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ABSTRACT The escalating demand for environmentally sustainable energy sources in response to climate
change necessitates the expansion of renewable power generation, particularly in the field of photovoltaic
(PV) technology. Continuous advancements in PV power generation have substantially reduced production
costs and chronic initial defects in PV modules. Effective PV power generation requires meticulous
consideration of the installation structures and site selection processes. However, the identification of suitable
power-generation locations often encounters challenges associated with civil complaints and environmental
impediments. Floating Photovoltaic (FPV) systems positioned on water bodies have emerged as a promising
solution for mitigating the environmental concerns associated with ground-based installations. This study
endeavors to scrutinizes the reliability of PVmodules within water-based FPV systems by leveraging climate
data for analysis. Module deformation is forecasted through material simulations, and the output values
are estimated. An empirical pressurization experiment validates the actual alterations in the output values
during a defect, thereby explaining the potential defect types. Considering the escalating investments in FPV
power generation facilities, this study anticipates and assesses the potential defects and problems arising
from natural disasters. The objective is to provide a robust predictive model for FPV power generation,
encompassing dynamic simulations based on material properties and the outcomes of mechanical design of
experiments on PVmodules. The proposedmethodology aims to provide scholarly insights into the judicious
selection of FPV installation structures and optimal sites in placid water conditions and in circumstances
characterized by strong winds and high oceanic waves. The proactive analytical framework enhances the
decision-making processes concerning the installation and operation of FPV systems.

INDEX TERMS Floating PV, photovoltaic, PV simulation, PV degradation, PV fault detection.

I. INTRODUCTION
Climate change is driving the growth of renewable energy,
including photovoltaic (PV) energy generation. PV is the
most actively developed renewable energy sources, and
the associated production costs are continuously decreasing
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owing to continuous technological developments [1], [2].
The inherent initial defects in the PV modules have also
been greatly reduced. A PV power system requires the
installation of a structure and selection of the corresponding
area [3]. In the process of selecting a power generation site,
many problems continue to occur because of complaints and
environmental obstacles. To compensate for this, PV power
generation infrastructure can be developed on water bodies,
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which allows for more independent development from the
crucial environmental problems that occur on land [4], [5].

The PV research is being conducted on both electrical and
mechanical reliabilities, encompassing components such as
PV panels, cables, and inverters. Particularly, issues related
to system problems including overheating, malfunctions, and
short circuits, as well as the stability of components, are
actively being researched. Research is also being added on the
stability of efficiency and power generation of PV to enable
long-term stable power generation.With the increasing instal-
lation of floating PV systems, related research and data are
gathered. FPV requires durability against environments such
as seawater, wind, waves, and salinity compared to ground-
mounted PVs. As FPV need to be installed on water, ensuring
their location and structural stability is crucial. Researchmust
explore various scenarios and forms of defects that may occur
in maritime environments. Long term reliability assessments
and technological developments tailored tomaritime environ-
ments should be counted. This paper presents expectations
regarding the durability of FPVs inmarine environments. The
defects were predicted based on climate data from specific
locations in maritime environments. Based on experimental
results, this paper demonstrates predictions of faults through
simulation of FPV system under environmental conditions.

The FPV research have been conducted on the cost effec-
tiveness of systems utilizing the geographical advantages.
Compared to ground-mounted PV systems, FPV offers bene-
fits such as higher efficiency, reduced water evaporation, and
decreased CO2 greenhouse gas emissions. As a result, FPV
generation systems are being expanded in many countries.
Due to positioning of the system on water, it offers advan-
tages such as lowering module operating temperatures and
increasing energy conversion efficiency compared to ground-
mounted PV systems. Various simulations and theoretical
studies have been conducted on this regard. FPV exhibits
a high cooling effect due to water compared to ground PV.
According to recent studies, FPV conversion efficiency has
increased by 26.1%, resulting in an average generation yield
increase of 5-6%. Particularly in arid and semiarid regions
where water scarcity is a serious issue, using FPVmodules to
reduce water evaporation has been proposed through numer-
ous studies. Research has shown that covering only 30% of
the water surface with FPV systems can reduce evaporation
by 49%, while 40% of water in open reservoirs is lost to
evaporation. The number of FPV power plants is therefore,
expected to increase continuously. Based on the advantages
of FPV, this paper will examine factors related to the climatic
conditions for FPV installation.

FPV systems offer advantages such as surface installation
limitations and cooling effects [6]. Owing to their enormous
potential, FPV systems can avoid conflicts with other indus-
tries and generate more power than ground-mounted PV
system, thereby, playing a pivotal role in the generation and
supply of clean energy [7]. In FPV systems, the reliability of
PV modules, which is the most important factor, is analyzed
using climate data and predicted by simulating the module

and deformation through the corresponding material simula-
tion [8]. The actual change in the output value and type of
defect were confirmed through an actual pressure test when
the defect occurred [9].
This study proposes direct FPV power generation pre-

diction through the pre-prediction of defects and problems
caused by natural disasters owing to the increase in FPV
power facilities and power generation [10]. Based on the
results from the mechanical design of experiments (DOE) for
each material property and PVmodule, a dynamic simulation
conducted for the FPV module. The mechanical reliability of
FPV modules will guide the selection of installation struc-
tures, and alternative for FPV installation and selection will
be presented based on output prediction [11].

II. METHODS AND DATA ACQUISITION
The proposed method entails the following steps:

1.Collect climate data such as wind speed, wave height,
and PV radiation.

2.Mechanical experiment and DOE using the collected
climate data.

3.Simulate the deformation of PV modules for predicting
fault detection.

4.Predict the output of PVmodules using the analysis data.
Predictions are made regarding the location to be consid-

ered and the expected strength and reliability of the structures
when installing them by analyzing the factors that can cause
the deformation of objects in the natural environment. Forces
related to natural environmental factors are summarized in
Table 1, in which the impacts of wind speed, atmospheric
pressure, and wave height on structures owing to direct wind
forces were analyzed [12], [13].
Collecting climate data, such as temperature, water tem-

perature, humidity, and pressure were measured 8 times a
day, and the data were represented as averages of the data
collected at regular intervals. In cases where measurements
were not taken for any of the 8 measurements, the average of
the data confirmed at 4 regular intervals was used. If datawere
measured less than once or up to 4 times, the missing data
were replaced with the average of the data measured at the
regular intervals excluding the unmeasured data. Addition-
ally, for maximum/minimum values, the first observed value
was initially adopted, and subsequently, the highest value
among the data measured at regular intervals was substituted.
When measurements were not taken at the time required for
daily calculations or if values that did not meet the criteria
for daily statistics were obtained, they were treated as ‘‘Data
N/A.’’ Wave data were calculated by analyzing 1024 spectra
data sampled at 1-second intervals for water level measure-
ments. Similarly, data for wind direction andwind speedwere
sampled using the same method and compared to process the
maximum wind direction and speed.

The wind is generally generated by the movement of air,
with temperature differences, pressure variances, and vari-
ations in terrain being primary causes. The temperature is
a critical factor determining air density and warm air has
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lower density than cold air. When there is a temperature
gradient between different regions, air moves due to density
differences, resulting in wind formation. The sea breezes
between coasts and inland areas occur as warm air rises from
the land to the sea during the day, while cold air flows from
the sea to the land at night, leading to wind formation. The
pressure differences in the air also contribute to the formation
of wind, as air tends to move from high pressure areas to low
pressure one, resulting in wind caused by these pressure dif-
ferentials. Terrain influences wind formation, altering wind
direction and intensity by modifying airflow paths. The wind
speed is usually measured in meters per second (m/s) and is
determined by wind velocity and the area of air. Air pressure
is generated by the weight of air, influenced by air mass,
gravity, and temperature. Air is attracted close to the surfaces
both land and floating conditions due to gravity, resulting in
higher pressure near the surface.

The pressure decreases with altitude as air becomes less
dense. Although pressure varies across locations, average
sea-level pressure is approximately 1013 hPa (1 millibar).
The pressure changes significantly impact weather, with high
pressure bringing clear skies and low pressure indicating
cloudy and rainy conditions. on the floating surface.

The wave height denotes the height of waves generated in
the ocean and is mainly determined by factors such as wave
size, coastal shape, coastal topography, seabed features, wind
speed, wind direction, and wave size. It is typically defined
as the vertical distance between the crest and trough of a
wave measured from the water surface. The wave height is
a measure of the height waves rise above the mean wave
level and is affected by factors such as wind strength, dura-
tion, seabed topography, tides, currents, and seismic activity.
Stronger winds, deeper waters, and shoals can result in higher
wave heights. To convert wave height into force, one needs
to know its height and period, which exert direct pressure on
floating bodies equippedwith FPVmodules. The wave height
is the distance between the wave’s crest and trough.

TABLE 1. Environmental observation data to force.

An analysis of maritime conditions for the installation of
offshore PV modules was conducted, utilizing observational
data from a weather station in Buan, South Korea. The data,
collected from 2020 to 2022, was used to analyze factors
that may influence marine structures in the environment.

FIGURE 1. Wind speed at Buan, Korea: (a) daily averaged;
(b) instantaneous.

Buan is located near the Saemangeum area and is a suitable
location for planning a large-scale PV power plant, making
it convenient for the analysis of offshore PV energy and
enabling predictions based on the results in this location in
the future [14].

The ocean environment data wasmeasured using the obser-
vation equipment, Discus 3M buoy. The buoy used in this
paper was installed at latitude N 35◦ 39′ 09′′, longitude E
126◦ 11′ 39′′, and measurements were taken for nine ele-
ments including temperature, wave height, wave period, wave
direction, and water level. The offshore buoy was installed
in a buoyant area at a depth of 25m, with the wave sensor
at a depth of ∼0.1m, temperature/humidity sensor at 3m,
barometer at 0.2m, and wind direction/speed sensor at 3m
for data measurement. The daily weather data were measured
eight times, excluding data with four ormoremissing records,
and data were processed into daily averages with five or more
measurement data.

According to the observational data shown in Fig.1, the
average wind speed was confirmed to be 5.34 m/s, with the
most severe wind recorded at a daily average of 14.1 m/s.
The highest wind speed recorded were 21.8 m/s. The average
atmospheric pressure is 1017.0 hPa, and the highest recorded
value for atmospheric pressure is 1039.4 hPa as per time-
recorded values.
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FIGURE 2. Other environmental data at Buan, Korea: (a) daily averaged
maximum wave height; (b) instantaneous maximum wave height;
(c) daily averaged temperature; (d) daily averaged humidity.

According to the observational data in Fig.2, the average
wave height is 2.32 m, with the highest recorded value for

FIGURE 3. Dynamic mechanic loading tester.

wave height being 10.1 m as per time-recorded values. The
average temperature is 13.4 ◦C, and the average humidity is
confirmed to be 75%.

The natural environments are listed in Table 1. It sum-
marizes the data for the average conditions and the worst
conditions at their maximum values. The numerical values
of the forces exerted on the structures were calculated by
converting the naturally occurring conditions of wind, atmo-
spheric pressure, and wave height into organized forces.

To convert the environmental data into numerical values,
a consistent structural area of 1 m2 is used, and the data
was transformed accordingly. The values influenced by the
wave height were transformed into vertical direction values
using sine function. Through this process, the data of the envi-
ronmental conditions was calculated, resulting in an average
force of 5,854 and a maximum force of 25,671.

Through the analysis of data confirmed by offshore
observations, factors suitable for simulation and practical
experimentation were reviewed, allowing for predictions and
analyses of the presumed environment in this paper. It was
noted that there were aspects unchanged that could serve
as a basis for actual simulations and experiments regarding
environmental variables not considered in the experiments of
this paper.While it is not expected that unconsidered environ-
mental variables will drastically alter the overall experimental
results concerning the marine environment, efforts could be
made to incorporate such variables for continuous improve-
ment in the future.

III. MECHANICAL STRESS EVALUATION
Experiments conducted on structures to evaluate the potential
pressure exerted on modules in natural environments in Fig 3.
The results of these structural experiments were validated
through simulations. Experimental evaluations using pressure
pads were conducted to apply direct stress and pressure to
the PV modules [15], [16]. The experiments were conducted
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FIGURE 4. Deformation of dynamic mechanic loading test.

using a dynamic mechanical load tester as shown in Fig. 3,
utilizing KING DESIGN’s KDMI01 product [17]. The
dynamic mechanical load tester is designed to regulate air
pressure and test the mechanical load of PV module. The
external dimensions of the equipment are L 360 × D 260 ×

H 185 cm. Loads are transmitted to the vacuum suction cups
through crossbars and columns. Each vacuum suction cup is
equipped with a vacuum level indicator, and each cylinder
can exert a pulling force of up to 45 kg between the suction
cup and the glass. The structure consists of a piston with a
diameter of 150mm and a depth of 120mm, each attached
with 4 suction cups. They are arranged in a 4 × 4 array on
both sides. Direct pressure is applied vertically for dynamic
mechanical load testing. The distance between the suction
cups is set to 100mm within the possible range of 120mm
to 400mm for dynamic mechanical load testing.

The PV module supports are at the top, middle, and bot-
tom positions of the panel. The long side is supported by
three structures, and the supports are fixed at positions of
43/96/139cm. The bending degree in the horizontal direc-
tion relative to the vertical upward direction was measured,
including parameters such as the initial output of the module.
The pressure values confirmed through natural data were set,
and stress was applied at each step accordingly from 2400Pa
to 7800Pa. The load stress was applied to the PV module by
applying over an hour with each pressure pad considering
the entire area of the PV module. Parameters were measured
using a PV simulator (PASAN). The degree of bending at the
top, middle, and bottom positions was measured at this time.
An EL test was conducted on the PV module to confirm the
normality of the PV cells after collecting the measured data.

The deformation of the PV module, confirmed through
the pressurization experiments, was assessed by measuring
the extent of deformation after each experiment, as shown in
Fig.4. This enabled a comparison with the results of existing
simulations. As the pressure increased, deflection occurred
around the center of the module. The module was securely
fixed using sturdy support structures at the top, middle, and
bottom. Increasing the pressure on the suction pads leads to
bending and deflection.

The deformation due to pressure on the PV module is a
crucial aspect. PV module was first placed on the dynamic

mechanical load test equipment to conduct experiment, and
the initial values were then verified. As described in the
experimental process, the supports for the PV module are
positioned at 43/96/139cm. The deflection in the horizontal
direction relative to the vertical uplift from the supports of the
PV module is measured. To conduct mechanical load testing,
the pressure was then applied using suction pads for over an
hour, and the deflection relative to the base supports was mea-
sured after the stress applied to the PVmodule had dissipated.
Accuracy was considered from the initial data. The module
deflection, caused by its own weight, was excluded from the
initial data review based on trend analysis.

Through the experiments, it is possible to confirm the
strength and durability of the PV module. The deforma-
tion from dynamic mechanical loading and each electrical
characteristic is confirmed. The deformation of PV modules
enables the prediction of structural changes occurring in
natural environment. The electrical characteristics enable the
anticipation of output values of PV modules according to
the influence based on experimental results. PV modules are
installed across diverse regions, including FPV modules on
aquatic bodies. FPV modules exposes to a wider range of
natural conditions than ground-mounted PV influencing both
output variations and module selection.

Based on the study result, it is possible to access the
expected durability and output of PV modules and select
PV modules suitable for installation at ocean environments.
Interpretation of the electrical values confirmed through pres-
surization experiments can be performed using the results of
each parameter in Fig.5. The characteristics of the module
based on the pressure can be identified. As the pressure
increased, the rates of decrease of the short circuit current
(ISC) and open circuit voltage (VOC) were barely noticeable.
The output of the module dropped by up to 93% from the
initial voltage at 3600 Pa, with a 14% reduction in the out-
put compared to the previous one at 4800 Pa. At 7,800 Pa,
an output reduction of 67% was observed. The ISC and VOC
were not significantly affected by the applied pressure, but
the fill factor and output of the PV module significantly
decreased, exceeding 33% at 7,800 Pa. This was attributed
to the increase in the serial resistance (RS) owing to the
impact on the PV cells inside the module caused by cracks
and damage, resulting in a decrease.

To analyze experiment, the EL test results measured after
the pressurization experiment were interpreted, as shown in
Fig.6. As the pressurization test progressed, cracks in the PV
cells inside the module, were confirmed through an EL test.
Starting from 6000 Pa in the pressurization, there was a rapid
increase in cracks in the PV cell, resulting in a subsequent
decrease in the output. Cracks originating from the external
pressure on the cell gradually increase, emerging as a major
cause of output degradation.

IV. STRESS SIMULATION
A simulation was conducted to assess the impact of forces
on the PV module under natural environmental conditions.
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FIGURE 5. Data of dynamic mechanic loading tests: (a) I-V curves; (b) P-V curves; (c) series resistances; (d) parallel resistances.

Environmental data values applied, and simulations were
performed at module level including the cells in PV module.
All of material characteristics used in the structure of the
PV module, including glass, EVA, cells, and back-sheets,
were verified to conduct the simulation. The PVmodule used
in the simulation was the SINSUNG E&G SS-DM420DG
with an output of 433 W. The detailed product information
is provided in Fig.7 for the module structure and in Table 2
for the physical parameters.

Simulation results based on material characteristics con-
firmed through dynamic force showed a real measurement
deviation within 5% compared to the simulation results,
demonstrating sufficient validity. Based on these results,
the simulation can serve as a substitute for the experimen-
tal outcomes, facilitating simulations of worst-case weather
scenarios.

TABLE 2. Specification of sinsung E&G module.

To conduct simulations of the PV module, the structure
and characteristics of each material used in the PV module
were analyzed. The material characteristics obtained from
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FIGURE 6. EL images of the dynamic mechanic loading test; (a) 2400Pa;
(b) 3000Pa; (c) 3600Pa; (d) 4200Pa; (e) 4800Pa; (f)5400Pa; (g) 6000Pa;
(h) 6600Pa; (i) 7200Pa; (j) 7800Pa.

TABLE 3. Material property of sinsung E&G module.

this analysis, are summarized in the Table 3. Themodule used
in the simulation was composed of shingled string cells and

FIGURE 7. Module structure image.

PERC technology, with the space between the EVA and cells
filled with EVA. The post curing density of EVA is between
4.8 and 5.0 g/cm3, and the adhesive strength is 20 kgf. Each
material property was based on the data provided by the
manufacturer and simulations were conducted by verifying
the material properties for each manufacturer’s model.

The simulation for the PV module utilized models and
characteristics provided by the manufacturer. However, vari-
ations and factors that could occur during the manufacturing
process of PV modules or during installation were excluded
from the simulation. To create an environment as close as
possible to the evaluation results of the experiments, the
simulation incorporated the PV frame structure, including the
string cell 432 used in the simulation. After analyzing the
compressive load for a single PVmodule, simulations includ-
ing the structure of the FPV 6 × 4 system were conducted.
All simulations assumed that the properties provided by the
manufacturer are accurate, and the error range for simulations
was defined as +/− 5%.

A primary stress simulation of a single PV module was
conducted to assess the degree of deformation based on the
force applied to the module. Interpretation was performed
using the values obtained from the natural data on the pressure
applied to the PVmodule, considering the average values and
deviations below and above the mean.

The material properties of the module were considered in
the simulation. In the simulation, when pressure was applied
to the PV module, a direct and noticeable change in the shape
of the deflection occurred, particularly at the central module,
as shown in Fig.8 and Fig.9. The PV module framed along
its edges, experiences the most stress, primarily originating
from the center of the module. This is confirmed through
simulations.
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FIGURE 8. Simulation result of PV module deformation.

FIGURE 9. Shapes of deflection: (a) 2400Pa; (b) 4800Pa; (c) 7200Pa.

FIGURE 10. Floating PV generation system (6 × 4).

To simulate a PV power plant installed on water, an analy-
sis of the basic module, including the frame structure shown
in Fig.10, was conducted. The simulation of the water-based
PV power plant was configured with a 4-row structure, ver-
tically arranging six PV modules, and individual simulations
were conducted for each frame structure [18].

The frame structure of the floating PV system for the
simulation used an actual FPV power generation system.
The structure has a width of 6.4 meters and a length of
6.7 meters alloy-coated steel, with 12 count PV modules
installed per unit. It is designed in the form of two combined
unit structures. The design and seismic design of the struc-
ture were reviewed based on the Shore Protection Manual
(1984, USACE, Coastal Engineering Research) and BS 6349,

FIGURE 11. Simulation result of deformation of each cell.

1-7 (2000, Euro Code), and simulations and verification of
the structure were conducted.

The simulations examined the varying degrees of defor-
mation induced by the forces applied to each module and
cell. In the simulation, 432 string cells were used and the
deformation of each cell caused by the applied forces was
analyzed. From the simulation results, based on the extent of
deformation of each cell, predictions regarding the structural
changes in the cells according to environmental conditions
can be made, as shown in Fig.11.

The simulation results for the PV power plant installed on
water, as showed in Fig.12, indicate that, consistent with pre-
vious experiments, an increase in pressure led to deformation
at both the module and individual cell levels. An analysis of
the results, including various structures, also indicated that
the deformation of each cell increased with applied pressure.

The composition of materials of PV modules are crucial
factors in both the experiments and simulations of this study.
Material properties utilized in simulations were therefore sig-
nificantly reflected to describe the composition and structure
of PVs and to analyze deformations. This study anticipated
preliminary outputs through experiments and simulations
analyzing natural environments including marine ones. The
characteristics of materials comprising PV modules and FPV
systems can have various impacts on experiments and sim-
ulations of structures. Especially, the diverse properties of
materials constituting PV modules can influence their dura-
bility and long-term reliability against external forces. It is
deemed possible to conduct various research on PV mod-
ules with characteristics tailored to ground-mounted PV and
marine PV generation by making changes to the structure and
materials of the various cells constituting PV. It is however
crucial to maintain a balance in combinations with consid-
erations of coefficients of thermal expansion (CTE) between
materials to alter material properties and characteristics.

V. DATA ANALYSIS
Based on the electrical characteristic data confirmed through
pressurization experiments, an estimation was conducted at
the point where the module underwent degradation. This
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FIGURE 12. Simulation result of PV generation system (6 × 4): (a) 500Pa;
(b) 2000Pa; (c) 4200Pa; (d) 7200Pa.

process can then be performed to enable advanced prediction
and modeling of natural environmental factors. Each set of
electrical experimental data was organized into graphs to

review the degradation model using linear regression. The
correlation of the output through linear regression, focusing
on the mechanical experiments, were analyzed.

The reliability of PV modules and the power generation
capacity of PV systems continuously decrease over time.
Understanding the degradation process of PVmodules allows
one to anticipate their maximum utilization during their
expected lifespan. The PV degradation occurs due to various
environmental factors. Degraded PV modules exhibit abnor-
malities in output due to various defects such as cell cracks,
delamination, hot spots, glass soiling, EVA browning, and
coating oxidation, among others. PVmodules are then subject
to various degradation models and patterns due to climatic
and environmental factors as they are exposed to diverse
external conditions. The FPV modules exposed to marine
environmental climates require research into degradation dif-
ferent from that of ground PV modules. The results of this
study enable to anticipate the resilience of PV to degrada-
tion over time and environmental conditions, as well as the
expected replacement time for the modules.

The degradation model was tested by referencing the
values from PV modules installed in the field for over
11 years [19]. The power loss of PV systems generally
tends to increase over time, with the mismatch in output of
PV modules becoming more pronounced. The degradation
model used in this study is based on simulation research
of the degradation process of modules installed in the field
for 11 years. Using data collected from the field, the PV
characteristics based on environmental conditions and PV
module aging factors were described using a circuit-based
model. The analysis of PV degradation factors revealed that
the main cause of power loss is the decrease in short circuit
current. Factors contributing to degradation in PV modules
installed in the field initially were identified, and a model
was proposed through regression modeling. The fundamental
assumption for the data analysis did not consider the time
elapsed in the mechanical experiments, but rather assumed
changes from the initial measurements. From the results of
themechanical experiments shown in Fig.13,Rs continuously
increased, reaching 350% of the initial value, whereas the
parallel resistance (Rsh) decreased to approximately 10% of
the initial value. It is also notable that all degradation factors
for the marine environment could be substituted to pressure.
Based on linear regression and results of Fig.13, Ps and Psh
modeling represented as (7) and (8). The pressure causes
degradations of series and parallel resistance as shown in
Fig.13. From these results, a degradationmodel of output over
time was obtained [20].

The field aged module degradation modeling represented
by (1), (2). Rd,s,t denotes a natural degradation of a series
resistance at specific time; t denotes a specific time based
yearly. Rs,0 denotes an initial series resistance. As denotes a
natural degradation rate of a series resistance. Rd,sh,t denotes
a natural degradation of a parallel resistance.Rsh,0 denotes an
initial parallel resistance. Ash denotes a natural degradation
rate of a parallel resistance. It takes the values of the field aged
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FIGURE 13. Resistance of dynamic mechanic loading test (Rs & Rsh).

module degradation modeling from [19], which is conducted
in the outdoor environment.

Rd,s,t = Rs,0 · (1 + As · t) (1)

Rd,sh,t = Rsh,0 · (1 + Ash · t) (2)

The forced degradation modeling applying the analysis of
marine environmental condition represented by (3), (4). Rf ,s,t
denotes a forced degradation of a series resistance caused by
the marine environmental conditions. Rf ,sh,t denotes a forced
degradation of a parallel resistance caused by themarine envi-
ronmental conditions.Ps denotes a degradation rate of a series
resistance caused by the marine environmental conditions.
Psh denotes a degradation rate of a parallel resistance caused
by the natural environmental conditions. Each degradation
rate is based on the results of Fig.13, and 1 is subtracted to
consider only additional degradation effects caused by the
marine environment.

Rf ,s,t = Rs,t−1 · (Ps − 1) (3)

Rf ,sh,t = Rsh,t−1 · (Psh − 1) (4)

The final degradation suggested is obtained by combining
the result of the field aged model and result of the forced
model caused by the marine environment. The modeling
calculations showed that (5) and (6). Rs,t denotes a total
degradation of a series resistance. Rsh,t denotes a total degra-
dation of a parallel resistance.

Rs,t = Rd,s,t + Rf ,s,t (5)

Rsh,t = Rd,sh,t + Rf ,sh,t (6)

Based on linear regression and results of Fig.13, Ps and Psh
are then represented as (7) and (8) respectively. Coefficients
of the linear regression are expressed separately; a4 to a0 are
the coefficients of Ps and b4 to b0 are the coefficients of Psh.
Pa denotes an equivalent pressure of the natural environmen-
tal conditions.

Ps = a4 · P4a + a3 · P3a + a2 · P2a + a1 · Pa + a0 (7)

Psh = b4 · P4a + b3 · P3a + b2 · P2a + b1 · Pa + b0 (8)

From the results shown in Fig.14, the resistance values first
vary in the overall ranges. Using linear regression modeling,

FIGURE 14. Data analysis and modeling result.

the variation in Rs and Rsh can be expected, in addition to
anticipating the output values. Output degrades over time
owing to external forces, leading significant degradation,
observed particularly after three years. Notably, the modules
subjected to an external force of 4500 Pa exhibited a drastic
decline in the output power.

VI. CONCLUSION
In this study, the research on the natural data of PV modules
has been conducted to investigate the impact of the natural
environment on actual PVmodules and PV power generation.
Simulations were conducted on offshore FPV modules and
PV power plants to verify the effects of the natural envi-
ronment. Structural experiments were conducted to observe
deformations owing to pressure and changes in the output,
including electrical parameters, in the natural environment.
Structural experiments predicted that the mechanical strength
of PV modules could be confirmed through deformation and
impact assessments in a natural environment.

1) The natural environment varies regionally, affecting
various factors, such as wind speed, atmospheric pressure,
humidity, and temperature, which in turn impact external
structures, including PV modules. The influences of wind
and waves identified in this study are crucial factors in off-
shore PV research, emphasizing the need for prior geographic
analysis.

2) An analysis of the impacts on the natural environment
was conducted using climatic data based on geographical
locations, directly applied to simulate PV modules. The
simulation results enable the prediction of PV power facil-
ities, including PV modules, under specific environmental
conditions.

3) Structural experiments assessed the environmental fac-
tors, revealing module deformations of up to 0.05 m. As a
result, the fill factor and output of the PV modules signifi-
cantly decreased by more than 33% at 7,800 Pa, which was
attributed to internal cracks and damage caused by the applied
load on the PV modules.

4) The output from the structural experiments decreased by
93% at 3600 Pa and by a further 14% reduction at 4800 Pa
compared to the initial voltage, indicating the need for main-
tenance and replacement of the modules. This highlights the
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importance of pre-evaluating the reliability and failure of
modules based on actual environmental data.

5) In this study, all the data on environmental conditions
were obtained and used for prediction of outputs in natural
settings. It is expected that considering the geographical cli-
mate in the generation of PV modules will allow for optimal
site selection for PV power plants.

6) The simulation results and structural experimental data
from this study can serve as predictive information for
module deformation. Utilizing the predictable results, future
research can enhance the material characteristics and design
structures more suitably for the natural environment in the
construction of offshore PV power plants. Also, the simula-
tion results denote that how much more PV power plant is
deteriorated by marine factors than the land. These results
must be reflected and considered in an economic evaluation
of floating and marine PV systems because of their acceler-
ated degradations.

This paper conducted simulations and experimental evalu-
ations based on data confirmed through ocean environments.
It is anticipated that through various reviews of PV based on
property analyses for simulations considering diverse geo-
graphical characteristics, an optimized FPV can be proposed.
Continuous research will be conducted to propose the optimal
FPV in advance by optimizing factors that may arise in the
manufacturing process, including reliability of FPV system.

7) There are multiple marine environmental data which can
be obtained through multiple observation stations. For exam-
ple, the Meteorological Administration in Korea collects data
from 26 meteorological observation stations and provides
related ocean environment data. This data could then be used
in further studies, including research on climate change. The
analysis of the coastal area used in this study may lead to
further research based on data collected before and after the
construction of PV power plants. In maritime areas, various
climatic environments such as typhoons, waves, and winds
occur along with geographical characteristics. To develop
maritime areas, PV modules suitable for generation based on
simulations and output estimation for FPV can be selected.
Location selection can be also carried out considering the
climate environment based on the selection and reliability of
PV modules. As confirmed in this study, FPV could be con-
sidered in relatively mild maritime environments. Locations
where the sea extends deeply inland beyond the coastline,
such as reclaimed land, gulfs, and bay areas, can be pro-
posed as optimal locations for FPV. Further research would
be needed to analyze the environmental conditions for the
regions specified based on this analysis.

8) In this study, cost was not considered, indicating the
need for future research in this area. It would however range
now from 1.2 to 1.5 M$/MW after pre and mass produc-
tion evaluation Specifically, in terms of sustainability and
energy efficiency, it is necessary to anticipate the suitability
of geographical locations in advance, considering factors
such as wave and wind size in maintenance and operation
aspects. It is therefore expected that systems with maximum

efficiency in terms of maintenance and operation can be
obtained.
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