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ABSTRACT

PV module durability and reliability influences its efficiency and return on investment. Hence,
collection of ample and credible PV module reliability data in each climatic zone becomes increasingly
essential. In this work, defects and fault modes of field-aged multicrystalline silicon PV modules
installed outdoors in Grimstad from 2000 to 2011 are investigated. The investigations were done
using visual inspection, current-voltage characterization, temperature coefficient profiling, ultraviolet
fluorescence, electroluminescence, infrared thermal imaging, and SEM-EDS analysis. Most PV modules
show signs of microcracks, moisture ingress, corrosion, potential induced degradation, optical degra-
dation, and irregular temperature sensitivities. Oxidized silver, tin, and lead were observed in the
SEM-EDS results, which confirmed the remnants of moisture ingress. On average, the modules show
power output of ~78% and their efficiency dropped from 13% to ~10%. The average temperature
coefficient of efficiency of the module was found to be ca. -0.5%/°C, corresponding to an average
degradation rate of 1.09 %/year over the 20 years period. However, the annual degradation rates when
the modules were in the field and indoors were ~0.98% and ~1.33 %, respectively. It is believed
that limited evaporation of activated volatile carboxylic products under indoor conditions led to the
formation and accumulation of carboxylic acids, hence higher rate of degradation. Moisture induced
degradation (MID) mechanisms was the root cause for the overall degradation in the PV modules’

power output, especially over the later years.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Abbreviations: Ag, silver; Al, aluminum; AM, air mass; ARC, antireflection
coating; Ci), optical and material properties of the PV module; C, carbon; CMI,
climate moisture index; CNC, Computer Numerical Control software; CO,
carbon monoxide; CO,, carbon dioxide; DH, damp heat; DSLR, digital
single-lens reflex; E, east; EDS, energy dispersive X-ray spectroscopy; EL,
electroluminescence spectroscopy; EVA, ethylene vinyl acetate; FEG, Field
Emission Gun; FF, fill factor; FTIR, fourier transform infra-red; G;, in-plane
irradiance; H,0, water; HF, humidity freeze; IEA, International Energy Agency;
IEC, International Electrotechnical Commission; Iy, current at maximum
power point; IR, infrared; I, short circuit current; I-V, current-voltage; LCOE,
levelized costs of electricity/energy; LED, light-emitting diode; m, meter;
mc-Si, multicrystalline silicon; MI, moisture ingress; MID, moisture induced
degradation; N, nitrogen; N, north; O, oxygen; Pb, lead; PID, potential induced
degradation; Py,q, maximum power; PV, photovoltaics; PVPS, Photovoltaic
Power Systems Program; Ry, external resistance; RH, relative humidity; Ry,
internal resistance; SEM, scanning electron microscopy; Sn, tin; STC, Standard
Test Conditions; T, temperature; TC, thermal cycling; Ti, titanium; T,,, module
temperature; TPT, Tedlar®/Polyester/Tedlar®; UV, ultraviolet; UV-F,
ultraviolet fluorescence spectroscopy; V(x), local voltage at a point x; VI, visual
inspection; Vi, voltage at maximum power point; V,., open circuit voltage;
Vr, thermal voltage; B, temperature coefficient of fill factor; By, temperature
coefficient of I, density; Bpmax, temperature coefficient of Pmay; Bvoc,
temperature coefficient of V,¢; B,m, temperature coefficient of efficiency; nm,
PV module efficiency; n.r, PV module efficiency at reference temperature;
@), local luminescence at a point x; AT, difference in cell temperature
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1. Introduction

The importance of solar energy in the Nordic countries is
highlighted in Fig. 1 (IEA-PVPS, 2021). Usually, photovoltaic (PV)
modules are expected to produce at least 90% and 80% of their
rated power after 10 years and 25 years of operation, respec-
tively (Kontges et al., 2014; Wohlgemuth et al.,, 2015). However,
concerns of defects and fault modes associated with PV modules
from environmental and climatic stressors such as temperature,
humidity, ultraviolet radiation, wind and snow loads, soiling, etc.
is worrying (Aghaei et al., 2022; Jordan and Kurtz, 2013; Wohlge-
muth et al,, 2015). These degradation and fault modes such as
delamination, discolouration, metal grids corrosion, cracks, solar
cell degradation, potential induced degradation (PID), interface
adhesion losses, optical losses, and other material degradation
affect modules’ performance during their guarantee period of ca.
25 years or even more (Halwachs et al, 2019; Kontges et al.,
2014; Liu et al.,, 2019; Wohlgemuth et al., 2015). These defects
and fault modes lead to PV module degradation, and hence,
power degradation (Jordan et al., 2012). About 2% of PV modules
are predicted to fail after 11-12 years due to climatic stressors
(Kontges et al., 2014). According to Jordan et al. (2012), PV plants
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Fig. 1. Theoretical electricity contribution of PV to national energy mix, based on the PV capacity installed by the end of 2020 for the Nordics. Denmark is expected
to exceed the world average electricity contribution from solar energy in the coming years.
Source: Extracted from IEA PVPS Snapshot of Global PV markets, 2021 (IEA-PVPS, 2021).

have an average degradation rate of 0.8%/year or more due to
climatic defects.

PV module degradation can also be a function of the PV mate-
rials, usage, technology, assembling, and handling of PV modules
(Aghaei et al., 2022; El Hammoumi et al., 2022; Halwachs et al.,
2019; Jordan and Kurtz, 2013)). From packaging to installation,
estimated power loss of up to 1.43% (mainly due to cracks) was
reported (Dhimish et al., 2022). Also, roof mounted PV modules
are likely to operate at higher temperatures due to reduced
ventilation, and for that matter tend to degrade faster (Jordan and
Kurtz, 2013; Jordan et al., 2012). Crystalline silicon solar cells have
annual degradation rates of ca. 0.5% while thin film technologies
show annual degradation rate of 1% but are predicted to improve
over the coming years (Jordan and Kurtz, 2013). In environments
with high humidity and wind loads (such as in the Nordics), the
reliability of PV modules is more complicated (Halwachs et al.,
2019; Kontges et al., 2014; Papargyri et al., 2020).

Corrosion can cause parasitic resistance losses whilst delam-
ination and discolouration of encapsulants can also lead to loss
of adhesion and optical efficiency (Bosco et al., 2019; Halwachs
et al,, 2019; Kontges et al.,, 2017). Moisture ingress can induce
most defect and failure modes which lead to PV module degra-
dation and eventual power loss (Kontges et al., 2014). A compre-
hensive review on the effect of moisture ingress on the degra-
dation of crystalline PV modules is provided by Segbefia et al.
(2021b). Some defects and failure modes affect the appearance
of the PV module, and are easily detected using visual inspec-
tion (Wohlgemuth et al,, 2015). However, some others such as
microcracks are difficult to detect with the unaided eye and
have no effect on the appearance of the module but can af-
fect the power output (Koéntges et al., 2014; Tsanakas et al,,
2016). For defects and fault modes that cannot be detected with
visual inspection, advanced spectroscopic and microscopic tech-
niques are used for their detection. Some of these tools are
current-voltage (I-V) characterization, electroluminescence (EL),
photoluminescence (PL), fourier transform infra-red (FTIR), ultra-
violet fluorescence (UV-F) spectroscopy, thermography, scanning
electron microscopy (SEM), and energy dispersive spectroscopy
(EDS). However, these tools are only useful after a defect or fault
mode has occurred and some are destructive.
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Kurtz et al. (2017) defined qualification tests to be tests which
naturally provide a pass or fail outcome which reflects whether
the test artefact exceeds a minimum acceptable key indicator.
These tests are carried on a representative sample of 10 or less
modules and the tests are relatively short in duration and are
done to minimize the cost of testing. Since 1970s, the quali-
fication, testing and standardization for PV cells, modules, and
systems have evolved tremendously (McMahon, 2004; Osterwald
and McMahon, 2009). However, these tests are limited in iden-
tifying wear out failures and PV durability and reliability over
their lifetime (Hacke et al., 2019; Tracy et al., 2018; Trout et al.,
2017). Additionally, they are not reliable in detecting all defects
and failure modes e.g. potential induced degradation (PID) (Hacke
et al,, 2018).

Accelerated ageing tests are promising in predicting wear
out failures (Osterwald and McMahon, 2009). These ageing tests
include thermal cycling (TC) tests, ultraviolet (UV) exposure, hu-
midity freeze (HF) test, damp heat (DH), mechanical load tests
or a combination of two or more in climatic or environmental
chambers to identify specific defects and failure modes. One sin-
gle approach does not test for all degradation modes, rather, other
components of the PV module end up being aged undesirably
during the testing of another factor (Bosco et al., 2019; Eder
et al, 2018; Trout et al.,, 2017). The accumulation of acetic acid
and lead acetate in the ethylene vinyl acetate (EVA) encapsulant
after prolonged damp heat exposure which predisposes the cell to
corrosion and subsequent degradation is an example (Bosco et al.,
2019; Tracy et al., 2018). Hence, selecting the most effective age-
ing approach in order not to over-accelerate or under-accelerate
these degradation factors is the key. Moreover, as modules’ reli-
ability and durability has improved in recent years, accelerated
testing appears to be losing its effectiveness (Aghaei et al., 2022).
The use of physical models to forecast PV module’s durability and
reliability is fast, convenient, and cost-effective. However, these
models are amenable to errors in estimating climatic variables,
degradation rates, and PV module reliability. This can introduce
up to 65% variation in the estimated degradation rate values
(Kaaya et al., 2021).

One keyway of reducing the levelized costs of electricity (LCOE)
of PV systems is increasing the durability and reliability of these
systems (Aghaei et al.,, 2022; Kazem et al., 2020; Soto et al,,
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Fig. 2. Distribution of reported failure data on PV modules installed from the 1970s to the year 2015. Data is based on investigations that were done on the entire

PV module as a unit.
Source: Extracted from Halwachs et al. (2019).

2022). According to a recent report by the researchers within the
research project INFINITY in collaboration with the IEA PVPS Task
13 consortium and other multinational partners, there is an ur-
gent need for collecting credible data on PV module performance
and reliability globally (Halwachs et al., 2019). The report was
collated based on the Képpen-Geiger climate zones: A (tropical),
B (steppe/arid), C (temperate/moderate), D (cold/snow), and E
(alpine/polar). The data for the study was collected on PV systems
that were installed in the 1970s through to the year 2015. They
found that most investigations were done in climate zones B and
C except for investigations on PV module inverters. An extract of
failure modes on investigations reported on the entire PV module
as a unit is represented in Fig. 2. The Nordics fall in climate zone
D, where the second fewest investigations were done over the
study period, as expected.

Ample climatic failure data from each climate zone provides
the platform for reliable correlation of expected failure mech-
anisms to specific climatic conditions and can provide useful
insight into future investigations. Hence, practical field data from
the cold regions (e.g., southern Norway) becomes ever more
important. This work presents the main defects and failure modes
associated with crystalline silicon PV modules deployed in Nor-
way. To the best of our knowledge, we have not come across any
such report from the same region. The work further investigates
the underlying causes of the identified failure mechanisms using
microstructural techniques. This distinguishes this study from the
existing reports.

In the present work, the defects and fault modes of field-aged
multicrystalline silicon (mc-Si) PV modules in a cold region are
investigated. A catalogue of defects and fault modes together with
the electrical performance data and temperature sensitivities of
these modules is presented. In addition, the degradation rates of
the PV modules over the initial 10 years of outdoor operation
and the later 10 years when they were kept indoors is also
presented. In Sections 2 and 3, a brief information on the Energy
Park installed in Grimstad and the methods used for the defects
and faults detection and diagnosis are presented, respectively.
Finally, the results and insights from the investigation which
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demonstrated that cracks and moisture ingress are the main root
causes for the observed degradation in the field-aged PV modules,
is presented in Section 4.

2. Background of the Energy Park at Demmesmoen

There have been research efforts within the University of
Agder on outdoor monitoring of PV modules’ performance and
reliability over the years. One of these pioneer installations is
the Grimstad Renewable Energy Park installed in Demmesmoen,
Grimstad. The Energy Park was officially commissioned in June
2000 and consists of 96 multicrystalline silicon (mc-Si) PV mod-
ules, amorphous silicon (a-Si) panels, and thermal collectors (Va-
land et al., 1997). According to the manufacturer, these solar PV
modules were certified as per the existing IEC 1215 (presently,
the IEC 61215) standards. Currently, 43 of the mc-Si modules are
available for investigation. The main purpose of the Energy Park
was to serve as a resource center for research and education in re-
newable energy. In 2011, the PV modules were decommissioned
and kept securely for research purposes. At the time of decom-
missioning, the electrical performance data of these modules was
investigated by Verma et al. (2012), and it was found that the PV
modules were producing ~90% of their rated power. However,
their investigation on the mc-Si panels was solely on the electrical
performance parameters, hence, the importance of the present
study on the underlying defects and fault modes. A section of
the park (mc-Si PV modules) and the geographical location of the
installation site are shown in Fig. 3.

The climate in Grimstad (58.3447°N, 8.5949°E, 50 m above
sea level for the installation site) is warm cold with monthly
average temperature, relative humidity (RH), and air pressure
ranges of —6.71 °C to 21.05 °C, 30% to 99%, and 97 kPa to 104 kPa,
respectively. According to Képpen-Geiger climate classification,
Grimstad is a humid continental climate, Dfb (—10 °C to +30 °C,
with less than 90%), due to the constant stable marine air masses
and heavy snow loads in winter (Beck et al., 2018). The optimum
angle global irradiation is not more than 213 kWh/m?. Average
1782 sunshine hours in a year with average wind speed between
3.4-5.3 m/s.
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Fig. 3. A section of the mc-Si PV modules on the Energy Park at Demmesmoen,

3. Materials and methods
3.1. Materials

Defects and fault modes of the 43 field-aged mc-Si PV mod-
ules which have been installed in Grimstad between the years
2000 and 2011 are investigated using a combination of visual
inspection (VI), current-voltage (I-V) characterization, ultravio-
let fluorescence (UV-F), electroluminescence (EL), infrared (IR)
thermal imaging, and scanning electron microscopy-energy dis-
persive spectroscopy (SEM-EDS) analysis. The schematic of the
experimental method is illustrated in Fig. 4.

The technical specification of the solar cells and modules (as
provided by the manufacturer in 2000) is summarized in Table 1.
Details on the solar cell components and the module electrical
layout was reported earlier (Segbefia et al., 2022; Segbefia and
Satre, 2022). By comparing the electrical performance character-
istics to the information derived from the accompanying failure
detection techniques, the underlying causes for power degrada-
tion of the PV modules were established. The characterization
process took place partially indoors and outdoors.

3.2. Methods

3.2.1. Visual inspection

Visual inspection was conducted on all the PV panels (front
and back) under clear sky outdoor and well-controlled light expo-
sure conditions in the dark. This complementary procedure made
it possible for a comprehensive logging of a variety of defects and
fault modes which would not be possible with the conventional
visual inspection alone. The visual inspection was done according
to I[EC 61215: 2016 standard.

3.2.2. I-V measurements

The current-voltage (I-V) characteristics (taken every two
minutes) of all the PV panels was acquired using a handheld I-V
500w [-V Curve Tracer from HT® Instruments by following the
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IEC 60904- 1 standard. The electrical parameters acquired via the
I-V characterization are the maximum power (Ppqy), short circuit
current (Ig), maximum power point current (Iyp,), open circuit
voltage (Vo ), maximum power point voltage (V;,p,) and fill factor
(FF). The data included information on the in-plane irradiance
(Gy), module temperature (T;), and the normalized values of all
the electrical parameters to Standard Test Conditions (STC) of
each PV module. STC specifies cell temperature (T;) of 25 °C,
solar irradiance of 1000 W/m? and air mass 1.5 (AM1.5) spectrum
for commercial PV panels. The I-V characterization of all the
modules proceeded under clear sky outdoor G; conditions (960-
1060 W/m?), and the STC values were computed automatically
by the I-V tracer used to minimize errors associated with data
recording. The uncertainty of the Tracer for all the parameters
(except the fill factor) measured is to the nearest hundredth.
Moreover, the computed uncertainty is less than +3% for all
parameters measured. Hence, the values of all the parameters
were approximated to the nearest tenth to accommodate the
uncertainty in measurements. For the same reason, the FF and n,,
are written in two significant figures. The PV module’s efficiency
(nm) in the year 2020 was computed by multiplying the ratio
of the normalized measured Py, values in the year 2020 to the
datasheet Pp. with the datasheet n, value (13%). The relative
temperature coefficients were determined using regression plots
of electrical parameters (Pmax, Voc, Isc,» FF, nm) versus Tp. The
resulting regression equation fits the general linear equation: y
= mx + ¢, where y and x denote the electrical parameter, x, and
Tm, respectively. m and c represent the temperature coefficient
(Bx) and intercept, respectively. The relative g, in %/°C is then B,
= m/c. Details on the determination of 8, was presented earlier
(Segbefia et al., 2021c; Segbefia and Satre, 2022).

3.2.3. Ultraviolet fluorescence (UV-F) imaging

For the detection of moisture induced degradation (MID) de-
fects and fault modes such as microcracks and optical degra-
dation, the UV-F imaging technique is one of the handy tools.
Moisture induced degraded PV module encapsulation materials
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Fig. 4. Overview of the experimental methods.

Table 1
Solar module technical specification.

Module type

NESTE (NP100G12)

Power/efficiency
(nameplate)

100 W £10% (1000 W/m? and 25 °C)
n = 13 % (total area), FF = 70%

Voe =216 V, I = 6.7 A, Ipp = 6.0 A, Vippp = 16.7 V

Cells
Module dimension

Multicrystalline silicon
Area: 129.3 x 65 = 8/405 cm?

Depth: 3.4 cm (w. frame)

Weight: 9.1 kg

Electrical layout
Front glass
Encapsulant

Backsheet

Junction box
Frame

(12 x 2) x 3 = 72 cells in series

Low iron content 3 mm tempered glass

EVA (ethylene vinyl acetate)

Multi-layered TPT white (Tedlar® /Polyester/Tedlar®)

2 weatherproof plastic casing, accommodating a bypass diode each
Full perimeter anodized aluminum (Al-) frame

(e.g., EVA) show weak UV fluorescence due to photoquenching.
When these encapsulation materials are exposed to UV light, de-
graded areas show darker traces. The acquired UV-F information
becomes useful for defect cataloguing and mitigation. Each of the
PV module was characterized using a portable TROTEC® LED UV
TorchLight 15F (A & 365 nm) which is equipped with a Wolf eyes
FD45 spectrum filter. The investigation was conducted in the dark
by following the International Energy Agency (IEA) recommended
procedure (Herrmann et al., 2021; Jahn et al.,, 2018).

3.2.4. Electroluminescence (EL) imaging

When a PV panel is forward biased, the solar cell signals in
the infrared region can provide information on the degradation
state of the PV panel. The EL characteristics of 15 sampled PV
panels were acquired in a dark room using a BrightSpot EL Test
Kit. The kit comprises of a 24 megapixels modified DSLR (digital
single-lens reflex) Nikon D5600 camera, a DC power supply set,
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connecting cables, a flexible tripod stand, and computer with
data acquisition and processing software. The investigation was
conducted by following the IEC 60904- 13 standard and the IEA
procedure (Herrmann et al.,, 2021; Jahn et al., 2018). The EL char-
acterization of the PV modules was conducted using forward bias
current densities of 10% of I, and 100% of I. In this investigation,
100% of Iy is 6.7 A (datasheet value for I.) and 10% of I is 0.67
A at ca. 23.76 V (110% of V,.), refer to Table 1.

According to Potthoff et al. (2010), the local luminescence, ¢
at a point x of a PV module is related to the local voltage, V() and
the thermal voltage, Vr as
b = Cexp <%> . for Vi > Vr (1)
Where Cy) is the optical and material properties of the PV module
and the camera system known as the local calibration factor.
However, the operating voltage, V depends on V), the internal
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resistance (R;, ) between the metal grids and the solar cells and
external resistance (R.) between the interconnectors and the
solar cells of the PV module and can be written as (Potthoff et al.,
2010)

V= V(x) + Rintl(x) + Rextl (2)

Where Iy is the local current flowing through point x of the solar
cell and I is the total current supplied to the PV module. If the
solar cell or module is in good condition, then (i~ C for all solar
cells in series (N.) and Rj, is negligible and R,y ~ R, the total
resistance within the PV module. Then V becomes (Potthoff et al.,
2010)

R

d)(x)
V=Vr-In I
! < c )t N

For a good solar cell and module, R is negligible at current
density below 10% of I, (Potthoff et al., 2010). That is, higher
voltages come with higher resistances from electrical contacts
rather than bulk material resistances, when the module is in
a good condition. But, at lower injection levels, the material
properties dominate the luminescence signal of the PV module.
However, for bad solar cells at current density below 10% of I, R
~ Rint, and Eq. (3) could be written in the form of Eq. (1) for each
solar cell as

) = Cexp <

(3)

Vi) + IRine
Vr

In this case, the local luminescence is also influenced by the
internal resistances as a result of cell cracks and other cell defects.
In other words, when the cell is completely separated due to
defects such as cracks, I & Ix) ~ 0, and V & V() is maximum for
the affected solar cell. However, moisture ingress can influence
the luminescence signal due to photoquenching by degradation
products, which is possible at open cracks or at the edges of the
PV module.

That is, measurement at lower current density (ca. 10% of I ) is
most appropriate for investigating degradation in material prop-
erties and measurements at higher current density (ca. 100% of
Is.) can be useful for evaluating the quality of the metal contacts.
(Belmont et al., 2014; Jahn et al., 2018; Potthoff et al., 2010).

) . Jor Vi > Vr (4)

3.2.5. Infrared (IR) imaging

Defective PV panels under forward bias conditions can ex-
perience increased T, due to the resistive losses. IR thermal
information of the solar cells, and hence, the PV panel is useful
for defects diagnostics. The IR thermal images of 15 sampled
PV panels were acquired using the Fluke Ti400 Infrared Camera
(measuring in the long-wave IR band: 650-1400 nm) by following
the IEC 62446-3 standard. The investigation took place both in-
doors and outdoors. For the indoor investigation, the PV panels
were investigated under I, forward bias conditions. IR images
were taken 0.5, 2, and 5 min after current flow was initiated. For
the outdoor investigation, the IR thermal images were acquired
after soaking the PV panels in the sun for at least 15 min. For
all measurements, the emissivity of the front glass and the TPT
backsheet was set at 0.9 and 0.85, respectively. Details of the
IR thermal imaging was presented earlier (Segbefia and Szetre,
2022).

3.2.6. Microstructural imaging of extracted solar cells

The defective areas were identified and extracted using a
Water Jet NC 3060D Beveljet cutting machine. The Water Jet
cutter uses a fine water jet stream with abrasive under ultra-high
pressure (ca. 4,000 bar) for cutting a sample. This technique was
preferred as low cutting temperatures was desired. The compo-
nents of the as-cut cell sized samples were separated by treating
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it with toluene. The samples were immersed in the solvent in
custom-made container at room temperature for 14 days. The
microstructural information on the extracted solar cell samples
was acquired using SEM-EDS analyses. The analysis was done
using a field emission scanning electron microscope (SEM) (JEOL
7200F) equipped with an energy dispersive X- ra@% spectrometer
(Octane Elect EDS system from EDAX® -AMETEK ). Prior to the
microstructural analysis, the extracted solar cell samples were
rinsed carefully and thoroughly in isopropyl alcohol, then in
deionized water, and finally air dried.

4. Results and discussion
4.1. Optical degradation

Defects and fault modes that affect the optical properties of a
PV module include delamination, discolouration of encapsulants
and degradation of the front glass (Tsanakas et al.,, 2016). For
the purpose of this work, we will restrict optical degradation
to delamination and discolouration of encapsulants as none of
the modules has broken front glass. All modules were dirty as
they have been kept indoors for ten years. As expected, per the
visual inspection, signs of moisture ingression into these modules
dominate along with indications of delamination at cell edges,
discolouration of encapsulants, metal grids oxidation, trapped
chemical species, and adhesion loss (especially at the edges of the
modules) as shown in Figs. 5 and 6.

Fig. 5a is a part of one of the field-aged modules showing
delamination at the cell edges and discolouration of encapsulant.
Figs. 5b and 5c are extracted cells from the panel in Fig. 5a.
Figs. 5d and 5e show the edges of some of the modules with
loose Al-frame and signs of moisture ingress, grids corrosion,
discolouration, and delamination of encapsulants, respectively.
Moisture ingress from the modules’ edges appears to be one of
the dominant fault mechanisms (Segbefia et al., 2020). This is
responsible for the optical degradation and other defects in the
affected modules (Segbefia et al., 2021b). Corrosion of the metal
parts of the bypass diodes of some of the modules in the junction
box (Fig. 5f) lends more credence to the influence of moisture
ingress. This is not surprising considering the climatic conditions
of the Nordics, especially in Grimstad with a global annual av-
erage climate moisture index (CMI) greater than 0.6 (Willmott
and Feddema, 1992), together with high wind and snow loads.
Fig. 6 highlights some of the defects and faults modes observed
in photographs acquired on the PV modules in a dark room. This
step makes it possible to detect and diagnose defects and fault
modes which were not visible with the traditional outdoor visual
inspection alone.

This visual inspection step highlights degradation of front glass
(Fig. 6a), oxidation of metal grids, especially at the points where
the busbars are attached to the cells (Fig. 6b), discolouration of
encapsulants (Fig. 6¢), and trapped degradation species (Fig. 6d).
The oxidation and corrosion of metal grids, solar cell, solder
bonds, and loss of optical transparency (due to delamination
and discolouration of front encapsulants) characterized almost all
modules. The I-V curves of the module depicted in Fig. 7a at dif-
ferent module operating temperatures is illustrated in Fig. 7c. This
is compared with the data sheet values quoted for the module at
25 °C. After 20 years, Fig. 7a show ~10% drop in the I and ~4%
drop in the V,. for measurements at ca. 25 °C. However, when
module temperature increases, the I increases but marginally
and the V,. decreases significantly. That is, there is permanent
degradation in Ig.

The drop in both I, and V,. indicates that these modules
are suffering from both series and shunt resistances. One reason
for the observed degradation mechanism is optical degradation.
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Fig. 5. Defects and fault modes from visual inspection. (a) A section of a field-aged PV module showing (b) delamination at cell edges, and (c) discolouration of
encapsulant. Edges of modules with (d) loose Al-frames, and (e) signs of moisture ingress, grids corrosion, discolouration, and delamination of encapsulants. (f) A
junction box showing signs of corrosion of the bypass diode and other metal interconnects. These images were acquired under clear sky outdoor conditions.

Fig. 6. Photographic images of cells from modules (taken in a dark room) showing signs of (a) corrosion of front glass, (b) oxidation of metal grids, (c) discolouration
of encapsulants, and (d) metal grids corrosion and trapped degradation product in a zoomed-in image of the portion marked red in (c). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The main underlying cause of optical degradation is moisture
ingress and UV radiation. However, optical degradation can also
be a precursor for other fault mechanisms e.g., moisture ingress,
microcracks, and corrosion which underline a degradation in V..
Of a greater concern is that optical degradation underlines short
circuit (Is.) degradation and can lead up to >50% drop in module
efficiency (Al Mahdi et al., 2021). In addition, optical degradation
can influence charge carrier absorption and transport properties
within the PV module (Pern, 1993). This can lead to higher mod-
ule temperature (degradation in temperature coefficients), and
hence, a drop in efficiency (Dupré et al, 2015; Segbefia et al.,
2021a).

4.2. Microcracks and cell degradation

Power loss due to cell cracks depends on several factors in-
cluding the crack properties such as the crack size, geometry,
location, orientation, and gravity. Cracks that damage the busbars
and metal grids can result in power loss. A microcrack is a crack
that has width less than 30 wm. However, the risk of power loss
due to further degradation of microcracks into power sensitive
cracks and defects under field operation is likely (Kontges et al.,
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2014; Papargyri et al., 2020). Moreover, cell cracks can induce
other defects such as snail trails, moisture ingress, delamination,
corrosion, PID, etc. (Ohdaira et al., 2023). Fig. 8 shows the EL im-
ages of some of the field-aged modules with their corresponding
UV-F images of the red marked out areas. The zoomed-in portions
of the areas marked red in the EL and the UV-F images are placed
at the top of each corresponding image. In Fig. 8a-c, EL images
acquired under 100% of I, are shown. Images acquired under this
current density highlight metal contact problems such as broken
and corroded contacts in darker marks, refer to Eq. (4). However,
under 10% of I, materials problems which are in darker shades
are highlighted, see Fig. 8d-f. The darker appearances are as a
result of the inability of current to reach these parts of the module
under forward bias conditions due to defects. These defects are
metal grids corrosion, degraded solar cells and solder bonds. In
Fig. 8a-c, these degradations are highlighted as darker spots over
the PV modules, especially along the busbars. In Fig. 8d-f, more
defective cells are highlighted, some which were not visible in the
EL images in Fig. 8a-c.

The presence of randomly distributed darker spots (Fig. 8a-c)
and darker cells (Fig. 8d-f) over the modules suggests cells and
material degradation.
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Fig. 7. UV-F images of (a) optically degraded and (b) fairly ‘good’ field-aged PV modules. (c) I-V characteristics of Fig. 7a at different module temperatures.

(d)

(e)

Fig. 8. EL images of 3 of PV panels under: (a)-(c) 100% of I, and (c)-(d) 10% of I, forward bias conditions. Areas marked in red are shown in corresponding

zoomed-in EL images and UV-F images above.

One observation from Fig. 8d-f is that the majority of the
less dark cells (better cells) are located in the middle parts of
the PV module. Conversely, the majority of the darker cells (bad
cells) are located at/near the edges of the module. Cells located
at/near the perimeter of the modules are often more likely to be
affected by moisture ingress. In addition, darker cells that are not
located at the edge of the module appear to have underlining
defect problem e.g., microcracks. This current accumulation at
defective areas due to localized resistance leads to hotspots which
can lead to accelerated ageing of the PV module. The observed
defect patterns in the marked-out defective areas in the EL images
are supported by the defect patterns in the UV-F images. The UV-F
image of the marked-out portion of Fig. 8a shows critical micro-
cracks. Moisture induced cell degradation is shown in the UV-F
image of the marked-out portion of Fig. 8b. This cell degradation
appears as a crack in the EL image, however. The UV-F image
of the portion marked in Fig. 8c shows microcracks which have
undergone further degradation due to moisture ingress.

Fig. 9 shows the IR thermal images of some of the field-aged
modules. Fig. 9a-c are the IR thermal images acquired under real
field outdoor conditions from the backside of the modules. The
emissivity of the TPT backsheet was set at 0.85 for the outdoor
measurements. Corresponding IR images acquired indoors under
forward bias I, conditions after 5 min are shown in Fig. 9c-f. The
indoor measurements were acquired from the front side of the
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modules with emissivity of the front glass set at 0.9. The areas
marked in the images show the defective areas highlighted in the
EL images (refer to Fig. 8). The IR thermal images of the module
in Fig. 8a are shown in Figs. 9a and 9d and the IR thermal images
of the module in Fig. 8b are shown in Figs. 9c and 9f.

Hotspots from broken metal grids, cell cracks, and other de-
fects are depicted with blue-red colour codes: areas with severe
shunts and material defects correspond with darker red colour
(Tsanakas et al., 2016). In Fig. 9, the IR images show comparable
defects (cracks) location on the PV module as shown in the EL
images in Fig. 8. However, the thermal patterns for outdoor and
indoor tests vary. In Fig. 9a-c, the exact position of the defects
is indicated with associated hotspots. However, in Fig. 9d-f, the
positions of defective cells are not very clear. Under outdoor
conditions, the hotspots characteristics depend on the photon ab-
sorption, charge carrier generation, recombination, and transport
properties. These mechanisms are highly material dependent. On
the other hand, indoor IR thermal imaging is much more reliant
on charge carrier recombination and transport characteristics.
Hence, defects and fault mechanisms are better highlighted in
outdoor IR imaging. It was also observed that IR images ac-
quired under indoor conditions in relatively shorter time periods
(~1 min) could help to map out microcracks and other cell
defects in PV modules. This could be done by comparing IR images
taken at different time frames after the initiation of current
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Fig. 9. IR thermal images acquired under (a)-(c) clear sky outdoor and (d)-(f) indoor forward bias I, conditions. Outdoor images were acquired after the modules
were soaked in the sun for at least 15 min and the indoor images were taken 5 min after the forward bias current was initiated. The white marked areas show
corresponding defective areas. The emissivity of the front glass (indoor measurements) and the TPT backsheet (outdoor measurements) was set at 0.9 and 0.85,
respectively. The supporting frame (behind the PV module) in (a)-(c) and the cables show corresponding blue traces in the IR thermal images. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Difference in cell temperature (AT) of different defect mechanisms that affected the PV modules under outdoor
conditions.
Defect AT (°C)
Result Values from literature
Cracks 14 +2 2.5-45 (Buerhop et al., 2012; Tsanakas et al., 2016)
PID 7-15 7.5-30 (Jahn et al., 2018; Tsanakas et al., 2016)
Optical degradation 10 £ 2 6.0 £ 2 (Buerhop et al., 2012; Tsanakas et al., 2016)

flow. The temperature difference (AT) between the cell with
the highest and lowest temperature in a PV module can be an
indication of different defects and fault modes. It has to be noted,
however, that AT values are also influenced by several factors
including current characteristics and the ambient environment.
In this regard, the AT values for the field-aged PV modules in
each defect category was investigated. The average AT over the
PV modules due to hotspots during the outdoor measurements
was found for each defect category, see Table 2.

These values agree with observations elsewhere (Buerhop
et al,, 2012; Jahn et al,, 2018; Tsanakas et al., 2016). According
to Tsanakas et al. (2016), AT ~ 6 £ 2 °C indicates optical
degradation such as delamination, trapped moisture bubbles, and
discolouration of encapsulants. Critical solar cell cracks have been
found to influence the thermal signatures of cells with AT values
as high as ~45 °C (Buerhop et al,, 2012; Tsanakas et al., 2016).
However, for these modules, the spots with microcracks show AT
~ 14 £ 2 °C. Yet, the modules with microcracks show the highest
AT. The AT values of the surrounding cells indicates that these
cracks may be critical to current flow in the affected regions.
Defective bypass diodes can also be a reason for the observed
hotspots in Fig. 9. However, an inspection on the bypass diodes
revealed that the bypass diodes are in good condition. Hence, the
hotspots are a result of microcracks, and moisture induced defects
e.g., corrosion, optical degradation, PID, etc.

4.3. Potential induced degradation (PID)
Typically, PID of the shunting type (PID-s) cells are identified

as warmer cells in IR thermal images and darker cells in EL
images, see Fig. 10. In Fig. 10, the EL and IR thermal images of one
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of the PV modules affected by potential induced degradation (PID)
are represented. EL images acquired under 100% of I (Fig. 10a)
and 10% of I (Fig. 10b) are represented. In Fig. 10a, the lumines-
cence intensity over the entire module is strong, though there are
some localized darker spots, especially along the metal grids.

It is known that the electrical circuit is not always affected by
corrosion and high series resistance. Hence, the effect of metal
grids oxidation and the likes could be hidden in EL images if the
grids are not significantly separated. Fig. 10b highlights PID and
material defects localized to the edges of the module. The fact
that a majority of the cells located nearer to the edges of the mod-
ule are darker suggests that the degradation is due to moisture
ingress from the perimeter of the module. This observation agrees
with other reports on the influence of high humidity on the onset
of PID (Ohdaira et al., 2023). In addition, the IR thermal image of
this same module in Fig. 10c shows a fairly uniform distribution
of temperature over its surface. It is therefore difficult to map out
the defective cells or areas in Fig. 10c. In Fig. 10c, AT is ca. 3 °C.
On the other hand, in Figs. 10b and 10d, the defective cells in the
PV module correspond well and can be identified more easily. In
Fig. 10d, AT is ca. 20 °C. The reason for the difference in the AT is
due to the fact that the temperature sensitivity of defects is more
highlighted under solar irradiation conditions than under induced
current biasing conditions.

Also, the IR thermal images in Fig. 10d show cooler temper-
ature regions around the cells, especially for cells at the edges
of the module. Cooler temperature regions around cells in IR
thermal images indicate PID-s degraded cells. It was also observed
in the tests that, just at the initiation of current, cells and espe-
cially defective cells at the positive terminal show lower thermal
profiles.



O.K. Segbefia, N. Akhtar and T.O. Seetre

Energy Reports 9 (2023) 3104-3119

~27.7

‘, 270
f-265
1260
L2ss
L250
L2455
L240
235
230
L225
£222

°C

Fig. 10. A field-aged PV module affected by PID. EL images acquired under (a) 100% of I, and (b) 10% of I. IR thermal image of the same module acquired under
(c) indoor forward bias I, after 5 min and (d) clear sky outdoor conditions. In (c), AT =~3 °C, and in (d), AT =~20 °C. The supporting frame (behind the PV
module) and the cables show corresponding blue traces in the IR thermal images.

4.4. Microstructural characteristics of the extracted solar cells

The EL signal in Fig. 10b could also be influenced by the inter-
action of moisture or moisture induced degradation (MID) chem-
ical species. It is known that, water molecules absorb strongly in
the near-infrared region (>0.70 microns) at ~20 °C (Curcio and
Petty, 1951). However, the absorption of water in the UV region
is negligible but is influenced by the amount of dissolved oxygen
and/or other chemicals (Mason et al., 2016). Hence, the darker
cells in Fig. 10b could also be due to absorption of the IR signals
by suspected ingressed moisture or/and trapped MID species.
Usually, cracks and delaminated regions in the module serve
as reservoirs for moisture and moisture induced degradation
products e.g., acetic acids (Segbefia et al., 2021b).

Fig. 11 shows the micro-structural characteristics of the solar
cell extracted from the edge of the PV panel. The images were
acquired from different regions of the same solar cell. Fig. 11a,
11b, and 11c show the SEM images with their corresponding EDS
analyses shown in Fig. 11d, 11e, and 11f, respectively. Fig. 11a
shows the degradation state of the solar cell extracted from the
edge of the module. Fig. 11d shows the EDS point analysis of
the 2 points in Fig. 11a. Point 1 has more oxygen (O) than Point
2. The presence of carbon (C) in Point 2 (Fig. 11d) suggests the
presence of carboxylic acids (e.g., acetic acid) on the surface of the
solar cells. The presence of these acids might have consequences
for further degradation processes. The presence of carbon might
be due to the degradation of EVA encapsulation and/or through
the ingress of carbon dioxide into the module. The presence of
C could also be due to traces of EVA left on the cell after the
reclamation. Corrosion (due to MID) was observed to make the
EVA encapsulation adhere more strongly to the solar cell at the
points of corrosion. Also, moisture ingress is responsible for the
traces of aluminum (Al) and tin (Sn) observed at Points 1 and
2 (Fig. 11d), as observed elsewhere (Kumar et al.,, 2019). The
titanium comes from the TiO, antireflection coating (ARC) used
for the solar cells (Segbefia et al., 2022).

Fig. 11b displays the SEM image of the solder of the cell with
corresponding EDS analysis given in Fig. 11e. Solder material con-
sists of Pb and Sn as indicated by the arrows in Fig. 11b. However,
EDS analysis evidenced the oxidation of Pb which appears as large
bright flakes in the image. Migration of tin on the surface of the

3113

cell due to moisture (water and oxygen) ingress was also reported
elsewhere (Kumar et al., 2019). The presence of oxygen at Point
1 in Fig. 11e confirms the observed oxidation around the metal
grids as per the visual inspection (Fig. 6). Fig. 11c shows the state
of the silver (Ag) grid of solar cells extracted from the edge of
the field-aged PV modules. The Ag from the paste was oxidized as
indicated by the presence of oxygen in the EDS analysis (Fig. 11f).
This suggests that moisture ingress is the cause of the observed
degradation modes. Similar degradation patterns were observed
on polycrystalline silicon solar cells subjected to ca. 2500 h damp
heat (DH) tests (Peike et al., 2013).

The degradation state of Ag and Pb and the presence of trace
amounts of Sn, Al, C, and oxygen on the surface of the solar cells
lend credence to the moisture induced degradation of these solar
cells, see Fig. 11. Degradation of Ag and other elements in the Ag
paste in the presence of moisture was also observed in other stud-
ies (De Rooij, 1989; Kumar et al., 2019; Moore and Codella, 1988;
Nakano et al., 2016; Peike et al., 2013; Zheludkevich et al., 2004).
According to Zheludkevich et al. (2004) and De Rooij (1989), the
oxidation of Ag induces microcracks and flakes which facilitates
the diffusion of oxygen, resulting in further degradation. Silver (I)
oxide, AgO and silver (II) oxide, Ag,0 are the main MID products
of silver in the case of PV application in the field (Kumar et al.,
2019).

The presence of oxides of silver, lead, and other metals from
the silver paste or solder on the surface of the cells lead to higher
series resistance. In addition, the corrosion of the metal grids,
solar cells, and the front glass due to the production of moisture
induced degradation products is a precursor for shunts. Increased
series resistance, reduced shunt resistance and degradation of the
ARC lead to power degradation in the field-aged PV modules.

4.5. Power degradation

The distributions of the electrical characteristics (especially
the Pq) can provide insight into the degradation state of PV
modules. The I-V characteristics of PV modules were acquired un-
der in-plane irradiance (960-1060 W/m?) conditions, see Fig. 12.
A clear spread in the Pp. and I-V curves was observed. The
difference in the electrical profiles’ distribution is indicative of the
degradation state of the modules after 20 years.
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Fig. 11. SEM-EDS investigation of parts of solar cells extracted from the edge of the field-aged PV modules showing the effect of moisture ingress. Top row: (a) SEM
image of solar cell showing degradation of the upper surface of the cell, (b) SEM image of the solder of the cell showing oxidation of lead (Pb), and (c) SEM image
of the silver paste at the cell area where the grid is attached to the solar cell showing the state of the silver paste. Down row: Corresponding EDS analyses of (a),

(b), and (c), respectively.
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Fig. 12. Current-Voltage (I-V) and maximum power (P,) curves of the PV modules under 960-1060 W/m? in-plane irradiance conditions normalized to STC.

The difference (A) in the electrical parameters of the PV mod-
ules was computed as the difference between the data sheet
values and the values measured in the year 2020, according to
a recommended procedure by Friesen et al. (2018) and Kontges
et al. (2017). In Fig. 12, the difference in the I (Al ) and V.
(AV,c) of the best and poorest PV modules are 4.9% and 4.31%,
respectively. However, the change in Py. (APyq) for the best
and poorest modules was 14.8%. The value of Al,. under the
conditions in Fig. 12a is a strong indication of parasitic resistance
losses which dominates at lower injection levels (Holman et al.,
2012), as reported elsewhere (Dang et al., 2023). The average
electrical parameters of the PV modules per technical data sheet
from the manufacturer and measurements done in 2011 and 2020
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are recorded in Table 3. The values for 2011 and 2020 are the
average normalized values to STC.

In 2011, the modules were found to be producing ~90% of
their nominal Ppq (Verma et al,, 2012)y. This value was within
the tolerance limit (£10) specified by the manufacturer as in
Table 1. However, after 20 years (10 years in the field and another
10 years indoors), these modules are found to be producing ~78%
of their nominal P,,q. The degradation in the electrical parame-
ters of these modules in 2020 normalized to STC is illustrated in
Fig. 13. Fig. 13a shows the distribution of the electrical parame-
ters (Vyc, Ise, and FF as a function P4 ) of these modules using
a scatter plot. The randomness of these parameters, especially
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Table 3
Average electrical parameters of the field-aged PV modules normalized to STC.

Year Prax (W) Voe (V) Vmp V) Imp (A) Iic (A) FF (%) n (%)

2000 100 216 16.7 6.0 6.7 70 13

2011 90.2 215 16.1 5.1 6.2 68 12

2020 78.2 19.7 14.7 5.3 6.0 66 10
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Fig. 13. Relative degradation in Py, Vo, Isc and FF of the PV modules expressed as percentages. (a) A scatter plot showing the correlation among Ppqy, Ve, Isc, and
FF degradation, (b) Box and whisker plots showing the five-number summary (that is the minimum, 25th percentile, median, 75th 4, Vo, Isc, and FF of the PV
modules. The edges of the boxes indicate the lower and upper quartiles. The internal lines and x-marks in the boxes indicate the median and mean, respectively. A
is the difference between data sheet and measured values in 2020. The electrical performance data was acquired under 960 W/m?-1060 W/m? in-plane irradiance

conditions, and then normalized to STC.

the I, is uncharacteristic of ‘good’ PV cells or modules. Fig. 13b
illustrates the degradation in the electrical parameters per year.

In Fig. 13b, the P4 degradation of all modules per year over
the 20 years is above 0.5%; and more than 75% and 25% of the
modules show annual degradation rates of >0.7% and >1.0% in
Pax, respectively. Also, more than 75% of the modules showed
an annual degradation rate of >0.2% in V,. and Iy, and more
than 50% of them showed an annual degradation rate of more
than 0.3% in V,. and I;.. However, only about 25% of the modules
show an annual degradation rate of 0.3% or more in fill factor.
Among all the electrical parameters, the V,. and I, show mean
degradation values just below and above their median values,
respectively. This indicates that the V,. and I, are skewed to the
left (negatively skewed) and right (positively skewed), respec-
tively. The difference in the mean and median values indicates
degradation and this is the underlying cause of the overall Ppgy
degradation, as observed elsewhere (Ohdaira et al., 2023; Virtuani
et al.,, 2019). This also supports the observation in Fig. 14 which
indicated a degradation in V,, and I as the underlying factors for
Py degradation.

It is known that P,y is linearly related to the V,, Is, and fill
factor (FF) by:

I - FF (5)

Prax = Vic

That is, any difference in the mean and median values of V.
and Iy affects the Pp. of the PV modules. This is because V,.
and I degradation also influence the FF degradation, and hence,
leads to shunt losses (Annigoni et al., 2019; Halwachs et al., 2019;
Kontges et al., 2014; Virtuani et al., 2019).

Fig. 14 highlights the degradation states of all the PV modules
studied. A histogram of degradation rates per year showing the
distribution of modules per their P4 degradation is shown in
Fig. 14a. More than half (median or 50th percentile, P50) of the
modules showed a degradation rate greater than 1.03 per year
and not more than 10% (90th percentile, P90) of the modules
showed a degradation below 1.17% per year. Over the entire
20 years, the annual degradation rate was computed to be 1.09%,
a value which is greater than the 0.80%/year observed elsewhere
(Jordan et al., 2012). Also, the average yearly degradation in the
Pnax of these PV modules over the first and second 10 years
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periods are ~0.98% and ~1.3%, respectively. These values are
similar to the values reported for a similar climate by Belhaouas
et al. (2022).

An average P.q of ~78 watts with a standard deviation of
ca. 1.49 was recorded for the PV modules in 2020. Meanwhile,
in 2011, the average power output and standard deviation were
found to be ~90 watts and 0.41, respectively. This is also sup-
ported by the I-V curves of all the modules in 2011 and 2020, see
Fig. 14b. Fig. 14b shows that the major factor for the degradation
in Ppgy in 2011 is the degradation in the Is. This is due to high
series resistance as reported elsewhere (Annigoni et al., 2019;
Kontges et al., 2014). However, after these modules were kept
indoors for a similar duration, degradation in V,. dominates the
underlying causes for P,q degradation. V,. degradation is an
indication of parasitic shunt losses which could be correlated to
grave material degradation: metal grids corrosion, cracks, solder
bond degradation, PID, etc. (Annigoni et al., 2019; Liu et al., 2019).
According to Ohdaira et al. (2023), high humidity can induce PID-
p. However, recovery of PID affected PV modules under sunshine
is possible. These degradation mechanisms are due to moisture
ingress, which is characteristic of the Nordics.

4.6. Degradation under indoor conditions

PV modules are expected to undergo minimal degradation
(due to encapsulant discolouration) when kept indoors, where
they are not exposed to any environmental stressor (Liu et al.,
2019). It is known that optical degradation manifests itself in I
degradation (Annigoni et al., 2019; Kontges et al., 2014; Oh et al,,
2019; Sinha et al., 2016). Yet, the I, degradation was minimal,
and the degradation rates of the PV panels were higher when they
were kept indoors. This degradation is mainly due to V,. degra-
dation, see Fig. 14b. It suggests that the higher degradation rate
of the PV modules under indoor conditions after field exposure
is mainly due to metal contact and material degradation issues.
This also suggests FF degradation, refer to Fig. 13b. Degradation of
the PV module components is due to the accumulation of volatile
degradation products and subsequent formation of carboxylic
acids (e.g., acetic acid) and other moisture induced degradation
products during the later years.
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Fig. 14. (a) Degradation rates of all field-aged PV modules in 2020 showing the median, average, and 90th percentile (P90) values. (b) I-V curves of PV modules in

2000, 2011, and 2020.

Moisture (e.g., H,0, O, CO,, CO) ingress is the underlying
cause of EVA degradation into acetic acid. The initial step in
polymer (e.g., EVA) degradation is the formation of acetic acid,
followed by polymer chain degradation (Allen et al., 2000; Oreski
et al., 2017) and successive degradation of other PV module com-
ponents. Yet, the formation of carboxylic acids such as acetic acids
starts with the formation of carboxylic photoproducts (e.g., CO,
CO,, etc.) and moisture accumulation within the polymer sub-
strate (Grossetéte et al., 2000; Gopferich, 1996). Moreover, pho-
todegradation products such as CO and CO, (which leads to the
formation of acetic acids and its coproducts) are photo- and
thermally unstable and oxidizes and evaporate at temperatures
up to ca. 100 °C (Grossetéte et al., 2000).

These modules were exposed to environmental stressors in-
cluding high humidity conditions. Hence, the likelihood of the
formation of photoproducts within the PV module during the field
exposure is high. In the field, these volatile degradation products
have the possibility to escape when the module heats up during
operation. Conversely, under indoor conditions, evaporation of
these volatile products is limited, and formation and accumu-
lation of MID products is more feasible. The retention of these
carboxylic radicals and ingressed moisture (during field exposure)
within the module can result in the formation of carboxylic acids
e.g., acetic acid (Oreski et al., 2017). This can induce defects and
fault modes such as solar cell degradation, corrosion, delamina-
tion, and discolouration of encapsulants leading to considerable
degradation in V,. as observed elsewhere (Ohdaira et al., 2023).
This is believed to be responsible for the significant power loss
and higher degradation rate observed in 2020.

4.7. Temperature sensitivity of the PV modules

The effect of PV module’s operating temperature on output
power is well known (Dupré et al., 2015; Green, 2003; Skoplaki
and Palyvos, 2009)). Moreover, PV cell parameters such as V.,
I, and FF tend to vary linearly when temperature varies (Dupré
et al.,, 2015). So, from Eq. (5), the overall temperature coefficient
of Prax (Bpmax) could be expressed in terms of the temperature
coefficients of open circuit voltage (Byoc), short circuit current
density (Bjs), and fill factor (Bg¢). This can be written as

ﬂPmax = ﬂVoc + ﬂjsc + ,BFF (6)

However, each of these parameters in Eq. (6) depends on
different loss mechanisms in the PV module (Green, 2003). In
addition, Eq. (5) tells us that the fill factor influences the amount
of power that could be extracted from a PV module with current-
voltage tradeoffs . These tradeoffs mainly depend on the gen-
eration and recombination balances and the resistance losses at
Py (Dupré et al,, 2015). Yet, the generation and recombination
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losses depend on material quality, which could be measured
using the V,.. That is, the V,. of a PV cell is the measure of the
carrier generation-recombination balance. So, the temperature
sensitivity of a PV cell or module improves with increasing V..
In addition, it is known that the By,. of a solar cell accounts up
to ~90% of the overall temperature sensitivity of the solar cell
(Dupré et al.,, 2015). Hence, degradation in the By, affects Py
the most, and indicates some form of material degradation.

A graph of temperature sensitivities as a function of in-plane
irradiance (G;) and PV module operating temperature (Ty,) of the
PV modules are represented in Fig. 15. The dependence of the
temperature coefficients on G; is shown in Fig. 15a. The inconsis-
tent spread in the fpnqax and Bgr indicates that the modules are at
various stages of degradation.

This is clearly evident in the Box and whisker plots in Fig. 15b,
where the relative changes in the temperature coefficients are
quantified. From Fig. 15b, the Bpnqx degradation depends strongly
on the B, Byoc, and By degradation. That is, the observed degra-
dation in the Bppngy is as a result of the Bg degradation. S de-
pends mainly on By, and B, characteristics which are products
of parasitic resistance losses. Usually, temperature coefficients
are normalized, refer to Eq. (6). Hence, any mechanism that
influences the efficiency of the solar cell alters its temperature
sensitivity, and vice versa. Fig. 15b suggests that the Bpnqy for
the modules varies from 0.1-0.8%/°C. From Fig. 15b, over 75% of
the PV modules show less than 0.1%/°C change in Bj. whiles the
same fraction of the modules shows more than 0.1%/°C change
in FF. Conversely, all the modules show a relative change in By,
which is greater than 0.1%/°C. It is obvious then that the major
underlying factor for the degradation in both Bppngy and Bgr is the
Bvoc degradation, which usually comes from shunt losses due to
the junction quality of solar cells.

The influence of temperature on the efficiency of the PV mod-
ules is illustrated in Fig. 16. A graph of the Evans-Floschuetz
efficiency ratio (nm/nmes) versus Ty is shown in Fig. 16a. Accord-
ing to Evans and Florschuetz (1978), this ratio can be used to
determine the nominal or the data sheet temperature coefficient
of efficiency (B,n) value of crystalline silicon modules when the
data sheet value for 8, is not available. For these PV modules,
information on the temperature coefficients was not provided
in the data sheet by the manufacturer. So, the Evans-Floschuetz
efficiency ratio versus temperature plot was used to estimate the
Bnm of the modules. The normalized module efficiency versus
T,n in the year 2020 is shown in Fig. 16b. Fig. 16a reflects the
ideal temperature sensitivity of the modules when they were in a
relatively good condition, and the temperature sensitivity of these
modules in their current condition is reflected in Fig. 16b. This
suggests that the nominal (data sheet) temperature coefficient of
efficiency of the PV modules was ca. —0.4%/°C (Fig. 16a) and has
degraded to ca. —0.5%/°C (Fig. 16b) over the 20 years period.
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Degradation in the temperature coefficients of the PV modules
leads to linear degradation in Ppg. Hence, the observed degra-
dation in the temperature coefficients suggests that the modules
have undergone significant degradation. Also, Fig. 16b suggests
that when T,; is ~25 °C and by extrapolation, the average effi-
ciency of the modules reduces to ~10%, which agrees with the
value reported in Table 1 for the year 2020. However, when the
T,» is 0 °C and by extrapolation, n,, is ca. 12% (refer to Fig. 16b).
The n,, of the PV modules is not expected to be lower than the
data sheet value (13%) if the PV modules are in good condition.
This also supports the earlier evidence from the visual inspection,
[-V characteristics, EL images, IR thermal images, and SEM-EDS
analysis which points strongly to material degradation in the PV
modules due to moisture ingress.

Taken together, these results suggest that the PV modules have
been affected by a variety of defects and fault modes as a result
of moisture ingress. In addition, the presence of microcrack can
lead to moisture ingress, and vice versa. Hence, both have been
observed as co-defects. Field-aged solar PV modules suffer from
multiple defect mechanisms. In this work, efforts have been made
to select modules with dominant defects for the investigation of
specific defect mechanisms. Yet, the influence of other inherent
defects on the overall investigation cannot be ruled out. At least
three modules were used to investigate each defect category. In
addition, over 20 years, PV technologies have revolved tremen-
dously. More investigations in the cold regions utilizing newer
and larger number of state-of-the-art technologies will be needed
to improve and reemphasize the findings in this work.

Conclusion

PV plants are susceptible to varying degradation modes due to
climatic and environmental stressors. As such, PV performance
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reliability studies is very important to develop credible climate
specific protocols to ensure that PV plants produce optimal power
consistently over their guaranteed lifetime. This will minimize the
payback time on investment and levelized cost of electricity of PV
plants and boost the confidence level in PV energy sources. Inves-
tigations on the 20 years old PV modules suggest that the major
defects and fault modes affecting these modules is moisture
ingress and microcracks (co-defects), which are precursors for
other degradations modes. I-V characterization, UV-F, IR thermal,
and EL imaging were used for defects and fault modes diagnosis.
SEM-EDS analysis confirmed that the PV modules are affected by
moisture ingress. The modules were found to be affected by MID
defects such as microcracks, optical degradation, corrosion, PID,
and the degradation of the solar cells and solder bonds.

It was observed that more than 93% of the modules were
affected by optical degradation, and the average Pp,qx of the mod-
ules decreased to ~78%, a 22% degradation which is more than
the 20% degradation limit specified for good PV modules. In
addition, the temperature coefficient of efficiency of the modules
has also degraded to —0.5%/°C after 20 years. FF and V,. degra-
dation appear to dominate the root cause of P, degradation.
However, the I-V characteristics suggest that the modules have
been affected by both serial and shunt resistance losses. Also, it
has been found that the average annual degradation rate of the
modules was ~1.09%. Yet, the degradation rates of the modules
in the first 10 years (when they were in the field) and the later
10 years (when they were kept indoors) were ~0.98%/year and
~1.33%]year, respectively. Consequently, the average efficiency
of the modules dropped from 13% to ~10%. In summary, mois-
ture ingress underlines the observed degradation in the electrical
parameters in the PV modules.
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