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ABSTRACT

In densely populated or mountainous countries where installation of large-scale solar plants is challenging, photovoltaic (PV)
modules in building applications offer a solution by transforming passive surfaces into energy-generating systems. The need
for flexible, lightweight, and “invisible” PV modules, with a life-time of over 20years, comparable performance to the standard
modules, and enabled recyclability resulted in various designs on the market. This research focuses on thermoplastic honey-
comb sandwich composites (HSCs) with glass fiber-reinforced polymer skins as potential lightweight backsides for PV modules.
Through material characterization and damp heat testing, their optical, mechanical, and thermal performance, compatibil-
ity with lamination processes, and ability to protect internal components from UV radiation and humidity were evaluated.
Results show that proper glass fiber embedment improves mechanical properties and reduces water vapor transmission rates.
Semitransparent skins could enable bifacial PV modules but require UV absorbers for long-term stability. HSCs exhibit glass-like
thermomechanical behavior but low thermal conductivity, which could affect module temperature regulation. Damp heat expo-
sure caused minor degradation in PP-based materials, while PET materials experienced polymer chain-scission and significant
material embrittlement, which indicates the need for improved hydrolysis resistance.

1 | Introduction sufficient energy and meet carbon neutrality [3]. Countries that

are either densely populated or have mountainous terrains, such

The European Green Deal incentivizes increasing the share of
renewable energy in the energy mix by at least 40% by 2030 [1].
With this goal, Europe is setting a path for becoming the first
carbon-neutral continent by 2050. Although solar power is one of
the highest energy-dense renewable sources, its energy density
remains low compared to fossil fuels [2]. As a result, large areas
must be covered with photovoltaic (PV) modules to generate

as the Netherlands, Switzerland, and Austria, face challenges
in increasing their share of renewable energy produced by solar
power due to limited available land for large-scale PV plants.

Building-integrated and building-attached PV (BIPV and
BAPV) installations offer a solution by converting “passive”
building areas into active renewable energy sources and CO,
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neutral areas [4]. However, PV module integration is not without
obstacles; despite the numerous benefits it offers, it also presents
challenges.

Current standard PV modules, which consist of a glass back-
sheet, encapsulant, solar cells with interconnections, glass
frontsheet, junction box, and frame, are not a one-size-fits-all
solution. Based on technical data sheets from various PV mod-
ule producers, these modules can weigh up to 20kgm~2, and
with racking systems potentially up to 40kgm™2. BIPV mod-
ules must comply with both PV and building standards/codes,
as they have to fulfill a dual role as a building element and an
electrotechnical energy generator, where IEC 63092 combines
both aspects [4]. Mechanical stability and fire safety are of ut-
most importance for both BIPV and BAPV systems [5, 6], and
standard 3.2mm glass/glass PV modules typically pass certifi-
cation with ease.

However, industrial and commercial buildings, as well as histor-
ical or heritage buildings may not be able to bear the structural
load of these relatively heavy modules. In addition, the predom-
inantly flat geometry, the lack of flexibility, and the “typical”
dark, boxed, and rectangular appearance of standard PV mod-
ules often do not meet the aesthetic requirements of modern
and historical architecture [7], where the aim is to integrate PV
modules seamlessly with the building's design, often concealing
them within the structure [4]. This can be achieved by hiding
solar cells with colored encapsulant and frontsheet foils [8], by
opting for thin film solar cell technology or c-Si cell technology
for flexible designs [9].

Growing demand for innovative PV module designs specifically
tailored for BIPV and BAPV applications is still on the rise. The
need for flexible, lightweight, and “invisible” PV modules has
opened doors for creativity in the PV industry [10], emphasiz-
ing the importance of ensuring that new designs still achieve
a service life exceeding 20years, maintain the performance of
standard modules, prioritize recyclability and circularity while
remaining cost-effective [5].

In an effort to reduce the weight of integrated/attached PV
modules while maintaining or even enhancing mechanical sta-
bility, various “sandwich” composite solutions have been tested
and integrated as backsides of PV modules [11-16]. Martins
et al. investigated the use of honeycomb composite structures
as backsides for PV modules. The lamination of these compos-
ite structures was done using EVA, ionomer, and thermoplastic
polyolefin (TPO) encapsulants, which served as the adhesion
layer between the Nomex or aluminum core and the glass fiber
reinforced polymer (GFRP) skins. The honeycomb structures
showed good mechanical stability even after undergoing ther-
mal cycling and damp heat (DH) tests. PV modules incorporat-
ing these backsides exhibited favorable electrical performance,
with a power loss of 2%-3% after undergoing artificial aging
tests [12]. Kutter et al. introduced a rigid and torsion-resistant
sandwich composite composed of polyurethane foam as the
core and GFRP skins, aimed as a backside for lightweight PV
modules. Their modules were subjected to artificial aging, and
the degradation effect was observed following the DH exposure.
This resulted in the embrittlement of the GFRP skin, allowing

water ingress that led to corrosion of the interconnections.
In contrast, thermal cycling and ultraviolet (UV) weathering
had no observable impact on the backsheet [16]. Additionally,
Alanis et al. conducted simulations to assess the thermal ef-
fects of integrating lightweight PV modules with sandwich
composites as backside into the box body of refrigerated cargo
trucks, confirming their findings through a mini-PV module
experimental setup. Their research indicates that, in addition
to providing good mechanical properties, sandwich composite
structures can help insulate substrates (such as roofs and walls)
to which PV modules are attached from the heat generated by
the solar cells [17].

As previously mentioned, reducing weight and costs, along with
introducing design flexibility, is a key driving factor in the devel-
opment of glass-free PV modules. While enabling new designs
through versatile backsheets, it is important not to neglect the
functional role of the backsheet in PV modules. New designs
must still protect the internal components from external factors
such as gases, humidity, and UV radiation, while providing me-
chanical stability and electrical insulation of the active part of
the PV module [18-20].

Even though sandwich structures with GFRP skins and alu-
minum or Nomex core materials fulfill the role of a structural
backside [12], the high costs of Nomex and the potential for
poor electrical insulation of the aluminum core have moti-
vated the investigation of thermoplastic honeycomb sandwich
composite (HSC) as a potential substitute for backside material
in lightweight PV modules. In this study, commercially avail-
able polymeric HSC, already used in building and automotive
industries, have been selected and evaluated for their suitabil-
ity as backsides for PV modules. During material selection, it
was ensured that the composites were free of fluorinated com-
pounds, cost-effective, and potentially recyclable. Material
characterization was conducted at the component level in
accordance with PV standards, including Series IEC 62788
and IEC Technical Specification and the fire tests described
in IEC 61730-2 [4], to assess the general, optical, mechanical,
and thermal properties of the materials. The objective of this
assessment was to determine whether the composites could
be integrated into the standard lamination process for the PV
module production, evaluate their effectiveness in protecting
internal components from environmental influences, for ex-
ample, UV, temperature, humidity, and analyze the material
state after exposure.

Inadequate or improper testing may result in unsuitable ma-
terials entering the market and lead to PV failures, which
may cause economic losses as well as adverse environmental
and health impacts (release of F-reach gasses in case of PV
module burning). Testing protocols are not infallible, as it is
difficult to predict every environmental stressor and potential
interaction that could influence material performance, aging,
and degradation. While long-term outdoor testing can pro-
vide definitive information on material performance [21], it is
time-consuming. Therefore, indoor artificial aging tests and
material characterization [22] can sufficiently define material
properties to either approve or disqualify specific materials for
PV applications.
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TABLE1 | Composition and dimensional properties of HSC with polypropylene (PP) and recycled polyethylene terephthalate (rPET) cores; glass
fiber reinforced (GFR) PP, GFR polyethylene terephthalate glycol (PETg), and biaxially oriented (BO)PET skins.

Sample Areal weight Thickness Thickness
(core_skin) Core material Skin material (kgm2) sandwich (mm) skin (mm)
PP80_PP1 PP GFR PP 2.30 12.00 0.40
PP120_PP2 PP GFR PP 2.97 11.80 0.47
PP120_PP3 PP GFR PP 3.37 12.00 0.55
PET80_PET1 rPET GFR PETg 2.51 10.30 0.48
PET80_PET2 rPET BOPET 1.82 10.50 0.25
where the inner side of the backsheet is sealed with the encapsu-
lant and frontsheet, and the edges are sealed with either a frame
or an edge seal. The samples were dried at 40°C for 48h to ob-
tain the initial weight and then placed in a Weiss WLK 64-40
climate chamber. Continuous heating and cooling cycles from
85°C to 5°C and 85% humidity were maintained for 30days.
55 J Samples were kept at 85°C for 18 h and at 5°C for 5h. The weight
e s of the samples was measured at the end of the cooling cycle.
Skins o After 30days, the samples were dried again at 40°C for 48h and

FIGURE1 | Scheme of a honeycomb sandwich composite structure.
[Color figure can be viewed at wileyonlinelibrary.com]

2 | Experimental Section
2.1 | Materials

Five different polymeric HSCs provided by EconCore N.V,
Belgium, have been selected as potential PV backsides; details
on their composition are given in Table 1, and the structure is
shown in Figure 1. The materials were characterized both prior
to and post accelerated aging exposure, with all tests conducted
in three repetitions to minimize experimental errors.

2.2 | Accelerated Aging
2.21 | DH

Series of PV module laminates with PP and PET based HSC as
backsides were prepared as described in [23] and exposed to DH
conditions of 85°C and 85% humidity for 1000h, following IEC
61215 MGT 13 [23, 24]. After accelerated aging, samples were
taken from both the skin and the core of the HSC for thermal
characterization and determination of material durability to-
wards DH conditions.

2.2.2 | Water Condensation

To investigate water condensation within the hollow cell space
of the core layer, HSC panels were cut into 10 X 10cm? samples.
Aluminum adhesive tape was applied on the edges and rear
side of the panels to mimic realistic conditions in a PV module,

the weight was measured post-drying.

2.3 | Material Characterization
2.3.1 | Microscope Imaging

Light microscopic images of the skin material embedded in
epoxy resin were taken with a Light Microscope MAT 7 from
Carl Zeiss GmbH, in the bright field mode.

2.3.2 | UV-vis-NIR

Hemispherical transmittance of the independent skins was re-
corded over the wavelength range between 250 and 2500nm
with a Lambda 950 Ultra Violet-Visible-Near Infrared (UV-vis—
NIR) Spectrophotometer (PerkinElmer Inc.).

2.3.3 | Differential Scanning Calorimetry (DSC)

DSC was performed using a DSC 6000 from PerkinElmer Inc. to
measure thermograms of each polymeric component material,
core and skin, separately. Approximately 10 mg of each material
was placed in an aluminum pan with a perforated lid and sub-
jected to a first heating run from —60°C to 300°C, followed by
a cooling run from 300°C to —60°C and a second heating run
from —60°C to 300°C. The heating rates were set to 10K min~!
and a nitrogen flow of 50 mL min~! was imposed.

2.3.4 | Heat Conductivity

The heat flow through the HSC samples was measured
using a Guarder Heat Flow (GHF) Meter DTC-300 from TA
Instruments (thermal conductivity tester). For this purpose,
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the samples were cut into round specimens with a diameter
of @50 mm. The sample was placed between an upper “hot”
and a lower “cold” plate. The upper plate is heated to a tem-
perature 15°C higher, and the lower plate is cooled to a tem-
perature 15°C lower than the temperature at which material's
heat conductivity is to be determined. Heat flows through the
sample from the hot to the cold plate until thermal equilib-
rium is reached. The heat conductivity is calculated using
Fourier's law:

Qd M

where Q is the heat flow throughout the specimen in W, d is the
thickness in m, A is the area in m?, and AT is the temperature
difference across the sample in K [25].

2.3.5 | Coefficient of Thermal Expansion (CTE)

The CTE was measured using a Dantec Q400 TCT (Dantec
Dynamics) Digital Image Correlation (DIC) system. The device
consists of two cameras and a heating/cooling concealed cham-
ber equipped with a thermal plate. Time series of images of the
measured sample are taken during the thermal stages, which
are then compared to the initial picture. During analysis, the
evaluation software Istra 4D (Dantec Dynamics) calculates the
relative displacement between the reference and each image of
the acquired time series. Sample preparation is important as the
software follows a speckle pattern that is applied on the surface
of the rectangular sample of 3x 3cm?. The speckle pattern was
applied on the skin of the HSC in two layers; the first white coat-
ing serves as a primer and substrate cover and is followed by a
second layer that is a black coating which is creating the speckle
pattern. Achieving good contrast and independent speckles is
necessary to guarantee a measurable surface area. The CTE of
the honeycomb composites was measured in the temperature
range from —50°C to 120°C, with a heating rate of 2K min=".

2.3.6 | Thermogravimetric Analysis (TGA)

TGA was done using a Thermogravimetric System TGA/DSC
1 of Mettler Toledo GmbH. The weight loss of approximately
10mg of material was monitored while heating the sample in
nitrogen atmosphere (50 mLmin~!) from 35°C to 700°C, with a
heating rate of 10°C min~'. The temperature at which the weight
loss is equal to 5% with respect to the initial value (=T,,) is con-
sidered an indicator for the beginning of the material's decom-
position process.

2.3.7 | Mechanical Properties

Zwick Universal Testing Machine (Z020) was used, with a load
cell of 1kN capacity, to perform 4-point bending tests at room
temperature on the HSC samples to compare the mode of failure
and the flexural rigidity. The tests were performed on the sam-
ples of 220 mm length and 25 mm width with a 20ums~! loading
rate, 190mm outer span length, and 90mm inner span length,
in the transversal direction to the core cells, as described in [26].

3 | Results and Discussion

Optimal qualification of the HSCs as a suitable “backsheet”
option for PV modules can be achieved by comparing its prop-
erties to those of the most commonly used polymer composite
backsheet Tedlar-PET-Tedlar (TPT) and the glass backsheet.
Summary of all results is presented in Table 2.

3.1 | Physical Properties

The quality of embedment of the glass fibers (GFs) within the
skin-sheets was investigated first, as the importance of proper
impregnation of GFs within the polymer matrix and its influ-
ence on material properties, such as mechanical strength, water
vapor, and gas permeation, has been emphasized multiple times
in the literature [29, 34-36]. Common processing defects within
GFRPs include voids in the form of entrapped air bubbles, in-
sufficient wetting of the GFs with polymer, cracking of the poly-
mer matrix in areas with fiber bundles, and delamination of the
layer stack [36] Such defects might negatively impact the me-
chanical strength and increase the permeation of humidity, ox-
ygen, or other gases in the skins of the HSCs under study. Thus,
the water vapor transmission rate (WVTR) of all skin materials
was measured and compared to standard PV backsheet materi-
als [36] as it is known to be critical when selecting components
for PV modules. Ingress of humidity into the module can lead
to degradation of internal components including delamination,
yellowing, and hazing of encapsulants, power loss in solar cells,
corrosion of interconnection, and ultimately, PV module failure
[37-40].

Microscopic images of the cross-sections of the GFR PP skins
PP1-PP3 and the PET1 skin are shown in Figure 2. Differences
in the GF distribution, for example, formation of fiber bundles,
voids, and microcracks in the matrix of the skins are visible. The
increase in thickness from PP1 to PP3 is due to the higher con-
tent of both GFs and the polymer matrix. With the increase in
the amount of polymer in the composite, a decrease in WVTR
is expected. The WVTR of these HSC skins was measured by
Babin et al. [34]; the results confirm that lower WVTRs were
observed for GFRP sheets with a thicker outer polymer layer
covering the GFs (Sample PP3), see Figure 3. In contrast, higher
WVTRs were measured for samples where the GFs were poorly
covered with a thin polymer layer (Sample PP1). The type of
polymer matrix also affects the WVTR of GFRP. This becomes
evident when comparing the WVTRs of the skin sheets with
the PET polymer matrix (Sample PET1, value WVTR) and that
with the PP polymer matrix (Sample PP2, value WVTR), despite
the samples having the same thickness and GF distribution (see
Table 1 and Figure 4) [29]. In addition to increasing the thick-
ness of the outer polymer layer and providing better coverage/
embedment of the GFs, a gel coat can be applied to the outer
GFRP skin layer to further decrease the water vapor permeabil-
ity, enhance UV resistance, and, in special formulation, increase
fire resistance [41-43].

The light transmittance of PV module backsides, for example,
blocking of UV light is particularly important, as it can lead to
degradation of internal components, thereby reducing the ef-
ficiency and lifetime performance of PV modules [18]. On the
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TABLE 2 | Summary of the PP and PET HSC, TPT, and glass backsheet properties, including the effect which HSC could bring onto the PV

module.
Effect of the HSC as a

Property Backsheet? Glass PP HSC PET HSC backsheet to the PV module

Thickness (mm) 0.2-0.4 [20] 3.2 11.8-12 10.3-10.5 Thicker PV module—need

for new frame design.

Areal weight ~0.5° [27] 8 [28] 2.3-3.4 1.8-2.5 Significant reduction of weight

(kgm~2) compared to glass backsheet.

Mechanical weak strong GFR skin Brittle Replacement of the glass

strength dependent frontsheet as well as the

removal of the aluminum frame
feasible for PP based HSC.

WVTR <1[20] <107 2-8[29] 0.7-1.2 [29] WYVTR are high and could lead

(gday'm=2) to degradation of the inner

components (corrosion, solar
cell degradation, encapsulant
degradation—delamination).

UV transmission Cut off 90% <40% Cut off at 310nm UV absorbers must be added in

(250-380nm) the polymer matrix to protect

backsheet and inner components
from photooxidation.

Degradation onset >380°¢ — >430 >400 Some backsheets have fire-

T (Ty,—°0) retardant properties in
comparison to the pure PP
and PET, on the other hand
they can generate toxic gas

and toxic residues [30].

Melting 195 [31] — 145-175 >230 PP HSC unsuitable for standard

temperature (°C) lamination process at 160°C,
suitable for noncrosslinking
encapsulants such as TPO.

CTE at 25°C (ppm) > 304 7° 6-124 10-17¢ Similar to the glass, should
not result in delamination.

Heat conductivity 0.15[32] 1[33] ~0.15 ~0.15 Benefit: insulation

(Wm™K™) towards the building
Challenge: Potential slower
cooling of the PV module—

decrease in efficiency.

Accelerated aging Weak impact No impact Material Material Chain scission in PET material

dependent dependent led to material embrittlement—

antihydrolysis additive for
polymer matrix necessary.

aStandard laminated backsheet with PET core layer.
bCalculated from density for 0.34mm thickness.
“Measured at PCCL.

4T dependent.

contrary, the transmittance of UV and visible light through the
backsheets is beneficial for the yield of bifacial PV modules, as
light can be absorbed by the rear side of the cells, converted into
electricity, and increase power generation.

PP2, a dark black skin with unspecified additives (most likely
carbon black), effectively blocks both visible and UV light.
In contrast, PP1, PP3, PET1, and PET2 are semitransparent

skins, with visible light transmittance ranging from 38% to
88% (see Figure 4), offering potential for bifacial PV modules.
The disadvantage of these semitransparent skins, however, is
that the transmitted UV radiation can cause photo-oxidative
degradation of the HSC skins and the core. To block or min-
imize UV transmission, these materials would need to be
adapted or supported with additional layers. This can be
achieved through the addition of UV absorbers to the polymer
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FIGURE2 | Microscope images of the GFR honeycomb skin cross-sections and polymer matrix defects (a) small air bubble entrapment, (b) large
air bubble entrapment, and (c) crack due to the fiber bundle. [Color figure can be viewed at wileyonlinelibrary.com]

8- B 25%~75%
| Range within 1.5IQR
7 —— Median Line
Mean
G +  Outliers
& 64
£
T 5
&5
2
@ 44
< 34
2 1 =
1 =

T T T T
2 o2 o> A% <2

FIGURE 3 | WVTR of HSC skins (recalculated from [29] for the ex-
act thickness of material, instead of WVTR values per 100 um). [Color
figure can be viewed at wileyonlinelibrary.com]

matrix or by applying an external UV-blocking coating to the
outer skin layer in combination with a UV-blocking encapsu-
lant on the cell backside.

3.2 | Thermal Properties

Thermal properties of polymer materials are of great significance
when designing PV modules. First, during the lamination pro-
cess of PV module production, which occurs at high temperatures
(~150°C) and vacuum pressure (up to 1bar), all components, be-
sides encapsulating material, must remain dimensionally intact
(minimal shrinkage, compression, deformation). Second, through-
out the lifetime of a PV module, it will undergo thermal fluctua-
tions (day—night and summer—winter).

The glass transition/softening (Tg) and melting (T,) tem-
peratures of the HSC components are of special interest to
determine the optimal PV module lamination temperatures
to avoid structural and dimensional changes of the backsheet
material. The first heating thermograms (see Figure 5) show
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the thermal behavior of the material before it undergoes the
lamination process. The PP HSC components melt in the
range from 145°C to 175°C, while the PET core and PET2 skin
components have T above 230°C. PET1 skin is an amorphous
polymer; therefore, it does not melt but only softens at ele-
vated temperatures (Tg above 75°C). Considering the standard
lamination conditions developed for the production of glass-
based PV modules with EVA encapsulants and polymeric
backsheets, the melting temperatures of PP are relatively low.
Hence, PP HSC would require an adaptation of the lamination
temperature and the careful selection of encapsulants that
can be processed at temperatures below 140°C, such as TPOs.
However, PET HSC have none or high melting temperatures
and should be compatible with commonly used encapsulants,
like EVA and crosslinking polyolefins (POESs) or combinations
thereof (EPE).

Results of the heat conductivity (1) measurements show that
HSCs are insulating materials, with values below 0.2 Wm~K~!
for all material combinations investigated, as shown in Figure 6.

100
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FIGURE 4 | UV—vis—NIR spectra of honeycomb skins. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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Furthermore, HSCs exhibit A values up to five times lower than
glass A=1Wm™K™) [44]. As c-Si solar cells convert only a
portion (~20%-23%) of the absorbed light into electricity and the
rest into heat, thermally conductive materials surrounding solar
cells are preferred to enhance heat dissipation. Low heat con-
ductivity of insulating materials leads to increased operational
temperatures of the PV module, negatively impacting the effi-
ciency of solar cells, as well as the reliability and durability of
both the module and its components, especially polymers [4, 45].
Research by Ozkalay et al. [46] determined the maximum oper-
ating temperatures (T, ) for identical modules in open-rack and
BIPV systems and evaluated their impact on module efficiency
and long-term performance. T, measured for open-rack PV
modules in both glass/glass and glass/backsheet configurations
was approximately 60°C during the operational hours. In con-
trast, ventilated and insulated BIPV modules exhibited higher
T a5 Slightly above 80°C and 90°C, respectively [46].
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FIGURE 6 | Heat conductivity of the honeycomb sandwich compos-
ites and glass. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | DSC first heating curves of honeycomb components. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE7 | CTE graphs of honeycomb skins (left side PP- and right side PET-based HSC). [Color figure can be viewed at wileyonlinelibrary.com|

Based on these data, similar behavior could be expected when
HSCs are integrated as the backsides in lightweight PV modules.
Additionally, a challenge can arise during the lamination process
as heat conduction and distribution within the PV module can
take longer, unless the lamination process is performed by plac-
ing the front side of the module on the hot plate. On the posi-
tive side, this reduced heat conductivity could provide a benefit
in terms of thermal insulation for the building interior to which
these PV modules are attached, such as facades or roofing ele-
ments [47].

In addition to differences in T, , of the modules installed in
the open-rack and BIPV configuration, significant day-night
temperature variations exceeding 75°C for insulated BIPV mod-
ules were measured [46]. These daily temperature fluctuations
impact the thermomechanical material behavior of the materi-
als within the module stack, and an inherent mismatch in the
CTE between the individual material layers can create internal
stresses resulting in interlayer delamination, failures of solder
joints, and solar cell cracking [4, 48]. Therefore, careful consid-
eration of the bill of materials (BoM) is essential when selecting
components for lightweight PV modules.

The dimensional stability and mechanical behavior of the HSC
materials at different temperatures, in terms of CTE, are pre-
sented in Figure 7. The HSC skins PP1, PP2, PP3, and PET1 with
GFR exhibit comparable behavior in the x- and y-directions due
to the presence of the GFs in 0°-90° ply orientation. These mate-
rials show numerical CTE values between 6 and 12 ppm within
the temperature range from —40°C to 120°C. The PET2 skin,
a biaxially oriented PET material, shows slightly higher CTE
values, 10-17 ppm, in the same temperature range, but with a
somewhat greater anisotropy in the x- and y-directions com-
pared to the GFR skins. All HSC skins investigated exhibit low
anisotropy and lower CTE values than those of commonly used
commercial polymer backsheets (e.g., TPT, coated PET [CPC],
coextruded PP, triple polyamide [AAA]) [49, 50]. Additionally,
CTE values of GFR HSCs can be compared to those of glass re-
ported in the literature [51] and measured in-house (see Table 2).
Given this similar thermomechanical behavior, GFR HSCs are

expected to exhibit comparable performance to glass when inte-
grated as a backsheet in a PV module.

3.3 | Mechanical Properties

Upon visual observation, HSC are a thicker product (10.3-
12mm, see Table 1), particularly when compared to standard
polymeric backsheets (0.5 mm) or glass backsheets (3.2mm). On
the other hand, the honeycomb-metamaterial core significantly
reduces the weight of the composite while enhancing its me-
chanical strength. When HSC (areal density=1.82kgm™2) are
implemented as backsheets, the need for a solar glass frontsheet
(areal density =8kgm™ [52]) can be eliminated, resulting in a
reduction of the PV module's weight by up to a factor of four [26].

Load vs. displacement diagrams of the four-point bending tests
are shown in Figure 8. The PP80_PP1 HSC was excluded from the
test due to the high WVTR and thin wall of the core's cell. The
PET-based HSC failed under the compression stress upon reach-
ing its maximum load carrying capacity. On the other hand, the
PP-based HSC yielded above the maximum carrying load. This
behavior could be due to the fact that at room temperature PET
remains in a glassy state (T, o= 80°C, Figure 5), which can restrict
the mobility of the chains; hence, resulting in a brittle-like failure.
When comparing the mechanical behavior of the PP-based HSC,
PP120_PP3 shows greater stiffness (as indicated by the steeper
slope in the load-line displacement diagram in the elastic region)
and greater load carrying capacity compared to PP120_PP2. This
could be connected with the better embedment of the GF in the
polymer matrix in PP3 skin when compared to PP2 (see Figure 2).

3.4 | Accelerated Aging Influence on Properties

The longevity of the electricity generation of PV modules is directly
linked to the performance of the envelope materials. To ensure a
long lifetime, reliability, and maintained efficiency of PV modules,
the durability of the materials used in the PV modules needs to be
characterized. Material behavior/degradation is best understood
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through outdoor testing; this is time-consuming, in particular
considering targeted lifetimes of 25years and beyond. Therefore,
indoor artificial aging tests and material characterization methods
are typically used to determine reliability and material properties
post aging. In this study, a DH test was performed according to IEC
61215, and DSC and TGA characterization methods were done to
characterize material state and changes that occurred during the
exposure period. Additionally, to investigate water condensation
within the hollow cell space of the core layer, HSC were placed in
the climate chamber under continuous heating and cooling cycles
(from 85°C to 5°C, with 85% humidity) for 30days.

Upon the accelerated aging, yellowing of the PP HSC was ob-
served, similar to the observation by other studies [5]. Thermal
aging affects the stability of additives in the PP matrix, which
then change color; however, the effect is reversible after photo-
bleaching [53]. The cooling thermograms from DSC for PP core
and PP3 skin material in Figure 9 show no significant changes in
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FIGURES8 | Load versusdisplacement diagram of PP and PET based
HSC under flexural loading. [Color figure can be viewed at wileyon-

linelibrary.com]
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the crystallization temperature (T,), meaning that DH aging left
no apparent impact on the polymer matrix. This was similarly
observed for commercially available PP backsheets [28, 53-54].
However, a shift to higher T . values was observed for the PP2 skin,
rPET core, and PET?2 skin, from 118°C to 124°C, 206°C to 218°C,
and 176°C to 186°C, respectively. This shift, indicating an earlier
onset of crystallization, occurs due to the chain scission in both
PP and PET polymer [55, 56]. This phenomenon has already been
reported by Oreski et al., where the authors determined that criti-
cal crystallization temperatures between 208°C and 211°C corre-
spond to a reduction in molar mass and severe embrittlement of
PET [56]. Lamentably, DH aging resulted in a shift of T, above the
critical values for rPET, and consequently in the loss of mechani-
cal properties, making the rPET core prone to cracking and struc-
tural failure under an external mechanical load. Anti-hydrolysis
additives can be added to the PET polymer matrix to mitigate the
chain-scission process and ensure mechanical strength [57].

Aging under the DH conditions also resulted in the earlier
material decomposition of both PP and rPET core materials,
evident for both materials in Figure 10. The change in the
onset decomposition temperature marked by the temperature
at which 5% of weight loss (T,) occurs is more pronounced
for the rPET core, where the T, shifted from 394°C before
aging to 385°C after aging. In contrast, for the PP material, T,
shifted from 430°C to 428°C after aging. Of all skin materi-
als, only PP2 skin showed earlier decomposition onset, which
shifted by 5°C compared to the unaged sample. The polymer
chain scission created smaller molecules that are decompos-
ing into volatile products faster; therefore, T, shifted toward
the lower temperatures.

The water condensation test resulted in a weight gain of less than
0.2wt% for all HSC samples. Since no established standard could
be found for it, an in-house created test procedure was followed.
The relatively low weight gain of these materials may be attributed
to the “breathability” of the composite's outer skins, which allow
moisture vapor transmission and thus prevent water condensa-
tion within the closed hexagonal cells of the core. Alternatively, it
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FIGURE9 | DSC cooling curves of unaged and aged PP and PET. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 | TGA curves of core material before and after aging. [Color figure can be viewed at wileyonlinelibrary.com]

is possible that the test procedure itself needs further adaptation
to create better conditions for water condensation. Nevertheless,
it can be concluded that no significant weight gain is expected for
BAPV and BIPV modules with HSC backsheets under the heat-
ing and cooling conditions typically encountered during outdoor
exposure. This property brings a positive impact, as water will not
accumulate in the hollow areas and impact overall weight, mate-
rial durability, and mold growth [4].

4 | Conclusions

The selected, commercially available PP and PET HSC, already
used in building and automotive industries, proved to be prom-
ising materials for the backside integration into the lightweight
PV modules. Results have shown that proper GF embedment
within the polymer matrix, in the GFRP skin material, improves
the mechanical properties of entire sandwich composites and re-
duces WVTRs. Semitransparent skins with transmission in the
NIR and visible light spectra could enable bifacial PV modules
but require the addition of the UV absorbers to ensure long-
term stability of HSC components and of the internal module
components (encapsulants and solar cells). HSCs exhibit glass-
like thermomechanical behavior but low thermal conductivity,
which could affect module temperature regulation and nega-
tively impact efficiency. DH exposure caused minor degradation
in PP-based materials, which resulted in yellowing, while PET
materials experienced more prominent polymer chain scission
and significant material embrittlement, which indicates the need
for improved hydrolysis resistance. Further investigation is re-
quired to assess mechanical reliability. Replacing the glass front-
sheet and removing the aluminum frame are considered feasible,
though evaluation is still ongoing.
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