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Performance evaluation of bifacial photovoltaic module
operating in standard and dedicated support structure

Streszczenie. Niniejsza praca dotyczy analizy parametrow elektrycznych dwustronnego modutu fotowoltaicznego, wykonanego w technologii
CELLO, przy jego instalowaniu w standardowej konstrukcji wsporczej, powszechnie wykorzystywanej w przypadku jednostronnych modutéw
fotowoltaicznych oraz przy zastosowaniu rozwigzania dedykowanego i pozbawionego elementéw no$nych, mogacych ograniczac¢ dostep odbitego
promieniowania stonecznego do tylnej sekcji ogniw stonecznych. W pracy przedstawiono charakterystyki pradowo-napigciowe oraz mocy
elektrycznej w pefnym zakresie obcigzenia. Wykazano istotny wplyw rodzaju konstrukcji nosnej na wartoS¢ mocy elekirycznej osigganej przy
optymalnym obcigzaniu a tym samym potrzebe weryfikacji aktualnych praktyk projektowych w zakresie stosowania modutéw fotowoltaicznych
dwustronnych zwtaszcza w przypadku powszechnych instalacji prosumenckich. (Analiza wydajnosci dwustronnego modutfu fotowoltaicznego
pracujacego w standardowej i dedykowanej konstrukcji wsporczej).

Abstract. This paper concerns the analysis of electrical parameters of a double-sided photovoltaic module, made in the CELLO technology, when
installed in a standard support structure, commonly used in the case of single-sided photovoltaic modules, and using a solution without supporting
elements that may limit the access of reflected solar radiation to the rear side of solar cells. The paper presents current-voltage and power-voltage
characteristics in the full load range. A significant impact of the type of supporting structure on the value of electric power achieved at optimal load
was demonstrated, and thus the need to verify current design practices in the use of double-sided photovoltaic modules, especially in prosumer

installations

Stowa kluczowe: modut dwustronny, technologia CELLO, zysk energetyczny, konstrukcja montazowa.
Keywords: double-sided module, CELLO technology, energy gain, assembly structure.

Introduction

In recent years, a significant increase in interest in
modern and non-standard solutions in the field of
photovoltaic installations is visible, such as Sun tracking
systems [1], solar radiation concentrators, multi-colored
photovoltaic modules, modules with unusual shapes [2] or
double-sided solar cells. Many of these solutions were
conceptualized decades ago.
The technology of double-sided photovoltaic modules was
developed in the 1960s. Bifacial photovoltaics is currently a
rapidly growing technology that can improve electricity
production by utilizing solar radiation from both sides (the
front and the rear) of the photovoltaic module [3].
Monofacial cells can only collect photons reaching the front
side of the solar photo converter.
The rear part of the bifacial modules is, in most cases, built
similarly to the front part, and the structure of the active
semiconductor layer is covered with glass. There are
solutions like glass-glass bifacial modules, where the
module is completely devoid of a typical structural frame [4],
as well as solutions equipped with a narrower and lower
aluminum profile. In both cases, the PV module is not
equipped with a classic plastic substrate, which translates
into decrease in solar cells working temperature and
increase in maximum power output due to the reduced
infrared absorption.
Figure 1 shows a cross-section of the standard bifacial
crystalline silicon solar cells.

T Back contacts —

Fig. 1. Cross-section view of standard n-type and p-type bifacial
crystalline silicon solar cell [5]

Currently, many technologies can be distinguished among
double-sided solar cells [6]:

= passivated emitter rear contact PERC,

= passivated emitter rear locally-diffused PERL,

= passivated emitter rear totally difused PERT,

= heterojunction with intrinsic thin-layer HIT,

= integrated back contact IBC,

= double-sided buried contact solar cel DSBCSC.
Double-sided photovoltaic modules are described by

operational parameters such as bifaciality factor BF,
separation factor SR, bifacial energy gain BGE and
irradiation g.

Factors affecting the energy efficiency of bifacial PV
modules include the angle of their inclination to the ground,
mounting height above ground level, the value of the
ground albedo coefficient, the share of diffuse radiation in
the global radiation spectrum or the type of mounting
system.

There are numerous mounting systems solutions for single-
sided and double-sided photovoltaic modules, such as roof
structures, ground structures, intended for
agrophotovoltaics or carport systems [7]. Among the
mounting structures, there are systems dedicated to use
specifically with double-sided modules. In standard designs,
the transverse support elements run directly under the
surface of the modules, which can be a source of shading
of the cells located in the rear part and contribute to
reducing the radiation reflected from the ground surface.
Described problem does not occur with single-sided
modules. Therefore, constructions in which horizontal and
vertical supporting crossbars will be located outside the
surface of photovoltaic cells are gaining importance.

Solar radiation distribution in the case of bifacial
photovoltaic module

Total solar radiation /i recorded in the plane of the
bifacial PV module is the sum of the direct radiation /lpeam,
diffused radiation l4w and reflected radiation /4, from the
ground located under the module. The components of solar
radiation are presented in figure 2. The total irradiance is

described by the relation [8][9]:

(1) ltot = Ipeam * laiss + law
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Fig.2. Components of solar radiation [8]

The orientation of the photovoltaic module and the
position of the Sun can be described by appropriate angles
presented in figure 3. The position of the Sun consists of
the azimuth angle ys and the angle of the Sun's elevation
above the horizon as The irradiance recorded on the
surface of the module depends on the angle of its azimuth y
and inclination .

/ “ZE’;\-t-h

Fig.3. Angles describing the position of the module and the Sun

The angle of incidence of solar radiation on the surface
of the module is the angle between the radiation beam and
the normal to this surface. The angle of incidence on the
front or rear side of the module is described by the relation
[10]:

(2) 6r/r = cos B, - cos B /g + sin Br/g - sin b, - cos(Vs — Yr/r)

where: 6/ - angle of incidence of radiation for the front or
rear side of the module, B/ r - angle of inclination for the
front or rear side of the module, yr r - azimuth angle for the
front or rear side of the module.

The additional energy gain in the case of using a
double-sided photovoltaic module is the result of the size of
the share of radiation reflected in the global spectrum of
solar radiation.

In case of modeling of solar radiation, the greatest
difficulty is the accurate estimation of the diffused radiation
recorded on the plane of the tilted PV module. There are
isotropic, pseudoisotropic and anisotropic mathematical
models available in the literature [11]. One of the most
accurate is the Perez anisotropic solar radiation model. The
model divides the diffused radiation into three components:
isotropic radiation, circumsolar radiation focused around the
Sun and horizontal scattered radiation centered around the
horizon line. The components of the diffused radiation on

the inclined surface of the PV module can be represented
by the relationship [12]:

1+cos B F/R
(3) lairsisor/r = Ipur - (1 —Fy) - (72 F/R) ' (1 - Rlo/ss,iso)
a F/R
(4) Laigf cirr/r = Ipur - Fr 'FT/R ’ (1 - Rlo/ss,cir)
_ . F/R
(5) laifhorr/r = Ipur * Fo * sin Bryp - (1 - ngss,isg)

where: F; - coefficient of circumsolar brightness, F, -
coefficient of brightness of the horizon, ar;; and b -
coefficients taking into account the angle of incidence of
circumsolar radiation.

The coefficients F1 and F2 can be determined using the
relations [12]:

-6,
(6) Fi = fi1 +f12'A+_n180 * fi3
.BZ
(7) F; = fn ‘|']C22'A‘|'_n180 * fas

where: f11, f12...f23 — brightness coefficients depending on
the purity of the sky and the angle zenith, A — brightness
parameter.

The purity of the sky € and the brightness parameter A
are also determined by the Perez model [12]:

(—'D”’J'ID"”)+1.041-("'—62)3
(8) £ = ’DHI 180

1.041-(%8;)3

(9) A= Ipurm

IgxTRA

where: m — air mass, Igxrra — €Xtraterrestrial radiation.

Table 2. Brightness coefficients depending on the sky purity
parameter [13]

€ fia fiz fi3 fa1 f22 f23
11'0(%’5' -0,008 | 0588 | -0,062 | -006 | 0,072 | -0,022
1,065 -
s | 013 | 0883 | 0151 | 0019 | 0,066 | -0,029
11’25380' 033 | 0487 | -0221 | 0,055 | -0,064 | -0,026
11'590500' 0,568 | 0,187 | -0.295 | 0,109 | -0,152 | -0,014
1,050 -
sy | 0873 | 0,392 | 0362 | 0,226 | -0462 | 0,001
2.800 -
Aoy | 1132 [ 1,237 | 0412 | 0288 | 0,823 | 0,056
4,500 -
k500 | 1080 | 1,600 | -0359 | 0264 | 1,127 | 0,131
6.200- | 0678 | 0,327 | -0,250 | 0,156 | -1,377 | 0,251

Radiation reflected from the ground surface

The intensity of radiation reflected from the ground,
which can contribute to the generation of electricity in a
bifacial module, can be divided into three components [14]:

_ b diff,iso dif f,ciry . F/R
(10) Ialb,F/R - (IalelgFr'r;R + Ialb,F/R + Ialb,F/R ) (1 - Rloss,alb)

where: l.p R — total intensity of reflected radiation, lap,fr"*"
— component of reflected radiation resulting from the
intensity of direct radiation, lusrr™"° — component of
reflected radiation resulting from the isotropic part of the
diffuse radiation, lusrr"""" — component of reflected
radiation resulting from circumsolar diffuse radiation,
R,oss,a,bFR — reflection losses the front and back of the
module for radiation reflected from the surface of the
substrate.
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Only part of the radiation is reflected from the earth's
surface and has a chance to be converted into electricity.
This is due to the shading effect generated by photovoltaic
modules. In order to determine the share of reflected
radiation in the generation of electric power by bifacial
module, the values of the view factors of the surface are
determined [15].

Losses related to the reflection of solar radiation

When performing irradiance calculations for both sides
of a bifacial module, it is important to take into account the
angular losses associated with reflection from the surface of
the module. Reflection losses depend on the angle of
incidence of radiation on its surface. The size of the losses
can be described by the relationships [16][17]:

—cosOp/R -1
exp(—ar / )—exp(a—r)

(11) Rli/si,beam = l_eXp(;_i)
—cos Opor, -
(12) S G )
loss,hor — 1—exp(;—;)

B .
F/R  _ 1 : (fag)-—sin8
(13)  Rygssay = €XP [—a—r<cl : (smﬁ + lf"_cosﬁ +
. i —sinf
cy <sm Br/r + 7(1;3_)“)51? >
F/R 1 .
(14)  Rypgsiso = €XP [—a—r(cl : (sm Brr +

(ﬂ)—sin Br/r
. : 180.
Cy <sm Br/r + ScosPrm >

F/R

(%:)—sin ﬁF/R) "

1-cos Br/r

loss,peam — TEflEction losses of the front and rear of
F/R

the module for direct radiation, R, ., — reflection losses
of the front and rear of the module for horizontal diffuse

radiation, Ri,é’i’a,b — reflection losses of the front and rear of

the module for radiation reflected from the surface of the

substrate, RZ)/S’;M — reflection losses of the front and rear of

the module for isotropic scattered radiation, a, — angular
loss coefficient, ¢; and ¢, — matching parameters.

where: R

The values of the angular loss coefficient and matching
parameters depend on the construction of the module.
These are values determined empirically. Technologies
used and materials as well as dirt affect the behavior of light
reaching the surface of the module. Table 1 shows the
values of a, for various PV module technologies [16-19].

Table 1. Angular loss factor for different PV cell technologies
Photovoltaic cell technology Coefficient a,
crystalline silicon 0,21

amorphous silicon 0,23
heterojunction cells 0,22
cadmium-tellurium cells 0,23
indium-copper cells 0,20

Measurement and research stand

A laboratory test stand was designed and built to enable
the determination of the electrical parameters of a bifacial
PV module with the possibility of installing additional
(horizontal and vertical) elements in the construction of the
mounting system and their elimination, in order to indicate
the differences between the standard supporting structure
and the structure dedicated for bifacial photovoltaic
modules. Laboratory conditions allow to maintain a constant
value of irradiance during measurements. Designed
solution allows to adjust the angle of inclination of the PV

module (15°, 30° or 45%), modify the position of the module
above ground level and install a photovoltaic module of any
geometric dimensions.

The measurement and research stand consists of the
tested double-sided photovoltaic module LG Neon 2 Bifacial
LG390N2T-A5, a system for recording current and voltage,
a set of adjustable resistors, and HT204 pyranometer. The
light source is a mobile system of 12 halogen lamps divided
into 3 sections (upper, middle and lower lines, 4 pieces
each). The photovoltaic module consists of 72 N-type
monocrystalline silicon cells. It was made in CELLO
technology (Cell Connection, Electrically, Low Loss, Low
Stress, Optical Absorbtion Enhancement). The technology
is characterized by the reduction of current losses and
allows to improve the absorption of radiation by solar cells.
Current losses are limited by the use of 12 microfibers for
each solar cell (as opposed to 3 flat wires in classic one-
sided cells). Figure 4 shows the prepared test stand with
the measuring unit.

Fig. 4. Test stand in one of the configurations,
height 120 cm, inclination angle 30°.

Figure 5 shows two selected variants with additional
structural elements for the mounting system (steel profiles
perpendicular and parallel to the photovoltaic cells), in order
to determine the impact of their presence on the electrical
parameters of the tested bifacial photovoltaic module. In the
case of a mounting systems dedicated to bifacial modules,
additional profiles do not exist or are designed in places that
do not coincide with solar cells located in the back side of
the photovoltaic module.

Fig. 5. Arrangement of additional elements of the supporting
structure for a bifacial photovoltaic module, a) perpendicular
profiles, b) parallel profiles

Results
The tests were carried out for three different ground types:
PVC material, polyester material and a white laminated
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wooden board placed under the PV module. For each of the
substrates, the albedo coefficient was determined (0.43,
0.59 and 0.67, respectively).

The photovoltaic module was illuminated using two rows of
light sources, achieving an average irradiance of 125 W/m?
on its front surface. The module was placed at a height of
120 cm. The angle of inclination of the module to the
ground was equal to 30°. The distance between the light
source and the frame of the photovoltaic module was 80
cm. Figures 6, 8 and 10 show the current-voltage
characteristics of the photovoltaic module, while figures 7, 9
and 11 show the power-voltage characteristics.

Current [A]

-perpendicular profiles parailel profiles

12 14 16 18 20 22 24 26 28 30 32 34 36 35 40 42 44 46 48
voltage [V]

Fig. 6. Current-voltage characteristics of a double-sided
photovoltaic module for a substrate in the form of laminated
wooden board

Power [W]

——dedicated construction —perpendicular profiles paraliel profiles

4 [ 8 10 12 14 16 18 20 \Z’;‘:;E:’E 2:] 28 30 32 34 36 38 40 42 44 46 48
Fig. 7. Power-voltage characteristics of a double-sided photovoltaic
module for a substrate in the form of laminated wooden board
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Fig. 8. Current-voltage characteristics of a double-sided
photovoltaic module for a substrate in the form of polyester material
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Fig. 9. Power-voltage characteristics of a double-sided photovoltaic
module for a substrate in the form of polyester material

Current [A]
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Fig. 10. Current-voltage characteristics of a double-sided
photovoltaic module for a substrate in the form of PVC material
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Fig. 11. Power-voltage characteristics of a double-sided

photovoltaic module for a substrate in the form of PVC material

Conclusions

Estimation of electric energy production using bifacial
photovoltaic modules is more complicated than for classic
one-sided modules. When connecting bifacial modules
series or parallel, it is important to ensure identical
environmental conditions in order to reduce the risk of
current or voltage mismatch between individual generators.
An important factor affecting the energy efficiency of a
double-sided module is the use of an appropriate mounting
solution. There are mounting structures, characterized by
the presence of profile elements that can provide a source
of shading for the cells located in the rear side of the bifacial
PV module. Manufacturers of photovoltaic mounting
solutions, dedicated to bifacial modules, do not inform about
their actual impact on the operation of the photovoltaic
installation. There is also a limited choice of mounting
structures for bifacial PV modules, and this problem is
particularly visible in the case of glass-glass bifacial
modules.
Based on the conducted research, it can be concluded that
the use of a properly designed mounting structures can
bring greater benefits to cases characterized by a higher
albedo coefficient of the ground under the photovoltaic
module.
The mounting structure with parallel profiles (fig. 5b) was
characterized in each case by a higher power loss
(compared to the reference solution without parallel and
perpendicular profiles) than the one resulting from the use
of perpendicular crossbars. Parallel placement of the
profiles, relative to the longer edge of the PV module, leads
to an increase in the area covered by the shadow.
Based on the measurements, for the surface under the
module with the highest reflectivity and for the absence of
any structural profiles in the back side of the PV module,
the maximum power of 31.7 W was obtained. The use of
additional perpendicular and parallel load-bearing profiles
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leads to a reduction of electric power by 11.3% and 14.6%,
respectively.

Changing the type of substrate and the use of polyester
material leads to the achievement of electric power at the
optimal load equal to 30.2 W. The use of additional
perpendicular and parallel bearing profiles leads to a
reduction of electric power by 10.8% and 14.1%,
respectively. In the case of the substrate with the lowest
value of the reflectivity coefficient, the maximum power of
28.2 W was obtained, without the use of additional
structural profiles. The use of additional perpendicular and
parallel supporting profiles leads to a reduction of electric
power by 9.6% and 12.7%, respectively.

The higher the reflectivity of the substrate under the double-
sided PV module, the more significant the impact of
additional mounting system structural elements.

A reduction in a short-circuit current was observed when the
module was installed above the substrate described by low
reflectivity. However, the open-circuit voltage does not
change significantly.

It can also be assumed that the specific construction of
bifacial photovoltaic modules, with their appropriate
connection in a photovoltaic installation with single-sided
modules, enables the shaping and better matching of the
energy production profile and the demand profile.

The analysis of a photovoltaic installation operation
composed of double-sided and single-sided PV modules
will be the subject of further research.
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