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Abstract: Hotspots pose a significant long-term reliability challenge in photovoltaic (PV) modules
that can have a detrimental impact on the efficiency, safety, and financial viability of a PV system. This
paper aims to evaluate the endurance of hotspot stress in pristine and prestressed glass—glass (GG)
modules. The accelerated prestressing was conducted for 600 thermal cycles (TC600) to represent
decades of field exposure. GG modules are quickly becoming an alternative to the traditional glass—
backsheet (GB) modules that have been the industry standard. Unlike other conventional studies
that subject only pristine modules to hotspot stress, this paper evaluates the performance of an
accelerated /simulated field-aged GG module (using TC600) and a pristine GG module. Pre- and
post-characterizations were performed before and after each test to determine changes in electrical
performance and observe any defects in GG modules. During the hotspot test, an approximately
200 °C maximum cell temperature was observed with a cell shading of 25% (the worst-case shading
ratio). After the hotspot test, electroluminescence imaging indicated that most cells in the prestressed
GG module exhibited severe damage whereas no significant defects were evident in the pristine GG
module where the prestressed GG module degraded 8.2% and the pristine GG module degraded
1.5% in maximum power. These findings are critical for the industry, considering that GG bifacial
modules will dominate the market.

Keywords: accelerated life test (ALT); thermal cycling; glass—glass module; full-cells; photovoltaic
(PV); hotspot

1. Introduction

Advancements in the design of crystalline silicon (c-Si) PV modules, along with
the economies of scale, have been continuously reducing the electricity cost of PV while
enhancing its reliability [1]. Glass—glass (GG) PV module designs are a promising option
for PV power systems due to their superior performance and durability [2]. Compared to
traditional glass—backsheet (GB) modules, GG modules have a double glass structure [3],
having glass on both (front and rear) sides of the module, which enhances mechanical
strength and makes the cells and module less susceptible to damage from weather and
environmental conditions [4]. GG modules are reported to offer a number of advantages
over traditional GB modules, as well as a longer lifespan [2].

One of the main advantages of GG modules is claimed to be their increased durability
due to better resistance to mechanical stresses than GB modules [5,6]. These modules are
reported to be more resistant to environmental factors such as humidity and temperature
changes [5,6] and offer increased energy production [5]. Some studies have shown that
the use of glass on both sides of the module reduces light-induced degradation, leading to
better long-term performance [7]. GG modules have a higher transparency than traditional
modules, allowing for more sunlight to pass through to the solar cells [8]. GG modules are
also claimed to improve the aesthetics of a PV system [9], creating a professional look that
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is particularly desirable for residential or commercial applications [10]. Additionally, the
use of glass on both sides of the module can increase the viewing angle of the solar cells,
making the modules more effective at capturing sunlight at different times of the day [11]
and providing better environmental protection to the solar cells with a longer anticipated
lifetime [2]. Additionally, GG modules are reported to have a lower degradation rate [6,12]
compared to traditional modules, which is expected to result in higher energy output over
the service life of the system [12].

It is expected that bifacial modules will increase their market share from 15% in 2019
to 70% by 2030 [1]. To meet the growing demand, it is essential to study the reliability and
safety of these new GG designs. Multiple environmental stressors that coexist in actual
field conditions can drastically affect the reliability of PV modules, which can result in
several defects, eventually leading to electrical power degradation in the module [13].
To quickly obtain degradation data, accelerated testing methods (like thermal cycling of
the module) are employed to assess the performance of PV modules [14] since actual
degradation that occurs during field-use operation requires a significant amount of time to
become apparent [15].

The hotspot effect is a major concern for the long-term reliability and safety of c-Si
modules that have been operating in the field for an extended period [16,17]. Hotspots
refer to specific localized areas in PV modules where the temperature increases to such
extreme levels that it can cause damage to the solar cells as well as other components of the
module [18,19]. Hotspots occur when a PV module, for example, is partially shaded [20]
while the rest of the module remains exposed to sunlight. Even minimal shading can result
in a decrease in the output power of the PV module. During this time, the shaded cells
generate less current as compared to the modules’ operational electrical current [19]. This
can cause the voltage of the underperforming cell to reverse and become opposite but
equal to the rest of the solar cells connected in series. This creates hotspots, where the
defective or shaded cell places an excessive load on the other cells in the series, leading to
the dissipation of a significant amount of energy as heat [21]. This excess heat can cause
various issues, such as the melting of the solder or the development of cell cracks and can
even cause the encapsulant to degrade [22]. The development of hotspots can also result
from mismatches occurring between the solar cells, which can also develop due to irregular
sorting of solar cells or due to breakage in the cell interconnections [23].

Hotspots can lead to the degradation of the PV module’s performance and, in severe
cases, can cause fire accidents due to the combustible material of PV modules [16]. Using
diagnostic techniques like thermal imaging and electroluminescence imaging, Wang and
Xuan [24] thoroughly investigates hotspot formation in PV modules and offers detailed in-
sights into hotspot behavior and its impact on PV performance and longevity. Results reveal
hotspots are not uniform and are influenced by each cell’s local conditions, whereas [25]
proposes using microinverters and power optimizers [26] to control electric current and
prevent hotspots in PV systems. Their approach exhibits potential for enhancing system
performance and longevity. Experimental results validate the efficacy of this solution. Simi-
larly, Khodapanah et al. [27] presents a novel method for detecting shading and predicting
hotspots using the numerical differentiation and integration of power—voltage curves and
offers an innovative solution for timely hotspot detection. Furthermore, Chen et al. [28] em-
ploys machine learning for hotspot detection in PV systems. By leveraging current-voltage
characteristics, temperature profiles, and more, their model can predict hotspot formation
in real-time. This innovative approach marks a shift from traditional techniques, improving
efficiency and maintenance.

Hotspots can impact module performance in large-scale grid-connected PV power
systems. Hence, several mitigation strategies, including bypass diodes, shading avoidance,
and effective cooling systems, have been suggested and used [29]. Despite efforts to
incorporate auxiliary protection circuitry at the module level [30-32], the hotspot effect
remains a common occurrence [22]. The output performance of a PV system that had been
functional for over ten years was evaluated, where the hotspot effect played a significant
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role in the loss of output power [33]. Additionally, an investigation of the impact of thermal
degradation discovered the presence of hotspots in modules that had been operating in the
field for more than 18 years, as opposed to newly installed modules [34]. Shading or cell
mismatch of PV modules can result in hotspots, which can result in a significant reduction
in the module’s performance [35], affecting its electrical characteristics, which can result
in decreased output power generation [36]. New methods for detecting hotspots in PV
modules using machine learning algorithms have been proposed where such techniques
can potentially detect hotspots, allowing for early detection and mitigation [37,38].

The objective of this study is to evaluate the endurance of hotspot stress of pristine
and prestressed (with thermal cycling) GG modules. In this investigation, using a thermally
cycled GG module enables a close approximation of field-stressed modules experiencing
the hotspot stress in actual field-use conditions. To simulate more than 20 years of field
operation, a GG module underwent prestressing through 600 accelerated thermal cycles.
This study introduces an innovative approach, where we evaluate the hotspot endurance
of a pristine module along with a prestressed (with thermal cycling) module simulating
hotspot evaluation of a field-aged GG module, unlike the IEC 61215 standard [39] and
other conventional studies that subject only pristine modules to hotspot endurance stress.
It is important to recognize that the findings and test results presented in this study may
not be confidently generalized for all types of GG modules as this study does not involve
a statistically significant number of GG modules. Hence, it is possible that factors other
than the superstrate and substrate materials, such as the manufacturer’s quality control or
distinct bill of materials, may influence the test results.

2. Methodology

In this paper, the GG modules stressed for hotspot endurance consist of seventy-
two 156.75 mm bifacial full-cells in a series configuration and were acquired from the
same manufacturer via the open market. These modules are frameless and measure
1991 mm X 989 mm x 7 mm, with a weight of 33.5 kg. Additionally, these modules consist
of monocrystalline-type passivated emitter rear contact cells (PERC). The front and back
glass thickness for these modules is 3.2 mm, having EVA as an encapsulant. The EL images
were collected with the help of a silicon-based charge-coupled device (Si-CCD) EL camera in
a dark room. During the EL imaging technique, the modules were subjected to an electrical
current that was equal to its short-circuit current (Isc) value. An exposure duration of sixty
seconds was used to capture the module EL images. In addition, the light current-voltage
(I-V) curves were measured using an I-V tracer under natural sunlight to determine the
electrical parameters such as short-circuit current (Isc), open circuit voltage (Voc), peak
current (Ipeak), peak voltage (Vpeak), maximum power (Pmax), and fill factor (FF).

2.1. Applying Thermal Cycling to Prestress the GG Module

The thermal cycling test was performed on GG module for 600 cycles to induce
mechanisms leading to wear-out of the GG module, using an indoor environmental
chamber with the ability to regulate the ambient temperature. The test was conducted
according to the method outlined in the IEC 61215 standard [39] shown in Figure 1.
During the thermal cycling test, the duration of each cycle was approximately five hours,
which comprised of two dwell periods of 15 min each, during which the temperature of
the chamber was kept at the upper and lower levels, respectively. The rate of change of
temperature was one degree Celsius per minute between the highest and lowest temper-
ature setpoints. The range of temperature during the test was kept from —40 °C to 85 °C,
resulting in a cumulative temperature change of 125 °C. This significant temperature
variation induced stress in the materials of the module, exceeding and accelerating what
it would experience during actual field-use conditions. During this test, the module was
supplied with an electrical current equivalent to the module’s Isc and was injected as the
ambient temperature rose.
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Figure 1. Profile used for thermal cycling according to IEC 61215 [34].

2.2. Performing the Hotspot Experiment

Before beginning the hotspot experiment, the measured irradiance outdoors was in
the range of 1000 + 100 W/m? in the field, while the starting temperature for the GG
modules was measured in the 50 £ 10 °C range. The hotspot testing technique described
in IEC 61215 standard [39] was followed in this work. By analyzing the light I-V curves
obtained outdoors in the field, where each cell was entirely shaded individually, a single
solar cell with the largest shunt resistance and three individual solar cells with the lowest
shunt resistance for the GG modules were identified as test cells. Solar cells exhibiting
a large shunt resistance are characterized by an I-V curve that has a minimal leakage
current after the bypass diode is triggered, whereas solar cells with a low shunt resistance
display an I-V curve that exhibits a leakage current after the bypass diode is triggered.
To determine the worst-case shadow condition and obtain the highest temperature due
to hotspot heating, I-V curves were collected for the test cells while they were shaded at
different ratios individually. After the identification of the worst-case shadowing scenario,
the test cells were individually covered with that particular shadowing level, and the
module was short-circuited for a minimum of one hour, as illustrated in Figure 2 while
recording the operating temperature of the shadowed cell.

Figure 2. Illustration of a module under hotspot test outdoors on a two-axis tracker.
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Prior to and after performing thermal cycling and the hotspot experiment, character-
ization of the GG modules was conducted, resulting in an experimental design having
five steps (as illustrated in Figure 3). The characterization process involved measuring
the I-V curves, calculating the series ‘Rs’ and shunt resistance ‘Rsh’” by determining the
dark I-V, conducting EL imaging to detect any cell level defects and damage and verify any
degradation in GG modules, and visually inspecting the modules.

Pre-thermal cycling
characterization of
a GG module

Outdoor light 1V, EL imaging, was performed to obtain the modules’
performance parameters

A 4

\ 4

Performing thermal
cycling stresson a
GG module

Thermal cycling was conducted for 600 cycles inside a walk-in
environmental chamber where the ambient temperature cycled
between -40°C to 85°C

A 4

v

Pre-Hotspot
characterization for
both GG modules

Outdoor light IV, EL imaging, dark I-V, outdoor IR imaging was
performed to obtain the modules’ performance parameters

A 4

Performing hotspot
stress endurance on
both GG modules

Hotspot experiment was conducted outdoors on a two-axis tracker.
The experiment was performed after determining the worst-case
shading ratio on low and high shunt resistance cells

v

\ 4

Post-hotspot
characterization of
both GG modules

Outdoor light IV, EL imaging, dark IV, outdoor IR imaging was
performed to obtain the modules’ performance parameters

\ 4

Figure 3. Experimental methodology for stressing and characterizing the GG modules.

3. Results and Discussion

Section 3.1 presents the thermal stress level experienced by the test cells in GG modules
during the hotspot experiment, Section 3.2 discusses the change in EL images for GG
modules and analyses the mean grayscale value pre- and post-hotspot stress test, Section 3.3
discusses the degradation in electrical parameters for GG modules, and Section 3.4 discusses
the potential degradation mechanisms observed in the GG modules post-hotspot stress test.

3.1. Hotspot Experiment Temperatures for GG Modules

To collect the I-V curves for GG modules, the test solar cells were shadowed individu-
ally at a worst-case shadowing level. In both modules, the worst-case shadow condition
was observed when each test cell was shaded at 25%. Under this circumstance, the value of
the electrical current at the maximum power point (MPP) of the shadowed module is almost
identical to the modules” nameplate peak current (Imp). At this time, the bypass diode
gets triggered at an electrical current value that is very close to the Imp of the unshaded
module. All the test cells were individually subjected to a shading ratio of 25% throughout
the hotspot experiment. This resulted in all the test cells experiencing high thermal stress.
During the worst-case shadow condition, the shadowed cells operate as an electrical load,
drawing the maximum electrical power generated by the other cells in the string instead of
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producing electrical power. Under such circumstances, the shadowed solar cell dissipates a
tremendous amount of thermal energy and functions in reverse-bias condition.

The hotspot test resulted in a considerable temperature rise in the shadowed cells
due to their reverse-bias condition and the consequent heat dissipation. To monitor the
shadowed cells” temperature, a thermocouple of type-T was affixed to the backsheet of the
module to record the operating temperature of the shadowed cells at periodic intervals
throughout the hotspot test. A datalogger having a +2 °C level of accuracy was employed
to collect and record the temperature measurements. For the prestressed GG module, cell
number A10 was chosen as the solar cell with the largest shunt resistance, and cell numbers
F11, F5, and F2 were selected as the cells with the lowest shunt resistance, as shown in
Figure 4. For the pristine GG module, cell number B11 was chosen as the solar cell with the
largest shunt resistance, and cell numbers A3, Al, and D3 were selected as the cells with the
lowest shunt resistance, as shown in Figure 5. Figures 4 and 5 show that, throughout the
hotspot experiment, all the test cells in the GG modules experienced almost identical peak
temperatures, which indicates that these modules have an identical failure mechanism. The
peak temperature of hotspots for the prestressed GG module’s cells was approximately
195 °C, whereas the highest temperature of hotspots for the pristine GG module’s cells was
nearly 198 °C.

Max = 194.6°C

Figure 4. IR images of the prestressed GG module illustrating individual test cells experiencing the
hotspot stress.

Figure 4 exhibits the infrared (IR) images demonstrating the dissipation of heat by
the stressed cells numbered A10 (top left IR image), F11 (top right IR image), F5 (bottom
right IR image), and F2 (bottom left IR image) in the prestressed GG module throughout
the hotspot experiment. Similarly, Figure 5 exhibits the infrared (IR) images demonstrating
the dissipation of heat by the stressed cells numbered A3 (top left IR image), Al (top right
IR image), D3 (bottom right IR image), and B11 (bottom left IR image), in the pristine GG
module throughout the hotspot experiment. Based on the obtained IR images, it can be
concluded that during the hotspot experiment, the solar cells in the GG modules endured
a considerable amount of thermal stress after the solar cells were partially shadowed. A
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likely reason for the significant thermal stress can be attributed to the localized heating
caused by the reverse flow of electrical current that occurred when the module was partially
shadowed. This can be a potential cause for the power loss observed in the GG modules,
which can also create a safety hazard during module handling [40] in addition to the
possibility of breakage of the modules’ glass.

Max = 197.7°C

D3

196.8 1959

Max = 196.8°C T Max = 195.9°C

Figure 5. IR images of the pristine GG module illustrating individual test cells experiencing the
hotspot stress.

3.2. Analysis of EL Images Post-Hotspot Test

The performance of the GG modules was evaluated by analyzing the EL images. The
EL images obtained pre- and post-hotspot test for the pristine GG module are illustrated
in Figure 6, whereas the EL images obtained pre- and post-hotspot test for the prestressed
GG module are illustrated in Figure 7. The pre-hotspot EL image for the pristine GG
module shown in Figure 6 (left) exhibits only a few defects, whereas the EL image
obtained post-hotspot experiment for the same GG module shown in Figure 6 (right)
does not indicate any change in the defects or notable damage in the module. Although
there was a minor increase in finger breakage in the lowermost string, no substantial
damage to the module was discovered, however, suggesting the reliability of the pristine
GG module to withstand degradation after the hotspot experiment. Similarly, the pre-
hotspot EL image of the prestressed GG module shown in Figure 7 (left) indicates the
presence of a significant number of defects. After subjecting this module to 600 thermal
cycles, a significant variation in the brightness of its solar cells is clearly evident in the
EL image, indicating a non-uniform flow of electrical current. Comparing the pristine
and the prestressed GG modules’ EL images reveals that the thermal cycling test had a
significant impact on the prestressed GG module.

Analyzing the EL image obtained pre-hotspot test for the prestressed GG module
shown in Figure 7 (left) revealed dark areas across the solar cells, likely caused by the
metal fingers breaking due to a mismatch in the thermal expansion coefficient (CTE)
among the silicon-wafers, and copper-ribbon [41]. Upon soldering, tin undergoes a
contraction phase after it cools down, forcing it to be drawn towards the copper-ribbon,



Sustainability 2023, 15, 12131

8 of 16

i

#|

o

Pre-hotspot EL image

resulting in the formation of cracks in metal solders and silver-fingers located underneath
it [41]. The repeated heating and cooling of the metal solders, silver-fingers, and copper-
ribbon, through thermal cycling, accelerates the process of expansion and contraction
mechanism, which results in the widening of cracks to a certain degree that they block
the flow of electrical current [42]. At times, micro-cracks may develop that do not fully
disconnect the metals on both sides, thereby permitting the flow of some amount of
current through them [41]. Hence, the presence of both micro-cracks and cell cracks is
the potential reason behind the formation of partial grey areas or complete dark regions
in the prestressed GG module EL image shown in Figure 7 (left), resulting in a loss of
electrical power.

Post-hotspot EL i 1mage

|
it
il

i

Pre hotspot ELi 1mage

B
=
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i

Figure 6. EL images of the front side for pristine GG module pre-hotspot (left) and post-hotspot
(right) test where the red outline indicates the smallest shunt resistance cells, and the yellow outline
indicates the large shunt resistance cell.

Post—hotspot EL i image
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Figure 7. EL images of the front side for prestressed GG module pre-hotspot (left) and post-hotspot
(right) test where the red outline indicates the smallest shunt resistance cells, and the yellow outline
indicates the large shunt resistance cell.

After analyzing the post-hotspot EL image shown in Figure 7 (right), it was dis-
covered that the prestressed GG module underwent a considerable decrease in its EL
intensity as a result of partial cell darkening across several solar cells due to the hotspot
stress experiment. Before conducting the hotspot experiment, the EL image of the pre-
stressed GG module, shown in Figure 7 (left), displayed some dark areas around the
busbars region that became visible after subjecting this module to thermal cycling stress.
However, after performing the hotspot experiment, there was a severe increase in the
quantity of dark areas within this module. Furthermore, it was observed that all the
stressed cells with small shunt resistance, which are outlined in red in Figure 7, were
completely dead, whereas the stressed cell with the largest shunt resistance marked
with a yellow outline in Figure 7 displayed considerable cracks. Post-hotspot EL image
analysis shown in Figure 7 (right) indicated cracks in several solar cells, along with finger
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damage, potential breakages of solder-joints, and damage in the ribbons interconnecting
the cells. On the other hand, no such cell darkening or module defects were evident in
the post-hotspot EL image of the pristine GG module shown in Figure 6 (right). Further-
more, the pristine GG module did not show any significant defects, demonstrating the
ability of this module to endure degradation subsequent to the hotspot experiment.

The rear cells of the prestressed GG module also showed identical cell-level defects,
as shown in Figure 8, and degradation in its electrical parameters (discussed later in
detail), as the front cells after the hotspot experiment. The sensitivity of the hotspot
stress was clearly evident in the rear cells EL images post-hotspot test shown in Figure 8
(right), where the test cells outlined in red and yellow indicate similar defects as the
front cells, providing evidence that the rear cells endured similar high thermal stress as
the front cells. This indicates that the rear cells of the prestressed GG module are also
susceptible to elevated temperature-induced degradation [43,44]. On the other hand, the
rear cells of the pristine GG modules remained the same as the front after conducting
the hotspot experiment, as shown in Figure 9 (right), indicating no significant damage
or degradation in this module.

Post-hotspot EL image

—

—_— ——

f
i

Figure 8. EL images of the rear side for prestressed GG module pre-hotspot (left) and post-hotspot
(right) test where the red outline indicates the smallest shunt resistance cells, and the yellow outline
indicates the large shunt resistance cell.
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Figure 9. EL images of the rear side for pristine GG module pre-hotspot (left) and post-hotspot
(right) test where the red outline indicates the smallest shunt resistance cells, and the yellow outline
indicates the large shunt resistance cell.

In order to evaluate the change in the EL image pixel intensity pre- and post-hotspot
experiment, a grayscale analysis was conducted on the GG modules EL images, as shown
in Figure 10. Grayscale analysis is a method used to evaluate the homogeneity of solar cells
within a PV module and is a non-destructive and non-invasive technique. The prestressed
GG module experienced a reduction of nearly 10.3% in the mean grayscale value post-hotspot
experiment, where the lowermost substring experienced a significant decrease of nearly 17%
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in the grayscale value shown in Figure 10 (right). This supports the considerable cell-level
defects evident in the lowermost substring of the prestressed GG module, as shown in the EL
image in Figure 7 (right). For the top and the middle substrings, the grayscale value dropped
by about 7.4%. Similarly, for the pristine GG module, the mean grayscale value decreased by
only 3.7%, suggesting that there was no noticeable decrease in the grayscale value or the pixel
intensity of this module post-hotspot experiment.

Pre-hotspot stress Post-hotspot stress

B ]

0

N: 73584
Mean: 155.990

255

&

Min: 0 N: 158752 Min: 0
Max: 255 Mean: 129.383 Max: 255

Figure 10. EL images grayscale histogram for the lowermost substring of the prestressed GG module
pre-hotspot (left) and post-hotspot (right) test.

3.3. Degradation in Electrical Parameters Post-Hotspot Test

The impact of the hotspot stress on the GG modules was analyzed using the decline
observed in the electrical parameters displayed in the bar plot in Figure 11, which was
quantified by measuring the I-V curves. After undergoing 600 thermal cycles, the Pmax of
the prestressed GG module was calculated to be 336 W. However, following the hotspot
experiment, this Pmax value significantly dropped by nearly 8.2% to 308 W, causing 28 W
of power loss. A trivial decline of less than a percent was observed in the value of Voc,
and Isc, while the FF decreased by 7.7%, as displayed in Figure 11. Furthermore, the
Ipeak and Vpeak degraded by about 3.6% and 4.7%, respectively, shown in Figure 11. This
degradation was validated by the I-V curves shown in Figure 12, where the knee of the
post-hotspot I-V curve clearly demonstrates an early bend, indicating degradation in the
electrical performance parameters of Vpeak and Ipeak. Moreover, the value of Rs raised by
roughly 0.91%, increasing from 0.6814 ohms to 0.6876 ohms. In contrast, the value of Rsh
dropped considerably by 10.4%, falling from 7729 ohms to 6925 ohms. A smaller value for
the shunt resistance implies that there is an additional pathway available for the electrical
current to flow through, resulting in a reduction of solar cells’ efficiency [45] and adversely
affecting the modules’ performance [35].

Similarly, the Pmax of the pristine GG module was initially calculated to be 346 W.
However, following the hotspot experiment, this Pmax value dropped trivially by only
1.5% to 341 W, causing only a 5 W of power loss. A minor decline of less than half
a percent was observed in the value of Voc and Isc, while the Ipeak, Vpeak, and FF
decreased by almost 0.8%, as displayed in Figure 11. Post-hotspot analysis indicated
no considerable change in the value of Rsh or Rs, along with no significant change
in the knee of the I-V curve shown in Figure 13. This implies that the pristine GG
module successfully endured the hotspot stress with only minimal deterioration in its
electrical parameters.
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Degradation in electrical parameters for GG modules after
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Figure 11. Degradation observed in electrical parameters for GG modules post-hotspot test.
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Figure 12. I-V curves for prestressed GG module pre- and post-hotspot test.
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Figure 13. I-V curves for pristine GG module pre- and post-hotspot test.
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3.4. Potential Reasons for Degradation in GG Modules

The EL image shown in Figure 7 (right) reveals cell-level defects that may have
potentially caused the decline in the maximum power of the prestressed GG module.
The observed defects were identified as multiple cell cracks on several silicon-wafers
that appeared as dark line-shaped unsymmetrical patterns. During thermal cycling, the
differential thermal expansion and contraction of the various materials within the module
can also cause thermal stresses on the silicon wafer, leading to cracking. The silicon wafer is
usually coated with thin layers of materials, including metal contacts, antireflection coatings,
and encapsulant materials. The coefficients of thermal expansion of these materials are
different, which causes differential thermal expansion and contraction [46] during thermal
cycling. If the thermal stress exceeds the strength of the silicon wafer, it can initiate cracks.
Furthermore, the cracks could also have been the result of an extreme level of thermal
stress at the solder joints [47] as a result of localized heating during the hotspot experiment.
The majority of the cracks identified in the EL image appeared at specific locations and
were found to have originated particularly near the junction connecting the busbar and the
fingers, indicating that they might have developed due to solder fatigue [48]. The analysis
of the EL image indicates that the junction connecting the busbar and the fingers are
particularly susceptible to thermal stress [48]. Cell cracks can obstruct the flow of electrical
current, leading to power loss and causing a lasting mismatch in the cells of photovoltaic
modules. This mismatch can create uneven thermal stress in the PV modules [49]. The
extent of this mismatch is the primary reason for the hotspot severity level and variation in
EL and IV data.

The prestressed GG module EL image also revealed considerable breakages of fingers
in the silicon-wafers in addition to cell cracks. These damaged fingers appeared as dark
rectangular-shaped areas that developed and emerged near the junction connecting the
busbar and fingers beneath the copper-ribbon, which is a point where the busbars and
fingers are attached together. The areas of finger breakages in the prestressed GG module
were non-uniform, with varying extents of breakages in several locations of this module, as
illustrated in Figure 7 (right). This module exhibited the highest concentration of visible
finger breakages along its top and bottom edges. Finger breakage is a failure mechanism
that can occur in the silicon wafers of solar cells due to the differential thermal expansion
between the metal fingers and the silicon wafer. During operation, the metal fingers
that interconnect the cells and the silicon wafer expand and contract at different rates
due to the differences in their coefficients of thermal expansion [46]. This differential
thermal expansion can cause localized stress concentrations at the corners of the metal
fingers, leading to the initiation of micro-cracks in the silicon wafer. These micro-cracks
can propagate over time due to continued thermal cycling, leading to finger breakage and
reduced power output or even a complete module failure.

The EL image shown in Figure 7 (right) for a prestressed GG module after the hotspot
experiment also indicates the presence of several severely affected solar cells, possibly due
to finger breaks and shunt faults caused by damaged cell interconnections [16]. These
cells were stressed during the hotspot experiment and were partially shaded under the
condition of worst-case shading, resulting in high thermal stress. The EL image in Figure 7
(right) illustrates these cells as completely dark areas, indicating an absence or limitation
of electrical current through them. As a result, there is little or no contribution of power
generation from these cells, and they cause a decrease in the modules’ grayscale value in
the EL images. Furthermore, the prestressed GG module EL image presented in Figure 7
(right) demonstrates failures of solder-bonds. This is evident from the uniformly decreased
EL intensity on either side of several busbars as a result of the reduced injection of electrical
current [42]. The solder layer in PV modules plays a crucial role in ensuring a reliable
mechanical and electrical bond between the metallization and interconnects. However, the
two primary factors that contribute to the deterioration of solder bonds are thermal aging
and thermomechanical fatigue [42].
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In addition, Figure 7 (right) illustrates cell interconnect ribbon failure, which stems
from thermally-induced strain [46] resulting from metal fatigue. Since the electrical current
is only carried through one of these ribbons, one side of the cell is heated more intensely
than the other, leading to a higher brightness, as evident in the EL image represented in
Figure 7 (right). A potential reason for the fatigue observed in the ribbons interconnecting
the solar cells is the difference in the CTE of the solder-joints, which attaches the copper-
ribbons with silicon-wafers [46]. The cyclic mechanical stress on the cell interconnection
ribbons can potentially result in localized stress concentrations on the ribbon surface,
leading to the formation of micro-cracks. The combination of cyclic mechanical stress and
corrosion can lead to fatigue failure of the interconnect ribbons, causing an open circuit in
the module and reduced power output.

Copper ribbons are soldered to interconnect solar cells in PV modules. However, the
glass cover on either side of the GG modules can result in a variation of glass temperature,
causing stress which can lead to cell displacement in the encapsulation layer. As a result,
the copper-ribbon experiences an increased strain because glass has a larger CTE compared
to ¢-Si solar cells. With an increase in temperature, the silicon solar cells tend to move
away from each other, developing a gap between them, which expands proportionally
as the temperature rises [50]. During the cooling phase, the gap contracts due to a drop
in temperature. Although the copper-ribbon having a larger CTE compared to glass,
the copper-ribbon segment located between two solar cells is subject to strain due to
the displacement of cells caused by the temperature changes [46]. This stress can cause
damage to the interconnects in those regions, hindering the effective collection of electrical
current. The negative effects of damaged interconnected ribbons on modules’ performance
or hotspots in the field may occur after several years to become apparent, and multiple
module design factors may also contribute to the interconnection breakage.

4. Conclusions

This study examined the effect of hotspot stress on a pristine GG module and a
prestressed GG module subjected to accelerated thermal cycling, imitating real-world
conditions. Infrared images during the experiment showed that shaded cells in both
the modules reached a high hotspot temperature of nearly 197 °C. Post-hotspot testing,
electroluminescence images showed multiple defects, like cracks, broken fingers, and
cell failure, in the prestressed GG module, leading to a notable 8.2% Pmax degradation.
Conversely, the pristine GG module, showing no significant damage, degraded only by
about 1.5%.

This marked Pmax drop in the prestressed GG module could be due to the defects
arising from thermal cycling. The EL intensity also dropped significantly in the prestressed
GG module compared to a slight degradation in the pristine one. This suggested that the
prestressed GG module, having undergone accelerated thermal cycling, was more severely
impacted by the hotspot test. Hence, the prestressed GG module is more susceptible
to hotspots which can compromise its reliability and safety as this module represents a
simulated field-aged module and experiences significant CTE mismatch between several
components, unlike the pristine GG module. It is important to acknowledge that the test
results and conclusions of this study may not be fully generalized for all types of GG
modules in the market because this study does not involve a statistically significant number
of modules. Hence, it is possible that factors other than the superstrate and substrate
materials, such as the manufacturer’s quality control or distinct bill of materials, may
influence the test results.

5. Recommendation for Future Work

Based on the test results obtained in this investigation, the hotspot testing is recom-
mended to be conducted on a thermal cycled prestressed module rather than a pristine
module, as is done in the current IEC 61215 standard. In doing so, we can more accurately
represent a field-stressed module experiencing hotspot stress under real-world conditions.
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Furthermore, for future research in hotspot testing of both prestressed (with thermal cy-
cling) and pristine modules, it is recommended to expand the sample size and diversify
the module types to include a broader range of technologies to ensure a more comprehen-
sive understanding of hotspots in photovoltaic modules. Lastly, long-term field studies
monitoring the performance of both prestressed and pristine GG modules could provide
valuable insights into how these modules degrade over time in real-world conditions.
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