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Abstract: This paper discusses the conversion of solar irradiance energy into electricity. Double-sided
(bifacial) panels are gaining increasing popularity in commercial applications due to the increased
energy yield with a constant occupied mounting surface. However, the value of the additional energy
yield produced by the back of the panel depends on several important factors. This paper presents
the influence of working conditions on electricity generation in bifacial modules. This paper also
investigates the influence of weather conditions, the module inclination angle, and the substrate
beneath the panel surface on electricity generation. Fill factor and efficiency were calculated for
each case included in the study scope. Based on the current voltage, power characteristics, and
calculations, the module operation for different conditions was compared. It was observed that the
optimal inclination angle to the surface is higher for the bifacial modules compared to the unilateral
modules. The type of surface under the module has also been indicated to impact the amount of
electricity generated. The additional energy yield associated with the panels’ rear side accounts for
2% to more than 35% of the total power generated by a photovoltaic (PV) module. The unit cost of
electricity generation in the analyzed cases was also determined.

Keywords: bifacial photovoltaic panels; solar power; renewable energy sources

1. Introduction

Renewable energy sources (RES), in particular photovoltaic energy sources, have
become increasingly popular. Ongoing research increases installations’ efficiency and
develops new technologies. The energy yield can be improved with bifacial photovoltaic
modules that use both direct radiation (incident on modules’ front side) and reflected
radiation (incident on the module’s rear side) to generate electricity. Figure la shows
a bifacial module with two glass layers for absorption of sunlight on both sides of the
module; radiation also reaches the rear side of the module. Radiation from around the
module and passing the free spaces between the PV cells are reflected from the module’s
surface. Figure 1b shows a monofacial module whose rear layer is composed of an underlay
impervious to solar radiation.

Due to additional absorption of the radiation incident on the rear side of the cell
and the increased number of photocarriers generated, a bifacial module generates greater
current and voltage than that of the monofacial module, making it possible to obtain more
power. The additional energy yield depends on the amount of intense solar radiation
reflected from the ground and reaching the module’s rear side. One of the most common
bifacial cells structures is the p*-p-n* structure, based on an n-type semiconductor (shown
in Figure 2). Silicon oxide or nitride (SiO,/SiNx) are used for front side and rear side
passivation. The front side mesh is composed of silver or aluminum (Ag/Al), and the rear
side mesh is composed of silver (Ag).
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Figure 1. Diagram of: (a) bifacial, (b) monofacial module [1].
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Figure 2. The diagram of a type of bifacial cell p*-n-n* [2].

Experimental systems with low installed capacity achieve an efficiency range between
15% to 25% higher than standard modules in commercial solutions; however, the actual
extra yield is in the 5-15% range [3]. The systems’ operation depends on many factors,
including the type of substrate below the module surface; the use of bifacial modules
makes it possible to maximize the concentration of installed power. The use of bifacial
modules offers another advantage—installations consisting of double-sided modules make
it possible to obtain a greater energy yield from 1 m? of photovoltaic installation than
single-sided modules [4].

In most cases, bifacial modules are used in ground-mounted structures, on roofs-racks,
or in BIPV installations (Building Integrated Photovoltaics) systems for sunlight absorption
on both sides of the module. The International Technology Roadmap for Photovoltaic (ITRPV)
predicts that the share of bifacial panels in the global photovoltaic market will increase to
60% by 2029 [5]. The authors [6] analyzed the two-sided panels market and predicted its
growth from 3% in 2018 to as much as 40% in 2025; particular hope for greater use of bifacial
panels is attached to BIPV and installations floating on water reservoirs [7], mounted
soundproof barriers [8,9], in photovoltaic farms [10], and in solar-tracking systems [11,12].
Compared to single-sided modules, additional energy yield from two-sided modules is
estimated to reach 30% or 40% in solar tracking [13]. Moreover, the prices of double-sided
panels are only slightly higher than those of single-sided panels. The use of a glass pane at
the panel backing extends the panels’ service life as well as the warranty period offered
by manufacturers.

The applicable IEC 60904 standard [14] specifies the measuring conditions for single-
sided photovoltaic modules; however, the existing standards do not specify the conditions
for measuring the back irradiance intensity and measuring bifacial panels’ methods, which
have gained increasing popularity on the photovoltaic market. There have been suggestions
on measurement specification (such as the one presented in [15]) for two-sided modules;
however, the conditions set out in these documents are not yet precisely defined and do
not offer general principles that ensure measurable results in all field conditions. Many
researchers study bifacial panels, both in laboratory and field conditions. However, the
research results are not consistent and usually cover a selected operation and applications
area of panels that absorb light at the front and rear sides of the cell. For example, there are
studies whose authors report as much as 50% additional yield from the rear side of bifacial
panels compared to single-sided panels [16]. Conversely, a 20% increase in power yield can
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be obtained with an optimal mounting height of the panel; this ensures that the direct solar
radiation is reflected from the ground and reaches the rear side of the panel [17]. Moreover,
the change in the module mounting height and inclination angle, as well as panel-to-panel
correlation, contribute to large variations in additional power yield in bifacial panels, as
indicated in the following papers [18-20]. The paper [21] indicates the lack of precise tools
for modeling energy yields from bifacial panels. However, the use of accurate radiation
sensors with a breakdown of its individual components (direct, reflected, and diffused
radiation) and accounting for the substrate surface’s albedo and the data related to the
installation location in the available simulation models makes it possible to obtain the
generated power values whose error is less than 1% for stationary systems and 2% for
following systems. The use of double-sided panels introduces an additional approx. 0.5%
uncertainty in the modeling process of photovoltaic installations.

The difference in power generation of south-facing bifacial panels compared to unilat-
eral panels is about 21%, as reported in the studies conducted in the north of Alaska [22].
Conversely, the vertical installation of double-sided panels in the east-west configuration
resulted in the same annual energy generation as in the case of south-facing panels. How-
ever, the generation profiles were different, which may also be of great importance for
energy consumption for current needs without the need for energy storage. A comparison
of power generation curves in single-sided and double-sided panels in different assembly
configurations is shown in Figure 3.
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Figure 3. (a) Possible mounting configurations of double-sided panels; (b) comparison of power generation curves in single-
and double-sided panels in different mounting configurations [23]. Reprint with permission [23]; Copyright 2018, Publisher:

Springer Nature Limited.

The comparison of the generated power values in photovoltaic installations located
in Poland: rated installed power of 5.04 kW (one-sided panels) and 6.1 kW (two-sided
panels) installed on grassy ground, a 10% or 28% greater energy efficiency was obtained
for double-sided panels in high and low insolation, respectively. The calculated value
of CO; emission reduction with two-sided cells was 16% higher compared to unilateral
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cells [24]. In the installations located in Korea [25], the year-round additional energy yield
from double-sided panels was 10.5% when installed over a concrete floor whose albedo
was 21%. With an albedo of 79% (white membrane), the increased yield reached 33.3%
compared to single-sided panels. The uniaxial tracker increased energy generation by
15.8% compared to a stationary structure with single-sided panels in the same research
period. Energy yields modeling in solar-tracking systems must take into account additional
yields from the generation in the rear side of bifacial panels [26,27]. However, the solar
tracking system determines the optimal setting for the front side of the panel.

In [28], its authors determined the 130-140 W/m? irradiance value reaching the rear
part of the bifacial panel in the test conditions specified in IEC 60904, with an irradiance
of 1000 W/m? at the front of the panel (the mounting height of the panel—1 m above the
ground, and the albedo coefficient for light soil is 0.21). The value of the back irradiance
was observed to depend on many factors, such as the light transmittance degree of the
panel surface, the panel’s mounting height and angle, and the substrate’s reflectance. A
new method used to characterize bifacial photovoltaic cells in STC is presented in [29];
a cell’s front and rear are simultaneously illuminated in order to make it possible to
perform electrical measurements of the front side (efficiency, open-circuit voltage, short-
circuit current, and fill factor) and the short-circuit current of the rear side below the STC
conditions. The authors indicate that the output current of the bifacial panel is the total of
the currents generated in the front and rear side of the panel, and the irradiance reaching
the panel rear side is always lower than that reaching the front side. The compensated-
current method (the sum of the panel rear and front side parts’ currents) is also used by the
authors of [30] in order to model energy generation from bifacial panels. The [29] authors
introduced the two new parameters (i.e., the product of bifacial yield and additional yield)
in order to describe the bifacial panels in greater detail. Bifacial monocrystalline panels
placed on a supporting structure directly on the ground at an inclination of 30° were tested
for four different values of the albedo coefficient (0.1, 0.2, 0.3, and 0.6). The measurement
results were compared with the data obtained from the simulation of generated power,
and the maximum error was 6.7% with an average error of 1.86% [7]. These tests reports
included the date of the test, as it impacted the direct and scattered irradiation components
and thus irradiation reaching the rear side of the panel. In other works [31,32], the authors
also indicate the energy yields dependence from two-sided cells on the region where these
panels are installed and latitude affecting environmental conditions. However, greater
energy yield from bifacial panels changes the charging and discharging cycles of energy
storage facilities, which results in an alteration of the values related to the stored energy.
This also affects the battery service life and self-discharge losses [33].

Air purity, assembly orientation of panels, and the size of the surface reflecting solar
radiation also affect the work of bifacial panels, which has been confirmed by the research
results reported in [34]. An increased concentration of PM10 dust in the air by 100 pg/ m3
resulted in the module’s efficiency dropping by 0.9%. Moreover, a double surface area of
the substrate with the tested albedo increased the efficiency by 1.6%. Conversely, compared
to the horizontal one, the vertical assembly of the panel has contributed to the shading
of a bigger area under the panel and resulted in the short-circuit current value decrease
by 14.3%.

The optical model used in [35] and the possible, additional power yields from the
bifacial panels were determined in panels that had the rear coatings of various materials (a
white primer, glass, and glass with mesh) for internal reflections from the back substrate to
the rear side of the PV cells. The analysis demonstrates that the rear side base type affects
impacts of not only additional power yield but also the cells’ temperature. Therefore, a
white mesh in the rear side, transparent base with a width distance equal to that between
the PV cells, has proven to be the optimal solution. Moreover, the power yields obtained,
resulting from the modified base, exceed the power losses associated with the additional
cells” heating.
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Bearing the above in mind, the study’s authors conducted the examination for bi-
facial modules to determine the parameters used to estimate additional electricity yield,
depending on the installation settings and environmental parameters, at the same time.
The parameters which characterize bifacial modules have been determined. The analyses
may be used to determine the most favorable operating conditions for such modules and,
in particular, the module inclination angle with a specific substrate. The method for deter-
mination of irradiance value incident on the module has been presented; this is used to
determine the module power generation without the information of the share generated
by the rear part of the module. The convergence of the calculated parameters with those
determined through experimental methods for various types of substrate and the module
inclination angles were demonstrated.

The studies presented by the authors concern a special method of mounting bifacial
panels directly on the ground, which has not been analyzed in the cited publications
thus far. When installing the panels above the surface, the angle of inclination is not as
important as it is when installing directly or low above the ground. The authors proved
that the greater angle of inclination, the greater the surface reflecting solar radiation behind
the module, and it constitutes an important element determining the value of additional
energy yield.

This article has the following structure. The second section presents the test stand,
measurement conditions, and analyzed parameters. The third part contains the research
results related to the influence of the inclination angle and the substrate type on the
modules’ parameters. The fourth part includes the discussion and analysis of research
results. The article ends with a summary.

2. Materials and Methods

The research objective was to determine the current voltage and power characteristics
of the LG 390N2T-Ab5 bifacial module of the 390 W nominal power, whose electrical rating
is presented in Table 1. In order to make it possible to compare the module operation in
different weather conditions, the module temperature, ambient temperature, and insolation
on the module surface were also measured. The measurement system (shown in Figure 4)
consisted of the devices indicated in Table 2.

Table 1. The bifacial module parameters—LG 390-N2T-A5 in STC [36].

Parameter Value
Isc (A) 10.15
Uoc (V) 49.2
Pppp (W) 390
Uppp (V) 414
Iyvpp (A) 9.43
7 (%) 18.5
n (pcs.) 72
PV cells type monocrystalline/n-type
Dimensions

L x W x H (mm) 2064 x 1024 x 40

Table 2. List of devices used.

Device Model
Pyranometer HT204 Solar Power Meter
Multimeter Brymen BM857 DC + AC TRMS DMM Optical R5232
Pyrometer Dual Laser InfraRed Thermometer CEM DT-8865
Slide resistor CONTREX3 x 1003 x 5.7 AImax3 x 8 A

Slide resistor CONTREX 3 x 1000 (23 x 0.57 AImax3 x 0.8 A
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(a) (b)

Figure 4. (a) The measurement system diagram; (b) the measurement system photographs.

The module edge rested on the ground at each of the measurements. Measurement of
solar irradiance intensity on the module surface was conducted each time before voltage
and current measurements. The solar irradiance intensity was measured at 12 points and
then averaged. These values might have changed during the measurement, as the tests
were performed in natural outdoor conditions. In central Poland, the measurements were
performed in the vicinity of Poznan (52°05’ N, 16°54’ E) in September and October 2020.
Figure 5 demonstrates the total energy of solar irradiance in particular locations in Poland.
The average annual total energy in the indicated location was approx. 1080 kWh/m?. The
average monthly radiation energy was 103.7 kWh/m? /month in September and in October
59.2 kWh/m?/month. The average monthly temperature in September was 14.93 °C, in
October—9.33 °C [37]. The measurements were performed on days with different ambient
temperatures and solar irradiance, which made it possible to obtain a spectrum of various
atmospheric conditions, ranging from high cloudiness when the radiation density was
approx. 60 W/m?, to an insolation of up to 1100 W/m?.
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Figure 5. The horizontal-plane insolation in Poland [38].

The research focused on determining the angle of inclination and the type of substrate
(different albedo coefficients) that influences the bifacial photovoltaic modules’ operation.
The tested angles were in the 15-90° range with 15° increments.
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The substrates used for measurements were grass, white substrate, and foil, which
well reflects solar irradiance. Grass’ reflectance is in the range between 0.15 and 0.26 [39].
The white material imitates concrete or white sand, with the respective albedo of 0.2-0.4
and 0.6 [39]. The foil used for tests was a thin sheet of metallized plastic, which has a high
radiation reflectance, ranging from 0.8 to 0.9.

Figure 6 demonstrates the module inclinations (selected angles). Figure 6a presents the
test object on a grassy substrate, and Figure 6b shows the system with the under-module
surface covered with a white substrate; Figure 6¢c shows a foil substrate.

(b)

Figure 6. The measurement stands for tested variants: (a) the measurement for 15° angle with grass substrate; (b) measure-

ment for 75° angle with a white substrate; (c) the measurement for 45° angle with a substrate composed of foil.

When determining the bifacial module parameters, assume that the short-circuit
current of the front and rear side of the module depends linearly on the irradiance reaching
the given part of the module. Moreover, the total short circuit current of the bifacial module
is assumed to be the total of the front and rear side currents. The selected values to compare
the bifacial module work in different conditions:

1 Power generated by the module, P [40]:

P=UI[W| )

2. The filling factor of photovoltaic module, FF determines the maximum value ratio
achieved by a power module vs. the theoretical maximum power of a module [40]:

Tiipp-
FF = MJOO [%] )
Isc-Uoc

3.  The module efficiency, 7, i.e., the module’s generated power ratio vs. the energy
which reaches the module [40]:

_ Iypp-Umpp ~ Isc-Uoc FF

- ES - E-S [%] ®3)

4. BGE index indicates the additional power generated by the rear side of the module
related to that produced at the front side of the module [1]:

P
BGE = —MERrear 100 [%)] (4)
MPP, front

5. BGEj, index determines the current efficiency ratio of the rear side of the module to
the current efficiency of the front side [1]:
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I
BGEj,, = sc,rear [7] (5)
Isc,front

6. The total value of irradiance that reached the module, Er [1,28]:

Eg = Efront + BGEjsc-Erear [W/mz} (6)
7. Short-circuit current of the bifacial module, I, p; [1]:

Eg

7'Isc ron A 7
Efront ! t[ ] ( )

sc,bi =

8.  The open-circuit voltage of the bifacial module, U, p; [1]:

Usoti = U grot + (U~ uoc}fm,m) les) ®
In( 72 )

9. Pseudo fill factor, pFE, which does not consider the losses generated by series
resistance [29]:

uoc‘q uoc‘q
et — (75 —072)

pFF = e [—] 9)
n»k-]q" +1
10. The fill factor of the bifacial module, FFy; [1]:
Eg Upc front
FF,; = pFF — -—=—— .| pFF — FF - 10
nep Efront uoc,hi (P fnmt) [ } {10)

3. Measurement Results
3.1. The Module Inclination Angle’s Influence on Electricity Generation
3.1.1. The Study of the Module Inclination Angle’s Influence on Electricity Generation on a
Grassy Substrate

The measurements were performed in the autumn; the module inclination angles to
the ground substrate: 15, 30, 45, 60, 75, and 90 degrees, respectively. The conditions during
the measurement demonstrated in Table 3 and the current-voltage and power-voltage
characteristics are shown in Figure 7.

Table 3. The measurement conditions for a grassy substrate.

No. Inclination Angle (°) Hour Irradiance (W/m?) Temperature (°C)
1 15 10.57 824.00 38.20
2 30 11.04 966.31 35.46
3 45 11.09 986.00 38.63
4 60 11.17 1044.26 40.86
5 75 11.24 957.56 47.53
6 90 11.30 844.67 45.07

Table 4 presents the measurements results and calculated values: the fill factor and
efficiency of various configurations of the module inclinations set against the grassy substrate.

The photocurrent voltage and intensity measurements at the insolation were in the
range of approx. 820-1050 W/m?. The open-circuit voltage for each tested module inclina-
tion was approximately 47 V. The short-circuit current ranged from 6.1 A for an angle of
15° up to 9.3 A for an angle of 60°. For higher values of the inclination angle, there was a
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decrease for both the irradiance value reaching the module and the currents and generated
power. A conclusion can be drawn based on the power characteristics comparison; the
highest generated power of 332.7 W was obtained with the 60° angle and irradiance over
1040 W/m?2. In the winter months, when the sun is lower in the sky in a particular location,
the highest energy yields were generated for modules uninclined in the 60-70° angles
range. The module inclined at 75° angle was also advantageous. The average radiation
energy was lower by approx. 80 W/m?, and the power characteristic slightly differed from
the characteristics for the 60° angle. The highest, 16.3% efficiency, was reported for the 90°
inclination angle, while the lowest efficiency was 13.1% for 15°.

10 350
. 300
8
7 —15 250 150
6 o @
_ 30 = 200 —30"
=T 5 E /
— a _45“ a 150 —45n
3 —50" 100 / ——60°
2 ° o
2 ——T5 0 4 ——T5
30" ——50
o 1 o T T T T 1
0 10 20 0 a0 50 0 10 20 30 40 50
ulv] uv]
(a) (b)

Figure 7. The bifacial module’s characteristics for grass substrate: (a) current-voltage characteristics;
(b) power-voltage characteristics.

Table 4. Results of measurements and calculations for a grassy substrate.

Angle (°) 15 30 45 60 75 90
E (W/m2) 824 966.31 986 1044.26 957.56 844.67
Isc (A) 6.089 7.617 8.54 9.273 9.075 8.104
Uoc (V) 47.107 47277 47.297 46.915 46.879 46.884
Paipp (W) 227.342 282.925 310.071 332.671 324.645 291.163
Uppp (V) 39.626 40.08 38.822 38.877 38.189 37.492
Tvpp (A) 5.737 7.059 7.987 8.557 8.501 7.766
FF (%) 79.26 78.57 76.77 76.47 76.31 76.63
7 (%) 13.05 13.85 14.88 15.07 16.04 1631

3.1.2. The Study of the Module Inclination Angle’s Influence on Electricity Generation on a
White Substrate

Measurements on the white substrate were performed in autumn 2020, as was the case
of the grassy substrate. The conditions during the measurement demonstrated in Table 5
and the current-voltage and power-voltage characteristics are shown in Figure 8.

Table 5. The measurement conditions for a white substrate.

No. Inclination Angle (°) Hour Irradiance (W/m?) Temperature (°C)
1 15 12.45 578.55 30.15
2 30 12.40 752.11 37.30
3 45 12.33 972.78 35.68
4 60 12.27 935.60 43.17
5 75 12.21 1022.78 43.44
6 90 12.08 877.77 37.48

Table 6 presents the measurements results and calculations for inclinations of the
module over the white substrate.
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The photocurrent voltage and intensity measurements for the white substrate at the
insolation were in the range of approx. 575-1030 W/m?. The smallest measurement
values related to the 15° and 30° inclination. There was smaller differentiation of the solar
radiation energy measured at 45°, 60°, 75°, and 90° angles. The open-circuit voltage for
each tested module setting was in the 46.5-47 V range. The short-circuit current range
was 4.8 A for the 15° angle up to 9.3 A for the 75° angle. Slight changes in cloud cover
might have caused the current value fluctuations. The power characteristics comparison
concludes that the highest generated power was for the angle of 90° and amounted to
325.9 W. The fill factor was the highest for 60° and the lowest for 30° angles. The highest,
17.6% efficiency, was reported for the 90° inclination angle, while the lowest efficiency was
13% for 15°.

10 350
% 7 300
g -
7 —15" 250 —_—150
i
. e, —3p" = 200 - .
Z5 E
T oa Al ——a5° a 150 —a5°
3 50" 100 - —0°
i ——75° s0 4 / —
——90° —=—50°
0 . 0 . : r r
0 10 20 0 a0 50 0 10 20 20 40 50
ufv] uv]
(a) (b)

Figure 8. The bifacial module’s characteristics—measurements for white substrate: (a) current-
voltage characteristics; (b) power-voltage characteristics.

Table 6. Results of measurements and calculations for a white substrate.

Angle (°) 15 30 45 60 75 90

E (W/m?2) 578.55 752.11 972.78 935.6 1022.78  877.77
Isc (A) 479 6.48 8.88 8.48 9.205 9.178
Uoc (V) 46.47 46.56 46.94 46.89 46.98 46.99

Puppp (W) 158.35 209.25 299.25 300.63 308.31 325.85

Upipp (V) 39.05 38.67 38.41 37.95 38.49 38.54

Ivipp (A) 4.06 5.41 7.79 7.92 8.01 8.45
FF (%) 71.16 69.39 71.78 75.58 71.29 75.55
1 (%) 12.95 13.16 14.56 15.20 14.26 17.56

3.1.3. The Study of the Module Inclination Angle’s Influence on Electricity Generation on a
Foil Substrate

The measurements were performed in autumn 2020, the conditions during the mea-
surement are demonstrated in Table 7, and the current-voltage and power-voltage charac-
teristics are shown in Figure 9.

Table 7. The measurement conditions for a foil substrate.

No. Inclination Angle (°) Hour E (W/m?) Temperature (°C)
1 15 11.23 760.60 47.93
2 30 11.11 932.61 35.54
3 45 10.52 783.26 31.77
4 60 10.36 1089.73 42.52
5 75 10.21 1088.19 37.19
6 90 10.12 920.13 32.27
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Table 8 presents the measurements results and calculations for inclinations of the
module over the foil substrate.

The photocurrent voltage and intensity measurements for the foil substrate at the
insolation were in the range of approx. 7601090 W/m?. The current-voltage characteristic
for 75° was irregular, which was related to the atmospheric conditions’ variability and the
rapidly changing cloudiness during the measurement. The open-circuit voltage ranged
from 47.6 V at the 45° inclination angle to 58.4V at the module’s 90° inclination angle in
relation to the surface. During the measurements, the open-circuit voltage was as much as
9 V higher than the open-circuit voltage under STC conditions, i.e., to 49.2 V. The short-
circuit current’s values ranged from 6.5 A for 15° to 10.4 A for 75° angle. The short-circuit
current for standard test conditions is 10.15 A; thus, it was slightly higher, resulting from
a higher irradiance value than the STC conditions. A conclusion can be drawn based on
the power characteristics comparison; the highest generated power of 404 W was obtained
with the 90° angle, and irradiance was 404 W/m?. The fill factor was the highest for 15°
and the lowest for 75° angle because of the sudden cloudiness and current drop at 45 V.
The highest, 20.75% efficiency, was reported for the 90° inclination angle, while the lowest
efficiency was 15.2% for 45°.
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Figure 9. The bifacial module’s characteristics—measurements for the foil substrate: (a) current-
voltage characteristics; (b) power-voltage characteristics.

Table 8. Results of measurements and calculations for a foil substrate.

Angle (°) 15 30 45 60 75 90
E (W/m2) 760.60 932.61 783.26 1089.73 1088.19 920.13
Isc (A) 6.53 8.40 6.94 10.10 10.41 9.264
Uoc (V) 48.39 48.76 47 64 50.08 57.57 58.4
Pupp (W) 264.46 309.93 263.47 364.39 393.53 404.33
Uppp (V) 40.82 39.04 38.91 38.66 41.05 4753
Tvpp (A) 6.48 7.94 6.77 9.43 9.59 8.51
FF (%) 82.68 75.63 75.97 72.06 65.65 74.58
7 (%) 16.25 15.72 15.17 15.82 17.11 20.75

3.2. The Influence of the Substrate on Electricity Generation in Bifacial PV Modules
3.2.1. A Comparative Analysis of the Substrate Influence on Electricity Generation in
Bifacial PV Modules for the 60° Inclination Angle and Different Substrates

On 6 October 2020, additional measurements, current-voltage characteristics (Figure 10a),
and power-voltage characteristics (Figure 10b) were performed in order to compare the
influence of the substrate type on the value of the power generated by the bifacial module.
The irradiance was 1030-1060 W/m?, and the module inclination angle to the surface was 60°.
The measurements were repeated twice for each substrate, with different irradiance values in
order to obtain more accurate results.

Table 9 presents the measurements results and calculations for 60° inclination of the
module over different substrates.
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There was similar radiation for each measurement, and the characteristics have a
similar course. The open-circuit voltage reached the highest value of 51.1 V for the white
substrate with an average of 1048 W/m? insolation; the greatest short-circuit current was
recorded with 1053 W/m? radiation in the case of the same substrate. The maximum power
recorded with the above measurements was 396.7 W. The lowest of all maximum powers
was 340.7 W and was recorded for a grassy substrate, with an insolation of 1045 W/m?.
The fill factor reached the highest at 76.8% value for the white substrate and the lowest
for the foil substrate at 68.2%. The highest efficiency was recorded for the white substrate
at 17.8%. With practically identical irradiance values (1045-1048 W/ mz), the module’s
highest parameters were recorded when the module was mounted over a white substrate.
Similar results were recorded for the grass and foil, despite the foil having a higher albedo.
This was influenced because not only did the foil reflect the sunlight, but it also caused
many glares and backlights reflected from the module’s glass surface; this impeded the
sunlight from reaching the solar cells. The temporary cloudiness during when the last
measurements with the use of foil were performed resulted in a slight “bend” of the curves
(in the 25-35V voltage range) visible on the characteristics. This was manifested with the
lower values of the FF coefficient compared to grass substrates. Compared to all other
substrates, the bifacial modulus generated 6.5% more power under the same external
conditions when a white substrate was used.
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Figure 10. Comparative characteristics of the bifacial module set at an angle of 60° using different
substrates: (a) current-voltage characteristics; (b) power-voltage characteristics.

Table 9. The measurements results and calculations for 60° inclination of the module.

Substrate Grass Grass White White Foil Foil
E (W/m?) 1045 1051 1048 1053 1032 1047
Isc (A) 9.533 10.421 9.771 10.625 9.54 9.50
Uoc (V) 48.226 46.75 51.133 48.59 47.039 48.201

Pyppp (W) 340.666 371.425 363.029 396.668 342.410 341.026
Uppp (V) 37.814 39.35 39.128 39.639 38.016 40.083
Ivpp (A) 9.009 9.439 9.278 10.007 9.007 8.508
FF (%) 74.10 76.24 72.66 76.83 76.30 68.18
17 (%) 15.42 16.72 16.39 17.82 15.70 15.41

3.2.2. A Comparative Analysis of the Substrate Influence on Electricity Generation in
Bifacial PV Modules for the 75° Inclination Angle of the Module and Different Substrates

In order to confirm the measurement results presented in Section 3.2.1, current-voltage
characteristics (Figure 11a) and the power-voltage characteristics (Figure 11b) were con-
ducted in order; the irradiance range was 950-1150 W/ m?, and the module inclination
angle to the surface was 75°.

Table 10 presents the measurements results and calculations for 75° inclination of the
module over different substrates.
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The results analyses indicate that the best results were reported for the substrate
composed of foil. The maximum power generated by the module was 393.5 W, with
average insolation of 1088 W/m?. The apparent change in the curve’s slope was caused
by sudden cloudiness; thus, it can be assumed that obtained results would have been
better in clear-sky conditions. The measurement with the white and foil substrate had a
similar characteristic course. The measurements were performed at different insolation
values. In the case of the white substrate, the irradiance power was higher by approx.
100 W/m? compared to the measurement performed with the foil substrate. Thus, it can
be concluded that the use of a foil substrate is more advantageous. The measurement for
the grass substrate was performed at approx. 960 W/m? insolation. The power at the
maximum power point was 324.6 W. The second measurement for the white substrate was
performed with an average of 1023 W/m? radiation. The current value fluctuations may be
caused by changes in cloud cover, which occurred during the measurement procedure. The
fill factors ranged from 67.2% to 78.4%, and the efficiencies ranged from 14.26% to 17.66%.
A comparison of the power generated by the module working over the foil substrate, the
reported value was approx. 6.5% higher than that for the white substrate, and as much as
approx. 20% higher than that for the white substrate.

In summary, the module inclination angle played a significant role at similar external
conditions and the same substrates. An increased inclination angle resulted in an increase
in the substrate surface, reflecting the radiation to the rear of the module.
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Figure 11. Comparative characteristics of the bifacial module set at an angle of 75° using different

substrates: (a) current-voltage characteristics; (b) power-voltage characteristics.

Table 10. The measurements results and calculations for 75° inclination of the module mounted over
different substrates.

Substrate Grass White White Foil Foil
E (W/mz) 958 1134 1023 927 1088
Isc (A) 9.075 9.46 9.21 9.62 10.41
Uoc (V) 46.89 46.75 45.84 45.90 56.28
Pupp (W) 324.65 346.40 308.31 346.08 393.53
Uppp (V) 38.19 38.00 38.45 38.28 41.05
Iupp (A) 8.50 8.88 8.01 9.04 9.59
FF (%) 76.31 78.35 73.07 78.41 67.16
7 (%) 16.04 14.44 14.26 17.66 17.11

3.3. Contribution of the Bifacial Photovoltaic Module’s Rear Side towards Electricity Generation
3.3.1. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a Grassy Substrate, 75° Inclination

In order to compare the characteristic parameters” values of the bifacial module in
the whole-module generation vs. its rear side cells generation, the measurements were
performed for the module inclined at 75° angle mounted over grass. A tabulation of
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current-voltage characteristics (Figure 12a) and power-voltage characteristics (Figure 12b)
was generated.

Table 11 presents the measurement results and calculations for 75° inclination of the
module over the grass substrate, the values for the whole-module generation and its rear
side generation.

The average radiation incident on the front side of the module was 159 W/ m?, the
rear side of the module—an average of approx. 68 W/m?. The short-circuit current for the
whole module was more than six times greater than the current generated by its rear side.
During the bifacial module operation, the open-circuit voltage was 47.9 V, while its rear
part only—the open-circuit voltage of 43.6 V. The total maximum power of the module
under the given weather conditions was 106.5 W; the power generated by the module rear
side was 13.8 W, thus an additional 13% of the power. The fill factor for the entire module
was 85.3%, with 73.7% for the rear part only and 88% for the front part. The module’s front
side efficiency was 27.3%, and its rear side—9.6%.
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Figure 12. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-

Pw]

—front+rear ——front+rear

\

voltage characteristics; (b) power-voltage characteristics for 75° inclination, over the grass substrates.

Table 11. The measurement results and calculations for 75° inclination of the module over the grass
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front

E (W/m?) 173 68 159
Isc (A) 2.61 0.43 2.18
Uoc (V) 47.89 43.66 47.89
Ppipp (W) 106.49 13.83 91.75
Upipp (V) 42.22 39.61 42.22
Ivipp (A) 2.52 0.35 2.17
FF (%) 85.33 73.71 88.03
7 (%) 27.90 9.62 27.30

3.3.2. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a White Substrate, 75° Inclination

In order to compare the characteristic parameters’ values of the bifacial module
in the whole-module generation vs. its rear side cells generation, the measurements
were performed for the module inclined at 75° angle mounted over a white substrate. A
tabulation of current-voltage characteristics (Figure 13a) and power-voltage characteristics
(Figure 13b) was generated.
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Figure 13. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-
voltage characteristics; (b) power-voltage characteristics for 75° inclination, over the white substrates.

Table 12 presents the measurement results and calculations for 75° inclination of the
module over the white substrate, the values for the whole-module generation, and its rear
side generation.

Table 12. The measurement results and calculations for 75° inclination of the module over the white
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front
E (W/m?2) 249 68 181
Isc (A) 2.20 0.65 1.55
Uoc (V) 46.3 43.24 46.3
Paipp (W) 81.12 18.32 62.07
Upipp (V) 41.18 39.60 41.18
Inpp (A) 1.97 0.46 1.51
FF (%) 79.67 64.77 86.77
7 (%) 15.41 12.74 16.23

The measurement was performed with moderate cloudiness. The radiation that
reached the rear side of the module averaged 68 W/ m2. A much lower short-circuit current
value at the rear side was noticed compared to the whole module. The open-circuit voltage
also had a lower value. The power at the maximum power point for the whole was 81.1 W,
with only 18.3 W at the rear side of the module, which accounted for 22.6% of the whole
module power. The fill factor for the whole module was 79.7%; this parameter was 64.8%
for the rear side of the module and 86.8% for the front side. The efficiency measurement for
the whole module was 15.4%, 12.7% for the rear side, and 16.2% for the front side. Again,
the overall efficiency of the bifacial panel largely depends on its front side efficiency, with
overall efficiency being slightly lower than the front side’s efficiency.

3.3.3. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a Foil Substrate, 75° Inclination

In order to compare the characteristic parameters’ values of the bifacial module
in the whole-module generation vs. its rear side cells generation, the measurements
were performed for the module inclined at 75° angle mounted over the foil substrate. A
tabulation of current-voltage characteristics (Figure 14a) and power-voltage characteristics
(Figure 14b) was generated.
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Figure 14. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-
voltage characteristics; (b) power-voltage characteristics for 75° inclination over the foil substrates.

Table 13 presents the measurements results and calculations for 75° inclination of the
module over the foil substrate, the values for the whole-module generation, and its rear
side generation.

Table 13. The measurements results and calculations for 75° inclination of the module over the foil
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front

E (W/m?) 145 48 97
Isc (A) 1.22 0.34 0.89
Uoc (V) 45.88 44 .47 45.88
Ppipp (W) 44.95 11.55 33.52
Upipp (V) 40.76 41.21 40.76
Ivipp (A) 1.10 0.28 0.82
FF (%) 80.10 77.54 82.27
7 (%) 14.67 11.39 16.35

The measurements were performed with dense cloud cover. The irradiance on the
front side of the module was only 97 W/m? and reached only half of this value (48 W/m?)
on the rear side. The open-circuit voltage in both cases had similar values due to the
relatively low value of irradiance reaching the PV cells. The maximum power reached
44.9 W for the whole module and only 11.6 W for the rear side. The fill factor was 80.1%
for the whole module, 77.5% for the rear side, and 82.3% for the front side. The efficiencies
were respectively 14.7%, 11.4%, and 16.4%.

With heavy cloud cover, the power generated by the rear side of the module was 25.6%
of the total power generated at the maximum power point, as demonstrated in Table 14.

Table 14. A comparison of the generated power value of the test of the module—inclination of 75°
angle mounted above the foil substrate.

Whole Rear Front
Ppipp (W) 4495 11.55 33.52
Ppipp (%) 100 25.6 74.4

3.3.4. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a Grassy Substrate, 60° Inclination

In order to compare the characteristic parameters’ values of the bifacial module in
the whole-module generation vs. its rear side cells generation, the measurements were
performed for the module inclined at 60° angle mounted over grass. A tabulation of
current-voltage characteristics (Figure 15a) and power-voltage characteristics (Figure 15b)
was generated.
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Figure 15. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-
voltage characteristics; (b) power-voltage characteristics for 60° inclination over the grass substrates.

Table 15 presents the measurement results and calculations for 60° inclination of
the module over the grass substrate, the values for the whole-module generation and its
respective parts’ generation.

Table 15. The measurements results and calculations for 60° inclination of the module over the grass
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front

E (W/m?) 1092 47 1045
Isc (A) 10.42 0.50 9.92
Uoc (V) 46.75 42.17 46.75
Paipp (W) 363.54 8.65 354.89
Upipp (V) 39.35 20.60 39.35
Inipp (A) 9.44 0.42 9.02
FF (%) 76.24 41.35 76.49
17 (%) 16.09 8.71 16.07

The atmospheric conditions during the measurements were constant. The radiation
incident on the front side of the module was 1045 W/m?, the radiation incident on the rear
side of the module was 47 W/m?. The current generated reached a value of slightly over
10.4 A—the measurement for the whole working module. The short-circuit current was
0.5 A when only rear side of the module was working. The open-circuit voltage was 46.8 V,
42.2'V, and 46.8 V. The module’s maximum power in the given conditions was 371.4 W; the
maximum power generated by the module rear side was 8.7 W. The fill factor was 76.2% for
the whole module and 41.3% for the rear side. The efficiency was 16.1%, 8.7%, and 16.1%.

3.3.5. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a White Substrate, 60° Inclination

In order to compare the characteristic parameters’ values of the bifacial module
in the whole-module generation vs. its rear side cells generation, the measurements
were performed for the module inclined at 60° angle mounted over a white substrate. A
tabulation of current-voltage characteristics (Figure 16a) and power-voltage characteristics
(Figure 16b) was generated.

Table 16 presents the measurement results and calculations for 60° inclination of the
module over the white substrate, the values for the whole-module generation, and its
respective parts’ generation.

The measurements were performed at intense insolation with an average value of
1045 W /m?. The short-circuit current of the entire module was 10.6 A. This value is less
than 10 A lower, with only the rear of the module working. The open-circuit voltage for
the whole module was 48.6 V, and for the rear side only, 43.2 V The power at the maximum
power point was 396.7 W for the whole module. This value was 14.7 W for the rear side of
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the module. The fill factor was 76.8% for the whole module and 49.7% for the rear side.
The efficiency was 16.9%, 10.7% and 17.3%.
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Figure 16. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-
voltage characteristics; (b) power-voltage characteristics for 60° inclination over the white substrates.

Table 16. The measurements results and calculations for 60° inclination of the module over the white
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front

E (W/m?2) 1110 65 1045
Isc (A) 10.63 0.69 9.94
Uoc (V) 48.59 43.18 48.59
Ppipp (W) 396.67 14.69 381.52
Uppp (V) 39.64 38.45 39.64
Inipp (A) 10.01 0.38 9.62
FF (%) 76.83 49.68 78.99
7 (%) 16.91 10.69 17.27

3.3.6. The Measurement of the Current and Power Values Generated by the Whole Module
and Its Rear Side, a Foil Substrate, 60° Inclination

In order to compare the characteristic parameters” values of the bifacial module

in the whole-module generation vs. its rear side cells generation, the measurements
were performed for the module inclined at 60° angle mounted over the foil substrate. A
tabulation of current-voltage characteristics (Figure 17a) and power-voltage characteristics
(Figure 17b) was generated.
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Figure 17. The whole vs. rear side yield characteristics benchmark in a bifacial module: (a) current-
voltage characteristics; (b) power-voltage characteristics for 60° inclination over the foil substrates.

Table 17 presents the measurement results and calculations for 60° inclination of
the module over the foil substrate, the values for the whole-module generation and its
respective parts’ generation.
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Table 17. The measurements results and calculations for 60° inclination of the module over the foil
substrate, considering the values for the whole-module generation and its rear side generation.

Whole Rear Front

E (W/m?) 1112 80 1032

Isc (A) 9.09 0.59 8.50
Uoc (V) 48.20 42.55 48.20
Pypp (W) 341.03 18.82 321.93
Upipp (V) 40.08 39.51 40.08

Inipp (A) 8.50 0.48 8.03
EF (%) 77.84 75.66 78.54
17 (%) 14.51 11.13 14.76

The measurements for the module front side, with irradiation slightly over 1030 W/ m?
and for the rear side, were at a low 80 W/m? level. The short-circuit current for the whole
module was less than 9.1 A, and for the rear side of the module only, less than 0.6 A. The
open-circuit voltage for the whole module was 48.2 V and 42.6 V for the rear side. The
power at the maximum power point for the whole module was 341 W, and for the module
rear side was 18.8 W. The fill factor was 77.8%, 75.7%, and 78.5%. The whole module
efficiency was 14.5%, 14.8% for the front side and 11.1% for the rear side. The efficiency of
the front side was again proven to play an important role in the overall panel’s results.

4. Discussion

The project’s measurements made it possible to test the bifacial photovoltaic module
operation in various conditions. The factors which have been examined and found to
influence the module’s performance are the module’s inclination angle in relation to the
substrate and various substrate types under its module.

For grass-covered ground, the highest power was recorded for the module’s inclination
angle 60° and 75° in relation to the ground. The lowest values were reported with the
module’s inclination at 15° angle, the highest efficiency with the 90° angle. In the case of
the white substrate, the maximum power was recorded with the 90° inclination angle; the
module mounted at the 75, 60, and 45° angle in relation to the ground also proved to be a
beneficial option. In the case of the foil substrate, the test was conducted under changing
weather conditions; rapid radiation changes are reflected in photocurrent fluctuations. The
results show that the 90, 75, and 60° angle in relation of the module to the ground were
advantageous. These values were optimal for each of the tested substrates. The optimal
inclination angle for a single-sided module mounted in Central Europe was within the
25-70° range, depending on the period; in the spring and summer period, 30 to 45° angle
proved to be the most optimal [8]. A greater inclination angle for double-sided modules
indicates that the rear side cells absorb more solar radiation, owing to the radiation reflected
from a larger substrate surface than that in the panel with a smaller inclination angle.

Subsequent measurements made it possible to compare the influence of the particular
substrate on the module’s operation. The tests were conducted with the 75 and 60°
inclination angles and with similar irradiance values. The best results were achieved with
75° inclination with the foil substrate. The white substrate and the grassy substrate had
similar results. For the 60° inclination angle, the maximum power was achieved with
the white substrate. The module assembled above the surface covered with a radiation-
reflecting foil or a white-coated substrate had a positive effect on the generation of electricity
in the module; this was caused by a high albedo coefficient of the substrates and the
increased solar energy reaching the rear PV cells of the bifacial module.

The characteristics presented in the second part of this paper demonstrates the
operation-related data of both the front and rear side of the module and only its rear
side. This illustrates the additional energy yield from the rear side of the module. The
recorded values of photocurrent were measured when the module’s front side reached up
to 0.7 A. The maximum rear side power of the module is demonstrated in Tables 12 and 17;
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the values are 18.3 W and 18.8 W, respectively. With a heavy cloud cover, when the irradi-
ance value was below 100 W/m?, the module’s rear side proportion of energy was more
noticeable than intense incident radiation. Table 14 compares the module’s front and rear
side yields. The power at the maximum power point for the rear side was 25.6% of the
total power generated by the whole module.

In order to determine the parameters characteristic for the bifacial panels, calculations
were performed with the use of Equations (4)—(10). The results are presented in the
tabularized form in Table 18. The data demonstrates that the additional energy yield in
the bifacial module depends on the inclination angle and the type of substrate; the greater
the inclination angle and the higher albedo, the greater the BGE increases. There is a wide
variation in the results; they range from 2.4% to as much as 35.5%, which was caused by
the total increase of short-circuit current of the module, from 5% to as much as 42%. This
results from the fact that the rear side cells can generate the same current and voltage values
as the front side cells; thus, the vertical orientation of the bifacial panels in the east-west
direction will result in symmetrical power gains (with constant irradiance) maintained
during the day.

Table 18. A comparison of the calculated parameters for the bifacial module tested in various
operating conditions.

Inclination Angle (°) 60 75

Substrate Grass White Foil Grass White Foil
BGE (%) 2.44 3.85 5.85 15.07 29.50 35.46
BGEj (-) 0.05 0.07 0.07 0.20 0.42 0.38

Gg (W/mz) 1047.4 1049.5 1037.5 240.4 209.8 115.108
Iscpi (A) 9.95 9.98 8.55 2.31 1.80 1.05
Uoc,pi (V) 46.75 48.60 48.21 48.04 46.83 46.13
pFF (-) 0.84 0.84 0.84 0.84 0.84 0.84
FFy; (-) 0.76 0.79 0.79 0.88 0.87 0.82

The particularly important parameter can be used for simulation tests is the Gr
indicator, which informs about the value of irradiance incident on the front side of the
module and which will generate the power equal to the power value when the bifacial
module operates in certain conditions. Thus, it is not necessary to know the value of the
irradiance reaching the rear of the module and the inclination angle and the substrate
albedo. The determined cells’ fill factor FF also indicates the good quality of the cells.

In order to determine the unit cost of electricity generation from various photovoltaic
installations, based on bifacial and traditional photovoltaic modules, analysis of the dis-
counted unit cost of energy generation was conducted. Due to most of the financial outlays
incurred today (mainly investment costs) and the effects observed in the future, in a longer
time horizon, the conducted economic calculations should be standardized to a common
time point using the discount account (discount rate dy). The UNIPEDE method proposed
by the International Union of Producers and Distributors of Electricity consists of analyz-
ing the valuation of current expenses and future income using the discount factor. The
discounted unit cost of electricity generation for an installation whose construction period
does not exceed one year can be calculated from the relationship [41]:

N
KIO + Z KU;+KP

_ =1 (1+4dp)’
kif = N (1)
t
tgl (1+df)l

where: kjr—discounted unit cost of electricity generation (EUR/kWh), Klp—investment
expenditure (EUR), KUy—maintenance and repair costs in a given year (EUR), KP—cost of
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fuel used to generate a unit of electricity in a given year (EUR), E;—the amount of electricity
produced in a given year (kWh), df—discount rate in the year of the investment (-).

In order to perform a comparative unit cost of electricity generation from a photo-
voltaic installation based on traditional PV panels and bifacial modules, the following costs
(collected in Table 19) and data were assumed:

e annual energy yield from 1 kW of installed power at the level of 1000 kWh/year;

e for installations with bifacial modules, the data presented in Table 18 calculated BGE
indices, indicating increased energy yields,

a linear decrease in the installation capacity of 0.7% per year was assumed;
installation lifetime of 25 years;

KIj investment outlays include photovoltaic modules, an inverter, accessories, and labor;
the KU; maintenance costs include the replacement of the inverter with a new one in
the 13th year of the installation’s use, inspection, and cleaning of the installation;

KP fuel costs 0 EUR,;

the “Accessories” item (Table 19) includes the cabling, required protections, etc.;
discount rate df = 7%.

Table 19. Costs of the components of the photovoltaic installation subject to the analysis [EUR].

Traditional PV Bifacial PV
PV modules 417.58 681.32
Inverter 307.69 307.69
Accessories 76.92 76.92
Labor 109.89 109.89
KU; 43.96 65.93

Installation based on bifacial panels is characterized by higher investment costs (as the
price of bifacial modules is approx. 65% higher than the price of traditional PV panels). In
certain cases, an inverter with a higher power should also be used due to the higher values of
the generated power. For bifacial modules, a higher maintenance cost was also assumed, e.g.,
due to the need to wash the back side of the module (EUR 65.93 instead of EUR 43.96). The
remaining elements of the installation, such as electrical installation equipment (protections,
limiters, disconnectors, etc.) are comparable in both cases. To calculate the unit costs of
electricity generation, the power of the installation was referred to 1 kW.

The results of the calculations of the discounted unit cost of electricity generation,
in accordance with relationship Equation (11), for the analyzed types of photovoltaic
installations are presented in Table 20.

Table 20. Unit costs of electricity generation for various types of photovoltaic installations [EUR/kWh].

Inclination Angle (°) 60 75
Substrate Grass White Foil Grass White Foil
BGE(%) 0.5363 0.8462 1.2857 3.3121 6.4835 7.7934
Bifacial PV 0.1385 0.1385 0.1341 0.1231 0.1099 0.1033
Traditional PV 0.1055

The obtained values of the discounted unit cost of electricity generation from pho-
tovoltaic installations using traditional PV panels are approx. 0.1055 EUR/kWh. The
costs of generating energy in a photovoltaic installation using bifacial modules range from
0.1385-0.1033 EUR/kWHh. As the ratio of additional energy obtained from the back side of
bifacial modules increases, the costs of power generation decrease, and at the highest values
of the ratios obtained they are slightly lower for traditional modules. The development of
photovoltaic systems’ technology and the increasing efficiency and awareness of scientists,
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producers, and investors result in a decrease in the prices of installation components, which
translates into lower energy production costs.

5. Conclusions

Research on new technologies and increasing the efficiency of the solutions used now
make it possible to further develop renewable energy sources. RES use is important in
improving the natural environment’s quality and making it possible to discontinue the use
of non-renewable, exhaustible sources.

Electricity generation from photovoltaic modules has increased over time; in addition
to standard single-sided modules, bifacial modules are also used.

This paper focused on the influence of selected parameters, i.e., the angle of incli-
nation of the panel to the substrate and the type of this substrate, on the operation of
bifacial photovoltaic modules. The comparison to classic, one-sided modules may be of
particular interest.

The latter makes it possible to increase the energy yield with the same surface the cells
are mounted on. Bifacial modules” work depends on, inter alia, the inclination angle. The
optimal inclination angle in relation to the ground of the bifacial module is greater than
that of single-sided modules.

In the case of single-sided modules, for a given latitude, the key parameter is the
module inclination angle in relation to the ground. In Poland, this angle is on average
37° to the south and is within the range of the most frequently used roof slope angles of
single-family houses (20—45°). For bifacial modules, the optimal angle is larger (60-75°),
which implies the use of these modules in installations mounted on flat roofs or on the
ground. A consequence of this larger angle is also the possibility of placing more modules,
and hence the installed power, per unit area.

Another conclusion from the conducted research is the answer to the question of
whether a several percent increase in the generated power from a single module is sufficient
from an economic viewpoint for the use of this type of module in a PV farm. In most cases,
apart from the base composed of aluminum foil, the cost of producing 1 kWh of energy
is higher for the bifacial module. A key component of this cost is the price of the module
itself. However, in the case of high costs of obtaining land for a PV farm, bifacial modules
may be a better solution.

The type of surface under the module is also important, as substrates with a higher
albedo make it possible to generate higher powers in double-sided modules than when
using substrates with a lower reflectance value. There is another argument favoring bifacial
technology; the increasing popularity of “cool roof” systems covered with a light coating
that reflects solar radiation well. The roof’s white top layer reflects radiation of greater
power directed to the rear side of the module. A further increase in solar radiation sources
to generate electricity in the energy mix on a global scale is expected. The use of solar-
tracking systems as supporting structures for bifacial panels will result in a significant
increase in yields compared to traditional solar panels.

Among the directions of further research on the use of bifacial modules, in our opinion,
the analysis of the impact of the size of transparent gaps between individual cells on the
efficiency of the entire panel deserves special attention.
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List of Symbols Used

P power generated by the PV module (W)

I current of the PV module (A)

u voltage of the PV module (V)

Puyipp power at the maximum power point (A)

Ivpp current intensity at the maximum power point (A)

Uppp voltage at maximum power point (V)

Uoc open-circuit voltage (V)

Isc short-circuit current intensity (A)

n efficiency of the PV module (-)

FF fill factor of photovoltaic module (-)

pFF pseudo fill factor, which does not consider the losses generated by
series resistance (-)

E solar irradiance intensity, irradiance (W /m?

Eg the total value of irradiance that reached the bifacial module (W/m?2)

S module’s surface area (m?)

BGE additional energy (power) ratio generated by the rear part of the module
in relation to the energy (power) generated by the panel front part (%)

BGEj,, current efficiency ratio of the rear side of the module to the current

efficiency of the front side (-)

n number of PV cells in the module (pcs.)
k Boltzmann constant (1.38 x 10723 J/K)
q electric charge (1eV =1.6 x 10-7)

T temperature (298 K)

Subscript p; refers to the bifacial module

Subscript sy refers to the rear side of the bifacial module
Subscript front refers to the front side of the bifacial module
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