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Photovoltaic (PV) deployment is increasing rapidly and even expanding into cold and snowy climates, where
harsh conditions — strong winds, heavy snowloads, sub-zero temperatures, and temperature fluctuations —
pose reliability challenges for PV modules. Climate-adapted accelerated aging tests are required to evaluate
and choose modules capable of withstanding such climate conditions. This study investigated the
mechanical stability of PV modules featuring different designs and materials at varying temperatures.
Tests were performed on materials, mini modules, and full-size modules, focusing on the impact of the
encapsulant behavior at low temperatures on the mechanical stability of the solar cells and glass of the
module laminates. Mini modules results showed that polyolefin-based (POE) encapsulants remain flexible
at low temperatures and offer better protection against mechanical damage than ethylene vinyl acetate
(EVA) encapsulants. For full-size glass/backsheet modules with busbar metallization, mechanical load
(ML) testing at —40 °C, and ML at 25 °C after thermal pre-stressing, resulted in increased cell cracking
compared to standard ML tests at 25 °C. In contrast, thinner multi-wire metallization or a glass/glass
structure — which demonstrated enhanced structural integrity — reduced cell cracking under loads.
However, glass thickness and clamping of the frameless modules limited resistance to higher pressure.
These findings highlight the importance of climate-specific testing and optimized material selection and
module design to ensure PV system durability in cold and showy climates.

As the global demand for clean and reliable energy solutions grows, photovoltaic (PV) technology has become essential to the transition toward renewable energy

and climate change mitigation. Today, PV technology is one of the most affordable energy sources worldwide and plays a crucial role in reducing reliance on

fossil fuels. This progress enables the expansion of PV deployment into regions with harsher climates, where access to clean energy sources is equally critical. In

cold and snowy regions, for example, PV modules must withstand high snow and wind loads as well as low temperatures. Climate-specific stress testing is

therefore essential to guide the development of more robust module designs. This study evaluates the mechanical stability of mini and full-size modules

featuring various encapsulant materials and design configurations, focusing particularly on module performance during mechanical load tests at low

temperatures and following thermal cycling. Results show that polyolefin encapsulants maintain their elasticity in cold conditions, offering improved cell

protection under mechanical loads. Glass/glass module structures provide greater structural integrity, and modules with thicker glass and frames demonstrate

superior load-bearing capacity. These findings support more reliable material and design strategies for PV deployment in cold climate regions.

1 Introduction

latitudes or altitudes." For instance, alpine countries like Aus-
tria and Switzerland are increasingly ramping up efforts to

The photovoltaic (PV) industry is currently entering the multi-
terawatt era, driven primarily by significant cost reductions
and the urgent need to generate electricity from renewable
energy sources. This transition has facilitated the deployment
of PV systems in areas previously deemed too costly or insig-
nificant, such as cold and snowy regions either at higher
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install PV systems in mountainous regions. Such systems show
higher yields,> lower degradation rates,® and enhanced winter
electricity production compared to lowland systems.*?
Furthermore, PV systems can be attached or integrated into
alpine infrastructure to supply power to remote consumers,
such as mountain huts and ski areas, or in conjunction with
hydroelectric power plants. Additionally, interest in larger
freestanding PV systems or modules integrated into the built
environment has grown in high latitude regions due to long
summer daylight hours and advantageous colder operating
temperatures.®’
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The deployment of PV systems in cold and snowy climates
requires the adaptation of PV modules and components to
withstand more severe environmental conditions and stressors.
Especially single but repeated weather events, such as heavy
snowfall, strong wind gusts, or ice formation, can impact the
durability and longevity of PV modules and systems.* Moreover,
continuous stressors at high-altitudes, such as higher irradi-
ance, low temperatures, and rapid temperature fluctuations,
can affect the stability of materials and components used in the
modules and systems, potentially leading to degradation or
failure (see Fig. 1).*** To ensure reliable and sustainable oper-
ation of PV installations in these climates, it is essential that
systems currently being planned and soon to be constructed are
designed to withstand these challenges.” This includes the
multi-material laminates (PV modules), fasteners, and
mounting structures.

Until recently, all module types - regardless of their targeted
installation under specific climatic conditions, operating envi-
ronments, or applications - were tested and certified according
to the same general test procedures outlined in IEC 61215" and
IEC 61730."* However, this approach has been evolving recently,
with the introduction of new technical guidelines and stan-
dards in recent years to address more specific requirements,
such as IEC TS 63126" for modules operating at elevated
temperatures, IEC 62892:2019 *® for faster temperature fluctu-
ations, IEC 62938:2020 ' for uneven snow loads, or IEC TS
63397:2022 ' for increased hail frequency. However, test
methods for specific operating conditions, such as cold
temperatures and snow, are still lacking. Existing testing strat-
egies, especially those regarding mechanical resistance, must
be further developed to identify and optimize the most suitable
module designs and materials for such demanding climatic
conditions.

Because mechanical stress from snow, ice, and wind load is
a prevalent source of damage to PV systems in cold and snowy
climates, these stress factors must be given special consider-
ation in accelerated aging tests. At low temperatures, which
frequently occur in such environments, the structural proper-
ties of polymeric materials or material combinations can be
significantly affected. In particular, polymers frequently used as
encapsulation may approach or fall below their glass transition

Snow and wind load
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increased (UV) irradiation
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temperature (T,), which results in increased stiffness due to
a decreased polymer chain molecular mobility. This increased
stiffness reduces the encapsulant's damping behavior, resulting
in easier transfer of loads to the solar cells.”?® This increases
the risk of solar cell cracks, metallization damage, and
delamination.**

This study investigated different testing strategies — ranging
from material tests of encapsulants over mini-modules to full-
size PV modules - to support the discussion on which module
designs and bills of materials (BoM) are best suited for
deployment in the harsh conditions of cold and snowy climates.
It also compared various testing approaches and outlines how
standardized tests should be adapted for modules suited for
installation in cold and snowy climates. Different material
combinations and module designs are evaluated through highly
accelerated aging tests, with the resulting electrical power los-
ses analyzed in relation to damage. These results can be
considered as a guideline for the product development of
innovative, highly stable, and reliable PV modules for alpine or
nordic use.

2 Methods and samples

To determine the optimal module design for a cold and snowy
climate, several tests were conducted: starting from material
level, through mini modules to full-size modules (Fig. 2). First,
the thermomechanical and thermal behavior of the encapsulant
materials was investigated. Then the impact of this behavior on
the mechanical strength of mini- and full-size modules at
different temperatures was tested. The following sections
contain detailed descriptions of each step and the rationale
behind the workflow.

2.1 Encapsulant material analysis

The structural, thermo-mechanical and thermal characteristics
of encapsulant materials are of high importance when selecting
the optimal BoM for modules for use in cold and snowy
climates. To evaluate the materials, four different types of
encapsulant films were characterized and compared (Fig. 3):

e Ethylene vinyl acetate (EVA) - from First type F406PS.

e Polyolefin (POE) - from First type TF4.

Cell cracks

Glass breakage

Frame & mounting damage

Polymer degradation
/ delamination

Connector problems

Hot spots

Fig. 1 Most typical stressors and the resulting failures in cold and snowy climate, adapted with permission.*
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SML at low
temperature
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Fig. 2 Schematic overview of the testing procedure. (DML: dynamic mechanical load; SML: static mechanical load).
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Fig. 3
cross-section of EPE and extracted IR spectra of the layers.

e Silicone elastomer - from Dow type PV-6326.

e EPE (a three-layer structure consisting of EVA-POE-EVA -
see Fig. 3b) - from FilmTec Solar type Protec EPE.

All encapsulants were examined in their cured (crosslinked)
state to best replicate the conditions within a laminated PV
module. The chemical identity/structure of the encapsulant
films was determined via their infrared (IR) spectra (Fig. 3a).
This analysis revealed that POE is a pure polyethylene based
material and the silicone is a polydimethylsiloxane elastomer.
An Fourier Transform Infrared spectrometer (PerkinElmer
Frontier) and microscope (PerkinElmer Spotlight 400) were
used for the attenuated total reflection point and imaging
measurements, respectively.

The glass transition temperatures of the encapsulants were
determined using differential scanning calorimetry (DSC)
according to ISO 11357-2, performed with a Mettler Toledo DSC
in nitrogen atmosphere. A heating rate of 20 K min~* was used
in a temperature range of —80 °C to 280 °C. In addition,
a dynamic mechanical analysis (DMA) of the various encapsu-
lant materials was performed according to ISO 6721-4. A Mettler
Toledo DMA/SDTA 861 was used to analyze the thermo-
mechanical properties of EVA, POE, and EPE. The temperature
range was —60 °C to 80 °C, with a heating rate of 2 K min~ ' and
a frequency of 1 Hz.

In order to test the mechanical characteristics, tensile
strength measurements were carried out according to ISO 527-3

© 2026 The Author(s). Published by the Royal Society of Chemistry

7

~
o
L

—— EVA - outer layer

—— POE - inner layer|

1500 2000 2500 3000 3500 4000
Wavenumers [cm-1]

()
o
L

Transmission [%]

1000

(b)

(a) IR spectra of tested encapsulant materials EVA, Silicone and POE. (b) Light microscopic image with an inserted ATR-IR-image of the

(five-fold determination) in a temperature range from —40 °C to
+50 °C, in increments of 10 °C. Due to the high flexibility of the
encapsulant materials, no breakage was observed even at high
elongation. Therefore, the tensile stress at 10% elongation was
used for comparison between the different encapsulant materials
as it reflects the strain levels during bending in a PV module.

2.2 Mini modules

To transfer the findings of the encapsulant material analysis to
module laminates, in the next step the currently most
frequently used encapsulation materials (EVA and POE) were
evaluated within different module configurations: glass/glass
(G/G) and glass/backsheet (G/BS). The aim was to compare the
thermomechanical stability and the probability of failures of
these combinations. For this purpose, four-cell mini modules
were manufactured, each using 4 mm thick solar glass and full
passivated emitter and rear contact (PERC) solar cells with five
busbars. The back cover was either (i) glass or (ii) a polymeric
backsheet composed of polyethylene terephthalate (PET) or
polyvinyl fluoride (PVF)/PET/PVF, referred to as Tedlar-BS
hereafter.

2.2.1 Accelerated aging tests on mini modules including
dynamic mechanical loading. The thermomechanical stability
of the mini-modules was assessed through a preliminary study
using four cycles of an accelerated aging test sequence, as
depicted in Fig. 4. This sequence involved temperature cycling

EES Sol, 2026, 2,161-173 | 163
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(TC), damp heat (DH), and irradiance (IRR). This series of tests
was designed as a screening method to identify early on the
impact of variations in structure and material on the stability of
the modules under various accelerated test conditions. Thus,
a broad spectrum of potential aging mechanisms was covered.
The tests were conducted in a climate chamber equipped with
metal halide lamps serving as an artificial sunlight source best
suited for large area illumination.** The irradiance was set to
1200 Wm ™ to mimic typical conditions at high altitudes.*® The
TC test was conducted at a higher maximum temperature (100 ©
C) than given in IEC 61215. According to standard IEC
62892:2019 (ref. 16) the maximum temperature of the TC test
can be increased up to 110 °C to increase the stress level or
reduce the number of TC test cycles. For all three test stages of
the sequence, a test duration of 100 hours was chosen to allow
for a rapid assessment of the effects of the various stress factors.
The dynamic mechanical load (DML) test was performed using
a three-point bending setup on a dynamic testing machine
PA40-280 from Form + Test. A total of 1000 cycles at 0.25 Hz with
a load of 200 N (equivalent to a pressure of 1950 Pa on the
module area) were applied. The module deflection was recorded
during the test by the testing machine. Besides visual inspec-
tion to detect obvious failures, electroluminescence (EL)
imaging of the mini-modules was performed between and after
the tests to identify cell crack formation or damage of the cell
metallization. A modified Sony A7S camera was used to take the
images of the modules in the dark with the short circuit current
applied. Additionally, electrical measurements were conducted
before and after the tests to evaluate changes in electrical
performance. The current-voltage (I-V) curves of modules were
measured under standard testing conditions (STC), which are
defined as module temperature of 25 °C, 1000 Wm 2 irradiance,
and an air mass of 1.5 (AM1.5). These measurements were taken
at an ISO 17025 accredited PV module testing laboratory using
a class A+A+A+ 10 millisecond pulsed solar simulator (Pasan
IIIb) with an uncertainty of + 2.6%.

Initial characterization
visual, IV, EL

Temperature Cycles (7 cycles)
-40 °C to +100 °C
!
Damp Heat (100 h)
85°C and 85% RH
|
Irradiance (100 h)
1200 W/m2andT,, 4= 75 °C
1

4 x

Dynamic Mechanical Load
(1000 cycles)
200 N and % Hz

Interm./end characterization
visual, IV, EL

Fig. 4 Accelerated test sequence for the mini modules, including the

dynamic mechanical load testing (EL: Electroluminescence, [V:
current—voltage curve).
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2.2.2 Static mechanical load testing at low temperature. To
obtain more detailed results regarding the temperature influ-
ence on the mechanical stability of the two module structures
(G/G versus G/BS) and the impact of the encapsulant type (EVA
versus POE), static mechanical load tests (SML) were performed
at different temperatures inside a climate chamber. The influ-
ence of low temperatures on the physical state of the encapsu-
lation material and the resulting development of various failure
modes (e.g. cell cracks or metallization damage) was assessed. A
three-point bending test was again applied to the mini modules
(Fig. 5). A load of 5400 Pa was applied for one hour at each
temperature: initially at 20 °C, then at 0 °C, and subsequently
decreased in 10 °C increments to —50 °C. The chosen load level
was selected to identify differences between the various module
designs and represents a typical test load for modules intended
for use in areas with high snow and wind loads. The one-hour
test duration is in accordance with IEC 61215 MQT 16," as it
can be assumed that the load and temperature have stabilized
within this time span. EL images were captured at each
temperature to detect the potential formation of new cell cracks
or solder bond failures.

2.3 Mechanical load tests on full-size modules

The mechanical behavior of a PV module depends on its size.*
Furthermore, the impact of the frame and the mounting clamps
cannot be accurately assessed using mini modules. Thus,
a holistic test setup was developed to analyze the effect of
temperature and mechanical load (ML) on full-size PV modules.
Different module designs - frameless G/G and framed G/BS -
were tested using a specifically designed test sequence.

2.3.1 Samples. Table 1 summarizes the samples investi-
gated, comparing framed G/BS modules with frameless G/G
modules. It lists the glass thicknesses, cell and encapsulant
types, and module dimensions. The PET backsheet has
a thickness of 170 um. The bifacial full PERC cells have five
busbars. Due to the recent rapid technological changes in the
solar industry, tests on PV modules containing half-cut Tunnel
Oxide Passivated Contact (TOPCon) solar cells with 16 multi-
wires were also added to the test program for comparison. In

Fig. 5 3-Point bending test with a load of 5400 Pa on a mini module
inside the climate chamber. Picture taken at —30 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Configurations of the full-size modules used for ML testing
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Configuration Glass thickness Frame Encapsulant Cell type Metallization Dimensions [mm x mm]
G/G 6 mm/6 mm No EVA PERC full Busbar 2020 x 1015

G/G 4 mm/4 mm No EVA PERC full Busbar 1700 x 995

G/G 3 mm/3 mm No EVA PERC full Busbar 1700 x 995

G/BS 4 mm/PET-BS Yes - 40 mm EVA PERC full Busbar 1680 x 1015

G/BS 3.2 mm/PET-BS Yes - 35 mm EVA/POE/EPE TOPCon half-cut Multi-wire 1748 x 1143

addition to EVA, in these samples POE and the emerging EPE
were also tested.

To minimize the influence of mounting variations on the
results, it was ensured that the mounting configurations were as
consistent as possible across all samples during the mechanical
load tests. The G/G modules were mounted on an aluminum
frame using three clamps (100 mm long) on each long side (six
in total), simulating a mounting configuration without rails
shading the back of the bifacial modules. The clamps were
tightened to 15 Nm - as specified by the manufacturer -
ensuring optimal mounting conditions. For the G/BS modules,
six clamps were also used, this time attached to three mounting
rails. The G/BS module with PERC cells is specified for high
loads up to 7000 Pa in this configuration and includes special
back rails designed to reinforce the frame.>®

2.3.2 Mechanical load test flow. A specific test flow was
developed to identify (i) the influence of low temperature
(—40 °C) during ML testing, as well as (ii) the effect of accelerated
temperature cycling (ATC) - 50 cycles between —40 °C and +110 °C
- prior to ML testing at 25 °C. After analyzing the results of the
mini-modules under combined stress conditions, the most rele-
vant stressors were identified. This advanced test matrix therefore
mimics stressors of the cold and snowy climate, such as
temperature fluctuations prior to snow or wind loads, and sub-
zero temperatures during the loads. In total, three distinct test
sequences were evaluated (Fig. 6):

e ML test at 25 °C after thermal cycling: ML test was con-
ducted following 50 accelerated thermal cycles (ATC) - between
—40 °C and +110 °C - as part of a broader stress sequence,
which included subsequent 4 humidity freeze cycles. The
temperature was increased to 110 °C to enhance the stress on
the module laminate, according to IEC 62892:2019.°

e ML test at —40 °C: performed inside a climate chamber to
assess the direct influence of low temperatures on mechanical
stability.

e ML test at 25 °C (reference): conducted without prior
thermal preconditioning to serve as a baseline.

To ensure uniform pressure application during the ML tests,
the load was applied using two large sand-filled bags. The
weight of each bag was adjusted based on the contact area and
the target pressure for the test. These were lifted and placed
slowly and evenly using a forklift truck, minimizing the risk of
unintentional damages (Fig. 7). Each mechanical load test
sequence consisted of three steps:

1. Pre-test: A pressure of 2400 Pa was applied, followed by
evaluation using EL imaging.

2. Main test: A pressure of 5400 Pa was applied to simulate
a high snow load, followed by evaluation using EL imaging.

3. Wind simulation: A pressure of —2400 Pa was applied to
the rear side of the module, with a final EL image taken
afterwards.

}

N
Temperature Cycles — 50 cycles
-40°C/ +110°C

}

-

-

Mechanical Load — at 25°C Mechanical load — at -40°C Mechanical load — at 25°C
Pretest: + 2400 Pa 1h Pretest: + 2400 Pa 1h Pretest: + 2400 Pa 1h

L +5400 Pa 1h & -2400 Pa 1h +5400 Pa 1h & -2400 Pa 1h +5400 Pa 1h & -2400 Pa 1h

|

Humidity Freeze — 4 cycles
-40°C / 85°C with 85% RH

[

]

Fig. 6 Developed test sequences used on full-size modules to determine the influence of low temperatures and pre-stress (accelerated

temperature cycles) on the mechanical stability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Setup for the mechanical load testing in the climate chamber.
The weight was evenly distributed with sand-filled bags.

At the beginning and end of the test, visual inspection, elec-
trical performance (I-V curves) and EL measurements were con-
ducted to detect relevant failure modes. The deflection of the
modules during the loading was measured with a digital laser
distance meter Zamo from Bosch with an accuracy of 2 mm.

3 Results and discussion
3.1 Material tests

Encapsulants play a critical role in protecting solar cells from
various environmental stressors, including mechanical loads.
This is achieved by choosing a polymer encapsulant that has
flexible properties at standard operating temperatures of the
modules. However, when the temperatures drop below their T,
and the polymer turns into a glassy state, protection of cells
against mechanical impacts (e.g., snow and wind loads) is
limited."** As a first step, the T, of four different encapsulation
materials currently used in PV-industry was determined using
DSC. These measurements resulted in characteristic glass

15
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Fig. 8
of EVA, POE and EPE at —40 °C (solid lines) and +23 °C (dashed lines).
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transition values of —30 °C for EVA, —50 °C for POE, and —122 °
C for silicone. EPE, which has a layered structure consisting of
EVA and POE, exhibited two distinct glass transitions at —30 °C
and —50 °C, respectively. Similar values for EVA and POE have
been published in the literature, although the exact values
depend on the specific method and device used.””*® It should be
noted that the glass transition is not a single point, but rather
arange with an onset of the curve typically 10 °C higher than the
transition point. Therefore, the EVA and EPE begin to change at
—20 °C, and the POE at —40 °C. Additionally, the glass transi-
tion can be measured using other methods, such as rheology or
DMA. In this case, the focus is on the material's flow behavior,
and higher values are measured. The DMA analysis conducted
in this study, resulted in temperatures of the maxima in the
dissipation factor, of around —14 °C for EVA, —31 °C for POE
and —15 °C for EPE, well aligned with the literature.'**”** As
module temperatures of —20 °C or —30 °C can be reached in PV
systems installed at high altitudes® or latitudes, this is below the
mechanically derived glass transition of EVA or EPE. These
results already provide valuable information about the potential
applicability of modules with different encapsulation materials
at low temperatures. They were subsequently confirmed by
further mechanical testing.

Fig. 8a compares the tensile stress of the same four types of
encapsulants as described before at 10% elongation and
temperatures between +50 and —40 °C. The results demonstrate
the good low-temperature behavior of POE and specifically of
silicone which retains its flexible properties even at low
temperatures. In contrast, both EVA and EPE exhibit signifi-
cantly increased tensile stress when tested at/below —20 °C,
indicating a transition to a stiffer state. This is in good agree-
ment with the discussed T, values obtained upon measure-
ments with DMA. The change in the polymer state is also visible
in the differences between the tensile strength curves measured
at 23 °C and —40 °C. At room temperature, EVA, POE, and EPE
exhibit the typical curve of a soft and elastic polymer. However,
at —40 °C, the EVA (and EPE to a lesser extent) curves change to
the characteristic shape of a hard/though polymer (Fig. 8b).

A m——vreT S
—— EPE -40°C
—— POE -40°C
|- - -EVA+23°C
— 301 - _EpE 230
$ - - -POE +23°C
=3
@ 201
o
N
104
0 T T T
0 200 400 600
Strain [%]
(b)

(a) Curves resulting from tensile stress tests: Stress at 10% elongation of encapsulants at varying temperatures. (b) Tensile strength curves

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2 Mini modules

3.2.1 Results of the dynamic mechanical load test. To
understand the impact of encapsulation material properties on
the mechanical stability of the module assembly, specific
accelerated aging test sequences were developed. Dynamic
mechanical loading (DML) has been found to be the most
significant trigger for the formation of defects and subsequent
electrical degradation, especially when the DML test is per-
formed after a previously applied thermal cycling stress.**?* 4-
Cell mini modules with G/G and G/BS structure were subjected
to four cycles of an accelerated aging test sequence, as described
in Section 2.2.1. After each cycle of the test sequence, EL images
were taken and the newly developed failures in the solar cells
(cell cracks, microcracks and solder bond damage) were coun-
ted (Fig. 10a). It shows that the G/G structure prevents the
formation of new cell cracks upon DML application. In contrast,
most of the G/BS samples started to crack upon DML-testing.

The deflection of the modules was measured during the
DML test. The results show that the G/G module was deflected
by 0.34 mm, compared to 0.74 mm of the G/BS modules, with
identical front glass thickness. This confirms that modules with
two panes of glass - of the same thickness - provide better
protection for encapsulated cells under mechanical stress when
the module structures are otherwise identical. Furthermore,
due to the symmetrical G/G structure, the cells are located in the
neutral axis of the laminate. According to finite element simu-
lations (FEM) in the relevant literature, cells in this position are
subjected to significantly lower stresses.”*** The EL images
depicted in Fig. 9 show several failures after the four cycles of
testing. Cell cracks, micro cracks and solder bond issues are
visible. The images as well as the results of the cell crack counts
given in Fig. 10a reveal that the mini modules containing EVA
encapsulants were more prone to cell cracking and solder bond
issues than those with POE encapsulation, which is consistent
with the material characteristics at low temperatures. The

G/EVA/PET

G/EVA/Ted

initial state

after 4 cycles

APm=-83% AFF=-6.2% APm=-54% AFF=-4.0%
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cracks in the cells increase the series resistance, which
decreases the fill factor (FF) of the IV curve indicating power loss
of the module. The higher number of cracks in the EVA mini
modules resulted in a more significant decrease in the FF of
—4% and —6% compared to —2% and —5% for the POE mini
modules. As expected, this reduction in FF impacted the elec-
trical performance at the maximum power point (P,,) of the
mini modules (Fig. 9). Contrary to the encapsulant, the type of
backsheet material (PET or Tedlar) had no effect on the extent of
cell cracking. The DML tests gave interesting results regarding
the impact of encapsulant material type and module structure
on the module stability under dynamic stress e.g., wind load.
Next, static load tests were performed to mimic high snow loads
on the modules.

3.2.2 Results of the static mechanical load test. To asses
the influence of module configuration and encapsulation
material on cell crack formation and propagation under static
mechanical loading at low temperatures, a static load was
applied using a three-point bending setup within a climate
chamber, as described in Section 2.2.2. The temperature was
decreased in steps of 10 °C and at each step load was applied for
one hour. Fig. 10b shows the temperature at which initial cell
cracking was observed in the different samples. Again, the
results indicate that G/G mini modules exhibit significantly
higher resistance to cell cracking compared to G/BS mini
modules. Furthermore, the experiment supports earlier find-
ings, that G/BS mini modules with EVA encapsulation are more
prone to cell cracking than those encapsulated with POE, and
highlights the superior low-temperature mechanical stability of
POE-based modules.

3.3 Full-size module testing

Further experiments were carried out on full-size PV modules to
validate and extend the findings of the mini module tests. These
tests aimed to assess whether the trends observed in mini

G/POE/PET G/POE/Ted

APm=-33% AFF=-20% APm=-57% AFF=-5.0%

Fig.9 ELimages of G/BS mini modules at the initial state (top) and after the fourth cycle of the test sequence (bottom). (Micro-) cell cracks and
solder bond failures developed during the four cycles. FF: fill factor, P,: power at maximum power point.
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(a) Number of failures (cell cracks, micro cracks and solder bond failures) in the eight mini modules after each cycle of the accelerated

test sequence including dynamic mechanical loading. (b) Temperature at which the first cell (micro-) cracks appeared during the static

mechanical load while temperature was decreased in steps.

modules would hold in full-size PV modules. Testing full-size
modules is important because module size and mounting
conditions can significantly impact mechanical load distribu-
tion and failure modes, which mini modules do not capture.

3.3.1 Glass/backsheet modules. For the G/BS modules with
PERC cells and busbar metallization, the three test sequences
(see Fig. 6) resulted in the formation of cell cracks of varying
severity. Initial cell cracks were identified in the EL images after
applying a ML of +2400 Pa. However, cracks were only observed
in the modules where (i) the load was applied at —40 °C and (ii)
the load was applied at 25 °C after pre-stressing with ATC. These
cracks propagated further under subsequent application of
a +5400 Pa load (Table 2). Notably, the module that underwent
temperature cycling before ML exhibited cracks in nearly all
cells, displaying the characteristic X-pattern of cracking asso-
ciated with high mechanical stress for PV modules with a frame.
Subsequent humidity freeze cycles did not result in the forma-
tion of additional cracks. In contrast, the module tested with
ML at 25 °C without pre-stressing showed only two minor
cracks. It should be mentioned that some modules developed
small cracks during the manufacturing process. However, these
cracks did not affect the test results. EL images of the initial
state are presented in the Appendix (Fig. 12).

The electrical results are consistent with the observations in
the EL images (Table 2). The module that underwent the ATC-
ML-humidity freeze test sequence exhibited the highest power
degradation, with a P,,, reduction of —9.1%, mostly due to a FF
losses of —4.1%. The module tested at —40 °C for ML exhibited
a Py, loss of —6.0% (AFF = —1.9%), while the module tested for
ML at 25 °C (the reference condition), which did not show
significant cracking, exhibited the lowest loss of P,, = —2.5%
(AFF = —0.1%). The power loss in the absence of visible
cracking is most likely attributed to metastability effects of the
module.

The results clearly show that the stiffness of the encapsula-
tion material at temperatures below its glass transition signifi-
cantly affects the outcome of the static mechanical load test.
This becomes evident when comparing the ML test results at
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—40 °C and +25 °C of full-size modules with PERC cells and five
busbars. The higher number of cell cracks in the module tested
at —40 °C also resulted in higher power degradation. This
underscores the importance of testing modules at temperatures
comparable to those experienced under real-world conditions to
simulate failures that also occur in field installations. However,
most cracks were observed in the ML test following ATC. This
suggests that the mismatch in the coefficients of thermal
expansion of the different module materials plays a critical role.
In the applied test sequence, this impact was reinforced by the
intensified TC-parameters of —40 °C to +110 °C. Since the
encapsulant is compressed above the busbars, shrinkage is less
there than in the encapsulant to the left and right of the busbar
(see Fig. 11 left). For this reason, stress is applied to the cell in
this area during the transition to lower temperatures, which can
cause microcracks beneath the busbar. These microcracks are
not visible in the EL images after ATC but grow into larger,
detectable cracks after ML.>>*"

After conducting additional tests on G/BS modules with
TOPCon cells and multi-wire connection technology, the
explanation of the crack formation mechanism was supported.
Due to the different dimensions of the round multi-wires and
their smaller contact area with the solar cell (Fig. 11 right),
stress on the cells during ATC is significantly lower. The wires
displace significantly less encapsulant material than the
broader busbars (four times broader). As a result, only a few cell
cracks or damages were detected in the wired half-cut TOPCon
cells encapsulated with EVA, POE and EPE. When using multi-
wire interconnections with a 250 um diameter, no significant
influence of the encapsulant type on cell resistance to static
mechanical stress at low temperatures was detected. Overall,
multi-wires offer better resistance to mechanical load in cold
conditions compared to bulkier busbar technology, primarily
due to their reduced volume.

The results of the EL images of G/BS modules after ML tests
(Table 2) indicate that the stress impact applied in the three
different test sequences (shown in Fig. 6) yields significantly
different levels of degradation in modules with busbar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 EL images of full-size G/BS modules during and after the three different ML test sequences. Difference in severeness of cell cracking is
visible and also reflected in the power (P,,) and fill factor (FF) loss. EL images of the initial state are presented in the Appendix, where only small
failures from production are visible

TC - > ML at 25 °C ML at —40 °C ML at 25 °C

TC50 Not applicable Not applicable
No new cell cracks No cell cracks No cell cracks

) l l
Severe cell cracks First single cell cracks No cell cracks

) . l
Severe cell cracks expanded Several cell cracks 2 small cell cracks

el. deg. AP, = —9.1%; AFF = —4.1% AP,, = —6.0%; AFF = —1.9% AP, = —2.5%; AFF = —0.1%
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Fig. 11 Light microscopic image of cross sections of G/BS modules comparing PERC cells with busbars (left) and TOPCon cells with multi-wires

(right).

metallization. One conclusion that can be drawn from these
results is that the standard stress test should be modified for
modules intended for use in regions with temperatures below
freezing. The effect of low temperatures on the mechanical
robustness of the modules must be taken into account.
However, this would require a longer test duration or the use of
specialized laboratory equipment (e.g., a climate chamber large
enough to accommodate the stress test apparatus). Since the
stress test at 25 °C after the ATC exhibits the same failure
mechanism as the ML test at —40 °C (albeit to a greater extent),
it could serve as a practical alternative to the stress test at
—40 °C. This approach is also easier to implement, as it can be
carried out in most laboratories.

3.3.2 Glass/glass modules. The application of the three
different test strategies (Fig. 6) did not induce any cell cracks in
the G/G modules under test, although they had the same PERC
cell matrix and EVA encapsulant as the PERC G/BS modules
described above. The absence of cell cracks also resulted in no
noticeable change in electrical power upon these tests.
However, glass breakage occurred at higher loads, especially in
modules with thinner glass (2 x 3 mm and 2 x 4 mm). Due to
the frameless design, the clamping area was the weak point in
the mechanical test. The module with 2 x 3 mm glass broke at
5400 Pa, while the module with 2 x 4 mm glass broke at an
increased load of 6400 Pa. During the ML test, the structural
support of the frame was missing for the G/G modules. This
resulted in a maximum deflection of around 3 cm in the middle
of the G/G module (2 x 4 mm), similar to that of the G/BS
module with 1 x 4 mm glass. However, the bending forma-
tion changes depending on whether a frame is used or not.
Since the frameless G/G modules were only mounted along the
long side (with three clamps each), the deflection resembled
a cylinder, with 3 cm of deflection along most of the middle
axis. It is assumed that this type of bending exerts less stress on
the solar cells than bending of a framed module which takes the
form of an ellipsoid upon load and the diagonals bear most of
the pressure — which explains the X-shaped crack pattern.*
Additionally, FEM modeling of Beinert et al.*> and Gabor et al.**
showed that, due to the symmetrical structure of the G/G
modules, the cells are in the neutral axis and therefore experi-
ence much less stress, which explains the absence of cell cracks
in the mechanical load testing in this study.
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4 Conclusions

This study systematically investigated the mechanical stability of
PV modules under static and dynamic loads at varying temper-
atures, with a particular focus on encapsulant type and module
configuration. Material and mini-module tests revealed that
encapsulant choice significantly impacts mechanical stability at
low temperatures. The use of POE as an encapsulant out-
performed the use of EVA in both static and dynamic load testing
of mini modules, especially at sub-zero temperatures. The DSC
and DMA analyses revealed that POE has a glass transition
temperature of —50 °C (DSC) or —31 °C (DMA), which is signif-
icantly lower than that of EVA, which is —30 °C or —14 °C. This
lower glass transition enables POE to retain its flexibility at lower
temperatures, providing a material advantage that directly
contributes to improved module performance. POE-based mini
modules exhibited fewer cell failures which resulted in lower fill
factor and power losses, after a test sequence including dynamic
mechanical loading. In contrast, G/BS modules with EVA were
more susceptible to cracking at low temperatures or after
thermal preconditioning due to encapsulant stiffening and the
structure's lower inherent rigidity, resulting in a higher fill factor
and power degradation. Using both mini and full-size modules,
it was demonstrated that G/G module architectures offer supe-
rior mechanical stability for the solar cells compared to G/BS
configurations. The G/G structure minimized cell crack forma-
tion during dynamic and static mechanical load tests. However,
the frameless design of the full-size G/G modules causes issues at
higher loads, as robust mounting on frameless modules is
difficult. Glass breakage occurred with the 2 x 3 mm G/G module
at 5400 Pa and with the 2 x 4 mm module at 6400 Pa. This
underlines the importance of robust module designs with suffi-
cient glass thickness and a frame that enables efficient mounting
to withstand the higher loads in cold and snowy climates. The
recent industry trend towards modules with thinner glass panes
is not suitable for application in this harsh climate. In areas
where higher mechanical loads are expected, the modules,
structure, and mounting must be chosen wisely and tested
accordingly. However, optimizing and testing different
mounting configurations was not part of this study. In future
work, further testing would be required to compare the number
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and position of clamps on framed and unframed modules and
their effect on glass breakage and cell cracking.

G/BS full-size modules could withstand higher loadings due to
their reinforced frames. However, in full, busbar-connected PERC
cells, cell cracking occurred. The highest number of cracks and the
resulting highest electrical degradation (P, = —9.1%, FF = —4.1%)
occurred through the test sequence comprising accelerated thermal
cycling (—40°C/+110 °C), prior to ML and humidity freeze cycles. In
addition, ML tests at —40 °C also caused several cell cracks and
a degradation of (P, = —6.0%), while tests at 25 °C without thermal
preconditioning resulted in no severe cracking or significant elec-
trical degradation within measurement uncertainties. Further tests
demonstrated that modern module designs, with half-cut and
thinner cells, as well as round multi-wires, help to prevent cell
cracking at ML at or after low temperature exposure. After all three
test sequences of the ML test, EL images revealed only single
cracked cells, with no significant difference observed between these
modules tested at different temperatures or after preconditioning.
Notably, also no visible cell cracks or electrical losses were observed
in any G/G modules, regardless of the test sequence.

In general, the results emphasize the importance of adapting
testing strategies to the specific climate and stress factors present
at the installation site of the modules. Clear differences were found
between standard mechanical load tests at room temperature — as
performed during the certification process according to IEC 61215
- and adapted tests involving low temperatures, which resembles
real outdoor stressors in cold and snowy climates more closely. For
some module designs, cell cracking increased significantly when
a load was applied at a low temperature or after temperature cycles.
Both of these tests produced similar types of cell cracks along the
diagonals of the modules, starting at the busbars. In cases where
a mechanical load test at low temperatures is logistically chal-
lenging or not feasible, similar failure modes can be induced by
performing temperature cycles prior to a mechanical load test at
room temperature.

(a) Module for TC -> ML at -25°C

Fig. 12

© 2026 The Author(s). Published by the Royal Society of Chemistry

(b) Module for ML at -40°C
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The results underscore the importance of encapsulant
selection and optimized module structures to ensure long-term
mechanical durability of PV modules in cold and snowy envi-
ronments, where mechanical stress, low temperatures, and
temperature fluctuations are common stressors. G/G modules
with POE encapsulation and multi-wire metallization provide
the best mechanical protection for PV cells when combined
with an robust frame and optimizing clamping. These findings
offer valuable insights to manufacturers seeking to improve
module resilience in cold and snowy climates.
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Appendix

(c) Module for ML at 25°C

(Appendix) Initial EL of full-size G/BS modules with PERC cells. Some small failures are visible from the production.
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