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Abstract: This paper investigates wind load distribution in float PV plants. Wave and wind load are
dominant environmental load factors in determining design load in float PV plants. In particular,
wind load is determined based on the numerical analysis results. The literature indicates that several
input parameters exist, such as inlet angle and space between PV modules. An exemplary structure
with ten arrays of PV modules was generated in this study. To investigate the wind load distribution
in a float PV plant, the computational fluid dynamic (CFD) analysis was conducted with variables
including wind direction (inlet angles) and three wind speeds (36.2, 51.7, and 70 m/s) in PV modules
in the floating structure. Based on the numerical analysis, the wind load distribution of PV modules
can be characterized with respect to the inlet angle and wind speed. The numerical results show that
the wind loads in the central arrays are dominant.

Keywords: wind load; PV plant; computational fluid dynamic analysis; array

1. Introduction

For decades, photovoltaic power generation technology has mainly focused on re-
search that increases the efficiency of solar panel modules, and as a result, it has achieved
“grid parity”, which is the point that the cost of photovoltaic power generation becomes
the same as the cost from fossil fuels. However, considering the reality of the narrow
land and an area-intensive industry, it seems difficult to build a large-scale power plant.
Alternatively, floating photovoltaic generation is a technology derived to solve the problem
of environmental destruction of such large-scale terrestrial photovoltaic power generation
systems [1–3]. Yousuf et al. found that the average power capacity of floating photovoltaic
(PV) panels is 11 higher than the average capacity of PV panels installed on the ground [1].

Recently, efforts have been actively made to preemptively prepare for climate disas-
ters through carbon neutrality. Accordingly, research on PV structures, one of the new
renewable energies, is actively underway.

Ryu and Lee confirmed the effects of wind load, flow characteristics, and inclination
angle on floating PV panels and buoys through numerical analysis. As a result, the wind
load increased as the inclination angle of the solar panel increased [4].

Lee et al. confirmed the structural safety evaluation of a 2 MW floating PV power
generation structure through flow analysis and seaworthiness analysis. As a result, it was
confirmed that the largest load occurred in the 1-row unit [5].

Choi et al. confirmed the effect of wind load on the solar panel array of a floating PV
system through an indoor model experiment. Experiments have shown that the first and
last rows of panels have the highest drag and lift coefficients because they are the first to
encounter the wind [6].

Su et al. confirmed the effect of wave angle due to wind load on offshore PV panels
through numerical analysis. The wind load on the offshore PV panels was determined
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throughout the wave cycle. Additionally, to maximize PV panel performance, pontoon
movement should be considered when designing the PV system [7].

The load distribution caused by the wind load in the floating PV system was assessed
using possible parametric studies with design parameters including wind speed, wind
direction, and installation angle of PV modules. In this study, the design load was confirmed
to install a floating PV power generation structure in salt-reclaimed land. In addition, the
load effect on the structure was evaluated through the CFD analysis.

2. PV Generation System
2.1. Overview

When installing a solar module, the structure is fixed to the ground to resist the load on
the ground, but when installed on the water surface, the boundary conditions are unstable,
so proper design considerations are needed as a floating structure. Floating PV generation
is a method of constructing a solar power plant on the surface of the water, and although it
is similar in terms of system to existing solar power generation, it shows a big difference in
installation method [1–3].

In the case of existing solar power plants, piles are installed on the ground, or existing
structures to install solar modules and structures for fixing solar modules are built, and
then solar systems are installed. Therefore, all the load on the solar module is transmitted
to the foundation or ground through the piles.

Floating PV, however, does not require piles or foundations and is a system that floats
on water using buoyancy and moorings, as shown in Figure 1. The transmission system
from the power plant to the electric room and transmission track uses the same method
as the existing ground solar power generation, except for the cable installation method.
The cable from the solar power plant to the electric room is a method of building an
underground line on the ground or transmitting power through an electric pole. However,
water solar power generation mainly uses a method of diving cables underwater from
power plants to the electric room through the riverbed topography or floating on the water
to directly connect to the electric room.
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Figure 1. Configuration of floating photovoltaic system.

The floating photovoltaic power system consists of floating structures to fix solar
modules, buoyancy resisting gravitational loads transmitted from the structure, and a
mooring system for fixing horizontal loads. The floating structure must provide strong
support for the solar modules, be sufficiently resistant to external forces such as wind and
wave loads, and ensure long-term durability against corrosion and fatigue given the special
conditions of the water. In particular, in terms of structural safety and constructability, the
structure is designed as a unit structure, and in order to be sensitive to the movement of
the water surface, the connection of each structure is hinged to minimize the transmission
of bending moment.
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2.2. Mooring System

Most of the anchors used in conventional floating PV are gravity anchors that resist
loads with their weight. However, in floating PV power plants, the load transmitted to the
anchor from the mooring line is generated by the wind load on the power plant and the
fluctuations caused by the movement of the water surface, and these loads are very difficult
to predict. In addition, in the case of gravity-type anchors, the gravity-directed load can
be simply predicted by its weight, but for horizontal forces, the friction force between the
anchor and the ground is very difficult to predict, so it is problematic to predict the clear
behavior related to ensuring overall mooring safety.

Figure 2 shows the load transfer mechanism for the floating PV structure. As shown
in Figure 2, the mooring force due to the wind load can be estimated as a result of this
study because all the loads applied to the PV panel are superimposed and transmitted to
the mooring.
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If the structure is placed continuously, the movement of the water surface may cause
excessive bending moment loads on the structural members and destroy them, so it is
competent to design and connect them at a certain length. Buoyancy materials applied to
floating structures include concrete, steel, PE (Polyethylene), EPS (expanded styrofoam),
EPP (expanded polypropylene), FRP (Fiber Reinforced Polymer), etc., depending on the
application of the structure. But in floating solar power, plastic-based materials are mostly
used for environmental, construction, and economic reasons. Buoyancy is the most im-
portant structural parameter to keep the PV plant on the water surface as it transfers the
self-weight and gravitational loads of the plant to the water.

Therefore, long-term durability against buoyancy is a primary design concern, so not
only short-term structural safety due to impact loads but also long-term durability against
UV (ultraviolet) must be secured, and in terms of maintenance, it must be easy to repair
and replace.

Mooring is a facility that fixes the displacement of the floating solar power plant, and
while buoyant bodies resist gravitational loads, mooring must effectively resist rotational
and horizontal loads. Considering the weather conditions in Korea, the water surface
conditions also show excessive water level differences as the dry season and flood season
are extreme.

Especially in the case of dams, the maximum water level difference can be more than
100 m, so the water level difference must be reflected in the design. When the water level
drops, the power plant is likely to drift as the mooring line slackens, and when the water
level rises, the mooring line pulls the power plant, causing the power plant to be submerged
or destroyed. In addition, fixing the rotational displacement is also an important design
factor for economic reasons, as the power generation is better when the solar module
faces south.

In a conventional solar power plant, the structural facility transfers the load to the
ground, and in a floating solar power plant, mooring plays a similar role to the foundation.
The mooring system of floating PV power plants is divided into mooring lines and anchors,
and mooring lines are mainly made of plastic materials, wire ropes, chains, etc. These ropes
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and other structural materials are only tension members, which can effectively resist tensile
forces under applied loads but cannot resist compressive forces. Therefore, all loads acting
on the anchor from the floating solar power plant are tensile forces acting in the opposite
direction and horizontally to the direction of gravity.

3. Proposed Modeling Strategy
3.1. Analysis and Design of PV Power Plants

In designing the foundation of a PV power plant, it is necessary to consider the
structural behavior of the power plant and the effects of the loads applied to it. In this
paper, we investigated the design and load derivation methods for PV power plants through
relevant design criteria and the existing research literature. In addition, the load effects
required for the design of the foundation of the PV power plant were predicted.

The structural design of floating solar power plants in Korea is derived through the
method proposed by the American Society of Civil Engineers (ASCE) provisions 7–16 and
KDS 41 10 15 [8,9]. In the design of solar PV power plants, wind loads, snow loads, and
live loads are considered and applied to the structural design, and structural safety is not
evaluated independently from these loads but through load combinations for independently
derived loads to consider all possible load effects. The load combinations proposed by
ASCE 7–16 and KDS 41 10 15 are given in Table 1 [8,9].

Table 1. Load combinations.

No. Load Combinations

1 1.4 (D + F)
2 1.2 (D + F + T) + 1.6 L + 0.5 (Lr, S, R)
3 1.2 D + 1.6 (Lr, S, R) + (1.0 L, 0.65 W)
4 1.2 D + 1.3 W + 1.0 L + 0.5 (Lr, S, R)
5 0.2 D + 1.0 E + 1.0 L + 0.2 S
6 0.9 D + 1.3 W
7 0.9 D + 1.0 E

where D: fixed load; E: seismic load; F: fluid load; L: live load; Lr: roof live load; R: rainfall load; S: snow load; T:
thermal load; and W: wind load.

The seismic, rainfall, and temperature loads are not considered in the design of PV
power plants as lightweight structures, and the load effects of static, live, snow, wind, and
fluid pressure are considered. In addition, fluid pressure is considered for floating PV
power plants and not for ground PV power plants. Fluid loads in floating PV are mostly
predicted by flow analysis, and there is no simple way to evaluate these loads. As the range
of variables for the size of the plant, wave conditions, etc., is very large, it is not included in
the scope of this research.

3.2. Evaluating Load Distribution

PV power plant consists of PV modules, a structure to support the PV modules, and
a foundation to transfer the load to the ground. The structure is a plate structure, which
has a relatively simple configuration to support the PV modules. In addition, the load is
dominated by the wind load on the PV modules, so the structural design is determined by
the wind load [10].

As shown in Figure 3, most PV structures use independent foundations, so the wind
load distribution varies depending on the location of the power plant, so the results of this
study can be used.

As a solar power plant is an area-intensive industry, the maximum amounts of solar
modules are installed on a limited site with only enough spacing to prevent shading of the
solar modules based on the winter solstice. Therefore, structures are installed according to
the array direction of the solar modules, and each structure has an independent foundation.
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The PV structure is a lightweight structure that meets the basic conditions of installing
PV modules, and the structural calculation is very simple when deriving the load on the site
area where it is installed. The loads applied to the design of PV structures were described
earlier. In the structural design of the PV structure, the wind load is assumed to be applied
in the horizontal direction, and the basic assumption is that it is calculated by considering
the projected area of the structure [11,12].

So far, the load resistance performance of the PV power generation structures has been
evaluated by reloading the wind load on the horizontal projected area for each structure
installed independently according to the PV module array, as shown in Figure 3.

In structural design, the safety of the structure can be evaluated when the horizontal
load is applied, but it is difficult to expect an accurate evaluation of the load transmitted to
the ground. In other words, since the forward direction of the PV module is facing south, it
is predicted that a large difference in the direction of the load transmitted to the ground
will occur when the wind load is applied from the forward and backward directions of
the PV module, respectively, and a large difference in the load transmitted to the power
plant will occur depending on what flow characteristics the wind with fluid characteristics
exhibits when passing through the PV module array as a whirlpool.

In addition, arbitrarily applying the wind load derived from the horizontal projection
area without adding it is very inefficient in terms of structure, and it is difficult to expect
positive economic effects. Therefore, considering that the wind load characteristics of the
entire PV power plant will cause differences in load effects and considering this effect will
lead to an economical design, in this service, flow analysis was performed to evaluate the
wind load characteristics of the PV power plant, and the load characteristics transmitted
to the ground were analyzed through the analysis results. By considering the load char-
acteristics transmitted to the ground, it is intended to be utilized as a design basis for the
foundation method.

4. Modeling Description
4.1. Design Variables for Wind Load Distribution for CFD Analysis

PV power plants transmit external loads based on independent foundations. The
design standards suggest that only the horizontal projected area should be considered, but
for the optimal design of the structural system, it is necessary to examine the wind load
impact due to the geometry of the PV power plant, so the wind load impact on the PV
modules was examined through flow analysis [13–17].

The wind load evaluation of solar panels was performed by a previous researcher.
As a result, it was confirmed that the CFD analysis and the experimental results were
consistent [18]. The wind tunnel test results showed that the average pressure coefficient
and CFD simulation and experimental results were similar.

The PV power generation is most efficient when sunlight is incident perpendicular
to the PV module. Considering the angle of incidence of sunlight, it is best to install
PV modules at an angle of about 30, as addressed in Figure 4 [14]. However, the power
production efficiency of solar modules has recently increased, and the power generation
efficiency is not significantly different depending on the installation angle. When installing
a PV power structure on the water, it is affected by various water levels and has the same
effect when installed at 10 to 15 degrees [19,20]. Therefore, solar power plants installed
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in saltwater reclamation areas, which are being developed on a large scale, are mostly
designed with a solar module angle of about 10 to 15 for economic reasons.
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Considering the characteristics of PV power plants developed and constructed on a
large scale in recent years, the installation angle of PV modules was assumed to be 12◦ in the
flow analysis. In addition, since the wind load, which is the dominant load in the structural
design of PV power plants, varies in each region, the design wind speed was divided into
30, 45, and 70 m/s to consider various regional characteristics, and the wind was divided
into forward and backward directions relative to the PV module in consideration of the
inclination angle of the PV module. These load design parameters are shown in Table 2.
Two wind directions were considered forward (β = 0◦) and backward (β = 180◦), as shown
in Figure 5.

Table 2. Design parameters to determine wind load.

Direction Installed Angle (Deg.) Wind Speed (m/s) Etc.

Forward

12

36.16 Basic wind speed 32 m/s
51.74 Basic wind speed 45 m/s
70.00 Recorded maximum

Backward
36.16 Basic wind speed 32 m/s
51.74 Basic wind speed 45 m/s
70.00 Recorded maximum
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4.2. Model Evaluation Strategy

The numerical analysis was performed by CFD analysis using ABAQUS [21]. The
analysis model used a hexahedron-shaped trimmed mesh and consisted of a total of
81,758,581 grids. As the boundary condition, the velocity of the fluid was entered as the
velocity condition in the air inlet. In the other air outlet, fluid flow was applied without
back pressure under the pressure outlet condition. The pressure applied to the PV panel
was extracted under the assumption that the airflow remains steady without considering
the change over time as a steady state.

For the CFD analysis, it was assumed that about 189 solar modules would be installed,
considering the efficiency of the analysis program. The CFD analysis was performed for
the forward and backward directions of the PV module with the largest wind pressure
area. The structural shape was first modeled considering the dimensions of the PV module,
and the CFD model was constructed after setting the analysis conditions, including wind
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speeds. The analysis was divided into wind direction from the forward and backward of
the PV modules.

Unlike the structural analysis, the number of finite elements in the analysis model
is very large because the flow analysis must separately model the flow area where the
fluid flow is induced in addition to the structural analysis model of the target structure.
Therefore, considering the limitations of the program and the efficiency of the analysis, the
flow analysis was performed on a power plant with 189 PV modules to evaluate the flow
behavior caused by wind, as shown in Figure 6. The installation angle of the solar modules
is assumed to be 12◦, and the solar modules are 450 W modules from Company H, which
are currently widely used in South Korea.
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Figure 6. Exemplary PV power plant.

Considering the dimensions of these modules and the altitude of the sun, the spacing
between the PV module arrays was calculated as the following Equation (1), and the
spacing in the direction of the solar module arrays was assumed to be about 30 mm apart,
considering the dimensions of the clamps to fix the modules in Figure 7.

d = l ×
[

sin α cos β + cos α sin β

sin(β)

]
, (1)

where d is the allowable separation between the arrays (mm), l is the length of the longer
side of the photovoltaic module (mm), α is the installation angle of the photovoltaic module,
and β is the solar azimuth angle.
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Figure 8 shows a schematic illustration of the structural geometry of the solar power plant,
and the flow-influenced boundary induced by the fluid flow around the plant is modeled.
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Figure 8. Fluid analysis model. (a) Layout of floating PV power plant; (b) fluid boundary.

In Figure 9, the most dominant load on the PV power plant is the wind load, and
since the structural form is very simple, the wind load on the power plant is transferred to
the foundation, so the bottom of the PV module is assumed to be an arbitrary boundary
condition. In general, the load transmitted to the foundation is derived through the reaction
force of the boundary condition through structural analysis, but in flow analysis, the
pressure applied to the solar module is directly derived by the behavior of the fluid, so an
arbitrary boundary condition is assumed at the bottom of the solar module.
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From these conditions, the load transmitted to the foundation was predicted by
considering the fluid characteristics of the wind load on the PV power plant.

Figure 10 shows that the fluid flow was generated by dividing the flow field area into
inlet and outlet, and the boundary of the side wall was given a resistance-free condition.
For the inlet velocity, the boundary condition was the wind load under the normal speed.
At the CFD analysis outlet pressure, an atmospheric pressure condition of 0 Pa was applied
as the average static pressure condition.

Since the objective of the analysis is the wind load on the power plant, the wind
pressure at each PV module array was applied. In order to evaluate the characteristics of
the wind flow over the PV module array and the behavior at the end of the array, the wind
pressure data can be extracted from the center and end of the PV module array.
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5. Results and Analysis
5.1. CFD Results

The results of the CFD analysis to evaluate the load distribution characteristics of the PV
power plant according to the wind behavior for each direction are shown in Figures 11 and 12,
and the velocity vectors for each direction are shown in Figures 13 and 14.
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As shown in Figure 11, as a result of forward direction analysis, it was confirmed that
the one-array PV panel surface pressure increased as the inlet speed increased. As the wind
quickly overflowed along the front of the solar module, a vortex was generated at the back
of the first row, changing the angle of the wind incident on the solar module and causing
the greatest wind pressure in the second row. In Figure 12, it is confirmed that the 10-array
panel at the end generates a wind load that is about 52% lower than the wind load of the
10-array middle panel.

From the wind speed distributions and vectors in Figures 11 and 12, it can be seen
that the flow field region has dimensions about 15 times larger than the structural model,
and judging from the wind load distribution, the wall boundary condition in the flow field
region has a very small effect on the fluid behavior characteristics near the structural model.

As shown in Figures 13 and 14, the wind from the forward and backward directions of
the PV modules tends to decrease rapidly after the first row of PV module arrays is swept
over. This means that the wind load on the PV modules decreases rapidly after the first row
of PV modules is flown, which is characteristic of a fluid flowing over a certain obstacle.

It was confirmed that a wind load difference of up to 26% occurred between the wind
load acting in the rear direction and the wind load acting in the front direction, depending
on the wind direction.

The wind pressure along the array to check the pressure change at the center and end
of the PV modules is presented in Table 3. The horizontal axis is the array of PV modules
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facing south, the vertical axis is the wind pressure generated on the PV modules, and the
red and blue colors represent the wind pressure generated on the PV modules located at
the end and center of the array.

Table 3. Wind pressure distribution on PV modules.

Wind Speed (m/s) Wind Pressure (Pa)
Forward (β = 0◦) Backward (β = 180◦)

36.2
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zontal) 
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Center 0.0406 0.0851 0.0970 0.1328 0.1353 0.1179 0.1750 0.1404 0.1628 0.6864 
Edge −0.0172 0.0303 0.0356 0.0524 0.0567 0.0412 0.0458 −0.0299 −0.0772 0.2378

Back-
ward 

(Vertical) 

36.2 
Center 0.0512 0.1116 0.1289 0.1745 0.1768 0.1570 0.2316 0.1918 0.2091 0.8365 
Edge −0.0218 0.0411 0.0503 0.0715 0.0784 0.0607 0.0646 −0.0274 −0.0817 0.2973

51.7 
Center 0.1055 0.2219 0.2517 0.3443 0.3524 0.3104 0.4594 0.3765 0.4149 1.7315 
Edge −0.0421 0.0787 0.0929 0.1358 0.1509 0.1140 0.1297 −0.0664 −0.1833 0.6017

70.0 
Center 0.1908 0.4003 0.4567 0.6247 0.6367 0.5546 0.8235 0.6604 0.7658 3.2292 
Edge −0.0810 0.1427 0.1676 0.2463 0.2669 0.1936 0.2157 −0.1409 −0.3633 1.1187 

The pressure in Table 3 is summarized into horizontal and vertical partitioning forces 
considering the area and installation angle of the solar module in Table 4. Forward means 
the direction of wind incident on the forward direction of the PV module, the “−” sign for 
the horizontal direction (x-axis) is opposite to the direction of the wind, and the vertical 
direction (y-axis) is opposite to the direction of gravity. Also, the backward means the 
direction of wind incident on the back of the PV module, and the “−” sign for the vertical 
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The pressure in Table 3 is summarized into horizontal and vertical partitioning forces 
considering the area and installation angle of the solar module in Table 4. Forward means 
the direction of wind incident on the forward direction of the PV module, the “−” sign for 
the horizontal direction (x-axis) is opposite to the direction of the wind, and the vertical 
direction (y-axis) is opposite to the direction of gravity. Also, the backward means the 
direction of wind incident on the back of the PV module, and the “−” sign for the vertical 

When the wind is incident in the forward direction of the PV module, regardless of
the wind speed, the pressure load on the PV module is the largest in the second row and
decreases sharply from the third array, then increases gradually after passing through
a certain array, and then decreases. In Choi et al.’s study, the drag and lift coefficients
gradually decreased as the wind passed along the array [6].

Table 3 shows the difference in wind pressure on the array when the wind is incident
from the forward and backward directions. In the case of the forward direction, it is
predicted that the largest wind pressure force is generated in the second column as the
wind is rapidly turbulent along the forward direction of the PV modules, and the angle of
the wind incident on the PV modules is changed by generating vortices at the back of the
first column, and the wind pressure force generated in the third column is rapidly reduced
as the speed of the wind turbulent along the face of the PV modules Is reduced in the
second column.

When the wind is incident from the backward direction, it is evaluated that the wind
cannot naturally flow around the PV modules due to the geometry of the PV module
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installation, and the largest wind pressure is generated because the first row resists most
of the wind. In addition, it is predicted that a larger wind pressure force is applied to the
PV modules installed in the center than the PV modules installed at the ends due to the
interference effect of the wind flowing in the outer peripheral area.

5.2. Evaluation of Wind Load Distribution

As a result of the flow analysis, in order to evaluate the load transmitted to the
foundation by the wind load, the pressure shown in Table 3 was summarized as horizontal
and vertical components in consideration of the area and installation angle of the PV
module and shown in Table 4.

Table 4. Wind load on PV modules.

Description Wind Load (kN)

Wind
Wind
Speed
(m/s)

Location 1
Array

2
Arrays

3
Arrays

4
Arrays

5
Arrays

6
Arrays

7
Arrays

8
Arrays

9
Arrays

10
Arrays

Forward
(Horizontal)

36.2
Center 0.0498 0.0572 −0.0069 0.0009 0.0135 0.0119 0.0072 0.0038 −0.0001 −0.0064
Edge 0.0259 0.0306 0.0014 −0.0031 −0.0028 −0.0066 −0.0136 −0.0151 −0.0173 −0.0210

51.7
Center 0.1006 0.1227 −0.0125 −0.0176 0.0068 0.0253 0.0178 0.0117 0.0021 −0.0105
Edge 0.0528 0.0648 −0.0001 −0.0241 −0.0276 −0.0256 −0.0341 −0.0314 −0.0313 −0.0394

70.0
Center 0.1829 0.2198 −0.0229 −0.0510 −0.0101 0.0294 0.0230 0.0207 −0.0014 −0.0224
Edge 0.0948 0.1043 −0.0046 −0.0343 −0.0523 −0.0525 −0.0684 −0.0612 −0.0599 −0.0756

Forward
(Vertical)

36.2
Center 0.2345 0.2692 −0.0326 0.0041 0.0634 0.0558 0.0337 0.0177 −0.0003 −0.0300
Edge 0.1218 0.1438 0.0066 −0.0146 −0.0134 −0.0310 −0.0638 −0.0712 −0.0815 −0.0988

51.7
Center 0.4734 0.5774 −0.0589 −0.0830 0.0321 0.1193 0.0839 0.0551 0.0097 −0.0496
Edge 0.2485 0.3050 −0.0005 −0.1134 −0.1300 −0.1206 −0.1602 −0.1476 −0.1473 −0.1853

70.0
Center 0.8605 1.0339 −0.1076 −0.2398 −0.0476 0.1381 0.1081 0.0973 −0.0068 −0.1055
Edge 0.4461 0.4909 −0.0217 −0.1616 −0.2459 −0.2470 −0.3219 −0.2878 −0.2820 −0.3557

Backward
(Horizontal)

36.2
Center 0.0109 0.0237 0.0274 0.0371 0.0376 0.0334 0.0492 0.0408 0.0445 0.1778
Edge −0.0046 0.0087 0.0107 0.0152 0.0167 0.0129 0.0137 −0.0058 −0.0174 0.0632

51.7
Center 0.0224 0.0472 0.0535 0.0732 0.0749 0.0660 0.0976 0.0800 0.0882 0.3680
Edge −0.0089 0.0167 0.0198 0.0289 0.0321 0.0242 0.0276 −0.0141 −0.0390 0.1279

70.0
Center 0.0406 0.0851 0.0970 0.1328 0.1353 0.1179 0.1750 0.1404 0.1628 0.6864
Edge −0.0172 0.0303 0.0356 0.0524 0.0567 0.0412 0.0458 −0.0299 −0.0772 0.2378

Backward
(Vertical)

36.2
Center 0.0512 0.1116 0.1289 0.1745 0.1768 0.1570 0.2316 0.1918 0.2091 0.8365
Edge −0.0218 0.0411 0.0503 0.0715 0.0784 0.0607 0.0646 −0.0274 −0.0817 0.2973

51.7
Center 0.1055 0.2219 0.2517 0.3443 0.3524 0.3104 0.4594 0.3765 0.4149 1.7315
Edge −0.0421 0.0787 0.0929 0.1358 0.1509 0.1140 0.1297 −0.0664 −0.1833 0.6017

70.0
Center 0.1908 0.4003 0.4567 0.6247 0.6367 0.5546 0.8235 0.6604 0.7658 3.2292
Edge −0.0810 0.1427 0.1676 0.2463 0.2669 0.1936 0.2157 −0.1409 −0.3633 1.1187

The pressure in Table 3 is summarized into horizontal and vertical partitioning forces
considering the area and installation angle of the solar module in Table 4. Forward means
the direction of wind incident on the forward direction of the PV module, the “−” sign for
the horizontal direction (x-axis) is opposite to the direction of the wind, and the vertical
direction (y-axis) is opposite to the direction of gravity. Also, the backward means the
direction of wind incident on the back of the PV module, and the “−” sign for the vertical
direction is opposite to the direction of gravity. The loads in each direction shown in
Tables 5 and 6 are graphically represented according to the array.

Table 4 shows a significant difference in the loads on the PV modules depending on
the direction of wind incidence. It can be seen that the largest loads occur in the first and
second rows of the PV module array when the wind enters from the forward direction,
and then the load decreases rapidly. In addition, when the wind is incident from the
backward direction, the first row is evaluated to have the largest load, and then the load
decreases rapidly.

The vertical load distribution was evaluated similarly to the horizontal load distribu-
tion, and the wind loads on each column are shown in Table 6. It can be seen that when the
wind is blowing from the forward direction, relatively large loads are generated in the first
and second rows of the array, and the load decreases rapidly from the third row. When the
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wind is blowing from the backward direction, the largest load is generated in the first row,
and the load decreases rapidly from the second row. In addition, larger loads are generated
in the center of the module array than at the end of the module array, and this phenomenon
can be attributed to the fluid behavior characteristics caused by interference at the end of
the module array, as described earlier.

Table 5. Horizontal load on PV modules.

Wind Speed (m/s) Horizontal Load (kN)
Forward (β = 0◦) Backward (β = 180◦)

36.2

51.7

70.0

Table 6. Vertical load on PV modules.

Wind Speed (m/s) Vertical Load (kN)
Forward (β = 0◦) Backward (β = 180◦)

36.2
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Table 6. Cont.

Wind Speed (m/s) Vertical Load (kN)
Forward (β = 0◦) Backward (β = 180◦)

51.7

70.0

5.3. Determination of Wind Load Distribution

The load on the PV module obtained from Tables 5 and 6 can be used as a structural
design variable for the PV power plant, and although there are differences depending on
the type of structure, the generated load on the PV module is transferred to the foundation,
so it can be used for foundation design.

The wind loads to be applied to the PV power plant from the flow analysis results are
summarized in Tables 7 and 8. As shown in Figure 15, the number of columns is expressed
based on the direction of the wind, and the first column in the forward direction means
the last column in the backward direction, and vice versa; the first column in the reverse
direction means the last column in the forward direction. A1-A10 is the array order.
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Table 7. Design wind loads on PV modules (forward, β = 0◦).

Wind Speed (m/s) Wind Load (kN)
Array 1 (A1) and Array 2 (A2) From Array 3 (A3)~End

Horizontal direction
36.2 0.0572 0.0135
51.7 0.1227 0.0253
70.0 0.2198 0.0294

Vertical direction
36.2 0.2692 0.0634
51.7 0.5774 0.119
70.0 1.0339 0.1381

Table 8. Design wind loads on PV modules (backward, β = 180◦).

Wind Speed (m/s) Wind Load (kN)
Array 1 (A1) From Array 2 (A2)~End

Horizontal direction
36.2 0.1778 0.0492
51.7 0.3680 0.0976
70.0 0.6864 0.1750

Vertical direction
36.2 0.8365 0.2316
51.7 1.7315 0.4595
70.0 3.2292 0.8235

In the forward wind direction, the largest load value from A1 and A2 was applied
to the first and second arrays. From the third array, the largest wind load generated from
A3 to A10 was applied to the remaining arrays.

In addition, for the backward direction, the largest load occurs in A1, and the load
increases rapidly from A2, so the maximum value is applied to A1, as shown in Table 7,
and the largest value is applied to the wind load in A2 through A10 after A2.

Considering the different fluid behavior of the wind depending on the direction of the
wind load and the characteristics of the wind load on each module, the wind load on the
PV power plant is shown in Figure 16. Figure 16 confirms the maximum value according to
the location of the PV power plant regardless of the size and direction of the wind load for
the convenience of design. The wind load is divided into the first, second, last, and inner
arrays based on the face view, and as a result of comparing the wind load generated at the
center and end of the array, a larger wind load is generated at the center, so the wind load
is derived as the load generated at the center for safety design. The numerical analysis
results show the maximum value. Figure 16a shows the maximum load on Arrays 1 and 2
in the case of southern wind. The largest value in the last array is the northern wind.
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6. Conclusions

The load on the PV module can be utilized as a structural design variable for the PV
power plant, and although there are differences depending on the type of structure, the
load distribution caused by the wind load in the floating PV system was assessed using
possible parametric studies with design parameters including wind speed, wind direction,
and installation angle of PV modules. The following conclusion was driven.

Owing to wind load and flow velocity affecting the PV power plants, the load should
be checked for the entire PV power plant. Wind load is evaluated as relatively low because
only the projected area in the horizontal direction is considered in the design standard.
Therefore, the wind load applied to all arrays of the PV power plant was evaluated through
the CFD analysis. The maximum velocity for the outlet of the PV plant was confirmed
through the cross-sectional velocity distribution of the flow area. In addition, the average
pressure distribution for each array at the middle and end of the PV module due to wind
was confirmed. To evaluate the effect of wind load, the pressure was checked based on the
floating PV module.

As a result of the CFD analysis, the largest wind load is applied to the first and
second arrays for the wind in the forward direction of the solar module, the largest load is
generated in the first array for the backward direction, and the load is rapidly generated
from the second array. After comparing the wind loads at the center and the ends of the
array, the wind load is larger at the center, so the wind load is derived as the load at the
center for safety.

The wind pressure generated in the PV module was greater than the wind speed
generated from the rear when the wind speed was generated from the front. In addition,
the wind pressure generated a large pressure only in the first PV panel and decreased
toward the backward direction because the flow was stable.

Therefore, it is judged that the floating PV power plant is structurally more vulnerable
to the wind acting from the backward direction.

In the future, we plan to install a solar power generation structure at an actual site and
confirm the behavior of the PV module against wind pressure through field tests.
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