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Abstract

The bifacial photovoltaic module (Bifacial PV) is a PV panel that can generate energy from both sides. This work
studies different configurations of bifacial photovoltaic fields. Diffusing and retro-reflective (RR) materials are used
to exploit the light reflected from the ground. So, the radiation not reaching the modules is minimized. The research
includes ray tracing simulations of the possible ground configurations and field measurements on a small-scale
system. Field measurements were developed to evaluate the effective contribution of the optimized fields to the
production of electricity. The configurations measured in the field are compared in order to evaluate the actual
increase in production compared to the classic photovoltaic (PV) module, which has only one active face. The studied
configurations allow to increase the obtained peak power of more than 10 %.
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1. Introduction

Bifacial modules are acquiring an ever-greater space within the photovoltaic market and in the strategies of the main
manufacturers. The bifacial photovoltaic module (Bifacial PV) is a particular type of panel that manages to generate
energy from both sides of the photovoltaic cell, thus increasing production compared to a standard photovoltaic
module (PV) (Guerrero-Lemus et al., 2016; Kopecek and Libal, 2021). A comprehensive review was carried out to
present a detailed analysis of the thermal and electrical performance of bifacial photovoltaic technology (Gu et al
2020). It has been reported in the literature that the use of bifacial panels can improve the energy yield of power
plants by 25-30% (Stein et al., 2021). The increase in production that a double-sided module can guarantee, thanks
to the capture of the light reflected from the ground on the rear side, is a highly appreciated advantage in applications
involving large ground systems, for which the payback times are still today the most important aspect. For this reason,
it is necessary to install components capable of guaranteeing high electricity production and better performance.

A thorough investigation (Rodriguez-Gallegos et al., 2018) into the economic advantages of bifacial solar panels
compared to monofacial panels has shown that bifacial panels are generally more cost-effective in areas with high
ground reflectivity. Due to their promising efficiency, bifacial panels have been widely deployed in a variety of
applications, such as green roofs, agriculture and highways (Sultan Mahmud et al.,2018; Riaz et al., 2021;
Katsikogiannis et al., 2021; Baumann et al., 2019). A miniatured test array was set up, as a commercial bifacial PV
system using a 3x3 module array, for the systematic measurements of bifacial systems in various mounting conditions
(Nussbaumer et al., 2019).

In bifacial modules it is important to consider the albedo of the ground. Albedo, i.e. the fraction of solar radiation
reflected by a surface (Frezza et al., 2021), is a well investigated characteristic of the ground that can affect the power
output of the bifacial photovoltaic modules. In this framework, the purpose is to identify suitable materials, to be
deposited on the ground under and around the modules, in order to reduce the part of radiation not exploited by the
modules, which would therefore be lost. In Riedel-Lyngskeer et al 2021 the effect of spectral albedo in bifacial
photovoltaic performance was analyzed.

In the literature there are articles with tests performed on photovoltaic solar fields that consider soils with grass
(Bembe et al., 2018) and standard materials, like white paint (Riedel-Lyngskeer et al., 2020) or concrete (Bembe et
al., 2018), or discuss tests on roofs always using standard materials (Medium Brown Shingles, White Tiocoat/Swarco
Beads, Aluminum Paint) (Sciara et al., 2016). A study was carried out on a commercial solar power plant in Seville,
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where different vegetal species were planted in two strings, and the performance of the string was monitored
(Rodriguez-Pastor et al., 2023).

The objective of this work is to confirm that the design of a bifacial photovoltaic field optimized for the exploitation
of the light reflected from the ground is effective. In Fontani et al 2023, after having identified the materials that
optimize the reflection towards the panels, to be deposited on the ground under and around the modules, the best
configurations from an optical point of view were studied. In this way the part of radiation which does not impinge
on the modules, and which would therefore not be utilized, is minimized. The work considered the following aspects:
identification of suitable materials for the optimization of the collected light, optical simulations of the possible
configurations, field measurements on a small-scale system. Field measurements were developed to evaluate the
effective contribution of the optimized fields to the production of electricity. In this paper, the configurations
measured in the field are compared in order to evaluate the actual increase in production compared to the classic
photovoltaic (PV) module, which has only one active face.

2. Identification of materials and configurations of the fields

As a first step of the research, materials suitable for increasing the retro-reflected flux from the ground have been
identified (Fontani et al., 2023). The retro-reflective panels used were made with a highly reflective white paint, on
which glass beads with an average diameter of 200 + 300 um were applied. The glass particles were dispersed as
homogeneously as possible on the upper side of the panel itself. Four panels were realized to be used in the field
experiments. A photo of these four panels with retro-reflective materials is shown in Fig. 1.

Fig. 1: The four retroreflective panels used in the measurements.

Furthermore, optical simulations were carried out to identify the best ground configurations in order to maximize the
flux received by the bifacial module. From these studies, the most promising solutions resulted from those with a
field made of diffusing-Lambertian soil and with a mixed configuration: mainly made up of diffusing-Lambertian
soil with a part of the soil, the one behind the photovoltaic mini-modules, with retro-reflecting (RR) materials. A
more extensive description of this process of material selection and optical simulation is presented in Fontani et al.
(2023).
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Fig. 2: The proposed mixed solution. Sketch of lateral view (left) and simulation 3D view (right). The green color indicates the ground
with diffusing material, while the pink color shows the ground with RR material.

3. Measurements in the field

To verify the results of the simulations, some field measurements were carried out with direct exposure to the sun.
Minimodules made up of 4 bifacial photovoltaic cells were used. The three different configurations examined for the
field in which the measurements were carried out are:

- Optimized Mixed field, with diffusing material and retro-reflecting material,
- Optimized field with diffusing material,
- Non-optimized field (Reference field).

For the Optimized field with diffusing material and the Optimized Mixed field, several panels with diffusing paint
and 4 panels with retro-reflective materials were made to be placed on the ground (Fig. 3).

For each measurement session of the Optimized Fields, the diffusive panels were placed on the ground so as to cover
the entire surface. Furthermore, for the measurements with retro-reflective materials a retro-reflective panel was
placed in the position foreseen in the simulations. The Non-optimized field measurements were carried out both
without intervening on the measurement field, made up of gray stone, and by carrying out a measurement placing on
the ground a sheet of black cardboard (Fig. 4).
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Fig. 3: Set-up of the field for the measurements.

Fig. 4: Set up of the Reference field measurement.

For each measurement session, the data are acquired initially considering only the side exposed to direct radiation
(Front), obscuring the rear side of the minimodule (Back) with a covering. Then the covering was removed so that
the minimodule works in a double-sided way (indicated with Front+Back). The Front configuration simulates the
behavior of a classical PV module and is used for the comparison with the Bifacial configuration (Front+Back).

For each measurement session, the following were acquired: total radiation with a pyranometer and direct radiation
with a pyrheliometer; 3 sampling cycles of the voltage-current curve (V1) using a variable load; temperature of the
cells at the beginning and at the end of the measurement session; ambient temperature at the beginning and at the
end of the measurement session; open circuit voltage (Vo) at the beginning and at the end of the measurement
session.

Front measurement (morning)

Front measurement (local noon)

4. Processing of measures

The VI data (voltage-current curve) acquired during the measurement sessions were interpolated to obtain the
maximum power (Pmax) and obtain the short-circuit current value (Isc).

Fig. 5: Power versus Voltage graphs. Left: Front measurements performed in the morning. Right: Front measurement performed
around the local noon.

The results of the elaboration for the Front measurement are plotted in the graphs shown in Figure 5. The curves
report the values of the calculated power as a function of the voltage values. The curves indicated with N1, N2, N3
and N4 refer to measurements with Optimized Mixed field, obtained by alternating the 4 retro-reflecting panels.
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While the curve indicated with “diff” is obtained placing on the ground only diffusive panels. The black curve in the
right graph (called “ref”) is the reference measurement made using the black panel and the configuration shown in
Figure 4.

Table 1 presents the values related to the graphs shown in Figure 5 and reports the data for the Front measurements
performed in the morning and around the local noon. V. is the voltage measured in open circuit configuration, Is
and Pmax are the results of the interpolations. Vo is express in Volt, the short-circuit current Is; in Ampere and the
maximum power Pmax in Watt.

Table 1: numerical data of the measurements shown in Figure 5.

Field configuration Morning Local noon
VOC I sC Pmax VOC I sC Pmax
Optimized Mixed field with panel N1 2,70 7,28 12,94 2,66 | 8,98 14,63
Optimized Mixed field with panel N2 2,68 7,461 13,14 2,67 | 8,89 14,73
Optimized Mixed field with panel N3 2,68 7,63 13,41 2,65 | 891 14,56
Optimized Mixed field with panel N4 2,66 7,88 13,50 2,65 | 8,85 14,44
Optimized field with diffusing material 2,66 8,02 13,55 2,66 | 8,73 14,37
Reference configuration (non-optimised) 2,65 | 8,83 14,71
gg Front + Back measurement (morning) - Front + Back measurement (local noon)
‘r_',:.“:\\‘ N1
Bl //"; N\ 16 / . \3\\\ Lﬁ
14 / 27N\ 14 . \'\‘“x h
77 N =
12 7 7 W 12 W
i k| &
10 Y44 A g0t R
D’ h\ = i\
8 7./ \\ o 8 \
‘\“ / -“.:“,
i \ 6 /7 ‘-K\"w
) /7 &
4t Y 4t /47 (\
\ 7 \
2t \‘ 2t ,""/ \'\“".}
A\ g !
0 . . . . ] 0 . - . - - )
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
V (Volt) V (Volt)

Fig. 6: Power versus Voltage graphs. Left: Front+Back measurements performed in the morning. Right: Front+Back measurement
performed around the local noon.

The results of the elaboration for the Front+Back measurement are plotted in the graphs shown in Figure 6. The
curves report the values of the calculated power as a function of the voltage values. Similarly, to Figure 5, the graphs
indicated with N1, N2, N3 and N4 refer to measurements with Optimized Mixed field obtained by alternating the 4
retro-reflecting panels. While the curve indicated with “diff” is obtained placing on the ground only diffusive panels.
The black curve (called “ref”) in the right plot of Figure 6 refers to the reference measurement made with the black
panel and the configuration shown in Figure 4; while the black curve called “ref” in the left graph is obtained from
a measurement in our data base, which was performed without using the black panel, so the ground was made of
grey stone. The values related to the Front+Back measurements performed in the morning and around the local noon
are reported in Table 2. Vo is the voltage measured in open circuit configuration, lsc and Pmax are the results of the
interpolation. Table 2 also reports the value of the average solar irradiance during the measurement, Gy, this quantity
will be used for further elaborations. Vo is expressed in Volt, lsc in Ampere, Pmax in Watt, Gy in Watt/m?.

Table 2: numerical data of the measurements shown in Figure 6.

Field configuration Morning Local noon
Voc |sc pmax Gk Voc |sc Pmax Gk

Optimized Mixed field

. 2,70 8,95 15,35 853 2,68 10,86 17,16 985
with panel N1
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Optimized Mixed field |, 4 909 | 1581 | 889 267 | 1074 | 16,71 | 970

with panel N2

Optimized Mixed field |, o 9,36 | 1594 892 2,66 | 10,92 | 16,84 087
with panel N3

Optimized Mixed field |, o7 | 950 | 1584 | 909 | 267 | 1076 | 1675 | 995
with panel N4

Optimized field with

e - 2,67 10,02 16,35 929 2,67 10,71 16,74 978
diffusing material

Reference configuration

L 2,67 8,63 14,62 889 2,64 9,70 15,35 967
(non-optimized)

Since the irradiance value varies during outdoor measurements, for each measurement it was calculated the value of
my = Py /Gy (eq. 1)

where P}, is the maximum power obtained in the interpolation of the k-th measurement, and Gy is the average solar
irradiance during the measurement itself.

For each set of measurements, a reference value was chosen, and the following value was calculated:
e = (my — mref)/mref (eq. 2)

where the subscript “«” refers to the value of the k-th measurement and the subscript “.f” to the reference
measurement.

Note that for constant irradiance the value of p is equivalent to the quantity APwmax, calculated as:
APymax = (Px — Pref)/Pref (eq.3)

The comparisons between the configurations were made based on the APxmax and puc values.

5. Comparison of measurements

Comparison 1: comparing the performance of a Bifacial module using different field configurations.

The first comparison is performed in order to understand the improvement given by the optimized grounds with
respect to the non-optimized ground. The reference measurement, with non-optimized ground, for the local noon
case is the measurement performed at noon with black sheets on the ground (these values are in Table 2). Since the
measurement with the black panel is not available for the morning case, the reference data set for the morning has
been chosen from our database, selecting a suitable configuration without modification of the ground and with the
irradiance nearest to the mean value registered during the morning session (these values are in Table 2).

Table 3: Comparison between the various Bifacial (Front+Back) measurements.

Field configuration Morning Local noon
APmax (%) | px (%) | APimax (%) | i (%)
Optimized Mixed field with panel N1 4,98% 9,41% 11,82% 9,77%
Optimized Mixed field with panel N2 8,15% 8,15% 8,89% 8,55%
Optimized Mixed field with panel N3 9,04% 8,68% 9,72% 7,50%
Optimized Mixed field with panel N4 8,36% 5,98% 9,16% 6,08%
Average of the 4 mixed fields measurements 7,63% 8,05% 9,89% 7.98%
Optimized field with diffusing material 11,86% 7,04% 9,08% 7,85%

Referring to mixed field measurements, since the production process is still at the laboratory level, in Table 3 there
is also an average value of the measurements with the 4 retro-reflecting panels. The results show that the process for
realizing the Retro Reflective panels needs still to be improved. These results indicate that the use of an optimized
ground produces an advantage in the performances during all day, not only for the time where the optimized
configuration has been calculated (local noon). The values of  result more stable that APxmax that is influenced by
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the variations of solar irradiance. The optimal field was obtained for the noon configuration; the values of APxmax for
local noon confirm that the average value of the Mixed field is better than the results obtained with ground composed
only of diffusing materials, as expected. Meanwhile, the values of the normalized parameter px show a more constant
behavior during the day and a better performance for the mixed solution. In fact, the mean values of . for the Retro
Reflecting material are greater than the corresponding values obtained with the diffusing materials. While the mean
value of the power of the field (APxmax) with Retro Reflective panels is greater than the power with only the diffusive
material, but only at the local noon.

Comparison 2: comparing the performance of a standard PV module without optimized ground with a
Bifacial Module with optimized ground.

Table 4 illustrates the values of the comparison between the performance of the single-sided cell and the performance
of the double-sided cell. The single-sided cell is equivalent to the measurements carried out on the Front side only
of a double-sided cell. The measurement on the double-sided cell has the contribution of the Front+Back sides of the
minimodule. The reference measurement (ref) used in eq. 3 and eq. 2 for the calculation of APymaxand pu corresponds
to the Front measure with the black cardboard.

In Table 4 the first four values (rows 2-5) refer to measurements with field in mixed configuration obtained by
alternating the 4 retro-reflecting panels (indicated with N1-N4). Referring to these measurements, since the
production process is still at the laboratory level, in Table 4 (row 6) there is also an average value of the measurements
with the 4 retro-reflecting panels. Finally, the measurement in row 7 of Table 4 refers to the configuration with a
field composed only of diffusing panels. For each measurement, the table reports the values of APxmax and p
calculated with eq. 3 and eq. 2. The last row reports the comparison between PV minimodule and Bifacial PV
minimodule, for the reference configuration, which is with the non-optimized field.

Tab. 4: Comparison between the performance of PV minimodule and Bifacial PV minimodule at local noon.

Field configuration APkmax Mk

Optimized Mixed field with panel N1 16,63% 15,21%
Optimized Mixed field with panel N2 13,57% 13,92%
Optimized Mixed field with panel N3 14,44% 12,82%
Optimized Mixed field with panel N4 13,85% 11,34%
Average of the 4 mixed fields measurements 14,62% 13,32%
Optimized field with diffusing material 13,77% 13,19%
Reference configuration (non-optimised) 4,30% 4,95%

Analyzing the results of Table 4 it can be noticed that both the optimized fields (Optimized Mixed field and
Optimized field with diffusing material) give an improvement more than 10% with respect to the PV single face
module. The bifacial configuration with non-optimized field gives an improvement of 4,30% for APxmax and of 4,95%
for p, so the addition of the optimized field boosts the value of around 10% for APxmax and around 8% for pu.

Since the amount of solar irradiance does not change in the raytracing simulations, the value of APyxmax and p in the
simulations results the same. It is possible to evaluate the maximum amount of APyxmax (Fontani et al., 2023), because
the power obtained on the receiver does not take into account the angular response of the Bifacial PV minimodule.
This means that the expected APwmax, Calculated as the ratio between the recovered power of each configuration and
the Direct Flux on the panel, was estimated to have a maximum of 17.7% for the Optimized field with diffusing
material and 20.3% for the Optimized Mixed field. Hence, the results obtained show that is possible to recover the
2/3 of the power that reaches the back of the Bifacial Panel.

6. Conclusion

The purpose of this work is to find materials and field configurations to optimize the efficiency of the bifacial
photovoltaic minimodules through the optimization of the solar field. This article presents an innovative approach
trying to maximize the sun power collected by the back side of a bifacial PV module, performing a study on suitable
materials and ray tracing simulations.

In a previous work (Fontani et al., 2023) some suitable Retro-Reflective (RR) materials have been studied and
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realized to minimize the flux lost because it does not reach the rear part of the panel and maximize the recovery of
the solar flux. It was found that the optimal RR material is the one with a diameter of microspheres of 200-300 pum
regardless of density. For the field optimization, a ray tracing analysis was performed in order to obtain the best
configuration considering a real field and the materials examined in the previous study,both diffusive and RR. As
result of these simulations the best configuration is a mixed ground with diffusive parts and a RR part. The RR part
is located in an area behind the photovoltaic panel. Some tests on a scaled field with a single minimodule were
performed in order to verify the effectiveness of the optimizations combining the results of material studies and
raytracing simulations. The measurement was executed in the summer season, 2 sets of measurements were
performed on the same PV module alternating the 4 RR panels realized and the diffusive one. Moreover, a
measurement with a black panel in a grey ground was done as reference for the noon measurement. The comparison
between the measurements performed with and without the plywood panels on the ground shows that there is an
improvement of the minimodule output when the ground is properly settled.

Comparing the performance of a Bifacial module using different field configurations it can be noticed that the values
of p result more stable that APxmax that is influenced by the variations of solar irradiance. The values of APymax for
local noon confirm that the average value of the Mixed field is better than the results obtained with ground composed
only of diffusing materials (this result was obtained from the simulations optimizing the field for the local noon).
Meanwhile, the values of the normalized parameter . show a more constant behavior during the day and a constant
better performance for the mixed solution.

Comparing the performance of a standard PV module (Front measurement) without optimized ground with a Bifacial
Module (Front+Back measurement) with optimized ground it can be noticed that the bifacial configuration with non-
optimized field causes an improvement of 4,30% for APxmax and of 4,95% for L, while the addition of the optimized
field boosts the value of around 10% for APxmax and around 8% for .

Utilizing the data of the raytracing simulation it is possible to affirm that the results obtained show that is possible to
recover the 2/3 of the power that reaches the back of the Bifacial Panel.
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