Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 2

Original papers
Materials for energy and environment, next-generation photovoltaics, and green technologies

VK 621.311 DOI: 10.17277/jamt.2024.02.pp.110-121
Encapsulation of solar cells in a transparent polymer composite material

© Ivan Yu. Dmitriev*>J, Artem V. Kochergin™, Sergey A. Yakovlev™®,
Vladimir S. Levitskii®, Alexey S. Abramov®, Eugenii I. Terukov™"™*

* R&D Center of Thin Film Technologies in Energetics,

28, Politekhnicheskaya St., Saint Petersburg, 194064, Russian Federation,
b[offe Physical-Technical Institute of the Russian Academy of Sciences,
26, Politekhnicheskaya St., Saint Petersburg, 194021, Russian Federation,
¢ Saint Petersburg Electrotechnical University “LETI”,

5, Professora Popova St., Saint Petersburg, 197022, Russian Federation

>4 1.Dmitriev@hevelsolar.com

Abstract: Lightweight photovoltaic modules are becoming increasingly popular in many technical applications. This study
proposes an approach to the production of a glass-filled prepreg encapsulant for solar cells lamination. Lamination of solar
cells strings can result in the creation of a transparent and mechanically strong protective composite material. Prototypes of
composite photovoltaic modules with high-efficiency HJT solar cells connected using electroconductive adhesive
technology were fabricated. The climatic resistance of the obtained samples was estimated. It was found that composite
modules pass successfully thermal cycling, UV exposure and hail tests. Damp heat test has revealed increased degradation.
Degradation caused by moisture penetration initiates corrosion processes in the layers of transparent conductive oxide ITO
or contact metallization mesh. The use of composite polymer material makes it possible to reduce the weight of
photovoltaic modules due to the use of sheet glass in their design while maintaining an acceptable level of their climatic
resistance.
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AnHoTtanmsi: JlerkoBecHble (OTODJIEKTPUYECKUE MOMIYJIM CTAHOBSTCS Bce Oojiee BOCTPEOOBaHHBIMH BO MHOTHX
TEXHUYECKUX NpHUMEHEeHusX. B pabore mnpemnokeH HOAXOA K HM3TOTOBJICHHIO CTEKJIOHAIIOJHEHHOI'O WHKAICYJISTHTa-
npenpera JUIs  JAMUHHPOBaHUS  (OTORNIEKTPHUECKHX MpeoOpaszoBarenieil. B mpomecce 1aMuHAanMuM MaTpHIbI
CKOMMYTHPOBAHHBIX (DOTOINEKTPUUECKUX IpeoOpa3zoBaTeneil oOpasyercst MpO3pauyHbli M yNapONpOYHBIN 3aIlUTHBINA
KOMITO3MLIMOHHBIA MaTepuan. IlpoBeleHa XapakTepHCTHKa CTPYKTYpbl M CBOWCTB KOMIIO3WIIMOHHOTO Martepuaa
C TIPUMEHEHHEM CHEKTPO(GOTOMETPHUH, HH(PAKPACHOW CHEKTPOCKONMH M TEPMUYECKOTO aHalu3a. VI3roTOBIEHBI
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MPOTOTUIBI  KOMITO3UTHBIX  (DOTOINIEKTPUUECKHX MOXYyJIeH C BBICOKOA(P(EKTUBHBIMU KPEMHHUEBBIMH SYEHKaMU
TeTePOCTPYKTYPHOTO THIA, CKOMMYTHPOBaHHBIMH C TIPUMEHEHHEM KieeBol TexHonoruu. [IpoBeneHa oreHka
KJIMMaTHIEeCKOW CTOWKOCTH TOJIyYEHHBIX O0pa3IoB. YCTaHOBIEHO, YTO MPOTOTUIBI KOMITO3UTHBIX (POTOIIEKTPUIECKUX
MOAYJEH XOpOIIO IMPOXOIAT HCHBITAHUS HA TEPMOLMKIUpoBaHuE, YD-BO3NEHCTBUE M IpaloCcTOMKOCTh. McnblTanus
KOMITO3UTHBIX MOJYJEH BBISIBHIM OTHOCHUTEIBHO BBICOKYIO JETPaJaliMi0 BO BPEMs BO3/ACHCTBUS BBICOKOW TeMIIEpaTyphl
IPU BBICOKOM BIAXHOCTH. Jlerpananusi, BbI3BaHHAs INPOHMKHOBEHHEM BIArd 4Yepe3 KOMIO3UIMOHHOE IOKPBITHE,
3alyCKaeT KOPPO3HMOHHBIE TPOIECCHl B CIOSAX MPO3pavyHoOro mposojsuiero oxkcuaa I[TO  uimu  KOHTaKTHOM
METaJUIN3alMOHHON ceTKH. [IpuMeHeHne KOMIO3UIIMOHHOTO NOJIMMEPHOTO MaTepualia IMOo3BOJIeT CYIECTBEHHO CHU3HUTH
BeC (hOTORIEKTPHUUECKUX MOJIYJIeH 3a CYET yXOJa OT NPUMEHEHHs! JIMCTOBOTO CTEKJIa B UX KOHCTPYKIHMHU IIPU COXPAHEHUU
MIPUEMIIEMOr0 YPOBHSI X KIIMMATU4ECKOI CTOMKOCTH.

KnroueBble cioBa: (HOTOINIEKTpHUYECKUH NpeoOpa3oBateb; (OTOIIEKTPUUECKUH MOAYJb; TIeTepPOCTPYKTYpHas
TEXHOJIOTHS; KPEMHUH; COJHEYHBIE OJJIEMEHTHI; IOJIMMEPHBbIE KOMIIO3MLMOHHBIE MaTepHalbl; CBETONPOINYCKaHUE;
TEPMOLUKINPOBAHHUE; TPATOCTONKOCTb.

Joist nurupoBanusi: Dmitriev [Yu, Kochergin AV, Yakovlev SA, Levitskii VS, Abramov AS, Terukov EI. Encapsulation
of solar cells in a transparent polymer composite material. Journal of Advanced Materials and Technologies. 2024;9(2):110-
121. DOI: 10.17277/jamt.2024.02.pp.110-121

1. Introduction structure this value is 24 kg-mﬁz. It is obvious that
Technical solutions in the development of avoiding the use of sheet glass in the design of PVMs

lightweight photovoltaic modules (PVMs) are in while ) maintgining an acgeptable level Of_ their
demand in connection with the spread of solar energy ~ Climatic resistance and impact strength is an
in the areas of its integration into architecture, ~!Mmportant practical task. At the scientific and technical
industrial and urban infrastructure, transport, mobile ~ center of the Hevel Group of Companies
devices, communications equipment, and products for ~ (LLC Scientific and Technical . Cen(er of K hi"'E ilm
non-civilian use. The reliability of a typical PVM is 1! echn‘ologies in Energy), semi-flexible lightweight
ensured by the use of front and rear protective glass ~ Datteries have' been developed th?t can be used to
in its design, which makes a critical contribution to solve a  wide range of 51m1'1ar problems.
its weight. The specific weight of a glass-to-glass Some examples of implemented projects are shown

PVM structure is 15-16 kg-m 2, while in a glass-free 11 Fig- 1.

Fig. 1. Examples of completed projects for the integration of semi-flexible lightweight PVMs
in sea, air, and mobile deployable applications
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A common approach in the solar energy industry
is to produce semi-flexible, lightweight PVMs by
replacing the front glass with a protective transparent
sheet based on polyethylene terephthalate (PET) or
ethylene tetrafluoroethylene copolymer (ETFE).
Multilayer PET-based sheets, as well as fiberglass
laminates and honeycomb panels are used as the back
protective substrate. These structures use polymeric
encapsulating materials in a highly elastic state, the
same type as in industrial glass-to-glass PVMs or
glass-to-protective back sheet structures. Semi-
flexible lightweight PVMs based on heterojunction
silicon photovoltaic converters (HJT solar cells) have
a number of disadvantages: low shock and hail
resistance, destruction of busbar jumpers during
thermal cycling, the appearance of delamination and
increased corrosion of HJT solar cells when exposed
to high temperatures and high humidity [1-3].

The climatic and mechanical reliability of PVMs
of any design is largely determined by the materials
used and their mutual compatibility. The introduction
of fiberglass reinforcing materials into the
encapsulant can significantly improve the impact
resistance of glassless modules [4-7]. This is
achieved by immersing a matrix of connected solar
cells in a durable, lightweight and optically
transparent composite material. Composite PVMs can
be made by pouring curable epoxy compounds into
interconnected solar cells using Resin Transfer
Molding technology. However, a more effective
approach involves the production of a glass-filled
prepreg encapsulant, which can be used to laminate
PVMs in an industrial membrane vacuum laminator.
Prepreg contains a hot-melt binder, which, when
heated, takes the required shape and vulcanizes,
actually turning into a solid aggregate state.

The purpose of this study is to develop a method
for encapsulating solar cells into a transparent,
impact-resistant composite material and assess the
climatic resistance of the resulting samples. To solve
the problem, it was proposed to use a polymer
thermosetting material of epoxy-acrylic chemical
nature. The main feature of the material under
development is that it is based on a chemical cross-
linkable system capable of processing within
technological parameters close to those used in mass
production of PVMs (using polyolefin-based film
laminations). A separate objective of this study was
to compare PVMs made with the new composite
technology in terms of reliability with semi-flexible
lightweight PVMs of traditional design using front
and back protective sheets based on PET and
laminating polyolefin films of the POE type.

2. Materials and Methods
2.1. Initial components

The study used silicon heterostructure (n-type,
HIT technology) five-bar solar cells of M2+ format
(157.35x157.35 mm) produced by Hevel.
Metallization of the contact mesh was carried out by
screen printing using an electrically conductive
adhesive. The PV cells were connected to each other
on an industrial stringer at the production site of the
Hevel Company.

The commercial product, the thermosetting
powder composition FREOCRYL Powder Coating
PY1005BR999C, manufactured by Freilacke, was
used as a polymer binder. This composition was
chosen due to the fact that after curing it forms
a transparent coating and has a processing temperature
that is close to the temperature used in typical PVM
lamination  technology  (about  140-160 °C).
The powder composition is a polymer composition of
epoxy-acrylic nature; its exact composition is not
disclosed by the manufacturer, however, general
technological aspects of production are given in [8].
An important difference between the cured polymer
is its high glass transition temperature (more than
60 °C), which causes a high rigidity value (the cured
polymer is close to plexiglass in mechanical
characteristics). The latter circumstance favorably
distinguishes the proposed approach from the
common lamination technology wusing film
encapsulants, which have a very low glass transition
temperature (usually below —40°C) and are in
a highly elastic state under PVM operating
temperatures.

Commercial plain weave glass fabric with
a density of 80 g-m72 based on EC6-34tex fiber was
used as a reinforcing material. Photovoltaic rear
protective sheets based on fluorinated polyethylene
terephthalate and front ETFE films with corona
treatment with a thickness of 50-150 microns were
used.

2.2. Methodology for preparing composite PVMs

Composite PVM samples were prepared in two
steps (Table 1). The first stage is the production of
prepreg — a sheet material consisting of fiberglass
with a polymer binder fused to it. To make the
prepreg, the glass fabric was placed on a heating table
with a set temperature of about 100 °C, and then the
polymer powder was manually applied, distributing it
along the surface with a spatula, evenly pressing the
melting polymer into the glass fabric and cleaning off
the non-absorbable excess. Then the material was
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Table 1. Sequence of manufacturing PVM samples

Stage 1. Preparation of samples (prepregs)

Stage 2. Lamination of the module with prepregs

pressed (rolling with a hand roller for 5-15 seconds).
The prepreg prepared in this way contained a binder,
the content of which was determined by the
absorbency of the fiberglass fabric. The weight of the
powder in a fiberglass-based prepreg with a density
of 80 g-mﬁ2 was (632 +109) g-mfz. The resulting
prepreg had a thickness of (420 + 55) microns.

At the second stage — lamination of the module
blank — the prepreg was used as a laminate to bond
the solar cell matrix to the front ETFE sheet and the
rear PET protective sheet. The PVM samples were
prepared using a laboratory membrane vacuum
laminator at the following mode: temperature 160 °C,
evacuation time 5 min, pressure build-up time 1 min,
pressure 500 mbar, pressure application time 25 min.
During the lamination process, the workpiece was
positioned with its front side facing the heating plate
of the laminator. After lamination, the PVM was
cooled under load.

Reference semi-flexible lightweight PVMs of
traditional design were manufactured from
commercial 320 um PET front and back sheets and
520 g-m_2 polyolefin polyolefin films. The PVM
assembly was carried out on the same equipment
using a technological regime that ensured cross-
linking of POE laminates of at least 80 % (measured
gel content using the xylene dissolution method).

2.3. Analytical methods and test conditions

A Nicolet 8700 FT-IR spectrometer and an
Agilent Cary 5000 spectrophotometer were used to
analyze the structure and properties of the
encapsulating material.

The thermal properties of the materials were
studied by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) on a ZH-1000

synchronous analyzer (Shanghai Innuo Precision
Instruments Co., Ltd.). The measurements were
carried out in the temperature range from 30 to
200 °C, at a scanning speed of 10 °C:min"' in an air
atmosphere. Samples were weighed at 15-20 mg.

Climatic tests of the modules for reliability
included the following tests according to the
conditions of Russian Standard R 56980.2 (IEC
61215-2:2016) - 2020: damp heat test (section 4.10),
thermal cycling (section 4.8), test for exposure to
ultraviolet radiation with frontal exposure of the
sample (section 4.7).

The test for resistance to hail impacts was
carried out under standard conditions according to
Russian Standard R 56980.2 (IEC 61215-2:2016) —
2020 section 4.14: hail diameter 25 mm, speed
22 ms . During testing, two shots were fired - at the
center and at the edge of each sample.

Electro- and photoluminescence images of the
samples were obtained using LumiSolarCell and MBJ
Solutions illumination stands, respectively.

The current-voltage characteristic (short circuit
current Iy, open circuit potential V,., power at

maximum point Ppp, and FF duty cycle) was
measured using a specialized [-V tester under
standard conditions (1.5AM, 25 °C).

3. Results and Discussion

3.1 Characteristics of transparent
composite material

Figure 2 shows the infrared spectrum of
attenuated total internal reflection (ATR) of the
binder polymer before and after curing. Table 2
shows the attribution data for the absorption bands
observed in the spectrum [9—12]. Based on the data
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Fig. 2. ATR IR spectra of the binder polymer before (curve /) and after (curve 2) curing

Table 2. Characteristic bands of the ATR IR spectra of the binder and cured composites (according to Fig. 2)

Prepreg Cured polymer Attribution

700 700 Flexural deformation of CH groups of monosubstituted aromatic compounds
757 757 Bending vibration of the CH group of the epoxy ring
760 760 Bending vibration of CH groups of epoxy ring
790 - Stretching vibrations of Si—C bonds
Sg: - Epoxy ring vibrations (glycidyl methacrylate)
38(6) 22(6) Vibrations of Si—O—Si bonds
1030 - Vibrations of Si—C bonds
1074 1074 Stretching vibrations of C—O bonds of butyl acrylate and glycidyl methacrylate
1147 1147
1189 1189
1247 1247
1238 1238 Bending vibrations of Si—C bonds
1302 1302 Glycidyl methacrylate side chain methyl groups (presumably)
1387 1387 Bending vibrations of C—H bonds
1410 1431 Bending vibrations of groups of CH, groups
1431
1452 1452 Aromatic group vibrations
1493 1493
1600 1600
1462 1462 Vibrations of C—H bonds of methylene groups of glycidyl methacrylate
1695 1728 Stretching vibrations of carbonyl C=0, C—O, methacrylate groups of butyl and glycidyl
1728 methacrylate
2851 - Asymmetric and symmetric vibrations of CH; alkanes groups
2937
3060 3060 C-H vibrations of aromatic groups
3026 3026
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obtained, it can be concluded that the binder is a
copolymer containing acrylic comonomers (butyl
methacrylate, glycidyl methacrylate), styrene, and
grafted silane groups. The intensities of the bands at
845 and 906 cmﬁl, attributed to vibrations of the
epoxy ring [11], differ markedly between the prepreg
and the cured polymer. This suggests that curing
occurred through the reaction of the crosslinker with
the epoxy groups of glycidyl methacrylate. It was
found that after curing, the polymer material lost
solubility in boiling xylene, with the insoluble residue
reaching 95 %. The changes in bonds with Si noted in
Table 2 can presumably be attributed to changes in
silane additives that act as adhesion promoters.
A more detailed analysis of the comonomer
composition of the base polymer, the content of
functional additives, and the degree of conversion
using chromatographic and spectroscopic methods
will be presented in a separate study.

During the first heating cycle the DSC curve
(Fig. 3) reveals a glass transition transition in the
temperature range of 50-70 °C and a melting peak
around 118 °C. The crosslinking chemical reaction is
detected as a peak at 160 °C. Comparing the
thermogram data with IR spectroscopy data, we can
conclude that the transition corresponding to the glass
transition is associated with the softening of the
copolymer of glycidyl methacrylate with butyl
methacrylate [14], and the melting observed at
118 °C referred to dodecanedioic acid, which was
used as a cross-linker for this group of copolymers
[8]. During the second and further cycles of
cooling/heating of the sample, the noted melting
process is not observed, however, a glass transition
transition is detected in the region of 78 °C (Fig. 3,
inset).
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Fig. 3. DSC curve of a polymer binder
(1 — first pass, 2 — second pass); inset — DSC scanning
section of the cured composite to determine Tg
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Fig. 4. TGA composite curve

An important feature of this polymer material is
that it is based on a chemical cross-linkable system,
the thermal behavior of which is close to the behavior
of POE or EVA laminating films common in the solar
industry. Thanks to this, the composite laminate is
capable of processing within technological
parameters close to those used in PVM mass
production.

The cured composite material shows relatively
high thermal stability (Fig. 4). According to
thermogravimetry data, it was found that when heated
to a temperature of 102 °C, the material lost no more
than 0.1 % of its weight; a loss of 1.0 % of weight
was observed only when reaching 162 °C, 10 % — at
280 °C, 50 % — at 364 °C. The process of thermal
decomposition of the main polymer unit began at a
temperature of about 243 °C. After complete burnout
of organic residues, the weight of the remaining glass
fiber occupied about 10 % of the original weight of
the sample.

As can be seen from the light transmission
spectra (Fig. 5), the composite prepared by the
described method is characterized by a relatively high
level of light transmission — the average value in the
wave range 400900 nm was 89.6 %.
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Fig. 5. Light transmittance
of glass fabric (/), binder (2) and cured composite (3)
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At a wavelength of 360 nm, transmission did not
exceed 0.5 %. It is obvious that the polymer binder
contains a substance that plays the role of a UV filter.
It is significant that the transmission spectrum of the
composite and the cured binder are identical, which
indicates a good match of the refractive indices of the
polymer and glass fabric.

3.2 Climatic testing
of composite photovoltaic modules

It is known that silicon HIT solar cells exhibit
increased degradation upon UV exposure [13].
UV-induced degradation of a heterostructural solar
cell consists of a decrease in the lifetime of charge
carriers, usually accompanied by a decrease in the V.
and FF parameters, which is associated with the
appearance of bulk defects in the a-Si:H structure and
the interface between c-Si and a-Si:H. In practice, it
is necessary to provide UV protection to HJT solar
cells by introducing a UV absorbent component into
the protective encapsulating layers. The behavior of
a PVM sample with a UV exposure of at least
60 kW-h-m corresponds to one year of operation in
a temperate climate [16]. As can be seen from the
results obtained (Fig. 6), the level of power
degradation (Pppp) of composite PVM samples after
a frontal exposure of 60 kWh-m > slightly exceeded
the degradation value of the reference sample
prepared by lamination using a commercial POE
polyolefin film containing a UV adsorber. Another
PVM reference sample laminated to POE film
without UV blocker showed noticeably higher (30 %)
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power degradation. The main contribution to the
degradation of composite PVM under UV exposure
after exposure to 60 kWh-m 2 was associated with

a decrease in the [y, parameter. For a reference
sample laminated with a commercial POE film
without a UV blocker, significant degradation in the
Iy, Vo and FF parameters was observed.
It is noteworthy that for the reference sample
laminated to a commercial lamination film with a UV
blocker, degradation was more pronounced for the FF
parameter than for the /. parameter compared to the
data for the composite PVM. This circumstance may
be associated with different UV adsorbers used by
different manufacturers of protective materials [15].
As a UV adsorber, additives based on benzophenones
or benzotriazoles were used in combination with
antioxidants and HALS stabilizers, and provided
cutoff of the UV spectrum. The electroluminescence
(EL) image of the composite sample showed no
noticeable darkening (Fig. 7).

When testing for exposure to high temperature
and high humidity (temperature 85 °C, humidity
85 %), increased PVM power degradation was
detected, this exceeded 5 % when reaching 600 hours
of experiment (Fig. 8). Degradation was accompanied
by the appearance of darkening in EL images.
In this case, the greatest contribution to the
magnitude of power degradation was made by
a decrease in the FF fill factor. Photoluminescence
(PL) images of test samples with power degradation
of more than 10 % had a uniform color (in contrast to
the EL images of the corresponding solar cells).
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Fig. 6. The degradation value of the current-voltage characteristics (/sc, Voc, Pmpp and FF) for a composite PVM

after UV exposure of 60 kW-h-m (1), areference PVM with a POE laminating film without a UV blocker (2)
and a reference PVM with a laminating film with a UV blocker (3)
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(a) (b)

Fig. 7. Electroluminescence image of a composite PVM
sample before (a) and after (b) 60 kW-h-m ™
UV irradiation of the front side of the PVM

This allows us to conclude that the reduction in
power occurred due to corrosion of the current
collection system: in the layers of transparent

conductive oxide ITO or on the elements of the
contact mesh. Increasing the resistance of HJT solar
cells to high temperatures and high humidity was
a solvable problem and was achievable by using
methods for cleaning the solar cell surface from
composition  of

contaminants, modifying the

metallizing materials, and also forming additional
dielectric protective coatings [17, 18].

To carry out thermal cycling tests, PVMs with
dimensions of 2x3 solar cell were manufactured
(Fig. 9). The minimodules underwent 200 cycles of
transitions between —40 °C — +85°C with a final
power degradation of 0.3 %, which was noticeably
better than the results obtained when testing semi-
flexible lightweight PVMs of traditional design using
polyolefin encapsulating films [3]. Thus, the samples
demonstrated high resistance to temperature changes,
which was due to the fact that the rigid and glassy
composite was capable of forming a frame resistant
to thermomechanical effects, which increased the
durability of busbars in solar cell chains.

The results of the damp heat and thermal cycling
tests of PVMs of PET/POE/POE/PET design are
shown in Table 3. The comparison of the results of
these tests with the results obtained for composite
PVMs (Figs. 6-8) shows that the composite structure
is inferior traditional in moisture resistance, but
noticeably superior in thermal cycling. The lower
resistance of HJT solar cell composite encapsulation
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Fig. 8. Changing the values of the current-voltage characteristic parameters (¢ (1), Voc (2), Pmpp (3) and FF (4))
during damp heat test f a composite PVM, as well as EL and PL images of the corresponding samples
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to moisture penetration is associated with the higher  necessary to take into account the likely degradation
vapor transmission coefficient of acrylic polymers of the polymer base during hydrolysis with the
compared to polyolefin ones [19]. In addition, it is  release of corrosive by-products of the reaction.

Initial: ]

0.6

0.4
0.2 Test, hours

2
200

Change in VAC parameters, %
&
[\
w

Fig. 9. Relative change in values /s (1), Voc (2), Pmpp (3) and FF (4) when testing composite PVMs
for thermal cycling and EL images of samples before and after testing (right)

Table 3. Results of damp heat and thermal cycling tests of PVMs
of PET/POE/POE/PET design (reference modules)

Test Results

Initial EL EL after testing Pppp degradation after test

Exposure to high
temperature and high
humidity 1000 hours -1,0%
Initial EL EL after testing Pmpp degradation after test
Thermal cycling = Y T —
200 cycles S i KIERD SHAN = —— — -10.5 %
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Table 4. Hail resistance test results (EL images)

After being hit by hail
Sample Initial Method of fixing PVM on a substrate
No gap from the rear Gap from the rear
PVM composite
construction

Solar cell lamination

in PET/POE/POE/PET
structure
For hail resistance tests (Table 4), two

conditions for attaching samples were considered:
1) PVM fixed on the back side with double-sided tape
to a rigid base, and 2) PVM fixed only at the edges in
the absence of tight contact of the central part of the
sample with the rigid base. It was found that if the
back side of the PVM is tightly fixed to a rigid
substrate, hail shots do not lead to any damage
(Table 4). In case of loose contact with the base,
damage remained in the central places of the module,
i.e. in places where there is slight bulging of the
module from the substrate. Thus, the effect of hail
resistance of the modules occurs in conditions when
the back side of the solar cell is completely supported
by a sufficiently rigid base, which eliminates critical
deflection of the fragile photovoltaic plate. The lack
of a rigid base only on the back side of the solar cell
is the main reason that semi-flexible lightweight
PVMs of traditional design are not able to pass the
hail test even when tightly fixed to a rigid base, since
the back side of the solar cell is located on a
viscoelastic, pliable base (polyolefin film) [2] . Thus,
traditionally designed semi-flexible lightweight
PVMs can be recommended more for deployable and
portable solar generation systems with reduced
impact requirements.

4. Conclusion

The study proposes to use a polymer
thermosetting material of epoxy-acrylic chemical
nature for the preparation of a composite laminating
material on a fiberglass substrate. The prospects for
using the resulting composite material for the

lamination of high-performance silicon HJT solar
cells and the production of lightweight impact-
resistant PVMs have been studied. The general
concept for the production of composite modules has
been defined and PVM prototypes have been
manufactured for reliability testing. Prototypes of
composite PVMs with five-bar adhesive solar cells
perform well in thermal cycling, UV exposure and
hail resistance tests. However, testing of prototype
composite modules revealed increased degradation
during the damp heat test, which is associated with
corrosion when water penetrates between the
composite material and the ITO layer or contact
mesh. The results obtained open up new prospects for
expanding the scope of practical applications of
heterostructure technology of silicon solar cells.

5. Funding

This study received no external funding.

6. Conflict of interests

The authors declare no conflict of interest.

References

1. Abramov A, Andronikov D, Emtsev K, Orekhov D,
et al. Super lightweight flexible HIT solar panel. (eds.)
35th European Photovoltaic Solar Energy Conference and
Exhibition, 23 — 28 September 2018. USA: WIP -
Renewable Energies; 2019. p.1227-1229. DOI:10.4229/
35THEUPVSEC20182018-5CV.1.34

2. Yakovlev S, Schebet E, Emtsev K, Andronikov D,
et al. Mechanical stability of semi-flexible solar panels.
(eds.) 36th European Photovoltaic Solar Energy
Conference and Exhibition, 9 — 13 September 2019.

Dmitriev 1.Yu., Kochergin A.V., Yakovlev S.A., Levitskii V.S., Abramov A.S., Terukov E.I 119



Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 2

France: Fraunhofer Institute for Solar Energy Systems ISE;
2019. p.1040-1041. DOI: 10.4229/EUPVSEC20192019-
4AV.1.22

3. Yakovlev S, Schebet E, Emtsev K, Andronikov D,
et al. Environmental stability of semi-flexible HJT solar
panels. (eds.) 37th European Photovoltaic Solar Energy
Conference and Exhibition, 7 — 10 September 2020.
France: Fraunhofer Institute for Solar Energy Systems ISE;
2020. p. 1117-1119. DOI:10.4229/EUPVSEC20202020-
4AV.2.18

4. Govaerts J, Luo B, Borgers T, Dyck R, et at.
Development and testing of light-weight PV modules
based on glass-fibre reinforcement. EPJ Photovoltaics.
2022;13:1-13. DOI:10.1051/epjpv/2022007.

5. Reinders A, Wit H, Boer A. Design of fibre
reinforced pv concepts for building integrated applications.
(eds.) 24th European Photovoltaic Solar Energy
Conference and Exhibition, 21 — 25 September 2009.
Germany: WIP - Renewable Energies; 2009. p.3940-3944.

6. Kyritsis A, Roman E, Kalogirou S, Nikoletatos J,
et al. Households with fibre reinforced composite bipv
modules in southern europe under net metering scheme.
Renewable Energy. 2019;137(3):167-176. DOI:10.1016/
j-renene.2017.09.068

7. Govaers J, Moliya K, Bin L, Borgers T, et al. The
potential of  glass-fibre-reinforcement: (thermo-)
mechanical testing of light-weight PV modules. (eds.) 38tk
European Photovoltaic Solar Energy Conference and
Exhibition, 6 — 9 September 2021. Germany: WIP
Wirtschaft und Infrastruktur GmbH & Co Planungs KG.
DOI:10.4229/EUPVSEC20212021-1A0.3.1.

8. Lu S, Holla R, Morley B. Resin suitable for
powder coating compositions. United State patent
7,737,238. 15 May 2010.

9. Tzoumani I, Beobide A, latridi Z, Voyiatzis G,
et al. Glycidyl methacrylate-based copolymers as healing
agents of waterborne polyurethanes. International Journal
of Molecular Sciences. 2022;23(15):8118. DOI:10.3390/
ijms23158118

10. Anakabe J, Zaldua Huici AM, Eceiza A,
Arbelaiz A. The effect of the addition of poly(styrene- co -
glycidyl methacrylate) copolymer on the properties of
polylactide/poly(methyl methacrylate) blend. Journal of

Applied Polymer Science. 2016;133(37). DOI:10.1002/
app.43935

11. Abdollahi H, Najafi V, Amiri F. Determination
of monomer reactivity ratios and thermal properties of
poly(GMA-co-MMA) copolymers. Polymer Bulletin.
2021;78:493-511. DOI:10.1007/500289-020-03123-5

12. Li JL, Xie XM. Reconsideration on the
mechanism of free-radical melt grafting of glycidyl
methacrylate on polyolefin. Polymer. 2012;53(11):2197-
2204. DOI:10.1016/j.polymer.2012.03.035

13. Yang P, Razzaq S, Jiao R, Hu Y, Liu L, Tao J.
UV Light-induced degradation of industrial silicon HJT
solar cells: degradation mechanism and recovery strategies.
Journal of Solar Energy Research Updates. 2023;10:36-
45. DOI:10.31875/2410-2199.2023.10.04

14. Kaya I, Ilter Z, Senol D. Thermodynamic
interactions and characterisation of poly[(glycidyl
methacrylate-co-methyl, ethyl, butyl) methacrylate] by
inverse gas chromatography. Polymer. 2002;43(24):6455-
6463. DOI:10.1016/s0032-3861(02)00554-2

15. Heidrich R, Barretta C, Mordvinkin A, Pinter G,
et al. UV lamp spectral effects on the aging behavior of
encapsulants for photovoltaic modules. Solar Energy
Materials and  Solar Cells. 2024;266:112674.
DOI:10.1016/j.s0lmat.2023.112674

16. Tiefenthaler M, Wallner GM, Pugstaller R.
Effect of global damp heat ageing on debonding of
crosslinked EVA- and POE-glass laminates. Solar Energy
Materials  and  Solar  Cells. 2024;264:112602.
DOI:10.1016/j.s0lmat.2023.112602

17. Sen C, Wang H, Wu X, Khan M, et al. Four
failure modes in silicon heterojunction glass-backsheet
modules. Solar Energy Materials and Solar Cells.
2023;257:112358. DOI:10.1016/j.s0lmat.2023.112358

18. Wu X, Sen C, Wang H, Wang X, et al
Addressing sodium ion-related degradation in SHJ cells by
the application of nano-scale barrier layers. Solar Energy
Materials and  Solar Cells. 2024;264:112604.
DOI:10.1016/j.s0lmat.2023.112604

19. Call J, Varde U, Konson A, Walters M, et al.
Methodology and systems to ensure reliable thin-film PV
modules. Reliability of Photovoltaic Cells, Modules,
Components, and Systems. 2008;70480S. DOI:10.1117/
12.797103

Information about the authors / Undopmanus 00 aBTopax

Ivan Yu. Dmitriev, Cand. Sc. (Phys. and Math.), Lead
Process Technologist, R&D Center of Thin Film
Technologies in Energetics (R&D Center TFTE),
Saint Petersburg, Russian Federation; ORCID 0000-
0003-0605-9006; e-mail: [.Dmitriev@hevelsolar.com

Artem V. Kochergin, Postgraduate Student, Saint
Petersburg Electrotechnical University “LETI”, Saint
Petersburg, Russian Federation; ORCID0009-0005-
6670-8508; e-mail: A.Kochergin@hevelsolar.com

JAmutpues UBan KOpbeBuy, kanauaatr Qu3nko-mare-
MaTU4YEeCKUX HayK, BeLylmui TtexHosor, HayuHo-tex-
HUYECKUI IIEHTP TOHKOIUIEHOYHBIX TEXHOJIOTUWA B SHEp-
retuke (HTL[ TIIT), Canxr-IlerepOypr, Poccuiickas
®enepanus; ORCID  0000-0003-0605-9006;  e-mail:
[.Dmitriev@hevelsolar.com

Koveprun Aprem BaagmmmupoBuy, acnupant, CaHKT-
[eTepOyprckuii TOCYIapCTBEHHBIA JCKTPOTEXHUIECKHN
yauBepcurer «JIOTUy», Canxr-IletepOypr, Poccuiickas
Oeneparmuss;  ORCID  0009-0005-6670-8508;  e-mail:
A Kochergin@hevelsolar.com

120 Dmitriev 1.Yu., Kochergin A.V., Yakovlev S.A., Levitskii V.S., Abramov A.S., Terukov E.I.



Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 2

Sergey A. Yakovlev, Cand. Sc. (Phys. and Math.), Lead
Process Technologist, R&D Center TFTE, Saint
Petersburg, Russian Federation; ORCID0009-0009-
3963-8355; e-mail: S.Yakovlev@hevelsolar.com

Vladimir S. Levitskii, Cand. Sc. (Eng.), Lead
Measurements Specialist, R&D Center TFTE, Saint
Petersburg, Russian Federation; ORCID 0000-0002-
7877-1329; e-mail: V.Levitskiy@hevelsolar.com

Alexey S. Abramov, Cand. Sc. (Phys. and Math.), Head
of Solar Energy Department, R&D Center TFTE, Saint
Petersburg, Russian Federation; ORCID 0000-0003-
4310-4478; e-mail: a.abramov(@hevelsolar.com

Eugenii I. Terukov, D. Sc (Eng.), Professor, Deputy
Director for Science, R&D Center TFTE, Saint
Petersburg, Russian Federation; ORCID 0000-0002-
4818-4924; e-mail: e.terukov@hevelsolar.com

SxoBiaeB Cepreii AjiekcaHIAPOBUY, KaHIUIAT (HUZHUKO-
MareMaTU4eCKUX Hayk, Benywmui texnosior, HTL[ TIIT,
Cankt-IlerepOypr, Poccuiickas ®enpepanusi; ORCID
0009-0009-3963-8355; e-mail: S.Yakovlev@hevelsolar.
com

Jlesunkuii Bragumup CepreeBuy, KaHAUAaT TEXHUYEC-
KHMX HayK, BeAyluil crnenuanuct no usmepenusM, HTL]
TIIT, Cankr-IlerepOypr, Poccuiickas Denepanus;
ORCID 0000-0002-7877-1329; e-mail: V.Levitskiy@
hevelsolar.com

AodpamoB Ajiekceii CTaHHCJIABOBUY, KaHIUIAT (HU3U-
KO-MaTeMaTH4YeCKUX HAyK, PYKOBOAUTEIb OTAETa COJI-
neunoit ouepretmkw, HTL] TIIT, Cankt-IlerepOypr,
Poccwuiickas denepanust; ORCID 0000-0003-4310-4478;
e-mail: a.abramov(@hevelsolar.com

TepykoB Eprenuii MUBaHOBWY, OKTOpP TEXHHMUYECKUX
HayK, npodeccop, 3aMeCTHTEINb TeHEPaIbHOTO TUPEKTOpa
no Haywnoi pabore, HTL[ TIIT, Cankr-IlerepOypr,
Poccuiickas denepauus; ORCID 0000-0002-4818-4924;
e-mail: e.terukov@hevelsolar.com

Received 17 April 2024, Accepted 20 May 2024, Published 04 July 2024

Copyright: © Dmitriev IYu, Kochergin AV, Yakovlev SA, Levitskii VS, Abramov AS, Terukov EI, 2024.
@ @ This article is an open access article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Dmitriev 1.Yu., Kochergin A.V., Yakovlev S.A., Levitskii V.S., Abramov A.S., Terukov E.I

121



