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Abstract. Non-optimized encapsulation parameters, set during the lamination process, can be a cause of
multiple failure modes for PVmodules in the field. This paper investigates the influence of a double-side heating
system in the lamination process for a glass-backsheet PV module. This effect was evaluated by comparing the
gel content of encapsulants treated with different heating methods, including single-side and double-side heating
systems. Towards this goal, forty different lamination process recipes are tested using various temperatures and
process times to compare the gel content of the ethylene vinyl acetate (EVA) encapsulant and find the fastest
possible lamination process. The gel content is determined using Soxhlet extraction, while the degree of
crosslinking is assessed using differential scanning calorimetry (DSC), and the results are compared. The results
show that double-side heating can shorten the process time by 10% to 30%. Furthermore, the paper examines the
potential of reducing the process time by performing temperature uniformity measurements during the process
and laminating full-size modules for visual inspection using a double-side heating system. It was found that
temperatures above 165 °C can be used for a stable lamination process using EVA encapsulant and polyethylene
terephthalate (PET) based polymer backsheet. Based on the above results, a five-minute one-step single-press
lamination process plus cooling is demonstrated. Long-term stability and safety tests are further studied
according to IEC 61215-2 and IEC 61730-2 standards, respectively. The modules successfully passed the
standard qualification tests, including thermal cycling, damp-heat, and mechanical load tests following damp-
heat exposure, with a maximum power degradation (PMPP) of less than 2%. All the insulation
characterizations, including the dry insulation test and wet leakage current test, were also successfully
completed following the safety tests, which included sequence B and sequence B1.

Keywords: Lamination / glass-backsheet / gel content / crosslinking / double-side heating /
long-term stability
1 Introduction

Glass, polymer backsheet, and various coatings (like anti-
reflection coatings) typically form the outer layers of a PV
module, and those are the most vital layers in providing the
proper insulation to protect solar cells from environmental
stresses. In PV module manufacturing, the encapsulant is
melted, and the layers are laminated together to protect
the module’s inner workings. This paper focuses on glass-
backsheet (GB) crystalline PV module lamination due to
its simpler processing compared with glass-glass modules.
Another reason is that in 2020 when the study began, the
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market share of GB modules was 85% [1]. In 2024, almost
50% of modules are still GB modules, though this is
predicted to fall to 20% by 2034 [2]. The GB crystalline
module comprises the following layers, from top to bottom:
glass-encapsulant-solar cells (connected using wires and
ribbons)-encapsulant-polymer backsheet (see Fig. 1). The
only difference to the glass-glass module is that the polymer
backsheet is replaced by a glass sheet of the same or
different thickness as the front glass [3].

The PV industry has shown increased interest in
reducing lamination process time while maintaining the
long-term stability of the module. To continue working on
this idea, previous work is taken forward to achieve faster
lamination processes [4]. This paper focuses only on the
ethylene vinyl acetate (EVA) encapsulant. Many studies
have been done on the encapsulant’s crosslinking behavior
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Fig. 1. Layup of glass-backsheet (GB) solar module [Buerkle].
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during the lamination process, which is determined by
crosslinking additives, of whichmost belong to the peroxide
group of substances [5–11]. Acknowledging the importance
of encapsulation and its effects on the module’s chemical,
mechanical, and thermal stability [12], as well as industry
dynamics regarding module materials and long-term
reliability, lamination topics have gained attention in
recent years, especially in understanding the impact of the
lamination process on several module properties [5–11].

The lamination process is one of the bottlenecks in the
PV module manufacturing line, depending on the line
design [4]. To balance the line throughput, an extra
laminator is added, which takes up additional space in the
production area, leading to extra costs on the production
line. Several other methods can avoid the lamination
bottleneck, such as using a bigger laminator that can
process several modules simultaneously, making the
laminator lengthy and heavy. Perhaps more accessible
and practical would be improving the lamination process
[1,4,8]. Hence, this paper aims to showcase a method to
reduce the lamination process time of the GB module by
modifying the design of a heating system of the laminator
to a double-side heating system, with no need to increase
the size of the laminator. Typical laminator machines on
PV production lines employ a single-side heating system.
This paper has demonstrated the positive impact of a
double-side heating system on the gel content values
compared to a single-side heating system. This helps to
accelerate the lamination process, which is showcased and
proved in this study by performing long-term stability
testing, as will be explained in detail later, in accordance
with IEC 61215-2 and IEC 61730-2 standards.

1.1 Lamination process

Solar manufacturers use several variations of the lamina-
tion process, also sometimes referred to as encapsulation.
However, the principle is the same. The first step is to heat
under a vacuum, removing most or all the volatile
compounds and moisture (unwanted bubbles may occur
if the removal of the volatile compounds and moisture is
insufficient). This is done in a closed chamber in a
controlled heating environment. The heat causes a
softening of the encapsulants. Encapsulants also create
outgases during melting, which are evacuated in the first
step [7,13].

In the second step, pressure is applied to the module
when its temperature reaches around 60-70 degrees.
Another indication to start pressing is that the chamber
has reached a low vacuum level of less than one mbar and
maintained this level for a specific duration. The pressure is
gradually increased to a typical range of 900-1000mbar and
maintained at this level for a specific duration, ensuring the
EVA is fully cured [7]. The curing degree or gel content
value of EVA is measured by several methods [12,14–16],
two of them will be used in this study (see following
sections). The degree of crosslinking of EVA is one of the
main factors contributing to the PV module’s long-term
stability (and thus the overall quality of the module),
mainly determined by the lamination process [17]. During
this lamination step, the EVA, depending on the additive
package, starts crosslinking at a temperature above 80 °C,
changing from thermoplastic to a cross-linked thermoset
[1]. It is specific to the EVA used and determined using the
differential scanning calorimetry (DSC) method. Even
though the EVA starts curing at temperatures above 80 °C,
the set temperature in a process chamber varies from
140 °C to 180 °C. These temperature values are selected to
accelerate the polymer’s crosslinking reaction and reduce
the lamination process’s cycle time. The set temperature of
the heating chamber is chosen depending on the type of
material, process, and lamination machine. In the last step,
the module is cooled from the end temperature of the
second step to room temperature. This helps to stabilize
the crosslinking reactions, avoid thermal degradation of
the encapsulants (leading to potential undesirable changes
to material properties for long-term performance [18]), and
be ready for the next production step.

There are different lamination processes and parame-
ters used depending on the module type and production
line requirements. In most current commercial lamination
equipment, these critical steps are distributed across three
sections of the laminator. However, some systems combine
evacuation and curing in one step. The reason for



Fig. 2. Two-stage PV module lamination processes.
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distributing the hot part of the process in two stages is to
reduce the cycle time, as the module production lines are
getting as fast as possible, going as low as 15 seconds/
module cycle time.

Additionally, if talking in terms of module type, a
standard glass-glass (GG) module requires a two-step
lamination process [4]. ‘Two-step’ means both steps are
heating stages; here, cooling is not considered part of the
lamination process. It is sometimes optional or done by fan
cooling during the transfer through conveyors. Due to the
double glass layer, heat transfer to the inner layers is slower
than for GBmodules and requires more time for lamination
to be completed, as recently proved and studied in detail
[9]. Therefore, the two-step process is a better solution to
achieve a stabilized process and faster process time for GG
module lamination [4,9,19]. Meanwhile, GBmodules can be
laminated using a one-step or two-step process. However,
for the one-step process, a heating stage is only acceptable
when it achieves a faster process time; otherwise, it has no
advantage over the two-step process, except that it can
reduce the shrinkage effect of the backsheet while
transferring from the first stage to the curing stage, and
space-saving when production is only for GB module.

One way to speed up the process is to use a double-side
heating system in the laminator, as explained in this paper.
Different heating systems are used in the industry, and
they are described in the next section.

1.2 Lamination systems

Commercially available PV laminators use different
heating systems (see illustration in Figures 2 and 3). Here,
the lamination system for both GB and GG modules is
described because, in some cases, the system used for the
GG modules can be used for GB modules and vice versa.
The choice of lamination equipment depends on factors
such as production capacity, module design specifications,
material types, and automation level. In some cases,
factories initially started with GB modules but later
adopted features to produce GG modules or vice versa.
This flexibility allows the lamination of different module
types, which is explained below. In other cases, manu-
facturers initially plan to produce both module types and
select an appropriate laminator.

Figure 2 describes the two-stage lamination processes,
and Figure 3 describes the three-stage lamination process-
es. Only ‘option 3’ in Figure 2 represents the one-step
process system; all other systems described in Figures 2
and 3 represent two-step process systems. The one-step and
two-step processes are differentiated by performing
evacuation and curing cycles combined in one press or
divided into two separate presses. Important to highlight
here is that ‘stage’ is related to how many stations or
presses are in a lamination system. At the same time, ‘step’
is solely associated with heating steps in a lamination
system (cooling is not included).

In each option, the heating can be done either by single-
side heating, which means only the bottom plate is heated,
or a double-side heating system, i.e., heating plate top and
bottom. Cooling can be done in different ways as well. In
Figure 2, ‘options 1 and 2’ have optional cooling using a fan
cooling on a running conveyor. ‘Option 3’ in Figure 2 and
all options in Figure 3 have a cooling system, either on one
or both sides.

How pressure is applied is another notable point of
differentiation between lamination systems. Pressure can
be applied by a hydraulic flat press or using isobaric
pressure on top of a membrane. As soon as the process is
ready, pressure is applied on top of the membrane while
keeping the process chamber under vacuum, where the
module lies. This helps to inflate the membrane and bring it
into direct contact with the module. The typical pressure
used for lamination using membrane systems is in the range
of 600mbar to 1000mbar [7].

The lamination systems also use lifting pin systems.
Several pins are located on the bottom plate to lift the
modules during different steps of the process, especially
during evacuation. This prevents direct contact of layup



Fig. 3. Three-stage PV module lamination processes.
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with the heating plate at high temperatures to provide
homogeneous convectional heat transfer. Otherwise,
tempered glass with edge curl/kink and waviness will
have uneven contact with the heating plate, leading to
inhomogeneous heat transfer through the layup/module.
The pins system can be different, typically using either a
spring or a pneumatic system to control the pins. In the
spring system, the pins are always up and pressed only due
to pressure application. Meanwhile, pneumatically con-
trolled pins can be pushed up and down based on the recipe
or wherever required during the lamination process.
Although there are benefits to the pins system, some
suppliers are not implementing it.

The flat press is mainly used in stage 2 and stage 3 of the
lamination system. Stage 1 is always membrane press.
Except for option 3 in Figure 2, the first stage in all options
in Figures 2 and 3 does the evacuation and short pressing
step, enough to reach just below the temperature where the
encapsulant starts curing. This stage is suitable for both
GB and GGmodules. The GGmodule can be tacked before
moving to stage 2 with a low pressure of less than 500mbar
to avoid any stress on the membrane due to the glass edge.
The reason for using low pressure and membrane in Stage 1
is also to prevent any edge-pinch effect on the GG module.
Therefore, the flat press is beneficial for the GG lamination
process [4,19]. However, ‘option 2’ in Figure 2 and ‘option 2
and 3’ in Figure 3 can be used for GG modules using a
protection frame around the module to avoid any edge
pinch effect. This option is the most common lamination
system in the industry.

The flat press in Stage 2 cannot be used for GBmodules
because it will create cell cracks, and like the membrane, it
cannot match the flexible form provided by the backsheet
and thus creates non-uniform pressure on the module,
leading to air bubbles inside the module. Therefore, in
Figures 2 and 3, ‘option 1’ is unsuitable for the GBmodule.
Since this paper aims to shorten the lamination process
time of the GB module with EVA encapsulant using just
one heating chamber with a double-side heating system,
the lamination system in Figure 2 ‘option 3’ is selected for
this research. Similarly, ‘option 1’ in Figure 3 is used only
for the GG module. The other two options can be used for
both GG and GB module lamination.

2 Material and methods

2.1 Experiment

The experiment was divided into two phases (see Fig. 4).
The first phase aimed to determine the effect of double-side
heating on the gel content values by comparing it with the
single-side heating process and finding the best-suited
process temperature and time for the double-side heating
process. The next step was to find the detailed process
parameters confirming no visual defects during lamination.
Phase I was largely performed at Buerkle. In the second
phase, modules were laminated using the selected final
process, and the process was proved by putting themodules
through long-term stability testing methods. Phase II was
completely carried out at Fraunhofer ISE.

In phase I, 40 lamination process recipes were selected
based on different temperatures and process times. Five
different temperatures for the hot press are selected,
starting from 160 °C to 180 °C, with an interval of 5 °C. In
industry, the process temperature used in EVA lamination
is around 150 °C±5 °C. High-temperature testing is
conducted because most lamination processes typically
operate below 155 °C, following encapsulant suppliers’
recommendations. Some suppliers specify a maximum
processing temperature to ensure optimal crosslinking and
material stability. However, certain encapsulant materials,
like those designed for faster curing, allow processing at
higher temperatures.

There is insufficient research to prove that high-
temperature usage in the lamination process is reliable in
the long term. Moreover, it is known that EVA degrades at
high temperatures, producing acetic acid, which is
detrimental to the reliability of PV modules [20,21].



Fig. 4. Description of the complete experiment in two phases.

Fig. 5. Lab Laminator used for gel content sample preparation
and process optimization at Buerkle.
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Temperatures around 150 °C are proven in the industry,
and some promising results, where higher temperatures
have helped achieve a faster lamination process, have given
more reason to do trials at higher temperatures [4,8]. This
study also aims to find the upper limit for process
temperature. In terms of time, the process time is selected
from 2 to 9min, with an interval of one minute. Each recipe
included constant parameters such as pressure ramp-up
time, vacuum level, and cooling rate, along with linearly
distributed variables like evacuation time, curing time, and
pressure hold duration to optimize the lamination process.

Using all 40 selected recipes, gel content samples were
prepared to measure the encapsulated material’s cross-
linking value. Five samples were prepared for each process,
numbered A, B, C, D, and E, and placed in five different
locations on the modules, as described in Figure 6 in
Section 2.3. This process was repeated for both heating
systems, single-side and double-side heating.

In total, 200 samples were prepared and measured for
the degree of crosslinking using (DSC) for the single-side
heating system. The same was repeated for the double-side
heating system. The DSC method was selected for
crosslinking measurement because it provides relevant
and reliable measurement data with a favorable effort-gain
ratio, even if additional resources are required. Moreover,
this method does not involve chemical solvents, making it a
cleaner and more sustainable option. These samples were
later transferred to Fraunhofer ISE for gel content
determination. Only 80 samples were selected for chemical
Soxhlet gel content measurement, two per process. The
sample count was reduced from five to two per process
based on the observed narrowing distribution of similar
results while considering the long measurement cycle and
significant chemical consumption associated with the
Soxhlet method. Soxhlet gel content measurement is
performed because it is the main method, according to
the IEC 62788-1-6 standard, to determine gel content,
which is usually used for referencing other crosslinking
testing methods (like DSC), and it is widely adopted in
module manufacturing facilities.

The adhesion test is also a good criterion for checking
process quality. Adhesion can be measured between glass
and encapsulant and between backsheet and encapsulant.
However, this has been addressed in parallel research and is
not covered here. There, it shows that with the increase in
temperature, the peel strength at the glass/encapsulant
interface increases, even at high temperatures of 180 °C
with short processes [10].
The next step is to choose the recipe, laminate full-size
modules to improve the recipe, and check the repeatability.
Based on the above results, the best-suited temperature
and time are selected. Seven modules were laminated with
two different process times of 6 and 5min to validate the
recipe from optical quality criteria, which will be described
later. The process time is the total lamination time,
excluding non-value-added operations like module trans-
fers and press opening-closing. Based on the above-
combined results, one final recipe was selected to laminate
the modules for long-term stability testing.

In phase II, using the final recipe, eight full-size GB PV
modules were prepared at Fraunhofer ISE using industri-
ally available raw materials, encapsulant, and backsheet,
the same as used for gel content sample preparation, and
the same lamination system as used in phase I. Later, these
eight modules were selected for different long-term tests.
All the materials and methods used are described in the
following section.
2.2 Machine (Laminator)

Buerkle’s lab laminator (YPSATOR 1222-6 HKC+HKF)
was used for gel content sample preparation and module
lamination (see Fig. 5). The gel content samples and initial
modules for process evaluation were prepared and



Table 1. Raw materials for the GB module and gel content sample preparation.

Module Type 60 cells glass-backsheet modules

Solar Cells 4 busbars (BB) monocrystalline Silicon Passivated Emitter and Rear Contact (PERC)
Glass 3.2mm thick glass, 1695mm x 995 mm
Encapsulant EVA (front and rear side). Rear EVA with UV-cutoff
Backsheet Core layer PET-based, 1000V maximum system voltage

PPE structure: PET-PET-Primer (Primer primarily ethylene ‘E’)
PET: Polyethylene Terephthalate

Ribbons 1.2mm x 0.2mm (Sn60Pb40 coated copper ribbon)
Busbar Front: non-continuous silver busbar with eight pads (pad geometry: 1mm x 9.2mm)

Back: 4 silver pads (pad geometry: 2mm x 20.5mm)
Gel Content Samples Using two pieces of front EVA for each sample
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laminated at the Buerkle factory. The full-size modules
were laminated on a similar lab machine from Buerkle
installed at Fraunhofer ISE.

Both laminators are multi-stack laminators with
different process chambers in the same machine. According
to the process chosen, only levels with Hot-Vacuum (HV)
and Cold Press (CP) were used. HV has a double-side
heating system using two heating plates, top and bottom,
and the pressure is applied using a membrane. Top heating
plates do not come in direct contact with the module. Both
heating plates can be heated separately. For a single-side
heating system, the upper plate is switched off, and only
the bottom is kept on during the trials. Conversely, both
top and bottom heating plates were switched on in the
double-side heating trials. The bottom plate also has a
lifting pin system to lift the modules during the process
when needed, and it is pneumatically controlled. HV
level can do evacuation and curing cycles in one step
(see Sect. 1.2 for additional details). The heating plate is
2.2m� 1.2m.

In the CP, the module is cooled down using a double-
side cooling system with cold water running through
cooling plates. The temperature can be controlled accord-
ing to requirements. Themachine has an automatic loading
and unloading system. This helps to replicate the actual
module production cycle time without interruptions. The
only difference to the industrial machines is that this lab
laminator can accommodate only one full-size 60-cell
module at a time instead of 7–16modules, depending on the
size of the laminators.

2.3 Materials (gel content samples, module)

A specific set of glass, solar cells, EVA encapsulants,
backsheet, and other required materials were selected for
the tests. The machine andmethods used for evaluation are
chosen according to industry standards; see the following
sections. The materials used for the gel content sample and
module preparation are described in Table 1.

The same encapsulant type was used for gel content
samples because the experiment aimed to understand the
heating system’s effect on crosslinking rather than studying
its impact on different encapsulant types. The gel content
samples were prepared by running the two pieces of
encapsulant (100mm� 100mm) through the full lamina-
tion cycle. The same glass carrier was used for all the
process runs. The two layers of encapsulants were placed
between the Teflon sheets, which helped in easily removing
the gel content samples from the module and utilizing the
same glass for the whole experiment. No cells were placed
between the encapsulants during sample preparation. The
same was followed for all five positions on the glass. The
layup for gel content sample preparation is shown in
Figure 6.

2.4 DSC method

The DSC method was used to measure the crosslinking of
the gel content samples. DSC gives an indication of the
crosslinking degree based on the exothermic enthalpy of the
crosslinking reaction given by peroxide decomposition. It is
faster than the Soxhlet process and is reliable for assessing
the lamination process. The method measures the thermal
transition of polymers used in the encapsulant, including
melting, evaporation, glass transition, and exothermic or
endothermic reactions [22]. The measurement was done at
Buerkle on the DSC 200 F3 machine from Netzsch GmbH
&Co. Holding KG. The laminated samples were stored in a
zip-lock plastic bag at room temperature in a dark, dry
place. The samples were tested for DSC measurements
immediately after finishing the lamination process. A
circular sample of 5mm diameter was cut out from the gel
content sample, weighted, and placed in the crucible. The
measurement setting is 20 °C to 200 °C at a constant
heating rate of 10 °C/min. The process was repeated for
both cured and uncured samples. The DSC value or the
degree of crosslinking of the cured sample is calculated by
dividing the reaction enthalpy from an exothermic peak on
the heat flow plot in the software of the cured sample to the
uncured sample [23]. After the DSC test, the samples were
placed again in the same Ziplock bag, and all the samples
were stored at room temperature in a dark, dry place. They
were stored for a maximum of one month at Buerkle before
providing to Fraunhofer ISE.



Fig. 6. Gel content sample preparation layup (left) and five different locations per lamination process (right).

Fig. 7. Behrotest Soxhlet extraction apparatus (left) and schematic model of apparatus [25] (right).
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2.5 Soxhlet extraction

The Soxhlet extraction test is a popular yet time-
consuming method for evaluating the lamination process
of PV modules. Soxhlet is a more direct measurement for
measuring gel content because it measures the fraction of
encapsulant that is not soluble with the solvent used. It is
used primarily while developing lamination processes for
new BOMs [8,14]. It is conducted by cutting the laminate
into small pieces, placing them in a stainless-steel mesh
tube, and measuring the total weight [9]. The samples in
the study were 1 cm x 1 cm, and the total weight of the
samples put in the mesh tubes was 0.5 g. Afterward, it is
extracted in a solvent, xylene, in this case, for 8 hours at
20 cycles per hour. No antioxidants were used in the process
[16]. After the extraction period, the sample is dried for
14 hours in a vacuum oven at 100 °C. Finally, the dry
sample is weighed again. These data are used to calculate
the gel content by the following formula [24]:

X Soxhletð Þ %½ � ¼ M2 �M0

M1 �M0

� �
x100;M2 � M1: ð1Þ
Here, “M0” stands for the weight of the empty mesh
tube, M1 defines the total weight of the sample and the tube
before the extraction, and M2 is the total weight after the
extraction and drying process. As mentioned, 40 different
lamination processes were analyzed in this study by
extracting two samples of each process for both heating
systems. The extractions were conducted using the
Behrotest apparatus based on the IEC 62788-1-6 standards
(see Fig. 7).

2.6 Temperature measurement

Another method to confirm the lamination process is
measuring the module’s temperature with respect to time.
Taking measurements from inside the module gives us a
precise understanding of the temperature. It can also be
used to confirm the temperature uniformity across the
module and to verify any offset between the set tempera-
ture and the actual temperature in the module in a
laminator. The measurement was done using thermocou-
ples inside the module. Six thermocouples were used, four
on the corners and two in the center of the module. The



Fig. 8. Temperature measurement module sample with six thermocouples (left) and layup (right).

Table 2. Materials and devices used for temperature measurement.

Thermocouples Type K (quantity 6)

Module Dimension 3.2mm thick glass, 1695mm x 995 mm
Encapsulant Hangzhou First F406P (front), F806P (rear)
Backsheet Coveme Dymat PYE SPV 1000V
Measuring Device DATAPAQ Q18, Model No. DQ1860A
Measuring Range –200 °C to 1370 °C
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image in Figure 8 shows the sample used for lamination.
Figure 8 also illustrates the layup and location of the
sensors.

The thermocouples were placed between the two
encapsulants, and no cells were used for the layup. The cells
were not used because it was not part of the scope. The aim
was to understand the temperature profile inside themodule
for different processes and the failures that occurred during
lamination trials. The temperature homogeneity across the
module is also discussed briefly in this study. However, the
temperature difference below and above the cells is not
within the scope of this study. It has been investigated and
covered in a different study [9]. The study revealed that
temperature inhomogeneities can arise between the front
and rear sides of the cells during the initial stages of the
lamination process. These variations may result in differing
gel contents at these locations. Thus, optimizing the process
timetoachieveauniformtemperatureprofile throughoutthe
module is critical, ensuring homogeneity in both tempera-
ture distribution and gel content.

Table 2 shows the materials used and the device used
for the measurement. The measurement is crafted in a way
that follows the actual process without interruptions
during module transfer from one stage to another without
any thermocouple damage.

2.7 Glass-backsheet lamination process (one-step
process)

As explained in Section 1.2, a one-step process is selected
for the GB module lamination based on the short
lamination process developed by Buerkle [4,26]. The recipe
was chosen based on gel content value and optical quality
criteria, explained in results, Sections 3.1 and 3.2. The
chosen recipe is confirmed with a temperature measure-
ment test, described in Section 3.3.

The final recipe is developed from the perspective of
industrial applications. This means the process should be
fast and require no significant fine-tuning when transfer-
ring from the lab to the production machine. As explained
in Section 1.2, the process had two stages: one hot press
(set temperature 170 °C) and the second stage cooling
press (set temperature 25 °C). The process time chosen was
5 min—the same process time for each stage.

The process time excludes any non-value-added time.
The heating process in the HV press, including evacuation
and pressing (curing), is performed within five minutes.
The vacuum level in the process chamber reached values
below one mbar, and the pressure value used during the
pressing phase (curing) is 1450mbar, the maximum
pressure the machine can achieve. The reason for
overpressure, pressure above the atmospheric value of
1000mbar, is to help achieve faster lamination [4].

After the hot press, the module is transferred to the
cooling press for the same process time to follow the
production line throughput balancing. The module is
cooled down using a double-side cooling system at 25 °C
and low pressure. A low pressure of<250mbar is enough to
cool the module without creating micro cracks.

2.8 Long-term stability testing method

To validate a faster lamination process, one of the tested
optimized processes was selected based on optical quality,



Table 3. Summary of number of PV modules subjected to different aging tests.

No. of modules Testing condition Module ID

2 Thermal cycling tests (TC 200, �40/+85 °C) according to IEC 61215-2.
It was extended to 800 cycles.

M18, M19

2 Damp-heat test (DH 1000h 85 °C/85% RH) according to IEC 61215-2.
It was extended to 3000h.

M21, M23

1 Mechanical load test after damp-heat (DH 1000h) according to IEC 61215-2. M22
1 Sequence B, according to IEC 61730-2 (see Fig. 10). M24
1 Sequence B1 according to IEC 61730-2 (see Fig. 10). M25
1 Reference. M20
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with a 5-minute duration, 170 °C set temperature, and
double-side heating. Eight full-size PV modules were
laminated and subjected to reliability and safety testing
according to certification standards, as shown in Table 3,
where each aging test is described. Moreover, before and
after applying the stress tests on each PV module, several
characterization measurements were carried out to moni-
tor the degradation in performance or safety. All modules
were subjected to a 20 kWh/m2 initial light soaking for
stabilization. The performance measurement after this
serves as a stabilized initial measurement.

2.8.1 Characterization and aging tests

Dry insulation test (IEC 61730-2, MST 16)
The insulation between current-carrying parts and the

frame or the ambient was determined. In the case of
frameless modules, an artificial frame was constructed by
wrapping a conductive foil around the edges of the sample.
The dry insulation test is a high-voltage test that
determines the insulation resistance in a dry environment.
During the high voltage test, 2000V+ four times the
maximum system voltage was applied for 1min. During
this time, no dielectric breakdown or surface tracking
should occur. For the insulation measurement, the
maximum system voltage is applied between the cell
matrix and frame for 2min. After this time, the insulation
resistance is found. The product of insulation resistance
and module area must not be below 40 MV*m2.

Wet leakage current test (IEC61215-2,MQT15)
The wet leakage current test is a measurement of

insulation while the module is immersed in water. Non-
framed samples were prepared by applying adhesive
aluminium tape around the module edges as a simulated
frame. During the test, the maximum system voltage was
applied for 2min. After this time, the insulation resistance
was determined. The product of insulation resistance and
module area must not be below 40 MV*m2.

Electroluminescence (EL) imaging
Inactive areas, cell cracks, and other electrical failures

are easily detected in EL because these will appear dark in
the EL image [27–29]. EL images of modules were taken
using a measurement system of type “EL-lab LEL” by MBJ
Solutions while applying Isc and 0.1 Isc to the module and
detecting the radiation it emits. The PV modules were
measured before and after accelerated aging tests from the
front (glass) side.
Performance tests
The I–V curve essentially provides key parameters

about the module performance. The measurement con-
ditions include providing the modules with pulsed artificial
light from a class AAA solar simulator with an Xe lamp
under STC (1000W/m2, 25 °C, AM 1.5) [30]. Before
testing, the PV module was stored at (25±3) °C and
(50±30) % relative humidity for at least 10 hours. The
measurement uncertainty (PMPP) was 2%.

Thermal cycling test (IEC 61215-2, MQT 11)
In this test, the ability of the module to withstand

thermal stress caused by repeated changes in temperature
was determined. The test was conducted following the
requirements of IEC 61215-2 MQT 11 [30]. The test
conditions are as follows: 200 thermal cycles from�40 °C to
+85 °C with a halt at each extreme of at least 10min. The
internal circuit of the module was monitored during the
test procedure to detect any open-circuit or short-circuit
fault that may occur during exposure. In this regard, the
current of IMPP was applied during the ramp-up from
�40 °C to+80 °C, while a current of 100mAwas applied for
the rest of the time. In this study, the thermal cycling test is
repeated four times on modules M08 and M09 to achieve
800 thermal cycles.

Damp heat test (IEC 61215-2, MQT 13)
The damp-heat aging test (DH) was conducted

according to IEC 61215-2 (MQT 13) [30]. The test
conditions are 85% relative humidity (RH) at 85 °C. The
PV modules were subjected to indoor accelerated aging
tests under the DH tests in time intervals of 1000 h up to
3000 h.

Mechanical load test (IEC 61215-2, MQT 16)
In this test, the ability of the module to withstand static

wind, snow, or ice loads was determined. Therefore, a cyclic
load, three cycles of±2400Pa � alternating pressure and
suction, was applied on the module front and rear sides. On
one of the modules, a damp-heat test with 1000h followed
by a mechanical load test (ML) was carried out (see Fig. 9,
left). This procedure was used to identify specific weak
points in a module. The record of the applied load and the
measured deflection are given in Figure 9 (right).

2.8.2 Safety tests (Sequence B and B1, IEC 61730-2)

Sequence B and B1 are essential components of the rigorous
testing protocols PV modules undergo to ensure they are
safe, reliable, and durable under various environmental



Fig. 10. Description of Sequence B and B1 (IEC 61730-2).

Fig. 11. UV chamber TLPV, spectral distribution.

Fig. 9. Mechanical load test on the module (left), applied load in Pa, and measured deflection in mm (right).
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conditions, as explained in Figure 10. These tests help
ensure that PV modules maintain their performance and
structural integrity under harsh environmental conditions,
which is crucial for long-term reliability.

UV test
The UV test was conducted as part of sequence B

according to IEC 61730-2 (MST 54) [30]. The test
conditions are performed with fluorescence tubes at
60 °C. The spectral irradiance of the fluorescence tubes
used for the UV aging test is shown in Figure 11 [31].
According to the safety test standard, the exposure dose of
60 kWh/m2 was used. The temperature was measured
behind the modules with a PT100 temperature sensor. The
temperature was found to be 60 °C on average. The module
was subjected to indoor accelerated aging tests under the
UV tests as part of sequence B.

Humidity freeze test (IEC 61215-2, MQT12)
In this test, the ability of the module to withstand the

effects of high temperature and humidity followed by sub-
zero temperatures was determined. The test was performed
in the context of sequences B and B1 (IEC 61730-2). It
involves ten thermal cycles from �40 °C to +85 °C, with a
halt at +85 °C for at least 20 h and a halt at �40 °C for at
least 30min. A relative humidity of 85% was applied to
temperatures of 85 °C.

3 Results and discussion

3.1 DSC crosslinking and Soxhlet gel content results

The following Figures 12 and 13 show the DSC crosslinking
results for the different set temperatures for all the tested
samples, for the single-side heating system and the double-
side heating system, respectively. The crosslinking values
are distributed across the process times and are grouped
according to the set temperature. The process times, from



Fig. 12. DSC degree of crosslinking of the single-side heating lamination process for different temperatures and process times at five
different positions on the module.
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2min to 9min, are differentiated by the combination of the
light-to-dark intensity of the chosen group color and the
markers. For example, for 175 °C, the 2min curve is light
red, and 9min is dark red. Each curve shows five values
measured for different locations (A, B, C, D, and E) on the
modules (see Fig. 6 for reference).

In Figure 12, for the single-side heating system, the
values for different process times for all set temperatures
are more or less linearly distributed across the y-axis scale
until concentrating for processes with high temperatures
≥175 °C and longer process time ≥7min. The values start
from as low as nearly 0% for 160 °C at 2min up to roughly
75% at 9min process time. This distribution of values is
getting smaller with the increase in temperature. For
180 °C, it varies between 34% to 91% crosslinking value, a
difference of only 57%. A similar trend is witnessed for
double-side heating (see Fig. 13), with crosslinking values
distributed over a wider range for low temperatures than
higher temperatures, except the values are not linearly
distributed across the y-axis scale for different process
times. They are concentrated above 75% crosslinking
value. Interestingly, the crosslinking values with a double-
side heating system are distributed much wider across the
scale than the single-side heating system.

For 160 °C, it varies from 8% at 2min to 93% at 9min
process time, i.e., 85% difference. Whereas for 180 °C, it is
reduced to only 68% difference, wider than the single-side
range. This wide range is just because of low DSC
crosslinking values at shorter process times, especially
for 2-minute processes, where there is no detectable
conversion of peroxides, as shown by gel content values
in Figures 16 and 17. Excluding 2min process time, this
range is narrowed down to 20% for 180 °Cwith a double-side
heatingsystem.Thevalues for longerprocess times≥5minat
high set temperatures ≥170 °C overlap, so it is difficult to
differentiate the values for different process times. The
average values of each process are explained in the following
figures for clear differentiation between various processes.
Overall, this distribution clearly shows the impact of a
double-side heating system on the crosslinking. They are
reaching high crosslinking values,more than 75–80%,within
a short process time, as low as 3–4min.

Figures 12 and 13 also show the distribution of values
across the module. The values follow different trends for
each process. For example, the C value in the module’s
center does not always have higher values than other
positions. However, some curves look identical irrespective
of time and temperature. As shown in Figure 12, the
5-minute curve at 160 °C looks similar to the 2-minute
curve at 165 °C. Also, the 8-minute curve at 170 °C looks
identical to the 6-minute curve at 180 °C. In Figure 13,
identical curves are also visible. Most prominent are all the
3-minute curves at different temperatures except 175 °C.
This might be related to the uneven distribution of
additives across the encapsulant film, which is the subject
of further investigation.

The DSC crosslinking values at different positions in
the module also vary based on the heating system. For
single-side heating processes (see Fig. 12), the maximum
crosslinking difference across the module for shorter
processes �6min is higher than for longer processes. The
highest deviation of 12.1% between all positions is
measured for the 2min process at 170 °C and the lowest
for 7min at 170 °C, just 0.7%. Overall, out of 40, only five
values reach less than a 2% maximum deviation between
the A and E positions for all single-side heating processes.



Fig. 13. DSC degree of crosslinking of the double-side heating lamination process for different temperatures and process times at five
different positions on the module.

12 Sraisth et al.: EPJ Photovoltaics 16, 26 (2025)
This shows that with the single-side heating system, you
need longer processes to have uniform crosslinking across
the module. Some deviations can be due to the distribution
of peroxides.

Meanwhile, 14 processes with the double-side heating
system have a maximum crosslinking deviation across the
module of less than 2%, and 21 processes with less than 3%
deviation. This already shows that changing the double-
side heating system can reduce the deviation in crosslinking
values across the module. However, one interesting
difference between single-side heating systems is that the
shorter processes with double-side heating systems have
much higher deviation across the module. For example, in
Figure 13, for 2min at 160 °C, the maximum difference is
16.8%, and for 165 °C at 2min is 13.3%. Excluding 160 °C
set temperature processes in Figure 13, all other temper-
atures with 5min or longer processes all show a maximum
deviation of less than 3.5%. For 165 °Cprocesses, the lowest
crosslinking deviation of 1.1% across the module is
measured at 6min process; for 170 °C, 0.7% at 7min; for
175 °C, 1.0% at 6min; and for 180 °C, 0.89% at 7min.

Most industrial PV module lamination processes are
longer than 7minutes andmainly involve two-step heating.
Processes 4min or shorter do not show sufficient cross-
linking uniformity across the module. Therefore, only
5- and 6-minute processes seem to be suitable. The latter
has better uniformity due to a one-minute longer process.
For 6-minute processes, the deviation varies between 1.0%
(175 °C) and 2.0% (170 °C), and for 5-minute processes, it
varies between 1.6% (180 °C) and 3.5% (170 °C).

Figures 14 to 16 explain the average crosslinking values
for all the processes using both heating systems. Both DSC
and Soxhlet measurement values are compared. DSC
crosslinking values are shown in dash lines, and Soxhlet gel
content values are shown in solid lines. Figure 14 shows the
average crosslinking values determined by DSC for single-
side and double-side heating processes. The difference in
the single-side and double-side curves is that the former is
shown with short dashes and the latter with longer dashes.
The different times and temperatures for the lamination
process result in various degrees of crosslinking. The
correlation between the lamination process and the curing
of encapsulants has already been studied in detail [11,12].

The results show that EVA has a different crosslinking
rate when it goes through a different heating system. For
example, in Figure 14, by using the 3min process at 180 °C
with double side heating, the encapsulant already reached a
crosslinking value of more than 80%. In encapsulant
datasheets, the gel content value is recommended to be
≥75% for a good lamination process. Similarly, the
recommended range given by one encapsulation material
manufacturer is 75% to 90% [32]. Another study [5]
suggests an optimum gel content range of 84%� 90% based
on lamination conditions. However, for the process
selection in this study, an 80% or more gel content value
target was selected [14]. Another reason is that it is decided
to target a higher value than the lowest recommended gel
content value. The single-side heating process at 180 °C
needs at least 6min process time to achieve the same target
value. This is just one example where the process time can
be reduced by half by changing the heating system.

It is interesting to note that for processes, process times
6min and higher, with double-side heating and temper-
atures above 170 °C, the degree of crosslinking reached
saturation, around 94-95%. Whereas for the single-side
heating system, the crosslinking value continuously
increases regardless of time and temperature. This shows
that a lamination process of 6min or shorter is possible.



Fig. 14. Comparison between the degree of crosslinking values of single-side (left) and double-side heating (right) lamination process
over different temperature and time processes.
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However, such a short and quick process must fulfill a long-
term stability test, and the module must pass visual and
optical inspections. These results were further proved by
Soxhlet gel content results, which were found as a testing
method in the industrial environment with broader
implementation than DSC.

All samples were measured for Soxhlet gel content to
comparewith theDSCcrosslinking results.Figures15and16
compare the average values of DSC and Soxhlet for single-
side and double-side heating systems, respectively.

Figure 15 shows a significant difference in the gel
content values of the single-side heating system for shorter
process times of 5min and below. DSC values showing
partial conversion of peroxides for short lamination times
do not necessarily mean a high crosslinking degree is
achieved, which the Soxhlet measurement values prove.
The relationship between the two values has been studied
in detail [4,12]. The gel content always shows lower values
than DSC for a shorter process time< 5min. After 5min or
more, the gel content values jump higher than DSC values,
eventually reaching the same level or ending lower than
DSC values for a process time longer than 10 minutes. A
similar trend is seen in this study. The gel content and DSC
crosslinking values are identical for processes ≥170 °C with
a process time of 6min and above. The gel content values
also show that a single-side heating system either requires a
long process time of≥7min or high temperatures of≥175 °C
to reach a good gel content value above 75%.

In Figure 16, the gel content values have already
reached the recommended value of around 75% ormore at a
process time of 4min, irrespective of the set temperature.
Thus, a higher degree of crosslinking can be achieved using
the double-side heating process, specifically for short
lamination processes. This last aspect is attributed to the
fasterheat transferprovided frombothsides.Meanwhile, the
gel content values compared to DSC values for the double-
side heating system also follow a similar behavior as seen in
Figure15 for single-sideheating.Except for the6minprocess
at 160 °C, all the Soxhlet gel content values for ≥6min,
regardless of the set temperature, showvalues in the same84-
87% range, reaching saturation.

Finally, the Soxhlet gel content results of single-side
and double-side heating system lamination processes are
compared, as shown in Figures 15 (right) and 16 (right).
Referring to the target gel content value of 80%, for the
single-side heating process, only higher set temperatures of
175 °C and 180 °C for process time above 6min have
fulfilled the target. The 170 °C set temperature process
requires almost 8min to reach more than 80% gel content.
Meanwhile, the lower temperature process managed to
achieve it at 9min process time. For one of the single-side
heating processes, it takes at least 5 minutes at 160°C to get
a gel content value >0%. The higher the temperature, the
lower this value. In the case of a double-side heating
process, it takes only 3minutes at 160°C to get a gel content
value of >0%. Double-side heating processes clearly show
the potential to reduce process time. So, for processes from
5 minutes and above, all temperatures show gel content
values more than or near the 80% mark. All other
temperatures above 165 °C crossed the set target of gel
content value for a 4-minute process, except at low
temperatures of 160 °C and 165 °C. Although not that low
compared to industry standards, these two low temper-
atures show only a gel content value above 70%.



Fig. 15. Comparison between the DSC degree of crosslinking (left) and Soxhlet gel content values (right) of the single-side heating
lamination process.

Fig. 16. Comparison between the DSC degree of crosslinking (left) and Soxhlet gel content values (right) of the double-side heating
lamination process.
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Choosing a shorter process time with enough
evacuation and curing time is essential for a good
lamination process. Therefore, based on the results,
including the crosslinking uniformity across the module,
it was decided to focus on trials of a 6-minute lamination
process at 170 °C.
3.2 Visual results during process optimization

The next step was to laminate modules with the 6min
process at 170 °C set temperature with a double-side
heating system. This step aims to find the right process
parameters by doing module lamination. The right process



Fig. 17. 60 cells GB PERC module laminated for process optimization, front side (left) and rear side (right).

Fig. 18. GB PV module with poor backsheet optic (top) and good backsheet optic (bottom).
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parameters mean identifying the adequate evacuation
time, ramp-up time for applied pressure, time to apply
pressure, and curing time for a defect-free process. The idea
was to evaluate the recipe only from an optical quality
point of view. Therefore, the string-connected ribbons were
not soldered with the cell strings’ busbar ribbons, the
former was just laid upon the latter (see Fig. 17).

The modules were examined based on seven quality
categories regarding bubbles between the cells & strings,
bubbles at the interconnection area, string movement,
backsheet optic, and cell breakage (visible to the naked eye).
The first process is tested with aggressive parameters
(early short-duration pressure application on the module
during the evacuation phase) to reach high temperatures
where EVA starts curing as quickly as possible, followed by
the pressing step. It passed all quality criteria except the
backsheet optic. The module’s rear surface appearance was
poor, with several bumps and wrinkles on the backsheet
(see Fig. 18, top). The wrong pressure timing could have
triggered this. The effect of pressure timing on the module
temperature was investigated later with the temperature
measurement inside the module during the lamination



Table 4. Optical quality results of the seven laminated modules tested at 170 °C.

170 °C Set Temperature 6 minutes process 5 minutes process

Category Recipe No. #1 #2 #3 #4 #5 #6 #7

Backsheet optic 1 5 1 8 5 10 10
Bubbles between cells 10 10 10 10 10 10 10
Bubbles between strings 10 10 10 10 10 10 10
Bubbles at the interconnection area 10 10 10 10 10 10 10
String movement 10 10 10 10 10 10 10
Backsheet shrinkage 10 10 10 10 10 10 10
Cell breakage 10 10 10 10 10 10 10
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cycle (see Sect. 3.3). So, in the following runs, different
parameters were tested to improve the backsheet optic, and
from the fourth recipe onwards, the backsheet showed
improvements with fewer bumps and wrinkles. However,
the module still did not have a plain and smooth surface.
Based on the first five trials, it was evaluated that a few
settings in the process might have already created a high
temperature at the beginning of the lamination cycle.
Considering this assumption, a new recipe was designed and
tested, producing adefect-freeprocesswith a goodbacksheet
optic, having a smooth surface without any wrinkles and
bumps (see Fig. 18, bottom). Details of the process steps are
not shared here. There was no issue with bubbles inside the
modules, thanks to the experience with lamination param-
eters. The same was expected for the rear-side backsheet
appearance, but the aggressive process parameters were
unsuitable for the optical appearance of the backsheet.

After optimizing a 6-minute process, the question was
whether to test this recipe for long-term stability or to go
further with a shorter process time. For a 5-minute process
at 170 °C, the gel content value was 85% (see Fig. 16, right),
and crosslinking values were also homogeneous across the
module with a maximum deviation of 3.5% (see Fig. 13).
Therefore, it was decided to test a 5-minute process with
similar lamination parameters. Positively, lamination #7,
with 5min process time, also passed the optical quality
criteria with good backsheet visual quality. In the end,
several modules were laminated with the same recipe #7 to
check the repeatability of the process. All passed with no
optical defects. Table 4 shows the optical quality of the
tested recipes. Finally, recipe #7 is selected for the next
phase, long-term stability testing.

The grading system used was as follows:

*
 Backsheet Optic: 1=bumps and wrinkles, 5= few
bumps, 10=plain and smooth surface;
*
 Bubbles: 1=more than 5 bubbles, 5= 3 bubbles, 10=no
bubbles;
*
 String Movement: 1=when strings moved more than
2mm, 5=>1mm, 10=<1mm;
*
 Backsheet Shrinkage (whether the backsheet has shrunk
and created delamination at the edges): 1=delamina-
tion, 10=no delamination;
*
 Cell breakage: 1= breakage, 10=no breakage.
3.3 Temperature measurement results

Temperature measurements were performed for the above-
tested processes to understand the backsheet defects and the
temperature profile in the module during the lamination
process. For each temperature measurement, six thermo-
couples were used at six distinct locations inside the module
(see Fig. 8 for reference). Using multiple measuring points,
this method is followed to prove the temperature uniformity
across the module. Since temperature uniformity is not part
of the scope of this paper, the module’s temperature
uniformity for recipe #7 (5min process at 170 °C set
temperature) is briefly described (see Fig. 19).

For industrial purposes, it is important to prove the
temperature uniformity of the heating plate because one of
the acceptance tests of the laminator is to test the quality
and performance of the heating plate, which is one of the
main components of the laminator.

In Figure 19, the line chart shows the temperature
curves of all six thermocouples for the lamination cycle.
The module temperature starts at room temperature,
∼29 °C, and ends at a temperature achieved at the end of
the cycle, ∼26 °C. All curves have followed the same trend,
but exact uniformity can be judged by the differences in the
temperature values of six points. In this cycle, the
maximum temperature difference between all thermocou-
ples at the end of the heating step (end of curing also) was
2.2 °C. The temperature gap gradually reduces from 3.2 °C
to 2.2 °C in the last 1 minute. At the end of cooling, it was
1.8 °C.

The graph also includes module transfer to hot press,
press closing, releasing pressure, press opening, module
transfer to cold press, press closing, cooling press opening,
andfinally,module transfer totheunloadingbelt.Therewere
no interruptions from handling thermocouples and the
Datapaqmeasuring instrument. Itwas a continuous process,
and values showed good uniformity inside the module.
Typically, temperature uniformity of the heating plate is
considered good when the different measuring points give
valueswithin±2 °Cof the set temperature.Here, themodule
end temperature in the hot press (166.2 °C) does not reach
the set temperature (170 °C) because of the short lamination



Fig. 19. Lamination temperature profile of six different locations inside the module for the 5min process at 170 °C using a double-side
heating system.
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process. Therefore, it cannot be judged based on the heating
plate’s set temperature tolerance limits. Thus, it can be
consideredagoodprocess ifvaluesarewithin±2 °Ctolerance
of themeanvalue of all points at a particular time.At the end
of the heating step of the 5-minute process (at 6min 20
seconds in the graph), the temperature values were within
the±2 °C tolerance (+0.96 °C, �1.24 °C), where the mean
value was 163.36 °C.

In this trial, similar to the visual quality test, the
measurement starts with a 6-minute process and then
moves to a 5-minute process. All temperature measure-
ments were done at a set temperature of 170 °C. The chart
displays the total lamination process, including module
transfer in and out of the process, heating press, and cooling
press. Thus, the time in the chart is more than 13 and 12
minutes, including transfers, for 6min and 5min process
time, respectively.

Recipes #1 and #2 have backsheet optics similar to
those of #3 and #5. Therefore, it was decided to do the
measurement only for recipes from #3 to #7. The
temperature measurement is shown in Figure 20.

The first temperature measurement was done for
process #3 with the worst backsheet optic (uneven surface
with bigger bumps and more wrinkles than other modules
across the backsheet), and it was found that the module
temperature during the evacuation cycle was approximate-
ly 100 °C before the pressure was applied, see blue curve in
Figure 20. This is probably too hot for a backsheet under a
relaxed state during the evacuation phase, with no pressure
applied on the module. The PET-based backsheet attains a
glass transition temperature (70–100 °C), shrinks in the
machine direction (MD), and expands in the transverse
direction (TD) [33]. According to the study byRomer et al.,
PET is expected to be relaxed under the lamination process
instead of shrinking or negative coefficient of thermal
expansion (CTE) [33], which may have simulated pressure
applicationonthemoduleduring theglass transitionofPET.
However, in recipe #3, there is no pressure on the module in
the glass transition, and the backsheet behaves anisotropic,
leading to shrinkage in MD and expansion in TD, and
probably shrinking again at high temperatures, according to
the datasheet’s heat shrinkage value at 150 °C. Thus, the
backsheet optic in the laminatedmodulewasnot smoothand
showed bumps and wrinkles. The recipes and their influence
on the backsheetwere not part of the scope of this study, and
they can be investigated separately in detail.

In the following two trials, the pressure application
point dropped below 90 °C, in the 80–86 °C range. This
correlates to the quality of the backsheet optic. Recipe #6
was optically good, and when temperature measurement
was done, it was found that the pressure was applied when
the module temperature reached just above 60 °C, below
the glass-transition region. This is a significant difference of
40 °C between the optically bad module and the good
module from the rear side appearance.

The parameters used for recipe #6 proved safer and
more stable. Thus, similar parameters were used to
measure module temperature for a 5-minute process. It
follows the same trend as the 6-minute process, except it is
cut short by oneminute, as shown in Figure 20. Themodule
reached the end temperature of 165 °C at the end of the
5-minute lamination process. For the 6-minute process, the
module reached the same temperature as the set tempera-
ture of the heating plate, i.e., 170 °C. This data also informs
about the time a process takes to achieve a set temperature
inside the module for a particular temperature setting



Fig. 20. Lamination temperature profile of five different processes inside the module at 170 °C using a double-side heating system.
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using a double-side heating system. The time taken to each
set temperature inside the model will differ for different set
temperatures, which can be further investigated in detail.

Based on the above results, the final recipe #7 with a
5-minute process time at 170 °C is selected and transferred
to the team at Fraunhofer ISE to proceed with the final
lamination.
3.4 Characterization after lamination

At Fraunhofer ISE, eightmodules were laminated using the
selected process, and all were checked for optical defects.
No such visual defects were seen during the module
production. Seven modules were sent for the long-term
reliability tests, and one module, M20, was held as a
reference and backup. The modules were numbered M18 to
M25 (see Tab. 3). Before carrying out the stress tests, all
modules were tested for electrical insulation under dry and
wet conditions (IEC 61730-2). All modules passed the tests
at the initial state.
3.5 Characterization after reliability testing

Modules were continuously checked for any visual defects
during the long-term stability tests, where a visual
inspection was carried out before and after each stress
test. M21 and M23 showed backsheet delamination after
DH aging for 3000h (see Fig. 21), which was not seen in the
previous aging steps. In the case of M21, the backsheet was
cracked, which can be a sign of embrittlement of the
material. Cracks in the backsheet, especially when close to
the module frame, can be critical for the safety and
insulation properties of the module [34]. This failure in the
module might have happened for several reasons: back-
sheet quality, manual handling/framing of the module, or
the lamination process itself because of the high pressure.
This failure was not part of the scope of this study. Except
for these two, no modules showed visual abnormality.

The EL images (see Fig. 22) confirm the earlier
observation. From the EL images, it is visible that there
are more electrical faults along the ribbons of the cells only
after the last DH step reaches 3000h. These are typical
features of corrosion that can be triggered by moisture
ingress, followed by acetic acid formation, which could
originate from moisture diffusion through the backsheet.
Additionally, the process of moisture ingress can also be
facilitated by the backsheet cracking, as shown earlier.

Electrical insulation under dry and wet conditions was
also passed after these individual stresses and the complete
sequences. The measured performance data before and
after each stress test for all modules, except M20, are
presented in Figure 23. Deviations of the intermediate and
final measurements from the initial measurement are given
in Figure 23.

In the chart, the dark blue color bar is for M19 (TC
tests) andM23 (DH tests), and the light blue color is for the
rest of the modules mentioned in Table 3. The modules
passed the performance criteria of less than 5% power loss
(PMPP) degradation after damp heat (1000h), thermal
cycling (200 cycles), and mechanical load tests (see Fig. 23,
left). The test duration was consequently extended beyond
the standard requirements to TC 800 andDH 3000h (3- and
4-times IEC standards, respectively).



Fig. 21. Photographs of backsheet wrinkles close to the frame of M23 (left) and M21 (right), leading to cracks in the case of M21.

Fig. 22. Electroluminescence images of themoduleM21� front side� from left to right, after 1000hDH test, after 2000hDH test, and
after 3000h DH test.
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It is essential to note that the standard test sequences,
according to IEC 61215-2, 200 cycles TC tests, 1000h DH
tests, and 1000h DH followed by mechanical load tests, do
not incur an unusual performance degradation of the tested
modules. Afterward, those modules showed minor degra-
dation after the extended thermal cycling tests up to 800
cycles, where the output power relative to the initial value
showed a deviation of less than �2%, which demonstrates
that the thermomechanical stability of the modules, among
other properties, can be ensured by the optimized
lamination process.

However, PMPP shows stronger degradation of up to
�8.4% after 3000h of extended DH exposure (see Fig. 23,
right). The power loss after DH 2000h amounts to �1.5%
(M21)/–2.5% (M23) and drastically worsens after the third
aging step, mainly due to a decrease in fill factor (FF).
These results correlate well with the EL images compared
for the module before and after the last aging step.

The last two Modules, M24 and M25, are also tested for
the test sequences B andB1. For these test sequences (B and
B1) from the IEC standard, pass/fail criteria exist, but they
are not related to power loss. Instead, they focus on visual
inspection and insulation safety. A degradation of less than
�3% in PMPP for both sequences can be evaluated as a hint
of good reliability, which is visible in Figure 23 (right).

Even though the faster lamination process has passed
the IEC 61215-2 standard, two times the IEC standard for
DH exposure and four times the IEC standard for TC tests,
two modules failed to withstand the 3000h DH test.
Wrinkles on the backsheet followed by backsheet cracking



Fig. 23. Power loss after different aging test sequences acc. to IEC 61215-2 (left) and extended IEC 61215-2 and IEC 61730-2 (right).

Table 5. The potential of process time reduction at different lamination temperatures using a double-side heating
system.

Lamination
Temperature (°C)

Single-side heating
Process time (min)

Double-side heating
Process time (min)

Potential Process Time Reduction

160 9 6 approx. 3 minutes shorter
165 8 5 approx. 3 minutes shorter
170 7.5 5 approx. 2.5 minutes shorter
175 6 5 approx. 1 minute shorter
180 6 5 approx. 1 minute shorter
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took place after 3000h DH tests, where the correlation
between the defective backsheet and electrical faults along
the ribbons detected by EL image on the same module was
observed. This distribution of the electrical faults of the
ribbon led to a significant deviation in the power output in
reference to the initial value. This finding provides evidence
that backsheet failure could be considered one of the
critical degradation modes related to module performance.
And this backsheet failure could have happened for several
reasons. The investigation of this failure was not within the
scope of this study, but it can be investigated in a separate
experiment setup to determine the root cause of defects and
improve the lamination process. The reasons for failure
could be due to backsheet quality (thickness not enough,
lamination of PPE layers is not enough for the high-
temperature process), manual handling/framing of the
module, or the lamination process itself because of the high
pressure of 1450mbar used during the curing phase. The
high-pressure lamination process above atmospheric pres-
sure has shown minimal influence on the gel content, with
no influence on the peel strength of EVA-basedmodules [7].
Combining high pressure with the used encapsulant
thickness could also be critical for the module’s perfor-
mance due to reduced encapsulation material between the
ribbons and the backsheet because high pressure, like
1450mbar, squeezes a lot of encapsulation material out of
themodule. The lower the encapsulant thickness, the worse
the effect will be. However, this phenomenon can be further
investigated.
The results show that faster lamination processes are
possible and stable enough to pass the IEC standards. It
will be interesting to compare the long-term stability
results of processes with higher temperatures than 170 °C.
4 Conclusion

The paper has shown the benefit of a double-side heating
system in a lamination process over a single-side heating
system. It helped significantly reduce the lamination
process time. Forty different lamination processes with
various times and temperatures were tested to study the
influence of the double-side heating system on the gel
content value. Only aGBmodule with EVA is tested in this
study. The DSC degree of crosslinking values for EVA
are determined using DSC and later compared with the
Soxhlet gel content results. Since Soxhlet’s results are
more accepted in the industry, they are referenced for the
process selection. Figure 16 (right) shows the impact of
the double-side heating system in reducing the lamina-
tion time, where, theoretically, even 4-minute processes
with temperatures ≥165 °C can give a gel content value of
more than 75%. Based on the gel content values in
Figure 16 (right), Table 5 shows the potential for
deduction of lamination time at different temperatures
using a double-side heating lamination system with a
minimum gel content value of 80% and a minimum
lamination time of 5 minutes. The results show that the
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lamination process can be shortened by 10 to 30% using
double-side heating with one heating press compared to
standard industrial processes of 7 to 10 minutes of process
time using a single-side heating system with two heating
steps, depending on the temperature used for lamination.
So, if a lamination process with a single-side heating
system using 160 °C is changed to double-side heating, the
process can be shortened by approximately 3 minutes.
The double-side heating system has a higher influence on
lower temperature processes. The higher the lamination
temperature, the lesser the advantage of double-side
heating.

The heating system’s influence on the gel content
uniformity across the module was also explained in this
study. A double-side heating system improves the gel
content uniformity compared to a single-side heating
system. The impact of a double-side heating system on a
module was further investigated by laminating modules
and performing temperature profile measurements inside
the module using thermocouples. Seven different lamina-
tion processes at 170 °C with 6- and 5-minute processes
were tested to find the fastest possible lamination process.
During trials, it was found that process parameters are
crucial for good visual quality, even if the gel content value
is well above the target value. The tested modules had no
bubbles and cell crack issues, except for the poor backsheet
appearance for the first five processes. The poor results
were attributed to the exponential jump to high tempera-
ture inside the module during the beginning of the cycle in
the evacuation phase of the lamination process. Finally, a
defect-free, shorter lamination process was developed with
a 5min process time at 170 °C and selected for the long-
term stability test.

In the end, the effect of the shorter lamination time
using the double-side heating system on the long-term
reliability of the module has been investigated. By applying
accelerated testing based on qualification testing according
to IEC 61215-2 on the modules, the performance degrada-
tion described as the power output represents a non-
significant deviation of less than �2% after 1000h DH, 200
cycles TC, and 1000h DH followed by mechanical load
tests. Additionally, a comparative study of the safety tests
of those modules under the influence of two different
sequential aging tests named sequence B and B1 according
to IEC 61730-2 standards was carried out. In summary, our
results clearly show that the modules did not suffer any
visual defect or insulation degradation due to the
mentioned sequence testing.

Furthermore, extended aging tests up to three times the
IEC standard for the DH test and four times the IEC
standard for the TC test were carried out to establish the
missing link between the criteria for the short lamination
process and the test-to-fail module’s long-term reliability.
The module passed the 2000h DH and the TC 800 extended
tests and showed power degradation of notmore than 2.5%.
However, modules showed significant power reduction
after 3000h DH exposure, where �8.4% power loss was
observed after the test.
5 Outlook

Double-side heating systems in a lamination process have
the potential to increase the throughput of the module
production line. As seen in Table 5, the 160 °C set-
temperature process can be shortened by a maximum of
3 minutes. This means that a factory (running 24 h, 320
days/year, 95% uptime, 100% yield, 500Wp module)
producing approximately 306 MW per year with a 10-
minute cycle time (9-minute process time+1-minute
handling time, 14 modules per cycle) using a single-side
heating system can produce 438 MW per year with a
7-minute cycle time (6-minute process time plus 1-minute
handling time, 14 modules per cycle). That is approxi-
mately a 43% increase in the throughput just by changing
the heating system. So, planning a production with roughly
1 GW gross annual capacity will reduce the laminator
requirement to only two numbers with double-side heating
laminators (giving 876 MW net capacity) instead of three
single-side heating laminators with 918 MW net capacity,
excluding unscheduled downtime yield loss. The shorter
lamination process can be adapted to both one-step and
two-step processes. This is useful for upgrading the existing
lines to new lines or planning a new factory with higher
output and less equipment. However, this comes at an extra
cost because the machine has to implement an extra
heating plate on top in the heating stage, plus the operation
cost during production. The real advantages or disadvan-
tages can be easily checked through the total cost of
ownership calculation.

It is also important to note that the above results have
showcased the potential of reducing the lamination process
time for a specific BOM, especially for PERC cell
technology. However, the current market trends have
diverted the industry towards other technologies. In recent
years, TOPCon (Tunnel oxide passivated contact) and
HJT (Heterojunction Technology) have gained significant
market share in cell technology for upcoming modules [2].
Roughly 60% of the market share in 2024 is now TOPCon
and HJT technology, which will be approximately 80% in
the next 6–7 years [2]. Subsequently, this is already
changing the type of materials used in the module for
good stability, from the kind of wires to encapsulants
like POE (polyolefin elastomer) or EPE (coextruded
EVA-POE-EVA), due to the reliability issues of these cell
technologies [35–37]. The lamination process developed
using a double-side heating system will remain relevant for
new module layups using POE or EPE. Even if there are
some constraints for POE, like shorter process windows,
longer evacuation time, and low viscosity [7,37], the process
can still be accelerated because double-side heating has
more influence on low-temperature processes.

This paper showcases an extensive method for proving a
lamination process. A similar methodology can be adopted
for developing the glass-glass module lamination process
with the latest cell technologies because the GG module is
gaining most of the market share, expected to be roughly
70% by 2031 [2].
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