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Abstract: Dynamic growth of photovoltaic capacity in Poland encourages many entities to invest
in photovoltaic systems. However, in the case of buildings with low roof-bearing capacity it can
be problematic or even impossible to mount conventional PV modules due to their relatively high
weight. Hence, the use of lightweight PV modules is a potential solution. In this paper four different
prototype silicon lightweight modules of novel structure manufactured by the Xdisc S.A have been
investigated in terms of their electrical and thermal features. The measurements showed that all
prototypes have efficiency exceeding 19.5% and power in range of 214 to 242 Wp at standard test
conditions. Their area density is about 3.5 kg/m2 which is typical for lightweight modules. In turn,
the Power-to-Weight Ratio exceeds 40 W/kg threshold and in one case reaches almost 58 W/kg.
Thanks to the measurements, the prototypes could be modelled in PVsyst (PVsyst SA, Satigny,
Switzerland). The performed simulations of an example PV system revealed that installations
based on prototypes have comparable performance to a conventional installation. Nevertheless,
at current prices they are less profitable than the standard system and it shows the need for future
cost reductions in the manufacturing process. The proposed materials selection may be the starting
point for search of inexpensive substitutes of these materials which still conserve modules high
performance. A system based on the prototypes can still prove advantageous when simplicity and
promptness outweigh higher initial costs.

Keywords: lightweight PV module; prototype; low roof bearing capacity; PVsyst simulation

1. Introduction

Nowadays, photovoltaic (PV) capacity in Poland is growing rapidly. While in 2010 the
cumulated capacity was close to 0 MWp, currently it has exceeded 3.5 GWp [1]. Moreover,
almost 2.5 GWp was installed in the previous year. Subsidies from the public funds
(the “Mój Prąd” programme [2]) and increasing electricity prices encourage people and
companies to invest in photovoltaic systems. Unfortunately, in the case of some large-
area buildings, a problem arises due to a low roof load ability [3,4] which forecloses the
mounting of conventional PV modules. Usually, this issue touches new modern warehouses
and production facilities covered with membrane roofs which sometimes have a load
capacity lower than 10 kg/m2 [5] while a standard PV module weighs 12–16 kg/m2 (a glass-
glass module 14–17 kg/m2), and with racking a total weight can exceed 40 kg/m2 [6,7].
Additionally, old buildings erected in the People’s Republic of Poland may be unsuitable
for solar system due to past regulations. Snowfall is the main factor that contributes to
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a building’s roof load bearing capacity. In Poland until 2006 the time during which the
value of a given load should not be exceeded was only 5 years [8]. The amendment of the
standard PN-EN 1991-1-3: 2005 Eurocode 1 has extended the snow load return period to
50 years. This resulted in an increase in the required snow loads and hence load bearing
capacity. In the case of some buildings existing before the amendment, a recalculation of
this parameter reduced their capacity significantly.

Nevertheless, there are four possible solutions to install the PV system anyway.
One can utilize a low-ballast or aeronautical mounting system, but still the maximum
permitted load may be exceeded because of the standard PV module weight [9,10]. The sec-
ond option, more suitable for the old buildings, is a customized steel construction which
transfers the load from the roof to walls. However, the cost of such a construction usually
makes the investment unprofitable. Alternatively, the roofing can be replaced by building
integrated photovoltaics (BIPV), but again it costs a lot. Furthermore, BIPV generates an ex-
cessive load which may not be well tolerated by older buildings’ structures [11]. Therefore,
BIPV is a suitable choice only for newly built facilities. Finally, lightweight PV modules can
be mounted. They usually weigh up to 7 kg/m2 [3] and do not require a racking system.
This makes them suitable for even very low load roofs. It is worth mentioning that the main
difference between BIPV and lightweight PV modules lies in their relation with a building.
While BIPV replaces conventional materials in parts of the building envelope and cannot be
removed without impact on the structural integrity, lightweight modules may be mounted
using assembly like standard PV modules or directly fastened onto building construction
materials using for instance tape. Hence, in the second case they can be considered as
building attached photovoltaics (BAPV) [12].

1.1. State of the Art

The majority of lightweight modules consist of a polymeric sheet on both sides of
encapsulated thin-film PV cells [11]. In some cases, aluminum or stainless steel is used
as a backsheet [13,14]. Owing to the fact that glass and frame contribute about 69%
and 11% to the weight of a conventional PV module [15], respectively, removing these
components allows achieving a load as low as 2.7 kg/m2 [3]. In addition, using thin-film
cell like amorphous or microcrystalline silicon provides flexibility to a module, which is
desired, for instance, in military or transport applications. However, full dimension thin-
film modules usually do not achieve efficiency higher than 10% [14,16,17]. Only CIGS
modules have higher efficiency, but it is still lower than crystalline silicon modules [18].
Therefore, it seems reasonable to utilize monocrystalline silicon cells to fabricate a high
efficiency lightweight module. Nevertheless, CIGS cells indicate many advantages in case
of BIPV [19].

There are some commercial silicon lightweight modules, but their quality is question-
able [3,20], even when they claim to comply with the IEC or UL certification. Therefore,
in the literature some prototype solutions have been proposed.

A.C. Martins et al. [3] have introduced a glass-free lightweight module (about 5 kg/m2)
which was investigated by the IEC 61215-2:2016 hail test. The module structure consists
of a composite sandwich backsheet (with an aluminum honeycomb core) and polymeric
frontsheet with grade of glass scrim. The researchers examined the impact of backsheet
bending stiffness and frontsheet thickness on the module resistance. It turned out that
the smaller backsheet stiffness and thicker frontsheet, the higher module hail resistance.
Later, the module structure has been slightly changed which resulted in higher weight
(about 6 kg/m2). In a similar paper, a detailed manufacturing process of the module was
described [21]. The device has undergone further tests. It successfully passed damp heat
and thermal cycling tests [20] and also hail and mechanical load tests [11] as prescribed
in the IEC 61215-2:2016. In the next paper [22] the researchers have investigated differ-
ent frontsheet encapsulants to improve resistance of their module. After a series of the
following tests: ultraviolet-visible, spectroscopy, differential scanning calorimetry, rheol-
ogy, peel and tensile tests and hail test on mini modules, TPO (thermoplastic) and POE
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(elastomeric polyolefin) turned out to be the best composition. Subsequently, the authors
proposed a mounting system for lightweight modules based on Velcro tape (placed along
edges and diagonals) which complies with the static mechanical load test presented in the
IEC 61215 [23].

In [24] the authors have fabricated and tested mini modules (1- and 4-cell) covered
on both sides with an acrylic-film. It allowed to reduce the weight of the structure to 46%
of a conventional module weight. The samples have met requirements of the IEC 61215
standard in case of the thermal cycling, humidity-freeze and damp heat tests, and also
showed no changes in the PID test.

A different approach to lightweight module construction involves adding a lattice-like
structure at the rear side [25]. Because of this, very thin laminates can be used without
losing sufficient mechanical stiffness and hence a weight reduction to less than 6.5 kg/m2

may be achieved. The authors claim that their module is able to successfully pass the IEC
61215 standard mechanical load test.

Another concept of lightweight module structure was presented in [26]. Use of a
polyester foam as a backsheet allowed to manufacture a full-dimension (60-cell) rigid
module weighing 5.5 kg. Its power was equal to 256 kWp, which gives a Power-to-Weight
ratio of about 46.6 Wp/kg. After a few months of outdoor monitoring no degradation or
deterioration was observed. Cost of the module manufacturing is similar to a standard
module. However, a full IEC test sequence has not been so far conducted.

To better evaluate lightweight modules in terms of their weight and area, S. Schindler et al. [27]
have proposed novel indicators. The following parameters were suggested:

• Power-to-Weight Ratio P2W [W/kg];
• Area density AD [kg/m2];
• Weight-to-Power Ratio W2P [kg/W];
• Efficiency-to-Weight Ratio E2W [%/kg].

According to the authors’ analyses, a typical silicon lightweight module has P2W ratio
equal to around 40 W/kg, while standard modules are in the range of 10–20 W/kg and
thin film devices are below 10 W/kg. The best lightweight module has 60 W/kg. The usual
E2W ratio of this module type varies between 1.5 and 3%/kg, reaching in one case 12%/kg.
However, this indicator is misleading if we consider modules of different cell number
(and hence size), and only efficiency should be compared instead. In case of lightweight
modules, the values range from 12% to 21% with average 15%. When it comes to AD,
the value for lightweight modules is below 5 kg/m2. While P2W and E2W ratios are better
for lightweight modules than for standard ones, costs per m2 are significantly higher and
more diversified. It varies from 60 to 110 €/m2. In comparison, standard modules cost
between 40 and 60 €/m2.

In light of the above analyses, a module presented in [28] is characterized by a very
high P2W indicator equal 130 W/kg. Due to utilizing a thinner HJT (heterojunction) cells,
the module has gained high power and flexibility. The authors also claim that it is possible
to achieve 250 W/kg. The module was implemented in different applications like boats
and tents. However, it has not been tested according to any standard.

1.2. The Aim of the Study

In this paper, four prototype silicon lightweight modules manufactured by the Xdisc
S.A. are presented. Their structures are based on unique material selection. These modules
exhibit high values of indicators introduced in [27]. In addition, they have successfully
passed most of the test sequences described in the IEC 61215 and IEC 71730 standards.
Therefore, the prototypes yield great promise to be applied to low load capacity buildings.
The aim of this work is to describe the prototypes’ properties and characteristics based on
indoor and outdoor tests conducted in KEZO Research Centre PAS. Furthermore, by the
means of performed measurements, simulations of the prototype PV system in PVsyst have
been executed to conduct economic analyses in comparison with the standard solar system
for a low load capacity building. They have showed that the most promising prototype,
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namely the prototype 4, has the above-mentioned indicators better than average and even
though the PV system based on it is less profitable than PV system based on conventional
modules, when simplicity and swiftness of installation are key factors, the prototype system
can be the best solution regardless of higher initial costs.

2. Materials and Methods
2.1. Samples

The object of the study was four prototype silicon lightweight modules manufactured
by the Xdisc S.A. The samples were marked from 1 to 4. All prototypes are frameless
and glass-free. Thanks to mounting tabs they can be installed using a tape as well as
a standard racking for different roof types. Figure 1 presents the visual appearance of
each prototype. Prototypes 1 (P1) and 2 (P2) are fabricated with the Nomex aramid
honeycomb cores making them rigid, whereas prototypes 3 (P3) and 4 (P4) are made with
a carbon fiber reinforced polymer core and a glass epoxy rigid laminate core, respectively,
making them semi-flexible. Detailed prototypes structures are shown in Figure 2 and their
basic properties are summarized in Table 1.
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Table 1. Prototypes basic properties.

Parameter Unit Prototype 1 Prototype 2 Prototype 3 Prototype 4

Width (including
mounting tabs) mm 850 850 853 853

Length mm 1300 1300 1460 1460

Thickness mm ~6 ~6 ~3 ~4

Area (including
mounting tabs) m2 1.08 1.08 1.16 1.16

Weight kg 3.76 3.72 4.35 4.29

Area density kg/m2 3.47 3.43 3.74 3.68

Cells configuration - 6 × 10 6 × 10 6 × 11 6 × 11

Cell type - IBC

Cell nominal
power Wp 3.79

Cell manufacturer - SunPower

Number of
bypass diodes - 3

Frontsheet (ETFE) - Aluminium Feron translux EC100

Encaplsuant (EVA) - STR PHOTOCAP 15585P HLT

Substrate - Mikanit Nomex HC
with Carbon Fibre

Mikanit Nomex HC
with Epoxy Glass

Masterplatex
CFRP 1000 Izo-Erg TSE-5/130

Insulation foil - Aluminium Feron
Px 1000 - Aluminium Feron

Px 1000 -

2.2. Manufacturing Process

The manufacturing process of all prototypes begins with respective substrate cutting on
a CNC machine to a requested size and shape. Other materials like EVA, ETFE (frontsheet),
and polyester film are prepared in a ROBUST LQL15 automatic foil cutting machine.
Bus ribbons are cut to size on a ribbon cutting machine—ECOCUT 01B. Integrated back
contact (IBC) solar cells are soldered manually due to lack of automatic machinery at the
current production stage. Each cell passes visual quality check by the operator. Honey-
comb structure substrates for prototype 1 and 2 are placed on a heating plate in a vacuum
chamber to remove internal gasses. This is done in 100 ◦C for the time of 1340 s. All men-
tioned materials are delivered to a layup station where they are placed on the 3 mm thick
aluminum carrier plates covered with non-sticky ETFE glass fiber sheet. Layers are lined
up in order presented in Figure 2 starting from rear side. Additional fine ETFE mesh is
placed on the top to texturize the frontsheet during lamination. Due to lower thermal
conductivity of prototype 1 and 2 substrates, they have to be laminated active side down.
The lamination proceeds according to sequences described in Table 2.

After the process, laminates cool down for approximately 15 min. Next, the laminates
are examined by visual inspection and taken through electroluminescence and surface
tension test. Then, laminates are trimmed, and junction boxes are fastened. Finally,
ready modules go through flash-test at STC.

2.3. IEC Standards Tests

The prototypes were subjected to the IEC 61215 and the IEC 61730 standards full test
sequences performed by the Midsummer AB (Elektronikhöjden 6, 175 43 Järfälla, Sweden).
Prototypes 2 and 4 successfully passed tests, while prototype 3 passed conditionally.
The prototype 1 failed thermal cycling, humidity-freeze, robustness of termination, and wet
leakage current tests from the IEC 61215 standard and also accessibility, cut susceptibility,
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impulse voltage, and dielectric withstand tests from the IEC 61730 standard due to too
low resistance between inner circuit and external parts or test fixture. After conducting
these tests, prototypes have been slightly modified. The manufacturer utilized cells of
lower power and thinner ribbons to reduce costs. In the case of prototypes 1 and 3, a layer
of thin PET insulation foil was added to the modules’ structures to improve resistance.
Additionally, substrate design was modified by implementation of non-conducting parts
near the PV module terminals.

Table 2. Sequence of lamination process.

Step Temperature [◦C] Pressure above
Membrane [mbar]

Pressure below
Membrane [mbar] Time [s]

Prototype 1 and 2

Prestart 132 - - -
1 132 <50 <50 300
2 136 500 <50 40
3 135 750 <50 900
4 135 1000 1000 35

Prototype 3 and 4

Prestart 125 - - -
1 135 <50 <50 220
2 143 500 <50 40
3 143 870 <50 800
4 143 1000 1000 35

2.4. Measurements and Equipment

The sequence of tests, as shown in Figure 3, was conducted. To properly model proto-
types in PVsyst electrical parameters at different irradiance level, temperature coefficients,
absorptivity, and thermal loss factors had to be specified and input to the software. Next,
results of the simulation were utilized to perform economic analysis.
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2.4.1. Electrical Parameters Determination

Because of slight changes in prototype structures, including the decrease of cells’
power, the maximum power of the samples at different conditions had to be determined.
As a light source, a steady-state large area solar simulator (LASS) LA150200 by Eternal Sun
was used. The device is of AAA class in accordance with the IEC 60904-9: 2007 standard.
It can work in 3 modes: PV-1000, PV-800, and PV-200, where the number corresponds to the
irradiance level in the spectral range of a silicon cell. An I-V curve tracer system attached
to the simulator consists of two digital multimeters Keysight Agilent 34410A, a source
meter Keithley 2401, an electronic load EA-EL 9750-50 and a PC unit. It allows to determine
current-voltage (I-V) curves and the following parameters:

• Power output Pmax;
• Short-circuit current Isc;
• Open-circuit voltage Voc;
• Current at MPP (Maximum Power Point) Impp;
• Voltage at MPP Vmpp;
• Fill factor FF;
• Efficiency η.
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During the power determination, the temperature of every prototype was measured
in the middle of its rear side by a resistance temperature detector Platinum 100 Ohms
(Pt100). In case of prototypes 1 and 2 the sensor was placed on the front side because of
expected low thermal conductivity of their backsheets. To minimize a mismatch factor,
a silicon reference cell (by ReRa Solutions) was used for irradiance measurements.

For every kind of prototype an I-V characteristic was measured at STC (Standard Test
Conditions) in compliance with the IEC 61215 standard. The same measurement was
repeated, adjusting irradiance to 800 and 200 W/m2. Due to inability of temperature
coefficients determination, values from the IEC tests were taken.

2.4.2. Thermography

The absorptivity was assumed on the basis of the emissivity (according to Kirchhoff’s
law), determined during the thermography investigation of test installations (using a Flir
GF320 IR camera).

In three regions of Poland of different insolation, the prototype PV systems have been
installed. These locations are Jabłonna, Świdnik, and Browina. According to Köppen–
Geiger climate classification system, Jabłonna experiences a warm temperate climate
denoted by Cfb, while Świdnik and Browina have snow humid climate denoted by
Dfb [29]. In each location, some of the prototype modules are mounted on a flat roof
model (slope 3.6◦) and some on pitched roofs models with different roofing (slope 28◦).
The azimuth of all installations is 0◦, which corresponds to the south direction. There are
28 modules in Jabłonna (7 of each prototype) and 21 modules in Świdnik and Browina
each (prototypes 1, 2, and 4). An optimizer is attached to every module to enable a perfor-
mance analysis of individual devices. In each location there are sensors measuring ambient
temperature, wind velocity and irradiance. The systems have worked from September
2020 and after a few months of outdoor exposure no degradation or deterioration has been
observed despite periods of frost and intense snowfall. However, this type of design is
particularly vulnerable to humidity ingress, decolorization, etc., and long-term monitoring
is planned. The test systems were built to compare real yields of prototype installations
with results obtained from simulations in PVsyst basing on actual measured meteorological
data. However, due to relatively short period of data collection no reliable simulation can
be performed for now. Therefore, the abovementioned comparison will be a subject of the
next paper.

In September, on a sunny day, the system in Jabłonna was investigated using ther-
mography. Over the test, ambient conditions fluctuated in ranges specified in Table 3.
The condition was stable enough to regard measurements as reliable.

Table 3. Ambient conditions during thermography investigation.

Parameter Beginning End

Ambient temperature 20.5 ◦C 21.8 ◦C
Wind velocity 0.5–1.1 m/s 0–0.5 m/s
Wind direction S-S-W S-S-W

Cloud cover 1/8–2/8 1/8–2/8
Irradiance in a plane of the flat roof 655–666 W/m2 696–698 W/m2

Irradiance in a plane of the tilted roof 790–810 W/m2 866–875 W/m2

For all prototypes after determination of reflected temperature, the emissivity was
ascertained in the following manner. A piece of black tape of known emissivity was stuck
on a central cell of one module. Then, the tape temperature and the cell temperature next
to the tape sticking point were measured by the camera. Next, the value of emissivity was
varied until the camera displayed cell temperature close to the tape temperature.
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2.4.3. Thermal Parameters Determination

The thermal parameters were determined based on temperature measurements of the
front and rear side of each prototype while warming it up under a constant heat flux. As a
heat source, the abovementioned simulator was used. The temperature was measured by
Omega K-type thermocouples connected to a Moxa ioLogik e1262 data acquisition system
and then to a computer with appropriate software. Before starting the test, the ambient
temperature Ta in the laboratory was being stabilized for about 1 h with the simulator
operating in the PV-1000 mode. This temperature levelled at 30 ◦C. All prototypes were kept
in the room, which allowed them to achieve thermal equilibrium with the surroundings.
Next, every sample was placed on a table set at an angle of 0◦ to the horizontal and
thermocouples were attached to it. A 10 cm long spiral section of a thermocouple was fixed
to the front surface with a polyester tape in such a way that the center of the spiral was
placed in the middle of the cell. In turn, a 10 cm straight section of the thermocouple was
fixed to the rear surface with the polyester tape, so that it corresponded to the diagonal
of the cell on which the upper thermocouple was attached. An additional thermocouple
for measuring the ambient temperature was located approximately 50 cm under the table
with a prototype. To minimize the impact of shading caused by the front tape during the
measurements, the sample circuit was in open circuit. Next, the test table with the module
was placed under the simulator. The temperature of the front and rear sides as well as the
ambient temperature were measured with an interval of 1 s until they reached a steady
state reading. Over the whole test, a wind generator attached to the table was turned
on to stabilize the temperature of the rear surface of the module as well as the ambient
temperature. Thanks to this, the influence of air movements caused by the simulator was
limited. The above procedure was performed for each prototype.

All tests have been performed by the authors in the Energy Conversion and Renewable
Resources Research Centre of Polish Academy of Sciences.

3. Results and Discussion
3.1. Electrical Characteristics Results

Results of I-V measurements are summarized in Table 4. Every module was tested
three times and the presented results are average values (except measurements at 800 W/m2;
due to technical problems there were only 2 measurement series). Shunt (indicated as
Rsh) and series (indicated as Rs) resistance were estimated by the software based on the
curve slopes. In the last two rows of every table, a standard uncertainty (indicated as u(x))
and an expanded uncertainty (indicated as U(x)) for each parameter are given. A stan-
dard uncertainty of measurements has been determined according to [30,31]. To obtain
expanded uncertainties, the standard uncertainties have been multiplied by a coverage
factor equal 2. This factor provides a level of confidence of 95%, assuming a normal
probability distribution of measurements. The standard uncertainties are expressed in %
with two decimal places and the expanded uncertainties with one decimal place rounded.
Because the highest value of the expanded uncertainty is equal to 4.1%, it can be stated
that the measurements are reliable.

All prototypes indicate relatively high efficiency, exceeding 19.5% at STC. Unfortu-
nately, the analysis of I-V characteristic of the prototype 3 (see: Figure 4) shows meaning-
ful deviations in its shape, probably because of the presence of microcracks. Therefore,
the power of the prototype 3 is significantly lower than that of prototype 4, despite having
the same number of cells. Presumably, without defects its power would be also equal to
around 240 Wp. The I-V characteristics of the other prototypes do not show any deviations.
Omitting the prototype 3 issue, the power of modules is more or less 4–6% lower than
the sum of individual cells’ power declared by SunPower. It suggests the manufacturing
process should be improved, owning to the fact that a typical cell-to-module loss does not
exceed 3%. A similar conclusion can be also drawn from the study of shunt resistance
values, which are relatively low. By comparison, all prototypes indicate average series
resistance. The improvements should include i.a. PV cells initial sorting, since SunPower
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sells given cell type in power range. Additionally, more accurate soldering of PV cells and
more precise control after soldering by additional EL test are advisable. By comparison,
all prototypes indicate average series resistance. Above all, the prototypes present satis-
factory FF which proves modules to be up to standards. Both shunt and series resistance
grow when irradiance declines. In turn, the power of all prototypes drops linearly with the
decrease of irradiance, which is in line with expectations.

Table 4. Results of electrical parameters measurements for each prototype at different irradiance level with standard and
expanded uncertainty.

1000 W/m2

No. Isc [A] Voc [V] Impp [A] Vmpp [V] Pmax [W] FF [%]
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Relying on performed tests, the following values of abovementioned indicators were
calculated as presented in Table 5.
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Table 5. Lightweight modules indicators calculated for each prototype.

Parameter Unit Prototype 1 Prototype 2 Prototype 3 Prototype 4

P2W W/kg 57.7 57.4 55.6 53.8
AD kg/m2 3.47 3.43 3.74 3.68

W2P kg/W 0.0173 0.0174 0.0180 0.0186
E2W %/kg 5.33 5.30 4.78 4.62

All prototypes indicate a typical for lightweight modules area density of approximately
3.5 kg/m2 with Power-to-Weight Ratio, exceeding well beyond the 40 W/kg threshold and
reaching in one case almost 58 W/kg.

3.2. Thermal Characteristics Results

Based on the measured temperature values, graphs showing the change in temperature
of the front and rear side of individual modules within 30 min of placing a given prototype
under the simulator were plotted (see: Figure 5a). The temperature of all samples stabilized
after approximately 10–15 min, which is expected according to the literature [32–35].
Comparing the individual modules, it can be seen that the prototypes 1 and 2 reached the
steady state temperature of the front side exceeding 80 ◦C, which is about 7–8 ◦C higher
than the other two prototypes. In comparison, the opposite trend occurred with the rear
surface. Prototypes 3 and 4 heated up to significantly higher temperatures, reaching a
maximum of 62.2 and 68.9 ◦C, respectively, while prototype 1 and 2 stabilized at around
50 ◦C. High temperature difference between the front and rear surfaces of prototype
1 and 2 indicates their poor conductivity, which is an expected result of the backsheet
design of both samples. Due to slight changes in the ambient temperature during the tests,
the temperatures of the prototypes related to this temperature are presented in Figure 5b.
On this basis, the time constant τ, understood as the time after which a temperature is
equal to:

Tτ = T1 + 0.632 [(T2 − Ta2) − (T1 − Ta1)] (1)

is reached, was determined for each samples’ front and rear sides, and is presented in
Table 6. Index 1 denotes the initial state and index 2 denotes the end state.
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ambient temperature during tests.

Table 6. Front and rear temperature related to ambient temperature at the end of the measurement
and time constant for each prototype.

Parameter Unit
Prototype 1 Prototype 2 Prototype 3 Prototype 4

Front Rear Front Rear Front Rear Front Rear

T2 − Ta
◦C 55.6 26.0 53.6 22.1 45.8 33.2 46.5 39.5

τ s 141 227 122 190 119 134 101 128
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The comparison of the time constants shows that both sides of prototype 1 warmed
up the slowest, and at the same time the difference between the time constants for the
front and rear surfaces is the largest of all modules, so prototype 1 has the highest heat
capacity. Prototype 4 has the shortest time constants, while the smallest difference between
the time constant for the front and rear surfaces occurs for prototype 3. On this basis, it can
be concluded that prototype 4 reacts most quickly to changes. Assuming repeatability of
the conducted measurements, the reasons for the different behavior of the modules should
be sought in their material properties. Prototypes 1 and 2 have insulating characteristics
due to the honeycomb backsheet structure. As a result, it leads to an increase in the
temperature of the front surface and a relatively low temperature of the rear side. Therefore,
although the rate of increase of the front surface temperature of all modules is similar,
these two prototypes have reached a steady state later, so their time constants are also
greater. It is worth noting, however, that the time constants for the front do not differ as
much as the time constants for the rear.

Based on the measurements, the following assumptions were made to calculate ther-
mal parameters of prototypes:

• One-dimensional model of heat transfer;
• Negligible heat transfer by module radiation;
• Module uniformity i.e., without division into layers;
• Consistency of the incident irradiance reaching the surface of each module;
• The same value of the convective heat transfer coefficient for the front and back surface;
• The same value of frontsheet transmissivity for all modules (assumed 0.93).

The convective heat transfer coefficient was determined using an energy balance
equation. Energy dissipated from module surfaces to ambient air is equal to energy
supplied by incident irradiance [36]:

α (Tfront + Trear − 2Ta) = G ε t, (2)

where α is the convective heat transfer coefficient, G is irradiance on the module generated
by the solar simulator (full spectrum), ε is an absorption coefficient (absorptivity), and t
is a transmissivity of solar radiation. A thermal conductivity coefficient was calculated
comparing a heat flux conducted from the front to the rear surface and a heat flux dissipated
to air form the rear surface:

k/d (Tfront − Trear) = α (Trear − Ta), (3)

where k is the thermal conductivity coefficient, d is the module thickness. The specific heat
capacity c was evaluated by subtracting the integrated heat rejected from the module and
the integrated heat supplied by the simulator during the stabilization process. From here,
thermal effusivity e and diffusivity h could be calculated. Table 7 shows the results of calcu-
lations of convective heat transfer coefficient, heat conductivity coefficient, specific heat
capacity, thermal effusivity, and diffusivity of each module. It should be emphasized that
calculations are based on some simplifications and may in fact differ slightly from the
actual values.

Table 7. Thermal parameters of each prototype.

Parameter Unit Prototype 1 Prototype 2 Prototype 3 Prototype 4

g kg/m2 3.47 3.43 3.74 3.68
absorptivity - 0.90 0.80 0.92 0.91

α W/(m2·K) 16.8 16.3 17.8 16.1
k W/(m·K) 0.091 0.064 0.13 0.34
c J/(kg·K) 360 317 229 209
e W·s1/2/(m2·K) 140 110 190 260
h mm2/s 0.44 0.35 0.46 1.8
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Prototypes 1 and 2 have the largest specific heat capacity and the lowest heat con-
ductivity coefficient, which results in a high temperature difference between their front
and rear sides, as well as longer time constants. Since prototype 2 has the lowest thermal
effusivity and diffusivity, it has the worst thermal characteristics. Prototype 4 has the
best heat conductivity coefficient which is why it has the smallest temperature difference
between both sides. It also has the lowest specific heat capacity and therefore the lowest
time constant. It has the best thermal effusivity and diffusivity, consequently it has the best
thermal characteristics.

3.3. Simulation in PVsyst

To compare performance of PV systems based on prototype and conventional modules,
simulations in PVsyst 7.1.0 were performed. As a place of assembly, a theoretical hall with
membrane roof of 5◦-slope in Warsaw was considered. Due to low roof bearing capacity
the PV array is of west-east orientation (azimuth 90◦ and −90◦). An installed capacity
of 50 kWp, a microinstallation limit in accordance with Polish regulations, was assumed.
Such an installation allows for net-metering with factor of 0.7 i.e., 70% of electric energy
injected into the grid can be later consumed without any additional charges. It was
considered the hall draws relatively constant power of 30 kW during a two-shift operation.
Therefore, a high rate (approx. 90%) of electricity delivered by PV system is used on
site. The system architecture is based on SolarEdge optimizers. The inverter model is
SE40K-EU and the optimizer models are P320 for the prototypes 1 and 2 and P370 for
the others. The systems consist of 230, 234, 206, and 207 modules for the prototypes
from 1 to 4, respectively. The conventional reference installation contains 147 generic
half-cut monocrystalline modules of 340 Wp. It is supposed that the power of prototype
4 would be equal to 241 Wp if there were no defects. In order to adequately reflect the
meteorological conditions in the location, weather data from the Meteonorm 7.3 database
was imported. This database is an average of weather data from the period of 1991–2010.
When introducing prototypes to the program database, the values of electrical and thermal
parameters measured and calculated during previous tests were used. The temperature
coefficients were taken from the previously described IEC standards tests. In addition,
the following assumptions were made for the analysis:

• Solar radiation model: Perez-Ineichen;
• PV module model: single-diode;
• Lower temperature for absolute voltage limit: −20 ◦C;
• Albedo: 0.7 for January, February and December; 0.2 for the other months;
• Soiling losses: 3%;
• Roof-parallel mounting;
• No horizon line;
• Thermal loss coefficient: 20 W/(m2·K) for a reference system; according to the tests

for the prototypes systems;
• LID (Light Induced Degradation) loss: 2% for the reference modules; 0% for the

prototypes (as declared by the cell supplier);
• AC wiring: 16 mm2; DC wiring: 6 mm2;
• Spectral correction: default for monocrystalline technology;
• Prototypes are equipped with edge junction boxes.

As shown in Table 8, the capacity of all systems is similar, while the annual yields
of the prototypes installations are lower from 0.6 to 0.8 MWh compared to the reference.
It corresponds to 1–1.7% worse normalized yields. Hence, simulations proved that the
prototypes have comparable performance to a conventional system. It is worth to mention
that due to the idealization (especially with no far or near shading), all normalized yields
are higher than typical in Polish conditions for W-E PV systems.
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Table 8. Results of simulation in PVsyst for PV systems based on each prototype.

Parameter Unit Prototype 1 Prototype 2 Prototype 3 Prototype 4

Capacity kWp 49.98 49.91 49.98 49.85
Annual yield MWh/a 45.2 44.4 44.6 44.6

Normalized yield kWh/kWp 905 890 893 896
Performance

Ratio (PR) % 84.9 83.3 83.8 84.0

When analyzing detailed losses diagrams generated by PVsyst, one can notice the
main divergence between the prototypes and the conventional modules lies in the IAM
(Incident Angle Modifier) factor, the LID effect, and losses due to temperature and low
irradiance. The first aspect comes from difference in front surfaces characteristics in favor of
the standard module. The vital advantage of prototypes is that they are LID-free. However,
other factors indicate worse values for the prototypes. The loss due to temperature is
greater, presumably because of lower temperature coefficients and very poor heat transfer
from the backside caused by mounting manner. In turn, the irradiance loss may be higher
because, thanks to the measurements, prototypes are modelled more precisely at vast
irradiance levels, so in reality no difference could occur.

3.4. Economic Analysis

Currently, prices of all prototypes are extremely high and equal 630, 582, 778, and 487 €
per unit, respectively. Their costs depend mainly on cells and cores which are custom-made.
However, if mass production were launched, according to the manufacturer costs would
decrease significantly, especially in case of prototypes 3 and 4. Likely, it would require the
use of less powerful cells, resulting in more or less 9.5% total power drop. Additionally,
the removal of mounting tabs is planned. Other optimization steps include the using an
edge junction box instead of the rear one and a reduction of border area. Finally, it should
lead to a price of 179 € and power of 220 Wp (at worst) for the prototype 4, which seems
to be the most promising. Therefore, for the economic analysis the optimized prototype
4 was chosen. It is expected that a PV system based on it will have about 2% lower
normalized yield than presented in Table 8 for the original prototype 4. When it comes
to the conventional installation, due to low load bearing roof capacity an additional steel
construction which transfers the load from the roof to walls is needed. Therefore, it was
estimated that mounting 25 modules requires about 1 t of steel profiles. Steel price fluctuates
but it equals at present approx. 735 € per ton. In addition, the following assumptions were
made for this purpose:

• Discount rate: 5%;
• Initial electricity price: 100 €/MWh;
• Electricity price change: 3%/a (as inflation rate);
• Financing: own resources;
• OPEX: negligible (except the inverter replacement after 12 year);
• PV modules power drop: 0.5%/a;
• Analyzed period: 20 years;
• Depreciation: 7% for the PV system, 10% for the hall reinforcement;
• Residual value: 20% of initial value;
• Income tax: 9%;
• All prices are net values;
• 90% of generated electricity consumed on site, the rest with factor of 70% due to net-

metering.

CAPEX was calculated based on average costs of PV system in Poland in 2020 [37]
as shown in Table 9. Mounting hardware for prototype system is limited only to acrylic
two-sided tape. Labor cost in case of the prototype system was estimated as 40% less than
in case of the conventional system [4]. Other costs depend on the number of modules
because of wiring length and electric apparatus, etc.
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Table 9. Net prices in € per kWp of PV system.

Item Conventional Prototype 4

PV modules 458 813
Inverter 90 90

Mounting hardware 90 38
Labour 126 75

Reinforcement 87 0
Others 117 124

Sum 968 1140

Total cost of the prototype installation is 18% more expensive per kWp installed than
the conventional. Calculations show that both installations are profitable (see: Table 10).
NPV for the conventional installation comes to 25,532 € and for the prototype to 15,899 €.
For NPV of the prototype installation to be on par, prototype module cost has to be 129 €.
Nevertheless, sometimes there could be no possibility of mounting the conventional system.
It is also worth noticing that simplicity and swiftness of mounting in some cases could be a
great advantage, exceeding economic incentive.

Table 10. Results of economic analysis for conventional and prototype (optimized prototype 4)
PV systems.

Item Unit Conventional Prototype 4

Capacity kWp 49.98 49.94
Yield MWh/a 45.2 43.7

CAPEX € 48,381 56,944
NPV € 25,532 15,899

4. Conclusions

Four prototype silicon lightweight modules dedicated for roofs with low bearing
capacity manufactured by the Xdisc S.A have been investigated. They are characterized
by novel material selection. Their electrical and thermal properties were determined.
All prototypes have efficiency exceeding 19.5% at STC. Power of the modules is from
4% to 6% lower than aggregate of individual cells, which leaves room for manufactur-
ing process improvement. Despite this, the prototypes present satisfactory FF. The area
density of all prototypes is about 3.5 kg/m2 which is typical for lightweight modules.
Their Power-to-Weight Ratio exceeds 40 W/kg threshold and reaches in one case almost
58 W/kg. Prototypes 1 and 2 have the largest specific heat capacity (360, 317 [J/(kg·K)])
and the lowest heat conductivity coefficient (0.091, 0.064 [W/(m·K)]), which results in a
high temperature difference between their front and rear sides (29.6, 31.5 [K]). Therefore,
their time constant is over 2 and 3 min for front and rear surface, respectively. Prototype 4
has the best heat conductivity coefficient (0.34 [W/(m·K)]) which is why it has the smallest
temperature difference between both sides (7 [K]). It also has the lowest specific heat
capacity (209 [J/(kg·K)]). Hence, its time constant is about 2 min.

Based on simulations of an example PV system on the hall of low bearing capacity
performed in PVsyst, it can be seen that at current prices the prototype system is less
profitable than the conventional system. NPV after 15 years is 15,899 and 25,532 €, respec-
tively. Hence, the major weakness is manufacturing cost. Therefore, future development
should focus on cost reduction, so mainly on finding reasonable substitutes of currently
used materials. However, when simplicity and swiftness of installation are key factors,
the prototype system could prove advantageous and be the best solution regardless of
higher CAPEX. Moreover, in some cases lightweight modules are the only possible option.
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