a
sandwich’s adhesive and skins is low. Moreover, the skin delamination always affects the inter-
face that is more distant from the heating plate during the lamination process (position P,),
regardless of whether the interface is loaded in tension or compression mode.

Figure 5.2b shows the results obtained during peeling tests between the EVA adhesive and
the skin. Peel strengths of 30.9 N/cm and 1.2 N/cm were obtained in positions P; and Py,
respectively. The very low adhesion at P, explains the delamination of the back skin during
the four-point bending test. However, this low peel strength is not a sufficient explanation for
the measured low bending stiffness. This may be attributed to the low mechanical properties
of EVA due to its weak intrinsic Young’s modulus (as compared to epoxy) or to inappropriate
lamination guidelines leading to partial EVA cross-linking.

To evaluate the material selection, we introduce the composite sandwich structure made
with EVA adhesive and aramid core to cyclic temperatures (-40°C to 85°C, as described in
the thermal cycling test in IEC 61215). The epoxy-based module did not show any visual
change; however, the EVA-based module started to show bending towards the cell side after
only 10 days. Due to the high CTE of the frontsheet materials (ETFE/EVA), significant internal
stress built up when the sample was stressed with thermal cycles. As seen from the four-point

(b) EVA

Figure 5.3 — Visual inspection of composite sandwich structures produced with (a) epoxy and
(b) EVA after subjecting the samples to thermal cycles (50 days in a chamber with cycles in
temperature from -40°C to 85°C).
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bending test, the EVA/aramid-based sandwich was not stiff enough to resist the thermal stress
built during the thermal cycling on the module frontsheet, resulting in a visible deformation
of the module and, consequently, delamination (see figure 5.3). These deformations do not
induce cell damages, but they should be avoided to ensure long-term performance of the
devices. Further, according to IEC 61215, the visual appearance of the module should be
unchanged after each stress test. These results confirm that the sandwich backsheet structure
processed with EVA has poor mechanical properties and low mechanical stability. To inves-
tigate delaminations occurring on the back skin, we monitored the lamination temperature
profile of our adhesive on the two sides of the core during a standard lamination process.

Cross-linking degree of EVA interlayers

Figure 5.4 shows the temperature profiles of the EVA layers recorded during a standard lami-
nation process for both a glass-glass configuration and the lightweight design configuration.
As expected, the T-p-t profiles are different in positions P; and P,. During the preheating
stage, the temperature at P, increases faster than the temperature at Py, due to the fact that
the laminator’s silicone membrane that is used to apply pressure is not yet under vacuum
and is in contact with the top of the sample. During the curing stage (i.e. once the pressure
is applied), a considerable difference in temperature between P; and P, is observed. The
front skin (close to the heating plate, P;) reaches 153°C at the end of the curing process, a
temperature even higher than the glass-glass reference sample. In contrast, at the end of the
process, the back skin (P,) reaches a temperature of only 106°C. This temperature is higher
than the melting point of the EVA, but lower than the temperature needed to activate the
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Figure 5.4 — T-p-t profiles, as measured during a standard lamination process by introducing
PT1000 sensors on both sandwich skins. A reference profile for a sensor laminated in a
glass-glass (2 x 3.2 mm) module architecture is also plotted.
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peroxide decomposition, responsible for the reticulation of EVA (between 110 and 130°C).
Figure 5.5a shows the DSC evaluation of the cross-linking degree for layers processed in a
single lamination run. We recognize from the DSC thermograms that the cross-linking degree
at P and P, are only 76% and 1%, respectively, meaning that in both adhesive layers the EVA
has a cross-linking degree below the 80% threshold usually reported as a standard value. These
results explain the lower bending stiffness exhibited by the sandwiches processed with EVA as
the gluing material, when compared to reference process with epoxy.

5.3.2 Improving quality of the composite sandwich structure

In the previous sections we showed that the EVA layer localized in P, (i.e. the skin farther from
the heating plate) is processed at very low temperatures (106°C), and consequently the EVA
is not well cross-linked, it is not stiff enough to provide good stress transfer between skins
and core, and the adhesion between the top EVA and skin is very low. In order to improve the
sandwich quality, we explored three main possibilities:

* Change the processing conditions
Double lamination will ensure that both EVA layers will present similar properties on
top and bottom and that the cross-linking degree will approach the 80% value.

e Choose a different encapsulant
A better sandwich glue more compatible to a single lamination process, stiffer than
EVA, which does not show problems during curing. Polyolefins and ionomers are good
candidates.

* Change the sandwich core
Choosing a material with a higher thermal conductivity will enhance the process condi-
tions seen by the EVA layer at position P». Aluminum honeycomb is a good candidate.

A. Double lamination process

To increase the cross-linking degree of the EVA in position P,, we performed a double-step
process. The first lamination step was performed with cells (and the frontsheet) close to
the heating plate; the second one after flipping the module by 180°, ensuring that the two
polymer layers used to glue the skins to the core to experience — as much as possible —
identical process conditions. The goal of this double lamination process is to evaluate the
full potential of EVA by trying to reach a uniformly and satisfactory (= 80%) degree of cross-
linking on both adhesive layers. DSC scans performed on double-laminated EVA layers
confirm that both layers in the sandwich are well cross-linked after double lamination (see
figure 5.5a). The initial low cross-linking degree of EVA increases to 87% and 96% at P and P»,
respectively. This increase in cross-linking leads to an increase in adhesion between the skin
and adhesive as figure 5.5b clearly indicates. Indeed, the failure mode observed with a double
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Figure 5.5 — (a) DSC scans for EVA laminated at position P; and P, and in single and double
lamination processes. As a reference, the DSC profile of an uncured EVA is also plotted. (b) The
peel strength of the EVA/skin interface in position P; and P.

lamination process is shifted from skin debonding to shear crimping of the core, indicating a
clear improvement of the sandwich stability.

However, even if the stiffness of the sandwich obtained in a double lamination process
(9.9 N-m?) improves by 16% when compared to sandwiches processed in a single lamina-
tion step, this value is still lower than that of the epoxy reference sample (15.5 N-m?). To
evaluate whether this gain in bending stiffness is sufficient to pass the thermal aging tests
without mechanical deformations, we manufactured samples using EVA and a double lamina-
tion process (frontsheet made of ETFE/EVA) and subjected them to temperature cycles (for
50 days). From the visual inspection, we identify a tendency of the front skin to bend slightly
toward the frontsheet, though less pronounced, even if no complete skin delamination occurs
(figure 5.6). A bending of 2 mm is measured at the center of the structure (over a length of
40 cm). This bending occurs due to polymer softening since a very small percentage of EVA is
not cross-linked and can still flow, happening now at position P; (local where cross-linking
degree is lower). The sandwich stiffness is now limited by the intrinsic low elastic properties of
the EVA adhesive layers. Moreover, in view of simplifying the manufacturing process, we aim
at avoiding the need for a double manufacturing step. For this reason, replacing EVA with an
encapsulant material exhibiting a higher intrinsic stiffness and showing less sensitivity to the
processing conditions will help to reduce the manufacturing time.
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Figure 5.6 — Visual inspection of composite sandwich structure laminated with EVA adhesive in
a double lamination process. A bending of 2 mm is measured at the center of the 40-cm-long
module.

B. Alternative adhesive for sandwich structure: thermoplastics

Thermoplastics are good candidates to replace EVA as sandwich adhesive thanks to their higher
Young’s modulus and thermoplastic behavior, eliminating the need for cross-linking. For this
study, we selected two thermoplastics: ionomer and polyolefin. These two polymers are used
to fabricate new sandwich structures using both single and double lamination processes.

In four-point bending tests, the bending stiffness of the sandwiches manufactured in a single
lamination process using ionomer, increases to 11.6 N-m? (figure 5.7). However, we still
observe skin debonding as failure mode of the backsheet. The adhesive layer farther from the
heating plate (P,) does not reach the temperature required to achieve a high wettability, thus
we obtain a poor adhesion between the core and adhesive and between the skin and adhesive.
This is confirmed by the peel strength measured on both surfaces: 44.8 N/cm and 7.13 N/cm
at position P; and Py, respectively. For the polyolefin adhesive, the single lamination process
is to short to produce a composite sandwich structure, mainly due to the high melting point of
the adhesive. After the single lamination process, the top skin (position P,) could be easily
peeled by hand.

By applying a double lamination process, however, the mechanical properties of the backsheet
sandwich improve considerably. The samples using an ionomer adhesive, show a change in
failure mode from skin debonding to shear crimping and a remarkable increase in bending
stiffness of up to 14.2 N-m?, approaching the stiffness of the epoxy reference (15.5 N-m?). For
the sandwich made with polyolefin, we increased the processing time (see table 5.2) to ensure
that the adhesive could reach a minimum viscosity, enough to allow for a good weatabillity
between the skin and core. The composite sandwich structures using polyolefin and processed
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Figure 5.7 — Bending stiffness and yield load for composite sandwich structures glued with
different PV polymer foils in a single (s) and double (d) lamination process. The polyolefin-
based sandwich laminated in a single lamination process does not show any adhesion between
the encapsulant and skin localized at position P,.

with double lamination process also show a high bending stiffness (13.6 N-m?) approaching
our epoxy reference value.

The disadvantage of using thermoplastic adhesive with an aramid honeycomb core is that,
due to the high melting temperature of the thermoplastic polymers (between 80 and 110°C),
the full PV module production still requires a double lamination process to bond the adhesive
sufficiently well to both core/skin interfaces. The relatively high thickness of the aramid core
(= 6 mm) introduces a considerable temperature gradient between the two skins during the
lamination process, which negatively affects the adhesive properties of the interface farther
from the heating plate. The double lamination process would take 22-52 min with these
thermoplastic foils, which is long (especially with polyolefin-based sandwiches), and it is not
convenient to flip the module, in view of an industrial application of the product.

C. High thermal-conductive core: aluminum core

In order to reduce the manufacturing process time of our lightweight PV module, a new
core material is needed to replace the aramid core. We considered three main requirements
during the selection of a new material: the thermal conductivity, the availability on the market,
and the cost. Besides its higher density (77 kg/m3) when compared to aramid (48 kg/m3),
the aluminum honeycomb seems very promising: its thermal conductivity is 100% higher
(3.9 W/m-C) [146], and it is 50% cheaper than the aramid honeycomb (details about cost can

70



5.3. Results and discussion

100 T T 'i ﬁ_ _ __| _ E
g 80 - + -
- }
S 60 B 0160+ B 11
= ! = [130°C AN ] ]
& I 5 120F ]
o | = _
5 40 é % P,
Gy | 5 80 '
2 ' &
o 20} | P,| 4
ED } S 40 . . 2
A ¥ 0 Tz}oo . ?oo 1

me, t[s
0 i ' | ' | ' | '
0 500 1000 1500 2000

Time above 130°C, ¢ [s]

Figure 5.8 — Degree of EVA cross-linking as function of the time the adhesive stays above 130°C
(temperature at which peroxide consumption starts). This time is taken from the temperature
profiles recorded during the lamination process.

be found in section 2.1).

Previously we showed that, even fully cured, the mechanical properties of the EVA-based
sandwich structure are not sufficient to prevent deformation under thermal stress. However,
we decided to keep this adhesive to study the influence of the aluminum core because (i) its
cross-linkable properties are preferred to avoid flowing at high temperatures, and (ii) the
aluminum core’s mechanical properties are higher than those of the aramid core, so this
extra rigidity in the core might be enough for the EVA-based sandwich to increase stiffness
and reduce bending/twisting during thermal cycles tests. In order to correctly select the
manufacturing process for the EVA adhesive, we performed a study where the cross-linking
degree is related with the time that the adhesive spends above 130°C (highest temperature
required for the peroxide activation). Figure 5.8 shows that, by targeting a minimum of 80%
degree cross-linking, the adhesive must stay above 130°C for a minimum of 400 s (similar to
the time needed in a glass-backsheet module lamination). These processing guidelines are
also used to manufacture the sandwich structures made of thermoplastic materials.

Figure 5.9 shows the bending stiffness of the composite sandwich composed of an epoxy
adhesive and an aramid core (reference condition), and the different PV adhesive foils with an
aluminum honeycomb core. The EVA-based sandwich structure shows a bending stiffness
of 10.4 N-m?, much lower than the bending stiffness of epoxy (15.5 N-m?). These results
show that, even if the use of an aluminum core considerably improves the lamination time,
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Figure 5.9 — Bending stiffness and yield load of (i) epoxy/aramid-, (ii) EVA/aluminum,
(iii) ionomer/aluminum-, and (iv) polyolefin/aluminum-based sandwich structure. Sam-
ple (i), (ii), and (iii) are manufacture in a single lamination process.

the intrinsic properties of EVA do not allow the sandwich backsheet stiffness to be as high
as the value measured for our reference. As observed by visual inspection of the sandwich
manufactured with an aramid honeycomb core (see figure 5.6), this low bending stiffness will
not be enough to resist the thermo-mechanical stress induced by the frontsheet dilatation and
shrinkage during temperature cycles. On the other hand, sandwich structures manufactured
with ionomer or polyolefin show the same (or even higher) bending stiffness as our epoxy
reference: the bending stiffness measured on the aluminum core is 15-40% higher than the
values obtained with the aramid core in a single lamination process. This is due to the fact that
the aluminum core has a better resistance in shear than the aramid core (details in section 2.1).
These two promising solutions (ionomer- and polyolefin-based sandwich structures) will be
further considered to understand their thermo-mechanical behavior under different aging
tests.

Looking at the lamination profile for a laminated composite sandwich structure with the two
core types (figure 5.10), we can clearly see the advantages of using a high-thermal-conductivity
core. In the case of a laminated composite sandwich structure with an aramid core, we
measure a maximum AT of 47°C between the two skins of the composite. The presence of an
insulating material (aramid core) hinders the heat transfer from the bottom adhesive (P;) to
the top adhesive (P,). Consequently, a double lamination process is needed to ensure that both
adhesives have similar mechanical properties after processing. In the case of an aluminum
core, the thermal conductivity is high enough so that the adhesives located at P; and P, are
exposed to almost the same lamination temperature. The presence of the aluminum core
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Figure 5.10 — Adhesive temperature measured during lamination process using an aluminum
and aramid core: (1) high temperature at position P, during preheating phase, (2) layer at
position Py has a lower temperature due to heat transfer through the core towards the layer at
P, and (3) higher temperature at layer P,.

provides three benefits: (1) a more efficient heat transfer from the top layer to the bottom layer
during the preheating phase, (2) the layer in P; has a lower temperature due to heat transfer
through the core towards the layer at tPy, and (3) better heat transfer through the core material
enables the back layer to reach a higher temperature.

5.3.3 Contact angle measurement

During the design of composite sandwich using honeycomb cores, it is important to analyze
the contact angle in between adhesive and skin and the adhesive and core, to evaluate whether
the adhesive flows and attaches well to the substrate. The adhesive strength of a macroscopic
interface depends mainly on:

e The chemical compatibility between the adhesive and substrate. Low contact angles
are obtained when chemical compatibility is high.

* The meniscus surface area. A large adhesive fillet between the honeycomb core cell
walls and skins will lead to high adhesion. Different studies demonstrate the importance
of meniscus formation showing that a bigger adhesive fillet absorbs more energy during
delamination [178], large and regular-shape adhesive fillets lead to higher debonding
energies [179], and the size and the quality of the adhesive fillet (e.g. porosity) influence
the debonding energy [180, 181].
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Figure 5.11 — Contact angle measurement between adhesives (epoxy, EVA, polyolefin) and
different sandwich components (skins, aluminum, aramid). Contact angles measured between
the thermoset adhesives and the different substrates are obtained after full polymer curing
and between the polyolefin and the substrates obtained at 160°C.

Even with a good chemical compatibility, with a low contact surface area, the overall adhesion
will be low.

Figures 5.11 and 5.12 show the contact angle and microscopic images of three different
adhesives in contact with both skin and core materials, respectively. Thanks to the high
chemical compatibility of epoxy, this adhesive shows the lowest contact angle (in the range of
30.7-37.7°), providing a good wettability with the different surfaces (GFRP skins, aluminum
and aramid core). In the case of EVA and polyolefin, the adhesives are in a form of foil (at
room temperature) thus, the polymers are first melted to reach similar viscosity to what is
obtained during lamination process. Indeed, the measurement of the contact angle shows
that in all cases its value is << 90° (contact angles are in the range of 30-40° and 40-50° for
EVA and polyolefin, respectively). Despite the fact that the contact angle values measured
for EVA/PO are higher than the those of epoxy reference, the analysis of the meniscus of the
polyolefin shows a good surface contact with aluminum and aramid core. The microscope
images show that a good adhesive meniscus was created with the polyolefin (similarly to what
is obtained with epoxy adhesives) but not with the EVA. These two measurements together
show that, thanks to the reduced contact angle and large contact surface area, polyolefin is
well distributed inside the honeycomb core and it has a good chemical compatibility. These
results suggest that the processing conditions used for polyolefin are good enough to provide
good adhesion strength.
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Polyolefin

Figure 5.12 — Microscopic images of the adhesive meniscus in different composite sandwich
structures. The red outlines represent the meniscus surface area for each sandwich type.

5.4 Conclusions

Epoxy liquid materials are the preferred adhesive to produce composite sandwich structures
thanks to their reduced cost and easy handling. However, vacuum bag techniques are not
compatible with PV module production. In this chapter we studied the use of alternative
sandwich adhesives to enable manufacturing of a lightweight PV module using standard PV
lamination process. With this in mind, we evaluated the following possibilities to substitute
for the standard epoxy adhesive:

1. Using ethylene-vinyl acetate (EVA) foil as the adhesive

Single lamination process — The EVA-based sandwich processed in a single lamination
PV process exhibited low bending stiffness (8.4 N-m?) and showed skin delamination
during the bending test or when the sandwich was subjected to temperature stress (e.g.
thermal cycling). DSC scans and temperature profiles acquired during the lamination
process showed that the skin delamination, the low mechanical properties and the poor
adhesion between the adhesive and skin were due to the low degree of cross-linking of
the EVA layer positioned farther from the heating plate (P,).

Double lamination process — The EVA-based sandwich processed in a double lamination
PV process enables heating at similar temperatures both backsheet’s skins. With this
process we were able to fully cross-link all EVA layers present in our lightweight PV
module. The sandwich stiffness hence increased to 11.1 N-m2. However, after cyclic
temperature tests, the sandwich still tended to bend towards the frontsheet, due to the
low stiffness of the composite sandwich structure.

2. Using thermoplastic (ionomer and polyolefin) foils as the adhesive
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Single lamination process — The ionomer-based sandwich reached a bending stiffness
of 11.6 N-m?. However, we still found that skin delamination occured under load. In
the case of the polyolefin-based sandwich, no adhesion was observed between the skin
and adhesive at position P,. These behaviors were due mainly to the higher melting
temperature and higher viscosity of thermoplastic polymers when compared with EVA,
making them difficult to laminate in a single lamination process when a non-conductive
core is used.

Double lamination process — By performing a double lamination, we increased the
bending stiffness to 14.2 N-m? and 13.6 N-m? for ionomer and polyolefin, respectively,
approaching the bending stiffness measured for the epoxy reference. From the mechan-
ical properties measured, these materials and manufacturing process hold promise for
the production of a glass-free lightweight PV module.

. Using thermoplastic (ionomer and polyolefin) foils with a high-thermal-conductivity

core

Single lamination process — Combining the higher stiffness of the thermoplastic adhe-
sives with a high-thermal-conductivity core (aluminum honeycomb core) we improved
the heat transfer from one skin to the other, and reduced the manufacturing time. This
material combination allowed for the production of a sandwich structure with a bending
stiffness of 15.5 N-m? and 16.4 N-m? for the polyolefin- and ionomer-based sandwich,
respectively.

From this study, we selected two promising structures: the structure made of EVA / ionomer /
polyolefin) and an aramid honeycomb core manufacture in a double lamination process and

the structure made of EVA / ionomer / polyolefin and an aluminum honeycomb core manufac-

ture in a single lamination process. We decided to keep EVA because is the widely used polymer

within PV industry. We selected these two structures to evaluate the thermo-mechanical sta-

bility of glass-free lightweight PV modules, presented in the next chapters.
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Summary

This chapter discusses the reliability of the composite sandwich structures under accelerated-
aging tests and at high temperatures. We demonstrate that EVA- and ionomer-based sandwich
structures show a low bending stiffness at high temperatures due to their low storage modulus
at 80°C, which limits their sandwich mechanical stability. We also show that the ideal compos-
ite sandwich — to improve mechanical stability — is a polyolefin-based sandwich structure
with an aluminum core thanks to the high storage modulus of polyolefin adhesive at elevated
temperatures and the simple manufacturing process provided by the better heat distribution
when a heat-conductive core is used. The latter structure is used to manufacture two-cell
modules that are aged using industry standard qualification testing (IEC 61215), by applying
different climatic, mechanical and electrical stress, in order to investigate their durability
properties. The optimized solution is scaled up to a sixteen-cell module which successfully
passes a pre-qualification test sequence (Sequence C, Sequence D and Sequence E of the
IEC61215).

The results presented in this chapter are part of a publication entitled "Thermo-mechanical
stability of lightweight glass-free photovoltaic modules based on a composite substrate” (see
ref. [88]).

6.1 Introduction

PV modules are subjected to high-stress conditions when installed outdoors: external me-
chanical loads (wind/snow), humidity, UV, hail and temperature cycles. In addition to these
challenges, BIPV elements can be exposed to relatively high module operating temperatures

77



Chapter 6. Environmental reliability of lightweight PV modules

(OT) [182]. The module OT depends on different factors, among which the mounting configu-
ration, incident sunlight and module packaging are the most important ones [72,183-185].
Usually, BIPV modules are fully integrated into the building envelope with no ventilation from
the rear side and can reach operating temperatures as high as 86°C on a sunny summer-day
in Europe. In contrast, a ventilated, rack-mounted module in the same location on the same
day would have an operating temperature 20°C cooler, as reported in [72] (see Table 6.1).
Moreover, according to the guideline ETAG 002 [186], 80°C can be considered a temperature
limit for practical purposes in civil engineering. Such high operating temperatures are known
to accelerate the degradation rates of PV modules [68,86,118,185,187] and, consequently, may
pose a threat to the long-term stability and performance of BIPV devices.

Table 6.1 — Maximum operating temperatures for a glass-backsheet module on a sunny, cloud-
less day in three different configurations: open rack fixation, building-added PV (BAPV) and
building-integrated PV (BIPV).

Mounting configuration OT on a sunny, cloudless day [°C]

Open-rack 64
BAPV 72
BIPV 86

The composite sandwich structures presented in the previous chapters are the key component
of a glass-free lightweight PV module: they must provide electrical insulation, rigidity and
mechanical stability over more than 25 years in an outdoor environment. In order to assess
their long-term stability, it is very important to quantify their mechanical properties under
real operating conditions (close to the real module OT) and after accelerated-aging tests.
Having identified the ideal composite sandwich backsheet, we manufactured a two-cell PV
module and we investigate its thermo-mechanical stability by performing different aging
tests, such as thermal cycling, damp heat, humidity freeze, hail test, mechanical load test and
potential-induced degradation [66, 80].

Potential-induced degradation

Potential-induced degradation (PID) is a critical degradation mode for c-Si-based solar mod-
ules that has received attention in recent years as it can reduce the power output in a rapid
and severe way [188]. PID occurs due to the migration of sodium (Na*) ions from the glass, or
other elements of the module, towards the semiconductor material, when the modules or cells
are exposed to a negative voltage compared to ground. PID depends on the module and cell
technology, encapsulant resistivity and system design [86,189-191]. At the moment, this test
is not present in the IEC 61215; however, in our glass-free lightweight PV module, the presence
of an aluminum core can pose an additional threat. If the core is not properly insulated, it
may contribute to an increase of the potential difference within the module materials and,
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consequently, to a stronger electric field that might promote migration of ions between the
semiconductor material and other elements of the module. To understand the stability of
this new design with regard to this degradation mode, we submitted the lightweight modules
to a PID test (IEC 62804) and compared the results with a standard glass-backsheet module
produced with the same type of solar cells, encapsulant foil and interconnections.

6.2 Experimental procedure

6.2.1 Material characterization methods
Sandwich adhesive characterization

Three sandwich adhesives were studied and compared to the reference condition processed
with epoxy adhesive: ethylene-vinyl acetate (EVA), ionomer, and polyolefin. These polymers
were laminated in the standard lamination process and characterized by differential scanning
calorimetry (DSC) and rheology, as described in sections 2.2.1 and 2.2.2, respectively. DSC
allows us to derive the glass transition temperature (T,) and melting temperature (Ty,) [192,
193]. The rheology measurements are performed to obtain the storage modulus in shear (G’)
and dynamic viscosity (1’).

Skins mechanical characterization

The skins of the composite sandwich were fabricated using UD E-glass fiber in a [0/90];
configuration (more details can be found in section 2.1). We used a tensile test to assess their
Young’s Modulus (E) and Ultimate Tensile Strength (oy7s), as presented in section 2.2.6. Tests
were performed at room temperature, at 80°C and on aged samples (after damp heat and
thermal cycling). The tests were performed on specimens on 250 mm in length, 25 mm in
width and 0.7-0.8 mm in thickness. The tensile test specimens were prepared by bonding
four aluminum tabs to the specimens’ edges, resulting in an available area of 160 mm? for
testing (see figure 2.7). Dynamic mechanical analysis (DMA) was performed on a set of three
different specimens 45 mm x 10 mm x 0.7 mm after manufacturing and after being aged.
The test was performed according to section 2.2.3 and was used to obtain the temperature-
dependent viscoelastic properties of the skins, i.e. storage (E’) and loss (E”) modulus, and
the glass transition temperatures for the cured skins. The T of the skins is identified as the
DMA onset value on the storage modulus curve (Tg onser), used as reference in guidelines for
structural FRP design [102]. The E’ obtained by DMA can be correlated to the G’ obtained by
rheology, using equation 6.1, where v represents the Poisson’s ratio:

E'=21+v)-G (6.1)
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Sandwich mechanical characterization

The composite sandwich structures were manufactured using the different adhesives previ-
ously presented (EVA, ionomer, polyolefin and the reference epoxy), the skins and two cores: a
low-thermal-conductivity core (aramid honeycomb) and a high-thermal-conductivity core
(aluminum honeycomb). The manufacturing process depends on the respective choices of
sandwich adhesive and core, as already stressed in the previous chapter. Based on the results
presented in Chapter 5, we selected a double lamination process for the aramid core and a
single process for the aluminum core. Details about the processing can be found in table 5.2.
The bending stiffness and the yield load of the composite sandwich structures were measured
using four-point bending tests, as described in section 2.2.7. The mechanical properties of the
composite sandwich structures aged in thermal cycling and damp heat were measured 24 h
after removal from the aging test. Four-point bending tests were also performed at 80°C using
a climatic chamber directly on the tensile testing equipment with a temperature resolution of
+0.1°C. Tests were performed using a 50 kN load cell. Specimens were kept at constant test
temperature for at least 30 min before the test started. The goal of this test is to assess the
bending stiffness at an operating temperature that a BIPV module might reach.

6.2.2 Module manufacturing, aging and characterization

Based on the most promising backsheet structures (polyolefin/aluminum-based backsheet),
two-cell modules (20 cm x 40 cm) were manufactured. The module’s frontsheet is com-
posed of conventional c-Si solar cells (aluminum-back surface field, Al-BSE or passivated
emitter rear cell, PERC) with three or five busbars encapsulated in EVA and covered by an
ethylene tetrafluoro-ethylene layer (ETFE from Saint Gobain). The full module stack is shown
in figure 6.1. A glass-backsheet module was also produced as a reference: it consists on a
3-mm-thick solar-grade soda-lime glass at the front and a 0.36-mm-thick polyethylene tereph-
thalate (PET) backsheet from Dunmore (PPE"). The solar cells and the protective encapsulant
are the same in both cases. Lightweight modules were manufactured according to table 5.2
and the glass-backsheet modules were manufactured with a standard lamination process as
represented in figure 1.6. After manufacturing, the modules were subjected to aging tests
described in IEC 61215-2:2016: thermal cycling, damp heat, humidity freeze and the potential-

Solar
EVA cells ETFE

/ YA >

Skins Core Sandwich adhesive

Figure 6.1 — Schematic of the layers of the glass-free lightweight PV module.
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induced degradation present in IEC 62804 , which are described in table 1.2 and in section 2.4.
Electrical characterization of the modules was performed at standard test conditions (STC)
by means of current-voltage (I-V) measurement and electroluminescence (EL) imaging to
visualize damages affecting the module power as described in section 2.3.1 and 2.3.2. More-
over, a careful visual inspection was performed to identify visual changes (such as yellowing,
delamination or bending).

We selected the most promising lightweight design configuration and scaled it up to a sixteen-
cell module as represented in figure 6.2 (81 cm x 81 cm). The same manufacturing guidelines
were used. To provide a pre-qualification to our new design, we followed different test se-
quences required in [66]: Sequence C, Sequence D and Sequence E (see figure 1.10 for detailed
explanation about the test sequence).

Figure 6.2 — Sixteen-cell glass-free lightweight module developed to study stability under
accelerated-aging tests (thermal cycling, damp heat, mechanical load test).

6.3 Results and analysis

6.3.1 Stability of the individual composite sandwich components

To evaluate the stability of the composite sandwich structure we assess the behavior of each
sandwich component individually by establishing the stiffness of the different sandwich
adhesives at different temperatures, and evaluating the mechanical stability of the skins after
each accelerated-aging or high-temperature test.

A. Sandwich adhesive

Table 6.2 and figure 6.3 show the results obtained by DSC and rheology measurements. These
results demonstrate that the ionomer and EVA have a low melting temperature of 84°C and
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Table 6.2 — Summary of thermo-mechanical properties measured for all types of adhesives
used to produce the composite sandwich structure.

Adhesive Tg[°C] T, [°C] G’at30°C[MPa] G’at80°C [MPa]

EVA -28 70 0.31 0.14
Ionomer 50 84 12.98 0.75
Polyolefin - 110 18.77 2.97
Epoxy 53 - 1242 1.72

70°C, respectively. The fact that EVA is cross-linked causes the polymer not to melt completely
(only the amorphous fraction of the non-reticulated volume can still melt). However, EVA
shows the lowest G’ of all polymers at 80°C, with only 140 kPa. The G’ of the ionomer de-
creases constantly as the temperature rises; it can melt and solidify above or below T},,. The
ionomers contain ionic segments attached to the bulk polymer-forming clusters that act as
reversible cross-links [194, 195]. The high chemical reactivity of these ionic groups increases
the number of bonds between the polymeric chains, which increases the material stiffness
and strength [196]. However, the ionic bonds lose their attraction in the presence of heat,
showing a lower resistance to loads. At 80°C, a G’ of 746 kPa is measured for the ionomer,
which is only = 6% of its value measured at room temperature. Regarding the polyolefin, the
rheology measurements show that this adhesive has a good resistance to high temperatures
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Figure 6.3 - Thermo-mechanical properties of all adhesives. Results for the EVA, the ionomer
and the polyolefin are obtained by rheology after lamination and results for the epoxy are cal-
culated from DMA data using equation 6.1. Round symbols represent the melting temperature
measured by DSC.
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with a melting point of around 110°C. We measured a storage modulus of about 2.97 MPa at
80°C, much higher than the value measured with the ionomer. Finally, epoxy is the adhesive
that shows the highest storage modulus. However, we observe that in the range of 75-100°C,
its storage modulus decreases, being even lower than the value measured for the polyolefin
adhesive. At temperatures above 100°C, the epoxy can further cross-link, which leads to an
increase of G'.

B. Skins

We measured the mechanical and thermal properties of the skins after manufacturing, thermal
cycling, damp heat and at 80°C. Table 6.3 shows that Young’s modulus of the skins does not
change with thermal cycling or damp heat tests. The increase in temperature to 80°C induces a
decrease of E by 40%, which can considerably affect the thermo-mechanical properties of the
sandwich structure. As measured using DMA, the Ty of the skins is 80°C after manufacturing.
After thermal cycling and damp heat, we measured a T of 83°C and 78°C, respectively. These
results show that the aging tests do not degrade the initial thermal properties of the skins. In
fact, Tg slightly increases due to further post curing.

Table 6.3 — Young’s modulus, ultimate tensile strength and glass transition temperature of the
skins obtained before and after aging and at high temperature.

Test Ef[GPa] oyrs [MPa] Tg[°C]

Initial 19.1 239 80
TC 18.6 230 83
DH 18.4 220 78

80°C 11.5 156 -

6.3.2 Mechanical stability of composite sandwich structures

Figure 6.4 and 6.5 summarizes the bending stiffness of all composite backsheets studied
before and after aging and at 80°C. The reference epoxy/aramid-based sandwich reference
shows a high bending stiffness (15.5 N-m?) and is therefore taken as the target to match.
Moreover, its bending stiffness does not change after thermal cycling and damp heat. At 80°C
however, the bending stiffness decreases by 55%, which is linked to the decrease in mechanical
stiffness when exceeding the epoxy glass transition temperature (53°C). EVA is kept as a
benchmark, even though the bending stiffness for EVA-based sandwiches is lower (11.1 N-m?)
than for the samples processed with epoxy, as demonstrated in Chapter 5. We observe that the
bending stiffness of EVA-based sandwiches is slightly reduced (10.3 N-m?) after damp heat, but
decreases by 23% and 87% after thermal cycling and at 80°C, respectively. The ionomer-based
sandwiches show a high bending stiffness at room temperature and after thermal cycling (14.2
N-m? and 13.8 N-m?, respectively), close to the properties obtained with the epoxy-based
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Figure 6.4 — Bending stiffness measured in a four-point bending test for backsheets manu-
factured with: (a) an aramid core and (b) an aluminum core using different adhesives, after
acelerated-aging tests.

sandwiches. After damp heat the ionomer-based sandwich shows a 15% decrease in bending
stiffness, very similar to the epoxy adhesive as well. However, at 80°C, the ionomer-based
sandwich shows a strong decrease of 90%, because the melting temperature of the ionomer is
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Figure 6.5 — Bending stiffness measured in a four-point bending test at room and high temper-
ature for backsheets manufactured with: (a) an aramid core and (b) an aluminum core using
different adhesives.
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close to 80°C (see details in section 6.3.1). The polyolefin-based sandwich shows a bending
stiffness close to the value obtained with the epoxy reference adhesive (13.6 N-m?). These
composite sandwiches show a higher bending stiffness at 80°C than the sandwiches produced
with ionomer. Additionally, the bending stiffness of the polyolefin-based sandwich structures
does not change after thermal cycling or after damp heat.

Similar to what is observed with an aramid core, with an aluminum core we observe a loss of
bending stiffness of 78%, 93% and 57% for the EVA-, ionomer- and polyolefin-based sandwich
structures, respectively. Beside the decrease at high temperatures with EVA and ionomer,
the sandwich produced with a polyolefin adhesive and an aluminum core shows a similar
decrease as observed with the epoxy-reference sandwich.

Ideal composite sandwich backsheet: polyolefin/aluminum-based structure

Figure 6.6 shows the relative variation of the parameters measured at 30°C and 80°C, i.e. the
Young’s modulus of the sandwich skins (Ep and the storage modulus of the polyolefin and
epoxy adhesives (G popyolefin and G'epoxy). We calculate the equivalent Young'’s modulus of full
sandwiches (Egq) from the bending stiffness according to

D = Eeq - Iinertia (6.2)
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Figure 6.6 — Loss in mechanical properties when material is heated up from room temperature
to 80°C considering: the Young’s modulus of the skin and sandwich; the storage modules of
the polyolefin and epoxy obtained from rheology and DMA measurements, respectively.
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where Ijeriq (€Xpressed in m?) is the sandwich inertia momentum. We observe that the Er
decreases by 40% when the temperature increases from room temperature to 80°C. However,
G polyolefin and G'epoxy decrease by 80% and 99%, respectively. Thus the loss in bending stiffness
in the sandwich, when the samples are heated to 80°C, comes mainly from the decrease of
the rigidity of the adhesives. Beside the relative high loss of the sandwich thermo-mechanical
properties, polyolefin shows an equivalent stiffness to the epoxy-reference adhesive. Thus,
polyolefin adhesives combined with a high-thermal-conductivity core are the best sandwich
structure to replace the standard one.

6.3.3 Thermo-mechanical and electrical stability of lightweight PV modules

We selected the polyolefin-based sandwich with an aluminum honeycomb core to produce
our two-cell module. For sake of comparison, we also manufactured glass-backsheet modules
and subjected both configurations to accelerated-aging tests.

Thermal cycling and damp heat

Figure 6.7 shows the loss in electrical performance (i, Ppax, Vor and FF) measured during
and after thermal cycling and damp heat (performed sequentially). We notice that the power
loss measured for the lightweight module is similar to the loss measured for glass-backsheet
modules prepared with exactly the same cells. In the former, we measured a power loss of
-3% and -2% after thermal cycling and damp heat, respectively. EL characterization of the
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Figure 6.7 — Electrical performance loss after a sequence of thermal cycling and damp heat
aging tests for (a) the glass-backsheet modules and (b) the polyolefin/aluminum-based
lightweight module. We indicate the threshold of -5% for the purpose of diagnosis.
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Initial

Figure 6.8 — Electroluminescence imaging of the polyolefin/aluminum-based module after
the accelerated-aging tests (thermal cycling and damp heat) presented in figure 6.7.

polyolefin/Al-based modules shows no signs of damages, cracks or corrosion after aging
tests (figure 6.8). Small darker areas in the EL images are due to an increased contact series
resistance, identified during the electrical tests. For the glass-backsheet configuration, we
measured a power loss of -2% and -3.5% after thermal cycling and damp heat, respectively.
These losses are mainly due to the increase in contact resistance and, consequently, a decrease
in FF. With this configuration, we also observe a slight decrease of Iy, especially after damp
heat. In fact, during damp heat, moisture entered the encapsulant. When we removed the
samples from the damp heat chamber, they appeared hazy due to the production of water
droplets from the supersaturation when the samples are cooled quickly [197]. In the case of
the glass-backsheet configuration, this haze takes more time to disappear compared to an
ETFE frontsheet, which consequently has an effect on the I measured.

Potential-induced degradation

Figure 6.9 shows the I-V curves after the PID test of the lightweight PV module and a standard
glass-backsheet module. The results show that, besides the strong PID effect present on the
standard glass-backsheet module (-49.3% after 192 h), the same solar cells do not show any
PID effect when encapsulated within the lightweight design. A front cover made of soda
lime glass, which contains Na* ions, is known to promote PID, if used in combination with
a low-volume-resistivity encapsulant. During the test, the moisture and high temperature
enhances the alkali metal ions’ migration from the glass towards the cell surface thus causing
a strong degradation [198]. If we remove the glass cover, we remove the primary source of Na*
ions, which cause the degradation, and therefore we can avoid PID. The EL images (figure 6.10)
show that the lightweight PV modules do not show any signs of degradation due to PID.

The excellent mechanical stability evidenced by the absence of visual defects (including
bending and twisting of the sandwiches) and by a negligible degradation in electrical perfor-
mance after the aging tests (thermal cycling, damp heat and potential-induced degradation)
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Figure 6.9 — Current-voltage curve of (a) a lightweight module and (b) a glass-backsheet PV
module after a potential-induced degradation test. The test is performed at 85°C/85°RH/-
1000V.
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Figure 6.10 - Electroluminescence imaging of (a) lightweight and (b) glass-backsheet PV mod-
ules measured after manufacturing and after 96 h and 192 h of potential-induced degradation
test (85°C/85°RH/-1000V).

shows that we are able to manufacture a durable lightweight device by using a high-thermal-
conductivity core and a polyolefin adhesive. With this material selection, the lightweight PV
module will have a final weight of 6 kg/m?, meaning that we have reduced up to 70% of the
weight of currently available BIPV modules.

6.3.4 Pre-qualification of lightweight PV modules

We scaled up our lightweight PV module composed of a polyolefin/aluminum-based sandwich
structure backsheet and an EVA/ETFE frontsheet to a sixteen-cell module. In order to pre-
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qualify our design, we followed three different sequence tests from IEC 61215 [66]. Figure 6.11
shows the electrical losses after Sequence C, Sequence D and Sequence E (details presented in
figure 1.10).

Due to equipment limitations, Sequence C was performed on two-cell modules. From this
sequence we observe a slight decrease in I after the UV preconditioning test, due to a slight
yellowing of the front cover. However, this decrease affects the power output with only a
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Figure 6.11 — Power loss — relative to the initial condition — of lightweight PV modules
subjected to (a) Sequence C, (b) Sequence D, (c) Sequence E with hail test and (d) Sequence E
with static mechanical load test from the qualification standard IEC 61215-2:2016 [66].
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Figure 6.12 — Electroluminescence imaging of lightweight PV modules subjected to 1000 h of
damp heat testing followed by hail test, which correspond to Sequence E from the qualification
standard IEC 61215-2:2016 [66].

small loss (-1.5%). After the preconditioning test, we introduced the same samples to thermal
cycling for 50 cycles and later to humidity freeze. No degradation is observed after the thermal
cycling test. However, after humidity freeze we observe a further decrease of -3%, mainly due
to an increase in R; and consequently a loss in FF.

The modules subjected to Sequence D show a power loss of -2.4% after 200 thermal cycles.
This loss comes mainly from the equivalent loss in FF. No changes are detected from the EL
images or from the visual inspection.

From Sequence E, modules show a power loss of around -1.8% after the damp heat test,
mainly due to the decrease in I;.. Again, this loss comes mainly from the yellowing and hazing
observed on the materials in front of the solar cells (EVA) (see explanation for haze effect in
section 6.3.3). After the damp heat test, we tested two modules under the hail test and other
two in the static mechanical load test. The hail did not increase the power degradation, instead
we see that the power slightly increased: the water droplets created after removal from the
damp heat test will slowly disappear [197]. (It can take several weeks, depending on whether
the configuration is glass/glass or glass/backsheet.) Since the hail test was performed a few
days after the removal from the damp heat chamber, the percentage of moisture inside the
module was already lower, thus increasing the I and consequently the P;,,. However, as can
be seen in the EL images (figure 6.12), in all the spots where the ice ball hit the module we
observe a cracked area (similarly to what we saw with commercial lightweight PV modules).
Regarding the mechanical load test, we measure a reduced power loss (-1%) after the test,
without any visual changes after the test. How to improve mechanical resistance under impact
or uniform loads will be discussed in detail in Chapter 7.

These results show that after each sequence we observed degradation below the -5% pass/fail
criteria present in IEC 61215. Moreover, the wet leakage test performed with our sixteen-cell
modules showed that the insulation of this design under wet operation conditions is satisfac-
tory, showing an insulation resistance higher than the pass/fail criterion of 40 MQ-cm?.
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6.4 Conclusions

This chapter showed that thermoplastic adhesives (ionomers and polyolefins) are suitable to
produce a composite sandwich structure with excellent mechanical properties (stiffness), not
only at room temperature but also after aging tests, such as thermal cycling and damp heat.
However, when the composite sandwiches were mechanically loaded at 80°C, a significant
decrease in sandwich bending stiffness was observed, especially with the ionomer. From
the rheology measurements, we identified a strong reduction of the storage modulus of the
ionomer at high temperatures. This loss had a direct impact on the final sandwich bending
stiffness. In contrast, the polyolefin adhesive showed a high rigidity, not only at room tempera-
ture but also at temperatures above 80°C. Rheology measurements showed that polyolefin has
amelting point of 110°C, which is below the manufacturing process temperature, providing
this polymer a high storage modulus at the module operating temperature. Combining this
adhesive with an aluminum honeycomb core, we obtained a sandwich with a Young’s modulus
of 17.6 GPa. The bending stiffness of the composite sandwich backsheet structures produced
with polyolefin showed no degradation after thermal cycling and Damp heat, and a reduction
similar to what was observed with the epoxy adhesive reference at 80°C.

Further, using this backsheet design (polyolefin and aluminum honeycomb core), we showed
that it is possible to produce a lightweight PV module architecture of only 6 kg/m? that is able
to withstand the most-demanding IEC aging tests. Aging of two-cell modules led to very good
results after thermal cycling and damp heat with, respectively, -3% and -2% losses in electrical
performance (power). In addition, the PID tests showed that even using solar cells prone to
PID in a glass-backsheet modules (close to -50% power loss), the lightweight modules did not
degrade thanks to the substitution of the front cover glass with a thin polymer ETFE foil. We
further demonstrated the scalability of these results by fabricating sixteen-cell modules which
successfully passed Sequence C, Sequence D and Sequence E of the IEC qualification tests.

However, when subjecting the proposed devices to a hail test, we observed cracked solar
cells near the impact spots, as we previously observed with the commercial modules (see
Chapter 3). To further demonstrate the performance of our lightweight module structure,
Chapter 7 examines how the frontsheet can be redesigned to mitigate the impact of hail.
Additionally, a complete study of the mechanical stability is presented as well.
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Summary

This chapter shows that a balance between frontsheet design and backsheet stiffness has to
be found in order to maximize hail resistance and mechanical rigidity while minimizing the
module’s weight. Hail resistance is achieved by correct material selection: (i) the frontsheet
must have a complex modulus between 350 and 450 MPa to ensure that the impact energy
is dissipated locally on the module’s surface, and (ii) the backsheet must have a maximum
equivalent Young’s modulus of 17.4 GPa to allow for global energy dissipation during the
impact. Furthermore, we show that the use of a stiff frontsheet does not reduce the reliability
of the lightweight PV module under a thermal stress test (2000 h in damp heat, 500 cycles in
thermal cycling and 100 cycles in humidity freeze). Using finite element modeling we evaluate
the module’s behavior under a static mechanical load. We conclude that this equivalent
Young’s modulus provides a curvature radius higher than the minimum threshold value solar
cells can sustain without cracking. We scale up this design to a sixteen-cell module, which
shows good stability under static mechanical load tests with no power loss or cracks in the
solar cells.

The results presented in this chapter are part of a publication entitled "Robust glass-free
lightweight photovoltaic modules with improved resistance to mechanical loads and impact”
(see ref [89]).

7.1 Introduction

PV modules are laminates composed of many layers with different mechanical properties.
These layers (usually a glass cover as the front layer) are responsible for protecting the panels
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from a wide variety of forces that might compromise the mechanical stability or integrity
of the module during its service life. In response to mechanical stress, modules may bend
and show cracks in the solar cells, fatigue of interconnections, permanent deformations or
delaminations between components. These forces can occur during handling, shipping or
installation or in the field (rain, wind, snow). The reader is referred to [199-201] for an overview
of mechanical issues affecting the durability and performance of PV modules.

Mechanical stability is one of the challenges in lightweight PV design [202,203]. From one
side, the polymer frontsheet that substitutes for the front glass may not completely protect the
solar cells against the effect of impacts. On the other side, the decrease in module stiffness and
mechanical stability, due to the absence of glass, might make the module unable to survive
heavy mechanical stress. Different studies about the mechanical resistance of standard PV
modules can be found in the literature [201,204-209]. However, little work has been done
on the mechanical resistance of lightweight PV modules. In 1978 [210], for the first time,
it was shown that PV modules without a glass frontsheet could pass the hail test without
visual changes or significant power loss. Nevertheless, at that time, it was not possible to
use electroluminescence (EL), which reveals crack patterns (not visible to the human eye),
and correlate the carcks with power loss. Other authors [201,211] showed the importance of
including the real mounting system and the stiffness of the substrate when performing the
hail test. However, any correlation between the backsheet and frontsheet stiffness was not
yet studied. In other fields, the problem of impacts on the composite sandwich structures
for other applications was already extensively investigated [212-214]. Most of these studies
concern problems in marine or aerospace applications, which require impact testing with high
velocities. In our case, we aim to design composite structures with soft polymeric materials
that can protect a very thin (180 um) and brittle element (i.e. the solar cells).

The goal of the present capter is to investigate the resistance of lightweight PV modules to
mechanical stress, such as impacts and static loads. To do so, different types of frontsheet
and backsheet are selected and their mechanical properties characterized using different test
methods.

7.2 Experimental procedure

7.2.1 Lightweight module design and production

Glass-free lightweight PV modules were manufactured according to the design in figure 6.1.
These modules can be divided into two main parts: a composite sandwich backsheet structure
(in this chapter we use only on the aluminum honeycomb core) and a frontsheet. Three
different sandwich adhesives are studied: epoxy (reference condition), EVA and polyolefin
(PO). The manufacturing process of a lightweight PV module depends on the choice of sand-
wich adhesive, following the guidelines presented in table 5.2. Three types of modules were
produced:
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* Two-cell module (20 cm x 40 cm) - to study the influence of the frontsheet and backsheet
design on resistance to the hail test.

e Twelve-cell module (81 cm x 81 cm) — to evaluate the resistance of the ideal fronstheet
and backsheet at larger sizes under the hail test.

* Sixteen-cell module (81 cm x 81 cm) - to study whether the proposed sandwich is rigid
enough to pass the static mechanical load test.

All fabricated modules were composed of conventional mono-crystalline silicon solar cells
with three or four busbars encapsulated with different encapsulant foils and covered by a
thin tetrafluoroethylene layer (ETFE). For the frontsheet study, different grades of glass scrim
(17/30/100 g/m?) were added to increase frontsheet rigidity. Table 7.1 shows the frontsheet
layups developed for the hail test study. For the static mechanical load test, a standard
frontsheet (ETFE/EVA) is used.

Table 7.1 — Summary of the frontsheet structures developed for the hail test and DMA.

Layer 1 [mm] Layer 2 [mm] Layer 3 [g/ m2] Layer 4 [mm]

Typel ETFE (0.1-0.2) EVA (0.45-2.7) - -
Type2 ETFE (0.1-0.2) I0/PO (0.45-2.7) - -
glass scrim

EVA/I 4
(17/30/100) 10 (0.45)

Type3  ETFE (0.1-0.2) EVA/IO (0.45-2.7)

7.2.2 Frontsheet and backsheet characterization

The bending stiffness (D) of the different composite sandwich structures presented here are
taken from the four-point bending test performed in Chapters 5 and 6. For this study we
selected: (i) EVA-based backsheet (BS;), (ii) polyolefin-based backsheet (BS,) and (iii) epoxy-
based backsheet (BS3). A sample made of glass/EVA/glass was also measured as a control
for the static mechanical load test, and its D was calculated according to [215]. The bending
stiffness measured from the four-point bending test was used to calculate the equivalent
Young's modulus (E,,;) according to equation 6.2. Dynamic mechanical analysis (DMA) was
used to obtain the storage modulus (E’) and the loss modulus (E”), used later to calculate the
complex modulus (E*). DMA is performed according to description given in section 2.2.3. A
set of three different samples for each type were tested according to table 7.1.

7.2.3 PV module testing methods

Hail test

The hail test study was performed on two-cell modules according to section 2.4.6. Two different
studies were performed:
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¢ The influence of the backsheet on the resistance to hail impacts. A constant frontsheet
made of 0.1 mm ETFE and 0.9 mm EVA foil was used and the backsheet was changed to
have different E,;. One sample for which the backsheet was a bare glass (3.2 mm) was
also tested and used as a reference.

* The influence of the frontsheet rigidity on the resistance to hail impacts. A composite
backsheet with an E,; of 13.9 GPa was used and the frontsheet structure was changed
using single or multi-stack layers, as described in table 7.1.

Once the ideal frontsheet and backsheet structures were identified, the optimal combination
was used to upscale the size of the device to a twelve-cell module, in order to validate the
results obtained on two-cell modules. The lightweight module was then hit with hail stones
on seven relevant locations, as indicated in IEC 61215 and represented in figure 7.1. The
relevant locations were a corner of the module, the edge of the module, the edge of the circuit
(individual cells), close to the mounting structure, any two points vulnerable to hail, and a
point farthest from the above-selected points. The quality of the modules was controlled
before and after the test by means of I-V curve performance measurements and EL imaging as
described in sections 2.3.1 and 2.3.2, respectively.

Figure 7.1 — Hail test setup. Red circles indicate the impact locations.

Static mechanical load test

The static mechanical load tests were performed according to procedure given in section 2.4.7.
Three different types of PV modules were manufactured and tested by applying 2400 Pa in
three cycles of pressure and suction: a glass-glass module with E; of 54.3 GPa (reference),
composite backsheets with low (13.9 GPa) and high (17.4 GPa) equivalent Young’s modulus.
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Thermal stress tests

The use of a stiff frontsheet is not the preferred solution for PV developments. A significant
increase in encapsulant stiffness not only increases the probability of delamination, but also
reduces the ability to withstand mismatches in thermal expansion. These problems can
lead to solar cell or interconnection cracking, strongly affecting module performances [216].
In order to evaluate the effect of a stiff frontsheet on module performance, we produced
two-cell modules with two different frontsheets: a high-stiffness frontsheet (ionomer) and a
low-stiffness frontsheet (EVA). A backsheet with an equivalent Young’s modulus of 17.4 GPa
was selected for this study. After the two-cell modules were characterized by EL and I-V
measurements they were introduced to extended aging tests: 2000 h in damp heat, 500 cycles
in thermal cycling and 100 cycles in humidity freeze.

7.2.4 Finite element modeling simulations

Finite Element Modeling (FEM) was used to study the required backsheet stiffness to maximize
the module curvature radius under load. This model aims at providing fast feedback about the
mechanical stability of new composite lightweight designs. We developed a 3D model created
using ComsolMultiphysics which includes:

e Aplate of 81 cmx 81 cm (no frame), fixed in a four-clamp aluminum mount (8 cm long)
installed at each corner (figure 7.2). Between the aluminum clamp and the plate surface
there is a thin ethylene propylene diene monomer (EPDM) rubber used to protect the
modules, which is also considered in our design. The properties of aluminum and
EPDM were obtained from the data-sheet provided by the producer.

* No solar cells or frontsheet are considered in this model (for simplicity). Our goal was to
simulate the behavior of the structure under load. In our case, the rigidity is given only
by the composite sandwich structure.

* All materials are considered isotropic and fully elastic (no visco-elasticity or temperature
dependence is included).

Figure 7.2 — Basic setup, mesh and boundary conditions of loads and support for the study of
composite structure behavior.
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* The model assumes a stress-free state at the beginning of the simulation.

We selected three different types of structure: (i) Plate 1 with a high stiffness (54 GPa), (ii) Plate
2 with an intermediate stiffness (17 GPa), and (iii) Plate 3 with a low stiffness (14 GPa). We
used 24 vacuum cups distributed over the plate surface, exactly in the same position as in the
static mechanical load test. Table 7.2 shows the material properties used in the model. The
simulation was run with a load step of 100 N over the load interval of interest (+2400 Pa). The
output of the simulation is the module deflection over the width of the PV module.

Table 7.2 — Material properties used for modeling.

Material Young’s modulus, Poisson’s Density, p
E [GPa] ratio, v [-] [kg/m3]
Plate 1 54 0.2 2500
Plate 2 17 0.4 466
Plate 3 14 0.4 466
Al clamps 70.0 0.35 2700
EPDM 0.0006 0.5 930

7.3 Results

7.3.1 Impactresistance of lightweight modules
Influence of the backsheet stiffness

From results obtained in Chapters 5 and 6, we calculate the equivalent Young's modulus (Ee,)
shown in figure 7.3, together with the reference condition composed of a single glass layer.
The results show the importance of the sandwich adhesive selection and its impact on the
final sandwich stiffness. BS; is fabricated using EVA, a viscoelastic adhesive with a reduced
storage modulus at room temperature (0.31 MPa) [88]. This low rigidity makes the composite
sandwich more compliant. BS, uses a thermoplastic polyolefin adhesive that has a higher
storage modulus (18.77 MPa) than EVA, thus a higher E.;. BS3 uses a thermoset adhesive
(epoxy) with a high storage modulus at room temperature (1242 MPa). This high rigidity
ensures a better stress transfer from the skins to the core, providing the sandwich with an
even higher E.;. From the visual inspection of the modules after the hail test, none of the
modules show any visible damage (no cracks are visible to the naked eye). The results clearly
indicate that the power loss increases with increasing backsheet stiffness, with the maximum
acceptable power loss of -5% (threshold kept for diagnosis) being reached for a backsheet
stiffness of 17.4 GPa (see figure 7.3). Moreover, there is a change in damage patterns in the EL
images between BS;, for which the cracking area stays localized below the impact point, and
the BS», for which the damaged zone extends far away from the impact points (figure 7.4).
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Generally, in standard glass-baclsheet PV modules, increasing the stiffness of the modules
tends to reduce the amount of deflection of the full structure for a given front side load and
thus lowers cracking within the modules [217]. However, in our configuration, this stiffness
is located at the back of the solar cells and not at the front, as with standard PV modules.
The solar cells are protected by only a viscoelastic polymer layer. Thus during a hailstone
impact, the complex frontsheet/solar cell structure will bend until any additional deformation
is hindered by the stiff composite sandwich structure. When a high-stiffness backsheet is used,
the solar cells are deformed until the backsheet is reached. Any additional impact energy from
the ice balls beyond this point will consequently crack the solar cells, since further mechanical
deformation will be hindered. When a lower-stiffness backsheet is used, the impact energy is
used to bend not only the complex frontsheet/solar cells but also the backsheet structure. In
conclusion, reducing the backsheet bending stiffness will enhance the resistance to hail of
our lightweight PV module. However, it may not always be the ideal solution as it may lead to

Equivalent Young's modulus, £, [GPa]
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o777 T 7171
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[TEC threshold

Output power loss after HT, AP, [%]

Figure 7.3 — Power loss after a hail test of two-cell modules manufactured with backsheets
having different equivalent Young's modulus (E,).

Ref BS

Figure 7.4 — EL images of the different modules presented in figure 7.3 after the hail test.

99



Chapter 7. Mechanical stability of lightweight PV modules

the need for a stronger support structure depending on the module size and load conditions
(snow/wind load) experienced during the modules’s service life. Therefore, it is important to
evaluate the potential to reduce hail damage through energy dissipation in the frontsheet.

Influence of the frontsheet properties

Figure 7.5 shows the correlation between the power loss of a two-cell module with different
frontsheets and an identical backsheet after a hail test and the mechanical properties of the
frontsheet as measured by DMA. The results allow us to discriminate between three main
groups of frontsheets, based on their mechanical properties:

e Group (a) — frontsheets with a low complex modulus (E* = 66-87 MPa) produced with
encapsulants with low rigidity.

e Group (b) —frontsheets with a high complex modulus (E* = 350-550 MPa) composed of
a polymer with high rigidity.

* Group (c) — samples composed of a medium/high complex modulus (E* = 200-390 MPa)
dominated by a frontsheet made with polymer with low rigidity but reinforced with a
glass scrim.
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Figure 7.5 — Output power loss measured after a hail test, represented as a function of complex
modules (E*) of the different frontsheet structures composed of group (a) a low-rigidity poly-
mer, group (b) a high-rigidity polymer and group (c) a low-rigidity polymer reinforced with a
glass scrim. E*is measured at 20°C using DMA.
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Figure 7.6 — EL images obtained after the hail test for samples composed by a backsheet type
BS; and the frontsheet presented in table 7.1: type 1, type 2, and type 3. Numbers at the top
sketch represent: 1. ice ball; 2. solar cell; 3. ETFE; 4. EVA; 5. 10 or PO, and 6. glass scrim.

Frontsheets from group (b) show a low power loss (-0.2%) thanks to the high-rigidity polymer.
During the test, the impact energy is dissipated on the surface and is not transferred to the solar
cells. This effect is similar to what happens when a glass cover is used as the frontsheet due to
the high rigidity of glass. This frontsheet category does not show evidence of cracks after the
hail test, as can be seen in the EL images in figure 7.6. Although its mechanical properties are
similar to those of ionomer, the polyolefin used in this work shows a disadvantage with regard
to the ionomer: due to the slow cooling step after the lamination process, this thermoplastic
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Figure 7.7 — Storage (E”) and loss (E”) modulus of the different frontsheet types measured with

DMA: group (a) low-rigidity polymer, group (b) high-rigidity polymer and group (c) low-rigidity
polymer reinforced with a glass scrim.
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Chapter 7. Mechanical stability of lightweight PV modules

creates crystalline areas that make the polymer appear milky. This partly reduces the light
impacting the solar cells and, consequently, the short-circuit current. For samples in group (a)
the low rigidity of the polymer allows for a transfer of the impact energy from the ice balls to
the solar cells, resulting in a higher power loss (in the range of -3 to -4.3%).

Even if the frontsheet from group (c) shows a relatively high E* a strong power loss is measured
(= -4.4%). The use of a low-rigidity polymer reinforced with thin stiff fibers in front of the
solar cells induces presumably a localized pressure in proximity of the fiber itself during
the hail impact, consequently transmitting an increased portion of the impact energy to the
solar cell, generating more defects or cracks. However, we tested modules manufactured
with frontsheets composed of a glass scrim embedded in a high-rigidity polymer (ionomer)
and after the hail test, no cracks or defects could be detected. In figure 7.5, these results are
aggregated in frontsheet group (b) reinforcing the evidence for the proposed model. Figure 7.7
shows the viscoelastic properties of the different frontsheet types used during the hail test.

The samples from group (b) show the highest storage modulus of all the samples, and almost
no power loss was detected during the hail test. In contrast, the samples from group (a) show
the lowest storage modulus and consequently a higher power loss was detected.

Impact resistance using the predicted frontsheet/backsheet properties

With the help of DMA and the four-point bending test, it is possible to quantitatively estimate
the mechanical properties of the frontsheet and backsheet, and to use these properties to qual-
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(a) EL images before and after HT. (b) I-V curves before and after HT.
Figure 7.8 — EL image and I-V curve of a twelve-cell module manufactured using the optimal
combination of frontsheet and backsheet before and after the hail test.
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itatively predict the response of a new module design to hail impacts. Ideally, the frontsheet of
the lightweight PV module must have a complex modulus between 350 and 450 MPa and a
backsheet with an equivalent Young’s modulus lower than 17.4 GPa. In order to demonstrate
that we are able to scale up the size of our test devices and to show that this combination of
properties is satisfactory to successfully pass the IEC hail test, we manufactured a twelve-cell
module based on this material combination. Figure 7.8a shows EL images before and after
the hail test. After the impacts, no cracks or any other major defect created by the ice balls is
observed, indicating that the proposed combination of backsheet and frontsheet is optimal
to successfully pass the IEC 61215 hail impact test. From the I-V measurement shown in
figure 7.8b we do not detect any power loss after the test.

7.3.2 Environmental stability with improved frontsheet

Figure 7.9 shows the main electrical properties of lightweight PV modules composed of
frontsheets with different rigidity, after different aging tests. As a general conclusion, in
all tests the two-cell modules with an ionomer frontsheet present the lowest AP, 4. This
is especially notable after damp heat and thermal cycling, where we measure a power loss
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Figure 7.9 — Electrical performance loss measured during extended accelerated-aging tests
(2000 h damp heat, 500 thermal cycles and 100 humidity freeze cycles) of lightweight PV
modules with an ionomer or EVA front encapsulant.
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of -1.8 and -1.4%, respectively, for the modules made with an ionomer frontsheet. In the
same tests, the two-cell modules with an EVA frontsheet have a power loss of around -6.1
and -5.9% after damp heat and thermal cycling, respectively. This stronger loss is due mainly
to a more pronounced yellowing of the EVA, a decrease in FF and a slight decrease in V..
Regarding humidity freeze, we observed a power loss of -6.3 and -13.5% for the ionomer and
EVA frontsheet, respectively. These losses are due mainly to a decrease in Iy and FF, more
pronounced in the case of EVA. These results show that a stiffer frontsheet (ionomer) does not
change the stability of the lightweight PV module under thermal aging test.

7.3.3 Mechanical stability under load

During the design of lightweight PV modules, there are two guidelines that must be followed
in terms of mechanical stability:

1. Modules must retain dimensional stability at a maximum load of +2400 Pa, as required
by IEC 61215. To successfully pass this test, modules should not present cracked cells,
power loss or any visual defect. To avoid cracked solar cells, the module curvature
should not be less than the minimum curvature radius (R) solar cells can sustain (R
is inversely proportional to deflection, thus we want to maximize the R in order to
minimize deflection). The critical Ris defined by the curvature when the first occurrence
of cracks is detected during a static mechanical load test. Obviously, its value depends
on the module design, i.e. dimensions, framing and encapsulation material used. From
practical experiments, we know that for our module size, mounting system and type of
solar cells selected, the R without cracked cells should be higher than 275 cm;

2. A1.6 m x 1 m plate fixed over two rail bars should not exceed a deflection of 1 cm as
stated in DIN 18008 - Design and construction rules [218]. To meet this standard, the
lightweight PV module must have a minimum bending stiffness of around 370 N-m?.

Combining FEM and test of small coupons under four-point bending test, we can define a
sequence that will provide a fast and reliable method to select the most promising composite
structures for the development of lightweight PV modules. This sequence consists of: (a)
quantifying the plate’s Young’s modulus by FEM, which will provide a curvature radius higher
than the value the solar cells can sustain without cracks; (b) designing a sandwich structure
and using a four-point bending test to identify solutions in which E, is close to the E-threshold
given by FEM and (c) scaling up a promising composite structure to a large PV module and
testing it under the static mechanical load test for pre-qualification, according to IEC 61215.

A. FEM simulation

Figure 7.10 shows the maximum deflection simulated and measured for the different case
studies (the maximum deflection measured will be discussed later in section 7.3.3). The reader
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Figure 7.10 — Modules deflections under +2400 Pa obtained by (i) FEM (black dot lines) and
(ii) static mechanical load test (green full lines). R-values are calculated for the deflection
simulated using FEM.

may refer to table 7.2 for details about the plate properties used in these simulations. For each
maximum deflection at the center position of the module, we calculated the corresponding
module curvature radius. We found that the sandwich structure will require a Young’s modulus
of =17 GPa to successfully pass the static mechanical load test. With this Young’s modulus we
calculate a curvature radius of 315 cm (higher than the minimum curvature solar cells can
sustain without cracking). We then used the four-point bending test to identify the composite
structure that matches the Young’s modulus threshold identified by the FEM.

B. Identify sandwich structures with equivalent Young’s modulus (E,,;)

We manufactured three different structures that represent the different E values used in the
FEM model: (i) a glass-glass structure with an E,,; of 54.3 GPa (equivalent to plate 1), (ii) a
polyolefin-based sandwich structure with an Egq of 17.4 GPa (similar to plate 2) and (iii) an
EVA-based sandwich structure with an E,; of 13.9 GPa (close to E of plate 3). These results
suggest that a sandwich structure manufactured with polyolefin adhesive and an aluminum
honeycomb core has the rigidity required to successfully pass the static mechanical load test
without solar cell cracks. We further validated these results by performing a static mechanical
load test.

C. Static mechanical load test - FEM model validation

Figure 7.11 shows the deflection of the different backsheet types over time, where three loading
and suction cycles are applied, as described in [66]. Due to the double glass-glass structure
of plate 1 the final equivalent Young’s modulus is very high (54.3 GPa). When a 2400 Pa load
is applied, this module shows a curvature radius of 672 cm, much higher than the threshold
(275 cm) until where no solar cells cracks are expected. After the test, no power loss or solar
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Figure 7.11 — Measured module deflection obtained during a static mechanical load test for
the lightweight PV module manufactured with different equivalent Young’s modulus: (1) EVA-
based sandwich (13.9GPa), (2) PO-based sandwich (17.4GPa), and (3) a reference glass-glass
structure (54.3GPa).

cell cracks are detected as can be seen in the EL images (figure 7.12). Regarding the EVA- (plate
2) and polyolefin-based sandwich structure (plate 3), we observe a curvature radius of 244
and 302 cm, respectively. The noise present on the deflection measurement in the case of the
low-rigidity backsheet came from the difficulty of the vacuum cups to keep the vacuum on the
module due to the roughness of the frontsheet surface. The EL images show that the module
produced with a backsheet with an Eg, close to 17 GPa, as predicted by the FEM model, does
not have any solar cell cracks or damages, showing only -1% maximum output power loss.

17.4 GPa 13.9 GPa

Figure 7.12 - EL images, obtained for a static mechanical load test, of lightweight PV modules
with different E, values: an EVA-based sandwich (13.9GPa), a PO-based sandwich (17.4GPa)
and a glass-glass structure (54.3GPa).
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Figure 7.13 — Summary of the curvature radius calculated from the maximal deflection ob-
tained from a static mechanical load test for plates with different rigidity. Red symbols repre-
sent the curvature radius calculated from the deflections simulated in FEM. The R-threshold
represents the minimum curvature radius solar cells can sustain without cracking.

However, the solar cells of the module produced with an EVA-based sandwich (13.9 GPa) show
many cracks and a power loss of -3%. In fact, the curvature radius of this structure is lower
than the curvature radius threshold, inducing solar cell to crack once the R-threshold value
is crossed. Comparing the deflections simulated in FEM and the static mechanical load test
presented previously (see figure 7.10), we realize that simulated deflections are slightly higher
than the measured deflections during the loading phase (+2400 Pa). However, the simulated
deflections fit well with the results during the suction phase of the static mechanical load
test (—2400 Pa). This is due to the fact that the values obtained during positive loading are
slightly different from the those obtained during negative loading. These results suggest that
there are some effects that occur during the test (asymmetry of mounting, position of sensors)
that are not being considered in the simulations or inhomogeneous pressure or suction is
applied during the experimental test. Still, if we compare the R-values calculated from the
static mechanical load test and R-values obtained from the FEM model, they match very well
(see figure 7.13).

Another reason for discrepancies between the simulations and the experimental test is that
we do not consider the viscoelasticity of the composite sandwich structure. This explains
why our simulated deflection is constant over time. The viscoelasticity behavior is time-
dependent [219] so, at the moment 2400 Pa is reached for the first time, the curvature depends
only on the elasticity of the plate. Over time, this curvature will slightly increase due to the
viscoelastic component of the plate. However, it is important to note that, once the load is
removed, the plate returns to its original state, meaning that besides the deflection, the plastic
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regime is not reached. Additionally, considering our polyolefin/aluminum-based lightweight

PV module, the stiffness of a 1.6 m x 1 m module is around 389 N-m?, enough to be installed
on a building without the need of an extra mounting system, as required by DIN 18008. This
standard defines that a plate installed in a facade should be fixed in two rail bars separated
by = 60-80 cm. For such configuration, in order to have a bending depth (C,;) of less than
1 cm (C4=L/100), the plate must have a minimum bending stiffness of around 370 N-m?. This
value can easily increase by changing the core thickness without significantly affecting the
final module weight.

Influence of the PV mounting structure

The four-clamp mounting used in the static mechanical load test is not a conventional mount-
ing system for conventional opaque facade cladding panels. Usually, these panels are fixed
to two separated rail bars with a distance of around 60 cm [220, 221]. For this reason, the
static mechanical load test is repeated with a mounting system that mimics the use of rail
bars: the lightweight PV module is glued to two aluminum bars using a structural adhesive
glue. After the installation, we applied one loading cycle of 2400 Pa. The curvature radius of
the selected module (with an E,, of 13.4 GPa), which previously showed a curvature radius of
244 cm, increased to 1323 cm. This result shows that, besides the importance of backsheet
rigidity previously discussed, the PV mounting structure is another key factor limiting the
mechanical stress to a safe level. Different mounting systems are currently being investigated
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Figure 7.14 — Module deflection of lightweight PV module under a static mechanical load test
with two different mounting systems: a four-clamp mount and a two-bar mount.
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(more details can be found in Chapter 8).

7.4 Conclusions

This work demonstrates the production of a reliable glass-free rigid lightweight PV modules
that are resistant to both hail and mechanical loads, thanks to a balanced trade-off between
frontsheet rigidity and backsheet stiffness.

To pass the hail test designed for the qualification of solar panels, the lightweight modules
require: (i) alow-stiffness backsheet (not always the preferred solution because it might reduce
the maximum load a module can support), and (ii) a high-rigidity frontsheet (G* = 350 MPa).
We further demonstrated that durability of lightweight modules is not affected by the use of
a stiff frontsheet. In fact, the modules with an ionomer-based frontsheet showed a better
performance than EVA-based frontsheet under extended cycles. By using the DMA and four-
point bending to analyze frontsheet and backsheet properties, we were able to reduce the
number of tests and cost and, most importantly, obtain faster feedback on the proposed
module design.

Additionally, we developed a method that provides a fast and low-cost feedback about sand-
wich design that might survive the static mechanical load test. This sequence consists of
simulating in FEM the required plate stiffness (E) to maximize the curvature radius to a safe
level (from our work we found that R >> 275 cm for Al-BSF c-Si solar cells) and manufacturing
structures and calculating the equivalent mechanical properties (namely E,4) by a four-point
bending test that match the E needed. This method was validated by experimental tests where
we demonstrated that a lightweight module (81 cm x 81 cm?) with an equivalent Young’s
modulus of 17.4 GPa successfully passed +2400 Pa without any cracked solar cells.
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Special requirements for PV modules
in the built environment

Summary

The development of lightweight PV modules for BIPV application requires that modules com-
ply not only with PV standards but also with building safety standards. In this chapter we show
that our designs successfully pass the demanding tests in the following regulations: (1) special
requirements for building products (ISO 12543), (2) fire requirements (CEN/TS 1187), and
(3) requirements to pass the static mechanical load test with a minimized mounting system
(Velcro). This chapter also gives an overview of the cell and module operating temperatures
for our proposed modules with a low- or a high-thermal-conductivity core. The use of an
aluminum core is an advantage that facilitates the processing, and also prevents excessive
heating of the cell.

8.1 Introduction

Integration of PV into the skins of buildings is a steadily growing market. Europe currently leads
the worldwide BIPV market with 41% of total installations, followed by the USA (27%) [222].
This market penetration is mainly due to the increasingly demanding legislation related to
energy performance in buildings [19]. Nevertheless, the BIPV market growth is still moderated
and faces barriers to its adoption such as questionable flexibility in design, long-term reliability
of the technology, compliance with all building norms, and cost-effectiveness.

BIPV components must simultaneously satisfy electro-technical requirements as well as
regulations regarding construction products. The EN 50583 standard aims to bridge this gap
and sets, for the first time, relatively clear requirements, at least for the European market.
However, many blocks in the requirement table refer to other building construction norms,
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e.g. glass in buildings, building design, curtain walls, fire classification or sustainability. The
main standards used for PV module certification related to construction sector are

* Glass standards: EN 1279, EN 15434, EN 13022 (insulated glazing), EN 14449 or ISO 12543
(laminated glass) and ISO 11485 (curved glass)

¢ Curtain wall standards: EN 13830
¢ Ventilated facades: ETAG 034

 Safety in case of fire: EN 13501 (Fire classification: external fire exposure to roofs tests)
and CEN/TS 1187 (Test methods for external fire exposure to roofs)

* Roof coverings: EN 14963 (Classification, requirements and test method)

e Other standards: EN 1873, EN 13501, EN 410, EN 673, EN ISO 6946 and EN 12600

From these standards, ISO 12543 — Glass in buildings: Laminated glass and laminated safety
glass [223] proposes a set of durability tests that aim to analyze the influence of tempera-
ture, humidity and irradiation on building elements and EN 13501 / CEN/TS 1187 — Fire
classification: external fire exposure proposes test methods to evaluate the fire performance
requirements applied to roof covering materials. We use the two standards to evaluate the
stability of our lightweight PV module under different building requirements.

Additionally, an electrical fire within the module or array can be caused by a localized over-
heating that might occur due to, e.g., partial shadowing, which is particularly critical in facade
installations. A high module operating temperature, which can still be even higher for BIPV
applications, can accelerate module failure. We consider different inclination angles with
different back insulation structures and different module designs to further study the influence
of temperature on our lightweight PV modules.

8.2 Durability tests required by the construction sector: ISO 12543

In the building sector, when there is no perfect matching norm to the product under devel-
opment, designers often adopt glass norms for other components that are well standardized.
Thus, despite the fact that our lightweight modules are not transparent or made out of glass,
this standard can still provide a set of durability tests that allow us to evaluate our modules
against thermo-mechanical stability set by building requirements. This standard suggests to
use samples sizes representative of the final product. However, we observed that from the
PV accelerated-aging tests the performance of small modules were equivalent to the large
modules we decided to perform this study with two-cell module. In this standard, there are
three main tests to evaluate the durability of building elements.
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8.2.1 Test methods to evaluate the durability of components

For the high-temperature test we manufactured a set of three lightweight two-cell modules
(40 cm x 20 cm). These samples are composed of an ETFE frontsheet, solar cells (c-Si Al-
BSF with three busbars) protected by EVA and an EVA-based sandwich structure backsheet.
Samples were introduced into an oven at 100°C and, after 30 minutes of stabilization, the
samples were left inside for 16 hours. During the test, the samples were placed vertically, as
building facade elements.

The same samples used for the high-temperature test were further tested under the humidity
test. Samples were placed in a vertical position over a closed water bath in a reservoir for two
weeks. The reservoir was kept at 50°C + 5°C and 100% RH. To pass both tests the samples
should not show delamination larger than 20 mm from the borders. The I-V curves and the EL
images are recorded after the test.

An irradiation test is also included in this standard and consists of exposing samples to an
AM1.5 spectrum for 2000 h (spectrum shown in figure 8.1). During the test, the temperature of
the samples should be =45°C + 5°C. To pass this test the samples should not have more than
15 mm delamination from the edge and the transmittance after the test should not change
more than 3% from the initial transmittance value. We were unable to perform this test at
that time due to equipment limitation. Thus, we performed a weathering degradation using
Xenon arc lamps which present a similar spectrum to an AM1.5 between 300 and 400 nm (see
figure 8.1). The samples were degraded at 65°C/20% RH with an irradiance of 0.8 W/ (m2-nm) at
340 nm. This test was realized according to IEC TS 62788-7-2 [224]. In our case, the degradation
due to UV is the most critical consideration, since polymers are relatively sensitive to this
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Figure 8.1 - Spectral irradiance power distributions of solar (AM1.5), xenon arc and fluorescent
UV light sources (image adapted from [224]).
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Table 8.1 — Summary of all sample configurations prepared for irradiation testing from IEC TS
62788-7-2.

SampleID  Frontsheet Encapsulant Backsheet

A (reference) Glass EVA Glass
B (reference) Glass Ionomer Glass
C ETFE EVA Glass
D ETFE Ionomer Glass

part of the spectrum. For this test, we produced a 5 cm x 5 cm sample based on a glass-glass
and ETFE-glass configuration, as represented in table 8.1. Samples were introduced into
the chamber and analyzed at regular intervals using a spectrophotometer as described in
Chapter 2.2.8. The transmittance results were used to calculate the yellowness index and the
relative color change (increase in YI normalized by the initial value).

8.2.2 Results and discussion

Figure 8.2 shows an example of the results obtained after the high-temperature and high-
humidity test. All two-cell modules successfully passed the tests without any power loss, as
can be seen in figure 8.2a. From the EL images (figure 8.2b) we observe that no changes
in the solar cells are detected after both tests. Moreover, no delamination or bubbles are
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Figure 8.2 — I-V curves and EL imaging of lightweight PV modules after subjected them to
different durability tests present on the ISO 12543: high temperature test and high humidity
test.
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present. The optical measurements (figure 8.3) performed after an accelerated-aging test
show a higher increase in YI for the glass-EVA-glass configuration compared to the ETFE-
EVA-glass configuration. In fact, discoloration of the EVA occurs due to the UV-induced color
formation of the additives in EVA combined with oxygen bleaching from the UV damage.
However, when two impermeable layers are used, the yellowing process overwhelms the
oxygen bleaching mechanism. These mechanisms are already reported in literature [225,226]
where, in some cases, we can find a yellow area concentrated at the center of the solar cells
with a photo-bleached perimeter all around the cell, where oxygen diffusion was effective. For
the ETFE-EVA-glass configuration, the YI does not change significantly because the oxygen
migration from all area surface (ETFE side) avoid the UV damage. This yellowing is not
observed with the ionomer. Moreover, the increase of YI after weathering aging is lower than
10% after 3200h.
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Figure 8.3 — Yellowing index change with accelerated weathering test of samples made of:
glass/EVA/Glass (sample A), Glass/ionomer/glass (sample B) ETFE/EVA/glass (sample C) and
ETFE/ionomer/glass (sample d). More details in table 8.1.

In conclusion, our glass-free lightweight PV modules passed successfully the tests required for
safety glass without critical defects.

8.3 Fire resistance tests: CEN/TS 1187

From the CEN/TS 1187 standard, four different test methods can be selected, depending on
the type of activator element and test conditions:
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Method 1: with burning brands (presented in figure 8.4).
Method 2: with burning brands and wind.

Method 3: with burning brands, wind and supplementary radiant heat.

Lo

Method 4: a two-stages method incorporating burning brands, wind and supplementary
radiant heat.

8.3.1 Test method procedure: Method 1

For a preliminary test we select the method with burning brands (Method 1). This method
consists of filling a basket with approximately 600 g + 10 g of wood wool; the filled basket is then
positioned parallel to the nominal slope (45° tilt) at 10 mm from the surface of the specimen
so that this position is maintained throughout the test. The fire is set to the brands from the
bottom side. We used 0.81 x 0.81 m? sixteen-cell modules with a polyolefin/aluminum-based
backsheet and an ETFE/EVA-based frontsheet. We performed the test on the front side of the
module to represent a fire ignited outside the building (Position 1), on the back side of the
module to represent a fire ignited from within the building (Position 2), and in between two
modules placed side-by-side (Position 3). To pass the test, no glowing or burning part of the
PV modules may fall from the test rig, the flame should auto-extinguish and flame may not
spread more than the maximum allowed for the different class rating.

Position 1 Position 3

Figure 8.4 — The test setup to evaluate the fire resistance include a wood support, a lightweight
module and a basket with brands, in accordance with CEN/TS 1187 (Method 1).

8.3.2 Results and discussion

Figure 8.5 shows the modules after the fire test. In Position 1 and Position 2 we observe that the
burned area stays localized at the center of the module where the burning brands had been.
Moreover, the fire auto-extinguished. However, during the test, we observed some materials
dropping from the burning area in Position 1: the polymer present in front of the cells started
to melt and, due to the vertical position, the melted materials started to drip. In Position 2,
the ETFE stayed intact and only small delamination between the cells and ETFE is observed,
without any material dropping. When the fire was placed between the modules (Position 3), it
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spread easily inside the modules and started to consume the materials. In this case, human
intervention was needed to stop the fire. As can be seen in figure 8.4, the modules used in this
test were frameless; thus the fire could easily spread inside the backsheet and consume the
sandwich adhesive and matrix skin.

Positio 1 Position 2 Position 3

Figure 8.5 — Results obtained from the fire test using Method 1 from CEN/TS 1187. When the
fire was started on the frontsheet (Position 1), the frontsheet melted and some materials start
to drip but no human intervention was needed to extinguish it. When the fire was started on
the backsheet (Position 2), only small delamination of the frontsheet occurred. When the fire
was started in between two modules (Position 3) the fire spread inside the module and started
consuming it. In this case, human intervention was needed to extinguish fire.

The results of this preliminary investigation are encouraging and show that our lightweight
PV modules may resist a fire and be compliant with CEN/TS 1187. This design will be the
subject of further investigations with regard to the final product and configurations, e.g. frame,
junction box, etc.

8.4 Innovative mounting system: Velcro

The four-clamp mounting system — commonly used with ground-mounted field installations
—isnot conventional used for BIPV. To complement the reduced weight of lightweight modules
we propose the use of a mounting system that allows for a simple and fast installation process:
Velcro. This binding material is not used in the built environment. Nevertheless, we tested it
because it may provide considerable advantages in combination with our lightweight solar
modules: it will reduce the labor and installation time, it is a simple and clean mounting
system, it is easy to remove (in case of needed PV or roof or fagade maintenance), and it can
resist high loads (average tensile disengagement of 207 KPa).

8.4.1 Methods to evaluate new mounting system

To study the maximum force needed to open the two Velcro bands, an adhesion test using
tensile test equipment was performed. For this test, coupons of 5 cm x 2.5 cm were cut from
a Velcro strip and glued over two compressive plates installed in a tensile tester shown in
figure 8.6. A load cell of 20 kN and a speed test of 5 mm/min were used for this measurement.
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The same sample was loaded until rupture 15 times to evaluate the loss in adherence between
the two Velcro bands.

From the adherence test, the correct quantity of Velcro was calculated and used in a static
mechanical load test. For security reasons, a Velcro area of 0.1 m? was used (safety factor of 2)
to support a plate of 0.81 x 0.81 m?. This amount of Velcro was installed and used to bond
the back of the module to a metal support. A standard mechanical load test was performed
(details in Chapter 2).

Compressive
plates

Velcro strip
S5cm X 2.5cm

Figure 8.6 — Tensile adhesion test setup used to quantify the adherence between two Velcro
bands. Photography show the two compressive plates in which the Velcro strip of 5cm x 2.5 cm
are glued on.

8.4.2 Results and discussion

Figure 8.7 shows the Velcro adherence strength measured with the two configurations where
a strong difference is observed. In a tensile configuration, the small pins are pulled until
a plateau load is reached (=~1.7 N/cm?). This plateau corresponds to the alignment of all
pins. After this value, the load increases until the two Velcro bands are completely debonded
(=19.8 N/m?). The repetition of this test 15 times showed that the value of the plateau is kept
constant but the maximum load is reduced by approximately 40% (between test 1 and test 15).
Thus, in order to have confidence in the Velcro’s ability to function as a mounting system, we
decided to consider the value of the plateau as the minimum required adherence strength to
support the 2400 Pa. This means that in our 0.81 x 0.81 m? plate a minimum Velcro area of
0.05 m? is needed.

In order to validate these results, the mechanical load test was performed: Velcro was used to
glue the back side of the module in a square/cross configuration to an aluminum plate (see the
inset in figure 8.7b). A total Velcro area of 0.1 m? is used (security factor of 2). Figure 8.7b shows
the load cycles applied to the module affixed with Velcro. Note that this configuration survived
the mechanical load test without debonding. The noise present during the suction phase
(+2400 Pa) is due to the difficulty to keep a constant vacuum when the module frontsheet has
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(a) Adherence study. (b) Mechanical load test.

Figure 8.7 — (a) Adherence strength of Velcro in a uniform tensile load test; (b) mechanical load
test using Velcrowith an area of 0.1 m?.

a textured surface.

Preliminary results indicate that covering only 7.6% of the back surface area with Velcro is
enough to pass a standard static mechanical load test (+2400 Pa).

8.5 Monitoring of outdoor operation temperature (OT)

Table 8.2 and figure 8.8 shows the setup built to study the influence of the operating tem-
perature as a function of the design, incidence angle and insulation system. Six one-cell
modules (PERC solar cells with five busbars) of the following module types were manufac-
tured: (i) glass-glass configuration (reference sample), (ii) polyolefin/aluminum-based and

Table 8.2 — Installations used for outdoor temperature monitoring. All three module configura-
tions were installed following the same guidelines.

Configuration Angle of installation (°) Insulation
0 yes
0 no
PO/Al-based 45 yes
lightweight module 45 no
90 yes
90 no
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Figure 8.8 — Mock-up installation for monitoring the cell and module operating temperature.
Three different module designs are analyzed: glass-glass configuration, PO/Al-based and
PO/aramid-based lightweight module. This installation simulates two different types of
integration: a well-ventilate installation and a non-ventilated installation.

(iii) polyolefin/aramid-based lightweight module. All modules were laminated with one ther-
mocouple at the back of the solar cell (to monitor the cell temperature, T;) and another
at the back of the composite sandwich structure (to monitor module temperature, Ty,oqule) -
Temperatures were monitored in V. conditions. After manufacturing, modules were installed
at one of three angles (0°, the optimum 45°, or 90°), and with one of two insulation systems
(an air gap or complete insulation on the back side), as seen in table 8.2. A rigid 3-cm-thick
insulation panel in polystyrene foam especially developed for external thermal insulation of
buildings was used to fully insulate the PV modules.

8.5.1 Results and discussion

Figures 8.9 and 8.10 show, respectively, the irradiance at different tilts and the operating
temperature of the samples installed on the outdoor monitoring station (on the roof). From
these results we can state that:

e For all module designs, the module temperatures (7},,4) obtained at 0° and 45° are
similar. However, a significant decrease in temperature is observed at 90°. This de-
crease is due mainly to the decrease in the irradiance at this angle (a maximum of
522 W/m? which corresponds to only 52% of the irradiance on modules installed at the
optimum tilt). This is especially noticeable because the measurements were performed
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Figure 8.9 — Irradiance measured for the different tilt angles.

in summertime.

The operating temperatures of the module were higher when they were insulated on the
back side. A maximum AT of 13°C is observed between the insulated and non-insulated
modules.

The maximum 7},54,1. of the aluminum-based lightweight module is similar to the
maximum 7T,,447 reached by the glass-glass configuration. Moreover, a very small
difference between T,.;; and T},04u1¢ is measured (a maximum AT of 3°C). The aluminum-
based lightweight module shows good heat dissipation from the cell towards the module
outside.

The T},04uie Of the aramid-based lightweight module is similar to the T},,54, of the
other two configurations (only 1°C higher). However, due to poor heat transfer in the
backsheet the T, is higher than for the previous cases (+5-7°C).

The temperature difference between T,.;; and T,04u. of the aramid-based module is
also much higher: in some cases (optimum tilt) a AT of 14°C is observed. Due to the
low thermal conductivity of the aramid core, the heat is not dissipated through the
backsheet causing a higher T¢;.

These results show the importance of the correct module design to optimize the energy produc-

tion of the PV module. The use of an aluminum core is an advantage not only for processing

and cost, as explained in the previous chapters, but also prevents excessive operating temper-

atures within the cell, which will otherwise be penalized in terms of performance by the use of
a thick backsheet structure.
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Figure 8.10 — Temperature monitoring of the different installations (0°/45°/90°) for a typical
cloudless summer day. The cell temperature is represented in red and the module temperature
in green. AT represents the difference in the cell temperature between modules with full
insulation (BIPV) and those with a well-ventilated rear.

8.6 Improvement of aesthetics

Our focus has been to improve the thermo-mechanical stability, reliability and performance,
rather than the aesthetics, of lightweight PV modules. However, to meet the expectations of
architects and designers, the visual appearance of these devices can easily be modified and
improved in order to increase their acceptance for integration into the built environment.

122



8.7. Conclusions

These modules can be optimized to have a completely black matte appearance (by using
back-contacted solar cells, attractive for roof installation) or a uniform white appearance by
using a white film from Solaxess [227] (attractive for facade installations). With these novel
solutions, we reach a final weight of 6-6.5 kg/m? (including a frame).

Figure 8.11 - Improvement of aesthetics of our glass-free lightweight PV module for BIPV
applications. This photography compares black matte and uniform white lightweight PV
modules with a standard glass-glass c-Si module.

8.7 Conclusions

This chapter demonstrates that our lightweight PV module can pass certain durability and
safety tests required by the building construction industry:

* Durability tests — Two-cell modules were tested under high temperature and high
humidity. The modules passed both tests with negligible power loss (-0.1%). From
the visual inspection no delamination or bubbles were identified. The weathering test
induced a significant color change in the glass-EVA-glass configuration mainly due
to the degradation of EVA under UV light. However, the ideal lightweight PV module
frontsheet (ETFE/ionomer) did not show a critical color change (=7%) after 3200 h.

* Fire tests — The glass-free lightweight PV modules showed good resistance to fire. The
frontsheet and backsheet structures self-extinguished the fire itself. Nevertheless, some
material was observed to drop from the burning area. These results suggest the need
for further developments in the design of the lightweight modules: (i) the test must be
performed using an ideal frontsheet (ionomer) to possibly avoid dropping material from
the burning area, and (ii) the test must be repeated using a lightweight module with a
frame to reduce risk of fire spreading inside the module.
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Finally, temperature monitoring under real operating conditions shows that in a ventilated
mounting configuration, an aluminum core is preferred to aramid core, and can lead to a
lower cell operating temperature than a glass-glass configuration. Temperature monitoring
also showed that, in an insulating mounting configuration, there is no difference between the
two tested cores. However, the aluminum core is still preferred over aramid thanks to the short
manufacturing process, higher shear stiffness and lower price.
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9.1 General conclusions

9.1.1 Failure modes of commercially available lightweight modules

The commercial lightweight solutions bought for this study showed a significant degradation
under accelerated-aging tests. These results indicated that the tested lightweight designs
do not meet expectations, especially in the case of the certified products. This observation
of their weak thermo-mechanical behavior, motivated us to start our own development of
glass-free PV modules. We developed a rigid solution because rigid modules seem to have
higher stability under high stress, which is essential to pass relevant PV qualification tests.

9.1.2 Design, manufacturing and properties of the lightweight modules

Standard glass/glass BIPV modules have a weight in the range of 15-20 kg/m?. In this thesis,
we demonstrated that a glass-free rigid lightweight PV module (<6 kg/m?), can be processed
following standard PV lamination guidelines in a relatively short manufacturing process.
The proposed design is compliant with the most-demanding tests in IEC 61215, thanks to
the selection of a rigid and stable composite sandwich structure backsheet. Additionally,
we showed how our composite sandwich backsheet and a full solar module stack can be
manufactured simultaneously with conventional processes (lamination) used in the solar
industry. This sandwich structure is composed of:

e Symmetric and balanced skins — this design reduces bending and twisting of the

structure when subjected to high temperature and humidity.

* Polyolefin foil as the sandwich adhesive — its high stiffness and melting point that is
low enough to ensure a good viscosity during manufacturing provide good adhesion
and stress transfer between the sandwich components when subjected to high stress.

* Aluminum honeycomb core — its high thermal conductivity ensures a simplified man-
ufacturing process, and a lower operating cell temperature, even in the presence of a
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thick backsheet. Its good thermal properties together with its low price and high shear
mechanical properties make this material the ideal core for our modules.

We also demonstrated that other types of adhesive materials (EVA and ionomer) can be used
with an aluminum honeycomb core and still be processed following standard lamination
guidelines. However, due to their low intrinsic mechanical properties or low melting temper-
ature, such sandwich structures showed lower bending stiffness, or bending under thermal
stress. Finally, we showed that the use of an aramid honeycomb core also allows for the manu-
facture of a composite sandwich structure using lamination guidelines, while keeping good
mechanical properties. The disadvantage of these structures is that, due to their low thermal
conductivity, aramid-based sandwiches require a double lamination process to enssure that
both adhesive layers have similar properties.

9.1.3 Durability of lightweight modules

In Chapter 6, we demonstrated that two-cell modules based on a polyolefin/aluminum sand-
wich structure have a remarkably low power loss after thermal cycling, damp heat, humidity
freeze, and PID test, even when using solar cells prone to PID. These promising results mo-
tivated us to scale up the two-cell module to a sixteen-cell module. These modules were
subjected to a different test sequence predefined by IEC 61215 (Sequence C, Sequence D
and Sequence E), after which we identified a reduced power loss (<-5%) and no major visual
changes. These results showed the potential of our design to successfully comply with relevant
PV qualification standards.

Despite the fact that our solutions passed the hail test, small cracks were detected by EL
imaging. In Chapter 7, we demonstrated that cracks due to impact can be avoided by tuning
the backsheet and frontsheet rigidity. We demonstrated that by selecting a sandwich back-
sheet with an equivalent Young’s modulus of 17.4 GPa and a frontsheet with a high rigidity
(E* = 350 MPa), the modules were able to pass the mechanical stress tests (hail and static
mechanical load test) without significant power loss, cracked cells or other major visual
defects.

The testing of new designs under a static mechanical load requires big modules (ideally
1.6 m?) and many samples (minimum three modules per design to have representative results).
To accelerate the pre-qualification of lightweight PV modules under mechanical stress, we
developed an FEM and proposed a multi-step sequence that provides reliable, cheap and fast
feedback about backsheet structure designs.

9.1.4 Special requirements for PV modules in the building industry

The development of PV modules for building integration requires compliance with electrical
performance standards (IEC 61215 for solar modules) and building and safety regulations.
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Our lightweight modules were subjected to different safety tests, such as a fire test (CEN/TS
1187). Preliminary results were satisfactory and provided useful indications on how to further
optimize the design of the modules. These results showed that, by including a protective
frame, the spread of a flame inside the module can be reduced.

Finally, carefully monitoring the outdoor operating temperature of different module con-
figurations and for different typologies of installation (ventilated and fully integrated), we
observed that the cell temperature of the lightweight module with a high-thermal-conductivity
honeycomb core is very close to the temperature of a reference glass-glass module, in both
the insulated and ventilated configurations. Additionally, no significant difference between
the cell and module temperature was noticed: despite the use of a thick backsheet, the
high-thermal-conductivity core allows for an efficient heat dissipation from the solar cells
towards the back side of the module. In contrast, the aramid-based sandwich structure showed
a AT of 14°C between cell and module temperature, which further reinforce the choice of the
aluminum core.

9.2 Perspectives

9.2.1 Design and manufacturing process

During this thesis, the composite skins were manufactured, before being laminated, in a wet
lay-up technique, requiring approximately two days for the full manufacturing process. The
use of Prepregs could save more than 80% of the time spent on material preparation: they
could be cured and post-cured at the same time as the lamination process. Additionally, these
Prepregs could be used as the adhesive between the core and the skin. The potential of this new
material should be validated by studying the stability of its sandwich mechanical properties
(stiffness, composite failure modes, adhesive meniscus area, etc.) after processing and after
the accelerated-aging test.

In view of a commercial exploitation, there are still few steps at the module design level, such
as: (1) scaling up the size to large-area modules (1x1.6 m?) (the structural design must be
verified for large composite structure sizes), (2) defining the application and optimizing the
mounting structure, and (3) designing the junction box, frames and diodes. We recommend
the direct inclusion of the junction box inside the core of the sandwich composite structure.
This will allow for easier module mounting, which is very important in BIPV installations.

9.2.2 Compliance with relevant PV norms

It would be interesting to perform Sequence A and Sequence B from IEC 61215. From these
sequences, the only test that might be critical is the hot spots test (Sequence B). Hot spots
failures might create a local overheating that can induce melting and deterioration of the
module materials. From the results of this thesis, we expect no critical defects with the other
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tests in these sequences because most of them do not depend on the module design but,
instead, on the cell technology.

After scaling up the proposed design to standard module size, we suggest that the design be
evaluated under all required building directives, such as: (1) PV qualification standards (IEC
61215 for module design qualification and IEC 61730 for safety qualification), (2) Construction
Products Regulation EU No 305/2011, (3) Low Voltage Directive 2006/95/EC and (4) Electronic
Electromagnetic Compatibility Directive 2014/30/EU. From the results of this thesis, we expect
that the most-demanding tests are included in the PV qualification standards, which we
proved our design could handle.

9.2.3 Modeling of mechanical behavior and module lifetime

The FEM model developed in Chapter 7 could be further improved by studying different
module sizes, studying different mounting systems (e.g. Velcro), including viscoelasticity of
the polymer materials, and including the solar cells and module frontsheet. We have already
taken the first promising steps in this direction.

With the goal of predicting the effect of the higher operating temperatures of BIPV installations
(up to 30°C higher than a well-ventilated installation) on the lightweight module performance,
it would be useful to develop a model to simulate its lifetime as function of operating tempera-
ture. The development of an outdoor installation could help to identify the failure mechanisms
induced by such high temperatures. Once identified, we could try to reproduce this failure
in an indoor stress test and, based on the activation energy and degradation rates identified,
propose mathematical models to simulate intrinsic property losses (e.g. loss in output power).
Figure 9.1 proposes a basic sequence to follow during the development of a predictive model.

9.2.4 Improvements for building integration

In view of building-integration applications, our lightweight module design could be further
improved by:

e The use of transparent or translucent backsheets — these structures are especially
attractive for applications where diffusion of daylight is required (e.g. translucent
building envelopes) [148,228-230]. The possibility to develop translucent structures
that could be laminated in standard lamination guidelines using c-Si solar cells will
strongly boost the acceptance of lightweight PV elements over standard glass-glass
modules.

e The development of colored lightweight modules — This could be achieved by using
a colored PV encapsulant or by including a printed colored foil in our lightweight PV
module.

128



9.2. Perspectives

Identify outdoor PV operational conditions
Installation type, temperature exposure

Identify potential PV failure mechanisms
De-adhesion, discoloration, corrosion, fatigue, PID, interconnection breakage

Determine the effect of high temperature
on the observed failure

Indoor testing under accelerated stress tests
Perform accelerated stress tests at different stress levels

Extract the activation energy and
degradation rates of the failure mechanism

Model aging response
Determine a mathematical model that correlates the outdoor failure mechanism with indoor
accelerated stress tests

Validation with real-time field data
(use thermal profiles of modules under
different operational conditions, and
different climates)

Long-term performance prediction
Predict module performance as a function of operating temperatures and define lifetime
tests for specific installations

Figure 9.1 — Proposed sequence to develop predictive model for long-term performance of
lightweight PV modules according to module operating temperature.

 The reliability of modules with improved aesthetics — The presence of extra layers (a
white film or color layers) on our design introduces a change in the symmetry, which can
create a higher coupling of forces and bending moments. Changing the design of our
structure, by adding new layers, will require validation under accelerated-aging tests.

* Validation of the mounting structure — the Velcro mounting structure proposed in this
thesis must be tested under accelerated-aging tests to evaluate its stability under high
stress. The adhesion strength between the Velcro and the module backsheet should be
evaluated after each aging test.

* Fire resistance — repeat the fire test by including a frame or improve the design by
adding flame retardants to the polymers formulations. These components will prevent
fire ignition and flame spread and will reduce the amount of smoke released during the
fire.

This thesis has addressed the challenges of designing and manufacturing stable glass-free
lightweight PV modules, addressing the importance of material and manufacturing selection.
Based on the knowledge acquired during this thesis, we predict that forthcoming efforts
towards optimization and scalability can be successfully achieved.
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.\ Composite Mechanics Theory

A.1 Micro-mechanics models

Alamina is a thin orthotropic layer defined as the smallest element of a macroscopic level. Its
properties depend on the combination of two constituents: a reinforcement (fibers) and a ma-
trix (resin) [160], but also depends on fiber arrangement since it can be made of unidirectional,
bi-directional or random layers of reinforcement [161].

Rule of Mixtures

For unidirectional composite materials, a reasonable estimate of the composite lamina proper-
ties can be obtained using the Rule of Mixtures [159]. Considering the volume fraction of fibers
(Vfibers) and matrix (Vinazix), the respective Young's modulus for fibers (Efpers) and the matrix
(Emarrix) and finally the Poisson’s ratio as (Vfipers) and (Umazrix), the mechanical properties can
be calculated as

Longitudinal properties’

Er

E = Efibers Vfibers + Ematrix(1— Vfibers) (A.1a)

vir Vi2 = VfibersVfibers T VmatrixVmarrix (A.1b)

Transverse properties?

Ematrifoibers

Er = E= (A.2a)
Ematrixvfibers+Efibersvmatrix)
1%

ViL = Va=—FE (A.2b)
Eq

1 properties in the fiber direction of a unidirectional (UD) composite lamina.
2 properties in the transverse direction to the fibers.
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Shear properties

E
G - (A.3a)
2(1-v)

Gy = fibersYmatrix (A.3b)
Gmatrixvfibers + Gfibers(1 - Vfibers)

with the stress-strain relation of each lamina given be the Hooke’s law

o1 Qi1 Qi O €1
02 [=]Q2 Q2 O €2 (A.4)
T12 0 0 Qes||712

where o stands for stress, € stands for strain and Q represents the stiffness matrix given by

Eq
Qn = ——; (A.5a)
1-v12vu21
E:
Qpw = ——; (A.5b)
1-vv91
v B> U1 Eq
Qi = = ; (A.5¢)
1-vpva 1-vipvn
Qs = Gr2 (A.5d)

A.2 Macro-mechanics models

Alaminate or skin is composed of several laminae staked in a certain orientation regarding
the laminate coordinate system (x-y-z). Thus, in order to describe the laminate behavior,
the stiffness matrix of each lamina in its local coordinate system (1, 2 and 3, as defined in
section A.1) must be transferred to the laminate coordinate system, as represented in figure A.1.
The stiffness of the lamina in the system x-y-zis found by using a transformation matrix which
consists in rotating the system 1-2-3 by an angle 6. The transformation matrix is written as

o1 c S 2sc Oy
or|=| s ¢ -2sc||oy (A.6)
T12 —sc sc 2= |1y

from where c=cos0 and s =sin 6.
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Hence, the stress-strain relation of each lamina in the global coordinate system can be written
as Oyy = axy €xy, where éxy is the transformed material stiffness matrix given by

Qi = Quc*+2(Qu2+2Qee)c”s” + Qaos” (A.7a)
Qa1 = Q12=(Qu +Qa2—4Qe6)c*s* + Qualc* + %) (A.7b)
Qx = Quis*+2(Qi2 +2Qesc*s”* + Qaac” (A.7¢)
Qs = (Qui—Qi2—2Qge)sc” +(Qr12 — Qa2 +2Qe6)s°¢ (A.7d)
Q= (Qi1—Qi2—2Qss)cs’ +(Q12 — Q22 +2Qes) S’ (A.7€)
Qss = (Qu1—Qi12—2Q12—2Qe6)s"c” + Qgs(s* +c*) (A7)

Once the transformed stiffness matrix of each lamina is known, the stiffness matrix of the
laminate can be calculated by considering the thickness and position of each lamina in the
stack. The laminate extends in the Z-direction from -//2 to +h/2. The location of the layer
interfaces are denoted by a subscript z: the first layer is bounded by locations zy and z; and
the Nth layer by zy.; and zy. Knowing that the laminate has now a flexural rigidity, the relation
between forces and bending moments to strains and curvatures can be written as

N A B |€°

= A.8
M B D| |k (A.8)

where N and M are the external stress and moments resultant and €y and ky are the mid-plane
strains and curvature, respectively. The matrix ABD represents the stiffness matrix of the full

z
)_. y Transversal (T)
X

Z
/ - kI - kth layer
Geometric mid-plane lsf-layer

Figure A.1 — Global coordinate system considered within the laminate (left) and scheme of the
laminate uses notation (adapted from [160]).
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Appendix A. Composite Mechanics Theory

laminate where A is the extensional stiffness matrix, B the bending stretching coupling matrix

and D the flexural stiffness matrix. It can be calculated according to

(Qi k(2 — 2k-1)

=
I
™M=

k=1
1 N 2 2
Bij = EZ(Qij)k(Zk_Zk_l)
k=1
1Y 3.3
D;; = §Z(Qij)k(zk—zk_1)
k=1

(A.9a)

(A.9b)

(A.9¢)

The laminate properties can be estimated based on the equations presented here, which are
used to estimate the engineering constants of the full laminate (E;, E7, Grr, vr) [160, 231].
Often, the stacking sequence of a laminate is designed to be symmetric to avoid unpredictable
warp deflections. For a symmetric laminate, the elements of B matrix are zero and the engi-

neering constants of the whole laminate are found to be

Longitudinal properties:

A A - A7,

BT hay
Tansversal properties:
An1 Az — A3,
T —_— e

hAn

Shear properties:

Ase

Grr = I
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