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Abstract: In recent years, various types of installations such as floating photovoltaic (PV) and agri-
voltaic systems, and BIPV (building integrated photovoltaic system) have been implemented in PV
systems and, accordingly, there is a growing demand for new PV designs and materials. In particular,
in order to install a PV module in a building, it is important to reduce the weight of the module.
The PV module in which low-iron, tempered glass is applied to the front surface, which is generally
used, has excellent electrical output and reliability characteristics; however, it is heavy. In order to
reduce the weight of the PV module, it is necessary to use a film or plastic-based material, as opposed
to low-iron, tempered glass, on the front surface. However, if a material other than glass is used on
the front of the PV module, various problems such as reduced electrical output and reduced reliability
may occur. Therefore, in this paper, a PV module using a film instead of glass as the front surface was
fabricated, and a characteristic analysis and reliability test were conducted. First, the transmittance
and UV characteristics of each material were tested, and one-cell and 24-cell PV modules were
fabricated and tested for electrical output and reliability. From the results, it was found that the
transmittance and UV characteristics of the front material were excellent. In addition, the electrical
output and reliability test results confirmed that the front-surface film was appropriate for use in a
PV module.

Keywords: c-Si photovoltaic module; lightweight PV module; ethylene tetra fluoro-ethylene (ETFE)
film; ethylene chlorotrifluoroethylene (ECTFE) film; ultra-barrier film; reliability

1. Introduction

Photovoltaic (PV) power generation has received much attention because it is a clean
energy source that does not pollute the environment. Recently, photovoltaic systems have
not only been implemented on land, but also have various installation types such as floating
PV systems, offshore, floating PV systems, agro-photovoltaic and the building integrated
photovoltaic system (BIPV). In particular, the BIPV system can directly use the electricity
produced because it is installed in buildings, and the number of BIPV installations continues
to increase because it does not require a restrictive installation space [1,2]. In addition,
the potential of BIPV continues to rise, and in the United States, roof-top PV is expected
to account for 39% of the nation’s total electricity sales, as it is cheaper than residential
electricity [3].

Various technologies have been developed for BIPV PV modules because aesthetics
as well as electrical output are considered important [4-7]. In addition, various studies
have been conducted in recent years to expand the supply by developing lightweight BIPV
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PV modules and systems [8-10]. A lightweight PV module has the advantage of being
easier to install on weak ground or in aged buildings. For this reason, a PV module using
glass fiber reinforced polymer (GFRP) was developed, and a photovoltaic module using a
sandwich panel is being developed that uses a film on the front surface instead of low-iron
tempered glass, and to supplement the mechanical strength on the back surface [11-14].

To achieve a lightweight PV module, a material other than low-iron tempered glass
must be applied to the front surface. In the PV module, the weight of low-iron,
tempered glass is about 65%. If a film or plastic-based material other than glass is used on
the front surface, the weight of the PV module can be significantly reduced. Accordingly,
in recent years, research on lightweight PV modules using polycarbonate or PET (polyethy-
lene terephthalate) film as the front material of the PV module has been conducted [15].
However, when polycarbonate is used in the PV module, it is difficult to adhere with EVA
(ethylene-vinyl acetate), which is generally used in the photovoltaic industry, so another
encapsulate, such as TPU (thermoplastic polyurethane), must be used [15]. In addition,
when using a film or plastic material instead of glass as the front-surface material of the PV
module, it has characteristics that are different to those of low-iron tempered glass, so it
is necessary to analyze the reliability and output of the PV module when using film or
plastic material.

In this paper, ultra-barrier film (UBF), ETFE (ethylene tetra fluoro-ethylene) film and
ECTEFE (ethylene chlorotrifluoroethylene), which is likely to be applied as a front-surface
material to reduce the weight of PV modules, were used to fabricate the PV modules,
and the electrical output and reliability characteristics when using each material were
analyzed. Ultra-barrier film is known as a material that has superior optical transmission
and low moisture vapor transmission rate and high reliability characteristics compared to
PET film or polycarbonate. In addition, ETFE and ECTFE films have strong resistance to
corrosion and temperature changes, and are characterized by relatively high melting points.
As a film material, it is light, flexible, and has high transmittance and durability, so it is
currently used in thin-film solar cells. In order to reduce the weight of the PV module,
it is necessary not only to reduce the weight, but also to analyze the light transmittance
and UV (ultra-violet) characteristics of the material, in addition to the reliability charac-
teristics, such as the damp heat and thermal cycle, after the PV module is manufactured.
Ultra-barrier films, ETFE, and ECTFE films are known to be capable of manufacture as
thin-film PV modules, but the UV and reliability characteristics have not been analyzed
since the production of c-Si PV modules. In particular, even materials that have good
light transmittance cannot be used as the front-surface material of the PV module if the
transmittance is significantly reduced after the UV test. Therefore, in this paper, the UV test
of front-surface materials of PV modules was performed, and then the properties of optical
transmittance were analyzed. First, the transmittance of each front-surface material and
the characteristics after the UV test were compared and analyzed, and then, the one-cell PV
module was manufactured to measure the electrical output. After that, a lab-scale, 24-cell
PV module was manufactured to analyze the electrical characteristics according to the
reliability test.

2. Characteristic Analysis of Front materials
2.1. Analysis of Transmittance Characteristic of Front Materials

In general, PV modules use low-iron tempered glass as a front-surface material.
The low-iron tempered glass protects the solar cell from the external environment, and the
iron content is as low as 0.02% so that many photons can reach solar cells. In addition,
when anti-reflective coating is applied to the entire glass surface to reduce reflection
of the PV module, the transmittance is 90% or more and the reflectance is 5% or less.
For this reason, the low-iron tempered glass PV module can achieve excellent electrical
output and reliability. In order to apply this type of front-surface material in the PV
module, the electrical output of the low-iron tempered glass PV module and the output
after the reliability characteristics should be similar. In terms of the manufactured PV
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module with a front-surface film, this must pass reliability tests in accordance with the IEC
(International Electrotechnical Commission) 61215 certification standards [16]. In particular,
the transmittance of the PV module front-surface materials is an important factor because
it affects the short circuit current generated by the c-Si solar cell. When the transmittance
of the material on the front surface of the PV module is low, the short circuit current is
lowered, resulting in a lower electrical output and efficiency of the PV module. Therefore,
in order to apply a new front-surface material to a PV module, it is first necessary to analyze
the transmittance.

Table 1 shows the characteristics of the ultra-barrier film and ETFE and ECTFE films
used in the experiment. The transmittance was measured 10 times for each sample using a V-
670 UV-spectrometer to confirm the reproducibility of the experiment. The reproducibility
of measurements was very good at less than 0.2%.

Table 1. Characteristics of front-surface materials.

Product Transmittance Maximum
Weight [g/cm?] Thickness o Transmit-
Average [%]
[mm] tance
ARC (anti reflective coating) 0.875 32 95.07 [17] 95.2[17]
Ultra barrier film 0.027 0.2 93.5 94.6
Ethylene tetra fluoro-ethylene
(ETFE) 0.009 0.2 93.3 94.8
Ethylene
chlorotrifluoroethylene 0.006 0.05 93.7 94.2
(ECTFE)

The experimental results show that the average transmittance of ECTFE film was
the best, and the transmittance was higher in the PV modules with the ultra-barrier and
ECTEFE films than with the ETFE film. However, it can be seen that the difference in
transmittance was about 0.2%, indicating the transmittance was highly similar. From the
results of measuring the transmittance and weight, it is believed that the front-surface film
can be applied to the solar module. In order to apply the films to the front surface of the
PV module, the UV reliability characteristics of each were analyzed.

2.2. UV Characteristic Analysis of Front-Surface Materials of PV Module

The change in the transmittance of the front-surface material can alter the reliability
characteristics as well as the electrical output of the PV module. In addition, since the
front-surface material of the PV module is exposed to the harsh outdoor environment and
is directly exposed to sunlight, there is a high possibility of UV altering the properties.
Because solar modules are guaranteed for a period of more than 20 years, the discoloration
of the front-surface material of the PV module by UV is an important factor to consider.
A photovoltaic module that generates electricity in the field is continuously exposed to UV
from sunlight. If it is exposed for a long period of time, it is necessary to analyze the front-
surface materials of the PV module because severe discoloration and power deterioration
will occur. Therefore, UV tests as well as transmittance are essential for the front-surface
material of a PV module. In this paper, the transmittance was measured before and after
the UV test to analyze the UV characteristics of films that are suitable as the front material.
The UV test was conducted under conditions of 15 kWh/m? irradiance from 280 to 385 nm
based, and module temperature at 60 °C £ 5 °C on IEC 61215, and then the transmittance
of the front materials was measured. Figure 1 shows each sample after the UV test.
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(A)Ultra Barrier Film

(B)ETFE

(C)ECTFE

Figure 1. Front material after UV test (size: 4 cm?) (A) Ultra-barrier film (B) ETFE and (C) ECTFE (dotted line is the sample
before UV test).
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After the UV test, a slight discoloration of the polymer protective film could be
observed with the naked eye, but the ETFE and ECTFE films hardly changed. This was
confirmed from the change in transmittance in Figure 2; in the case of UBF, the transmittance
decreased by about 0.2% in the 400~120 nm range. However, the ETFE and ECTFE films
showed little change in transmittance. In other words, it was confirmed that ETFE and
ECTFEE films have superior UV characteristics compared to those of UBE.
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Figure 2. Transmittance of (A) ultra-barrier film, ETFE, ECTF before and after the UV test (B) Transmittance of ETFE
(C) before and after the UV test.

3. Experiment on the Electrical Output and Reliability Characteristics of Front
Materials of PV Module

3.1. Analysis on the Electrical Output of PV Module

In the previous chapter, we compared and analyzed the front-surface material prop-
erties of the PV module. As a result of the experiment, it was confirmed that the film
used in the experiment was lightweight and had excellent transmittance and UV charac-
teristics. In this chapter, a PV cell module was fabricated using the previously analyzed
film, and electrical output and reliability tests were conducted. The solar cell used in the
experiment is a multi-crystalline c-Si solar cell, and a PV module was manufactured after
sorting the solar cell to make the experiment accurate. Solar cells with an output deviation
of less than 1% were used, and the solar simulator for measuring the electrical output
was tested at optical class AAA and temperature at 25 °C. PV modules with films applied
to the front have the same structure as conventional modules, with the only difference
being that film is used instead of low-iron, tempered glass. In addition, the lamination
process for manufacturing the solar module is the same, but a rear-reinforcing agent was

added to prevent sagging at the rear. Figure 3 shows the lay-up structure of the front-film
PV module.
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Figure 3. Structure of PV module according to front materials (A) UBF PV module; (B) ETFE PV module; (C) ECTFE PV

module.

Figure 4 shows the actual manufactured front-film, one-cell-sized solar module. In the
case of a short circuit current, an output error may occur depending on the size of the front
margin, so for accurate testing, black masking tape was applied to the margin of the back
sheet, as shown in Figure 3. This is because if the size of the back sheet margin of each
manufactured PV module is different, the amount of light reflected by the back sheet and
incident on the solar cell varies, so accurate experimentation is impossible. Figure 4 shows
the photovoltaic module with the film applied to the actual fabricated front surface and
Table 2 details the electrical output. The c-Si solar cell area is 156.75 mm?.

(A)Ultra Barrier Film (B)ETFE (C)ECTFE

Figure 4. Actually, manufactured one-cell photo-voltaic (PV) module (A) Ultra-barrier film, (B) ETFE,
(C) ECTEFE.

Table 2. Electrical output of one-cell PV module for each of the different front-surface materials.

Voe [V] I [A] Pyax [W] FF [%] R, (O]
Ultra-barrier 0.62 8.4 3.95 75.1 0.01
film
ETFE 0.62 85 401 749 0.01
ECTFE 0.62 85 400 74.0 0.01

By measuring the electrical output of the one-cell PV module, it was found that the
short circuit current of the PV module using UBF as the front material was 8.4 A. In addition,
ETFE and ECTFE PV modules have a short circuit current of 8.5 A, which is similar to that
of UBF PV modules. All open-circuit voltages were 0.62 V, and also fill factor (FF) also did
not show a significant difference. The difference in output of the photovoltaic modules
with the film applied to the front was approximately 0.05 W, so there was no significance.

3.2. Reliability Analysis of ETFE, ECTFE and Ultra-Barrier Film PV Module

PV modules installed in PV power plants are manufactured by connecting 60 or
72 solar cells in series to increase the voltage, as individual solar cells have a low voltage.
In other words, the photovoltaic module used in the actual photovoltaic power plant is
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not a one-cell-sized module, so the reliability and electrical output were evaluated in this
paper by fabricating a lab-scale 24-cell module. In the case of a PV module using a film on
the front surface, there is a possibility of sagging.

In the case of sagging in a PV module, the crack phenomenon of the c-Si solar cell
occurs. As a result, the electrical output cannot be accurately measured and the reliability
characteristics cannot be compared and analyzed. In this paper, for accurate reliability
analysis of the PV module with a film applied to the front, a PV module was fabricated by
attaching reinforcing material at the rear side to prevent sagging.

The solar cell used in the experiment was a multi-crystalline solar cell, which is
the same as the one-cell-sized PV module, and the PV module was manufactured after
performing the sorting process in the same manner as in the previous experiment. The lab-
scale photovoltaic module was also laid-up in the same structure as the one-cell PV module,
and then the module was manufactured via the lamination process. Figure 5 shows the
24-cell PV modules to which the manufactured front-surface film was applied.

AR A
[T

Figure 5. Actually manufactured 24-cell PV module (A) Ultra-barrier film, (B) ETFE, (C) ECTFE.

In Table 3, the output measurement of the short circuit current of the ECTFE film
with the best transmittance was slightly higher, but the overall current value was similar.
In addition, the open circuit voltage and fill factor (FF) had the same values. The Pmax
(maximum power point) was approximately 1 W higher in the PV module using ECTFE
than in the ultra-barrier film PV module, which is due to the difference in the light trans-
mission of the different photovoltaic modules. However, this results equates to less than
1% of the output, so there was no significant difference.

Table 3. Electrical output of 24-cell PV module for the different front-surface materials used.

Voc [V] I [A] Pax [W] FF [%]
Ultra-barrier 153 8.89 100.8 744
film
ETFE 153 8.94 1015 742
ECTFE 153 8.97 101.8 742

When using a film or plastic material on the front surface of the PV module, the me-
chanical strength of the module is not secured. Therefore, the use of film-based materials on
the front surface is widely used in flexible solar cell or amorphous solar cell modules. If the
film is applied to the front of the c-5i PV module, the solar cell may be damaged. Therefore,
it is necessary to check whether the PV module is cracked using EL (electroluminescence).
In this paper, EL was measured after module fabrication, and Figure 6 shows the measured
EL image. The results of the measurement show that no crack phenomenon occurred in
the PV module when using the film on the front surface.
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(A) (B) (9}

Figure 6. Electroluminescence (EL) image of PV module; (A) UBF 24-cell (B) ETFE 24-cell PV module; (C) ECTFE 24-cell

PV module.

Because PV systems generate power in harsh outdoor environments, the reliability
of PV modules is a critical factor. Here, the reliability of the PV module refers to tests
such as the damp heat and thermal cycle based on the certification test. A reliability test
refers to the stable function of the product by properly maintaining the PV module in
the harsh external environment. Recently, PV modules have been designed using various
types of front-surface materials, but most of the general mass-produced modules are still
manufactured using glass. However, changing the front-surface material of the module
may result in adhesion problems between the material and EVA, which can lead to a
decrease in the reliability of the PV module. In this chapter, a reliability test was conducted
for the final evaluation of the PV module to which the film was applied.

Damp heat and thermal cycle tests were conducted for the PV module, and a reliability
evaluation was performed using the test method based on IEC 61215. The damp heat test
is a test that evaluates the decrease in output due to the stress generated at the junction
of the solar cell and the ribbon under high-temperature and high-humidity conditions.
It was tested for 1000 h at a temperature of 85 & 2 °C and humidity of 85 £ 5%RH(relative
humidity). The thermal cycle test assesses the thermal stress and durability of the module as
a function of the change in outdoor temperature, and is tested 200 times in the temperature
range of —40 °C~85 °C, corresponding to 1 cycle.

From the results of the reliability test in Figures 7 and 8, it was shown that all of the
PV modules with a film applied to the front surface had excellent reliability characteristics.
The criterion for the IEC 61215 reliability test of a solar module is failure when the output
decreases by more than 5% compared to the initial value after the reliability test. The c-Si
PV module with a film applied to the front showed excellent properties, with 0.75% to
2.42%—Iless than the 5% failure criterion. In other words, the reliability of the solar module
with the film applied to the front surface was confirmed.
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Figure 7. The result of the damp heat test of the PV module with the film applied to the front surface (A) Ultra-barrier film
(B) ETFE and (C) ECTFE.
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Figure 8. The result of the thermal cycle test of the PV module with the film applied to the front surface (A) Ultra-barrier
film (B) ETFE and (C) ECTFE.

4. Conclusions

In this paper, the transmittance and UV characteristics of film materials were analyzed
to examine the applicability of the front-surface film to the PV module. In addition, the films
were applied and manufactured as a PV module, and the reliability and electrical output
were analyzed.

First, from the analysis of the properties of the front-surface film, the average trans-
mittance was found to be excellent, at 93.3-93.7%. The change in transmittance before and
after the UV test was insignificant, at less than 2%. In addition, the electrical output was
analyzed by fabricating one-cell and 24-cell modules by applying a film to the front surface.
For the short circuit current and output, the ETFE and the ECTFE films had slightly higher
values than those of the UBF film, but the difference in values between films was only 1%,
confirming that the same output level can be secured regardless of the film material used.
Finally, damp heat and thermal cycle tests were performed to evaluate the reliability of the
PV module with the film applied to the front surface. After the damp heat test of the front-
surface film photovoltaic module, the decrease in output was 0.75%-2.16%, and after the
thermal cycle test, the output dropped by 0.89%—2.42%, confirming the excellent reliability
characteristics of the manufactured PV modules.

The conclusions of this paper can be summarized as follows.

(1) Inorder to apply the film as the front-surface material of the PV module, the material
characteristics were analyzed, and one-cell and 24-cell modules were manufactured
and tested for their electrical output and reliability.

(2) The difference in electrical output of the PV modules to which the front-surface film
was applied was equal to 1W or less.

(3) As a result of damp heat and thermal cycle reliability tests, the reduction in the

electrical output modules with front-surface films was within 5%, which is the certifi-
cation standard.
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(4) If the mechanical strength is increased by using a reinforcing material on the back
side, it is believed that these films can be used as the front-surface material of the
PV module.

In this paper, the material properties of the film were investigated and the electrical
output and reliability tests of the PV modules fabricated with the films were conducted.
In the future, the results of this study could be utilized in the development of new types of
PV modules, in particular, lightweight PV modules.
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