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Spatially Resolved Degradation of Solar Modules 1in
Dependence of the Prevailing Microclimate

Robert Heidrich

Abstract—In this work, a holistic approach to analyze solar
module degradation is undertaken. The degradation kinetics of
UV additives in the ethylene-vinyl acetate copolymer (EVA) en-
capsulant are derived using a quantification method. In addition,
minimodules are analyzed after combined accelerated aging (UV
irradiation at 85°C and 60% relative humidity) at different posi-
tions. In this way, the local degradation reactions of the encapsulant
are determined as a function of the prevailing stressors and addi-
tive consumption. These findings are correlated with the electrical
characterization (I — V and electroluminescence measurements)
to expand the understanding of module degradation. Performance
losses are mainly due to a combination of hydrolysis and Norrish
type II reactions of the encapsulant, as acetic acid is produced in
both cases corroding the electrical contacts. Independent of the
local stressor, the UV stabilizer shows first-order degradation ki-
netics, which is directly linked to the degradation of the encapsulant
and, thus, indirectly to cell degradation. It is shown that the UV
stabilizer consumption is an early precursor of module degradation
and could be utilized to evaluate the remaining lifetime of a PV
module.

Index Terms—Additives, degradation, encapsulant, ethylene-
vinyl acetate copolymer (EVA), performance loss, spectroscopy.

I. INTRODUCTION

sources of our time and will continue its success story in
the near future [1]. Reliability and lifetime of the components
are nowadays the main factors determining the costs of energy.
There are several approaches to predict the long-term behavior
of PV modules [2], [3], [4], [5], [6]. However, these are generally
empirical without consideration of the underlying degradation
mechanisms of the individual components of a module [2], [3],
(4], [5].

The packaging materials used for solar modules determine
their long-term behavior [7], [8], [9], [10]. In particular, the
interaction of the individual encapsulant layers with the back-
sheet can have an influence on the degradation behavior of
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the modules [6], [11]. The additives contained in the various
polymer layers, in turn, determine the degradation behavior
of these layers [12], [13], [14]. In the end, an understanding
of additive and polymer degradation and its influence on the
degradation of the solar cell and the electrical connectors is
essential for the development of a physics-based degradation
model.

There is a large body of work dealing with the degradation
of ethylene-vinyl acetate copolymer (EVA) [13], [14], [15],
[16], [17], [18], [19], [20], [21], which is currently the most
widely used encapsulant. There are also various studies on the
degradation of different backsheets [22], [23], [24]. However,
these materials are often only studied in isolation, although the
degradation behavior in combination, especially with a solar cell,
can be completely different. This can be explained by the fact
that different microclimates occur within a PV module. Certain
parts are more exposed to moisture than others and UV radiation
does not reach all areas to the same extent. In addition, mobile
species such as polymer additives can diffuse within or between
the different layers [14]. Degradation effects such as PID are also
heavily dependent on the combination of materials used [25],
[26]. It is, therefore, to be expected that different degradation
reactions take place depending on the position in a solar module.

The dependence of the degradation kinetics on the prevailing
microclimate leads indirectly to the next problem. In most
studies and weathering standards in the field of accelerated
aging, a distinction is usually made between UV aging and
damp heat (DH) aging [13], [14], [21], [27], [28], [29], [30].
Considering the different climatic conditions around the world,
it is unrealistic to expose material combinations to only one
type of stressor at a time. Although there has been some recent
work in this direction, which has shown that field failures can
be provoked, much research still needs to be done to develop
optimal aging procedures [31], [32], [33].

This work is intended to investigate the influence of these
microclimates, which arise under combined weathering condi-
tions. It is an extension of our previously published work [34].
For this purpose, minimodules were produced in a conventional
structure and aged at an accelerated rate. In addition, pure EVA
films were weathered in the same chamber. Using a recently
developed method for UV additive quantification, the degra-
dation kinetics of UV absorber and UV stabilizer in EVA are
to be derived [35]. Afterward, the additive consumption of the
pure EVA films is compared with those in the module, en-
abling the correlation of UV additive degradation with the aging
of the encapsulant and macroscopic effects, such as module
performance. The minimodules are examined at different po-
sitions using Fourier-transform infrared spectroscopy (FTIR)
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to analyze the effect of the respective microclimate on the
degradation reactions of the encapsulant. These are correlated
to the electrical characterization of the modules to understand
the degradation chain.

II. MATERIALS AND METHODS

A. Minimodules

The single-cell minimodules used correspond to the conven-
tional structure of a solar module with the dimension of approx-
imately 20 cm x 20 cm. The front sheet used was 3-mm float
glass. The EVA has a UV cut-off (50% transmittance at 365 nm),
a vinyl acetate (VA) content of 26%-28%, and a thickness of
0.4-0.6 mm. The light transmission is reported to be over 91%
by data sheet and the EVA was used as the encapsulation material
for the front and back sides. A Meier ICOLAM 10/08 was used
for lamination with the following parameters: The laminator was
set to 55 °C. The samples were then placed in the laminator,
which was evacuated for 6.5 min and heated to 80 °C. The
modules were then pressed with 600 mbar and heated to 155 °C
within 3 min. The temperature and pressure were maintained
for a further 15 min. Finally, the laminator was cooled down
to 55 °C within 30 min while the pressure of 600 mbar was
kept constant. The gel content after lamination is specified in
the data sheet with over 85% while measurements of separate
films show gel contents of around 90%. This means that no
remaining crosslinking peroxides are to be expected. The entire
lamination process complies with the manufacturer’s specifi-
cations for the EVA used. The solar cells are based on PERC
technology with five busbars and four electrical contacts for
I — V measurements. The backsheet is based on polyethylene
terephthalate (PET) with a thickness of 320 ym. The moisture
permeability of the backsheet is specified with 1.9 g/m? per day.
After lamination, the edges of the minimodules were sealed with
an aluminum tape to simulate a frame and make it more difficult
for moisture to penetrate while reducing edge effects.

B. Sample Preparation

For the measurements with pure EVA, an approx. 30 cm x
30 cm piece of film was laminated under the abovementioned
conditions. Subsequently, 5 cm x 5 cm squares were cut out and
aged in the climate chamber. Two film samples were available
for each weathering step. For the PY-GCMS measurements,
samples weighing approximately 4 mg (2-3 mm in diameter)
were punched out. Consequently, the complete bulk was always
measured in order to exclude surface effects. The PY-GCMS
measurements were carried out in triple determination.

Sampling of the minimodules was carried out at various points
in order to analyze aging effects in a spatially resolved manner.
The different positions are shown in Fig. 4. The following
nomenclature is used throughout the paper: t_r_f—front EVA
on top of the inner interconnector at the top of the module,
b_r_f—front EVA on top of the inner interconnector at the back
of the module, m_m_b—back EVA in the middle of the module.
For the b_r_f and t_r_f samples, the backsheet was cut in the
area of the inner interconnector. Afterward, the interconnector
was removed as a whole from the module. The front EVA
remained on the glass and could be removed with a scalpel.
For the m_m_b position, the backsheet was carefully removed
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Fig. 1. Spectrum of the used metal halide lamps in comparison with the AM

1.5 global (ASTM G173-03 reference spectra derived from SMARTS v. 2.9.2.
provided by NREL). The 100% weathering corresponds to the intensity used in
our previous work [34].

layer by layer with a scalpel until the EVA layer on the back
was visible. This was also carefully prepared with the scalpel
to avoid contamination by the solar cell. PY-GCMS and FTIR
measurements of the minimodules were carried out in double
determination.

C. Weathering

The weathering was carried out in CTS CSL —70/1500 UV
climate chambers and was based on IEC 61215, but the parame-
ters were varied [29]. A combination of DH and UV conditions
was selected. The temperature was set to 85 °C and the relative
humidity (r.h.) to 60%. The irradiation was realized by metal
halide lamps, which were set with an integrated irradiance of
76.6 W/m?> (33% weathering—this work) and 227.53 W/m?
(100% weathering—previous work for comparison [34]) be-
tween 280 and 380 nm. The spectrum used is shown in Fig. 1,
especially in the high-energy UV range, it is similar to the AM
1.5 global. The minimodules produced were weathered for a
maximum of 2000 h. The electrical characterization was carried
out every 250 h for all modules. After each weathering step, two
modules were removed for destructive measurement procedures.

Temperature measurements at various positions inside mod-
ules with a comparable structure (same glass, same cell type,
same encapsulant, and white backsheet) under the same weath-
ering conditions show that the area below the solar cell reaches
approximately 90 °C while b_r_f and t_r_f positions reach
approximately 88 °C. Additionally, previous studies with xenon
lamps have shown that the sample temperature of clear and white
samples can be approximated by the chamber temperature dur-
ing UV weathering [36], [37]. Thus, the temperature of the plain
EVA films can be approximated by the chamber temperature.

D. Characterization Methods

1) I-V Characterization and Electroluminescence (EL) Mea-
surements: The I —V characteristics were measured with a
Berger Lichttechnik solar simulator (Flasher system). The tests
were carried out at 25 °C and an irradiance of 1000 W/m?
(standard test conditions). The flasher corresponds to class A
in the categories of homogeneity, spectral consistency, and tem-
poral stability. The repeatability is less than 0.3% deviation. The
flasher was calibrated with a reference module before each series
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Cyasorb UV 531 zero order degradation kinetics
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Tinuvin 770 first order degradation kinetics
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UV additive quantification of the plain EVA films. Degradation kinetics of the UV absorber Cyasorb UV 531 (left) and the UV stabilizer Tinuvin 770

(right) and the corresponding integrated UV dose between 280 and 380 nm in dependence of the weathering time.

of measurements. The EL. measurements were carried out with
a greateyes LumiSolar Professional system. A cooled GE2048
512 BI MID CCD sensor is installed in the camera. For the EL
measurements, the modules were powered with 8.5 A.

2) Pyrolysis-Gas Chromatography-Mass Spectrometry: For
qualitative and quantitative analysis of the polymer and the
additive composition, a combination of pyrolysis, gas chro-
matography, and mass spectrometry (PY-GCMS) was used. The
PY-GCMS setup and settings are explained in detail in our
previous works focusing on additive quantification [14], [35].
An EGA/Py-3030D from Frontier Laboratories, Ltd., pyrolysis
oven with attached autosampler AS-1020E was used for thermo
desorption. As gas chromatograph, a Trace 1300 from Thermo
Scientific with He carrier gas was used. The implemented col-
umn was an Ultra ALLOY Capillary Column (length 30 m,
internal diameter 0.25 mm, and film thickness 0.25 pm) from
Frontier Laboratories, Ltd. An ISQ 7000 mass spectrometer
from Thermo Scientific was coupled to the gas chromatograph.
The m/ = range was set from 29 to 800.

3) Attenuated Total Reflectance—Fourier-Transform In-
frared Spectroscopy: An Inventio spectrometer from Bruker
was used for the FTIR analysis. The measurements were carried
out in ATR mode using a transit platinum unit with a diamond
tip. The wavelength interval was set from 4000 to 650 cm ™! with
aresolution of 2 cm ™' and eight scans.

III. RESULTS AND DISCUSSION

A. UV Additive Consumption in Plain EVA Films

As stated in our previous work, the consumption of the UV
stabilizer could be a potential marker for the degradation of
solar modules [34]. However, the degradation behavior of UV
additives in EVA films is currently not fully understood. Conse-
quently, the consumption of the commonly used UV additives
Cyasorb UV 531 (UV absorber) and Tinuvin 770 (UV stabilizer)
was first investigated as a function of different radiation inten-
sities in laminated EVA films. The degradation kinetics of both
additives and the applied UV dose is visualized in Fig. 2. It must
be mentioned that only the HALS base molecule can be detected
with the PY-GCMS method used. All nitroxide forms resulting
from the Denisov cycle remain unaffected by the analysis [38].

It is, therefore, a measure of how quickly the base molecule is
consumed under given environmental conditions.

Analyzing the consumption of the UV absorber, a clear dif-
ference between both irradiation conditions is observable. For
the 33% intensity, the UV absorber amount fluctuates around
the mean value and no trend in degradation is observed. This
indicates reversible keto-enol tautomerism [16], [39], [40]. In
our previous work, we also found that similar intensities will
not lead to the decomposition of the UV absorber [13], [14].
However, the 100% weathering shows a continuous decrease of
UV absorber concentration until reaching approximately 52%
of the initial concentration after 2000 h. This contrasts with the
results of Pern [15] who reported an exponential degradation
rate of Cyasorb UV 531 in cyclohexane, but in accordance with
the work of Pickett and Moore[41], who reported zero-order
degradation kinetics of Cyasorb UV 531 in PMMA films. In the
case of the carried out weathering, the degradation kinetics of
the UV absorber concentration N¢ can be described by

Well) — 1Be(e.1)-0) n
with the UV intensity / and a chamber parameter B¢, which
is dependent on the relative humidity ¢ and the temperature 7'
and the Heaviside function ©, which enables the degradation
when a specific intensity threshold is passed. Equation (1) does
not contain a dependence on the UV absorber amount N¢(t)
because the linear decrease of the mass fraction suggests a
degradation kinetic, which is independent of the UV absorber
concentration. Thus, (1) can be easily integrated and using the
normalized initial condition N¢(0) = 1 yields

Ne(t) = 1 — IBe(p, Tt - O(1). @)

Using (2) with Bo(p,T) = 521 x 107% m?*/J and I =
227.53 W/m? as integrated UV dose between 280 and 380 nm
will lead to the displayed curve. However, the high intensity
of the 100% weathering is unrealistic indicating that the UV
absorber should not be consumed under outdoor irradiation.

In contrast to the UV absorber, the UV stabilizer degrades
under both weathering conditions. This can be explained by
the principle of work of the HALS functional groups. They
react in the complex Denisov cycle trapping radicals; thus, they
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UV additive quantification of the weathered mini modules. Left: Normalized development of the UV absorber content in dependence of weathering time

while the standard deviation of the different samples is represented with the error bar. Right: Normalized development of UV stabilizer content at different positions
with standard deviation as error bars, the mean curve of all positions and the analytical curve of (4) with the same chamber parameter as for the plain EVA films.

The minimodules were aged with the 33% weathering conditions.

need a reaction partner and will be consumed in dependence of
radical presence [38], [42], [43], [44]. The significantly higher
consumption under the 100% weathering suggests an increased
radical formation compared to the 33% weathering. For the
100% weathering, the HALS base form is nearly completely
consumed after 1250 h, whereas for the 33% weathering, there
is still about 20% of the base concentration present after 2000 h.
As observed in our previous work, the base form of the UV
stabilizer is consumed exponentially [13], [14]. The exponential
dependence can be explained by a reservoir effect. Assuming
there is areservoir of radicals for the HALS amines to react with,
the decay is only dependent on the amount of HALS molecules
Nr(t) (pseudo first-order kinetics). This leads to
Wrll) — Nr1Br(o.T) )
with the UV intensity / and the chamber parameter Br. Using
the normalized initial condition N7 (0) = 1 will lead to

Nr(t) = e 1Br(@ D1, )

Using (4), the two UV intensities /33 and I} and the molecule
amounts N, and N, for the 100% and 33% weathering, the
chamber parameter can be calculated analytically by

- ln(NT33 NT]on)

B T) = .z
(1) (I35 + Lioo)t

&)

while the molecule amount of a specific time point £ must
be evaluated. Using Br(p,T) = 3.28 x 1072 m*/J, I;00 =
227.53 W/m? and I33 = 76.60 W/m? will lead to the displayed
curves of the analytic solution of (4). Thus, for fixed humidity
and temperature, the consumption of the UV stabilizer can be
described sufficiently as a function of the UV intensity.

This can be observed, for example, at the measuring points of
both curves for a radiation dose of approximately 120 kWh/m?.
This dose is reached after approximately 1500 h of 33% weather-
ing and leads to a UV stabilizer concentration of approximately
20% of the initial concentration. With 100% weathering, this
dose is reached after approximately 500 h and also leads to a
UV stabilizer concentration of approximately 20%.

Fig. 4. Exemplary minimodule with encapsulant extraction point. The blue
rectangle corresponds to the front EVA on top of the inner interconnector at the
top of the module (t_r_f), the green rectangle corresponds to the front EVA on
top of the inner interconnector at the bottom of the module (b_r_f) and the purple
rectangle corresponds to the back EVA in the middle of the module (m_m_b).
The arrows symbolize a possible oxygen pathway at the electrical connectors.

B. Spatially Resolved Solar Module Degradation

1) UV Additive Degradation: Minisolar modules have been
aged under the same chamber conditions as the previously
analyzed polymer films. The data of the 100% weathering were
previously analyzed but are further evaluated and compared
with the more realistic 33% weathering of this study [34]. An
exemplary module with the encapsulant extraction points and the
later used abbreviations is displayed in Fig. 4. The corresponding
additive consumption in dependence of the weathering time for
the 33% weathering is displayed in Fig. 3. The color code of the
different positions is in accordance with Fig. 4.

Investigating the degradation behavior of the UV absorber in
solar modules in comparison with the plain EVA films shows
clear differences. In our previous works, dealing with coupon
samples and for the plain EVA samples before, the UV ab-
sorber content stayed approximately constant or was fluctuating
around the mean value due to inhomogeneities between different
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samples [13], [14]. The same behavior can be observed for the
backside sample of the module (m_m_b). However, for the front
side of the module, the UV absorber content is significantly
consumed. Especially for the top side of the module (t_r_f), the
content is nearly completely vanished after 1250 h reaching only
about 5% of the initial concentration.

As discussed in the weathering section, the temperature
between the different positions within the module should be
similar, only varying by &£ 2 °C. Thus, the diverging behavior
of front and back Cyasorb UV 531 consumption is most likely
not the result of a temperature effect, because the temperature
between front encapsulant and back encapsulant as well as the
temperature of plain EVA is only minimally varying. Further-
more, it was shown that the moisture ingress of permeable
backsheets is occurring 2-D for the whole backsheet area [45],
[46]. Consequently, the m_m_b position should be penetrated by
moisture at first, but this does not affect the UV absorber content.
It is conceivable that the moisture diffused in over a certain
period of time in combination with the UV radiation at positions
b_r_f and t_r_f has led to the degradation of the UV absorber.
The pure EVA films allow moisture to diffuse in and out quickly,
but the layered structure of a solar module traps it. In addition,
reactions with the electrical connector in combination with the
stressors could lead to the observed behavior. The UV absorber
could have been radicalized [47], bound to the connectors and,
thus, is not desorbing anymore. Reactions of the UV absorber
with excess crosslinking peroxide as in our previous work with
another encapsulant are unlikely [14], as the encapsulant used
here did not show discoloration or UV absorber degradation in
any of our other work [13], [48]. At this stage, the exact cause
of this degradation reaction is still unclear.

In contrast to the UV absorber, the UV stabilizer in the mini
modules behaves similarly as in the plain EVA. Especially, the
m_m_b position shows an exponential decrease. After 2000 h
the UV stabilizer content decreased to 15%—-25% of the initial
content in dependence of the sample position. However, inho-
mogeneities and internal diffusion between the different sample
positions and weathering steps probably resulted in the observed
fluctuations [14]. Recently, it was found that the consumption
of the HALS base molecule is similar for UV weathering and
DH weathering under IEC 61215 [48]. Thus, the UV stabilizer
content of all positions was combined in the right image of
Fig. 3 using the mean value of the investigated positions. The
dashed line represents the analytical solution of (4) using the
same By as for the plain EVA samples. Except for the 750 and
1000 h weathering steps, which also showed the strongest devi-
ations in comparison with the other weathering steps, the HALS
consumption behaves similarly in the mini modules and the plain
EVA films. Thus, assuming a reservoir of radicals and describing
the UV stabilizer content with (4) seems to be sufficient for plain
EVA films and EVA in minimodules when weathered under the
same conditions.

2) EVA Degradation: The previously examined EVA posi-
tions (see Fig. 4) have been further characterized by attenu-
ated total reflectance—Fourier-transform infrared spectroscopy
(ATR-FTIR) measurements. The results are displayed in Fig. 5
(the color coding is in accordance with Fig. 4) while the corre-
sponding peaks and functional groups are listed in Table I. As
observable in the full spectrum (top left image), the encapsulant
shows all characteristic EVA peaks while significant changes
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TABLE I
FTIR ABSORPTION PEAK ASSIGNMENT

waven. [cm™ 1] group excitation

2920 CHa stretching vibration (PE)

2850 CH2 deformation vibration (PE)
1736 Cc=0 stretching vibration (VA)
1740-1660 C=0 stretching vibration (acetic acid)
1715-1650 C=0 stretching vibration of ketones
1660-1550 Cc=C stretching vibration

1465 CHa stretching vibration (PE)

1370 CHj3 deformation vibration (VA)
1238 C-O-C  stretching vibration (VA)

1020 C-O-C  stretching vibration (VA)

960 CH deformation vibration (VA)

770 CH vibration of vinyl groups (-CH=CH-)
720 CH2 skeleton rocking vibration (PE)

Intensities belong to the polyethylene (PE) units, the VA units or degradation products
of the base polymer. The assignment is in accordance with the work in [13], [14],
[18], [20], [21], [51], [52], and [S3].

due to aging occur mainly in the region of 18001500 cm™!.

Thus, further evaluation focused on the mentioned wavenum-
ber interval yielding significant differences regarding the EVA
degradation in dependence on the observed position. The
displayed graphs (except for the full spectrum) are difference
plots, subtracting the initial FTIR spectrum after normalization
using the 2850-cm~! CH, peak.

The b_r_f position shows two significant changes. The 1736-
cm™! peak is increasing in intensity and broadening suggesting
ketone formation. This species can either be formed by Norrish
type Il reactions induced by photodegradation or during a break-
down reaction of hydroperoxides [19], [20], [49]. The peak with
the center at 1570 cm™! is probably the result of UV-induced
Norrish type II reactions forming C=C bonds [17], [18], [20],
[50]. The t_r_f position shows no ketone formation during aging.
However, Norrish type II reactions with resulting C=C bond
formation can be observed [17], [18], [20], [50]. Furthermore,
the formation of anew C=C peak at 770 cm™~' was observed (not
shown). The oxidation index (OI) was calculated using the peak
ratio of the 1700 cm~!' C=0 peak integral and the 720 cm™!
CH; peak integral as carried out in our previous work [13]. The
OI development is visualized in Fig. 6. Only the b_r_f position
shows a significant OI increase with ongoing weathering time.
Thus, the assumed ketone formation for this position is validated.
Although Norrish type III reactions or breakdown reactions of
hydroperoxides can lead to ketone formation, the latter is more
likely because, otherwise, ketones should have also formed at the
t_r_f position, which was exposed to the same UV irradiance.
The solar modules have not been sealed with aluminum tape
at the electrical contacts (see Fig. 4). Consequently, oxygen
diffused into the modules via this point and led to the reaction
described at the b_r_f position. In accordance with our previous
work, all photodegradation effects seem to be pronounced after
approximately 1500 h of weathering, when most of the UV
stabilizer is consumed (see Fig. 3) [34].

In comparison with the front encapsulant, the m_m_b position
behaves differently. The vanishing peak with the center at ap-
proximately 1550 cm ™! is probably a vibration of NH groups of
the HALS in the initial state [52], [54], [55]. This peak has also
been reported in our previous work using the same commercial
encapsulant [13]. Thus, it does not correlate with encapsulant
degradation of the back EVA. However, the changes of the C=0
peak from 1770 to 1600 cm~' are probably a result of EVA
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ATR-FTIR measurements of the examined encapsulant positions. The color coding is in accordance with Fig. 4. The top left image shows a complete

FTIR spectrum of the EVA encapsulant. The other images show difference spectra subtracting the initial spectrum after normalization. The minimodules were aged

with the 33% weathering conditions.
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Fig. 6. Oxidation index (ratio of the 1700 cm~! C=O peak integral and the
720-cm~! CH, peak integral) in dependence of the position and weathering
time. The color code corresponds to Fig. 4. The minimodules were aged with
the 33% weathering conditions.

hydrolysis [28], [56]. The decrease in intensity at approximately
1750 cm~! and increase in intensity at approximately 1720 cm ™!
indicate the formation of acetic acid and were observed for
DH aged modules [27], [28]. The measured spectra are also
in accordance with the absorbance of pure acetic acid as they
show a pronounced C=0 peak from 1740 to 1700 cm~', which
can also create a shoulder from 1710 to 1660 cm ™! [51]. The UV
stabilizer consumption of the m_m_b position is even stronger
than for the front encapsulant samples as seen in the Py-GCMS
results. For the front EVA, the effect is overlapped with the
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Fig. 7. Observed degradation reactions in dependence of the investigated
position. The color code corresponds to Fig. 4. The degradation reactions are
based on the work in [17], [18], [20], [27], [28], [49], [50], and [56].

formation of double bonds observed in the same spectral region.
However, as the hydrolysis of EVA does not result in radical
formation like for photodegradation, the consumption of the UV
stabilizer can probably not easily be correlated to the polymer
degradation at this point.

The EVA inside the minimodules degrades differently in
dependence of the investigated position and the environmental
stressors. Thus, the microclimate at a specific position has a
significant impact on the occurring degradation reactions. Fig. 7
visualizes the suggested reactions in dependence of the position
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inside the modules. These microclimate effects can possibly
intensify for real-sized modules due to different diffusion dis-
tances of moisture and additives [14], [45]. Furthermore, they
should be highly dependent on the used material combination,
especially when combining encapsulant layers with different ad-
ditive compositions or when using a diffusion-open / diffusion-
inhibiting backsheet.

3) Electrical Characterization: The consumption of the UV
additives in combination with encapsulant degradation and in-
gressed moisture led to the degradation of the solar cells. The
electrical characterization of both weathering conditions is dis-
played in Fig. 8 while the comparison with our previous work
(100%, orange) is color coded [34]. In comparison with the
previous weathering, the 33% weathering shows a comparable
behavior of short circuit current (Ig¢) degradation, open-circuit
voltage (Voc) degradation, fill factor (FF) decrease and power
decrease at the maximum power point (Pp,x). However, the
degradation of all key performance parameters started later, after
approximately 1500 h of weathering. Also, the increase in series
resistance (RRg) and the decrease in electroluminescence (EL)
follow the same pattern but shifted to later times. If Fig. 2 is taken
into account, the degradation of the 100% weathering begins
after about 230 kWh/m? and the degradation of 33% weathering
after about 120 kWh/m?. The combination of irradiation with
humidity and temperature, therefore, plays a greater role than
the pure UV dose.

While the encapsulant degradation shows a combination of
UV (hydroperoxide breakdown and Norrish type II reactions)
and DH (hydrolysis) induced degradation, the resulting perfor-
mance loss of the solar modules can mainly be attributed to
the DH effects. As reported by several groups in the literature,
the performance loss of PERC-based solar modules induced
by UV irradiation is minimal in comparison with the observed
degradation [57], [58], [59]. In our previous work, in which we
used the same module structure but carried out individual DH
and UV weathering, only minimal damage occurred under pure
UV aging despite the higher intensity [48]. In particular, FF,
which shows a severe decrease, is nearly unaffected by sole UV
aging [48], [58], [59].

However, the FTIR analysis showed the hydrolysis of EVA
and Norrish type II reactions, both leading to the formation of
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acetic acid, especially after 1250 h. Thus, the increased Rg that
results in a decrease in FF and P, is induced by acetic acid. It
was shown in the past that acetic acid corrodes electrical contacts
of the solar cells, which leads to an increase in Rg and decrease
in EL [60], [61], [62]. In accordance with the literature, this
corrosion manifests itself macroscopically first in a drop in FF
and in a second step with areduction in Is¢c [63]. This is due to the
fact that the acetic acid dissolves the Ag-nanoparticles contained
in the glass layer between the busbar and the cell [62], [63].

As shown in our previous work, the macroscopic degradation
(e.g., performance loss) starts, when most of the UV stabilizer is
consumed [34]. The UV stabilizer reached approximately 40%
of the initial concentration after 1250 h of weathering, which
is just before a significant decrease in the electrical parameters
occurred. Although there is no direct link between UV stabilizer
consumption and performance losses in the module, the behavior
of the UV stabilizer is directly linked to the degradation of the
encapsulant. Consequently, the degradation behavior of the UV
stabilizer could be used to make assumptions about the expected
solar module degradation, as this can be described using (4) or
modifications of it.

The used DH conditions (85 °C and 60% r.h.) have a much
smaller r.h. than the parameters used in the literature and the
weathering standard IEC 61215; however, the examined mod-
ules show a significant faster degradation than in the litera-
ture [29], [61], [64]. Although the temperature is comparable
and the UV irradiance inflicts only minor damage to the solar
cell [36], [37], the combination of DH and UV weathering seems
to be more severe for the solar modules than DH weathering
with higher r.h. This can be explained by the fact that UV-
induced Norrish type II reactions also produce acetic acid [18],
[20]. Under normal UV aging conditions (low r.h.) there is
little moisture available in the module. The acetic acid cannot
dissociate and be transferred to all the locations by moisture.
Furthermore, the autocatalytic effect is prevented when all
the moisture in the module has been used up for hydrolysis
[60].

Under combined conditions, after moisture diffusion around
the cell [45], [46], sufficient moisture is also available for the
acetic acid formed by UV radiation. Consequently, the damage to
the modules is greater, although the individual conditions are less
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intense than for sole UV weathering or sole DH weathering. This
could also explain why the reduction in EL is particularly strong
at the edges. The acetic acid produced by EVA hydrolysis can
quickly reach the front and back contacts of the solar cell at these
positions. Especially at the edges, this effect is superimposed
with acetic acid formation due to UV-induced Norrish type II
reactions. This means that the front and back contacts are more
severely damaged at the edges than in the center, as the acetic
acid (or moisture) has to travel a long diffusion path to the
front contact in the center of the cell. In the field, however,
it is always to be expected that more than one stressor will act
simultaneously. This shows a further advantage for the use of the
UV stabilizer as a degradation marker. The additive reacts to all
forms of stressors, so that modeling is possible under different
aging conditions.

IV. CONCLUSION

The degradation of solar modules is a complex process of
various reactions and interactions between the different mate-
rials used. It has been shown that the degradation reactions at
different points within a module can differ significantly depend-
ing on the prevailing microclimate. The UV additives, which
are intended to protect the encapsulant from degradation, play
a special role here. The UV absorber, which is not consumed
in a pure foil, degrades quickly within solar modules if exposed
to UV irradiance. On the other hand, the UV stabilizer follows
pseudo first-order degradation kinetics, regardless of whether it
is embedded in a pure film or in an encapsulant in the module.
The derived analytical solution allows one to predict the con-
sumption of the UV stabilizer depending on the used irradiance.
Since the degradation behavior of the encapsulant is directly
coupled to the consumption of the UV stabilizer base molecule,
its degradation kinetics are suitable for modeling macroscopic
module degradation.

The combination of UV and DH weathering conditions used
caused significant damage to the modules within 1500 h, al-
though the combination of conditions is milder than it would
be in the respective individual parameters under IEC 61215.
This is probably due to a synergy effect of the Norrish type
II reactions with moisture penetration and the hydrolysis of
the encapsulant. Both types of reaction lead to the forma-
tion of acetic acid, which corrodes the contacts of the solar
cell and increases the series resistance. However, the com-
bination of different stressors in the field is a realistic sce-
nario. Consequently, future tests should consider that the com-
bination of stressors can drastically accelerate the degrada-
tion behavior of solar modules. In addition, it was found that
the hydrolysis of EVA has critical consequences for module
reliability compared to photodegradation. Thus, stabilization
against hydrolysis by means of suitable additives should be
considered.

Although this work dealt with EVA as an encapsulant, various
findings are transferable to novel polyolefin elastomer (POE)-
based encapsulants. These use the same UV additives, so the
UV stabilizer could also be used here for modeling. Furthermore,
photo oxidation is also problematic for POE encapsulants, so that
the influence of microclimates and the material combination of

backsheet and encapsulant used can lead to different degradation
reactions at different points within the solar modules.
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