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ABSTRACT

A high-quality encapsulation process is crucial to ensuring the performance and long-term reliability of photovoltaic (PV)
modules. In crystalline Si technology-based modules, poly (ethylene-co-vinyl acetate) (EVA) is the most widely used PV
encapsulant. Its encapsulation process is usually performed in a flat-bed vacuum bag laminator. In certain types of lamina-
tors, cooling press can be applied to the module cooling process after the module encapsulation, leading to a much higher
cooling rate (~100 °C/min) than conventional natural cooling due to the application of water cooling circulation and
mechanical pressure on the modules. In this work, the effect of the cooling press on the encapsulation properties of PV
modules with EVA as the encapsulant are assessed on the aspects of residual stress in the modules, peeling strength be-
tween glass and EVA, and the resulting EVA gel content after encapsulation. The results show that the cooling press in-
fluences the encapsulation properties of PV modules. In particular by applying the cooling press after encapsulation, the
residual normal stress in the Si solar cell in the encapsulated module after cooling can be reduced by as much as 22 ± 2
to 27 ± 3% depending on the EVA gel content, whereas the peeling strength between front glass and EVA is increased
by ~ 10%. This work should help the further optimization of PV module encapsulation processes aimed at improving
module encapsulation quality. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Field-deployed photovoltaic (PV) modules frequently face a
combination of various natural stresses [1]. The reliability of
PV modules plays a crucial role in determining the perfor-
mance degradation and lifetime thus the cost per kWh of
PV electricity. As a result, module reliability is the utmost
guarantee for ensuring the role of photovoltaic technology
as a key energy resource in the future. Generally, failed crys-
talline Silicon (c-Si) technology-based PV modules suffer
mainly from the degradation of the encapsulation scheme,
of interface between the encapsulant and the cells, of the elec-
trical contacts, instead of the c-Si solar cells (i.e., the p-n junc-
tion), which usually have much longer lifetime. Therefore,

the encapsulation quality of the PV modules, very often
overlooked, is actually critical to photovoltaic technology.

A c-Si based PV module is typically composed of a
front glass, stringed solar cells sandwiched between two
layers of polymeric encapsulant, and a back protection
layer of either glass or polymeric backsheet. One major
function of the polymeric encapsulant is to bond all
components into one piece and hence provide the structural
stability of PV modules. Besides that, a qualified PV
encapsulant should also exhibit satisfactory performances
in terms of optical transparency (for front encapsulant),
chemical stability, electrical insulation, thermal conductivity,
matching of the thermal expansion coefficients, moisture
barrier property, etc. [2]. Nowadays, the most widely used
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encapsulant is a statistical copolymer, Poly (ethylene-co-
vinyl acetate) (EVA), occupying nearly 80% of the PV
encapsulant market [3]. In the EVA formulated for PV, per-
oxides are added as curing agents to initiate the cross-linking
reaction and to transform EVA into an elastomer [4–6]. The
EVA encapsulation process of PV modules is usually
performed in a flatbed vacuum bag laminator [7–9]. Figure1a
shows module temperature/pressure evolution curves during
a typical encapsulation process. The heating plate tempera-
ture is normally set at between 140 and 160 °C. The encapsu-
lation process includes four main steps: (i) preheating of PV
modules onmetal pins while vacuum is generated to evacuate
potentially trapped air in the module layup; (ii) after the
preheating, the pins are removed and the PV module is di-
rectly pressed (1 bar) onto the heating plate by a membrane.
The resulting improved heat transfer allows the laminate tem-
perature to rise rapidly to the desired curing temperature; (iii)
the EVA curing process is initiated by the thermally-activated
peroxides once the processing temperature is reached. The
EVA curing continues until the desired EVA gel content is
reached [10,11]; and (iv) the PV module is transferred out
of the lamination chamber and the cooling process starts.

In normal laminators, the cooling process occurs natu-
rally in ambient environment. To enhance the quality con-
trol and the production output of the PV modules, an
additional step at the end of the process, the so-called
‘cooling press’ (CP), has been introduced [12]. In this pro-
cess, the PV modules are transferred directly into the CP
chamber after the curing step of the EVA. Therein, the
cooling process of the module is accelerated by a water cir-
culation cooling system (20 °C) embedded into the metallic
plate underneath, whereas 1 bar mechanical pressure is ap-
plied over the whole module by the membrane above, as
schematically illustrated in figure 1b. The unique features
of the CP-assisted cooling compared with the conventional
cooling process lie mainly in the following two aspects: (i).
a higher and controlled module cooling rate of more than
100 °C/min; and (ii). application of a controlled 1 bar pres-
sure throughout the module cooling process.

Usually, for polymer materials including composites,
the cooling rate and pressure have strong influence on
properties like density, crystallinity, hardness, residual
stress, etc. [13–15]. Thus, it is hypothesized that the
cooling press may also affect the properties of the cured

EVA encapsulant, and hence, the encapsulation properties
of PV modules. In this work, the effect of cooling press is
studied experimentally, with focus on the residual stress in
the PV modules and the adhesion between EVA and glass
after the encapsulation process.

2. EXPERIMENTAL SETUP

2.1. Residual stress

2.1.1. Methodology.
Several approaches have been proposed in the literature

to study the residual stress in materials, especially layered
composite materials [16–19]. PV modules, composed of
different layers of materials, can be treated as a layered
composite. However, the multilayered structure of PV
modules makes it difficult to determine experimentally
the quantitative distribution of residual stress across each
layer. In this paper, a qualitative method is adopted, which
we believe to be sufficient for the comparative evaluation
of the effect of cooling press on the module encapsulation
properties. Using the resulting curvature of the laminates to
evaluate the residual stress is a common approach in the
field of polymer composites [20,21]. In PV modules, due
to the stiffness of the front glass, the overall module curva-
ture induced by the residual stress is too small to be mea-
sured accurately. Inspired by the layer removal technique,
commonly used to measure the stress distribution in many
homogeneous material systems [17,22,23], a similar tech-
nique is deployed in this study. After the encapsulation,
the front glass is removed from the rest of the module.
Then the curvature of the laminate composed of remaining
layers is measured to evaluate the residual stress.

2.1.2. Sample preparation.
Small modules of 200 × 200mm2 are encapsulated with

the layups shown in Figure 2, either with (Figure 2a) or
without cell (Figure 2b). The 156 × 156mm2 cells are
placed right in the center. A Teflon sheet is inserted be-
tween the front glass and the top EVA layer, which allows
an easy removal of front glass after encapsulation. The en-
capsulation is performed on a NG3622XLCP laminator
equipped with a separate cooling chamber [10]. The curing

Figure 1. (a) Temperature (in black) and pressure (in red) profiles of a standard ethylene-vinyl acetate encapsulation process of photo-
voltaic modules, and (b) schematic drawing of the main components in the cooling press chamber.
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temperature is fixed at 140 °C. Modules with three differ-
ent EVA gel contents are prepared by setting the curing
time at 300, 600, and 900 s. After the curing step, the mod-
ules are either cooled naturally in ambient conditions or in
the cooling chamber under cooling press. For each encapsu-
lation condition, three modules are prepared, from which the
average curvature is determined and reported later.

After the front glass removal, the laminates exhibit dif-
ferent curvatures depending on the module layup, as illus-
trated in Figures 2c and 2d. Experimentally, the resulting
curvature is always found to be along one single axis, pos-
sibly due to the asymmetrical thermal shrinkage in certain
module component. The magnitude of the curvature is rep-
resented by angle α in Figures 2c and d. The maximum
curvature angle α of each module is recorded in this work.

2.2. Adhesion study

2.2.1. Sample preparation.
The effect of cooling press on the adhesion between

EVA and glass is studied on 670 × 710mm2 modules with
layup similar to the one in Figure 2b. The difference is that,
instead of complete coverage, the Teflon releasing sheets
are inserted into the interface between EVA and glass only
at five different locations on the module, functioning as ini-
tiators for the subsequent peeling test. Care is taken that the
non-tin side of the glass is always laminated in contact
with EVA [24]. The encapsulation process is identical to
the one described in Section 2.1.2. One module is prepared
for each encapsulation condition.

2.2.2. Peeling test.
The peeling test is performed by a handheld universal

tester equipped with a load cell. The modules are measured
in ambient environment after the encapsulation process
(with or without cooling press) without any intentional accel-
erated aging. The peeling speed is controlled manually to be
about 100mm/min for all tests. Near 180° peeling test is car-
ried out by using the backsheet/EVA composite as the peel-
ing arm. After removing the pre-added Teflon sheets, the
peeling is initiated thereby. Three peeling tests are performed
at each of the five locations on every module. The average
peeling strength of each tested module is reported in the ad-
hesion study presented in the succeeding texts.

2.2.3. Tensile test.
In every module encapsulated for the adhesion study

described in Section 2.2.1, an area of 100 × 100mm2 in
the center is covered with two Teflon sheets, each below
and above the EVA layer. This allows us to take out a
piece of 100 × 100mm2 cured EVA for both the tensile test
and the differential scanning calorimetry (DSC) study as
described later. Therefore, the encapsulation process of
EVA samples for the tensile test is identical to that de-
scribed in Section 2.1.2.

The samples for tensile tests have a controlled geometry
(cf. Figure 3) with an initial length between the machine
arms L0 = 40mm, an initial thickness t0 of 0.9–1.1mm
(as encapsulated) and an initial width W0 = 10mm. The
width is reduced in the middle of the sample to about
6mm to localize the tensile stress in this region.

Figure 2. Layup of the sample modules prepared for the residual stress study: (a) module with one solar cell, (b) module without solar
cell, (c) the curvature of the module with one cell after cooling, and (d) the curvature of the module without cell after cooling. In a and b,
the numbers listed in the layers of ethylene-vinyl acetate cell and backsheet are their approximate thermal expansion coefficients, in

10�6 K�1. In c and d, the angle α represents the magnitude of curvature of the module in this study.
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The tensile tests are performed at 25 °C in ambient envi-
ronment on a Schenk universal tester equipped with a 2 kN
load cell. An arm displacement velocity of 100mm/min is
used for all the samples. The characteristic of mechanical
properties are calculated according to the ASTM D882
standard for tensile testing of polymeric sheets.

2.3. Differential scanning calorimetry study

Differential scanning calorimetry is used as a fast tool to
evaluate the gel content and crystallization of cured EVA
in this study. All EVA samples for the DSC study are cured
as described in Section 2.2.3. The DSC analysis is performed
by aMettler ToledoDSC1 (Columbus, OH, USA). The DSC
sample is prepared as a circular disc with a diameter of about
5mm and a weight of about 10mg in an Al crucible. Ther-
mograms are recorded under constant Nitrogen flow from
30 to 200 °C at a heating rate of 10Kmin�1.

3. RESULTS AND DISCUSSIONS

3.1. Effect of cooling press on the residual
stress

The curing step of the PV module takes place at typically
140 to 160 °C. After the curing, the multilayered PV mod-
ule cools down with or without cooling press, during
which each component tends to shrink to an extent deter-
mined by its thermal expansion coefficient (CTE). How-
ever, as all the layers are bonded tightly after curing, the
in-plane shrinkages are confined by the adhesive bonding
between the neighboring layers. This inevitably results in
thermal (residual) stresses built up in the module, leading
to the commonly observed curvature of the modules after
cooling.

Due to the mismatched CTE of different components,
all tested modules exhibit certain curvature after
cooling and the subsequent front glass removal, as
shown in Figure 4d. The direction of the curvature
depends on the actual layup. For the module without
cell (Figure 2b), EVA has much larger CTE
(~500 × 10�6 K�1) than that of the backsheet
(~33 × 10�6 K�1), leading to a curvature toward the
EVA layer. For the module with one cell (Figure 2a),
the symmetrical structure of the EVA/cell/EVA layers
and the sufficient bonding between the cell and EVA
enable us to treat them as one piece with the effective
thermal expansion coefficient close to the cell. In this

Figure 3. Geometry of the ethylene-vinyl acetate samples for
the tensile testing.

Figure 4. In a and b, the curvature angles of the tested modules after cooling and front glass removal: (a) the modules with one cell,
with or without cooling press (CP), (b) the modules without cell, with or without CP, (c) calculated normal stress at the middle layer of
Si solar cell in the module with one cell, and (d) an image of two modules after cooling and front glass removal, with or without CP.
Note: in a and c, the data point for the module with cell and without CP is missing because of incapability of detaching the module

from the release sheet without cell breakage.
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case, the whole module bends toward the backsheet
which has a much larger CTE than the Si solar cell
(2.6 × 10�6 K�1).

The curvature angles resulting from different encapsula-
tion conditions are summarized in Figure4. It shows the
curvature angle α measured on the modules encapsulated
with three different curing times, 300, 600, and 900 s, re-
spectively. Figure 4a shows the curvatures of the modules
encapsulated with cells. Clearly the curvature increases
with the curing time no matter whether the cooling press
is applied after encapsulation or not. Figure 4b shows the
same trends for all the modules without cells. The EVA/
backsheet samples bending can be described using an elas-
tic model for fast cooling of a simplified 2-layer system
[25]. Eq. 1 describes the relationship between the curvature
angle α and the residual stress σ built in such a system.

α∝
σ

c1E1 þ c2E2
(1)

In which, E1 and E2 are the elastic modulus of two
layers; c1 and c2 are constants depending on thicknesses
and Poisson coefficients of the two layers. The stress being
directly proportional to the measured curvature angle, one
can conclude that a longer curing time causes higher resid-
ual stress in the studied 2-layer samples.

For the simplified 2-layer system, Eq. 2 states that the
residual stress σ depends on the polymer elastic modulus
Ep and the potential strain ε (including chemical and ther-
mal strain). Like most thermoset polymers, EVA PV
encapsulant experiences continuous chemical volume
shrinkage during the curing process [19]. Moreover, the
elastic modulus of the cured EVA encapsulant increases
with its curing time [26]. According to Eq. 2, the larger
chemical strain and higher elastic modulus result in higher
residual stress built up in the longer-cured EVA [25].

σ ¼ � Ep�ε
1� γ1ð Þ (2)

The case of the module with cell is more complex due
to the presence of multiple layers of different materials.
In order to evaluate the magnitude of residual stress in
the Silicon solar cell inside the encapsulated module from
the experimentally measured curvature angles, the theory
for thermal bending of multilayers systems can be used.
An extensive theoretical modeling on thermal stresses in
a PV module has been presented recently in ref. [27]. Here
a simplified approach based on the developments reported
in [28] and [29] is used to calculate the normal stress in the
different layers of a stack EVA/cell/EVA/backsheet that
undergoes cooling from curing temperature (140 °C) to
room temperature (20 °C). The details of the calculation
are documented in the APPENDIX A. The results from
the calculation are shown in Figure 4c, where the normal
stress in the middle of the Si solar cell is obtained for dif-
ferent encapsulation conditions that as the curing time

extends the stress in the solar cell increases greatly from
300 to 900 s curing time and cooled under pressure.

Now we discuss the effect of cooling press on the mod-
ule residual stress. As illustrated in Figures 4a and b, for
modules with and without cell, the modules cooled under
cooling press always show smaller curvature angle than
the modules with the same curing time but without cooling
press. In other words, the cooling press can lower the de-
flection of the laminates.

In Figure 4c, with the calculation approach described in the
APPENDIX A, the reduction on the normal stress in the solar
cell by the cooling press is estimated to be ~22±2 to 27±3%,
depending on the EVA gel content. The explanation of this
effect of the cooling press remains open here for further study.
However, it may be related to the different EVA chain
rearrangement behaviors during the cooling with and without
1 bar compressive pressure, which could result in the different
levels of EVA thermal shrinkage, and hence, the different
residual stresses built up in the modules after cooling.

In the PV modules with the front glass, the curvature of
the EVA/Cell/EVA/backsheet stack is suppressed by the
bending momentum supplied by the glass. However, the
built-in stress due to the differential thermal shrinkage of
the EVA, cell and backsheet is still present and lower the
additional external stress required to create defects such
as delamination, cell breakage, etc [19]. Thus, decreasing
the curvature angle of the module (without front glass) in-
dicates the lowering of internal residual stress. The discus-
sion earlier shows that the shear stress at the EVA/glass
interface in the PV module can be partly reduced by apply-
ing the cooling press during cooling. The relieving effect
of cooling press on the residual stress is expected to play
a positive role on improving the PV module reliability.

3.2. Effect of cooling press on adhesion

The location-averaged peeling strengths of the modules
with different encapsulation conditions are shown in
Figure 5a. No matter whether the cooling press is applied,
the measured peeling strength gradually decreases with the
EVA curing time, i.e., from ~217 ± 10 to ~172 ± 5Ncm�1.
This result might be contradictory to the common sense
about the influence of the curing time on the adhesion be-
tween glass and EVA in the PV module. To explain this
phenomenon, one has to understand the physical meaning
of the measured peeling strength.

During a peeling test, the total input energy generally
consists of two terms: the elastic energy storage (Ge) and
the plastic energy dissipation (Gp) in the peeling arm
[30–32]. The Ge is elastically stored in the peel arm until
delamination event occurs, whereas Gp is unrecoverable
and cannot contribute to the delamination. Without consid-
ering the initial cracks that could influence the delamina-
tion, the delamination can be seen to only be initiated
when Ge reaches a critical value Ga, which corresponds
to the interfacial adhesion fracture energy. The peeling
strength normally reported in the literature actually reflects
the total energy input (Ge +Gp) in the peeling system.
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Obviously, Gp has to be subtracted from the total energy
input to obtain Ga.

The magnitude of Ga can be obtained by combining
multiple tensile tests and model fitting, as shown in ref
[30]. Here a simplified approach is taken to further discuss
the effect of curing time on the measured peeling strength
shown in figure 5a. It is reasonable to assume that the Ge

and Gp in the backsheet are similar in all the peeling tests.
Thus, the tensile tests are only performed on the EVA film
samples instead of EVA/backsheet laminate for this discus-
sion. Figure 5b shows the results of tensile tests on the
EVA samples prepared with different encapsulation condi-
tions. Therein, the different colors correspond to curing
time of 300, 600, and 900 s, respectively. The solid curves
represent the samples cooled with cooling press, and the
dashed curves represent the samples cooled without
cooling press. The tensile curve is elevated gradually with
the EVA curing time. Under a fixed stress, 2.5MPa for ex-
ample in Figure 5b, different amounts of energy are
absorbed into the EVA. The Ge +Gp in the EVA can be
evaluated by integrating the area under the strain curve
up to a fixed stress value. As seen, apparently the 300 s
cured EVA peeling arm absorbs more energy than 600 s
cured one, which in turn absorbs more than 900 s cured
one. In other words, the curing time or gel content of
EVA strongly affects the Ge +Gp in the EVA. Thus, the
difference on the peeling strength may not reflect the dif-
ference on the actual interfacial adhesion strength. Experi-
mentally, it is observed that the 300 s cured EVA exhibits
stronger plastic deformation than 600 s and 900 s cured
ones after the peeling test, that is very likely the lowly-
cured EVA can cause more plastic energy dissipation than
highly-cured EVA. Therefore, the higher peeling strength
measured on modules with shorter curing time cannot
prove stronger adhesion strength between EVA and glass
and may be explained by the increase of plastic energy dis-
sipation in the EVA/backsheet peeling arm.

In Figure 5a, the black symbols represent the modules
cooled with cooling press, and the red ones represent those
cooled without cooling press. One can see that, for all three
curing times, the cooling press increases the peeling

strength between front glass and EVA considerably. To ex-
amine the effect of cooling press on the actual adhesion
strength, tensile tests are performed on the EVA processed
with and without cooling press. The results are shown in
Figure 5b. It can be seen clearly that under the measure-
ment accuracy, the influence of cooling press on the
EVA tensile curves is trivial and can be neglected. This re-
sult indicates that the magnitude of the Gp in the EVA peel-
ing arm is not affected by the application of cooling press,
which allows us to directly translate the difference in the
peeling strength (i.e., total input energy) into the difference
in the adhesion strength (i.e., adhesion fracture energy Ga).
More precisely, it shows that the cooling press may en-
hance the actual interfacial adhesion strength between
EVA and glass in the PV modules under study. This effect
can be understood by considering the further development
of the adhesion bonding during the cooling under 1 bar
pressing, because the pressing can indeed enhance the inti-
mate physical contact between EVA and glass during the
cooling. Besides that, the reduced residual stress by
cooling press may result in less adhesion bonding loss
due to the formation of micro failures in the cooling pro-
cess than that without cooling press.

In practice, the delamination and subsequent void for-
mation in the PV module depends not only on the adhesive
fracture energy (Ga), but also on the mechanical property
of the EVA layer, which is included in the information
obtained from Ge and Gp. The traditionally adopted term
‘peeling strength’ is actually a combinational measure of
Ge and Gp. Therefore, a future debate in the PV community
is necessary on whether Ga or peeling strength is more ap-
propriate to use when assessing the influence of encapsula-
tion quality on the long-term reliability of PV modules.

3.3. Effect of cooling press on the EVA gel
content

The cooling press accelerates the cooling rate of PV mod-
ules by at least a factor of two. Thus, it is expected that the
crystallization in the cured EVA will be affected by the
cooling press. Also as a result of the higher cooling rate,

Figure 5. (a) The peeling strength measured on the modules encapsulated with and without cooling press for curing time of 300, 600,
and 900 s, (b) the tensile tests on the ethylene-vinyl acetate cured with different encapsulation processes. t300: the curing time of

300 s. WCP: with cooling press. WOCP: without cooling press.
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the modules with cooling press will stay above 120 °C
for shorter time than the naturally cooled modules after
the encapsulation. As the cross-linking reaction can
continue at the temperature above 120 °C, the EVA
with natural cooling might experience longer post cur-
ing period than the one with cooling press. To study
the effect of cooling press on the crystallization and
the gel content of EVA, DSC is employed as the ana-
lytical tool [33].

Figure 6a shows the effect of the cooling press on
the crystallization of the EVA cured for 300 s. The
solid curves correspond to two EVA samples taken
from the modules with cooling press, whereas the dash
curves corresponds to three EVA samples taken from
the modules without cooling press. As seen, the
cooling press clearly affects the profile of the 2nd melt-
ing peak with maximum between 60 to 70 °C. For EVA
with cooling press, the maximum peak position is ~ 65 °
C, whereas it is ~ 60 °C for EVA without cooling press.
The profile of the 2nd melting peak reflects the size dis-
tribution of the crystallites in EVA after cooling [33].
The small crystallites have lower melting point than
the big ones. Therefore, the observed influence can be
explained by the different cooling rates due to the ap-
plication of cooling press. By cooling press, the
cooling rate is increased, which hinders the growth of
the crystalline phase in the cured EVA and results in
smaller crystallites.

Differential scanning calorimetry is a proven tool for
fast determination on the gel content of EVA for PV appli-
cation [34]. Figure 6b shows the effect of cooling press on
the gel content of EVA cured for 300, 600, and 900 s. Here
the EVA gel content is determined by quantifying the en-
thalpy of the broad exothermic peak in the DSC thermog-
raphy, using the methodology described in ref [34]. As
one can see, the difference in the gel content caused by
the cooling press is within the measurement error, almost
negligible for all cases. On the basis of our previous DSC
and DMA study on the evolution of EVA gel content with
different curing time (not shown here), the development of
the EVA gel content slows down gradually as the curing

time develops [26,34]. This explains why the longer post
curing time in the natural cooling process does not increase
the EVA gel content significantly.

4. CONCLUSION

The effect of cooling press on the encapsulation properties
of crystalline photovoltaic modules is assessed primarily in
terms of the residual stress and the adhesion between EVA
and glass. The cooling press is shown to reduce the residual
stress in the PV modules after the encapsulation process.
The results also indicate that the cooling press can improve
the adhesion between EVA and glass in the PV modules.
The DSC study shows that the cooling press has only negli-
gible influence on the EVA gel content in the PV modules.
However, the cooling press does hinder the crystal growth in
the EVA after the encapsulation. The curing time is also
shown to affect the encapsulation properties of crystalline
PV modules. The longer curing time results in higher resid-
ual stress in the modules and lower peeling strength between
glass and EVA after encapsulation. This work shows that
the cooling press applied after the EVA curing step consid-
erably modifies the encapsulation properties of the c-Si
based PV modules on the aspects of the residual stress and
the EVA/glass adhesion after the encapsulation process.
This conclusion is of great value on further understanding
and optimizing the manufacturing process of c-Si PV mod-
ules with EVA encapsulants.
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Figure 6. Differential Scanning Calorimetry (DSC) study on the effect of cooling press (CP). (a) the effect of CP on the crystallization in
ethylene-vinyl acetate (EVA) with curing time of 300 s. The solid curves represent EVA with cooling press, and the dash ones represent
EVA without cooling press. Note: the layup of the curves in y-direction does not reflect any quantitative information, only for clear

illustration purpose. (b) the effect of CP on the EVA gel content determined by DSC.
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APPENDIX A

Thermal bending of multilayers systems is a well-
documented problem [1–3]. Usually, the expressions are
derived directly from the elastic beam bending theory [4].
We present here a simplified approach based on the devel-
opments reported in [1] and [2] to calculate the normal
stress in the different layers of a stack of EVA/cell/EVA/
backsheet that undergoes cooling from lamination temper-
ature (140 °C) to room temperature (20 °C).

Let's assume that we have a thin sandwich structure
(in-plane directions X and Y infinite as compared with
thickness direction Z) composed of N layers with elastic

modulus Ej, thermal coefficients αj and thicknesses tj, free
of stress at T0. Increasing or decreasing the temperature
of this structure by ΔT will lead to different thermal dila-
tation/contractions for each layers resulting in net normal
stresses in each layer, as expressed in equation (1), in the
case of uniaxial bending.

σj Δ; T; zð Þ ¼ EjΔT �
∑
N

m¼1
Emαmtm

∑
N

m¼1
Emtm

� αj

0
BBB@

1
CCCAþ Ej z� τð Þ

R
(1)

σj in equation (1) gives the thickness dependence of
the normal stress in layer j for a temperature difference
ΔT as compared with the stress-free state. In this
equation, z represents the thickness coordinate, R repre-
sents the curvature radius of the sandwich and τ is
defined as (2):

τ ¼ t

2
þ 1
2

∑
N

m¼1
∑
N

k¼1
Emtmβmktk

∑
N

m¼1
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(2)

In equation (2), t represents the total thickness of the
sandwich and βjk is a coefficient given by (3):

βjk ¼
1; j > k

0; j ¼ k

�1; j < k

8><
>:

(3)

In our case, the radius of curvature R in (1) can be cal-
culated from the measured deflection angles α of the lam-
inates after cooling (see §2.1.2 of the manuscript) using a
simple geometric analysis, as shown in figure A1.

R ¼ w

2�α (4)

Where w represents half of the (square) cell dimension,
which was 156mm in our study.

Figure A1. The geometrical analysis for the conversion from the
curvature angle α to the curvature radius R.

Table A1. Materials properties used in the model for normal stress calculation.

Material Elastic modulus [Pa] Thermal coefficient [�] Thickness [mm] Source

Silicon solar cell 160×109 2.6× 10�6 0.2 From ref [5]
TPT backsheet 24×109 33×10�6 0.35 From ref [5]
EVA (uncured) 5× 106 15×10�4 0.47 Manufacturer's datasheet
EVA (63% gel) 9.4 × 106 8.1× 10�4 0.47 Mixture law
EVA (87% gel) 11.1× 106 5.4× 10�4 0.47 Mixture law
EVA (93% gel) 11.5× 106 4.8× 10�4 0.47 Mixture law
EVA (fully cured) 12×106 4×10�4 0.47 Manufacturer's datasheet

Fixing T=120 °C, which corresponds to a cooling from ethylene-vinyl acetate (EVA) lamination temperature (140 °C) to room temperature and using both

equation (4) to calculate curvature radius from measured deflections and table I for materials properties, we are able to calculate the residual stress in the

solar cell. For comparison of the different conditions (different curing times and usage or not of the cooling press), we decided to calculate the normal stress

in the middle of the solar cell thickness. Figure 8 shows the results of the stress analysis.
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To calculate the stresses using (1) and (4), we still need
to know the different materials properties (elastic modulus
and thermal expansion coefficient) and thicknesses.
Table AI summarizes the numbers used in this study.
Material properties for the considered EVA (gel content
of 63, 87, and 93% corresponding to curing times of 300,
600, and 900 s) have been calculated from properties of
uncured and fully cured EVA using a simple rule of mixture.

Clearly, the stress levels shown in figure A2 strongly
depend on the material properties (elastic modulus and
thermal expansion coefficients) and on geometrical param-
eters (thickness of the layers). In the case of the present

example, the accurate materials properties are not accessi-
ble and we have adopted values from different sources as
listed in table I. The layers thicknesses were not measured
after lamination but were taken as the initial values before
lamination. This of course does not affect the cell and
backsheet material, but small variation in the EVA thick-
ness may occur. For those reasons, the authors would draw
attention to the fact that the absolute calculated stress
values may not be equivalent to the actual stresses. How-
ever, we notice that the calculated values are on the same
order of magnitude as those obtained in [5]. The major ef-
fect that we want to demonstrate with this analysis is the
strong influence on the residual stress by the cooling press
and EVA gel content.
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Figure A2. Effect of the curing time (gel content) and cooling
press on residual normal stress in the solar cell.
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