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Abstract - This paper deals with the definition of
test procedures specifically conceived to highlight the
degradation of PhotoVoltaic (PV) modules and identify the
mechanisms that are mainly responsible for this degradation.
Several environmental and mechanical test cycles are
applied to each set of PV modules under test and suitable
characterization procedures are performed at the end of
each test cycle, thus providing information related to the
degradation rate. The applied stimuli are designed according
to the measurements available for outdoor exposed PV
plants and the laboratory results will be compared to the
degradation estimated for these plants.
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1. INTRODUCTION

The growing use of assessed PhotoVoltaic (PV)
technologies for electrical energy production [1] has
highlighted a lack of information that is related to the
expected degradation the installed PV modules are subjected
to and to the degradation mechanisms. Nameplate
specifications often include the parameters that allow the
initial performance of PV modules to be estimated at
different operating conditions [2]-[6], but parameters that
are related to the time drift of the PV module performance
are hardly available. Some manufacturers provide a product
warranty, e.g. 90% of the initial maximum power warranted
during the first 10 years and 80% of the initial maximum
power warranted during the first 25 years. However, this
information does not allow the pay-back time of a plant to
be reliably predicted, since the trend of the time drift is not
stated and the phenomena that are mainly responsible for
this degradation are not well known. Experimental results
are available in literature [7]-[10] that report the actual
degradation of outdoor exposed PV plant after many years
of operations, but these results mainly refer to crystalline
silicon modules and are based on a comparison between
initial and final measurements, thus not providing any
information about the degradation trend.

In a recent work [11], the authors described a data-
acquisition system that has been conceived to provide
traceable measurements of electrical and environmental
quantities of outdoor exposed PV plants. Such a system
has been put in operation since October 2010 and it is still
monitoring ten plants based on different PV technologies.

Starting from the acquired measurements, a preliminary
estimation of the degradation of the monitored PV plants
for a period of three years has been proposed in [12]. The
obtained results, that are provided on a monthly basis for
crystalline silicon and thin film modules, have shown a
noticeable difference among technologies. In addition, worst
degradations have been estimated for modules mounted on
2-axis tracking systems.

With the aim of better understanding the mechanisms
that are responsible for the degradation of outdoor exposed
PV modules, the authors are defining a series of laboratory
tests and characterization procedures. The tests will
be conceived to simulate typical outdoor conditions and
obtain a convenient acceleration factor, thus minimizing
the test time (accelerated or highly accelerated tests). The
characterization procedures will include the estimation of
the electrical parameters of the tested PV modules and the
application of imaging-processing techniques that are able
to identify micro-cracking and other defects that result in
power-loss of PV modules.

The laboratory tests, which will be performed on new
PV modules after their preliminary characterization, will be
designed to simulate the outdoor thermal and mechanical
stresses the monitored PV plants [11] are subjected to.
Further characterizations of the tested PV modules will
allow to estimate the actual degradation due to the applied
stress factors. The estimated degradation will be compared
with the results reported in [12], that are updated in this
paper adding the results of a 16-months monitoring period.

2. PV PLANTS UNDER MONITORING

The PV plants the authors have been monitoring since
October 2010 are located in Piemonte (Italy) at a latitude of
about 45 °N. The main results obtained for these plants in
the period October 2010 - December 2014 are summarized in
Table 1, where the investigated PV technologies are reported
in the second column. The plants A, B, C, D, and E employ
PV modules mounted in a fixed position with a tilt angle /3
of 35° and South oriented (azimuth angle v = 0°), while
the modules of the plant F are mounted on the horizontal
plane (8 = 0°). The other four plants employ PV modules
mounted on 2-axis tracking systems: At, Dt, and Et are based
on the same technology of the corresponding fixed plants,
while Gt uses High Concentration PV (HCPV) modules.

Third and fourth columns in Table 1 report the
results obtained during the initial characterization of the



Table 1. Results obtained for the monitored PV plants in the period October 2010-December 2014.

PV Pact TNact Tlrel —drift U(T]relfdrift)
Plant | Technology | (kW) | (%) | (%/year) (%lyear)
A m-Si 1.93 17.3 -0.1 0.8
B p-Si 1.80 | 129 -0.05 0.8
C String 2.16 12.0 -0.5 0.8
ribbon Si
D CIGS 1.67 9.3 -1.6 0.8
E CdTe 1.61 9.1 -2.7 0.8
F CIGS 1.69 9.0
cylindrical
At m-Si 1.95 17.3
Dt CIGS 1.66 9.1 -2.4 1.0
Et CdTe 1.61 9.1 -3.1 1.0
Gt HCPV 1.55

investigated modules in terms of actual maximum power
(Pyet expressed in kW) and PV efficiency (1, expressed
as a percentage). The last two columns refer to the results
obtained during a monitoring period of 50 months and
include the estimated relative drift of the PV efficiency
(Mrel—drift) and the corresponding expanded uncertainty
(U (Nyel—drift) obtained with a coverage factor equal to 2),
which are both expressed as %/year. These results have
been obtained according to the procedure described in [12]
and updating the monitoring period up to December 2014,
thus adding a 16-months monitoring period. The results
are only reported for the plants that have shown a regular
behavior in the monitored period, thus excluding the plants
F, At and Gt that had problems of reliability and unexpected
poor performance. Figure 1 shows an example of results
that refer to the estimated PV efficiency at the Standard
Test Conditions (STC: standard spectrum 1000 W /m? and
cell temperature 25 °C) of CIGS modules mounted in
fixed position (red boxes) and on the tracking system (blue
circles).

One should note that, despite the very high uncertainty
of the estimated PV-efficiency relative drift, important
conclusions can be made by comparing the investigated PV
plants. First of all, silicon technologies show lower drift
than thin-film technologies. Furthermore, m-Si and p-Si
modules are less subjected to degradation that string ribbon
Si modules. Another important indication of the results
reported in Table 1 is the worse degradation of modules
mounted on 2-axis tracking systems compared to the same
modules mounted in fixed position, that suggests that the
higher thermal and mechanical stresses these modules are
subjected to are responsible for a fast degradation rate [13]-
[15].

Starting from the results obtained through the
monitoring of the PV modules exposed to outdoor
conditions, the authors are designing a series of laboratory
tests that are intended to better understand the degradation
mechanisms. With respect to the tests suggested in the
document [16], which are conceived to simulate a long-
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Fig. 1. Comparison between the estimated degradation of PV
efficiencies at STC of plants D (red line) and Dt (dashed-blue line).

term degradation of PV modules, the tests suggested in this
paper are focused on the identification of the degradation
rate due to specific stresses applied to the investigated PV
technologies. The main characterization procedures used to
estimate the degradation rate and highlight the degradation
mechanisms are based on the measurement of the electrical
parameters of PV modules and on the electroluminescence
technique.

3. LABORATORY TESTS

A preliminary series of test has been performed on
ten p-Si modules without any embedded bypass diode: this
technology has been selected because it exhibited the lowest
degradation rate during the described monitoring activity.
The ten PV modules are subdivided into two sets: the first
one includes five modules (Py,pp, = 10 W) with a metallic
frame and the second one includes five modules (Pp,pp, =
5 W) encapsulated in a semi-rigid plastic frame. The main



Table 2. Mechanical and electrical characteristics of the p-Si
modules under test.

Module size 305x254 395x280 | mm
Cell size 57x10 75x24 mm
Strings in parallel 2 1
Cells in series 34 36
Frame type semi-rigid plastic | metallic

Pupp 5 10 W
Vinpp 16.0 17.5 A%

Trnpp 0.30 0.58 A

Voe 20.2 222 \%

Isc 0.33 0.64 A

mechanical and electrical characteristics of the PV module
under test are summarized in Table 2.

The current-voltage I — V characteristic of all the
tested modules has been initially obtained by means of the
technique described in the section 3.1 and the maximum
power of each module has been estimated at STC. The same
modules have been subjected to the electroluminescence
technique described in the section 3.2. Then, one module
of each set has been stored and preserved by further stresses
in order to act as a reference sample (sample 1), while
the other four modules have been separately subjected to
environmental and mechanical stresses.

The sample 2 has been exposed to damp-heat tests, i.e.
tests at a high constant humidity and variable temperature
that are conceived to accelerate the water adsorption and
hence decrease the electrical insulation. The sample 4 has
been subjected to thermal cycles in the temperature range of
—20 °C to 70 °C. The figure 2 shows a picture of the tested
PV modules inside the climatic chamber and temperature
and humidity profiles during the 24-hour damp-heat test.

The last two samples are mechanically stressed: sample
5 will be subjected to cycles of static loads, while sample 3
has been subjected to dynamic loads. The latter condition
has been obtained by mounting the sample on the vibrating
table of an electrodynamic shaker, as shown in the figure 3
that refers to the test performed on the flexible PV module.
The electrodynamic shaker has been driven in order to
perform random vibration cycles in the frequency range of
5 Hz to 150 Hz. The figure 3 shows the acceleration spectral
density that corresponds to a root mean square acceleration
of 5 m/s? of a 5-hour test.

At the end of each test cycle, the I — V' characteristic
of the investigated samples are again obtained in order
to highlight possible power losses, which are considered
meaningful if their values are greater than the measurement
uncertainty. When important power losses will be observed,
the EL image of each PV module will be obtained in order to
identify the mechanisms that are responsible for the module
degradation. In addition, the insulation resistance of each
sample will be measured.

3.1. Current-voltage measurement

The measurement of the (I — V') characteristic is
a valid tool to continuously monitor the operation of an
array of PV modules. Among the available methods, the
capacitive-load based technique has been adopted here,
simultaneously detecting voltage, current, irradiance and
temperature [5], [17]. In general, I — V measurements
or the scanning for MPPT must be carried out at constant
ambient conditions (irradiance and temperature): according
to [18], the maximum duration for the charging transient is
100 ms. However, to trace the I — V curve in an accurate
way, minimizing the effect of parasitic parameters [19], it
is recommended to choose capacitances so that the total test
time is greater than 20 ms. According to this requirement,
the used capacitances range from 0.5 mF to 1 mF. The next
data-processing to achieve the STC parameters is performed
by a conventional correction method [20]. The measurement
uncertainties ensured by the system used by the authors are
summarized below:

e for the irradiance G the absolute uncertainty is
+20 W/m?, for the air temperature 7T, the absolute
uncertainty is +0.2 °C, for the cell temperature
Teen the absolute uncertainty is +2 °C (indirect
measurement obtained with open circuit voltage and its
thermal coefficient [21]-[22]);

e for the short circuit current I, the open-circuit
voltage V.. and the maximum power Py of the PV
generator, the corresponding relative uncertainties are
+2%, £0.1% and +£2.1%;

e for the fill factor F'F', defined as the ratio of the
maximum power Py to the product V. - I, the relative
uncertainty is £4%;

e for the maximum power at STC P, = Vinpp - Lupps
the relative measurement uncertainty is +6%.

3.2. Electroluminescence

Electroluminescence (EL) is a non-destructive testing
technique, which allows the most common defects in a PV
module to be detected with high resolution. Applying a
forward bias to a totally shaded PV generator, it works like
a LED (Light Emitting Diode). Unlike the semiconductor
materials used in LEDs, the emission spectra from PV
generators in crystalline silicon cells is not in the visible
region of the electromagnetic spectrum. The luminescence
signal ranges from about 950 nm to about 1350 nm and the
peak, corresponding to the band gap, is of 1150 nm [23].
The emitted photons can be detected with a sensitive camera
equipped with silicon charge-coupled device (CCD) or
indium gallium arsenide (InGaAs) photodiodes. During EL
tests, solar cells or PV modules are supplied with an external
excitation current lower than the short circuit current of the
generator and the camera takes an image. Defective areas
appear darker than perfect areas. In [24] the influence of
external excitation current in EL tests is investigated: low
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Fig. 2. A picture of the tested PV modules (sample 2 of each set) inside the climatic chamber (on the left) and temperature and humidity
profiles during the 24-hour damp-heat test (on the right).
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Fig. 3. A picture of the flexible PV module (sample 3) on the electrodynamic shaker (on the left) and acceleration spectral density during
the test (on the right).

current densities permit to study the material properties;
high values are used to test the properties of the electrical
contacts. Moreover, in order to obtain an accurate image, a
high signal to noise ratio must be maintained, cutting off all
sources of light. Hence, to avoid any kind of reflection, tests
should be performed inside a darkroom.

EL analysis is able to detect different types of defects
that may occur during the single phases of the life of
PV modules (i.e. production stage, transport, installation).
Several defects can be highlighted by means of EL, such as:

e micro cracks, which are generated during the cell
and module production, that are due to mechanical or
thermal stresses and can evolve into broken cells;

e broken cells, which are characterized by electrically
isolated areas limiting the current in the whole string,
that are one of the main sources of power loss;

e impurities and chain pattern, which appear in EL
pictures like less shine areas, that are due to low quality
production processes;

e Potential Induced Degradation (PID), which is a
mechanism caused by a leakage current depending
on high voltage with respect to earth and weather
conditions (high temperature and humidity).

4. PRELIMINARY RESULTS

The initial measured I — V' curve on PV modules with
metallic frame has shown a good conformity with respect to
the nameplate specifications: the estimated maximum power
at STC was higher (in the range of +1 % to +2 %) than the
same parameter stated by the manufacturer, as highlighted
in Table 3 that summarizes the results of the electrical
characterization for modules with metallic frame (items m-i)
and with plastic frame (items p-i). On the contrary, modules
with plastic frame have shown significant lower performance
with respect to the nameplate specifications, with difference
in the maximum power at STC that reaches —21% for the
module p-5. Figure 4 shows an example of I —V and P -V
curves of the PV module m-2 at the actual conditions of
irradiance and temperature and at STC.

The EL images of modules with metallic frame have
shown few cracks and micro-cracks. Nevertheless, there are
many interrupted fingers and small isolated areas, probably
due to shocks during assembly. The most interesting point is
the presence of a strong non-uniformity luminescence within
many cells and between all the cells forming the module,
which means a strong I — V' mismatch. It is because PV
modules are assembled with piece of solar cells with higher
surface, usually they are wasted cells. The figure 5-(a) shows



Table 3. Initial electrical characteristics measured for the PV modules under test (m-i refers to modules with metallic frame, while p-i
refers to modules with plastic frame).

l Quantity ‘ m-1 ‘ m-2 ‘ m-3 ‘ m-4 ‘ m-5 ‘ p-1 ‘ p-2 ‘ p-3 ‘ p-4 ‘ p-5 ‘ unit ‘
G 854 930 903 875 912 902 969 927 974 920 [ W/m?
Teent 49 49 50 48 51 52 54 53 55 53 °C
P 7.81 8.54 8.13 7.94 8.15 4.13 3.57 3.36 3.76 3.08 W
VPmax 1536 | 16.02 | 1571 | 15.67 | 15.77 | 14.12 | 1453 | 14.68 | 14.80 | 14.32 \Y%
Voe 20.17 | 20.49 | 20.23 | 20.35 | 20.11 | 1822 | 18.09 | 18.13 | 18.16 | 18.14 \Y
Ipmax 0.51 0.53 0.52 0.51 0.52 0.29 0.25 0.23 0.25 0.22 A
Isc 0.55 0.58 0.58 0.55 0.57 0.32 0.32 0.26 0.29 0.30 A
FF 0.71 0.72 0.69 0.71 0.71 0.71 0.61 0.72 0.71 0.57
Prpp @ STC | 10.2 10.2 10.1 10.1 10.2 522 4.29 4.17 4.47 3.95 W
Vipp @ STC | 17.45 | 17.84 | 17.38 | 1694 | 17.71 | 1570 | 16.02 | 16.53 | 17.06 | 16.13 \Y
Tpp @ STC | 0.58 0.57 0.58 0.60 | 0.57 0.33 0.27 0.25 0.26 0.25 A

G =930 W/m?; T, =49 °C
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Fig. 4. I — V and P — V curves of the PV module m-2 at the
actual conditions of irradiance and temperature and at STC.

the electroluminescence image of one of the modules with
metallic frame: there are at least two cells with performance
well below the other ones. During the assembly process, a
selection of the cells can decreases the “bottleneck” effect
and the PV module can produce more power.

Thanks to electroluminescence analysis, a strong [ —V
mismatch is also evident in the cells forming the modules
with plastic semi-rigid frame, as a result of using wasted
cells. However, in this case, the power loss with respect
to the nameplate specifications is due to the presence of
many isolated parts of cells, cracks and micro-cracks. The
EL image in figure 5-(b) shows these defects in one of the
modules with high power losses.

Once the initial characterization of the two sets of
PV modules under test has been completed, the first stress
tests have been performed. The samples 2 have been
subjected to a 24-hour damp-heat test according to the profile
of figure 2, while the samples 4 have been subjected to
a 24-hour thermal-cycle test in the temperature range of
—20 °C to 70 °C. The samples 3 of both sets have
been subjected to a 5-hour random vibration cycle in the
frequency range of 5 Hz to 150 Hz with a root mean
square acceleration of 5 m/s? according to the spectral

distribution of figure 3. After these first tests, the 7 — V
curves of the modules subjected to stress and of the reference
samples have been obtained again at constant conditions of
temperature and irradiance and then corrected to be related
to the STC. The comparison between pre-stress and post-
stress parameters (above all Py, @ STC) has not shown
meaningful differences, thus indicating the need to increase
the level of stress (amplitude and/or duration) in order to
be able to correlate the applied stress factor to the observed
degradation.

5. CONCLUSIONS

This paper presents an attempt of defining tests
that are able to identify the factors that are mainly
responsible for degradation of PV modules exposed to
outdoor conditions. A preliminary test-protocol has been
proposed and suitable characterization procedures have been
described. Preliminary tests have been performed that have
involved PV modules made up of p-Si cells with metallic and
plastic frames. The first results have not shown significant
differences between pre-stress and post-stress conditions.
Authors are now performing further stress tests on the PV
modules and the corresponding results will be presented at
the conference. In addition, PV modules based on different
technologies will be tested with the proposed procedure.
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