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ARTICLE INFO ABSTRACT
Keywords: With the widespread utilization of solar photovoltaics (PV), it is becoming increasingly important to understand
Photovoltaic its performance using various configurations to harvest solar energy at the most suitable efficiency, specifically in
Mono-facial hot climates. Therefore, this paper compares mono-facial and bi-facial PV cells under the high-temperature
?;:::l modellin desert climate of Sharjah (United Arab Emirates). The optimally tilted and vertical east-west configurations
Eificiency & were compared to evaluate the annual energy production for these scenarios. In addition, new parameter, the
effect of the rear side layer absorptivity of the mono-facial PV cell, was investigated. The comparative study
considered solar radiation, ambient temperature, wind speed, and albedo. The results showed that considering
the effect of absorptivity achieves better performance predictions. However, the effect of the absorptivity did not
exhibit a significant influence compared to the case with neglected backsheet absorptivity. As such, the PV cell
temperature increased by 0.4 °C and 1.4 °C at an albedo of 0.2 and 0.7, considering the actual absorptivity value
of 0.2. On the other hand, it is worth mentioning that improper designs result in considerable temperature rises
as the absorptivity value increases. Under the investigated conditions and based on the yearlong comparison, the
tilted bi-facial performed better than the vertical bi-facial; as the albedo increased from 0.2 to 0.7, the power gain
ratio of the tilted bi-facial increased from 7.18% to 20.88% and that of vertical bi-facial from -19.4% to 12.65%.
Solar energy is one of the most utilized RES since it can be used in a
1. Introduction wide variety of applications, including power generation [9], heating
[10], cooling [11], ventilation [12], cooking [13], drying [14], and
The growth of electricity demand is a major factor that affects desalination [15]. Accordingly, solar energy has significantly contrib-
climate change due to the dependency on fossil fuels for power gener- uted to several sustainable development goals (SDGs), such as SDG-6
ation. This elevates the importance of utilizing renewable energy sour- (clean water and sanitation) SDG-7 (clean energy), SDG-11 (sustain-
ces (RES) such as solar [1], wind [2], geothermal [3], bioenergy [4], able cities and environment), and SDG-13 (climate action) [16]. How-
wave [5], tidal [6], and hydro [7] to supersede or retrofit the existing ever, the stochastic and intermittent nature of solar energy is a
fossil-based power systems. RES-based power generation systems have a significant challenge to the reliability and performance of the system.
considerably lower impact on the environment than conventional sys- Therefore, integrating solar energy into hybrid energy systems is usually
tems [8]. Additionally, the low operating cost of most RES systems recommended so that the supplementary source can provide power
promotes the widespread of such systems and their economic feasibility. during the night and cloudy hours [17]. Another approach can be the

Abbreviations: ASHRAE, American Society of Heating, Refrigerating, and Air-Conditioning Engineers; AST, apparent solar time; Bf, bi-facial; DS, daylight saving;
ESS, energy storage systems; ET, equation of time; EVA, ethylene vinyl acetate; GR, gain ratio; LL, local longitude; LST, local standard time; Mf, mono-facial; NREL,
National Renewable Energy Laboratory; PV, photovoltaic; RES, renewable energy sources; SL, standard longitude; TPT, Tedlar Polyester Tedlar.
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Nomenclature

specific heat (J/kg.K)

solar radiation (W/m?)
convection heat transfer coefficient (W/m2.K)
incident solar radiation (W/m?)
thermal conductivity (W/m.K)
latitude angle

day number

power (W)

power (W)

heat generation (W/m%)
temperature ( °C)

time (s)

speed (m/s)

azimuth angle

N<SH=SQ0v9wwZEF=TQ

Greek letters
g surface tilt angle
5 declination angle

® hour angle

n efficiency (%)

0 angle of incidence
p reflectivity

T transmissivity
Subscripts

Amb ambient

B beam

bN normal beam

D diffuse

G ground

H horizontal surface
R reflected

Ref reference

S surface

Sc solar cell

Sr sunrise

Ss sunset

w wind

use of energy storage systems (ESSs), which can reduce power fluctua-
tions, provide power during off-periods, and shave peak loads [18].
Solar energy has been coupled with many types of ESSs, such as com-
pressed air [19], pumped hydro [20], batteries [21], phase change
materials [22], hydrogen [23], supercapacitors [24].

One of the most valuable innovations in solar energy systems is the
development of bi-facial photovoltaic (PV) cells. Their performance is
generally higher than mono-facial cells as they can absorb solar radia-
tion from both sides, which increases the amount of electricity pro-
duced. Several researchers investigated the effect of influential
parameters and compared the performance of mono-facial and bi-facial
PV cells. Zhang et al. [25] developed a model to study the influence of
the incidence angle on the front and rear sides of bi-facial PV modules. A
comparison of bi-facial and polycrystalline PV modules was carried out
by Hariharasudhan et al. [26], considering the effect of partial shading.
The results showed that the average loss in bi-facial PV is lower than that
of polycrystalline PV by 26%. The effect of passive and active cooling on
the performance of mono-facial and bi-facial floating PV plants was
investigated by Tina et al. [27]. It was reported that passive cooling
increases the energy collected from bi- and mono-facial PVs by 3% and
2.6%, respectively, while active cooling increases it by 9.7% and 9.5%.
Gu et al. [28] reported that the energy gain of bi-facial PV increases at
low solar radiation compared to that of mono-facial. This was noticed
from the energy gain on sunny and cloudy days, which was 13.08% and
16.54%, respectively. This may be verified by the significant effect of
solar radiation on the bi-facial PV cell temperature.

Bi-facial PV modules also performed better than mono-facial PV
modules in building integrated systems. For example, Tina et al. [29]
reported that bi-facial PV could increase the energy yield by 5% based
on the weather conditions in Catania, Italy. M. Prasad and R. Prasad [30]
also compared the bi-facial and mono-facial grid-connected solar farms
based on a techno-economic analysis. The PVsys computational tool was
employed to create and simulate the outcomes using historical weather
data spanning 17 years and other grid and solar PV requirements. The
results indicated that the grid-connected bi-facial solar farm is prefer-
able since it has a greater energy potential, a higher performance ratio, a
greater potential for reducing greenhouse gas emissions, and a lower
levelized cost of electricity. When compared to the mono-facial, it can
also provide a more affordable alternative for grid-integrated solar PV
while requiring less space, which is limited on small islands.

In [31], a comparison was made between mono-facial and bi-facial
PVs’ performances considering the effect of climate change. Based on

the expected climatic conditions for 2050 and 2080, bi-facial PV deliv-
ered greater power production and was better in terms of climate change
implications than mono-facial PV. On an hourly basis, the bi-facial PV
showed an 18%-48% greater energy production than the mono-facial
PV. Since the bi-facial panel’s cell was transparent on both sides, its
temperature was least influenced during the investigated period
(2020-2080). According to their results, bi-facial PV’s daily average
energy yield was around 30% greater than that of mono-facial PV.
Soulemane et al. [32] examined snow effects on the mono-facial and
bi-facial PV systems in a wintery northern region. According to the
findings, mono-facial snow losses are 33% on average during the winter
and 16% annually. However, bi-facial systems operated more efficiently
in harsh winter conditions than mono-facial ones, with average winter
snow losses of 16% and worst-case yearly losses of 2%. Additionally, the
bi-facial system gained 19% throughout the winter compared to the
mono-facial system.

In seven locations around Brazil, Barbosa de Melo et al. [33]
computationally studied the results of a photovoltaic plant using
mono-facial and bi-facial modules mounted on a fixed structure and
solar trackers. According to the findings, depending on the weather and
system setup, the bi-facial gain varied from 3.78% to 8.16%, and the
tracker gain varied from 13.40% to 18.20%. The overall benefit from
using bi-facial modules and trackers ranged from 19.39% to 27.39%.
Therefore, it is worth emphasizing the possibility of integrating these
technologies to improve solar facilities’ technical and financial
sustainability.

The novelty of this study is presented in three main aspects. First, this
study includes the effect of rear-side radiation absorption on the thermal
behavior of the PV module. Second, this study proposes detailed thermal
modeling of both mono-facial and bi-facial PV cells. This model was
validated against various previously published models available in the
literature. Finally, a one-year simulation is conducted to compare the
annual energy gain from a 5 kW PV system using mono-facial and bi-
facial PV modules under the same conditions (Sharjah — United Arab
Emirates). Two installation methods, vertical and optimally tilted, were
compared based on their annual energy production. Accordingly, the
article is divided into five main sections, including the introduction. The
next section presents the theoretical model and the difference between
mono-facial and bi-facial PV cells. Section 3 shows the model validation
regarding received solar radiation and PV cell temperature. The results
and discussion are presented in section 4, where the effects of solar ra-
diation, ambient temperature, wind speed, TPT layer absorptivity, and
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Table 1
The values of constants A, B, and C used in the parametric model obtained from ASHRAE model given in [35].
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
ASHRAE
A 1230 1215 1186 1136 1104 1088 1085 1107 1152 1193 1221 1234
B 0.142 0.144 0.156 0.18 0.196 0.205 0.207 0.201 0.177 0.16 0.149 0.142
C 0.058 0.06 0.071 0.097 0.121 0.134 0.136 0.122 0.092 0.073 0.063 0.057

albedo are analyzed. Finally, the main outcomes and conclusions are
summarized in section 5.

2. Theoretical model

The main objective of this study is to evaluate the thermal perfor-
mance of mono-facial and benchmark it against bi-facial PV modules
operating under meteorological conditions of the selected site (Sharjah —
United Arab Emirates). The ground reflection part has a minor effect on
the power and thermal characteristics of a typical mono-facial PV
module. However, it influences bi-facial modules’ performance. The
solar radiation incident on a tilted surface comprises the beam, the
isotropic diffuse, and the ground-reflected part. The beam component is
the direct solar radiation without being scattered or diffused due to the
effects of clouds and dust. The clearness index significantly affects the
diffuse component [34]. The solar irradiance received by tilted surfaces
is a strong function of solar radiation components incident on the hor-
izontal surface.

The methodology applied in this study consists of three main steps.
First, the incident solar radiation on a horizontal surface in the selected
site is evaluated on a particular day. Then, these data are used to eval-
uate the irradiance received by the front and rear surfaces of both mono-
facial and bi-facial PV modules. Second, solar radiation values and other
metrological conditions, including the ambient temperature and wind
speed, are used to simulate both modules thermally. An in-house code
was employed to evaluate the solar radiation on a horizontal and tilted
surface. Third, the data is coupled with the ANSYS-Fluent simulation
tool to evaluate the thermal behavior using the finite volume technique.

The model used to evaluate the hourly solar radiation on tilted sur-
faces starts with evaluating several solar angles [35]. The declination
angle (5) was estimated, which varies with the day order because of the
earth’s tilt on its rotation axis and the revolution of the earth around the
sun. The value of § reaches 0° on the fall and spring equinoxes. The value
of 6, in degrees, for any day of the year (N), varies with the day number
throughout the year. Accordingly, the declination angle can be esti-
mated as follows:

360
=23.5sin|—— x (284 +N 1
) 3551n{365><(8 + )} (@]

where N is the day number in the year (e.g., 1 January N = 1, 21 March
N =80, 21 June N = 172, 21 September N = 264, and 21 December N =
355). The second angle is the hour angle (). It describes the rotation of
the earth around its polar axis. The earth rotates one complete rotation
(360°) every 24 h, which is equivalent to 15° per hour. The hour angle
equals zero at solar noon. Therefore, 15° of longitude equals one hour,
with the afternoon hours designated as positive. The hour angle is
evaluated as follows:

o= (AST—-12) x 15 2

where AST is the apparent solar time, and at solar noon, AST equals 12.
The value of w is positive after the solar noon and negative before the
solar noon. For instance, the value of w is equal to —15° and +15° at AST
of 11:00 AM and 1:00 PM, respectively. It is worth mentioning that the
AST is different from the local clock time. The AST is estimated using the
following correlation:

AST = LST + ET +4(SL—LL) — DS 3)

where LST is the local standard time, ET is the equation of time, which is
evaluated as a function of N as shown in equation (4), SL is the standard
longitude, LL is the local longitude, and DS is the daylight-saving time,
which can be either zero or 60 min according to the country’s energy
policy. For instance, the USA and UK use a DS of 60 min, usually from
the end of March to the end of October. Because the UAE does not adjust
the clock for daylight saving time, the DS in the UAE is considered zero.

. 360 360
360
— 1.5 si —81)—/—
5 sin ((N 8 )364> 4

After evaluating the declination angle and the hour angle, another
geographical angle is needed in the calculations, which is the latitude
angle. The latitude angle (L) represents the position of the location with
respect to the north or south of the equator. The value of L changes
between 0° and +90° for the northern hemisphere, 0° and —90° for the
southern hemisphere, and 0° at the equator.

The declination and latitude angles are used to evaluate the day-
length. The day length is an critical parameter for estimating the sunrise
and sunset times. The day length is twice the sunset hour because solar
noon happens in the middle of the sunrise and sunset hours. The equa-
tion used to evaluate the day length is expressed as follows:

2
day length = 5 X cos™'[ — tan(L) x tan(5)) 5)
The sunset (Hg) and sunrise (Hy,) times, in hours, are estimated from
local solar noon as follows:

_H, = = cos™[ - tan(L)tan(s)] )

H, =
’ 15

The global solar radiation on horizontal surfaces (Iy) is experimen-
tally measured for a specific location using a pyranometer. This device is
used to measure the total radiation from all directions. The value of Iy is
evaluated using the following correlation:

Iy =1+ 1, @)

where I, and I; are the beam or direct radiation component and the
diffuse component on horizontal surfaces, respectively. The hourly
diffuse component on a horizontal surface (I4) represents the portion of
solar radiation that passes through the atmosphere and is scattered due
to water vapor, clouds, and dust particles. Therefore, mathematical
models are commonly used to estimate this component. These models
are summarized in detail in [35], including the simplified parametric
model used in this study for its flexibility in coupling it with the CFD
model.

Iy = Iy x cos(g) + 1, 8

Liy=A Xexp{ — 9

=0
cos(¢)
Ii=C x Iy (10)

where Iy and ¢ are the normal beam solar radiation on horizontal
surfaces and the zenith angle, respectively. The constants A, B, and C are
given for different models in Table 1. Furthermore, ¢ is the
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Fig. 1. Schematic of (a) mono-facial photovoltaic cell, (b) bi-facial photovoltaic cell, and (c) mesh details for the mono-facial PV cell as an example.

complementary angle of the solar altitude angle (a). The zenith angle (¢)
represents the angle between the sun ray and the vertical. The zenith and
altitude angles are functions of declination angle, hour angle, and
location latitude.

sin(a) = cos(p) = sin(L)sin(8) + cos(L) 4 cos(8)cos(w) an

The constants A, B, and C for different models are estimated based on
the data given in Table 1. To evaluate the hourly direct radiation on a
horizontal surface, I, from the estimated Iy, the following correlation
can be used:

1, = Iy cos(6.) (12)

The value of Iy is evaluated as the sum of I, and I. The previous
equations were used to determine the solar radiation on a horizontal
surface. However, for a tilted surface, the components of the solar ra-
diation include beam radiation, diffuse radiation, and ground-reflected
radiation. These three components are functions of the surface tilt
angle ($) and the estimated radiation components on a horizontal sur-
face. To evaluate the solar radiation on the front surface of the PV panel,
the following equation is used:

Iyy = 1 + I + 1 (13)
b 7 B r
beam tilted  diffuse tilted ~ ground reflected

These components represent the beam radiation on a tilted surface,

diffuse radiation on a tilted surface, and the ground reflected component
on a tilted surface. The direct beam component incident on a tilted
surface can be evaluated using the following model:

Ibﬂ = Vblb (14)

where rp, is the beam radiation tilt factor, which defines the ratio be-
tween the beam radiation received by a titled surface to the beam solar
radiation received by a horizontal surface.
cos(0)

cos(p

(15)

rp, &

=

where 0 is the angle of incidence, which represents the angle between
the sun’s rays and the normal to the surface. The angle of incidence was
evaluated using the following relation:
cos (0) = sin(L)sin(8) cos(p) — cos(L)sin(8) sin(f)cos(Z;)

+ cos(L)cos(8) cos(w)cos(B) + sin(L)cos(5) cos(w)sin(f) cos(Z;)

+ cos(8)sin(w) sin(p)sin(Zy)

16)

where Z; is the surface azimuth angle, which is the angle between the

projection of the normal to the surface on the ground and the south
direction. This angle is taken to be equal to zero for the south-facing
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Table 2
The heat generation absorption (W/m?) in each layer of the PV cell.
Layer Mono-facial Bi-facial
Front Ips X ag Ips x ag
1 9z = Qg1 =—
glass Sg Sg
Front _ Iyp X Tg X Qeya _ Ips X Tg X Qeva
EVA eva = Sera Geva front = Seva
Silicon 1- ﬂSC)J,;_f X Qsc X Tg X Teya
sc = Jsc =
wafer Fsc
Where:; is the total radiation on the (1 —ng)- It X Oge X Tg X Teyg
front surface of a tilted surface Osc
Where:l, = Iy + Iy
Rear Qevarear = 2€T0 q _ Ly X 7 X Geva
EVA Assuming opaque cell where 7, = 0.04 ~ evarear Seva
Oas in [40]
Rear No rear glass exists Iyr X ag
Qgrear =
glass &g
TPT grpr = zero and in the case of neglecting ~ No TPT layer exists
layer the rear side TPT layer absorptivity and

assuming opaque cell where 7, = 0.04 ~
Oas in [40]

tilted surface of this study. Also, the optimal tilt angle is taken to be
equal to the location latitude of Sharjah, UAE (25.3462° N, 55.4211° E).

The isotropic model is used to estimate the diffuse radiation on the
tilted surfaces using Liu and Jordan’s model, which is one of the simplest
models of radiation and is presented as follows:

International Journal of Thermofluids 18 (2023) 100306

L"S(ﬁ)} < I an

T

The last component is the ground-reflected part (I,). This part is
estimated using the following correlation:

L=poxta[ =5 a9

where p; is the ground reflectivity. The value of ground albedo changes
throughout the day, measure by albedo meter, due to various factors,
such as changes in ground properties with the passage of time, weather
conditions, and the azimuthal distribution of homogeneities in the
ground. In this study, it is assumed to be constant for simplicity. The
albedo (from O to 1) represents the ratio between the diffuse reflection of
solar radiation from the ground to the total incoming radiation. The
minimal value (0) represents total absorption, and the maximum value
(1) represents the total reflection. For instance, the albedo values are
around 0.25, 0.4, and 0.8 for green grass, dry desert sand, and clean
snow ground, respectively.

The above-mentioned equations can be used to evaluate the total
radiation (Ip) received by the frontal surface of the mono-facial PV cell
and the bi-facial PV cell. However, the estimation of the rear side ra-
diation is also important for the performance evaluation of the bi-facial
PV module. Many models are available in the literature to estimate rear-
side solar radiation [36-38]. In this study, we followed the method
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Fig. 2. Validation of the solar radiation model with the measured data in Sharjah, UAE (a) given by NREL and (b) with the data available in [44].
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Table 3
Different mathematical models used to evaluate the operating temperature of
the PV cell.

Models Model governing equation

M(Ej; ), Ty = Top + Urontlfront + rearlrear
Where a is the absorption coefficient for both front and rear sides
and U is total heat transfer coefficient of the PV module. This value
was around 29 to 31 W/m? °C in [46]. In this study, the estimated
values from the CFD simulation was around 28 up to 39 W/m?2. °C
depending on the weather conditions.

Model (2), (Ifront + Irear) x (NOCT — 20)

[47] Toi = Tamy + 800

The NOCT was taken equal to 47°C as mentioned in [47].

Model (3), - (Teota) 95
[46] Te = Tam + “gg * (NOCT = 20) < (1 = 11y) (5A7+3As XV
Model (4), T = Tamp + 0.0138(Tgar) X (1 + 0.031 Ty x (1 — 0.042v,,) x (1 —

[46] 1.0537,,)
Where the temperatures, wind speed, and solar radiations are in °C,
m/s, and W/m? respectively.

Model (5), T% = 0.943Tmp + 0.028(Liora) — 1.528 X v,y + 4.3
[46]

Model (6), T, = 30.006 + 1.14(Tgm — 25) + 0.0175(Ipa — 300)
[46]

Model (7), T’é = Tomp + 0.0175(%&1)673.47370.0594“,
[46]

Model (8), Ty = — 0.00491T% + 2.05398T;, — 0.77271T% — 2.01659T% +
(46l 1.01839T%

Model (9), T. = 0.943 x Ty + 0.028 X Ipos — 1.528v,, + 4.3
[48]

Model (10), T, = Ty + 0.022 (1 + 0.009Tgip)(1 — 0.063v,)
[48]

Model (11), 9.5 G
[471] v Te=Tat (547 ¥ 3.8vw> (@) (NOCT - 20)

proposed by Durusoy et al. [34] for evaluating the rear-side irradiance.
This model is the simplest and easiest for implementation with
ANSYS-Fluent. They modified Liu and Jordan’s isotropic diffuse model.
First, for the rear side radiation, they replaced the value of § by (7—f)
because the rear side is treated as the front side. The second modification
is changing the value of Ry,. All calculations are conducted for the period
between sunrise and sunset. Negative values of Ry, on the front surface,
have been taken as zero. The last modification is conducted for ground
reflected irradiation on the rear surface. They developed a model for the

International Journal of Thermofluids 18 (2023) 100306

calculation of solar irradiation reaching the rear surface as follows:

1 — cos(p)

5 } I +o.33{1+°7°s(ﬂ)

Iy = Rppack X 1y + { > } X pg X Iy
[ ——

beam on the rear

diffuse on the rear ground reflected on the rear

19)

The thermal model calculation considers both estimated radiations
on the front and rear sides. Fig. 1 shows the schematic of the mono-facial
and the bi-facial PV cells. The same construction of the bi-facial PV
module in [39] and the mono-facial PV module in [40] was simulated.
The estimated hourly rear and front radiation received by the silicon
wafer were used in the simulation. The simulation methodology starts
with evaluating the internal heat generation in each layer of the PV
module due to solar radiation absorption. This heat generation is taken
as a source term in the energy equation of the solid layers as follows:

oT *T T T
PiCpi (E) =k (W+W+@_zz) +4gi (20)

where T, k;, and g; represent the temperature, layer thermal conductiv-
ity, and energy generation per unit volume, respectively. This equation
is solved for every layer. The term g; in the above equation changes
according to each layer as presented in Table 2. More details about this
technique can be found in the literature [40,41]. where §, o, andrt are the
layer thickness, absorptivity, and transmissivity, respectively. For the
silicon wafer, the heat generation is considered a function of the solar
cell efficiency as the net absorbed radiation is partially converted to heat
and electricity in the silicon wafer. The electrical efficiency of the solar
cell is evaluated using the following correlation as a function of cell
temperature [36,42]:

Nee = Nrep (1 = Brog (Toc — Trr)) (21)

where 7.f and Ty are the PV efficiency at Ty of 25 °C and the temper-
atures of the solar cells, respectively. The value of 5 used in this study
is taken as 15% (AM1.5) at a reference temperature of Tyes with frer of
0.0045 K ~ ! [42]. It is worth noting that the silicon wafer’s heat gen-
eration value depends on the cell’s unknown temperature. Therefore, an
iterative approach is used. At low solar radiation levels as used in this
study, less than 1000 W/m?, the second prediction shows a very close
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Fig. 3. Comparison of the predicted temperature of the bi-facial PV cell with different models available in the literature.
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cell temperature to the third value as highlighted in [42,43]. The
instantaneous power generated by the PV cell per unit area is estimated
using the following correlation:

P, = a, X Tg X Teya X Lot X Mse (22)

where I, represents the total radiation received by the silicon wafer. In
the mono-facial case, it takes the front radiation, while in the bi-facial
PV cell, it is the sum of both rear and front radiation. Due to the exis-
tence of the electrical connection box on the rear side of the PV module,
the received rear radiation from the rear side is multiplied by 0.9, which
represents the percentage area covered by the cells on the rear side. The
thermophysical properties of the solar cell layers are used as mentioned
in [42] for mono-facial PV cells and as described in [39] for bi-facial PV
cells. The optical properties of each layer are used similarly to those
presented in [42]. The mesh details for the mono-facial PV cell are
depicted in Fig. 1.

The boundary conditions applied in this study include mixed
boundary conditions of convection and radiation heat loss from the front
and rear surfaces of the simulated PV cell. In this case, the convection
heat transfer coefficient at the front and rear sides is a function of wind
speed. In addition, the front and rear surfaces’ emissivity are defined
with radiation temperatures equal to the ambient temperature. The back
side heat transfer coefficient was equal to half of the front one due to the
wind effect, as recommended by Zhou et al. [42]. The front convection
heat transfer coefficient is evaluated using the following correlation:
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h,=57+38xU, (23)

Where U, is the wind speed in m/s. The sides of the computational
domain were assumed adiabatic because the module consists of multiple
cells and the simulated cell can be considered a symmetrical domain. In
addition, due to the very small thickness of the cell, this allowed
adjusting this assumption as reported by Zhou et al. [42].

The detailed dimensions of the solar cell layers are used as
mentioned in [42] for the mono-facial PV cell and in [39] for the
bi-facial PV cell. The bi-facial PV cell consists of three materials: two
glass layers covering the front and back faces; Ethylene Vinyl Acetate
(EVA), a plastic filling located between the glasses; and lastly, the in-
dividual monocrystalline silicon cells. The silicon wafer, with a thick-
ness of 0.2 mm, is embedded inside the EVA filling. Each of the two
glasses is 2.5 mm thick [39]. The dimensions of the mono-facial PV cell
include a glass cover, a silicon layer, an EVA layer, and a Tedlar Poly-
ester Tedlar (TPT) layer. A tempered glass cover of 3.2 mm thickness is
used. In addition, a silicon wafer of 0.2 mm thickness is used in this PV
panel. The silicon layer is embedded in the transparent encapsulation
EVA layer with a thickness of 0.5 mm above, and below the silicon layer
to fix it and provide both electrical isolation and moisture resistance.
Furthermore, the TPT polymer layer is a photostable polyvinyl fluoride
(PVF) layer with a thickness of 0.3 mm [42].

The computational domain is divided into multiple zones. This al-
lows us to control the mesh, along with defining various source terms in
every zone according to the light absorption. Fig. 1c shows the details of
the quadrilateral mesh used in the simulation. Various mesh tests have
been performed at the beginning of the simulation to confirm that the
results are independent of the mesh size. In more detail, as an example,
the number of elements of 191,012, 376,832, 716,800, and 1,740,248
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are tested for the mono-facial PV module. The obtained temperature of
the PV cell was around 58.10576 °C, 58.1053 °C, 58.105°C, and
58.10468 °C respectively, at solar radiation, ambient temperature, and
wind speed of 1000 W/m?, 30 °C, and 1 m/s, respectively. It is found that
the results are very slightly affected by the mesh size in the investigated
range. This is because the computational domain consists of multiple
solid domains without a fluid. As a result, only the energy equation is
solved, allowing for convergence criteria of less than 10°'® in the solu-
tion of the energy equation.

3. Model validation

Three sets of validation steps were conducted. First, the validation of
the solar radiation estimation model is carried out for horizontal and
different oriented surfaces. Second, the thermal modeling of a mono-
facial PV cell is compared with the data in the literature. Lastly, the
thermal model developed for the bi-facial PV module was validated with
recent data available in the literature based on the predicted
temperature.

3.1. Solar radiation model validation

In this part, the estimated solar radiation model on a horizontal
surface was compared with the measured data published by the National
Renewable Energy Laboratory (NREL) at the same location in Sharjah,
UAE. It was noticed that the in-house code reasonably estimates the
radiation on a horizontal surface, as depicted in Fig. 2a. Furthermore,
the same code was employed to evaluate the solar radiation on different
surfaces tilted at 90° and oriented in various orientations. These data
were obtained by changing the surface azimuth angle. The data
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predicted by the code were compared with the data available in [44]. A
reasonable agreement was found, as shown in Fig. 2b. The difference
may be attributed to the approximations existing in the utilized ASHRAE
solar radiation model that is implemented in this study.

3.2. Bi-facial photovoltaic cell model validation

In this validation step, the predicted temperatures of the bi-facial PV
cell were compared with various mathematical models available in the
literature, as listed in Table 3. These models predicted the PV cell
temperature as a function of the meteorological conditions, including
the wind speed, the ambient temperature, and the received solar radi-
ation from both the rear and front faces. At certain weather conditions,
the x-axis in Fig. 3 represents the data predicted from the current model,
while the y-axis represents the estimated values using the models in
Table 3. It can be observed that the predicted PV cell temperatures are in
good agreement with the data obtained from the models in the litera-
ture; they are specifically closer to data generated from models (1) and
(4). Based on the data given in Fig. 3, it can be concluded that the
predicted cell temperature is very close to models (1) and (4) with
average errors of 2.1% and 2.4%, respectively, while the obtained nu-
merical results are far from models (8) and (7) with average deviations
of around 6% and 8%, respectively.

There are several models used for estimating PV cell temperatures.
Some use electrical parameters, and others use weather conditions,
including the ambient temperature, wind speed, reference electrical
efficiency, and the received solar radiation, to evaluate the operating
cell temperature. This validation step used these models to conduct the
validation as detailed in used in Table 3 [39,46].
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3.3. Mono-facial photovoltaic cell model validation

A further validation step was conducted to validate the thermal
model of the mono-facial PV cell via two steps. The first step compared
the predicted solar cell temperature with the computational result
developed by Zhou et al. [40]. The same geometry and boundary con-
ditions used in [40] were applied in the current computational model,
and the results showed good agreement between them (see Fig. 4a).
Furthermore, the empirical models in Table 3 were compared with the
results obtained from the computational model of this study, as depicted
in Fig. 4b. A good agreement was also observed. The computational
results are well fitted with the data obtained from models (9), (10), and
(11), with average deviations of around 2.6%, 6.2%, and 5.7%,
respectively.

4. Results and discussion

In the current work, six main factors that affect the performance of a
PV cell were investigated: solar radiation, ambient temperature, wind
speed, albedo, rear side absorptivity, and orientation. The influence of
these factors on the PV cell temperature, PV cell efficiency, output
power, and total energy generated was studied for both mono-facial and
bi-facial PV cells. In this study, PV cells covered 90% of the bi-facial PV’s
back side.

4.1. Effect of weather condition parameters on the performance of the
mono-facial PV

In this section, the back side absorptivity was not taken into
consideration, similar to previous studies that investigated mono-facial
PV, in order to examine the influence of other factors. The effect of

received solar radiation on the PV cell temperature and efficiency is
presented in Fig. 5. As shown in Fig. 5a, as the solar radiation increases,
the PV cell temperature increases too, which causes the efficiency to
drop (see Fig. 5b). While maintaining all other conditions constant, the
result reveals the relation between the PV cell temperature and effi-
ciency. When the solar radiation increases from 100 to 1000 W/m?, the
PV cell temperature increases from 32.8 °C to 58.0 °C, while the effi-
ciency decreases from 14.5% to 12.8%. For every 100 W/m? change in
the solar radiation, the PV cell temperature changes by approximately
2.8 °C and its efficiency by 0.189%. Both the temperature and efficiency
varied linearly with the change in solar radiation. However, this result
does not agree with that of Basher et al. [49], where there was no
continuous proportional relation. In their study, there were two
different efficiency jumps when the solar radiation was less than 200
W/m?, while it started to decrease gradually after exceeding this value.
They confirmed that this drop resulted from the increase in PV cell
temperature, similar to the current study.

On the other hand, the drop in efficiency does not indicate a decrease
in the generated power, which can be observed in the study carried out
by Karafil [50]. In [50], two simulation programs (MATLAB and PSIM)
were used to confirm that the generated power increases as the solar
radiation increases. This relation was confirmed under all investigated
ambient temperatures (0 °C, 25 °C, and 50 °C).

In contrast to the effect of solar radiation, the wind speed shows a
positive impact on the PV cell efficiency (see Fig. 6b). This is due to the
decrease in PV cell temperature, which results from the improvement in
air-cooling performance as the wind speed increases (see Fig. 6b). For
example, when the wind speed increases from 1 to 5 m/s, the PV cell
temperature decreases from 58.0 °C to 48.3 °C, while the efficiency rises
from 12.8% to 13.5%. This shows that the temperature and efficiency
have a change rate of 2.4 °C and 0.15% per 1 m/s, respectively. This
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confirms the significant relation between the PV cell temperature and
efficiency since as the temperature changes by 1 °C, the efficiency
changes by 0.062%, referring to Fig. 6, which is almost similar to that
presented in Fig. 5 with a change of 0.067%.

The effect of ambient temperature is similar to that of solar radiation
such that it is directly proportional to the PV cell temperature and
inversely proportional to the efficiency (see Fig. 7). However, the rate of
change is higher in this case, where the PV cell temperature increases
from 31.4 °C to 71.5 °C and the efficiency decreases from 14.6% to
11.9% as the ambient temperature increases from 0° to 45 °C. These
correspond to change rates of 0.89 °C and 0.06%, respectively, while the
relation between the PV cell temperature and efficiency is still the same
as those presented in Fig. 5 and Fig. 6 (~0.065% per 1 °C). The reason
behind the high effect of ambient temperature on the PV cell tempera-
ture compared to that of solar radiation is that the former affects the
power generated by the cell negatively. As an example, in [50], the
maximum power generated decreased from 112.2 to 89.66 W when the
ambient temperature increased from 0 °C to 50 °C at a solar radiation of
1000 W/m? based on the MATLAB simulation results. This necessitates
the use of cooling mechanisms at high ambient temperatures to decrease
the PV cell temperature and hence improve its efficiency [51-56].

The temperature contours depicted in Fig. 8 show the effect of solar
radiation and ambient temperature on the top glazing temperature of
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the mono-facial PV cell. All contours display the same pattern but with
different scales. As an example, when the solar radiation is 1000 W/m?
and the ambient temperature is 20 °C, the temperature at the center is
48.09 °C, which then decreases gradually to 47.68 °C reaching the
corners, which are the farthest points from the center. At the same solar
radiation of 1000 W/m?, the scale rises by 8.89 °C when the ambient
temperature increases from 20 °C to 30 °C. However, a slight difference
is observed at 800 W/m?, where the scale rises by 9.09 °C considering
the same change in ambient temperature. This shows that the influence
of these investigated factors is slightly affected by each other as they
have a direct impact on the PV cell temperature and efficiency, as pre-
sented above in Fig. 5, Fig. 6, and Fig. 7.

Fig. 9 shows the effect of albedo on the solar radiation received by
the front and rear surfaces with an optimal tilt angle. For the three
studied albedo values (0.2, 0.5, and 0.7), the received solar radiation
peak is at noon for both the front and back sides. The highest received
solar radiation by the front surface is not significantly affected by the
change in albedo, such that it is 936.02, 950.47, and 960.11 W,/m? for
albedo values of 0.2, 0.5, and 0.7, respectively. On the other hand, as the
albedo increases, the maximum received solar radiation by the back side
increases significantly. When the albedo changes from 0.2 to 0.7, the
solar radiation on the rear surface increases from 60.81 to 226.61 W/m?>.
In other words, the solar radiation received by the rear side at an albedo
of 0.5 and 0.7 is higher than that at 0.2 by 2.4 and 3.7 times,
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respectively. This shows the importance of considering the effects of
albedo and nearby surface’s reflectivity, as they may remarkably affect
the PV performance. The increase in solar radiation received by the rear
side of a mono-facial PV may lead to an increase in the PV cell tem-
perature and hence decrease its efficiency. Even though the PV cell is
totally insulated from the back side, this solar radiation could be utilized
by using the bi-facial configuration rather than being lost, especially at
high albedo values, as shown in Fig. 9b and Fig. 9c. As an example, the
amount of solar radiation received by the rear surface (226.61 W/m?) is
approximately 19% of the solar radiation received by the whole PV
(1186.72 W/m?).

4.2. Effect of TPT layer rear side absorptivity on the mono-facial PV cell

As shown in Fig. 9, the solar radiation received by the rear surface of
an optimally tilted PV cell could be relatively considerable at high values
of albedo. Thus, it is essential to study the effect of this radiation on the
thermal performance of a mono-facial PV cell while examining the
impact of back side absorptivity, as shown in Fig. 10. Previous studies

11

International Journal of Thermofluids 18 (2023) 100306

(a) 70
0.2 Albedo
o
g
=
=
=
™
15}
2
g
2
=
[}
]
>
A
5 7 9 11 13 15 17 19
Time, hr
(b) 70
0.5 Albedo
Bf-tilted
9 60
o
=
=
=
=
5 50
(=3
E | A X | e
L ~~~~
A ~“~
T 40
]
>
[-™
30 1 1 1 1 1 1
5 7 9 11 13 15 17 19
Time, hr
(¢c) 70
Bf-tilted 0.7 Albedo
Q
e
S 60
t
=
R
53
5
e 50
I R T
> Iy
~—
g
>
-™
30
5 7 9 11 13 15 17 19
Time, hr

Fig. 12. Comparison of the PV modules temperatures of the mono-facial (Mf)
and bi-facial (Bf) PV cells per unit area on the 21% of June at (a) albedo = 0.2,
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that have investigated mono-facial PV cells do not consider the effect of
back side absorptivity, while in real life it is approximately equal to 0.2.
The results in Fig. 10 show that the effect of absorptivity is not signifi-
cant, especially at small values of albedo (see Fig. 10a). This could be
predicted as the solar radiation reflected on the back side is relatively
low at albedo = 0.2, as presented in Fig. 9a. However, when the albedo
increases from 0.2 to 0.7, the difference between the peak solar cell
temperature at absorptivity 0 and 0.2 increases from 0.4 °C to 1.4 °C.
Additionally, this difference corresponds to a specific date and location,
which may change considerably if the solar radiation changes. There-
fore, considering the effect of the rear surface absorptivity of a mono-
facial PV cell contributes to enhancing the predicted results’ accuracy.
In order to further show the importance of back side thermal resistance,
a huge difference between the curves corresponding to absorptivity of
0.2 and 0.85 can be observed. However, 0.85 does not represent an
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Table 4
Selected PV module specifications.

Parameter LG Solar LG400N3K-V6 LG Solar LG400Q1C-A6
NeON H-+ Black (Bi-facial) NeONR (Mono-facial)
Cells 132 Cells 60 Cells
Cell Type Monocrystalline/N-type Monocrystalline/N-type
Manufacturer LG LG
Maximum Power 400 400
Pmax (W)
MPP Voltage Vimp, (V) 37.2 37.2
MPP Current Iy, (A) 10.76 10.76
Open Circuit Voltage 45.2 43.8
(Voc, + 5%) (V)
Short Circuit Current 11.16 11.32
(Isc, &+ 5%) (A)
Module Efficiency 20.4 221
(%)
Power Temperature —0.33%/ °C —0.29%/ °C
Coefficient
Price €247 [58] €238.66 [59]
Table 5
Selected inverter specifications [60].
Parameter SOFAR 5000TLM
Max. input power 5200 W

Max DC power for single MPPT 3000 W (200 V-500 V)
Number of independent MPPT 2

Max input voltage 600V
Rated input voltage 360V
Operating input voltage range 100 V-550V
Input short circuit current for 18A

each MPPT
Max AC power 5000 VA
Max output current 22A
Max efficiency 97.6%
Ambient temperature range -25°C

~ +60°C (above 45°C)

Table 6
Site specifications.

Location Information Sharjah, United Arab Emirates

25°20'14.53" N
55°24'43.42" E
5.80 kWh/m?/day
2.02 kWh/m?/day
6.03 kWh/m?/day
27.7 °C

3.7m/s

Latitude

Longitude

Average DNI
Average DHI
Average GHI
Average temperature
Average wind Speed

actual example of the TPT layer absorptivity value of PV cells, but
improper designs would lead to an increase in the absorptivity reaching
values above 0.2.

4.3. Performance of bi-facial PV cell

The effects of rear-to-front solar radiation, ambient temperature, and
wind speed on the performance of a bi-facial PV cell are presented in
Fig. 11. The rear-to-front solar radiation and ambient temperature show
a negative effect, while the wind speed shows a positive effect on the PV
cell efficiency [57]. The relation between PV cell temperature and ef-
ficiency is the same as that obtained for the mono-facial PV cell, with an
efficiency change rate of 0.067% per 1 °C. Additionally, the effect of
ambient temperature and wind speed on the bi-facial PV cell perfor-
mance is similar to that on the mono-facial PV cell, as shown in Fig. 6
and Fig. 7. However, higher PV cell temperatures and lower efficiency
are noticed in the case of bi-facial PV. This is due to the difference be-
tween the TPT layer and glass absorptivity that are placed on the back
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bi-facial PV systems.

sides of mono-facial and bi-facial configurations, respectively. Another
difference between the performance responses of the two configurations
is the sensitivity to the investigated variables. As an example, when the
wind speed changed by 1 m/s, the PV cell temperature and efficiency
changed by 2.4 °C and 0.15% for mono-facial PV, while in the case of
bi-facial PV, they changed by 4.05 °C and 0.27%, respectively. On the
other hand, the sensitivity to the ambient temperature of mono-facial
and bi-facial PV cells is almost the same such that the change rate of
PV cell temperature is 0.86-0.89 °C and that of efficiency is
0.058-0.06% per 1 °C of ambient temperature change.
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Table 7

Comparison of the output energy for the different installing scenarios of the bi-
facial PV compared with the optimal tilted mono-facial PV module at different
albedo values.

Albedo  Daily energy generation of

the system, kWh, (21 June,

Sharjah)

Tilted, 25° Vertical

mounted
Bi-facial Mono- Bi-facial, Mono-facial,
facial vertical E-W vertical E-W

0.2 36.11 33.11 28.65 13.57
0.5 40.31 33.21 36.61 14.70
0.7 42.30 33.26 41.86 15.45

4.4. Comparison of mono-facial and bi-facial PV cells

The absorptivity of the mono-facial PV back-side is taken as 0.2 in
this section. A comparison between the mono-facial and bi-facial PV
cells temperatures is demonstrated in Fig. 12 under different albedo
values and orientations. In all cases, the mono-facial and bi-facial tilted
PV cells show similar patterns of temperatures with different peaks.
However, the predicted cell temperatures of the mono-facial cell are
slightly less than the bi-facial at the same time. This is because the bi-
facial cell absorbs two radiation components from the rear side and
the frontal side of the PV cell. This difference in the temperature be-
comes high after the solar noon for the vertical modules. Also, two
temperature peaks are observed for the E-W oriented bi-facial module
because the solar radiation received by the bi-facial vertical module has
two peaks; one at the morning time around 9:00 AM and the other
around 3:00 PM. The difference between the highest temperatures of the
bi-facial vertical module at these times resulted from the change in the
ambient temperature and wind speed.

4.5. Year-long comparison

The objective of this section is to compare the annual energy pro-
duction of four different PV systems. The PVsys simulation tool is used in
this section. Four configurations of PV systems are simulated to
demonstrate the difference between two different technologies (bi-facial
and mono-facial solar panels). The simulation is conducted for a PV
system with designed capacity of 5 kW, which was attained using
mono-facial and bi-facial PV modules with the same inverter. The
characteristics of the PV modules and the used inverter are detailed in
Table 4 and Table 5, respectively.

The simulation is conducted under the weather conditions of Shar-
jah, United Arab Emirates for one complete year. The detailed site
specifications are shown in Table 6. The simulation is conducted for a
system 1.5 m above the ground with albedo of 0.85, module bi-faciality
of 0.80 and the optimal tilted modules are tilted at angles of 25.3°.

Four different scenarios will be compared. First, a 5 kWp bi-facial 90°
vertical and east-oriented; second, 5 kWp bi-facial 25.3° tilted and
south-oriented; third, a 5 kWp mono-facial 90° tilted and east-oriented;
and finally, a 5 kWp mono-facial 25.3° tilted and south-oriented. These
will be compared in terms of daily, monthly and yearly energy
production.

PV systems were modeled, and samples of the simulated output were
collected for the summer solstice. The comparison is depicted in Fig. 13
under different albedo values and orientations. In all cases, the mono-
facial and bi-facial tilted PV systems show similar patterns with
different peaks. The trends presented in Fig. 13 agree with the results
reported in previous studies [36,61-64]. The lowest peak corresponds to
the vertical mono-facial PV E-facing for all albedo values. As the albedo
increased, the power generated by all PVs increased, and the difference
between mono-facial and bi-facial became more considerable, as re-
ported by Gu et al. [65]. The effect of albedo is slightly affecting the
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optimal tilted mono-facial PV system. However, increasing the albedo
increases the peak power generation by the bi-facial modules due to the
increase in the received radiation with the increase in the albedo for all
systems except the optimal tilted mono-facial system. Further, the al-
bedo also affects the power generated by the mono-facial PV vertical
system. It is also noticed that the power generated by the vertical
bi-facial PV has two peaks. One at 9:00 AM and the other nearly at 3:00
PM due to the same trend of the received radiation. It is also noticed that
the power generated by the bi-facial tiled PV system reached the
maximum limit of the inverters, specially when the albedo is high. This
results in a flat power generation with respect to time, which is known as
the inverter’s clipping loss. This phenomenon can be avoided by the
appropriate selection of the inverter.

In all cases, as shown in Table 7, the effect of albedo on the energy
gain was positive through the investigated day [66,67]. The data in
Table 7 confirms that using the bi-facial PV is favorable under the
investigated conditions for Sharjah-UAE. Even at low albedo (e.g.,
albedo=0.2), the daily electrical energy gain of the bi-facial-tilted
(36.11 kWh) was higher than that of the mono-facial-tilted (33.11
kWh) around 9% increase in the energy gain. As albedo increased from
0.2 to 0.7, the daily electrical energy gain of the bf-tilted increased
hugely to 42.3 kWh which represents around 27% increase in the energy
gain.

The monthly variation of the energy gain from the PV system
investigated in this part is depicted in Fig. 14 at albedo values of 0.2, 05
and 0.7. Generally, it is noticed that increasing the albedo increase the
monthly energy generation of the bi-facial PV system and the vertical
tilted mono-facial modules. But it is slightly affecting the power gener-
ation of the optimal tilted mono-facial PV system. Further, the highest
energy generation can be attained by the bi-facial tilted PV module. The
energy generation of the bi-facial E-W oriented vertical PV system is less
than the conventional mono-facial tilted PV system at low albedo (0.2)
and greater at high albedo (0.7). Additionally, in June, the vertical bi-
facial PV system attains the highest energy compared to the other sys-
tems at an albedo of 0.7. Further, the vertical oriented mono-facial PV
module attained the lowest energy generation in all cases.

Fig. 15 summarizes the annual energy gained by the investigated
systems at various albedo values. The tilted bi-facial PV system attained
the highest energy followed by the bi-facial vertical then by the mono-
facial tilted system at albedo values greater than 0.5. The lowest
attained energy gain is for the vertical mono-facial module for the whole
investigated albedo values.

In order to further compare the vertical and tilted bi-facial PVs, the
effect of replacing the mono-facial tilted PV with the two types of bi-
facial PVs is presented in Table 8. The bi-facial tilted PV system can
generate more energy for the three albedo values than tilted mono-facial
PV. The percentage of enhancement increases as albedo increases, as
reported in the literature [67-70]. The enhancement of power genera-
tion ranged between 7% and 21% for an albedo of 0.2 and 0.7 using
tilted bi-facial PV compared to that of tilted mono-facial PV. The
enhancement of using a bi-facial vertical PV system is attained only at an
albedo value of 0.7. The negative values of the estimated GR represent
that the mono-facial tilted PV system is generating more energy
compared to the vertical bi-facial PV module at ground albedo of 0.2 and
0.5. At albedo = 0.2, the corresponding enhancement was very close to
that obtained by Janssen et al. [71], where the location of the study was
Amsterdam.

5. Conclusions

In this study, a comparison of bi-facial and mono-facial PV cells was
carried out under the climatic conditions of Sharjah, UAE. In contrast to
previous studies, the effect of the TPT layer was taken into consideration
in the present paper. Several parameters were investigated to study their
effect on the performance of PV cells, including solar radiation, ambient
temperature, wind speed, albedo, TPT layer absorptivity, and
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Fig. 14. Monthly energy output comparison at (a) albedo= 0.2; (a) albedo= 0.5; (a) albedo= 0.7.

orientation. Regardless of all factors and conditions, PV cell temperature
and efficiency were always inversely proportional in mono-facial and bi-
facial PV cells. The efficiency of both PV cells changes by about 0.065%
for every 1 °C increase in temperature. The efficiency of both types of PV
cells was negatively impacted by solar radiation and ambient tempera-
ture while being positively impacted by wind speed. Compared to mono-
facial cells, bi-facial cells were more sensitive to wind speed, although
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their sensitivity to ambient temperature was similar. In comparison to
the situation of neglected absorptivity, the temperature of the optimally
tilted mono-facial PV cell rose by 0.4 °C, 1 °C, and 1.4 °C at albedo
values of 0.2, 0.5, and 0.7, respectively. If the absorptivity increases, the
rise in PV cell temperature will be more significant, which imposes the
need to design the rear side precisely, focusing on the value of absorp-
tivity. As albedo increased from 0.2 to 0.7, the percentage of solar
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Table 8
Comparison of power gain ratio for bi-facial PV cells at different albedo values.

albedo  Power GR= (Pbi facial - Pmono,tilted)/ (Pmono, tilted)
*100 (%)
Bi-facial, tilted Bi-facial, vertical E-
w
0.2 7.18 -19.4
0.5 16.16 -0.09
0.7 20.88 12.65

radiation received by the rear side increased from 7% to 19% with
respect to the total solar radiation received by the entire PV. Thus, the
effect of albedo on the received solar radiation was greater on the rear
side compared to the front side. Based on the yearlong comparison, the
tilted bi-facial PV performed better than the vertical E-W bi-facial PV for
all values of albedo. The power gain ratio of the tilted bi-facial ranged
from 7.18 to 20.88%, while that of vertical bi-facial ranged from —19.4
to 12.65% as the albedo increased from 0.2 to 0.7.

The authors believe that conducting a life cycle assessment along
with a cost comparison of the two systems and estimating the LCOE for
both PV systems working mono-facial and bi-facial PV modules could be
worth to be investigated in the future. Additionally, developing an
efficient thermal management method for this type of PV module can be
another research trend to be evaluated. Further investigations could be
done to study the effect of bi-facial PV modules on each other, consid-
ering different orientations. This is important to figure out what the
positive and negative parameters are that would help in determining the
optimal positioning of solar PVs in power generation plants.
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