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On residual stresses and reference temperatures in
thermo-mechanical simulations of photovoltaic
modules using the finite element method

Martin Springer and Nick Bosco

Abstract—Thermo-mechanical simulation of photovoltaic (PV)
modules using the finite element method (FEM) is a useful tool
for evaluating module design features in terms of structural
integrity, reliability, and durability. One of the main challenges
in the numerical modeling of a PV module is the incorporation of
residual stresses induced by the manufacturing process. Modeling
assumptions and abstractions are necessary to limit the model
complexity and reduce the computational time. However, over-
simplifications and incorrect assumptions can lead to erroneous
numerical results. Unfortunately, much simulation work still
neglects process-induced stresses. This can lead to incorrect
predictions of the stress-strain history and erroneous conclusions
during the design process. Here, we review current modeling
practices for incorporating process-induced stresses, and contrast
numerical models that consider residual stresses with those
that neglect them. We find that the simulation objective and
available material properties dictate which process steps need
to be modeled, and explore in depth the modeling of residual
stresses induced by the lamination process. We demonstrate that a
simplified cooldown procedure at the beginning of the simulation
can increase the model accuracy and discuss appropriate choices
for starting and reference temperatures in the finite element
model.

Index Terms—photovoltaic, numerical simulation, finite ele-
ment method, residual stresses, thermo-mechanical

I. INTRODUCTION

UMERICAL simulation tools such as the finite element
N method (FEM) [1] are becoming standard in the design
process of new photovoltaic (PV) modules. These tools allow
for the creation of physical models capable of estimating the
structural behavior and degradation states of PV modules
[2]. Being able to assess certain design choices early in
the design process using structural mechanics simulations
allows for design optimization, accelerates the development
process, and can ultimately help increase the durability and
reliability of the design. However, the accuracy of the numerical
predictions is highly dependent on the model inputs, such as
constitutive material models, boundary and loading conditions,
and simplifying modeling assumptions and abstractions. A
comprehensive and critical review of current FEM modeling
practices for PV modules can be found in [3].

One challenge in obtaining accurate numerical results is the
appropriate modeling of process-induced stresses. A simulation
objective needs to be established to determine which of the
stress-inducing manufacturing steps should be considered in the
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numerical model. Within crystalline silicon (c-Si) PV, fractured
cells are one of the main degradation modes [4]. Hence, a
typical simulation objective is to identify the probability of cell
fracture under certain loading and environmental conditions
[5], [6]. A Weibull distribution [7], [8] is commonly used
to characterize the strength of PV cells; this distribution can
be obtained from bare cells directly after the cutting process
[9]-[11] or later in the manufacturing process—i.e., after the
firing of the metallization [12], or after tabbing (application of
soldered ribbon interconnects) [13]. The residual stresses and
flaws induced by the manufacturing steps are reflected in the
Weibull distribution at the time of characterization [14]-[16].
Thus, only stress-inducing process steps that take place after
the characterization need to be considered in the numerical
model. Accounting for the nucleation and growth of flaws in the
numerical simulation is more challenging; hence, characterizing
the fracture strength of PV cells as late as possible in the
manufacturing process will deliver the most accurate results
and is the preferred method for our simulation objective.

Therefore, we assume that the fracture mechanics charac-
terization is done after the tabbing process, and the fracture
mechanics analysis is carried out as explained in [5]. This
way, only residual stresses from the lamination process, which
induces the highest stress levels within the cells [3], [17], need
to be considered in the finite element model. Modeling of the
entire lamination process taking into account accurate material
properties of the uncured and cured encapsulate material has not
yet been accomplished, and simplifying modeling assumptions
are typically used to estimate the post-lamination residual
stress state [18]-[20]. Most commonly, a stress-free state is
assumed at lamination temperature, and a cooldown step (to
room temperature) is conducted to incorporate the residual
stress state before the actual loading scenario is modeled [21]—
[25]. Unfortunately, a vast proportion of simulation work is still
conducted without consideration of process-induced stresses
[3], leading to erroneous results.

The purpose of this work is to demonstrate the effects of
neglecting the lamination-induced residual stress state on the
numerical results. We assume a fracture mechanics simulation
objective and use the simplified post-lamination cooldown
procedure for modeling the residual stress state. This method
is easy to incorporate, builds upon constitutive models of
cured materials available in the literature, and increases the
accuracy of the stress-strain history compared to simulations
that neglect process-induced stresses. This paper provides
guidance on incorporating the procedure into a finite element
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model and discusses appropriate choices for starting and
reference temperatures in thermo-mechanical simulations of
PV modules.

II. METHOD

We use a generic PV module construction with a glass front
sheet and polymer backsheet for all simulations. The objective
of this work is to contrast the numerical results for models
containing residual stresses induced by the lamination process
with the numerical results of models that neglect them. To
simplify this comparison, we focus on modeling the nominal
stresses in PV cells, neglecting peak stresses introduced from
interconnection or mounting features. We are modeling only
the PV laminate, without frame and without consideration of
the interconnect technology. For a complete fracture mechanics
analysis (see [5]), these features need to be incorporated into the
model. Examples on how to include the interconnect technology
are presented in [26], [27], and examples on how to include
the frame and racking configuration are presented in [28]-[30].

A. Geometry and Material Models

We use the commercially available finite element software
Ansys APDL 2020 R1 (Ansys, Inc., Canonsburg, Pennsylvania)
for our simulations. We take advantage of the symmetry of
a generic, 72-cell PV module and use a quarter-size model
with extremely simplified boundary conditions (see Fig. 1).
Symmetry boundary conditions are used along the x and y
axes, and rigid body movement is prohibited by fixing the
z-displacement at the top corner node of the glass front sheet.

The outside dimensions of the generic PV laminate are 995 x
1950 mm. Silicon cells have a size of 156 x 156 x 0.170 mm
and are spaced with a 1.25 mm gap. The laminate consists of
a 3.2mm-thick glass front sheet, a 0.9 mm-thick encapsulate
layer made of ethylene-vinyl acetate (EVA), and a 0.35 mm-
thick multilayer backsheet. The backsheet material consists
of a poly(ethylene-terephthalate) core, with one side clad in
a poly(vinyl fluoride) (PVF) and the other in poly(vinylidene
fluoride), which we refer to as TPT. The multilayer backsheet
was approximated by a single layer with a thickness of 0.35 mm
and homogenized material properties.

We used linear elastic material properties for the glass
front sheet (Young’s Modulus, £ = 73.1 GPa, Poisson’s
ratios, v = 0.17, and coefficient of thermal expansion,
CTE = 9.0 - 107% K~') as well as for the silicon cells
(E = 170GPa,v = 0.28, CTE = 2.6 - 10-¢ K1) [29],
[31]. The latter are averaged values suitable for modeling
multi-crystalline silicon cells. Temperature-dependent, linear
viscoelastic material models were used for the encapsulate
(EVA-T) and backsheet (TPT) [32]. The constitutive modeling
was done with a Generalized Maxwell model [33] in com-
bination with the Williams-Landel-Ferry shift function [34].
Polynomial fits of the temperature-dependent secant CTE were
utilized for modeling thermal elongation [32].

We created a 3D structured mesh of the geometry with
linearly interpolated continuum elements. First, the silicon cells
were discretized. Four elements were used over the thickness
of the silicon cells. The corner elements had element edge

Mz

Fig. 1. Tllustration of the quarter-size, structural mechanics finite element
model with simplified boundary and loading conditions. Only the PV laminate,
without frame and interconnections, is modeled in this work. For all load
cases, symmetry boundary conditions are employed along the x and y axes,
and rigid body movement is prohibited by fixing the top corner node of the
glass front sheet (indicated in red). For the uniform pressure load case, the
outside edges of the PV laminate are fixed along the z-axis after the cooldown
step (1" = 25 °C) and the surface pressure (SP) is applied to the glass front
sheet (indicated in blue).

lengths of 1.25 x 1.25 x 0.0425 mm. The planar mesh was
coarsened toward the center of the cell to reduce computational
time. The structured mesh was kept for all layers of the
laminate, with two elements per thickness for the backsheet,
the bottom and top encapsulate layer, and three elements per
thickness for the glass front sheet. A mesh convergence study
has been conducted, and this discretization was chosen as
a good trade-off between computational time and accuracy.
The chosen modeling approach resulted in approximately 1.5
million degrees of freedom.

B. Load Cases and Reference Temperatures

We selected three typical loading scenarios relevant to PV
applications (see Fig. 2). The load cases consist of static
mechanical loading via the application of (i) uniform pressure
loading at room temperature, (ii) an accelerated thermal cycling
scenario, and (iii) a fictitious long-term relaxation situation
with exposure of the module to room temperature and elevated
temperatures. As outlined above, we assume that all process-
induced stresses up to the tabbing step are accounted for
through the experimental fracture mechanics characterization
of the cells. Therefore, the only remaining process step that
induces residual stresses is the PV module lamination. We
incorporate the residual stresses from the lamination process
through a simplified cooldown procedure at the beginning
of each simulation. We assume that the starting temperature
at the beginning of the cooldown step equals the reference
temperature for thermal strain computations. This way, the
simulation is started in a stress-free state, and the subsequent
modeling steps contribute to the stress-strain history of the PV
module.

We chose a set of three different reference temperatures for
our study: Tyer = [25, 85, 145]°C. This choice is motivated by

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



IEEE JOURNAL OF PHOTOVOLTAICS

o
<)
o
>t
=)
[S)
—_
o
o

o— Tyof =25°C o— Tyef = 25°C
125t = 1251 = Tpep = 85°C _125f = Tpop = 85°C
@] A5 2000 (@) B vv Tpop = 145°C O vo Tpop = 145°C
o 100 —~ o 100 o 100
2 : ° = : _ %

. ® A
oo AN Bl o ok o\ o bk VN Tooare = 65°C
5 N 72 1500 5 \ 5 \
< b AN & < b\ < 50k
< 50 \ 2 < 50 \ = 50
g AN ?1 z \\ b5 \ T. =25°C
a o5 | v o 1000 & o5 | & 95 - \ soak = 20
Q

% 0 & g or % 0F
= — Tr-o0 || B S00f = H

— 25 Hem = Tper = 85°C N —25 =25

ve Trep = 145°C
50 0 50 5 5 4 5 s 0 S e AT
Time (min) Time (min) Time (h) Time (months)

(i) Uniform Pressure Loading

(ii) Accelerated Thermal Cycling

(iii) Long-Term Relaxation

Fig. 2. Illustration of typical PV module loading scenarios. Load case (i) depicts static mechanical loading via uniform pressure loading on the glass sheet
side. Prior to the mechanical loading step, a cooldown step from three different reference temperatures to room temperature (25 °C) is carried out, modeling
the post-lamination residual stress state. The same cooldown procedure is used for the remaining load cases. Load case (ii) shows an accelerated thermal
cycling scenario, and load case (iii) is a fictitious long-term relaxation of a PV module over the course of 1 year at two different temperature levels.

cases found in the literature for conducting thermo-mechanical
simulations of PV modules. The room temperature choice,
25°C, represents the case in which the residual stresses
from the lamination process are neglected. The 85 °C choice
is motivated by one of our previous works [35], where
we employed a minimum energy approach to determine an
appropriate stress-free temperature for a shingled cell PV
model. We found that choosing a temperature close to the
maximum temperature of the simulated thermal cycle presented
a good approximation for the stress-free state of the module
during accelerated thermal cycling. Lastly, we assumed that
for the generic PV module used in this work, the highest
uniform temperature during the lamination process equaled
145 °C. Using the highest lamination temperature is a popular
choice for incorporating residual stresses via the simplified
post-lamination cooldown procedure [3].

We simplified our model by neglecting temperature gradients,
and assumed a uniform temperature distribution throughout the
PV laminate. The cooldown step is carried out at a constant rate
of 1.5°C/min before each load case simulation. The static
mechanical load case (i) with uniform pressure loading is
conducted at room temperature (25 °C). The surface pressure

is linearly ramped up to 2400 Pa over the course of 1min.

The accelerated thermal cycling load case (ii) is consistent
with the procedure dictated by IEC 61215: 85°C to —40°C

with symmetric 10 min dwell times and 1.5 °C/min ramp rates.

We simulated a total of two thermal cycles and stopped the
simulations at room temperature. The long-term relaxation
load case (iii) simulates the relaxation behavior of the polymer

materials inside the PV laminate over the course of 1year.

The motivation for this load case was to answer the question
of whether residual stresses from the manufacturing process
decline during the operation of the PV module. Therefore, two
different soak temperatures were chosen: room temperature
(25°C), and an elevated temperature of 65°C. The uniform
module temperature is ramped from the reference temperatures
to the soak temperatures at a rate of 1.5°C/min, resulting in
six individual simulations for this loading scenario.

III. RESULTS

For a fracture mechanics analysis of silicon cells, the metric
of interest to assess crack initiation and propagation is the
maximum tensile stress within the cells; this is best described
by the first principal stress. However, the direction of the
first principal stress can change during a loading scenario,
and complicates the comparison of the different reference
temperature simulations. Therefore, for the purpose of this
work, we decided to use the oy, component of the stress
tensor for easier comparison of the individual results. oy,
represents the maximum tensile stress component at the end of
load case (i) and is roughly equal to the first principal stress at
the end of this simulation, making it a perfect candidate for our
comparisons. A qualitative contour plot of the oy, distribution
for load case (i), subjected to maximum surface pressure, is
shown in Fig. 3. The simplified boundary conditions lead to
the occurrence of nominal, maximum tensile stresses in the
center cells of the model. In the following sections, all oy,
results are extracted from the center of the cell, closest to the
x and y symmetry condition (denoted “max” in Fig. 3).

>

Fig. 3. Qualitative contour plot of the stress component, oyy, at 2400 Pa
pressure loading. Dark colors indicate regions of high tensile stress. All
subsequent results are extracted from the “max” location indicated in this
figure.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



IEEE JOURNAL OF PHOTOVOLTAICS

1.2} o= Trof = 25°C
' —— Ty = 85°C
1.0 o Trof = 145°C
9
% 0.8
i
3 0.6
&
e 04r
0
~
5 0.2F
S
0.0 |ereivrsist- ~kic .
~\\
—0.2} “tagis .
1 1 1 1 i i 1 1 1 1

150 125 100 75 50 25 0
Temperature (°C)

600 1200 1800 2400
Surface pressure (Pa)

Fig. 4. Normalized oyy vs. temperature and surface pressure of the uniform
pressure load case (i) at max location (Fig. 3). The left-hand side of the figure
demonstrates the cooldown procedure from the three reference temperatures.
The mechanical load step (right) is carried out at room temperature. This step
shows a linear increase of oy with increasing surface pressure and a constant
offset between the different simulations.

A. Uniform Pressure Loading

The uniform pressure load case (i) consists of two steps: a
cooldown step from the reference temperature, and a mechani-
cal loading step with increasing surface pressure (Fig. 4). All
results are normalized to the final o, value after the mechanical
loading step for the simulation, with an 85°C reference
temperature. For the 25 °C reference temperature, no cooling
is necessary, because the mechanical loading step is carried out
at the same temperature. For simulations with higher reference
temperatures, the higher CTE of the encapsulate (compared to
the glass front sheet and silicon cells) leads to compressive
stresses in the cells after the cooldown step. These compressive
stresses are an approximation of the residual stress state
induced by the lamination process. The subsequent uniform
pressure loading induces tensile stresses in cells, but the initial
offset between simulations starting from different reference
temperatures remains constant. Although the simulation that
neglects the residual stress state (Tyof = 25°C) results in
20% higher tensile stresses compared to the 85 °C reference
temperature simulation, there is only a small difference (6%) in
the predicted stresses between the 85 °C and 145 °C reference
temperature simulations. Hence, neglecting the residual stress
state for this load case scenario results in an overprediction of
the tensile stresses in the silicon cells.

B. Accelerated Thermal Cycling

The accelerated thermal cycling load case (ii) starts from
the three chosen reference temperatures and simulates two
thermal cycles (Fig. 5). All results are normalized to the
highest compressive oy, value, which occurs at the coldest
temperature of —40°C, for the simulation using an 85°C
reference temperature. The time axis of the results is aligned in
such a way that at time ¢ = 0 h, all three models are subjected to
a uniform temperature of 25 °C. For the stress-free simulation,
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Fig. 5. Normalized oyy vs. time of accelerated thermal cycling load case
(ii) at max location (Fig. 3). Prior to the two simulated accelerated thermal
cycles (t < Oh), the cooldown step is carried out for simulations using
reference temperatures 85 °C and 145 °C. A drop in the predicted stress state
between the first and second thermal cycle is visible for the simulation that
neglects the residual stress state from the lamination process (Tyof = 25 °C).
Afterward, however, the numerical results of the different reference temperature
simulations are in relatively good agreement with one another.

which neglects the residual stress state (Tyef = 25 °C), this is
equal to the starting point of the simulation. For the simulations
with higher reference temperatures, the initial cooling step is
done prior, and similarly to load case (i), a compressive stress
state is induced into the silicon cells. For the 85 °C and 145 °C
reference temperature simulations, the stresses in cycles one
and two are in good agreement; oy, at the beginning of the
thermal cycle (¢ = 0 h) is approximately equal to oy, at the end
of the second thermal cycle. By contrast, oy, drops significantly
for the 25 °C reference temperature simulation between the
first and second cycle. However, after this drop, the results
of all three simulations are in good agreement and differ by
only +£10%. An explanation for the drop in oy, is provided
in Section IV.

C. Long-Term Relaxation

The long-term relaxation load case (iii) consists of a
cooling/heating step followed by the simulation of relaxation
over the course of 1 year (Fig. 6). Six individual simulations are
carried out (for the three reference temperatures and two soak
temperatures). All results are normalized to the final oy, value
of the simulation utilizing the 85°C reference temperature
and a soak temperature of 25 °C. The residual stress buildup
from the post-lamination cooling step is visible at ¢ = 0. For
simulations with a reference temperature that is higher than
the soak temperature, a compressive stress state is obtained,
whereas for the simulation that neglects the residual stresses
(Tyef = 25°C) and has a soak temperature of 65 °C, a tensile
stress state is obtained. In the latter case, a significant amount
of relaxation can be observed by the rapid decline of oy, values
directly after the heating step. In the other simulations, a more
moderate decline in oy, can be observed. In general, relaxation
occurs at a faster rate for simulations with a higher soak
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Fig. 6. Normalized oyy vs. time for long-term relaxation load case (iii) at
max location (Fig. 3). The six different simulations are cooled/heated from the
reference temperature to the soak temperatures, leading to either compressive
or tensile stresses in the silicon cells (¢ = 0h). Subsequently, the viscoelastic
relaxation of the polymer materials inside the PV module leads to a declining
stress state in the silicon cells over the simulation time of 1 year.

temperature (65 °C). For simulations with a soak temperature
of 25 °C, a steady decline in oy, can be observed up to roughly
eight months after the start of the simulations. Afterward, the
stress state remains almost constant.

An alternative way of presenting these results is to plot the
stress evolution over temperature instead of time (Fig. 7). Here,
the impact of the temperature change on the stress evolution is
easier to visualize, and the stress relaxation is depicted by the
vertical decline in the stress states. For all simulations, stresses
induced due to temperature changes are larger than the stress
relaxation caused by the viscoelastic material response.

IV. DISCUSSION

Understanding the constitutive behavior of the encapsulate
material is key to interpreting the presented results. As outlined
above, we used a temperature-dependent, linear, viscoelastic
material model to describe the constitutive behavior of the
EVA encapsulate [32]. We have chosen EVA because it is the
dominant encapsulate material by world market share at the
time of writing and is predicted to remain the dominant choice
in the coming years [36]. The discussion here is focused on
EVA and other materials can induce different residual stress
states after lamination. However, for materials with similar
mechanical properties (e.g., polyolefin (see [32])) comparable
residual stress states and conclusions on reference temperatures
are expected.

The temperature- and loading-rate-dependent storage modu-
lus, E’, of EVA predicted by a Generalized Maxwell model,
is shown in Fig. 8. In a previous work [37], we identified
the relevant loading frequency range for PV applications as
3-10~8 Hz to 100 Hz, to account for loading scenarios from
seasonal temperature changes and vibrations causing first-
and second-harmonic resonance frequencies, respectively. Also
depicted is a loading frequency of 1-10~% Hz, which roughly
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Fig. 7. Normalized oyy vs. temperature for long-term relaxation load case
(iii) at max location (Fig. 3). The six different simulations are cooled/heated
from the reference temperature to the soak temperatures. Subsequently, the
viscoelastic relaxation of the polymer materials leads to a declining stress
state, which is depicted by the vertical lines at the soak temperatures.

approximates the storage modulus for the accelerated thermal
cycling simulation and the cooldown steps. By contrast, the
1Hz curve of the storage modulus is more closely related to
the surface pressure loading step in load case (i).

Noticeably, our material model levels out at =~ 0.75 MPa.
This is because the materials characterization has been con-
ducted up to 95 °C in [32], which is sufficient to capture the
normal operating temperature range for PV modules. However,
for accurately modeling the lamination process, materials
characterizations at higher temperatures would be required.
Other groups have reported dynamic mechanical analysis
(DMA) results of EVA measurements for temperatures up
to 150°C [20], [21], which show a similar plateau as our
numerical model. We believe that the accuracy limits of the
DMA have been reached in those studies and the reported
storage modulus values may have a high level of uncertainty at
such elevated temperatures. Either way, all the aforementioned
studies show that the storage modulus of EVA above 95°C
is below 1MPa, which indicates that the encapsulate has
practically lost its structural integrity to transfer relevant levels
of shear stresses for engineering applications. From a numerical
modeling perspective, this plateau means that the temperature-
dependent, linear, viscoelastic material model is reduced to a
single storage modulus value, comparable to a linear elastic
material model.

The accuracy of the modeled residual stress state from the
lamination process is dependent on how accurately the material
model describes the structural behavior of the encapsulate
at those elevated temperatures. Our model predicts constant
values for temperatures above 95 °C, whereas a further decline
would be expected. However, since the structural integrity
of the encapsulate material is practically lost, the differences
in the stress states between the model predictions and the
actual material response will be negligible small. This can
be seen in our load case (i) simulations (Fig. 4). There, the
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encapsulate material, predicted by a Generalized Maxwell model [32]. The
viscoelastic constitutive model collapses to a single storage modulus value
(= 0.75 MPa) at elevated temperatures, where most of the structural integrity
of the material is lost. The filled region indicates our choices for starting and
reference temperatures (1o = 85 °C to 145 °C) for simulations, considering
the residual stresses induced by the lamination process.

discrepancy between the simulations using either Ty..s = 145 °C
or Tier = 85°C as reference temperature resulted in only a
6% difference in the predicted tensile stresses, which should
be sufficiently accurate for most engineering tasks. Assuming
that our numerical model overpredicts the storage modulus at
elevated temperatures, this difference will be even smaller once
higher-accuracy material models become available. Further,
this results indicate that a wide range of applicable reference
temperatures are suitable to predict the residual stress state from
the lamination step reasonable well. By contrast, the simulation
that neglected the residual stress state resulted in a 20% to
26% higher tensile stress state. Therefore, simulations that are
neglecting the residual stress state are likely to overpredict the
probability of cell fracture.

Similar considerations can be made for load case (ii), where
higher reference temperatures lead to higher compressive
stresses in the silicon cells during accelerated thermal cycling
(Fig. 5). After the first thermal cycle, the predicted stress
states between the different reference temperature simulations
differ by only £10%. The most interesting feature of these
simulations is the drop in oy, between the first and second
thermal cycle for the simulation that neglects the residual stress
state. The assumption of a stress-free state at the beginning of
this simulation is clearly inaccurate, but heating the module
to elevated temperatures leads to a “self-correcting” behavior
in the simulation. The compliance of the encapsulate material
increases significantly at elevated temperatures and leads to a
decline of the storage modulus, E’ (Fig. 8). At around 55 °C the
stress reduction (caused by the decrease in E’ and viscoelastic
relaxation) exceeds the stress built-up during heating (caused
by the mismatch in CTE of the involved materials), leading to
a drop in the tensile stress state, as indicated by the red circle
in Fig. 5. At such elevated temperatures, the encapsulate is
not capable of transferring high enough shear stresses from

the glass front sheet to the silicon cells. Hence, the unphysical
assumption of a stress-free state is “corrected” during the first
heating cycle, resulting in a more appropriate prediction of
the actual stress state in the second thermal cycle. How well
this model will predict the actual stress state depends on the
maximum temperature of the heating cycle and, again, the
accuracy of the constitutive model at elevated temperatures.
Additionally, this simulation shows that the assumption of
a stress-free state of the encapsulate material at lamination
temperature may be reasonable, because even at a temperature
lower than the lamination temperature, the encapsulate material
fails to transfer a significant amount of shear stresses from the
glass front sheet to the silicon cells.

A similar behavior can be observed in the load case (iii)
simulations (Fig. 6 and Fig. 7). Here, the model that neglects
the residual stress state (T, = 25°C and Tyoac = 65°C) is
carrying out a similar “self-correcting” step when heated to the
soak temperature. At elevated temperatures of around 55 °C,
the encapsulate fails to transfer shear stresses from the front
sheet to the silicon cells. Additionally, viscoelastic relaxation
leads to a significant drop of the stresses at the beginning of
the soaking step. In contrast, simulations that consider residual
stresses result in a much more moderate decline of the stress
state during long-term exposure. Further, the simulated time
frame of 1 year showed that stress relaxation slows over time
with a residual stress state remaining in the model. These
results indicate that, even for long-term exposure at elevated
temperatures, the residual stresses induced by the lamination
process do not vanish over time, and will impact the stress-
strain history of the PV laminate over the course of its lifetime.

V. CONCLUSION

We explored three typical loading scenarios of PV modules
using models that considered and neglected the residual
stress state after lamination. We found that incorporating
process-induced stresses is especially important for mechanical
loading scenarios, where neglecting the residual stresses led
to differences of up to 26% in the stress states. In contrast,
all models subjected to accelerated thermal cycling conditions
showed better agreement of the predicted stress states after the
first thermal cycle. This is because the encapsulate material
becomes compliant at elevated temperatures and cannot transfer
a significant amount of shear stresses from the front sheet to the
cells, which justifies the common assumption of a stress-free
state at lamination temperature. Lastly, the simulations that
modeled long-term relaxation of PV modules showed that the
post-lamination residual stresses do not significantly decline
over time, even at elevated temperatures. Hence, process-
induced stresses affect the whole stress-strain history of a
PV module over its lifetime and need to be considered in
numerical models. Ultimately, the accuracy of the encapsulate
material model at elevated temperatures will define the accuracy
of the predicted residual stress state after lamination. However,
we have shown that, for currently available constitutive models
of EVA, a wide range of starting and reference temperatures
(85°C to 145 °C) resulted in similar predictions of the stress
and strain history. Thus, for module designs using EVA or
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encapsulates with similar mechanical properties, a simplified
cooldown procedure at the beginning of the simulation should
be sufficiently accurate for most engineering tasks, and we rec-
ommend incorporating this procedure into thermo-mechanical
simulations of PV modules.
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