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ABSTRACT: Acrylic films have been widely used as exterior material like signboard, because of its higher 
weatherability. In the present study, lighter weight multi-crystalline silicon photovoltaic (PV) module was investigated by 
substitution acrylic film (0.125 mm thickness) for standard glass (3.2 mm thickness) as a cover sheet. 

Because of mismatch in coefficients of thermal expansion between layers, cells in plastic PV module were subjected 
to stresses with temperature changes. Thus, the constitution of module was determined as 0.125 mm thickness of acrylic 
film as a cover sheet, EVA(0.45 mm thickness) as an encapsulant, and 1.6 mm thickness of glass/epoxy resin sheet as a 
backsheet using stress simulation to a cell.

4 cells (2 strings x 2 column, 6 inches multi-crystalline silicon cells) PV mini modules were fabricated with the 
composition above and tested about long-term reliability against thermal changes and humidity (TC50 & HF10, TC200, 
and DH1000), which were based on IEC 61730-2 standard. In the results, it was revealed that all of the reliable tests were 
fulfilled by standards of both the module appearance after tests and electrical properties. Moreover, in the impact 
resistance test, the PV module using acrylic film cover sheet passed through with the module appearance and electrical 
properties, even though the cover sheet was thinner and higher elasticity. It is suggested that a cell in acrylic film PV 
module was subjected to lower stress because the mode of stress was compressive and a cell located near and above 
neutral axis, when PV module was defined as a multi layered product from the different elastic modulus and coefficient 
of thermal expansion materials. 

From these results, it is possible for the acrylic film PV module to be used in the immediate future.

Keywords: c-Si, durability, polymer film, PV materials

1 INTRODUCTION

Crystalline silicon PV has been kept about 80 % of 
PV market in 2009, and being suspected as major sort of 
PV until 2030 (1). Crystalline silicon PV modules usually 
consisted of about 3 mm thickness glass as a cover sheet, 
cells encapsulated by ethylene-vinyl acetate copolymer 
(EVA, up to 1 mmt), and thin layer of backsheet made by 
PET/Teddler or aluminum (up to 0.5 mmt). Therefore, 
glass occupied 60-70 % weight in all module constituent. 
That is why there existed some place to impossible to put 
on the crystalline silicon PV modules owing to the weight 
limitation of houses. If the lighter weight PV modules 
were achieved, the growing availability of the market of 
crystalline silicon PV modules would be expected. 

Poly (methyl methacrylate) (PMMA) has an excellent 
property in the point of higher weather resistance 
compared with other polymers (2), therefore it had proven 
in use as outdoor exposure materials like signboard, 
paints, and other exterior materials (Fig. 1). Besides, it 
has also higher transparent property (light transmittance: 
92 %) than glass (3), thus acrylic materials have been 
widely used as optical element, such as plastic optical 
fiber, lens, and light guide panel.

Taking advantages of acrylic favorable characteristics, 
it was considered that acrylic materials were the most 
suitable to exterior material for PV to reduce the module 
weight, resist to sun light, and incorporate light for cells. 
In this study, we investigated a novel constituent of 
silicon PV module using acrylic film as a cover sheet, 
and fabricated lighter weight plastic PV modules which 
passed through various reliable tests for PV according to 
IEC standard.

Figure 1. Outdoor exposure result of acrylic sheet 
(Shinkolite#001, 3 mm thickness, Mitsubishi Rayon Co. 
Ltd.). Weathering test has been done in Okinawa, 
subtropical climate in Japan.

2 MATERIALS & METHODS

Module fabrication
For environmental tests, 4 cells (2 strings x 2 column) 

6 inches crystalline silicon PV modules were fabricated 
by standard process of glass cover sheet PV module.

4 cells strings were connected in series by hand 
soldering. For fabricating plastic sheet PV module, 1.5 
mmt acrylic sheets (MR200, Mitsubishi Rayon Co. Ltd., 
Japan) were used as both cover sheet and back sheet. For 
fabricating plastic film PV module, 0.125 mmt acrylic 
films (ACRYPLEN® HBS006, Mitsubishi Rayon) were
used as cover sheet, and 1.6 mmt glass/epoxy resin sheets
were used as backsheet. EVA sheets (CIKcap®, 0.450 
mmt, fast-cure, C.I. KASEI Co. Ltd., Japan) were used as 
encapsulant in all modules. Each PV material was cut 
into 400 mm x 400 mm size and laminated by vacuum 
laminator (NPC Incorporated, Japan).

Power generation of PV modules before and after 
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tests were characterized using Spi-Sun Simulator™
(Spire Corporation, USA) at standard measurement 
conditions simulated 1000 W/m2 irradiance, and 25 °C 
module temperature during measurement.

Cell cracks were observed by electroluminescence 
(EL) analysis using PVX 100 (ITES Co. Ltd., Japan).

Simulation analysis
Stress to a cell, which was caused by the expansion 

and contraction of PV materials when temperature 
changed, was simulated by finite element methods (FEM) 
software NX I-deas 6 (4). The values of stress were 
estimated as stress to a cell in quarter area of 4 cells mini 
module using density, coefficient of thermal expansion
(CTE), elasticity, and Poisson ratio of each material.

Environmental tests for PV
Fabricated modules were served in thermal cycling 

200 cycles test (TC200, -40 °C to 85 °C), humidity and 
freezing 10 cycles test following the thermal cycling 50 
cycles test (TC50 & HF10), and damp heat 1000 hours 
test (DH1000, 85 °C, 85 %RH) according to IEC61730-2. 
Moreover, impact resistance was tested using single cell 
module by steel ball dropping test which was substitution 
of hailstorm test. In each test, electrical generation 
properties were evaluated by solar simulator for judge of 
qualifying standard, and damages to cells were observed 
by EL analysis.

3 RESULTS

1.5 mmt acrylic sheet PV module
At first, acrylic sheet PV module, consisting of 1.5 

mmt acrylic sheets as both cover sheet and back sheet, 
was evaluated. Acrylic sheet PV modules were able to be 
laminated without any curvature of the whole module,
thus TC 50 test was carried out against the acrylic sheet 
PV module. In the result, distortion of interconnections 
and breaking cells and interconnections were clearly 
observed even at initial stage of TC50 (Fig. 2).

Figure 2. Appearance of plastic PV module using 1.5 
mmt acrylic sheets as both a cover sheet and backsheet.

Simulation of stress value to a cell 
In designing the plastic PV modules using acryl, 

stress to a cell was simulated from the various values of 
in each layer of PV materials. Stress values to a cell were 
calculated when the 4 cells mini PV module had been 
exposed to temperature changes from 25 °C to 85 °C (Fig. 
3a).

As a result, however maximum stress value to a cell 
in standard glass module showed only 48 MPa (Fig. 3b), 
that in 1.5 mmt acrylic sheet PV module showed 299 
MPa (Fig. 3d). It was revealed that the value of the stress 
to a cell with changes in temperature was reduced by 
stepping down the thickness of acryl cover sheet below 
0.2 mm, which the value of the stress was close to the 
standard glass cover sheet PV module. With decreasing 

the thickness of the cover sheet, rigid material was 
needed for backsheet to maintain the rigidity of module 
as a whole. In consequence, one combination of materials 
in existence was determined using 0.125 mmt acrylic film 
as a cover sheet and 1.6 mmt glass/epoxy resin sheet as a 
backsheet (Fig. 3c). It showed 69 MPa of maximum 
stress value to a cell, which was similar value to the 
standard glass PV module. In the result of simulation 
analysis, it was determined that the novel constituent of 
plastic PV module consisted of 0.125 mmt acrylic film as 
a cover sheet and 1.6 mmt glass-epoxy sheet as a 
backsheet. 

Figure 3. Simulation data of the stress to a cell in 4 cells 
mini PV modules as temperature rise from 25 °C to 85 °C 
using NX I-deas software. (a) An image of 4 cells mini 
module. White dotted line square indicated quarter of the 
module and simulation area of stress to a cell. (b) Stress 
mapping and diagram of the standard glass PV module 
and its composition (cover glass: 3.2 mmt, encapsulant: 
0.9 mmt, backsheet: 0.3 mmt). (c) Stress mapping and 
diagram of the acrylic film PV module and its 
composition (cover sheet: 0.125 mmt acrylic film, 
encapsulant: 0.9 mmt, backsheet: 1.6 mmt glass/epoxy 
resin sheet). (d) Stress mapping and diagram of the 
acrylic sheet module and its composition (cover sheet: 
1.5 mmt acrylic sheet, encapsulant: 0.9 mmt, backsheet: 
1.5 mmt acrylic sheet). Black square indicated cover 
sheet, white square indicated encapsulant, and gray 
square indicated backsheet. Diagonal line indicated a cell.

Fabrication and reliable tests of acrylic film cover sheet 
PV module

In the consequence of simulating analysis, 6 inches 
crystalline silicon cells were wired in series as 2 strings x 
2 column, and the 4 cells mini modules, which consisted 
of acrylic film (0.125 mmt) as a cover sheet, ethylene-
vinyl acetate (EVA, 0.45 mmt x 2) as an encapsulant, and 
glass/epoxy sheet (1.6 mmt) as a backsheet, were 
fabricated by vacuum laminator as the same process of 
standard glass cover sheet module (Fig. 4). Fabricated PV 
module showed almost the same electrical properties as 
the standard glass PV module. After all, the significant 
weight saving was achieved, the weight of acrylic film 
PV module was 46 % lighter than that of standard glass 
cover sheet module.

Laminated 4 cells film PV modules were tested in 
TC50/HF10, TC 200, and DH1000 which were based on 
PV safety qualification IEC61730-2. After all reliable 
tests described above, each of tested modules was almost 
no change in terms of appearance and kept up above 
97 % of maximum power output of the values before 
testing (Table 1). Not only Pmax, but other factors 
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concerning electrical properties were also maintained
thorough all the reliable tests. Moreover, damages to the 
cells and interconnections by thermal stress were not 
observed by EL analysis (data not shown). 

Figure 4. An image of 4 cells mini PV module using 
0.125 mm thickness acrylic film as a cover sheet and 1.6 
mm thickness glass/epoxy resin sheet as a backsheet.

Table 1. The ratio of electrical properties after long-term 
reliable tests to default in 4 cells acrylic film PV mini 
module (unit: %).
Test/parameters Voc Isc Pmax Rs FF
TC50 & HF10 99.6 99.1 97.9 102.0 99.1
TC200 99.7 99.2 98.9 99.5 99.9
DH1000 99.9 98.1 98.5 102.0 100.5
(4 cells PV mini modules were examined in each tests. 
Each value was measured by 1-SUN solar simulator at 
standard measurement conditions simulated 1000 W/m2

irradiance, 25 °C module temperature during 
measurement.)

In the next place, impact resistance of the acrylic film 
PV module was examined by steel ball dropping test 
which was substitution of hailstorm test in IEC standard. 
As a result, both modules were not changed in 
appearance without any cracks or indents at the dropped
point. In electrical properties, power maximum output of 
acrylic film PV module indicated 97.8 % of that before 
testing (2.2 % Pmax down), while the standard glass cover 
sheet PV module indicated 94.8 % of it (5.2 % Pmax down, 
Table 2). Fig. 5 shows EL images of a cell in each 
module after steel ball was dropped. It was observed that 
cell cracks in acrylic film PV module were obviously less 
than those in glass standard PV module. From both the 
results in electrical properties and cell cracks, it was 
proved that the acrylic film PV module had enough 
strength to pass through the impact resistance test, even 
though the cover sheet was thinner and higher elasticity. 
Moreover, it was cleared that acrylic film PV module was 
more durable to impact than the standard glass module.

Table 2. Comparing the electrical properties after impact 
resistance test to default in single cell module (unit: %).
module/parameters Voc Isc Pmax FF
Glass cover sheet 99.3 99.4 94.8 96.1
Acrylic film cover sheet 99.9 99.7 97.8 98.2
(Single cell PV modules were examined in this test. Each 
value was measured by 1-SUN solar simulator at 
standard measurement conditions simulated 1000 W/m2

irradiance, 25 °C module temperature during 
measurement.)

Figure 5. EL images of a cell after steel ball dropping 
test. (a): standard glass PV module (3.2 mmt tempered 
glass cover sheet and 0.3 mmt PET/Teddler backsheet). 
(b): acrylic film cover sheet PV module (0.125 mmt 
acrylic film cover sheet and 1.6 mmt glass/epoxy resin 
backsheet)

4 DISCUSSION

When 1.5 mmt acrylic sheet was used as both a cover 
sheet and backsheet, interconnections were distorted and 
cells and interconnections were broken (Fig. 2). They 
were caused by the stress generated from expansion and 
contraction of acrylic sheet when the temperature 
changed. The elastic range would be larger if the CTE of 
cover sheet or backsheet materials was getting higher. 
The CTE of acrylic sheet/film is about 70 ppm/K, while 
that of glass is about 10 ppm/K. The difference in CTE of 
exterior materials resulted in the large difference in stress 
values to a cell in simulation (Fig. 3b, d). Although this 
problem could be solved by reducing CTE of exterior 
materials themselves, lowering stress value to a cell was 
achieved by reducing the thickness of higher CTE 
materials (Fig. 3c). Glass/epoxy resin was used as the 
stiff material for carrying the whole module.

In Table 1, the acrylic film cover sheet PV module 
had passed through the reliable tests concerning of 
temperature changes and humidity, which were based on 
IEC standard 61730-2. It was proved that stress value 
was reduced as simulated against the temperature 
changes judging from both the electrical properties, 
especially Isc and Pmax, and EL analysis. Meanwhile, 
oxidation of interconnections or cells was not observed in 
case of these tests judging from Rs or FF in spite of 
higher water vapor permeation of the plastic materials. 
However longer-term DH test up to 3000 hours is going 
on, it would inevitably need water vapor barrier property 
in this module. After all, the acrylic film cover sheet PV 
module had enough reliability to obtain IEC certification 
in terms of durability of temperature changes and 
humidity.

In impact resistance test, it showed the better result in 
acrylic film module compared with the standard glass 
module. Bulky glass has been usually applied to PV 
cover sheet for protecting the cells, however, it was 
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suggested that thinner cover sheet was also enable PV 
module to be protected from impact. In regard to 
deformation of layers, neutral axis has been proposed, 
which has been defined in beam bending theory as the 
line in the cross section of the system where the normal 
stress is zero (5). In that theory, the mode of the stress in a 
layer was defined as compressive when a layer located 
above neutral axis, while that was defined as tensile 
stress when a layer located underneath neutral axis. 
Although it has not been pointed out that a cell was more 
durable against the compressive stress than tensile stress, 
it was experimentally observed that cell cracks tended to
less when a cell was located above neutral axis, that is, a 
cell was received as compressive stress.

Moreover, it was also proved that the value of stress 
had relevance to the distance from neutral axis (6, 7). It has 
been said that the stress value was getting larger in 
proportion to the distance from the neutral axis on which 
the normal stress is zero. Theoretically, in the acrylic film 
module, a cell was situated 0.67 mm above from the 
neutral axis, while that in the standard glass module was 
located 1.82 mm below from the neutral axis. Thus, a cell 
in the acrylic film module would be received less stress 
than that in the standard glass module.

5 CONCLUSIONS

The lighter weight plastic PV module using acrylic 
film as a cover sheet was able to be fabricated by vacuum 
laminator in existence, and its weight reduced up to 46 % 
of standard glass cover sheet PV module. It was satisfied 
with the IEC standard tests against thermal and humid 
resistance tests. Moreover, it was cleared that the acrylic 
film PV module had impact resistance enough to pass 
through the steel ball dropping test. Since the acrylic film 
also has a high weatherability, the lighter weight acrylic 
PV module would be helpful for much further growth of 
crystalline silicon PV modules. 
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