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An evaluation of the degradation effects on photovoltaic modules is essential to minimise uncertainties in the
system operation. Bifacial photovoltaic technology is attracting attention due to the capacity of generating energy
from the front and rear sides. The term degradation is defined as a gradual deterioration of the characteristics of a
material, component, or system. This deterioration may cause an impact on the system capacity to operate within

the expected limits and therefore impact directly on their operating conditions.

degradation photovoltaic PV losses Mismatch PV Solar Energy

| 1. Encapsulant Discoloration and Delamination

C-Si PV modules correspond to the largest proportion of the market share worldwide, occupying a total of 95% [,
These modules are composed of a front glass, solar cells, and metal contacts involved by a polymeric encapsulant
and a back sheet. The module encapsulant places an important role in the bonding multiple layers that compose a
PV module. This encapsulant must have high optical transmittance, provide good adhesion to the different
materials within a PV module, and have the capability to support mechanical stress due to expansion caused by
different thermal coefficients, as well as good dielectric properties [&. These characteristics are essential to improve
the solar irradiance reaching the PV cell's surface and the resilience of the PV module exposed to outdoor
conditions. In the PV market, Ethyl Vinyl Acetate (EVA) is the most used encapsulant material due to its low cost
and high thermal stability 2. This material has the disadvantage of yellowing or browning when exposed to UV light
and high temperature for a long period . This change in the color impacts the material transmissivity and reliability

of the PV module as described in Figure 1.
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Figure 1. Encapsulant discoloration causes and effects [4l.

One of the initial effects is the reduction of the transmissivity of the encapsulant caused by the change of the
encapsulant color as represented in Figure 2b. This effect occurs when the module is exposed to UV radiation and
temperatures above 50 -C . The intensity of the discoloring varies from yellow shade, brown, and dark brown.
This discoloration impacts the amount of solar irradiance that reaches the surface of the solar cell. As a
consequence of the lower irradiance levels, the short-circuit current Isc of the cell/module reduces, as seen in the I-

V curve in Figure 3. impacting directly on the module’s efficiency B4,
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Figure 2. Degradation of PV module. (a) Ideal cell, (b) Discolouring effect, (c) Delamination effect.
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Figure 3. Encapsulant degradation effect on I-V curve (8],

Another problem caused by the degradation of the encapsulant results in a chemical effect. In the degradation
process of the EVA, acetic acid and other volatile gases are produced. These gases get trapped within the layers
of the PV module, creating bubbles and causing the delamination of the layers as represented in Figure 2c. This
impacts significantly on the performance, safety, and reliability of the PV module. Additionally, acetic acid causes
corrosion of the metallic contacts of the solar cells, which increase the losses due to the increase of the module’s
series resistance (Rs) 4. The change in colour of the encapsulant and the appearance of bubbles, delamination,

and corrosion, do not appear evenly on the surface of the module.

For partially yellowed modules, the short-circuit current showed a reduction of 6—-8% below the nominal value;
while for complete yellowed modules, the short-circuit current can be from 10 to 13% less than the nominal value.
Consequently, the module maximum power is also reduced according to the intensity of the discolouring (¢! as seen
in Figure 3.
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Indoor tests performed on bifacial cells without the encapsulant and exposing the front and rear side to the same
irradiance levels, showed that the rear side passivation layer is more sensitive to UV light than the front side. In
PERC type cells, the degradation caused a significant drop in the Isc [8l. The power loss of the rear side showed to
be 2.4% per year while the front side only 1.4% per year 8. Although, with EVA encapsulant and outdoor
conditions, the front side of the module receives a higher dose of irradiance compared to the rear side. Albadwawi
et al. @ found that in extreme desert conditions, the front side discoloration can cause a degradation of 1.3-1.88%
per year while for the rear side, this degradation is around 0.39-0.78% per year. Additionally, as BPV modules use
common double glass technology, they showed to be more likely to trap acetic acid and gases produced during the
degradation of the encapsulant as the glass layer is less breathable than a back sheet 19,

Strategies to minimise the effect of discoloration and the formation of acetic acid commonly found in EVA
encapsulants have been the focus of many studies 1122l One of the solutions would be the replacement of the
EVA as the encapsulant for Polyolefin elastomers (POE) or Thermoplastic elastomers (TPO) which are starting to
be used as encapsulants in small scale. The benefit of using these material is the higher transmittance and the

higher chemical inertness compared to EVA. No hydrolysis or acetic acid occurs using POE or TPO encapsulants
2]

| 2. Microcracks

Microfissure or microcracks can occur at different stages of the solar PV module’s lifetime. The fabrication,
transport, and handling of PV modules require attention due to the risks of mechanical impact, which can create
small cracks on the PV cell 18, Microcracks in PV cells can appear or worsen during transportation, installation,
load, environmental stresses, or even improper cleaning or maintenance. On the field, the modules in operation are
exposed to climate conditions, which might threaten the performance of the device, such as high-speed wind, rain,
and snow. These factors can cause mechanical stress and/or thermal stress, which can damage the cells and
create microcracks 24l This issue increases the likelihood of power loss and even the occurrence of hot-spots
(131 Table 1 shows the main environmental and mechanical stresses that can lead to microcracks on the PV

module.

Table 1. Causes of microcracks.

Environmental Causes Mechanical Stress

Thermal cycling Inappropriate packing

Humidity and freezing Inappropriate transportation

wind load Unsuitable installation techniques

Snow fall/Hail stones
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These microcracks vary in size, shape, position, direction, and severity. Each classification affects the performance
of the PV system in different intensities, as summarised in Figure 4. In terms of sizing, it is considered a
microcrack when its width is inferior to 30pm. Fissures wider than 30pm are classified as macrocracks 18
Regarding the shape, two main patterns are described, which is the line and start shape 7. The line cracks are
usually caused by scratches, which frequently initiates during the crystalline silicon (c-Si) wafer sawing or laser
cutting. On the other hand, the star cracks originate from a point of impact, causing mechanical stress to the
surface of the cell, which creates several line cracks in different directions and that normally cross each other (18],
The fissures can also be classified in terms of their position, which can be facial or subfacial. Facial (or visible)
cracks are positioned on the surface of the cell, while subfacial cracks are located below the surface, or have their
origin on the surface and propagate in-depth 7],

Classification of c-5i
cells cracks

l | |
o) (o) (o) (o] [ )

—+ Microcracks —= Line —+ Facial —= Diagonal —+ Mode A

—+ Macrocracks —+ Star —+ Subfacial - *45 —+ Mode B

~+ Parallel to busbar L. pgadec

— Perpendicular to busbar

—+ Multiple directions

Figure 4. Classification of PV solar cell cracks according to the shape, directions, position, and severity of the

cracks.

In terms of the direction of the cracks, it can be divided into six categories; which are diagonal cracks, parallel and

perpendicular to busbars, +45<, dendritic and multiple directions, as can be seen in Figure 5.

Figure 5. Classification of crack directions. Types of cracks from left to right: No crack, perpendicular crack,

parallel crack, dendritic crack, multiple directional cracks, +45< cracks and -45¢ cracks (Reprinted from Renewable

https://encyclopedia.pub/entry/16779 5/18



Photovoltaic Module Degradation | Encyclopedia.pub

Energy, Vol 145, Lamprini Papargyri, Marios Theristis, Bernhard Kubicek, Thomas Krametz, Christoph Mayr, Panos
Papanastasiou, George Georghiou, Modelling and experimental investigations of microcracks in crystalline silicon
photovoltaics: A review, 2387—-2408, Copyright (2021), with permission from Elsevier) 17,

Regarding the severity of the microcracks, Kontges et al. 18], classified microcracks into three different categories:
Mode A, B, and C, as shown in Figure 6. Mode A fissures do not represent a significant power loss 2, as they do
not generate inactive areas on the cell (electrically disconnected pieces), although they are a weak point on the cell
and can eventually evolve to more severe cracks such as modes B and C when exposed to outdoor conditions with

heat, wind, or snow 12,

Figure 6. Electroluminescence microcrack modes A, B, and C (Reprinted from Solar Energy Materials and Solar
Cells, Vol 95, issue 4, Kntges, M., Kunze, |., Kajari-Schrder, S., Breitenmoser, X., Bjgrneklett, B., The risk of power
loss in crystalline silicon based photovoltaic modules due to micro-cracks, 1131-1137, Copyright (2021), with

permission from Elsevier) 131,

The power loss caused by microcracks becomes significantly bigger when parts of the solar cell disconnect
electrically from the rest of the cell, as the generation of a PV solar cell is directly proportional to the active area.
Therefore, microcracks become a serious issue when portions of the cell become electrically isolated. This means
that there will be areas with no current collected from the fingers to the bus bar of the cell. An inactive area of 50%
or higher can lead to a power loss of one-third of the module’s power. This happens due to the activation of the
module bypass diode, which shortcuts the portion of the PV module with a significant crack 29, as seen in Figure
7.
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Figure 7. Bypassed cells due to cracks.

The effect of microcracks on C-Si cells can be seen in Figure 8. The presence of micro fissures on the cells can
cause a reduction of the short circuit current and shunt resistance. When the cracking of the cells is not uniform

throughout the module, the 1-V curve is commonly stepped 2],
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Figure 8. Microcracks degradation effect on I-V curve [21],

Strategies to overcome and reduce the occurrence of microcracks on the solar cell have been studied at the cell,

module, and system levels. At the cell level, a common crack that occurs is when part of the effective area of the
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cell is lost as the crack occurs beyond the outer busbars and the edge of the solar cell. The current from the
detached portion of the cell can not be collected by the busbars. On the other hand, when the crack is located
between two busbars, the redundancy of the busbars allow the current from the cracked region to still be collected
although an increase in the resistive losses in the fingers is expected. Therefore, an alternative to reduce the
effects of power loss caused by microcracks is to increase the number of busbars and re-position the outer
busbars closer to the cells edge 19, At the module level, despite the soldering strategies to reduce the damage on
the semiconductor, construction strategies such as glass-glass modules can be used to reduce the propagation of
microcracks. With this technology the cell is positioned in a neutral point, and less likely to suffer tensile stress. At
system level, maximum power point tracking (MPPT) strategies, the use of microinverters and charge controllers

can help overcome the losses caused by under performing modules 2719l

| 3. Potential Induced Degradation

The potential-induced degradation (PID) effect has been considered the most frequent problem in crystalline silicon
cells 221231 This phenomenon originates from the movement of static electrical charge (leakage current) between
the solar cell and the grounded structure of the module due to a large potential difference 24, This failure can
cause a substantial and rapid loss normally up to 30% of the initial power which leads to a considerable financial
impact 231241 Studies have shown that PID can affect both p-type and n-type cells, although heterojunction cells

seem to be more resilient to this degradation due to the conductive transparent conducting oxide layer 241,

The difference of the electric potential between the solar cell and the module’s frame in p-type solar cells can
cause the migration of sodium ions (Na+). These Na+ ions diffuse into stacking faults of the silicon lattice, reaching
the semiconductor pn-junction. Consequently, direct metallic shunt paths are created, which reduces the cell's
shunt resistance. This reduction of the shunt resistance directly affects the fill factor (FF) of the I-V curve. In cases
where the degradation level is up to 40%, the short-circuit current and open-circuit voltage are not affected.
Although, any degradation above this value will make the short-circuit current and open-circuit voltage drop
drastically (28], This degradation was defined by Neymann et al. 25 as “PID of the shunting type” (PID-s). Another
PID found in p-passivated emitter and rear cell (PERC) solar cells is the “PID of the polarisation type” (PID-p). This
type of PID can increase the surface recombination by deteriorating the normal functioning of the passivation layer.
This deterioration occurs due to the negative charge present in the AlOx present in the rear side passivation layer
is canceled by the positive charges present in the Na+ ions [2827 This type of degradation can
drop Isc and Voc significantly, but the decrease in FF is small (28, Figure 9 shows the effect of PID-s and PID-p on

the front and rear side |-V curves of BPV cells.
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Figure 9. PID degradation effect on I-V curve. (a) PID-s, (b) PID-p [23129],

To generate energy from both sides of the module, bifacial cells have the rear side only partially covered with metal
contacts. Although it allows a photocurrent to be generated from the irradiance incident on the rear side, it affects
the electromagnetic shielding of of the passivating AIOx, SiNy layers and the bulk Si B9, As a consequence, bifacial
PV cells are more vulnerable to PID. Bifacial p-PERC cells affected by bifacial PID suffer from shunting of the pn-
junction (PID of the shunt type - PID-s) and an increase in the surface recombination at the rear side (PID of the
polarised type - PID-p) [23. BPV modules with double glass and EVA encapsulant are more susceptible to PID as
there is an increase in the availability of Na+ ions from the glass. The use of polyolefin encapsulants can prevent or
reduce the occurrence of PID 21, Additionally, studies have shown that the rear side of the bifacial cell is more
affected by PID than the front side in both degradation level and degradation rate [221(23],

Both PID-s and PID-p can be reversible. To revert the degradation effects, the cell can be placed under a positive
bias compared to the grounded frame or by increasing the module’s temperature, which is not easily feasible in
outdoor conditions. Another solution to revert the PID-p effect on p-PERC cells is by exposing the module to light
(22)[231(28] Additionally, PID can be prevented at different stages. At the cell level, increasing the refractive index of
the anti-reflective coat can reduce the susceptibility of PID to occur 223334 For modules, different materials
known as “PID resistant” or “PID-free” can be used as encapsulants, or materials such as borosilicate glass can be
used in the fabrication process to protect the module against the PID effect. At a system level, the ground can be
modified/configured to make the electrical field repel the Na+ ions move away from the solar cells 23132

| 4. Light Induced Degradation

The defects caused by classical impurities are widely explored and understood, on the other hand, degradation
such as light-induced degradation (LID) and light and temperature-induced degradation (LeTID) still need attention
and further studies especially with the improvement of the cell structure using surface passivation layers 32!, These
degradations have shown to be more significant in the PERC technology. PERC technology improved the
efficiency of the existing solar cells, enabling efficiency levels of 21-24% without a significant increase in price €.
In PERC p-type multi-crystalline silicon cells, the effect of LID can cause a reduction in the power output of the
module at the maximum power point (MPP) by around 10% [7I28] This Light Induced Degradation (LID) is caused

by the natural exposition of the PV modules to solar irradiance and an excess of carrier injection by above-
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bandgap illumination or forward biasing B2. In the I-V characteristics of the solar cell or module, LID can be seen
as a reduction of the short-circuit current and open-circuit voltage as shown in Figure 10. This behaviour in the |-V
characteristic curve is due to the increase in minority-carrier recombination in the bulk of the c-Si 29, Despite the
extensive studies regarding LID, the actual recombination-active defects which are responsible for causing the
degradation, are still not identified.
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Figure 10. |-V curve of simulated PV module with LID 29,

The boron-oxygen molecules are generated due to the exposition of the cell to sunlight. This effect occurs during
the first few hours of light exposure at ambient temperature and is detected by the monitoring of the system
performance for the first week after installation 24, These boron-oxygen molecules can absorb the photo-
generated electron-hole pair, which leads to a reduction of the cell’s short-circuit current and maximum power 241,
BO-LID can be permanently deactivated by simultaneous illumination and annealing using one sun irradiance
intensity at temperature levels of 60-300 -C 41, This method can dissociate the B-O complex 42, although, as the
temperature required for the reversion process is considerably high, it is unachievable in the field. Therefore, it
makes the failure hard to recover for modules in operation. For this reason, to prevent this degradation, the
manufacturer must perform preliminary light soaking tests on the cells/modules for the correct standard
qualification according to the IEC 61215.

Another type of LID is related to the dissociation of iron-boron (FeB-LID) pairs and is more common in multi-
crystalline silicon cells (mc-Si) 8. Under dark condition, the positively charged atoms of iron associate with the
negatively charged boron atoms. These Fe-B complexes that are formed do not affect cell efficiency and have very
narrow energy levels. On the other hand, under illumination, there will be a shift in the Fermi level. This shift
caused the neutralisation of the iron ions and the separation of the iron atoms from the boron atoms. The free iron

atoms cause higher carrier recombination while the cell is exposed to sunlight. Therefore, the dissociation of the

https://encyclopedia.pub/entry/16779 10/18



Photovoltaic Module Degradation | Encyclopedia.pub

Fe-B pairs causes an efficiency loss, especially in cells with high iron contamination during the first few minutes of
light exposure 9. More research and a better understanding of both LID and LeTID are of extreme importance in
order to potentially reduce the degradation effects caused by light or light and temperature-induced degradation,

which increase the losses and the uncertainties regarding the performance of the system in the field.

| 5. Light and Elevate Temperature Induced Degradation

Another degradation effect caused by the exposure of the cell to light, is the Light and elevate Temperature
Degradation (LeTID). This degradation was first discovered in 2012 44! and it causes loss in module performance
when the cells are exposed to both light and elevated temperature (>50 oC) for a long period. It has been reported
that LeTID does not occur if the module operates at a temperature below 50 -C or if it operates above this
temperature for a short period 241, This degradation has been reported to appear if the manufacturing process of
the solar cell involves a high-temperature exposure followed by an abrupt cooling 24, Similarly to LID, LeTID
affects solar cells dielectrically passivated on the rear side (PERC) more significantly than aluminium back surface
field (AI-BSF) cells 2. Although no method of detection and prevention has been agreed to date, studies have
shown that LeTID happens at a much slower degradation rate than what has been experienced with LID 241, |t can

take years of exposure to sunlight and elevate temperature until the cell start showing sings of LeTID.

The origin of LeTID is still unknown, although numerous studies have suggested a relation between high
concentration of weakly bonded hydrogen in the region near the passivation layers of the cell as a cause of LeTID
(3714611471 The hydrogen is released from the hydrogen rich SiNx:H (Hydrogen-Rich Silicon Nitride) layer during the
rapid thermal annealing (RTA) and its amount varies with the thickness and composition of the layer 4843 Under
illumination and high temperature exposure for a long period, hydrogen atoms can bond to silicon atoms, which
can give rise to a slow degradation of the maximum power which can reach values up to 7% [24. This degradation
caused by LeTID can be reversed naturally but sometimes not completely. The reversion process happens when
the cell is exposed to the same high-temperature condition that causes the degradation for some time 24, The
occurrence of LeTID is independent of the dopant used in the cell, therefore it can affect both p-type or n-type
silicon cells 8. This degradation can take many years to recover in systems installed in field, which causes a

significant loss in the energy yield over time B9,

At modules level, when exposed to 40 kWh/m2, both monofacial and bifacial PV modules had the same relative
degradation of 1.3%. As the solar radiation levels increases to 100 kWh/m2, bifacial PV modules degradation only
increase 0.1% while monofacial increased 0.6%. More research on the effects of LeTID in bifacial PV modules is
needed, although, based on Bl it can be expected that the LeTID effects on bifacial modules will be less

significant.

The LeTID recovery process requires the exposure of the cell to high temperature treatments. The higher the
temperature, the cell is exposed to in the recovery process, the faster is the recovery process. However, it was
found that high temperature recoveries can lead to an incomplete recovery of LeTID. Studies are still being

performed to identify the threshold between time, temperature, and LeTID recovery 431,
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| 6. Soiling

Also known as natural dust effect, it is caused by airborne particles of dust that deposit on the external parts of a
PV module over a period of time. These particles vary on type and size from 1 um to 500 ym 22, Although soiling
of the module is not standardized as a PV module failurel29, it significantly impacts the performance of a PV
system by partially shading it. The dust particles can act as dielectrics by absorbing the irradiance, or by changing
the angle of incidence of the irradiance on the surface of the module. Both issues result in the decrease of the total
irradiance reaching the module’s surface 2. For monofacial modules, it has been shown that the soiling
degradation can reduce the power output from 2% to 60%. This variation depends on the time, the area with the
particles accumulation, and the cleaning strategies 231, The soiling effect becomes a higher threat in locations with
high relative humidity, which may increase the stickiness of the soil particles. As a result, the cleaning capacity of

wind and rain will be reduced 24, The intensity of soiling varies for each specific location.

The solution to minimize the degradation effects caused by soiling is the application of strategic cleaning routines
B3] However, cleaning strategies are not the only solution to overcome soiling. Researchers have identified
methods to remove the dust accumulated on the surface of the module by using electrodynamics screens (EDS),
super hydrophobic plane (SHOP), and super hydrophilic plane (SHIP). In the EDS method, electrodes are
positioned on the solar module and provide a self-cleaning strategy by the generation of an electric field. This
method presents a 90% efficiency in less than 2 min cleaning and utilizes less than 0.1% of the energy generated
by the collectors B8, SHOP and SHIP strategies have the benefit of being passive cleaning methods, which means
that there is no requirement of power input. The SHOP method uses a hydrophobic coat. This method shows high
efficiency at cleaning under raining weather, although it is considered inefficient for dry dust 4. The SHIP method
uses a nano-film of titanium oxide, chemical coating, and nano-patterned fabrication of glass surface to create a
super hydrophilic surface. This method has the benefits included in SHOP and it can chemically break down the
organic particles of dust through a reaction with the UV light in a photocatalytic process BZ. It is more durable than
SHOP. However, it acts as a dust suspender, therefore regular washings are still required to wash off the dust,
especially in dry climates B758],

For bifacial, the cleaning process of the rear side is not as straight forward. Luque et al. B2, performed an analysis
comparing the degradation rate between MPV and BPV modules in Chile by measuring the short-circuit current. It
was found that the degradation rate from soiling is much lower for BPV technology (approximately 21.6%). The
average soiling degradation rate for MPV was 0.301% whilst BPV was 0.236% on the front side. It was observed
that soiling does not have much impact on the rear side, showing an average of 0.039%, nearly 85% lower than the
front side. Bhaduri et al. [£2 compared the effects of soiling in MPV and BPV mounted at a latitude tilt angle and
vertically in Mumbai. The results showed that vertically mounted BPV modules are more resilient to soiling effects
compared to vertical MPV modules and tilted MPV and BPV modules. The gain obtained from the vertically
installed BPV module surpassed the tilted BPV after three weeks without cleaning. The soiling degradation rate for

MPV and BPV modules mounted at a tilt are similar. For monofacial the average soiling loss rate per day was
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0.40% whilst bifacial is 0.39%. On the other hand the degradation rate for BPV modules installed vertically was
0.02% per day.
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