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Abstract

Photovoltaic (PV) modules have emerged as an ideal technology of choice for
harvesting vastly available renewable energy resources. However, the efficiency
of PV modules remains significantly lower than that of other renewable energy
sources such as wind and hydro. One of the critical elements affecting a pho-
tovoltaic module’s efficiency is the variety of external climatic conditions un-
der which it is installed. In this work, the effect of simulated snow loads was
evaluated on the performance of PV modules with different types of cells and
numbers of busbars. According to ASTM-1830 and IEC-1215 standards, a load
of 5400 Pa was applied to the surface of PV modules for 3 hours. An indige-
nously developed pneumatic airbag test setup was used for the uniform ap-
plication of this load throughout the test, which was validated by load cell and
pressure gauge. Electroluminescence (EL) imaging and solar flash tests were
performed before and after the application of load to characterize the per-
formance and effect of load on PV modules. Based on these tests, the maxi-
mum power output, efficiency, fill factor and series resistance were deter-
mined. The results show that polycrystalline modules are the most likely to
withstand the snow loads as compared to monocrystalline PV modules. A
maximum drop of 32.13% in the power output and a 17.6% increase in series
resistance were observed in the modules having more cracks. These findings
demonstrated the efficacy of the newly established test setup and the potential
of snow loads for reducing the overall performance of PV module.
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1. Introduction

Sustainable development in energy is a need in the rapidly growing world, which
is not possible without harvesting renewable resources. Solar energy has emerged
as a top source with a 33% share in the renewable energy market across the world
[1] [2]. Photovoltaic (PV) modules are one of the most widely used systems for
harnessing solar energy [3]. According to the International Energy Agency (IEA),
PV is the fastest growing renewable energy technology with 3% of the gross elec-
tricity production and is estimated to surpass 600 GW of global installations by
2019 [4]. In addition, it is also predicted that it will have 2.5 times increase by
2025, which will make the total PV installed capacity exceed 1 TW [5]. PV solar
technologies are mainly dominated by crystal silicon solar cells, covering 80% of
the total world installed capacity. Although newer approaches using thin-films,
cadmium telluride/cadmium sulfide (CdTe/CdS), organic photopolymers, and
composite devices have come out to meet the anticipated demand for energy and
boost the efficiency of the already existing technology [6].

The first generation of silicon solar cells PV modules are made of mono-
crystalline and polycrystalline silicon wafers. It has been reported to have a cell
efficiency of over 25%, but there is a drop in performance with time [7]. As PV
modules are installed outdoors, they are exposed to extreme ambient conditions
like snow, wind, hail, fluctuating temperatures, and dust [4] [8]. Out of these,
snow and wind impose mechanical load on the surface of PV modules, which
can detrimentally affect its performance [9] [10] [11]. These mechanical loads
can be established as static and dynamic loads. Mechanical testing of PV modules
is performed according to IEC-61215 [12] and ASTM 1830 standards, to analyze
the PV modules for their mechanical integrity and performance over its life [13].

Different types of test setups are being used to apply these simulated loads on
the surface of PV modules, including suction cups, bricks, and sandbags [14]
[15]. However, there are certain drawbacks associated with these setups [16]
[17]. For example, the application of load is not uniform on the surface of the
module in the suction cups and bricks mechanism of testing. While the hetero-
geneous density and uneven distribution of sand are the major problems in ap-
plying load by this method. Hence, there is a dire need to explore other state-
of-the-art methods for the application of simulated loads on PV modules [18] [19].

In this study, we have indigenously designed and developed a pneumatic air-
bag test setup to apply a uniform static load on the surface of PV modules. To
validate the effectiveness of the novel test setup, monocrystalline and polycrys-
talline PV modules with different numbers of busbars were tested. In addition,
the mechanical integrity and electrical performance parameters like power, effi-

ciency, fill factor and series resistance of the PV modules were compared before
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and after application of load. The results showed the efficacy of the test setup
and induced many cracks during the testing, proving that it can be used for com-

mercial testing of PV modules.

2. Materials and Methods
2.1. Materials

In this work specially designed PV modules (Akhtar solar private limited com-
pany, Pakistan) were used. Silicon cells were sandwiched between ethylene vinyl
acetate (EVA) sheets that acted as encapsulant. The front and back covers were
comprised of 3.2 mm thick tempered glass and Tedlar, respectively. These layers
were held together with an aluminum frame that gives them support mechani-
cally. The PV modules were differentiated and named based on the type of cell
(monocrystalline and polycrystalline) and the number of busbars (3 and 4), such
as monocrystalline with 3 busbars (MT-3BB), monocrystalline with 4 busbars
(MT-4BB), polycrystalline with 3 busbars (PT-3BB) and polycrystalline with 4
busbars (PT-4BB). The important rated specifications of the PV modules are
given in Table 1.

2.2. Apparatus Description

A custom-made mechanical test rig was designed and manufactured to apply a
simulated snow load on the PV modules in accordance with international stan-
dards ASTM E1830-15 and IEC 61215. The basic working principal and working
components of this novel test setup are shown in Figure 1. The wind and snow
loads were simulated using an inflated airbag, which assisted in imparting a ho-
mogenous load to the surface of the PV modules during the testing process.
Load cells and pressure gauges were attached to the setup to ensure the unifor-
mity of the applied load on PV modules while testing. The airbag used in this
study was made of an anti-burst PVC plastic. It was designed to take the load of
6000 pa, with the factor of safety of 5. The rigid frame of the test setup was fa-
bricated from mild steel while polycarbonate sheets were used for the pressure
chamber. The 3D design and fabricated setup highlighting the main components
is shown in Figure 2.

Table 1. Detail specifications of the photovoltaic modules used in this study.

Name Value
Maximum Power (Prax) 18 W
Maximum power voltage ( Vmp) 212V
Maximum Power current (/mp) 820 A
Short Circuit Current (/sc) 835 A
Open Circuit Voltage ( Voc) 2.50 V
Cell area (Ac) 9.923 cm?
Total module area (A) 15.71 cm?
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Figure 1. Block diagram representing different components of the novel pneumatic air-
bag testing setup for application of load on photovoltaic modules.
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Figure 2. Showing different working components of the mechanical load test setup 3D
diagram (left) and actual fabricated setup (right).

2.3. Validation and Testing

Pressure (approx. ~5400 Pa) was applied for 3 hrs on the front surface of PV
modules with different number of busbars and cell type using the pneumatic
airbag test setup. According to ASTM and IEC standards, this pressure is equal
to simulated snow load on the PV modules throughout its lifetime [2] [20]. In
the meantime, load data was carefully monitored from the attached load cell and
pressure gauges after every 15 min interval to ensure uniformity of pressure. In
order to get the average effect of the load, three PV modules from each type were
tested according to the scheme showing in Figure 3(a). PV modules were vi-
sually inspected with naked eyes before and after the testing to find any visible

damages to the modules.
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Figure 3. (a) Methodology used for mechanical testing for photovoltaic modules; (b)
Electric circuit diagram designed for solar flash testing of photovoltaic modules before
and after the introduction of applied loads.

Electroluminescence (EL) imaging tests were performed on the PV modules
before and after the application of load. EL imaging is used to highlight the cracks
and damaged cells present in the PV modules after the application of mechanical
load. A crack or flaw in the solar cells is visible on an EL image because the input
current is unable to reach the cracked parts of the cell in order to generate the
luminescence effect, and as a result, the cracked regions of the cell look dark on
the image. These testing were performed on an EL tester under conventional test-
ing settings, according to the manufacturer at standard testing conditions. Be-
cause the light emitted is in the infra-red range, an infra-red CCD camera was
used to detect the images [21]. Finally, the gathered observations were scruti-
nized in order to determine the influence of load on the mechanical breakdown
of photovoltaic cells.

Solar flash test was used to measure the accurate output performance para-
meters of PV modules before and after the application of simulated snow load
[22]. A special testing setup was designed for solar flash test based on IEC 60904-1
standards as show in the circuit diagram (Figure 3(b)). One end of the photo-
voltaic module was attached to a sliding rheostat (UNI-T, UT33C, China), while
the other end was connected to a multimeter when performing solar flash testing
as shown in Figure 3(b). The short circuit current (Zsc) and the open circuit
voltage (Voc) was determined while changing the resistance of the module. Solar
irradiance level was calculated using a TES, 1333 solar power meter. Infrared
thermometer was used to measure the temperature and humidity levels at the
time of testing.

Important electrical performance parameters were determined from solar
flash tests. Maximum power output was calculated before and after the applica-

tion of load using the following Equation (1):
P=IxV (1)
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where “/” is the maximum current drawn from the PV module, and “V” is the
maximum voltage generated during the solar flash tests. Similarly, the efficiency

of the PV modules was determined using the following Equation (2):
n=P/(ExA) ()

In this equation “P” is the maximum power output of the PV module at a
given solar irradiance level of “£”. Where “A4” is the total area of the module.
Another important electrical parameter in the overall performance of PV mod-
ule is fill factor. Fill factor was calculated from the following Equation (3), also

reported in literature as shown:

FF = P/(Vocx Isc) = (7x Ax E) /(Voc x Isc) G)

Here “Voc” is the open circuit voltage and “Isc” is the short circuit current
determined through the solar flash test. The resistance offered to the flow of
current is also an important parameter for the reliability of PV modules. It is
usually known as series resistance of the PV modules and is determined using

the following Equation (4), according to ASTM standards:
Rs =Vbias/ Ibias (4)

where “Vbias” is equal to Voc * 0.5, and “Ibias” is calculated as the 3% of Isc of
the PV modules. In addition, statistical analysis was conducted using a student’s
t-test for two tailed distributions with unequal variance. Significant was given to

p value of less than 0.05.

3. Results and Discussions

A uniform static load was applied to the surface of the PV modules for a period
of 3 hrs. Pressure gauge and load cell data were acquired after every 15 min in-
terval, to investigate the uniformity and continuity of the applied load through-
out the duration of the test. Except for the running-in effect at the very start,
where the load suddenly dropped from 91.4 kg to 88.6 kg, most of the data was
stable and showed continuity until the end (Figure 4). The load cell data was
more stable after every interval as compared to the pressure gauge.

In order to make a quantitative comparison, data from solar flash tests was
analyzed to determine the different performance parameters of PV modules be-
fore and after the application of simulated snow load. Figure 5(a) shows the
maximum power output of PV modules with different numbers of busbars. There
was a significant decrease in power output after the application of load for all the
tested PV modules (p < 0.05). PT-3BB shows an 18% decrease in power output
as compared to PT-4BB, which only shows a 9% decrease after the application of
load. A similar trend was observed in monocrystalline modules, where the aver-
age power output decreased by 13% with 4 busbars compared to 19% with 3
busbar PV modules. On the other hand, polycrystalline modules showed a lesser
combined effect of 27% on the decrease in power output as compared to 32% in
monocrystalline modules. Similar trends were observed for the efficiency of the

PV modules before and after the application of simulated snow load as shown
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Figure 4. Comparison of load between the pressure gauge and load cell readings on the
surface of photovoltaic modules at different time intervals in a total of 3 hrs cycle.
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Figure 5. Showing (a) Power and (b) Efficiency of different types of photovoltaic modules before and after the introduction of
applied loads.

in Figure 5(b). However, the efficiency was still greater than 15% for all types of
PV modules. A minimum decrease of 9% in efficiency was observed in PT-4BB
as compared to a maximum decrease of 20% in MT-3BB modules.

In an effort to scrutinize the overall performance of the different types of PV
modules, fill factor and series resistance were determined as shown in Figure
6(a) and Figure 6(b), respectively. MT-4BB showed the highest fill factor of 82%
+ 0.65% among the tested modules, which was still the highest after the applica-
tion of load with 71% + 4.03%. Unlike the MT-3BB, which shows the lowest fill
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Figure 6. Showing (a) Fill factor and (b) Series resistance of different types of photovoltaic modules before and after the applica-

tion of mechanical load.

factor of 60% + 3.99% after the application of load. Besides, there was a signifi-
cant difference in fill factor for all types of modules before and after the intro-
duction of applied loads (p < 0.05), as shown in Figure 6(a). In contrast, series
resistance was significantly increased (p < 0.05) for PT-3BB, MT-3BB and MT-4BB
modules after the application of load, as compared to PT-4BB (p > 0.05), as de-
picted in Figure 6(b). The maximum increase of 20% was observed in PT-3BB
modules. Interestingly, the difference between the series resistance of mono-
crystalline PV modules was observed to be only 2% among 3 and 4 busbar mod-
ules.

The electrical performance of PV modules before and after the application of
simulated snow load was quantified through a widely used solar flash test [23].
The power output and efficiency of a module are determined by a variety of pa-
rameters, including the amount of irradiance received, the reflectivity of the
glass used, the manufacturing process for fabrication, and the mechanical inte-
grity of the module [24]. In addition, compared to commercially available mod-
ules, the efficiency of the PV modules employed in this study was significantly
higher. Because the modules we used were manufactured only for testing pur-
poses in a controlled environment. Our results confirm the significant (p < 0.05)
effect of snow load on the electrical performance of PT-3BB, MT-3BB and MT-
4BB as shown in Figure 5. However, the effect was less significant in the case of
PT-4BB modules. The reason behind this lies in the different manufacturing
processes of these solar cells. For example, silicon is shaped into bars and then
sliced into wafers to be used in the production of monocrystalline solar cells. In-
stead, in order to create cells for polycrystalline panels, bits of silicon are fused
together to form wafers, which can further strengthen the ability of PV module

to withstand environmental mechanical stress [5]. Compared to monocrystal-
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line, the polycrystalline modules have a lower production cost, due to less waste
generated during manufacturing and lower energy consumption [3].

In order to investigate the decline in performance parameters of the PV mod-
ule after the application of load, EL testing was performed. The output images of
these tests are shown in Figure 7(a) and Figure 7(b) for monocrystalline and
polycrystalline PV modules, respectively. Expectedly, there were a number of
cracks and damaged cells that appeared after the application of load. The mono-
crystalline PV modules show big black regions/inactive cells after the application
of load. Some of the cracks observed in MT-4BB were angled at +45° to the bus-
bars, as highlighted by the red line in Figure 7(a). The cells in the MT-3BB PV
module were mostly damaged and became inactive after the testing, as shown in
Figure 7(a). In contrast, there was rather a smaller number of cracks and dam-
aged cells observed in the polycrystalline PV modules after testing. In PT-3BB
and PT-4BB modules, many of the cracks that appeared were at the edges of the
solar cells and near the busbars, as compared to the center of the cells, which are
encircled in red as depicted in Figure 7(b).

The simulated static snow load was applied, as it had a significant impact on
the size and intensity of the cracks primarily through two mechanisms: it as-
sisted the propagation of existing cracks in the modules and prompted the start
of new cracks. The EL images clearly showed the expansion of existing cracks in
the modules as a result of the application of simulated load. Furthermore, the
alignment of these cracks with respect to the busbars has been shown to have a

considerable impact on the rise in series resistance of the PV modules [25]. As

Before Loading After Loading Before Loading After Loading

Figure 7. Electro luminance images of (a) Monocrystalline and (b) Polycrystalline photovoltaic modules before
and after the application of external load. Red circles indicate the damaged cells in the modules, while the red line
shows a 45° crack in the modules appeared after loading.
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stated previously, cracks that run parallel to the busbars cause a significant in-
crease in electrical resistance, but cracks that run diagonally to the busbars have
only a minor impact on the power output [26] [27]. Several rectangular dark or
black patches were also seen in the EL images captured after the mechanical
testing was done, which were then analyzed. These zones are formed as a result
of the formation of micro cracks that are less visible, but when forces are applied
to them, they expand and cause harm to the surrounding cells.

Consequently, raising the resistance of the fingers occurs due to the fact that
such regions appear as dark areas in the EL images [17] [28]. These results are in
line with the computer simulated studies using stress analysis on PV modules
[29]. Furthermore, improvements in polycrystalline technology over the past few
years are due to the development of high-performance polycrystalline silicon
cells, which have fewer structural defects as compared to monocrystalline [30]
[31]. According to previous studies, EL images of solar cells shows cells with a
comparable structure of shapes and sizes [21] [32]. Hence, proving the efficacy
of the newly developed test setup by bringing changes to the output performance
of PV modules.

The limitations of this study include that the different PV modules tested in
this study are only prototypes and especially made on request. However, this
may not alter the effectiveness of the newly developed test setup. A further study
is needed to demonstrate the effect of load on commercially available modules
using this equipment. A newly developed pneumatic testing setup is demon-
strated to have effectively characterized PV modules based on their mechanical

integrity and electrical performance.

4. Conclusion

An indigenously designed pneumatic airbag test setup was developed to evaluate
the performance of different PV modules under static snow loads. A simulated
snow load of 5400 Pa was uniformly applied to the surface of monocrystalline
and polycrystalline modules having 3 and 4 busbars, respectively. The EL images
before and after the application of load show that cracks were generated in the
modules due to the load. The types of cracks observed were mostly randomly
oriented, while some were at £45° to the busbars. These cracks have resulted in
damaged cells, hence reducing the output electrical performance. A notable drop
in different performance parameters such as power, efficiency and fill factor were
observed. However, the series resistance offered to the flow of current was sig-
nificantly increased for monocrystalline modules. Finally, it is suggested that PV
module manufacturers be encouraged to evaluate the key aspects during produc-
tion of modules in order to achieve better performance throughout their lifes-

pan.
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