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Abstract: The energy yield from bifacial solar photovoltaic (PV) systems can be enhanced by op-
timizing the tilt angle. Bifacial modules boost the energy yield by 4% to 15% depending on the
module type and ground reflectivity with an average of 9%. The selection of tilt angle depends on
several factors, including the geographical location, weather variation, etc. Compared to the variable
tilt angle, a constant angle is preferred from the point of view of the cost of installation and the
cost of maintenance. This paper proposes a new method for analysing bifacial modules. A simpler
rear-side irradiance model is presented to estimate the energy yield of a bifacial solar photovoltaic
module. The detailed analysis also explores the optimum tilt angle for the inclined south–north
orientation to obtain the maximum possible yield from the module. Taking four regions into account,
i.e., Kharagpur, Ahmedabad, Delhi, and Thiruvananthapuram, in the Indian climate, we studied
several cases. The Kharagpur system showed a monthly rear irradiance gain of 13%, and the Delhi
climate showed an average performance ratio of 19.5%. We studied the impact of albedo and GCR
on the tilt angle. Finally, the estimated model was validated with the PVSyst version 6.7.6 as well as
real field test measurements taken from the National Renewable Energy Laboratory (NREL) located
in the USA.

Keywords: bifacial PV module; irradiance modelling; spherical solar coordinate geometry

1. Introduction

The increased interest in solar power becomes the key to the development of more
efficient and different types of technology to harvest the sun rays [1]. To increase the energy
capture, different methodologies are used. These include agronomic management [2]
that promotes PV and agriculture, effective operational strategy of shading using bypass
diodes [3], etc. Among all the technologies, another upcoming kind is bifacial PV. Bifacial
PV modules can capture solar irradiance on both the front and rear surfaces. Unlike the
monofacial PV with an opaque back cover, bifacial PV has a transparent back cover to allow
the PV cells to receive backside irradiance.

In addition to lower LCOE, the bifacial PV modules have a longer lifetime for the
glass-to-glass structure compared with traditional glass-back sheet module configurations,
because the double glass module has lower cell temperature [4] and the rear glass can
withstand an unfavorable environment. The rear back sheet is gradually degraded after
being exposed to ultraviolet rays on the ground [5]. The development of photovoltaic
energy has been very significant in recent years due to the cost reductions brought about
by policy actions favouring the transition from a fossil fuels to a green society [6]. Those
benefits will promote the development of bifacial PV modules among all kinds of PV
technology, expanding its market from less than 5% in 2016 to 30% in 2027.
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Dating back to the 1980s Guerrero-Lemus et al. performed a technical review of
nearly 400 papers on bifacial PV modules published since 1979 [7]. The overall conclu-
sion of that paper was to make bifacial technology more technically understandable and
economically viable.

To understand the technology and the economics, it is required to understand its back-
side solar irradiance parameters and its electrical parameters [8]. Extensive investigations
have been conducted on the performance of monofacial PV and its mathematical modelling.
Though the advantages of bifacial modules have been shown in many research articles, a
proper mathematical model for the estimation of solar irradiance is somewhat lacking [9].

Conceptually, total irradiance on the rear side of the bifacial module results from the
addition of:

• Direct irradiance.
• Ground reflected irradiance, which depends on the albedo .
• Sky diffuse irradiance.

In previous papers [10–16], ray tracing, view factor, and empirical models were
discussed to estimate backside irradiance. However, these methods have certain drawbacks.
A comparison of the view factor and the ray-tracing model is established in [17], where
measurements and simulations for front and rear side irradiance values for one sample day
showed consistency at the cell and module level. Several other researchers investigated the
performance of a single bifacial PV module [18].

The ray-tracing approach simulates the multipath reflection and absorption of an
individual ray entering a scene while the view factor approach, assumes isotropic scattering
of reflected rays and, thus, permits the calculation of irradiance by integration. The
empirical models represent the relationship between measured quantities [19]. However,
in the ray-tracing approach, the execution time is overly high. The view factor approach
assumes an infinite number of rows and a Lambertian isotropic sky. The empirical model,
developed by Castillo-Aguilella et al. from prism solar technologies, allows yearly gain
calculations for a single module [20]. Although the climate is not considered, the model is
suggested for latitudes between 21◦ to 51◦ from the equator.

In [21], a mathematical model is discussed considering shading and reflection. It has
been suggested that, for significant energy improvement, a simple arrangement of a white
painted surface is made to generate higher albedo. A combination of a white painted wall
and ground surfaces, if well oriented, can result in a more than 60% increase in radiation.

In [22] the view factor approach was used for the front irradiance and ray tracing for
the rear side irradiance. The paper suggested that the view factor concept allows for an
accurate prediction of the energy yield for the bifacial fixed-tilt system, whereas the ray
tracing is accurate for the bifacial horizontal single-axis tracking (HSAT) system. In [23],
performance models for bifacial modules are discussed. In some works of literature, the
view factor approach was adopted for modelling [24].

Bifacial PV modules can be installed in the conventional south-facing orientation or
even east–west (E−W), keeping the modules vertical to the Earth’s plane [25]. Vertically
mounted bifacial modules were studied thoroughly in [26]. Vertically mounted panels are
advantageous as the energy yield is higher; in addition, dust accumulation is lower in the
case of a vertical mount.

This work’s main objectives are (1) to measure the performance of bifacial PV (2) to
develop and validate the model of backside irradiance. In this paper, for the estimation of
rear side irradiance, a more accurate, simpler model is proposed. Here, the concept of solar
geometry [27] is used for estimation of the rear side irradiance bifacial PV module. Earlier,
in many kinds of literature, the same concept has been used for front-side energy estima-
tion. By modifying the geometrical features of the spherical coordinates, the necessary
parameters for rear side modelling are ensured.

Solar geometry is a spherical coordinate system that involves the position of the
Sun with the Earth. Using this concept, the irradiance of the rear side bifacial module is
estimated. The optimum tilt angle for bifacial south–north panels has also been explored.
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Taking four different regions in India as examples, we studied four orientations. The
results are compared with the PVSyst version 6.7.6 [28] while keeping all necessary input
parameters the same.

The model presented here can potentially explore the effects of detailed features in
the module and array design, such as spacing between modules, which cannot be easily
addressed in the view factor model. The mathematical equation for the front side of the
PV is well established in the literature; however, there are no such mathematical equations
available for the rear side. Using the proposed model, the same can be easily derived for
rear side PV. In addition to this, the view factor approach assumes an infinite number of
rows and a Lambertian isotropic sky; however, in the presented work, no such assumptions
are made. In the following sections, the rear side irradiance model used by PVSyst is briefly
discussed to obtain more insight into the usefulness of the new model presented here.

2. Rear Side Irradiance Model Used by PVSyst

The rear side irradiance modelling is divided into three categories:

• Ray tracing models.
• View factor models.
• Empirical models.

PVSyst uses the view factor model for the calculation of rear side irradiance. It
represents the portion of the radiation that leaves surface A and strikes another surface B.
It is taken from the concept of thermal radiation heat transfer and applied to model the
rear side irradiance of the bifacial modules. A fundamental hypothesis of PVSyst is that
the light re-emitted by a point on the ground has an isotropic distribution. This means that
the light is re-emitted with the same intensity, whatever the direction of space. There is no
other reflection. This is Lambertian distribution, i.e., each ray is multiplied by the cosine of
the incidence angle.

The irradiance from a ground segment reaching the rear-side of a solar module can be
estimated by considering an infinitely long row of solar modules, as shown in cross-section
Figure 1. The procedure described below to calculate view factor values, for this particular
case is adapted from [29]. The view factor dFdx−dCW between the differential segment of
ground dx and the differential segment of collector width dCW is:

dFdx−dCW =
1
2

cosαdα (1)

where dFdx−dCW is in terms of the distance x wrt the differential ground segment and
distance from the origin of collector wrt the differential segment of the collector (ζ) and the
tilt of the modules (β) as shown in Figure 2.

nA

nB

θA

θB

dA

dB

(a)

PV Modules

Row to row distanceClearance

ground dx

(b)

Figure 1. (a) Geometrical representation of segment dA and dB. (b) The two surfaces dA and dB are
the ground segment dx and location on the module, respectively.
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dx
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CWCollec
torWidth

ζ

dCW

L

β

α

α

(α + β)

row to row distance

Figure 2. View factor between two segments on a solar module and the ground.

α is the cosine of the angle between the normal of the ground surface and the vector
connecting the ground and module segments under analysis. dα is the angle subtended by
the projection of dCW normal to L, that is:

dα =
dζcos(β + α)

L
=

dζ

L
xsinβ

L
(2)

cosα =
ζ(sinβ)

L
(3)

Then,

dFdx−dCW =
1
2

cosαdα

=
1

2L3 ζxsin2βdζ (4)

=
ζxsin2β

2(x2 + ζ2 − 2ζxcosβ)3/2 dζ.

For calculating the irradiance in the rear side of the solar module, view factors are calcu-
lated between the ground and the sky, the rear side of the module, and each ground segment.
All these calculations are done in terms of irradiance. The involved energy should be
renormalized by the concerned area, i.e.,

• the total energy on the ground is the irradiance multiplied by the total ground area
concerned by the installation; and

• the total energy on the rear side is the irradiance multiplied by the collector’s area.

Therefore, the energy ratio computed by the view factor integral should be multiplied
by the area ratio:

Irradiance (rear) = Irradiance (ground) × View factor × (ground area/collectors area).
The view factor model assumes that all the reflecting surfaces are Lambertian, i.e., the

irradiance is scattered isotropically. The structure-reflected irradiance component depends
on the position within the array; modules near the middle of a row should see more
reflected irradiance than the modules at the ends of a row. Similarly, modules near the
ends of a row should see higher sky diffuse irradiance than a module in the row’s middle,
because less of the sky is blocked from view by nearby rows. This affects the ground
reflected component of the backside irradiance.

3. Modelling Approach

Solar geometry is used to estimate the irradiance of the bifacial panel front and rear
sides at any given location on the surface of Earth. It is nothing but the spherical coordinate
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system that involves the position of the Sun with the Earth. Figure 3 shows the coordinates
of a 3D system, considering Earth at the centre.

A quarter portion of the Earth has been cut and made the 3D coordinate system, as
shown in Figure 3. The Centre of the Earth and that of the distant Sun are connected by
a line called the insolation line. An equatorial plane is considered, which cuts across the
globe at the equator. This acts as a reference plane, and the angle of declination (δ) is
measured to that.

The declination and hour angle are shown for the meridional plane and the insolation
line [30]. Three axes of the Earth-centric coordinate system are the polar axis p, meridional
axis m, and eastern meridian axis e. The eastern meridian axis is orthogonal to the above
two axes, as shown in Figure 3. Hence, the equatorial plane along with the three coordinate
axes is called the Earth-centric coordinate system.

A point of interest on the Earth’s surface is the location where the irradiance is
calculated. The line passing through the point of interest and the centre of Earth intersecting
a specific latitude and longitude will become the origin of the local coordinate system. A
tangential plane is placed on that local point called a horizon plane, which is orthogonal to
the line joining latitude point and the centre of Earth.

The line that is normal to the Horizon plane going straight up vertically is the zenith
axis Z, the second one that goes tangential to the meridional plane going down south along
the Horizon plane will be denoted as S, representing south. The third coordinate axis is
shown east as E to distinguish between the lowercase e, which is used for the Earth-centric
coordinate system.

The E axis of the local coordinate and e axis of the Earth coordinate system are parallel
with each other, pointing in the same direction. Hence, the zenith, south, and east axis,
along with the reference horizon plane, form the local-centric coordinate system. The
insolation line makes an angle to the vertical axis or the zenith axis, called the zenith angle
θz [30].

p

Z
Insolation Line

S

γs

θz E

φ

ω δ

Equatorial Plane

Earth-Centric
Coordinate System

e

m

Insolation Line

Local-Centric
Coordinate System

Horizontal Plane

Figure 3. Earth centric and Local centric coordinate system.

There is one more term called the azimuth angle γs. This is an angle on a horizontal
plane between the line due south and the projection of the insolation line onto the horizon
plane. φ is called the latitude angle, as shown in Figure 3. This is the vertical angle
between the line joining that point of location to the centre of Earth and its projection on
the equatorial plane.

3.1. Solar Irradiance on the Horizontal Plane

A horizontal plane is kept tangential to the locality point as shown in Figure 4. The
amount of normal incidence of solar insolation falling on the surface is calculated by using
a vector I on the insolation line as shown. This represents the irradiance from the Sun
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falling on it. This insolation vector can be resolved into orthogonal components along all
three axes of the local coordinate system, i.e., IS, IE, and IZ.

I = IS + IE + IZ (5)

where

IS = Isinθzcosγs, (6)

IE = Isinθzsinγs, (7)

IZ = Icosθz. (8)

IS is the component along the south axis, IE along the east axis, and IZ along the zenith
axis. IZ is vertical normal to the horizon plane. Hence, it will give effective irradiance at
the place on the horizontal flat plate collector. IS and IE are along with the horizontal flat
plate, and thus they do not contribute to any effective irradiance. Therefore, it is essential
to find the value of IZ.

p

Z
IZ Insolation Line

S

IS

γs

θz
I

E
IE

φ

ω δ

Equatorial Plane

Earth-Centric
Coordinate System

e

m

Insolation Line

Local-Centric
Coordinate System

Horizontal Plane

Figure 4. Representation of Vector I along the insolation line, i.e., resolved into the vectors IS, IZ,
and IE.

θz is the zenith angle, and it cannot be directly calculated; therefore, we attempted to
estimate it from the known parameters, like the latitude angle, known from the location of
the place, hour angle, and declination angle, which depends on the time and number of
the day.

Again, a vector I is considered along the insolation line of the Earth-centric coordinate
system, as shown in Figure 5. Similarly, vector I can be resolved into three orthogonal
components, i.e., Ip along the polar axis, Im along the meridional axis, and Ie along the
east axis.

I = Ie + Im + Ip (9)

where

Ie = Icosδsinω, (10)

Im = Icosδcosω, (11)

Ip = Isinδ. (12)
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p

Z
Insolation Line

S

γs

θz

E

φ

ω δ

Equatorial Plane

Earth-Centric
Coordinate System

Insolation Line

e

m

Ip

Ie

Im

I

Local-Centric
Coordinate System

Horizontal Plane

Figure 5. Representation of Vector I along the insolation line, i.e., resolved into Im, Ie, and Ip.

The above-resolved vectors are in terms of δ and ω. Hence, these are easily deter-
minable. Therefore, for calculating local-centric coordinate system components, a relation
between an Earth-centric and local-centric coordinate system need to be established. How-
ever, the two systems have different origins. Thus, one assumption is made; the radius of
Earth is minimal as compared to the distance between Earth and Sun. Hence, insolation
lines that are parallel to two systems can be merged. Merged 2D vector representation, as
shown in Figure 6. IZ can be resolved into Im, and Ip;

p

Ip

em
Im

S

Z

IZ

φ Horiz
ontal

Plan
e

Equitorial Plane
E, e

Figure 6. Vector diagram (2D) of a merged coordinate system.

IZ = Imcosφ + Ipsinφ (13)

Substituting the value of Im and Ip in (13), The modified value for IZ will be

IZ = I(cosδcosωcosφ + sinδsinφ), (14)

where I is the extra terrestrial insolation in kW/m2,

I = Isc

(
1 + 0.035cos

360n
365

)
, (15)

Isc is a solar constant, i.e., 1.37 kW/m2. At noon, ω is zero. The Hour angle to the east
of noon is considered positive, and that of to the west is negative. Sunrise occurs toward
the east of the meridional axis; therefore, at sunrise, the hour angle is positive, and, at
sunset, it is negative.
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3.2. Solar Irradiance on a Tilted Plane

A plane is considered that is inclined from the horizontal surface at an angle Σ, as
shown in Figure 7. At the front and rear sides of the tilted plane, two vector axes N and N′

are taken, perpendicular to the tilted surface at the front and rear sides, respectively, and
irradiance along those vectors are named IN and IN′ . These two vectors are different from
each other.

p

Ip

em
Ie

Im

S

Ti
lte

d
H

or
iz

on
ta

l
Pl

an
eZ

IN

IN′

−Ip

IZ

φ

Horiz
ontal

Plan
e

Σ

Equitorial
PlaneE, e

(φ− Σ)

(φ− Σ)

Figure 7. Vector diagram (2D) of the tilted surface showing vectors IN and IN′ .

Then, the vectors IN and IN′ will be

IN = Imcos(φ− Σ) + Ipsin(φ− Σ) (16)

IN′ = Imcos(φ− Σ)− Ipsin(φ− Σ) (17)

substituting the values of Im and Ip in (16) and (17),

IN = I(cosδcosωcos(φ− Σ) + sinδsin(φ− Σ)) (18)

IN′ = I(cosδsinωcos(φ− Σ)− sinδsin(φ− Σ)) (19)

3.3. Summary of the Model Equations

The front and rear side direct irradiances of the bifacial PV module calculated using
the spherical solar coordinate geometry. Two orientations are considered here for the study.
Hence, two folds of equations can be summarized as shown below;

3.3.1. South–North Orientation

Solar panels installed at locations on the south side of the equator should face north,
and those installed at locations on the north side of the equator should face south. Here,
south–north orientation is taken as an example. The estimated direct irradiance will be,

IN = IBcosθ (20)

IN′ =
IBcosθ

2

(
(cosδcosωcos(φ− Σ)− sinδsin(φ− Σ))

)
(21)

(20) and (21) represent direct irradiance for front and rear side respectively.
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Global irradiance can be the combination of direct, reflected, and sky diffused irradi-
ance for the front as well as the rear side.

Iglobal, f ront = IN + IRC + IDC, (22)

Iglobal,rear = IN′ + IRC + IDC. (23)

3.3.2. Vertical East–West Orientation

Generally vertical installation facing the east side has better performance as compared
to the south–north orientation. Direct irradiance for the front as well as rear side of a
vertically installed PV module will be

IM = IBcosθ(1−Y), (24)

IM′ = IBcosθ(1− X). (25)

where

Y = cosδsinωsinφ + sinδcosφ, (26)

X = cosδcosωsinφ− sinδcosφ. (27)

The global irradiance will be,

Iglobal, f ront = IM + IRC + IDC (28)

Iglobal,rear = IM′ + IRC + IDC (29)

from [30], the values of IRC, IDC, and C are

IRC = ρ(IBH + CIB)

(
1− cosΣ

2

)
(30)

IDC = CIB

(
1 + cosΣ

2

)
(31)

C = 0.095 + 0.04sin
(

360(n− 100)
365

)
(32)

From [31], it was shown that the albedo coefficient significantly affected the efficiency
and resulting power output. The albedo coefficient of snow, white sand, and green grass led
to higher than expected power output. In the case of snow, it was increased by 7.5%, and in
the case of white sand, it was increased by 4%. An ideal spectral albedo for the maximum
power output and minimum heat impact was derived in [31]. Hence, for verification
purpose, here, the albedo coefficient is taken as 0.5.

4. Validation and Results

The estimated model was applied to evaluate the irradiance for both the front and rear
side of the bifacial module for four different regions of the Indian climate at their optimum
tilt angles facing south and at 90◦ facing east. Before going to the validation, optimization
of the tilt angle for each location mentioned was performed.

4.1. Tilt Angle Optimization

To have the maximum energy yield at any particular location, optimization of the
tilt angle is necessary. The optimum tilt angle was found using the estimated model by
varying the tilt angle from 0◦ to 7◦ more than the latitude of that location, as shown in
Figure 8. The irradiance of both sides was noted down and analysed, which gave higher
irradiance in total. That tilt angle corresponding to higher irradiance was the optimum tilt
angle. Hence, we can see, from Table 1, the optimum tilt angle, by the model, was on an
average 2◦ more than the latitude.
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The tilt angle optimization is performed by creating a database that stores the average
hourly irradiance over a year. To do this, the first monthly average data is created. Consid-
ering the irradiance for a particular tilt angle at a definite time (on an hourly basis) of the
day, the data is averaged and the hourly variation of irradiance for every month is, thus,
found. Following this, the hourly variation of irradiance for a year is found by averaging
the monthly data. Thus, the energy capture can easily be found on a particular year for a
particular tilt angle at a particular location.

(a)
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Figure 8. Optimization of the tilt angle measuring (a) irradiance and (b) annual energy yield for the SN tilted orientation
(a), Location—Kharagpur.

Therefore, we concluded that the optimum tilt angle for the Kharagpur location was
24◦. The similar studies we performed for the other three locations and the optimum tilt
angles for the bifacial PV are listed in Table 1.

Table 1. The optimum tilt angles for different locations.

Location Latitude Optimum Tilt Angle

Kharagpur 22.34° N, 87.23° E 24°

Ahmedabad 23.02° N, 72.57° E 25°

Delhi 28.70° N, 77.10° E 31°

Thiruvananthapuram 8.52° N, 76.93° E 10°

4.2. Investigation of the Difference between Bifacial and Monofacial PV at Different Tilt Angles

A comparison study was conducted using PVSyst to compare the annual energy yield
(array output) between bifacial and monofacial PV at different tilt angles. For this study,
the array size for monofacial and bifacial PV was taken as 10 kWp. The tilt angle from 0◦

to 90◦ was varied keeping other simulation parameters constant. For investigation, the
PVSyst simulation parameters taken are listed in Table 2.

Table 2. Simulation parameters.

Parameters Bifacial PV Monofacial PV

No. of modules 24 24

Module area 54 m2 48 m2

No. of inverters 3 3

Nominal PV power 10 kWp 10 kWp

Maximum PV power 9.5 kWDC 7.4 kWDC

Nominal AC power 9 kWAC 9 kWAC

Pnom Ratio 1.11 1.11
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For comparison of bifacial and monofacial PV in the PVSyst software, the GCR was set
at 0.66, the pitch was 1.5 m, and the panel width was 1 m. For bifacial PV, the albedo was
considered at 0.55. For bifacial modules, the height above ground was taken as 1 m. From
Figure 9, we observed that, at a particular tilt angle, the annual energy yield of bifacial PV
was 9.4% higher than that of monofacial PV.

Cumulative bifacial production +9.4%

0 10 20 30 40 50 60 90
0

5

10

15

20

25

Tilt angle [deg]

A
nn

ua
lE

ne
rg

y
Yi

el
d

[M
W

h] Bifacial PV Monofacial PV

Figure 9. Investigation of the difference between bifacial and monfacial PV at varying tilt angles.

4.3. Impact of Albedo and GCR (Ground Clearance Ratio)

Keeping the albedo at 0.5, for the location Kharagpur (22.34◦ N, 87.23◦ E), the ground
clearance ratio (GCR) varied from 0 to 1. From the figure, with changing GCR, the op-
timum tilt angle will not change; however, the annual energy production will increase
with decreasing GCR. A similar study was performed by keeping the GCR constant and
changing the albedo value from 0 to 1. By Figure 10, we inferred that, with a higher albedo
value, the annual production will increase; however, this will not affect the optimum tilt
angle. Here, for investigation, a 10 kW bifacial system was used. Thus, the annual system
production was MWh per 10 kW.
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Figure 10. Tilt angle variation with (a) albedo and (b) GCR at the location Kharagpur.

4.4. Comparison with PVSyst V6.7.6

The bifacial PV module front and rear energy productions were analysed from Jan to
Dec of the year 2019 and compared with the PVSyst simulation monthly irradiance. Four
different orientations are discussed, i.e., the front and rear side for the south-facing tilted
module and the vertical mount facing east. Estimation using the proposed model had good
agreement with the PVSyst results. For the simulation in PVSyst, the bifacial array size was
taken as 10 kW. To avoid inverter clipping in the PVSyst simulation, the DC/AC ratio was
taken as 1.11. For the location Kharagpur, the percentage gain (Gr/Gf) for SN orientation
was 19.5% and, for EW vertical orientation, was 95%.
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Figures 11–14 show the comparison between estimated model irradiance for the
front and rear side of the bifacial panel and PVSyst simulation taking four regions into
consideration, i.e., Kharagpur, Delhi, Ahmedabad, and Thiruvananthapuram. The site
albedo is not known accurately; however, based on tables of albedo from [29], short grass
typically has values of 0.15–0.5. Here, a typical value of 0.5 was assumed.
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Figure 11. Estimated model comparison vs. the PVSyst Gr/Gf % gain from Jan to Dec for the (a) tilted
SN orientation and (b) vertical EW orientation, Location—Kharagpur.
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Figure 12. Estimated model comparison vs. the PVSyst Gr/Gf % gain from Jan to Dec for the (a) tilted
SN orientation and (b) vertical EW orientation, Location—Ahmedabad.
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Figure 13. Estimated model comparison vs. the PVSyst Gr/Gf % gain from Jan to Dec for the (a) tilted
SN orientation and (b) vertical EW orientation, Location—Delhi.
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Figure 14. Estimated model comparison vs. the PVSyst Gr/Gf % gain from Jan to Dec for the (a) tilted
SN orientation and (b) vertical EW orientation, Location—Thiruvananthapuram

4.5. Validation with Real Field Measured Values

For proper validation of the proposed estimation, the measured field irradiance was
taken from NREL, USA [32]. The installed bifacial PV plant was at 15◦ tilt facing south
with an albedo coefficient of 0.55. The date of measurement was taken as 16 February 2017
and 24 November 2016. NREL is situated at latitude 39.741◦ N and longitude 105.1725◦ W.
The azimuthal is 165◦, with a normalized row gap of 0.56, GCR (Ground Clearance Ratio)
of 0.65, and normalized clearance height of 0.52. The source irradiance used in PVSyst and
the model simulation for the NREL location is listed in Table 3.

Table 3. Source irradiance data used in PVSyst and the model simulation (Feb 2017).

Time of the Day Global Horizontal Irr. [W/m2] Diffuse Horizontal Irr. [W/m2]

6 am 0 0
7 am 0 0
8 am 250.2 41.9
9 am 588.8 91.8
10 am 642.8 137.3
11 am 729.2 274.99
12 pm 566.9 251.09
1 pm 593.89 187.00
2 pm 480.7 140.3
3 pm 295.4 168.4
4 pm 264.7 124.4
5 pm 124.8 67.6
6 pm 3.09 3.10

We inferred from Figure 15 that the proposed model had energy extraction with higher
accuracy compared with that of PVSyst, both for the front and rear sides of the bifacial
PV module. A dip in irradiance at 12 pm in the PVSyst simulation was possibly due to an
artefact in the satellite output.

As the site was held constant for all simulations, the site meteorological and albedo
inputs into the PVSyst program were the same for the configurations. In addition to that,
the GCR, normalized clearance height, and normalized row gap were held constant for
the simulations.
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Figure 15. Estimated model, PVSyst 6.7.6 and measured value comparison for the front and rear
sides for two specific days (a) 16 February 2017, (b) 24 November 2016.

5. Conclusions

The bifacial solar PV system is an emerging area of research. The use of bifacial
modules can increase the energy capture, and hence a higher amount of solar power can be
harnessed from the same area compared to standard monofacial systems. From the study,
we proved that bifacial modules boosted the energy yield by 4% to 15% depending on the
module type and ground reflectivity with an average of 9%. This paper dealt with the
estimation of the total irradiance (front and rear sides) from a bifacial PV system that was
installed in an inclined position with front panels facing south and in a vertical position
with front panels facing east.

The purpose of the vertical mount is to ensure a higher energy yield during the late
afternoon hours. The Kharagpur System showed a performance ratio of 13% for the SN
orientation and 80% for the EW vertical orientation. The proposed model showed a higher
accurate energy extraction from the bifacial PV. A comparison of the model was made
using PVSyst version 6.7.6. Furthermore, after analysing the optimum tilt angle for the
locations mentioned, we concluded that, for bifacial modules, the optimum tilt angle was
2◦ (on average) more than the latitude of that particular location. The estimated annual
energy yield was also compared with that of PVSyst, and the former had higher annual
energy generation.

For further validation of the proposed estimation, we compared with field test mea-
surements taken from NREL, USA. We concluded that the field measurements showed a
good agreement with the proposed estimation. Hence, the model can be used to optimize
the tilt angle, and also it can help in estimating the energy yield before an installation can
be made. The proposed analysis and estimation method will help to accurately predict the
energy yield from bifacial systems, thus, further promoting this emerging technology.
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Notation

The following notations are used in this manuscript:

δ Angle of declination
ω Hour angle
Σ Tilt angle
φ Latitude angle
γs Azimuth angle
θz Zenith angle
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