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Abstract- The degradation of used modules in photovoltaic (PV) systems is a major problem for module manufacturers, owners,
and researchers due to their exposure to different climatic conditions, which leads to their degradation, regardless of the type and
composition of the module. Therefore, this paper aimed to study a real case to calculate the degradation rate of the modules of a
PV system connected to the grid, which was established in the year 2012, which is approximately 11 years ago, and is located in
the Libyan Center for Solar Energy Research and Studies (LCSERS) in the city of Tripoli. This study was performed through
the methodology of visual inspection of the system, measuring maximum power (Pmax) and other electrical characteristics through
indoor and outdoor test devices, and thermography. The results showed that the PV system is operating in good condition and
that the Pmax degradation rate of the PV module ranges between 13.95% and 16.75%.
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1. Introduction year study, categorizing them according to their occurrence
rates, as in Fig. 1 [8].

With increasing population density and sustainable
development around the world, energy demand is expected to Classifications of the PV module degradation
grow to 60% of global primary energy by 2030 [1]. Some of
this demand is likely to come from renewable energy sources
(RES) as an alternative to fossil energy sources. It has a
negative impact on the environment [2], [3]. Therefore,
photovoltaic (PV) system technology which is a solar energy
source plays an important role, present and future, in the
global energy landscape [4]. And to have a leading role in
renewable energy technologies in 2050 [5]. And Silicon
technologies dominate with a large share, accounting for about
95% of the market [6]. But the phenomenon of degradation of

PV modules is one of the negative factors in this system, = Hot spots = Ribbon discoloration
especially with the passage of years of the life of the system, Glass breakage = Encapsulant discoloration
and therefore it must be studied, treated, and limit this

degradation in order to reduce the efficiency of the panels as Cell breakage Potential-induced degradation
well as increase the operational life of them [7]. PV module Other

degradation has been detected since the early 1970s. In 2017
the National Renewable Energy Laboratory (NREL) classified
the most common terms for module degradation after a ten-

Fig. 1. The most common classifications of PV module
degradation.


https://orcid.org/0000-0001-6294-5868
https://orcid.org/0000-0002-2358-7807
https://orcid.org/0009-0001-8607-7732

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

A. K. Elfaqgih et al., Vol.15, No.1, March, 2025

There are many studies conducted around the world on the
degradation and reliability of the modules in the photovoltaic
systems. Where a study was conducted in the city of
Islamabad, Pakistan on the number of four different types of
PV modules whose operating ages range from 10 to 35 years,
and the tests conducted on them proved that there is
degradation for some of these types after years of work, a
decrease in the value of the maximum power (Pma) was
observed ranging between 22.2 - 28.7%, as well as the colour
of EVA turning to brown, the presence of cracks and
discoloration in the backsheet and defects in the junction box,
as well as corrosion in Bars and copper wires, but with all this
degradation in performance, the modules were still being
produced and the situation is not catastrophic [9]. In a study
conducted at Kwame Nkrumah University (KNUST) in Ghana
[10], on 14 polycrystalline silicon module after 19 years of
their operational life, and they were examined visually, and by
the maximum power testing (I-V characteristics), and by
means of Infrared imaging. The results were the presence of
some bubbles, erosion and discoloration, and the degradation
rate was 1.3 % vyear. Four modules of two different
technologies, one monocrystalline silicon (mc-Si) and the
other polycrystalline silicon (pc-Si), were installed at the
University of Dakar, Senegal [11], to assess degradation after
1.3 - 4 years of operation in the Equatorially environment, the
results show that maximum power (Pmax), Short circuit current
(Isc), maximum current (Imax), and fill factor (FF), are the most
degraded performance characteristics of all modules. The
maximum power degradation (Pmax) ranged from 0.22% -
2.96% per year. A study was conducted to find out the rate of
degradation in PV modules over a period of ten years from six
different locations located in the United Kingdom and
Australia, to find out the extent to which photovoltaic modules
are affected by cold weather conditions in the United
Kingdom, and the extent to which modules are affected by hot
weather conditions in Australia, and the study was carried out
by imaging test by using thermal imaging camera (FLIR E4)
.The results showed that the rate of degradation in the United
Kingdom was lower than that in Australia, where the rate was
about 1.05 - 1.16%, while in Australia it ranged between 1.35
- 1.46% [12]. In a study conducted in Libya in the year 2010
on a number of photovoltaic modules of the crystalline silicon
type to see the extent of the rate of degradation after used for
along time in the Libyan desert for more than 30 years, as they
were installed in 1979. The results showed through visual
inspection that the modules are still in Good condition, and the
results also proved through the outdoor and indoor
measurements of the modules that the rate of degradation was
about 13.8%, so the study concluded that the modules can
operate for a period more than 40 years [13].

In this study, we will study the performance of the
photovoltaic (On-Grid) system modules installed in the city of
Tripoli with a capacity of 5 kilowatts and the extent of
degradation occurring in its modules through visual
inspection, power measurement (I-V characteristics), and
Thermography.

2. Degradation Study Methodology

Numerous studies, experiments and tests have been
conducted to know and understand the nature of the
phenomenon of degradation and failure of modules in PV
systems. Whereas, the manufacturers consider the PV module
to be degraded if its power reaches a level less than 80% of its
initial capacity [14]. Therefore, various methods of studying
degradation have been found to help improve manufacturing
processes and extend their life. There is also an international
standard (IEC61215) that specifies design qualification
requirements of terrestrial P\ modules suitable for long-term
operation in outdoor climates. These main methods are
categorized as follows: [2], [4]:

2.1. Visual Inspection

In the process of evaluating the performance of the
degradation of modules, a visual inspection is first carried out
on the system, and it is considered an important tool in order
to detect and identify the various defects that can be observed
visually. The most common of these defects that are observed
on modules are:

2.1.1. Breakages and cracks

The presence of breakages and cracks in the PV modules
is one of the reasons for the degradation of these modules,
which may cause the separation of the cell parts and thus
reduce the production of its energy and also cause a mismatch
in the electrical characteristics, which leads to an irregular
distribution of temperatures throughout the modules. These
breakages and cracks occur as a result of pressures and
mechanical loads such as environmental conditions such as
strong winds and snow storms [15], as well as during the
manufacturing phase where cracks can occur during welding,
during transportation and installation of modules and other
factors [16], [17].

2.1.2. Discoloration

One of the most common defects in the photovoltaic
module is the colour change in the module, which can be
detected visually, and it is a colour change in the adhesive
(encapsulation unit) EVA, or from the glue between the solar
cell and the glass, where the colour of the material changes to
brown or yellow on the surface of the PV modules. One of the
main causes of discoloration is the quality of the product,
exposed to ultraviolet (UV) radiation, the high temperatures,
and humidity [18].

2.1.3. Delamination

Delamination is the appearance of spots, often called a
“milky pattern,” that appear on large areas above the solar
cells, mainly on the sides of the cell and appear less frequently
in the middle. This occurs as a result of the loss of adhesion
between the polymeric packaging material such as EVA and
the solar cell, or between the solar cell and the Infront glass.
The adhesive loses its strength due to high humidity and high
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temperatures as well as increased exposure to sunlight and
water penetration into the module structure [19].

2.1.4. Bubbles

The shape of the bubbles often resembles the shape of the
lamination process, and they are found at the front and back
of the module, and are mostly located in the middle or corner
of the solar cell. These bubbles occur as a result of a chemical
reaction that releases a gas or due to the weakening of cell
bonds. These bubbles make It is difficult for the cells to
dissipate heat and this will lead to overheating, degradation
and shortened life of the module [20].

2.1.5. Corrosion

Corrosion of some parts of PV modules, especially the
metal connections, is one of the most common problems in PV
systems. One of its problems is that it causes the colour of the
metal strip in the modules to change, which results in
degradation and problems in the modules electrical circuit and
loss of its performance. Corrosion also occurs at the module’s
outer frame. And also, in the junction box. Moisture that enters
from the edges of the module is one of the causes of corrosion
[14]. Peter Hacke et al. [21] studied the effect of humidity and
temperature on the degradation of the PV module, and they
discovered that corrosion appeared after 1,000 hours of
exposure of the PV module to a temperature below 85 C° with
a relative humidity rate of 85%.

There are several other reasons that lead to the
phenomenon of degradation in the performance of
photovoltaic modules, which can be detected visually, such as
the accumulation of sand, dust, or mud on the modules, which
forms a barrier to sunlight falling on them, and thus leads to a
decrease in energy production and a significant decrease in the
module’s performance [22].

2.2. Indoor and Outdoor Power Measurement (I-V curve)

The power measurements of the photovoltaic modules are
one of the main ways to know the quality of the product, as
well as to know the extent of degradation in it after a period of
operation years. The current - voltage (I-V) curve is
considered one of the most important measurements for
evaluating the performance of the photovoltaic module, as
through this curve we can know the electrical characteristics
of the module such as short circuit current (ls), open circuit
voltage (Voc), maximum current (Ima), maximum voltage
(Vmax), maximum power point (Pmax), and fill factor (FF)
[18][23].

This test to calculate the I-V curve to infer the maximum
power and other electrical parameters of the PV module,
(indoor) in a solar simulator or (outdoor) under exposure to
sunlight through the field device. It is preferable for this test
to be under standard conditions (STC), at radiation equal to
1000 W/m? and a temperature of 25 C°, but these conditions
cannot be provided in the outdoor test, but they can be
available in the internal test, with the occasional increase in
temperature or not shedding enough light on the unit as a result

of its dispersion. It has therefore been suggested that the test
should be different from standard conditions (STC) and
should be repeated, so that the results are more realistic [24].

2.3. Thermography (Infrared Imaging)

The thermography test is the most used method for
determining the location of the degradation occurring in
photovoltaic energy module that cannot be detected by visual
inspection [25], as this test works to detect cells with higher
levels of temperature than the rest of the cells, which are
known as (Hot spots), It is where the temperature difference
between these levels exceeds 20 C°. This test is performed by
a device Portable thermal camera with Infrared sensor with a
range of 3 - 15 micrometers. This method relies on the
property of each material to emit electromagnetic radiation
whose wavelength and relative maximum are related to the
temperature of the material. This test is performed on the front
and backsheet of the photovoltaic panel to locate the hotspots
when the system is running on load condition [26], [27].

2.4. Ultrasonic Inspection

This technique is used to detect cracks and small cracks
in solar cells, as it depends on the analysis of ultrasound waves
resulting from vibrations by two ways; pulse-echo method and
transmission method, and it has been proven that the resonant
frequency in the low frequency bandwidth increases when
there is a crack in the cell [24].

2.5. Electroluminescence (EL) and Photoluminescence (PL)
Imaging

Electroluminescence (EL) imaging is the most popular
analysis technique for characterizing the health of
photovoltaic cells in recent years. This process is done by
applying a forward bias current to the modules, and the result
of radiative recombination emits infrared light, which is
captured using a camera with silicon-coupled device (CCD)
sensor features. The captured images will present thick dark
parts that reflect the defective regions that contribute to the
unit energy loss (the defective cell part will appear darker
because the detached parts will not irradiate). Additionally,
some have used it to characterize defects including browning
and lamination of the coating on crystalline silicon modules
resulting from aging from years of external exposure [28].

Photoluminescence (PL) imaging is similar to EL imaging
and is used to analyse the conditions of a photovoltaic module
by providing information regarding the identification of
quality, performance, and defects. By means of radiation
signals emitted by cell materials when charge carriers
recombine from radiation excitation, the difference between
the two techniques is that EL can detect various decay modes
which include cell cracks, PID, electrical mismatch etc.
whereas in PL the carrier lifetime can be detected Minority
and series resistance [29], [30].
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3. Description of the PV System Location

A grid-connected PV system with a capacity of 5
kilowatts is located in the yard of the Libyan Center for Solar
Energy Research and Studies (LCSERS) in the Tajoura
region, in the city of Tripoli, Libya, as in Fig. 2. According to
the coordinates (32.814°N, 13.438°E). This system was
created as a research project approximately eleven years ago.

T i G i e g |
-Grid) system at the LCSERS.

ek it
Fig. 2. PV (On
The commercial manufacturer of the module is Sollatek,
model of SP-75, according to the specifications mentioned in
Table 1. This module is from Monocrystalline silicon (mc-Si)
cell type. These modules are designed by the manufacturer to
operate optimally in a wide ambient temperature range from
40~85 C°. The thermal properties engineered into these panels
contribute to their long-term performance and make them an
ideal choice for regions with multiple climatic characteristics.

Table 1. Specification of PV initial module

Value Unit
Rated power 75 Watt
Rated voltage 17.0 Volt
Rated current 4.4 Amp
Open circuit voltage 21.0 Volt
Short circuit current 4.8 Amp
Maximum Open circuit voltage 600 Volt

4. Results and Discussion
4.1. Visual Inspection

Through visual inspection of the entire system, it was
found that there is an accumulation of dust on the front of the
PV modules, especially on the sides of the module, as shown
in Fig. 3. The reason for this presence is likely the dust due to
a failure to clean these modules, as well as the presence of an
obvious protrusion in the surface frame on the front side. This
helped the accumulation of this dust, and this is what we see
as a defect in the quality of the product itself.

Fig. 3. Accumulation of dust on the side of the module
frame.

Also, through visual inspection, it was observed that there
was a phenomenon of dark discoloration in many cells in the

PV modules, as shown in Fig. 4 (a), and this change because
is change in the adhesive material in the encapsulation unit. It
is likely a result of the deterioration of the adhesive material
as a result of its poor quality as well as its exposure to high
temperatures and UV radiation, especially in the summer.
There is also a delamination phenomenon in most of the cells
in the modules, which appear in light Gray areas at the edges
of the cells as in Fig. 4 (b).

(@)
Fig. 4. (a) Discoloration & (b) Delamination phenomenon of
PV system modules.

In general, and through visual inspection, no major
visually noticeable defects were seen, such as breakages and
cracks on the front glass or in the backsheet, there is any
damage to the wires and connectors, as well as no corrosion
or damage to the junction boxes and frames. Also, there is no
discoloration or bubbles in the backsheet.

4.2. Power Measurement
4.2.1. Indoor test

In indoor measurement test, the Pulsed Solar Simulator
(PSS 8-3) was used to find the electrical parameters of the PV
module using a setup that simulates solar energy intensity, this
simulator is located at the LCSERS in Tripoli. A used PV
module from a 5 KW system was tested under standard
conditions and at several levels of different solar radiations, as
in Fig. 5. These data for the parameters obtained were
compared with the data for the initial module to evaluate the
degradation in performance parameters resulting from failure
modes. Table 2 shows the measured values of the used module
as well as the percentage decrease for each parameter.

It is noted from the results of this test that the measured
values of the electrical parameters of the used module
decreased compared to the values of the initial module, in the
standard conditions at solar radiation 1000 W/m?, where the
Pmax Value of the used module 63.76 W, compared to the Pmax
value of the initial module, which is 75 W, meaning it had a
degraded of 14.98%, which is shown by the I-V curve in Fig.
6 of the used and initial module.

:

Fig. 5. Used module test in pulsed solar simulator.
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Table 2. Measured values of the used module and percentages of decrease in indoor measurement test

Pazzrp]ftt)ers \I/r;:t::l Measurement values Percentages of decrease %
So'a(wlﬁg"“on 516 720 842 962 516 720 842 962 | Average
Isc (A) 48 A 4.72 4,74 4.74 4.74 -1.66 -1.25 -1.25 -1.25 -1.35
Voc (V) 21V 19.58 20.03 20.20 20.82 -6.76 -4.61 -3.8 -0.85 -4.00
Impp (A) 44 A 4.04 4,052 4.12 4,05 -8.18 -7.9 -6.36 -7.95 -7.59
Vinpp (V) 17 15.15 15.43 15.25 15.55 -10.88 -9.23 -10.29 -8.5 -9.72
Pmax (W) 75 61.28 62.52 62.69 63.11 -18.29 -16.45 -16.41 -15.85 -16.75
Indoor Tmt 4.2.2. Outdoor test
3 Used
N The outdoor measurement test is the same as the indoor
measurement test and aims to calculate the electrical
£ parameters of the PV module by exposing the module to
§ sunlight. The field-testing device for PV modules, model of
%2 (PVPM 1000C) was used as in Fig. 8. It is located at the
LCSERS in Tripoli. The same used module that was tested in
" the indoor measurement was tested. The readings were taken
ol at different levels of solar radiation. Table 3 shows the
2 4 8 8 ‘lgm; W;" 18 20 2 measured values of the used module as well as the percentage

Fig. 6. 1-V Curve in indoor measurement test of used &
initial module at 1000 W/m?,

From Table 2 we find that the average degradation rate of
Pmax for the used module at different radiation levels was
16.75%, Which will be taken as a result of this test. Also, the
measured values of other electrical characteristics of the used
module at radiation levels of 516, 720, 842 and 962 W/m?
were also degraded compared to the initial module, as shown
in the I-V curves in Fig. 7. Where the average relative rate of
degradation for lsc, Ve, Impp @and Pmax Were 1.35 %, 4 %, 7.59
%, and 16.75 %, respectively.

Indoor Test

516 wim?
5 720 wim?
842 wim®
962 wim®

Current (A)

‘!’O 1‘2 'Ird 1‘6 1r8 2‘0 2‘2

Voltage (V)

I1-V Curves in indoor measurement test of used
module at several levels of solar radiations.

T T T T
2 4 6 8

Fig. 7.

of decrease for each parameter.

Fig. 8. Outdoor testing device (PVPM 1000C)

It is noted from the results of this test in Table 3 that the
measured values of all electrical parameters of the used
module decreased compared to the values of the initial module
when the solar radiation increased, which when the test was
conducted reached a value of 800 W/m?, and this is due to the
increase in the module’s temperatures. The Pmax Value for the
used module was 61 W, which means that it degraded by
18.66%, which is shown by the I-V curve in Fig. 9 for the used
and initial module at the solar radiation value of 800 W/m?.
While the Pmax value for the used module was 68.7 W at the
lowest recorded solar radiation value, which was 520 W/m?,
that is, a degradation rate of 8.4%. Therefore, we will take the
average recorded value of Pma at all recorded radiation levels,
which is 64.8 W, and thus the average percentage of
degradation rate in this test is 13.59%.

Table 3. Measured values of the used module and percentages of decrease in outdoor measurement test

Paramgters Initial Measurement values Percentage change %
(Unit) values
50"1‘{,\;72'2?'0” 520 613 739 800 520 613 739 800 Average
Isc (A) 48 A 4.42 4.39 4.33 431 -7.916 -8.541 -10.854 -10.2 -9.377
Voc (V) 21V 23.7 23.4 224 22.1 -12.85 -11.42 -6.667 -5.238 -9.04
Impp (A) 44 A 3.78 3.76 3.7 3.68 -14.09 -14.54 -15.9 -16.36 -15.22
Vmpp (V) 17 18.2 17.8 16.9 16.6 -7.05 -4.705 -0.58 -2.35 -3.67
Pmax (W) 75 68.7 66.9 62.6 61 -8.4 -10.8 -16.5 -18.66 -13.59
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Outdoor Test at 800 w/m?
—— Used
4 Initial
<
]
[
E
=
o \
\\“‘,
\
1 \\‘
0 T T T T T T T T LJ & T T
0 2 4 6 8 10 12 14 16 18 20 22

Voltage (V)

Fig. 9. 1-V curve in outdoor measurement test of initial &
used module at 800 W/m?2,

While the measured values of other electrical characteristics of
the used module at radiation levels of 520, 613, 739 and 800
W/m? were also degraded compared to the initial module, as
shown in the I-V curves in Fig.10. where the average relative
rate of the degradation for ls, Voc, and lmpp, Were 9.37%,
9.47%, and 15.22%, respectively.

Outdoor Test
520 wim?
98 613 wim?
739 wim?
3.0 4 800 w/m?
254
<
€ 2.0
(3
g
G 1.5 \
1.0 4 ‘
\
0.5 \
0.0 T T T

T T T T T T

8 10 12 14 16 18 20
Voltage (V)

o
N
H
o

Fig. 10. I-V curve in outdoor measurement test of used
module at several levels of solar radiations.

4.2.3. Thermography

The photovoltaic system was detected by thermography at
noon, at an atmospheric temperature of 35 C°, using a FLIR
C5.1.1 thermal imaging camera. Thermography showed a
mostly homogeneous distribution of temperatures over all
modules and there are no hot spots, as Fig. 11 (a), (b) shows
that the temperature difference between the cells on the front
surface of the modules does not exceed 3 C°, and Fig. 11 (c),
(d) shows that the temperature does not exceed 5 C° in the
backsheet of the modules and at the junction boxes.

(d)

Fig. 11. Thermography test of the PV system; (a) Infront the
module, (b) strings of PV modules, (c) backsheet of the
module, and (d) junction box.
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5. Conclusion

As a result of the rapid growth of the PV module industry
and the increased demand for it, studies and research on the
rate of degradation of these modules have also increased, in
order to increase the reliability and operational life of these
modules. Therefore, this paper aimed to study the rate of
degradation occurring in the PV system connected to the grid
with a capacity of 5 kilowatts, which was established in the
year 2012 at the Libyan Center for Solar Energy Research and
Studies in the city of Tripoli. This study was based on three
methods:  visual  inspection,  measuring electrical
characteristics through indoor & outdoor test devices, and
thermography. The results showed the following:

» Through visual inspection of the modules and the entire PV
system, it was found that there was dust accumulation on the
front of the PV modules. The phenomena of discoloration
and delamination were also observed. There are also no
breakages, cracks, corrosion, or any other visible
phenomena.

> In the indoor measurement test, the degradation rate of the
maximum power (Pmax) value was 16.75%, while in the
outdoor measurement test, the degradation rate of the
maximum power value was 13.59%. Therefore, the annual
degradation rate of Pmax in this study ranges between 1.23 -
1.52%.

» The results of the degradation rate measurements in the other
important electrical characteristics lsc, Voc, and Impp in indoor
and outdoor test devices of used module were good and not
bad compared to the results of previous studies, as the
average degradation rate for lsc, Voc, and Impp in the indoor
test was 1.35, 4, and 7.59%, respectively. While in the
outdoor test, the average values were slightly larger,
reaching 9.37, 9.07, and 15.22%, respectively.

» The results of the Thermography test show that there are no
hot spots, that the temperature distribution is homogeneous
across all modules of the PV system, and that the
temperature differences of the cells on the modules do not
exceed 5 C°.

» From the results of this study, it is clear that the modules are
still in good condition. It is capable of operating for another
ten years, so if we assume from the results of the two tests
that the average of Pmax degradation rate for the past eleven
years was 15.17%, then the expected rate of degradation
after the next ten years will be about 28.9%, meaning that
the system’s productivity will reach approximately 3.55
KW. This expected rate of degradation is considered closer
to the results of some previous studies, which proved that
the systems are still operating over many years despite the
significant degradation occurring in them.
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