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ABSTRACT

The electrical ageing of photovoltaic modules during extended damp-heat tests at different stress levels is investigated for
three types of crystalline silicon photovoltaic modules with different backsheets, encapsulants and cell types. Deploying
different stress levels allows determination of an equivalent stress dose function, which is a first step towards a lifetime
prediction of devices. The derived humidity dose is used to characterise the degradation of power as well as that of the solar
cell’s equivalent circuit parameters calculated from measured current—voltage characteristics. An application of this to the
samples demonstrates different modes in the degradation and thus enables better understanding of the module’s underlying
ageing mechanisms. The analysis of changes in the solar cell equivalent circuit parameters identified the primary contributors
to the power degradation and distinguished the potential ageing mechanism for each types of module investigated in this
paper. © 2016 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.
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1. INTRODUCTION be established as discussed, for example, in [1]. This re-
quires further work on understanding on the stress factors
The durability of photovoltaic (PV) modules is a key factor as well as the response of the PV modules to different envi-

for the financial viability of an installation and potentially ronments. The latter is to be addressed in this work, where
the main distinction between different types of PV mod- the ageing of modules is investigated at static damp-heat
ules. However, the link to operating conditions remains to (DH) conditions at various conditions of temperature and
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humidity in order to generate the understanding that is re-
quired to predict longevity in the real environment.

A series of (non-standard) accelerated ageing tests have
been carried out within the European Photovoltaic
Research Infrastructure project SOPHIA including DH,
thermal cycling, UV, mechanical load and combinations
of these, in order to explore different ageing mechanisms
and develop a modelling approach for the observed degra-
dation. Current—voltage (I-V), electroluminescence (EL)
and insulation measurements were carried out to characte-
rise ageing mechanisms [2-5]. This paper focusses exclu-
sively on DH-induced ageing observed for three different
types of crystalline silicon PV modules.

Various indoor stress tests are used in the industry to
investigate PV module reliability and certify designs.
These may help in understanding the degradation mecha-
nisms in the field. They do not, however, predict the
module lifetime in real outdoor operation, despite this
being one of the assumptions often made. In testing the
humidity resistance of modules, typically, the DH test
specified in IEC 61215 [6] is used. This qualification test
specifies the DH test to be 1000 h at 85°C and 85% relative
humidity (RH). These tests are useful to identify design,
material and manufacturing issues that may lead to prema-
ture failures in the field [1],[7-9]. Unfortunately, these
tests can only give a pass/fail criterion but do not give
any information on the durability of modules. The latter
requires a link to variable environmental conditions. A first
step towards linking module degradation to environmental
stresses is the stress testing in static conditions at a number
of stress levels as being done in this paper.

Damp-heat tests impose a high amount of water vapour
on the surface of PV modules and drives this into the mo-
dule. The process of water vapour permeation is accele-
rated by elevated temperatures. This leads to various
degradations such as corrosion, delamination or discolo-
ration [10-14]. Corrosion is a major aspect of module
ageing, which is typically caused by chemical, physical
or electrochemical reactions, for example, corrosion of
cells, anti-reflection coating, solder bonds and silver
fingers. For ethylene-vinyl acetate (EVA)-encapsulated
modules, acetic acid is a by-product produced by the
hydrolysis reaction during DH test, and the accumulation
of the generated acetic acid within the module will lead to
chemical corrosion of electrodes [15] and accelerate the met-
allization corrosion [16—18]. This is one of the most impor-
tant degradation factors for EVA encapsulated PV
modules. EVA also undergoes thermal degradation at tem-
perature above 300°C, at which condition the EVA becomes
instable and the acetic acid is evolved as a main product [19].
This temperature range is out of the testing condition; there-
fore, its impact is not considered in the current degradation
analysis. Because of the effect of water ingress, delamination
of backsheet or encapsulant is another degradation mecha-
nism widely observed in the field [20,21]. The magnitude
of the DH stress has been shown to result in significant dif-
ferences in the delamination, as investigated in [22]. The de-
lamination failures might occur at interface between glass
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and EVA or between EVA and backsheet, and the failure
interface could also alter during ageing. This gives a further
indication that the static 85°C/85%RH test may not give
the required answers during a testing cycle.

Most of the work mentioned earlier reported on the
degradations of device maximum power or measurable
chemical and mechanical properties of materials. It has
been shown that there are difficulties in developing an
appropriate testing protocol to investigate long-term degra-
dation mechanisms and examine module durability. In this
paper, analysis focuses on the solar cell equivalent circuit
parameters in an attempt to extract useful information on
the degradation mechanisms and identify the key contribu-
tors and failure modes at module level during the different
stages of DH ageing. Some previous study on degradation
of the equivalent circuit parameters can be found [23,24].
These cover degradation in general but not really the
detailed analysis of the activation energies as done here.
The work presented is to develop the link between environ-
mental stresses, material properties of the encapsulation
and device performance. The analysis of equivalent circuit
parameters can be seen as an intermediate step allowing an
estimation of the underlying degradation mechanism. This
allows a better insight than the commonly used analysis of
power values. Furthermore, it allows a link to energy
production, which is not really possible when using power
values as devices with the same power degradation may have
very different energy yields (see, e.g. [25] for an explanation
of this). An objective is to see if different DH conditions trig-
ger different degradation mechanisms and thus to verify the
validity of the stress conditions currently being applied.
The solar cell equivalent circuit parameters are calculated
from the measured I-V curves during module ageing and
thus the changes in these parameters can be observed.

The overall aim is to enable lifetime (energy) prediction
from failure modes seen due to DH stresses. The assump-
tion is that these can be simulated with steady state condi-
tions, and an equivalent dose for the ageing can be used.
The paper reports on the developed testing protocol, that
is, DH tests at different temperature and RH conditions.
The results for a number of crystalline silicon modules
are given, and the ageing is analysed for demonstrating
the applicability of the approach. Devices -V were mea-
sured regularly as well as the EL. Equivalent circuit solar
cell parameters are extracted from the I-V measurements,
and their changes with time are discussed in the context
of the EL images. The degradations of different parameters
are then analysed in terms of a derived humidity dose. The
dose used here is a stress function that considers tempera-
ture as an accelerant (rather than a stress) and assumes an
activation energy for better description. Its derivation is
given in Section 2.4. The key module’s equivalent circuit
parameter contributing to the power degradation can be
identified, and some conclusions with respect to the pri-
mary ageing mechanism can be drawn. A major advantage
of the approach is, for example, that one can verify that the
correct mechanism is accelerated in the process, as other-
wise higher temperature ageing could not be mapped with
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the same dose function. In the given example, some para-
meters may start to degrade a few hundred hours earlier
than other parameters, which indicates different ageing
mechanisms in the modules tested or at least different
stages of the same mechanism (e.g. induction, ageing and
stabilisation). Different primary equivalent circuit parame-
ters are identified for different types of modules, which
indicate different failure modes. This is almost certainly
because of module design, materials used or manufacturing
process.

2. ACCELERATED AGEING TESTS
AND MEASUREMENTS

2.1. Ageing test and measurements plan

A distributed DH stress test of three types of PV modules
has been carried out at five conditions for extended times.
Tests have been carried out at 85°C/85%RH, 75°C/85%
RH, 95°C/85%RH, 95°C/70%RH and 90°C/50%RH under
the framework of the SOPHIA project at different test lab-
oratories for up to 6500 h. Three types of PV modules from
three manufacturers (Type A, Type B and Type C) with
different types of cells, encapsulants and backsheets were
used in the tests. There were two types of cells (p-type
homojunction c-Si cell and n-type heterojunction c-Si cell),
two types of encapsulant, that is, conventional EVA (prop-
erly cured EVA is a plastic material) and a silicone-based
thermoplastic material, and different backsheets with one
having an aluminium layer as additional moisture barrier.
Table I indicates the different materials for the three mod-
ule types used in the tests.

For each DH condition, two samples of each module
type were tested. Thus, there were 10 samples of each
module type, that is, A1-10, B1-10 and C1-10. Each test
thus included six modules, that is, two modules from each
of the three types. Table II summarises the DH exposures
and characterisation measurements schedule for one
module type with module numbers, testing temperature
and RH levels, total durations and the measurement time
intervals. The I-V curve and EL image were taken perio-
dically for each module during the course of test to monitor
the progression of ageing. The I-V curves, which were also
used for extracting solar cell equivalent circuit parameters
for ageing mechanism analysis, were measured at various
systems and corrected to Standard Testing Conditions.
The laboratories also participated in a round robin
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intercomparison [26] to ensure comparability of the mea-
surements. The EL images were taken with the injected
current equals to module’s Igc.

2.2. Degradation of maximum power

This section reports the degradation in the power at maxi-
mum power point (Pypp) against ageing time for all tested
samples of each module type.

Figure 1(a)-(c) plots the normalised Pypp in depen-
dence of DH level of module Type A, B and C. All three
types of modules have passed the IEC standard test, that
is, 1000h of DH at 85°C/85%RH (refer to A5-6, B5-6
and C5-6). All modules showed only minor degradation
in power, but there was a significant differentiation in the
extended tests. Module Type A with EVA encapsulant
and normal backsheet showed the largest degradation
(Figure 1a) for all DH levels comparing with Type B and
C. The four modules aged at 95°C (Al-2 and A7-8)
showed the fastest degradation. There typically are three
distinct phases in the ageing process, which are represented
by an ‘S’-shape in the curve. There is an initial induction
phase, the actual (rapid) degradation phase and a levelling
out or stabilisation. The latter occurs when the specific
degradation mechanism being triggered by the environ-
mental stresses has done close to its maximum damage
and further degradation of this parameter will not signifi-
cantly affect performance. Modules Al1-2 and A7-8 lost
about 70% of their initial power in the stress tests. This
clearly is outside typical warranty conditions but can be
attributed to overstressing, that is, applying stresses in
excess of what is normally been seen in the field. Power
degradation for realistic exposure was reported to be on
average below 20% after being fielded for 20 years [20].
The modules aged at lower temperature and relative
humidity levels (A3-4, A5-6 and A9-10) showed slower
degradation levels. They started the rapid degradation
phase after 3000-5000 h ageing, a few thousand hours later
than those at 95°C (A1-2 and A7-8). They did not reach
stabilisation before the end of these tests.

Module Type B (Figure 1b) has an aluminium moisture
barrier in backsheet, which prevented the moisture ingress
by diffusion through the backsheet during the tests. The
modules B3-4 and B5-6 aged at 75-85°C showed minor
degradation after extended tests, that is, they were still in
the induction phase. Only the modules B1-2 and B7-8 at
95°C started to degrade after around 3000 h, whereas the

Table I. Photovoltaic modules used for damp-heat tests.

Backsheet with aluminium

Manufacturer Type of cell Type of encapsulant moisture barrier

A P-type homojunction Plastic: EVA No

B N-type heterojunction Plastic: EVA Yes

C P-type homojunction Thermoplastic: silicone No

EVA, ethylene-vinyl acetate.
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Table Il. Summary of damp-heat testing plan.

Module No. T (°C) RH (%)  Duration (hours) Measurement intervals (hours)

1,2 95 70 4250 0, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, 3750, 4250
3,4 75 85 6500 0, 2000, 4000, 5000, 5500, 6000, 6500

5,6 85 85 4000 0, 500, 1000, 1500, 2000, 2500, 3000, 3500, 4000

7.8 95 85 3000 0, 600, 1000, 1500, 2000, 2060, 2500, 3000

9,10 90 50 4000 0, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, 3500, 4000

modules B9-10 at 90°C appeared to degrade after about
4000 h.

Module Type C (Figure 1c) uses a silicone-based
thermoplastic material as encapsulant and thus there is no
generation of acetic acid attacking the solar cells and metal
contacts. Modules showed stable behaviours in most cases
except for the modules C1 and C2, which were degraded
under 95°C/70%RH and lost structural integrity. The two
modules had early failures due to the melting of the
thermoplastic material that leads to the solar cells sliding
in the module and damages to the cells and circuits
(Figure 2).

2.3. Electroluminescence images

The EL images were taken for all modules during the course
of the extended DH tests with the injected current equals to
module’s short-circuit current. Analysing the evolution of
the images may identify specific degradation mechanisms.

Figure 3 shows the EL image evolution for one
typically degraded module of each type. Different degrada-
tion patterns can be observed in the EL images. The EL
images of module Type A (Figure 3a) showed a typical
degradation pattern due to DH ageing that is also observed
elsewhere, for example, [27]. The dark area around the
outside of each individual cell indicates reduced radiant
recombination at the periphery of each cell. This points
to humidity ingression through the backsheet and diffusing
through the material around the cell. This creates a spa-
tially graded hydrolysis of the EVA, that is, higher levels
in between the cells and then expanding over the cells
where humidity has a longer way to travel. Thus, a spatial
variation is apparent. The degradation will occur due to a
number of degradation mechanisms. The behaviour
observed can be explained by three separate stages of
degradation:

(1) Creation of shunting paths around the edges of the
cell, potentially by increased conductivity of the
encapsulant. This is seen from the increased slope
around Igc shown in Figure 7.

(2) A potential loss in surface passivation, that is, an
increase in non-radiative surface recombination
[28]. This explains the observed darkening of the
image at cell edges. This will in turn result in highly
localised degradation. Typically, the voltage would
initially not be affected by this as in the case of in-
homogeneous voltage across different parts of the

cell localised voltage drops are masked (see, e.g.
[29,30] for explanations). With progressing
deterioration, the collection of current will be
affected significantly, which will result in the reduc-
tion of currents.

(3) In the final stages, corrosion of the cell contacts due
to the interaction with the acetic acid generated will
result in an increase of series resistance [16-18].
This is apparent from the increase in the slope at
Voc at the later stages of degradation.

Module Type B (Figure 3b) showed a different pathway
of moisture ingress. Its backsheet was a better moisture
barrier, which significantly reduced the rate of humidity
ingress. A dark area was observed starting from the peri-
phery of the module and the area around the junction
box. The absolute brightness of the measurement is
strongly dependent on the measurement conditions, but
the relative brightness between adjacent cells became more
obvious after ageing, which may indicate different cells
ageing slightly differently.

There was no obvious change in EL images of Mo-
dule Type C (Figure 3c) except for the ones that suf-
fered early failures of the encapsulant losing structural
integrity (as shown in Figure 2). This relative stable be-
haviour of these devices overall is due to the different
encapsulant used by the module C (silicone based)
rather than the conventional EVA used by the modules
A and B. Although the moisture diffusivity of silicone
is higher than that of EVA [31], silicones have no me-
chanism for generating ionic material in the presence
of moisture, whereas the EVA uses peroxide catalysts
that might produce acidic by-products attacking cells.
However, at elevated temperature (95°C), the thermo-
plastic material lost its structural integrity and failed
due to the cells slide damaging the circuit.

2.4. Correlation of power degradation

The underlying assumption is that the degradation mode
is the same in all modules of each type. The clustering
with RH and the spacing with temperature in Figure 1
gives an indication that temperature is an accelerant
while the active stress is RH. A dose model has been devel-
oped by Koehl et al. [32] and is used here to analyse the re-
sults further. A dose represents the amount of stress imposed
on a PV module during the ageing test. A dose function dose
(2) for DH stress can be expressed as
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Figure 1. Degradation of power at maximum power point (Pypp) over ageing time in dependence of damp-heat (DH) conditions for the
three types of modules (a) Type A, (b) Type B and (c) Type C.

dose(t) :f(EaaRHeffy T, t) — RHe//r"*e’%*t (1) determining the weight of humidity effect on ageing.

The scaling factor is purely empirical. It has been de-

termined in this study by numerical fitting. It was

where E, is the activation energy, RH.; is the effec- found that the value of n=0.35 gives an excellent
tive relative humidity [32] and » is a scaling factor agreement, and this value is used in the following.
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Figure 2. Visual and electroluminescence images of the module C2 suffering the early failure due to loss of structural integrity.
Encapsulant lost structural integrity and strings of cells slid down causing circuit damages.

Figure 3. Evolution of electroluminescence images during the

course of damp-heat tests for the three types of modules (a)

Type A under 95°C/70%RH, (b) Type B under 95°C/70%RH
and (c) Type C under 85°C/85%RH.

R is the gas constant and ¢ is the testing time. The
purpose of using this dose function is to quantify
and evaluate the stress level, for example, DH stress
level in this work at various temperature and humid-
ity conditions, and thus it allows for comparison
study of module degradation behaviours for the
modules undergone ageing tests at multiple DH
conditions.

The power degradation of the module Type A is used
to demonstrate the applicability of this methodology.
The dose model was applied to the degradation of Pypp
for all tested modules as shown in Figure la. By
analysing the degradation rates (Rq=1/MTTF, Mean
Time To Failure, which is defined as the time when
the module degrades by 20% of its initial power) for
modules at the same humidity and different tempera-
tures, that is, 75°C/85%RH, 85°C/85%RH and 95°
C/85%RH, the E, can be obtained by plotting In(Ry)
against 1/T (as shown in Figure 4), where —E,/R is
equal to the slope of the trend line. As relative values
only are required in determining the E,, the relative unit
of measurement, that is, procedure defined unit (p.d.u.)
is used for Ry. For the module Type A, the calculated
E, is 49 kJ/mol.

The degradation in Pypp observed in the different
exposure tests can then be plotted against the dose as
shown in Figure 5a. All modules follow a similar power
degradation curve. The ageing behaviour can be
modelled by a modified sigmoid function (e.g. 1+ S/(1
+ exp(dose-t), S and t are variables fitted from measured
data). This is indicated by the solid lines in Figure 5.
The unit of the dose function is a relative unit showing
the amount of stress and thus procedure defined unit
(p.d.u.) is labelled in all dose-related figures. It can be
calculated that, for the A type modules, one unit of dose
as shown in Figure 5a is equivalent to 1430h DH stress
at 85°C/85%RH.

Similarly, the E, for the module Type B can be
obtained, which is 62kJ/mol. The degradation of Pypp
versus the calculated dose is plotted in Figure 5b. All
modules follow a same degradation curve. Because of
the limitation of data points for module Type B, only
the first and second phases of DH ageing can be ob-
served at the moment.

As all modules of the Type C except the early failed
ones degraded less than 10% of their initial power, the
dose function for module Type C cannot be established.

Comparing the degradation curves of module Type A
and B, the A modules requires a lower dose of stress
than the B modules does to trigger the power
degradation.
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Figure 5. Degradation of maximum power (Pypp) versus

humidity dose in dependence of damp-heat (DH) conditions for

two types of the tested modules (a) Type A and (b) Type B. Solid
lines indicate the modelling degradation curves.

2.5. Correlations of short-circuit current,
open-circuit voltage and fill factor
degradations

With the same dose functions derived in the last section
for Pypp, the degradations of short-circuit current (Isc),
open-circuit voltage (Voc) and fill factor (FF) can be
analysed for Module Type A and Module Type B,
respectively. As depicted in Figure 6a, the Type A mo-
dules saw degradations in both Isc and FF. The Voc

J. Zhu et al.

did not show obvious degradation. The Type B mo-
dules, as depicted in Figure 6b, showed degradation in
FF only. No or minor degradation in Igc and Voc was
observed.

The dose analysis for Isc, Voc and FF reveals that the
two types of modules underwent different ageing. The
power degradation was caused by losses in Isc and FF
for Type A modules, whereas for Type B modules the
power degradation was caused by FF reduction alone.
Although the loss in FF played an important role for both
types of modules, the underlying failure mechanisms are
different, which can be identified by investigation of
module’s I-V characteristics and solar cell equivalent
circuit parameters.

3. SOLAR CELL EQUIVALENT
CIRCUIT PARAMETERS

The equivalent circuit of a PV module describes the device
on the basis of more physical parameters such as series
resistance or shunt resistance of the cells and thus allows
an insight into the underlying failure mechanisms. Module
Type C did not show much degradation during the DH
tests and thus only the modules Type A and B are investi-
gated in this section.

3.1. IV characteristics

The I-V curves were measured periodically during the
course of the DH tests for all tested modules. The changes
in the shape of I-V curves observed are presented in
Figure 7.

Figure 7 plots the I-V curves measured at different
stages of ageing for two Type A modules (Al and A3)
and two Type B modules (B1 and B9). For each module
type, the two modules showed similar degradation beha-
viours in the I-V evolution, although they were aged under
different DH conditions, indicating that the underlying
failure modes are similar.

Type A modules, as depicted in Figure 7a, have the
degradation initially manifested in a reduction of the FF,
potentially because of a decrease in slope around Voc, that
is, a slight increase of series resistance. This was followed
by significant reduction in the Igc. Its Voc remained
unchanged.

Type B modules follow a significantly different pat-
tern, despite having about the same power degradation
when fully degraded. This would indicate that the degra-
dation mechanism is fundamentally different in this
case. This is shown in Figure 7b. The degradation was
initiated and driven by the reduction in FF only, while
its Isc and Vgc remained stable. The main difference
in the FF change here is also the very noticeable change
in the slope around Isc, which is dominating the FF de-
crease. This indicates the underlying ageing is very dif-
ferent as this particular slope is an indication of shunting
within the device or the cell being less homogeneous

1352 © 2016 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd. 2016; 24:1346-1358
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Figure 6. Degradation of short-circuit current (Isc), open-circuit voltage (Voc) and fill factor versus humidity dose in dependence of
damp-heat (DH) conditions for (a) Module Type A and (b) Module Type B.
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Figure 7. Evolution of current-voltage (I-V) characteristics of (a) A1 (red markers) and A3 (blue markers) and (b) B1 (red markers) and
B9 (blue markers) during the course of the damp-heat tests. The modules were degraded under different temperature and relative
humidity levels, but have shown similar degradation behaviours in I-Vs.

[29]. This is increasing during the test. This would be In order to quantify these issues observed by eye and
supported by the degradation in the EL images being potentially separate the two effects, the module’s equiva-
observed initially at the junction box. Overall, degrada- lent circuit parameters for the two types of modules were
tion is distinctly different to Type A modules. analysed.
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3.2. Estimates of solar cell equivalent circuit
parameters

A modified double-diode model is used to represent PV
module’s’ equivalent circuit parameters of which can be
extracted from measured I-V characteristics. There are a
number of extraction methods, for example, [33-37]. The
optimum extraction is normally assessed by the quality of
re-built I-V curves. It is influenced by not only the factors
such as initial estimations of parameters, optimization
algorithms and error criteria, but also by the extraction
method as discussed in [38]. As the modules were tested
and measured in five research laboratories across Europe,
the measurement condition, that is, number of measure-
ment points for each I-V, measurement error and stability
and so on., would not be the same. Thus there was no
optimum extraction method for all measurement data from
different laboratories. However, the purpose of this work is
to track the relative changes in solar cell parameters during
the course of device ageing, which focuses on the relative
value rather than the absolute value of each parameter. It
has been tested by the authors that the relative changes in
the solar cell parameters investigated in this paper are not
influenced by the usage of different extraction methods.
The optimum extraction of solar cell parameters is not
the interest of this paper and will not be discussed further.

More importantly, the extraction is based on the
assumption that the cells in the module are identical, which
is unlikely to be the case. In the case of inhomogeneous
devices, the losses due to shunting will be underestimated
as mismatch tends to cause an increase in the FF and
increase in apparent Rp. An indication of this being the
case is the rather high diode ideality factor. Thus, the
values calculated here give trends for the average module
parameter but should not be taken as quantitative, physical
parameters.

3.3. Changes of solar cell equivalent circuit
parameters

The A and B type modules were used for this study. The
solar cell equivalent circuit parameters, including photo-
current (Ip,), series resistance (Ry), parallel resistance
(Rp), diode recombination current (Io) and diode ideality
factor (n), were extracted from I-V curves measured at
Standard Testing Conditions [33] over the course of ageing
for the modules that were aged under different temperature
and humidity levels. The degradation behaviours of each
parameter are plotted versus the derived humidity dose as
shown in Figure 8.

"The assumption is that all parameters of the cells are identical
and a 'mixed’ equivalent circuit parameter is extracted from
the |-V. This clearly is an oversimplification but the best one
can do with one |-V curve for the module alone without destruc-
tive testing. Especially parallel resistance, diode ideality factor
and saturation current will be affected by this.

J. Zhu et al.

Each parameter of module Type A or Type B ap-
peared to follow a similar degradation trend, respec-
tively, regardless of the modules being aged under
different conditions. This confirms again that all mo-
dules of each type experienced the same degradation
modes under these DH conditions. The changes were
triggered when the dose of stress reached certain level
and stopped once the dominant ageing process has done
its maximum damage (i.e. has reached the self-
limitation). Comparing the same parameter, the two
module types showed similar degradation patterns in I
and n, but different degradation trends in Iy, R, and
R,,. Hence, two module types saw different degradation
modes due to DH stresses and the impacts of the changes
of solar cell equivalent circuit parameters are discussed
in the succeeding text.

The I, and n of module Type A started to change
earlier than other parameters did. The global n changed
from 1.5 to 7, while the V¢ remained unchanged. This
is attributed to the cell’s ageing inhomogeneously, and
the unphysically high value of the diode ideality factor
is due to cell mismatch. This indicates that the degrada-
tion in power of the module Type A was initiated by the
cell mismatch effect, which caused the losses in FF as
seen from Figure 6a. However, this was a secondary
effect, and its I, and R, appeared to change as modules
received more dose of stress (around dose=2.5), at
which level the Pypp, Isc and FF started to degrade ra-
pidly. This reveals that the main cause to the power deg-
radation of the A type modules is the loss in I, which
led to Igc reduction, and the increase in R that caused
further FF loss. Corrosions of the electrical circuit, for
example, busbars, fingers, cell interconnects, contacts
and so on, are the primary reason for R increase
[15,39]. The loss of Isc is correlated to the EL images
(as shown in Figure 3a) as the cell active area became
smaller.

Type B modules had similar changes in I,y and n as
the Type A modules did. However, they did not see
degradations in I, or R,, which maintained almost un-
changed until the end of the tests. This explains that there
was no reduction observed in Igc (as shown in Figure 6b
and 7b). The biggest difference between the two module
types is seen as the different change patterns in R,, where
type A modules had a decreased R, and type B modules
saw an increased R, during the ageing process. Nor-
mally, R, would decrease during module degradation as
an indication of shunting. However, an increased R, that
was extracted from the global module I-V characteristics
can be explained by the inhomogeneous degradations
across the module. Each cell in a module degraded at
different rates and the module overall performance is
normally limited by the cell having the largest degrada-
tion. Thus, the slightly mismatched cells may lead to
the increase in the extracted global R, [29]. Meanwhile,
the module global ideality factor n increased from 2 to
5 as shown in Figure 8b, which also indicates the cell
mismatch effect. Furthermore, the identification of
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Figure 8. Degradations of photocurrent (ly,), series resistance (Rs), parallel resistance (R), diode recombination current (l,¢) and diode
ideality factor (n) against humidity dose in dependence of damp-heat conditions for (a) Module Type A and (b) Module Type B.

inhomogeneous degradation can be supported by the EL
images as the cells in a module had different brightness
and the difference in brightness became more significant
while modules were degrading (as shown in Figure 3b).
This may be due to the modules having a stronger mois-
ture barrier in their backsheet and the water vapour could
mainly come into module from the module periphery and
junction box area, which caused inhomogeneous degra-
dations. To summarise, the B type modules had a very
different degradation mode, which is due to the module’s
inhomogeneous ageing and slightly increasing cell
mismatch.

4. CONCLUSIONS

A number of extended DH tests at different temperature
and RH levels have been carried out within the SOPHIA
project. Three types of PV modules with different cells,
encapsulants and backsheets were used for the accelerated
ageing tests. Different types of module saw different de-
gradation phenomena because of its design, manufacturing
process and materials used. Modules of the same type
exhibited the same degradation behaviours in I-V curves
and solar cell equivalent circuit parameters, although they
were aged under different DH conditions. This indicates
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that all modules of a given type experienced the same
ageing modes independent of the various DH stresses.

The module Type A with the EVA encapsulant and
polymer backsheet suffered significantly by DH exposure.
Its degradation in power was mainly attributed to the losses
in Iy, and R because of the water ingress into module that
caused corrosions of electrical circuits and damages of cell
finger bonding. The module Type B has an aluminium bar-
rier embedded in its backsheet, which greatly minimised
the rate of moisture permeation from backsheet. Although
the whole ageing process of the B type modules was not
observed before the end of the tests, the main contributor
to the power degradation appeared to be the mismatch in
cells as each cell degraded at different degradation rates.
The module Type C with the thermoplastic material as
encapsulant showed minor degradation due to DH stress,
except for the modules aged at 95°C that saw early failures
due to the melting of thermoplastic encapsulant.

The aformentioned degradation mechanisms of Type A
and Type B modules were identified by analysing the deg-
radations of device power as well as the changes of solar
cell equivalent circuit parameters against the derived
humidity dose. By using this approach, the different driven
factor for the device’s power degradation can be identified
at different stages of the ageing process. The analysis can
be applied to modules undergone different ageing pro-
cesses indoors or outdoors. This allows further investiga-
tions of the device ageing mechanisms and assists the
development of new appropriate accelerated stress tests.
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