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ABSTRACT Considering the increasing interest in the realization of carbon-neutral and RE100 systems, and
the expansion of the supply of renewable energy through large-scale floating photovoltaic systems (FPVs),
this study designed large-scale bifacial FPVs for maximum power density. Moreover, the estimated power
generation was compared and analyzed according to the installation methods of the conventional monofacial
PV module facing south (Mono-S), bifacial PV module facing south (Bi-S), and bifacial PV module facing
east and west (Bi-EW). Using the proposed design method, the power generation per unit area for FPVs
was 17.87% to 36.08% higher than that of the conventional installation method. In addition, this method
can contribute to gird stability by decreasing the peak power around noon and increasing power generation
during low irradiation and can be applicable to marine photovoltaics(MPVs).

INDEX TERMS Bifacial PV module, floating photovoltaic systems (FPVs), grid stability, maximum power
density, power plant design.

I. INTRODUCTION
Photovoltaic (PV) power generation has the advantage of
employing an infinite and clean energy source, but it requires
a larger area per unit capacity than other power plants [1], [2].
Therefore, in countries with relatively limited land areas, such
as South Korea, Japan, and Vietnam, floating PV systems
(FPVs) installed on idle water surfaces are on the rise [3],
[4], [5]. Particularly in Korea, 2.1 GW FPVs—the largest
in the world—are scheduled to be installed in Saemangeum
[6]. FPVs improve the efficiency owing to the cooling effect
and efficient use of land [7], [8], [9]. Until recently, the
installation cost of FPVs was high because of the high cost of
buoyancy units for the PV modules. However, technological
advancements have reduced the unit cost, leading to an
increase in the number of FPVs [6].

In addition, to address the difficulty in securing sites for
PV power plants, required for maximum power generation
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per unit area, several technologies have been developed for
improving the efficiency of solar cells; one representative
example is a bifacial solar cell [10], [11], [12]. Compared
with conventional solar cells, bifacial solar cells absorb light
both from the front and from the rear, thereby improving
power generation [13], [14]. The application of bifacial PV
module has been limited because determining the nominal
power for bifacial PV modules is difficult owing to the
differences in the opinions of industry and academia on the
impact of rear reflection [15], [16]. However, international
standards for bifacial PV modules, such as IEC 60904-1-2,
have been established [17], [18], and PV systemswith bifacial
PV modules are emerging. The bifacial PV module generates
large amounts of power even in a low irradiation environment,
such as immediately after sunrise, just before sunset, and
under shading conditions because of its ability to absorb light
from the rear [19]. Thus, it compensates for the intermittency
for PV power generation.

In general, PV power plants with conventional monofacial
PVmodules can generate maximum power when the installed
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PV modules are facing south [20]. However, because PV
modules are vulnerable to shading, which causes loss [21],
the separation distances between the PV module strings
should be sufficient, which results in an increase in the
required area for the PV power plant. Particularly in the
areas of middle to high latitudes, the tilt angle of the PV
module should be increased to improve the efficiency of the
PV power plant; this further increases the required separation
distances. However, because of the advantages of the bifacial
PV module, if the installed PV modules are parallel and
face east and west, although the power generation per unit
capacity would be reduced, the installation capacity would
be increased for the same area, leading to increased power
generation.

This study focused on the design of bifacial FPVs for
maximum power density. To develop a design method
for the maximum power density of FPVs, the installable
capacity for a limited area, expected power generation, and
power generation per unit area were analyzed for different
installation methods—a monofacial PV module facing south
(Mono-S), bifacial PV module facing south (Bi-S), and
bifacial PV module facing east-west in parallel (Bi-EW). The
remainder of this paper is organized as follows. Section II
describes the development of the model to predict the
power generation of a bifacial PV module under variations
in the azimuth and tilt angles. In Section III, the power
characteristics of Mono-S, Bi-S, and Bi-EW PV power
systems are compared with variations in the irradiation and
tilt angle. In Section IV, applications for designing large-
scale bifacial FPVs are analyzedwith respect to the installable
capacity and power generation per unit area. Section V
presents the conclusions of the study and its contributions.

II. MODELLING
A. PREDICTION OF IRRADIATION CONSIDERING THE
SUN’s MOTION
To predict the output of PV power systems with different
azimuths, the irradiation that has the greatest effect on the
amount of power generation should be predicted. Because
the effective irradiation absorbed by the PV module and
converted to power varies with the movement of the sun,
the irradiation should be predicted considering the altitude
and azimuth of the sun. Because the Earth orbits around the
sun, the location where the PV modules are installed should
be considered because the altitude and azimuth of the sun
vary depending on the installation area, even at a specific
instant of time. Fig.1 represents the relation of the PVmodule
and the sun’s position. The effective tilted irradiation that
is converted to power by the PV module varies with the
elevation angle (α), which is the angle between the horizontal
and the sun. The elevation angle that varies depending on the
declination angle (δ), latitude (φ), and hour angle (HRA) can
be calculated as follows [22].

α = sin−1 [sinδsinφ + cosδcosφcos(HRA)] (1)

FIGURE 1. Relation of the PV module and the sun’s position.

In (1), δ denotes the angle that varies seasonally owing to
the rotation of the Earth around the sun and the tilt of the
Earth on its axis. HRA quantifies the local solar time (LST)
as the number of degrees at which the sun moves across the
sky. For example, HRA at noon is defined as 0◦. Because the
Earth rotates 360◦ for a day (the same as 15◦ per hour), HRA
is calculated as follows.

HRA = 15◦(LST12) (2)

In addition, the effective tilted irradiation varies depending
on the tilt angle of the PV module and elevation angle
obtained by (1). When sunlight vertically enters the plane
of the PV module, power generation is maximized, but the
position of the sun continues to change over time and day
owing to many factors; therefore, the amount of light entering
the plane varies. Fig. 2 shows the relationship between the PV
module’s tilt angle (β) and the amount of irradiation.

FIGURE 2. Relation of the tilted PV module and irradiation.

As shown in Fig. 2, according to the relationship between
the horizontal irradiation (shorizontal), incident irradiation
(sincident ), and tilted irradiation (smodule), if only one type of
irradiation is measured, the remaining two types of irradiation
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can be calculated using (3) and (4).

Sincident =
Shorizontal
sinα

(3)

Smodule =
Shorizontal × sin(α + β)

sinα
(4)

B. PREDICTION MODEL FOR BIFACIAL PVs USING VIEW
FACTOR
To predict the power of the bifacial PV module, the light
absorbed from both the rear and front of the PV module
should be predicted. A method that uses albedo and view
factors (VFs) to predict the light absorbed from the rear exists.
The VF is defined as the portion of radiative heat transferred
from one surface to another surface. The VF between the
horizontal and inclined planes is expressed as follows [23].

VF =
A+ 1

(
A2 + 12ACOSα

) 1
2

2
, (5)

where A = h/w

FIGURE 3. View factor between the inclined surface and the horizontal
plane.

FIGURE 4. Equivalent circuit of a bifacial solar cell [19].

In Fig. 3 and (5), h can be substituted with the length of the
tilted PVmodule plane (A2), andw can be substitutedwith the
length of the floor (A1), where the PV module is installed.
Fig. 4 represents the equivalent circuit of a bifacial solar
cell. If , Iph,f , Id,f , Rsh,f , IRsh,f ,Rs,f , IRs,f in the front circuit of
bifacial solar cell denote the front current, the light-generated
current, the voltage-dependent current lost to recombination,
the shunt resistance, the current through the shunt resistance,
the series resistance, and the current through the series
resistance, respectively. Ir , Iph,r , Id,r , Rsh,r , IRsh,r ,Rs,r , IRs,r in

the rear circuit of bifacial solar cell denote the rear current, the
light-generated current, the voltage-dependent current lost to
recombination, the shunt resistance, the current through the
shunt resistance, the series resistance, and the current through
the series resistance, respectively.

If a bifacial PV module is represented as a double-circuit
module [24], the power (Pbifacial) of the bifacial PV module
can be expressed as the sum of the front power (Pfront ) and
rear power (Prear ), as follows.

Pbifacial = Pfront + Prear (6)

In (6), Pfront denotes the power generated by absorbing
the front light, and Prear denotes the power generated by
absorbing the rear light. Considering the relationship between
the power, irradiation, and temperature of the PV module, (6)
can be expressed as follows.
Pbifacial

=
Smodule−front

1000
· PSTC · (1+ δPmpp (T−25))

+
Smodule−rear

1000
· BifiPmpp · PSTC · (1+ δPmpp(T−25))

(7)

In (7), Smodule−front and Smodule−rear denote the irradiation
absorbed by the front and rear, respectively. P_STC denotes
the power measured under Standard Test Condition(STC)
(AM 1.5 G, 1000 W/m2, 25 ◦C). δPmpp denotes the
temperature coefficient of the PV module, and T denotes
the temperature of the PV module surface. BifiPmpp denotes
the ratio of the front and rear powers of the bifacial PV
module. Smodule−front is obtained by measuring directly or
by calculating in (4) using the relation on the horizontal
irradiation. However, if Smodule−rear is assumed to be largely
composed of the sum of two lights, direct light (Srear−dir .)
and diffuse light (Srear−diff .),it can be expressed as follows.

Smodule−rear = Srear−dir . + Srear−diff . (8)

In (8), Srear−dir . denotes the direct light reflected from the
floor and entering the rear of the PV module, and Srear−diff .
represents the scattered light in the atmosphere. Srear−dir . is
expressed using albedo (Alb.) and VF of the floor. If the
scattered light is assumed to be the difference between the
incidental (sincident ) and the horizontal (shorizontal) irradiation,
Srear−dir . of these irradiations can be expressed by (9) and
(10), respectively.

Srear−dir . = Shorizontal · Alb. · VF (9)

Srear−dir . = −Sincident − Shorizontal (10)

Using (7), (9), and (10), the power of the bifacial PV
module can be expressed as follows.

Pbifacial

= [
Smodule−front

1, 000
· PSTC

+
Shorizontal · Alb. · VF + (Sincident − Shorizontal)

1, 000
·BifiPmpp · PSTC ] · (1+ δPmpp(T25)) (11)
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C. PREDICTION MODEL FOR BI-EW CONSIDERING
AZIMUTH
Generally, PV modules are installed facing south, but when
installed at an arbitrary azimuth in a different direction, the
irradiation is calculated considering the relationship between
the azimuth of the PV module and the sun. The azimuth (θ)
of the sun is expressed as follows [23].

θ = cos−1 (
sinδcosφ − cosδsinφcos(HRA)

cosα
) (12)

FIGURE 5. Azimuth of the sun.

Fig.5 represents the azimuth of the sun. The tilted
irradiation of the PV module considering the azimuth of
the sun and installation azimuth of the PV module can be
expressed as follows.

Smodule = Sincident [cosαsinβ cos (ψθ)+ sinαcosβ] (13)

In (13), ψ denotes the installation azimuth of the PV
module. The installation azimuth is based on 0◦ toward the
north, 90◦ toward the east, 180◦ toward the south, and 270◦

toward the west. As shown in (13), whenψθ = 0, the azimuth
of the sun and PVmodule are the same, and the irradiation can
be confirmed to be maximized, leading to maximum power.
The power of the bifacial PV module installed at an arbitrary
azimuth can be calculated using (11) using the tilt irradiation
that is calculated using (13).

III. EXPERIMENTS AND RESULT
To design FPVs that can generate maximum power in a
limited area, the power characteristics of the PV power
system installed in three ways—Mono-S, Bi-S, and Bi-EW—
were compared and analyzed through outdoor experiments.
The specifications of the PVmodules used in the experiments
are listed in Table 1.

For comparison, power data of Mono-S and Bi-S PV
systems installed on the roof of the engineering building of
Konkuk University (127.08E, 37.54N) were collected and
analyzed. Fig. 6 and 7 show the 1.99 kW (248.84 W × 8 ea)
Mono-S PV system and 1.77 kW (294.69 W× 6 ea) Bi-S PV
system, respectively.

The powers of the Bi-E and Bi-W PV modules were
measured by installing two holders, as illustrated in Fig. 8.

TABLE 1. Specifications of PV modules for experiments.

FIGURE 6. PV power system with 1.99 kW Mono-S.

FIGURE 7. PV power system with 1.77 kW Bi-S.

FIGURE 8. PV power system with 0.66 kW Bi-EW.

The power of the Bi-EW PV power system was assumed to
be the sum of the powers of the Bi-E and Bi-W PV modules.
The power of the Bi-EW cannot be considered as the simple
sum of the power of the Bi-E and Bi-W PV modules because
of the power mismatch when connected in series. However,
when designing large-scale FPVs, which is the final goal of
this study, the Bi-E and Bi-W PV modules are assumed to be
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FIGURE 9. Comparison of the measured and predicted powers for the PV
power system with a tilt angle of 30◦.

connected to separate inverters; therefore, the power of Bi-
EW is assumed to be the sum of the twomodules. Fig. 9 shows
the daily predicted and measured powers of Bi-S, Bi-E, Bi-
W, and Bi-EW at a tilt angle of 30◦, at which the maximum
power generation could be produced in the test bed.

The mean absolute percentage error (MAPE) of power
prediction for Bi-S was approximately 10%, and the MAPE
for Bi-E and Bi-Wwas approximately 20%. The performance
of the prediction model was assumed to be distorted because
the error rate of the measured irradiation and the resulting
error of the predicted power generation appeared relatively
large at the time of low irradiation, such as immediately after
sunrise and just before sunset. Considering this, when the root
mean square error (RMSE) was calculated, the RMSE for
Bi-S was 72.8 W, showing an error of approximately 4.11%
considering its capacity (1,770W). In addition, the total daily
power generation, which is an integral value for power by
time, had an error rate of 0.63%, showing a relatively high
predictive performance. Furthermore, the RMSE of power for
Bi-E and Bi-W was approximately 20 W and considering the
capacity of Bi-E andBi-W, their error rates could be estimated
to be 5.21% and 6.44%, respectively. Consequently, the
RMSE of power for Bi-EW was 32.23 W, an error rate
of approximately 4.91% could be estimated by considering
the capacity, and the error rate of daily power generation
was 1.61%.

The error rate of the instantaneous power was measured
to be relatively large owing to the error in the irradiation
measurement. Because tilt irradiation is measured in PV
power plants, the predicted power using the measured tilt
irradiation of the Bi-E and Bi-W PV modules and the
measured power were compared, as shown in Fig. 10.

Although the error rates in Table 2 do not appear to differ
significantly from the indicators in Table 3, Figs. 9 and
10 show that the error between the measured and predicted
powers using the measured tilt irradiation of the Bi-E and
Bi-W PV modules is significantly reduced. Consequently,

TABLE 2. Comparison of the error rates for the prediction model of the
PV power system with a tilt angle of 30◦.

FIGURE 10. Comparison of the measured and predicted powers based on
the measured irradiation for the PV power system with a tilt angle of 30◦.

TABLE 3. Comparison of the error rates for the prediction model based on
the measured irradiation for the PV power system with a tile angle of 30◦.

the error rate of the daily power generation for Bi-EW
was approximately 0.63%. The relatively high error in the
performance index was largely owing to the influence of
the measured distortion value in the low-irradiation range.
Fig. 11 shows the daily power of the Mono-S, Bi-S, and
Bi-EW PV power systems converted to the same capacity.

As shown in Fig. 11, the difference in the generated power
at noon, a relatively high irradiation time, in the power
generation of the three PV power systems was not large, but
the power generation was large in the order of Mono-S< Bi-
S < Bi-EW in the time after sunrise and just before sunset
owing to generation by the rear of the bifacial PV module.
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FIGURE 11. Daily power for the Mono-S, Bi-S, and Bi-EW PV power
systems with a tilt angle of 30◦.

This is believed to contribute to the stable operation of the
power grid by supplementing intermittency, a disadvantage
of solar power generation.

In another case, the predicted and measured powers of
the PV power system were compared, where the PV module
was installed with a tilt angle of 15◦; this was installed to
ensure stability from typhoons in the mid-latitude region.
Fig. 12 shows the daily predicted and measured powers of
Bi-S, Bi-E, Bi-W, and Bi-EW at a tilt angle of 15◦.

FIGURE 12. Comparison of the measured and predicted powers for the
PV power system with a tilt angle of 15◦.

Table 4 presents a comparison of the error rates for the
prediction model of the PV power system with a tilt angle
of 15◦.

As in the case of a tilt angle of 30◦, the measured and
predicted powers using the measured tilt irradiation of the
Bi-E and Bi-W PV modules were compared, as presented in
Table 5 and Fig. 13.

Notably, with the use of tilt irradiation for Bi-E and
Bi-W, the error rates of instantaneous power and daily
power generation were relatively small. In summary, the
power of Bi-S, Bi-E, Bi-W, and Bi-EW could be predicted
by measuring only the horizontal irradiation. However, if
the tilt irradiation of Bi-E and Bi-W could be measured,

TABLE 4. Comparison of the error rateS for the prediction model of the
PV power system with a tilt angle of 15 ◦.

FIGURE 13. Comparison of the measured and predicted powers based on
the measured irradiation for the PV power system with a tilt angle
of 15◦.

TABLE 5. Comparison of the error rates for the prediction model based
on the measured irradiation for the PV power system with a tile angle
of 15◦.

the power generation could be predicted with a higher
accuracy. Fig. 14 shows the daily power for the Mono-S,
Bi-S, and Bi-EW PV power systems converted to the same
capacity.

As the tilt angle of the PV module was lowered, although
the bifacial PV system generated more power than the
monofacial PV system, the east-west installation of the PV
module had little effect on increasing power generation.
Therefore, when designing large-scale FPVs, the maximum
power density should be designed by considering the change
in the required area and power generation depending on the
tilt angle of the PV module.
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FIGURE 14. Daily power for the Mono-S, Bi-S, Bi-EW PV power systems
with a tilt angle of 15◦.

IV. APPLICATION
To study the feasibility of the Bi-EW installation method
to maximize power generation per unit area, the installation
methods of Mono-S, Bi-S, and Bi-EW were applied to com-
pare the installable capacity and expected power generation
according to the installation methods. The changes in the
installable capacity of Bi-S and Bi-EW in the area required
to install 100 MW by the Mono-S installation method,
the conventional installation method, were compared. The
specifications of the design are listed in Table 6.

TABLE 6. Specifications of the PV module for design.

To design 100 MW FPVs, one floating block was
configurated with 2.5 MW, as presented in Table 7.

TABLE 7. Composition of 2.5 MW block in FPVs.

The location of the large-scale FPVs was assumed to be
Saemangeum (35.86◦N , 126.54◦E), where 2.1 GW FPVs are
planned to be installed, as shown in Fig. 15.

The location and weather conditions of Saemangeum are
listed in Table 8.

FIGURE 15. Location of Saemangeum for large-scale FPVs [25].

TABLE 8. Location and weather conditions of Saemangeum.

Considering the location of Saemangeum, the PV modules
were designed with a tilt angle of 30◦ and a shading angle of
22◦. Table 9 presents a comparison of the arrangement and
required area of floating units (2 × 9 [ea] PV modules) by
Mono-S, Bi-S, and Bi-EW installation methods considering
the tilt and shade angles of the solar module.

TABLE 9. Comparison of floating units according to the installation
methods.

Fig. 16 shows a comparison of the PVmodule arrangement
and installable capacity of Mono-S, Bi-S, and Bi-S in the
same area; 100MW (98.496MW) installable area byMono-S
installation.

The area required to install PV modules with a capacity
of 100 MW (98.496 MW) is estimated to be 1.9253 km2

However, a PV module with a capacity of 137.8944 MWwas
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FIGURE 16. Comparison of the PV module arrangement and capacity
according to the installation methods in the same area.

FIGURE 17. Distribution of monthly horizontal irradiation.

assumed to be installed by the Bi-EW installation method.
This showed the effect of increasing the installable capacity
of the PV modules by approximately 40%. Power generation
according to the installationmethods was calculated using the
installable capacity for each installationmethod and collected
irradiation of Saemangeum. Fig. 17 shows the distribution
of average horizontal irradiation over 30 years (1992–2021)
in Saemangeum; this data was collected from the Korea
Meteorological Administration.

Fig. 18 shows the monthly power generation according to
the installation methods.

Table 10 presents a comparison of annual power generation
considering the installable capacity according to the installa-
tion methods.

From the perspective of the average daily power generation
time, Bi-EW appeared inefficient among the three installation
methods. This is because, as shown in Fig. 18, the power of
Bi-EW is the lowest in summer when the sun’s altitude is
high, and a significant amount of irradiation exists because
the influence of front irradiation increases compared with
the irradiation that can be absorbed into the rear of the
PV module. However, in terms of power density, because
the installable capacity of Bi-EW was the largest in the

FIGURE 18. Monthly power generation according to the installation
methods and capacity (tilt angle of 30◦).

TABLE 10. Comparison of PV power generation for installation methods.

same area, the total power generation of Bi-EW was the
largest. In other words, the Bi-EW installation method could
maximize the power density. In addition, by installing the
Bi-EW method, the peak power of the PV system was
lowered, reducing the burden on the power grid. This could
be confirmed by comparing the power generation according
to the installation methods for the same capacity, as shown
in Fig. 18. In addition, this could partially compensate for
the intermittency of PV power generation by generating
relatively high power even in low-irradiation environments,
such as immediately after sunrise or just before sunset.

In another case, the power density was compared when the
tilt angle of the PV module was lowered from 30◦ to 12◦ in
the same area. Fig. 19 shows the floating PV unit for each tilt
angle.

When the tilt angle of the PV module was lowered from
30◦ to 12◦, the unit area of the Bi-S installation method
significantly reduced, but the unit area of Bi-EW slightly
increased because the space between Bi-E and Bi-W was
separated by the same separation distance to be used as a
path for maintenance. Fig. 20 shows a comparison of the PV
module arrangement and installable capacity considering a
unit with a tilt angle of 12◦.
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FIGURE 19. Comparison of floating PV units by tilt angle.

FIGURE 20. Comparison of the PV module arrangement and capacity
according to the installation methods in the same area (tilt angle of 12◦).

Fig. 21 shows the monthly power generation according to
the installation methods, considering the installable capacity.

Table 11 presents a comparison of annual power generation
considering the installable capacity according to the installa-
tion methods.

As the tilt angle of the PV module was lowered, the
tilt irradiation of the front decreased, and the daily average
power generation time decreased for all installation methods.
In addition, as the tilt irradiation of the front decreased,
the influence of rear irradiation relatively increased, and
the power generation time was the largest in the Bi-EW
installation method compared with that of the Mono-S and
Bo-S installation methods, unlike the 30◦ tilt angle case. The
power density of Bi-EW was greater than those of Mono-S

FIGURE 21. Monthly power generation according to the installation
methods and capacity (tilt angle of 12◦).

TABLE 11. Comparison of PV power generation for installation methods.

and Bi-E, although it was smaller than that for the tilt angle
of 30◦.

V. CONCLUSION
This study compared the installable capacity and estimated
power generation according to the conventional installation
methods (Mono-S, Bi-S, Bi-EW) to maximize the power
density of large-scale FPVs with bifacial PV modules.
To calculate the expected power generation of large-scale
FPVs for each installation method, power prediction was
modeled through irradiation according to the tilt angle,
azimuth, and rear irradiation obtained using the VF. The
expected power generation showed an error rate of 0.63%
to 13.65%, and the expected power generation based on the
measured tile irradiation of the PV module facing east and
west showed an error rate of 0.11% to 7.28%. Comparing
the arrangement of PV modules considering the separation
distances between PV module arrays for the installation
methods, the installable capacity of Bi-EWunder the required
area for 100 MW FPVs with PV modules facing south was
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calculated to be 15% to 40% higher depending on the tilt
angle of the PV module (12◦ to 30◦). Compared with the
conventional Mono-S installation method with Bi-EW, the
expected annual power generation density obtained using
the installable capacity and power prediction model was
calculated to be at 81,975.49 to 96,623.92 MWh/ km2 with
a tilt angle of 12◦ and 79,225.25 to 107,807.10 MWh/ km2

with a tilt angle of 30◦, showing that the power density was
17.87% to 36.08% higher.

Currently, in some countries, the ratio of the area for the
installation of FPVs to the water surface is limited owing to
concerns about water quality and habitats of migratory birds.
This study on the maximum power density will contribute to
expanding the power generation of renewable energy from
FPVs to MPVs(Marine Photovoltaics). In addition, operating
the power grid is difficult owing to the intermittency in
PV power generation depending on weather conditions. This
study will contribute to the stable operation of power grids
by lowering the peak power around noon and increasing the
power generation under low irradiation conditions. MPVs is
under research and development worldwide as an expansion
of FPVs. For the further study, economic analysis considering
the estimated power generation and total investment cost
by Bi-EW installation methods would be conducted for the
feasibility and this method could be applied to the MPVs as
well.
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