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Commercial lightweight photovoltaic modules for applications in

on-grid systems

Abstract. Two types of full-size photovoltaic modules for on-grid systems with maximum DC voltage of 600 V have been developed and prepared
for production. With carefully selected materials and dedicated manufacturing processes the weight of 3.5 and 3.2 kg, the power as high as 220 and
200 Wp and efficiencies of 20.1 and 21.3% were obtained. Together with standard mounting systems the devices make it possible to build non-
intrusive installations on low-load capacity roofs with various types of covering, particularly in large-scale lightweight buildings.

Streszczenie. Zaprojektowano, opracowano i przygotowano do produkcji dwa rodzaje petnowymiarowych modutéw fotowoltaicznych do pracy w
systemach on-grid o napigciu statym do 600 V. Dzigki starannie dobranym materiatom i dedykowanym procesom wytwarzania uzyskano wyroby o
masie 3,5 3,2 kg, mocy 220 i 200 Wp oraz sprawnosci 20,1 i 21,3%. Urzadzenia, przy standardowych sposobach montazu, umozliwiaja budowe
nieinwazyjnych instalacji na dachach o matej nosnosci z réznymi rodzajami pokryc, takze budynkéw wielkogabarytowych o konstrukcji lekkiej.
(Komercyjne lekkie moduly fotowoltaiczne do zastosowan w systemach on-grid)

Keywords: lightweight photovoltaic modules, on-grid systems, low-load capacity roofs, large-scale lightweight buildings.
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Introduction

The vital importance of photovoltaic (PV) systems in
generation of renewable energy is nowadays beyond doubt.
Indeed, the assumed global electricity demand by 2030 will
increase from the current 23,000 TWh to more than 30,000
TWh. Considered in most markets as the cheapest source
of electricity, the PV (and wind) facilities are expected to
cover this growth almost completely with the generation
share rising from less than 10% in 2020 to about 30% [1].
Regarding the PV power capacity in European Union, the
value of ca. 0.16 TW was recorded at the end of 2021
which is a 15% increase compared to 2020 [2]. Note that
the levels as high as 0.63 TW by 2025 and 1.94 TW by
2050 are required to achieve the carbon-free energetics [3].

In Poland, the PV capacity amounted to 7.67 GW at the
end of 2021, while in the first quarter of 2022 it reached 9.4
GW, exceeding the power of wind systems for the first time.
For 2022-2025, an increase of 14 GW is forecasted to
reach a capacity of 21.6 GW. Importantly, although micro-
installations accounted for the largest share of the Polish
PV market in 2021, growth in business systems and PV
farms is expected in the following years [2].

Accordingly, in recent years, in-field application of
various PV systems in Poland has been the subject of
multifaceted research. Particularly, the influence of
operation conditions on the systems’ electrical parameters
was investigated ([4,5]). In [6] the reduction of PV module
efficiency due to formation of dust-layer was examined.
Next, the impact of shading on the performance of a
distributed panels’ system was reported in [7].

An obstacle to the extensive application of PV
technology is the issue of the large weight of conventional
modules. Indeed, the values between 12 and 20 kg/m2 are
quoted (see e.g. [8,9]). This, together with additional mass
of fixing systems, makes the use of such devices on roofs
with low-load capacity problematic or even impossible.
Certainly, in the case of production halls, supermarkets,
farms, etc expensive structural reinforcement is usually
required prior to applying conventional heavy PV modules.
Importantly, the structural design of existing buildings is
usually on the brink of standard requirements. The issue
can be solved by utilizing the lightweight PV (LPV) devices
which in turn creates a market niche for LPVs, attractive
due to the huge area of low-load roofs. Note that in the

absence of a strict definition, units below 7 kg/m2 are
considered as LPVs [10]. The LPVs can be installed using
fixings as for conventional PV modules or bonded directly
by adhesives. This is known as the building attached
photovoltaics (BAPV). A distinction, however, should be
made between BAPV and building integrated photovoltaics
(BIPV) which are PV devices that replace conventional
elements of building envelope [11], e.g. roof tiles (see e.g.
[12]).

Following expectations for LPVs, a concept in which PV
cells are sandwiched between polymeric front- and
backsheets has been developed. Therefore, glass plates
and aluminium frames have been eliminated with their
contributions to the weight of conventional structures of,
respectively, ca. 69 and 11% [13]. Such structures were the
subject of extended investigations (see e.g. [9,14,15,16]).
Note that small (single- and double-cell) and medium-area
(12- and 16-cell) modules were studied, with obtained
structure mass of about 6.5 kg/m2 [9] and 5 kg/m2 [15]. The
devices were successfully subjected to selected (thermal
cycling, damp-heat and hail resistance) tests imposed by
IEC 61215-2:2016 industrial procedures.

Modules design

As a response to market conditions, four full-sized
prototypes of LPVs have been designed, developed and
manufactured by Xdisc S.A. The following parameters were
assumed to be achieved in the designing process: (i) the
19% minimum efficiency, (ii)) maximum total weight of 3.5
kg/mz, (iii) electrical power exceeding 200 Wp, (iv)
hydrophobic front-covers with minimal wetting angle of
100°, (v) the compliance with relevant IEC standards. In the
devices a ribbon-interconnected matrix of interdigitated
back contact (IBC) Si solar cells is integrated between the
frontsheet and encapsulating layers, this structure being
set-up on a composite backsheet (core) to form adhesively-
bonded sandwich. Selected, commercially available
components were used. The thermal behaviour of materials
was examined be means of thermogravimetry, differential
scanning calorimetry, dilatometry and scanning electron
microscopy. Some of their mechanical parameters were in
turn determined using nanoindentation technique and
sample-bending tests. The design, development,
manufacturing and technical parameters of prototypes,
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referred to as P1, P2, P3 and P4, are described in detail in
our previous paper [17]. Prototypes P1 and P3 are twin
designs, as are P2 and P4. In P1, the sandwich structure
containing a Nomex® HC honeycomb-core lined with thin
panels of carbon-fibre reinforced plastic laminate (referred
to as CF-N-CF) was used as the core. In P3 a
MASTERPLATEX/CF-Epoxy Platte HT (CFP) was applied.
In P2, the structure analogous to that of P1, but with glass-
fibre reinforced plastic laminate (GF-N-GF) was utilized. In
P4 the core of an epoxy glass fibre laminate (IZO-ERG
EPGC202) ensures its semi-flexibility. Note that in the CF-
N-CF and GF-N-GF plates the combination of high
tensile/compressive strength of the outer layers and the
lightweight honeycomb core provides a very high strength-
to-weight ratio, especially in bending. The CFP (i.e.
individual carbon fibres woven into a fabric and saturated
with an epoxy resin) offers in turn low weight and rigidity
superior to those of glass fibre-based composites. As for
other features, the prototype-dependent weight between
3.37-3.77 kg/m?, the STC-maximum power in the range of
221 to 239 Wp together with power conversion efficiencies
of 19.98-20.71% were obtained. A millimetre-sized texture
improved devices’ performance for steeper solar incidence
angles. The self-cleaning capability of modules was
enhanced by a hydrophobic material (with water contact-
angle exceeding 100°) utilized in their front linings. The
units have successfully passed most of the testing
procedures from the IEC 61215 and IEC 61730 standards.
Next, in [18] the thermal characterization of the devices and
performance simulation of PV systems based on P1-P4
were conducted. An economic analysis of a system using
one of the prototypes was also performed in that paper.

Design of the modules in pandemic conditions

The course of the global COVID-19 pandemic disrupted
the supply of PV module manufacturing materials and
significantly changed the situation in the PV market in
Europe. Particularly, the unreliability of material deliveries
necessitated changes to module components that were
previously aligned with each other for a range of
requirements during the course of the design work. In this
context, the ethylene-vinyl acetate (EVA) used as the
encapsulant, carefully selected and tested to work well
together with module substrates and PV cells, was of
special concern. This selection was possible, among others,
due to flexibility of the European manufacturer in adapting
the material to the requirements evolving in the course of
designing work and providing samples for testing. However,
the company has ceased operations and its future is
unclear. Asian suppliers, because of the distance and large
production scale, were not showing such flexibility.
Therefore, the previously selected EVA film had to be
urgently replaced by another product currently available. A
similar problem applied to IBC PV cells as the suppliers and
their product range changed making former types
unavailable. Importantly, to our best knowledge, the IBC
cells from only one company became widely available on
the market. Other manufacturers use their IBC cells to
produce their own PV modules and do not sell them to
external factories. This results in a market monopoly in
terms of available products. Consequently, the
manufacturer changed the cell specification which made it
necessary to adapt the construction of modules to the new
conditions. Finally, high and unpredictable dynamics of
(rising) prices and currency exchange rates were also
typical of the pandemic period and necessitated cost
optimisation.

As a result, the commercialization of prototypes P1 and
P3 was abandoned due to estimated high production costs

and overweighting. Indeed, the electroconductivity of their
carbon-fiber-based substrates required the usage of
dedicated isolating inserts to avoid short circuits and ensure
compliance with relevant ICE requirements (see [17]). Such
a non-standard solution complicated the design of the
modules and increased their manufacturing costs.
Additionally, the costs of materials in twin designs P1 and
P3 which were higher than those in constructions of P2 and
P4 make the P1 and P3 devices undesirably expensive.
The problem concerned mainly substrates (cf. Table 1).

Table 1. Comparison of approximate unit-quantity prices of
materials for the P1-P4 prototype cores (data for January 2021)
Material Prototype Price (€)
CF-N-CF P1 991
CFP P3 320
GF-N-GF P2 777
EPGC202 P4 34

In post-pandemic circumstances, somehow higher weight of
available encapsulants was also expected. Indeed, the
previously utilized 200 um-thin films disappeared from the
market and foils with the thicknesses of approx. 460-550
um were offered. As a result, the weight of P1 and P3 would
rise of to an unacceptable level.

Therefore, only the P2 and P4 prototypes of paper [17]
were adopted for production. In this process, the models’
names have been changed from P2 and P4 to ESTARK-
220B and EFLEX-200B, respectively.

Optimisation of P2 and P4 prototypes

Both prototypes were originally designed for universal
applications, that is, on pitched and flat roofs, using
standard aluminium fixings. Mounted in such a way, they
passed the required 2400 Pa strength tests. In both models
the PV cell-strings are sandwiched between the double top
layer and the single encapsulant layer, this structure being
set-up on the core. To obtain the required durability, the P4
contained two additional films. They are attached to the
bottom side of the core to form the strength layer (see [17]).
The use of thicker and heavier films than originally
envisaged would therefore cause the module weight gain
above the maximum of 3.5 kg/mz. It was thus decided to
optimise the purpose and construction of both models.
Consequently, the P4 was dedicated to installation on flat
roofs and where it would be possible to be fixed with
adhesive tape or glue whereas the P2 was purposed for
roofs of any construction. In order to preserve weight, the
number of cells in P4 device was reduced from 66 in [17] to
54, which nevertheless retained its minimum power of 200
Wp (the number of cells in P2 structure remained as high as
60). Therefore, some face-lifting of the module substrates
was performed. The changes were made to simplify their
shape and reduce dimensions while maintaining the
technical requirements for the required edge spacing. This
adjusted the cost-effective STC-efficiency, 7, of ESTARK-
220B (P2) and EFLEX-200B (P4) which was calculated
using generally recognised formula (see e.g. [19]),

— P""-p
(1 n="2
with Ppmp - the module maximum power, A and E - the
module total area and STC-incident irradiance, respectively.
Drawings of both substrates are depicted in Figure 1. As
seen, the substrates are rectangular, with no protruding
parts, which saves space when installed on the roof and
reduces production costs. The EFLEX 200B (P4) model no
longer includes mounting holes due to fixing with adhesive
tape. The current sketches of modules are depicted in
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Figure 1. These adjustments did not affect the architecture
of P2 device from paper [17]. The structure of P4 was,
however, modified by removing the additional strength layer
unnecessary in the case of utilization on flat surfaces. With
new components available on the post-COVID market, the
structures of both devices are as in Figure 2. Please note,
such a treatment makes the P4 more price-attractive for a
customer needing modules exclusively for a flat roof.

EFLEX-220B

Fig.1. Drawings of the commercialized modules

ESTARK-220B EFLEX-200B

(former P2) (former P4)
Front layer (1) Front layer (1)
Encapsulant (2) Encapsulant (3)

PV cells p

Encapsulant (3) Encapsulant (3)

Core (5 mm) Core (1 mm)

Nomex HC GF-N-GF IZ0-ERG EPGC 202

Fig.2. The structures of the modules: (1) — 100 um Aluminium
Féron HelioX PV® frontsheet translux EC 100, (2), (3) - 3M™ EVA
450-650 pm Solar Encapsulant Film

For further optimisation of production costs, from the
current market offer, Sunpower E66 Me3 IBC cells with
declared power between 3.49 and 3.76 Wp [20] were
selected. In order to find the cost-effective power (CEP) of a
single-cell, a test module with 66 such cells connected in
series was manufactured using the same top layer as for
ESTARK-220B and EFLEX-200B (see Figure 2). Next, the
maximum power at STC of the test device was measured
as high as 241.8 Wp which in turn determined the CEP of
3.66 Wp. Note that this value is very close to 3.625 Wp i.e.
the average power from the range given in [20]. The CEP of
3.66 Wp was then adopted for the production of ESTARK-
220B and EFLEX-200B. Since the power of a single cell
ranges between 3.49 and 3.76 Wp, the power of the test
module changes by +3.7%. Therefore, the 5% tolerance of
CEP was assumed for ESTARK-220B and EFLEX-200B
production processes.

It should be finally noted here that adjustments
described above did not affect the five-steps lamination
process for both modules as well as the course of
manufacturing cycle described in [17].

Parameters and purpose of the ESTARK-220B and
EFLEX-200B modules

The purpose and parameters of optimised devices are
summarised in Tables 2 and 3.

Table 2. Modules description and purpose

Product series ELECTRON ELECTRON
Product name STARK FLEX
Previous name
according to [17] P2 P4
Model ESTARK-220B EFLEX 200B

Description and purpose

Robust & lightweight on-grid photovoltaic
module for mounting on ceramic tile,
trapezoidal tile, shingle, metal roof sheet,
seam tile, corrugated tile, membrane roofs

ESTARK-220B

Lightweight & semi-flexible on-grid
photovoltaic module for mounting on
membrane roofs, roofing felt and other flat
surfaces using adhesive tape

EFLEX 200B

Table 3. Parameters of the modules prepared for production

Model | ESTARK-220B | EFLEX200B
Electrical parameters
Peak power 220 Wp 200 Wp
Max. power voltage 36.12V 32.84V
Max. power current 6.09A 6.09 A
Open circuit voltage 42.54 V 38.29V
Short circuit voltage 6.51A 6.51 A
Efficiency 20.1% 21.3%
Power output tolerance +5% +5%
Max. system voltage 600V DC 600V DC
NOCT 37 °C 45 °C
Max. series fuse rating 12A 12A

Temperature coefficients

Open circuit voltage -0.238 %/°C -0.263 %/°C

Short circuit current 0.088 %/°C 0.088 %/°C

Peak power -0.228 %/°C -0.272 %/°C
General information
Si cell type Monocrystalline Monocrystalline

Junction box IP67 potted IP65 (unplugged)

1P68 (plugged)

Cables 0.4 m/4mm? with Not included
connector
Laminate thickness 6 mm 3 mm
Junction box thickness 9 mm 15 mm
Weight 3.5kg 3.2 kg
Dimensions 1308x836 mm 1203x780 mm
Bending radius Not bendable >5m
Frontsheet Structural ETFE Structural ETFE
Operating temperature -40 to +85°C -40 to +85°C
Warranty 2 years 2 years

Due to mechanical features of the structure the
ESTARK-220B is a non-bendable but highly robust module
for application on various types of roofing with the use of
standard aluminium fixing systems. The EFLEX-200B is in
turn dedicated for various roof surfaces, pitched and flat, for
mounting without dedicated support structures, using
adhesive tapes or glue. Its semi-flexibility, however, makes
it possible to mount them with bending radius exceeding 5
m (see Table 2).

The models offer the peak power of 220 and 200 Wp
with efficiency higher than 20%. The weight of 3.5 and 3.2
kg make them suitable for applications on roofs with low-
load capacity, e.g., on production halls, supermarkets,
farms, etc. This allows to avoid expensive structural
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reinforcement usually required prior to applying
conventional heavy PV modules. The list of parameters is
shown in Table 3.
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