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RESEARCH ARTICLE

Analysis of the Potential for Enhancing the Efficiency
of a Floating Photovoltaic (FPV) System
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Yuan-Ching Chiang b, Sih-Li Chen a

a Department of Mechanical Engineering, National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei, 10617, Taiwan
b Department of Mechanical Engineering, Chinese Culture University, No. 55, Hwa-Kang Road, Yang-Ming-Shan, Taipei, 11114, Taiwan

Abstract

This study examined the power generation capabilities of FPV systems and the advantages of employing active
cooling on floating solar panels. Floating solar panels exhibit improved efficiency due to operating at lower temperatures
facilitated by the cooling effect of water evaporation. Additionally, the high availability of water renders the application
of the active cooling technique economically viable. This study developed a comprehensive simulation of a floating solar
system, integrating a mathematical model to validate experimental findings and a temperature model derived from an
energy equation specific to floating solar panels. This model calculates the heat transfer among the three different
materials in the solar panels and accounts for various boundary conditions. This model exhibits better accuracy per-
formance than other temperature models, such as the NOCT or the lumped system model. Notably, it demonstrates a
lower root-mean-square error (RMSE) of 0.97 �C in the passive cooling mode, 2.36 �C in the water film cooling mode, and
1.71 �C in the water spray cooling mode. Therefore, this model effectively predicts solar panels’ surface temperature for
different cooling methods. The experimental results demonstrate that floating solar panels maintain an average tem-
perature of 4 �C lower than rooftop solar panels, resulting in a 3.27% power increase. With water film cooling, the
average temperature decreased by 19.39 �C than without water cooling, leading to a 6.70% increase in power generation.
After deducting the energy consumption of the cooling system, the net energy gain reached 5.27%. Similarly, with water
spray cooling, the average temperature decreased by 16.29 �C, resulting in a 6.38 increase in power generation, with a net
energy gain of 3.93%.

Keywords: Floating solar photovoltaic system, Active cooling on solar panels, Solar panel efficiency enhancement,
Optimized operating temperature of active cooling

1. Introduction

P hotovoltaic (PV) solar energy is one of the most
developed renewable energies globally, with

different studies conducted worldwide [1]. Its
development primarily focuses on cost reduction
and performance improvement. Solar energy
development is categorized into four generations,
which have been initially helpful in navigating the
complex PV landscape [2]. Additionally, many in-
stallations are situated on reservoirs or lakes [3].
Ensuring the structural integrity and longevity of

the foundation is crucial for the safe and depend-
able installation of water [4]. To address land use
limitations, floating solar systems emerged as a
popular solution for PV installations [5]. Beyond
land constraints, elevated cell temperatures pose
another challenge for PV panels, as semiconductor
performance diminishes with rising module tem-
perature. FPV systems mitigate this issue by
achieving lower cell temperature and exhibiting a
5%e15% higher efficiency than land-based PV sys-
tems, attributed to the cooling effect of water
evaporation [6]. Choi [7] compared 100 kW and
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500 kW FPV systems with a 1 MW land-based PV
system under similar weather conditions. Based on
a one-year data collection, the average cell temper-
ature of the floating solar panels experienced a
significant reduction, leading to an increased con-
version efficiency of up to 13.5%. Umoette [8]
developed a mathematical model to assess the
power gain of PV panels on both on- and offshore
installations. Weather data, including temperature
and wind speed from Ibeno Beach, were utilized to
estimate FPV power generation. Due to an 8% lower
ambient temperature and a 67% higher wind speed,
the FPV system exhibited lower module tempera-
tures and increased power generation by 4%.
The high availability of water makes other water-

cooling techniques economically viable. Several
studies have explored different cooling methods for
floating solar panels, with two common modes
being active cooling and passive cooling [9]. Azmi
[10] devised a heat sink attached to the back of
floating solar panels in direct contact with the water
surface. Exposed to a steady radiation level of 834W/
m2 in the laboratory, the floating solar panels
demonstrated a 14.55% increase in power output
through the heat sink after a 1-hour experiment.
Cazzaniga [11] developed a floating tracking cooling
concentrating system, incorporating a single-axis
solar tracking system, a water film cooling method,
and a concentrating technique to the FPV system.
The study revealed that the cooling method yielded
a net power output increase of 5%. Nisar [12] con-
ducted experiments exploring the tilting effect on
FPV panels. They discovered that FPV panels ach-
ieved maximum power output when installed at the
annual optimal tilting angle. Moreover, the power
output of on-ground PV systems was 20e28% lower
than FPV systems under varying tilting conditions.
To enhance energy output, researchers have

explored various methods to reduce the cell tem-
perature of solar panels. One widely utilized
approach is the active water-cooling method, which
can be further classified into water spray on the
back and water film on the front. Water film cooling
facilitates uniform solar panel temperature reduc-
tion, leveraging water's high cooling capacity to
dissipate heat rapidly. Dorobantu [13] conducted a
water film cooling experiment on solar panels,
revealing a uniform temperature cooling of about
20 �C, resulting in a 9.5% power increase. Another
water-cooling method involves spraying water over
the rear side of panels. Despite its low cooling ca-
pacity, water spray consumes only a small amount
of water while effectively cooling a large surface.
Nizetic [14] designed a water spray experiment to
compare cooling effects on the front side, back side,

and both sides of solar panels. The results indicated
that while water spray on the front side yielded a
better cooling effect, the droplets blocked solar
irradiance, leading to a low power output.
Conversely, water spray on the back side demon-
strated better efficiency despite the high thermal
resistance of the back sheet. Optimal efficiency was
achieved with water spray on both sides, resulting
in a 5.9% power increase.
To evaluate the temperature impact on solar

panels, researchers have examined the relationships
between cell temperature and environmental fac-
tors, employing mathematical models derived from
empirical equations or thermal analysis methods.
Akhsassi [15] compared the empirical relations from
several studies with experimental weather data. The
relations considering wind speed demonstrated a
better RMSE accuracy of 1.13e2.03 �C, whereas
those without the wind speed factor have a
1.57e3.85 �C RMSE. The transient temperature
model of solar panels can be derived by energy
equations accounting for thermal mass. Jones [16]
modeled solar panels as a lumped system, formu-
lating an ordinary differential equation (ODE) using
an energy equation. By calculating the heat con-
vection and radiation between the panels and the
surroundings, the model can fit the temperature
fluctuation in rapidly changing weather conditions.
Hameed [17] also applied energy equations to a 3D
transient temperature model, solving them using a
finite element method. The temperature distribu-
tion in the solar panels included maximum values in
the middle of the front panels while the heat was
transferred from the front side to the back side.
Notton [18] developed a temperature model
dividing solar panels into three material-based
segments, employing three energy equations to
solve a simultaneous equation system, achieving
high accuracy (RMSE of 1.3 �C) with experimental
data. This model considered the temperature dif-
ference between the front and back sides and the
properties of different materials.
This study performed a theoretical analysis of PV

panels to investigate PV cells under different con-
ditions. The experiments were conducted in a sub-
tropical region, facilitating comparison with studies
conducted in diverse climates. Theoretical analysis
validated the applicability of FPV in real-world
environments.

2. Mathematical models

The thermal analysis of PV panels can be viewed
as an inclined plane to evaluate heat conduction
across different material layers, heat convection
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transfer with air or water cooling on the surface, and
heat radiation exchange with the environment. To
examine the mathematical models utilizing energy
conservation equations, the following assumptions
were made:

(1) Heat transfer on the narrow side can be
neglected due to their significantly smaller sur-
face area.

(2) The heat generated by the internal resistance of
the PV panels can be discounted in the analysis.

(3) The temperature of the cooling water in the tank
is assumed to be uniform and constant at 25 �C.

(4) The properties of the materials comprising the
panels are assumed to be isotropic and inde-
pendent of temperature variations.

(5) The temperature distribution within each layer
of the solar panels is assumed to be uniform.

(6) Cooling water is assumed to be sprayed evenly
onto the panels.

(7) The water film resulting from the cooling pro-
cess is assumed to be uniform and to flow
smoothly over the panels.

2.1. Temperature models of PV panels

The schematic diagram and the thermal resistance
model depicted in Fig. 1 illustrate the various heat
transfer mechanisms considered in the mathemat-
ical model. Here, Tamb represents the ambient
temperature, Tsky represents the sky temperature,

and R denotes the heat resistance. Footnotes
represent different types of heat transfer: “free” in-
dicates natural convection, “r” signifies radiation,
and “forced” represents forced convection. More-
over, footnotes “f,” “b,” “pv,” and “ground” corre-
spond to the front plate, back plate, pv panel, and
ground, respectively. Nodes on the thermal resis-
tance diagram indicate temperature T, thermal mass
C, and solar radiation F.
Sky temperature is a parameter relevant to long-

wave radiation. Asdrubali et al. [19] leveraged
TRNSYS and various models to establish relation-
ships between sky temperature and other parame-
ters. However, due to the unavailability of climate
data, ISO13790 [20] suggests deriving sky tempera-
ture from ambient temperature by subtracting 13
from the ambient temperature in tropical areas,
resulting in a sky temperature of 20 �C in this study.
The heat source for PV panels originates from the

solar radiation absorbed by the front glass and the
solar cell. A portion of this energy is converted into
an electrical output, while the remaining energy
dissipates as heat. Heat transfer occurs among
different materials via conduction and dissipates to
the environment through convection and radiation.
By formulating energy conservation equations for
each layer of the PV panels, three equations are
derived. Given that these equations are time-
dependent differential equations, this study em-
ployed a second-order midpoint method to solve the
ODEs. Experimental data validated the temperature

Fig. 1. Analysis of the thermal resistance of an FPV system.
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models, affirming the suitability of the model for FPV
panels with active water cooling.
According to Notton's model [18], each energy

conservation equation for the three materials is
expressed as follows:

� Front glass:

Cf
dTf ðtÞ
dt

¼ApvafgGg � qr;sky � qforced;f � qfree;f

þ qcond;fg�pv ð1Þ

� Solar cell:

Cc
dTcðtÞ
dt

¼ApvapvtfgGg � qcond;f�pv � qcond;b�pv � Ppv ð2Þ

� Back Tedlar:

Cb
dTbðtÞ
dt

¼ � qr;ground � qfree;b þ qcond;b�pv ð3Þ

where Tf represents the temperature of the front
glass, Tc denotes the temperature of the solar cell, Tb
is the temperature of the back Tedlar, Cf represents
the thermal mass of the front glass, Cc denotes the
thermal mass of the solar cell, and Cb is the thermal
mass of the back Tedlar. Meanwhile, ApvafgGg rep-
resents the radiation absorbed by the front glass,
ApvapvtfgGg denotes the radiation absorbed by the
solar cell, qforced;f signifies the forced convection heat
loss on the front glass, qfree;f denotes the free con-
vection heat loss of the front glass, qfree;b is the free
convection heat loss on the back Tedlar, qr;sky rep-
resents the radiation heat loss on the front glass to
the sky, qr;ground denotes the radiation heat loss on
the back Tedlar to the ground, qcond;f�pv is the con-
duction heat transfer from the front glass to the pv
panel, and qcond;b�pv is the conduction heat transfer
from the pv panel to the back Tedlar. Throughout
this study, the units in the equation adhere to the
International System of Units (SI units).

2.2. Thermal and physical properties of solar
panels

(1) Conversion efficiency [18]

The precise conversion efficiency should consider
the modification by the temperature coefficient b
and irradiance coefficient g. The relationship is
expressed as follows:

hc¼href ½1�bref

�
Tc� Tref

�þ g log10IðtÞ; ð4Þ

where href denotes the efficiency under standard test
conditions (STC), bref is the temperature coefficient

(�0.0048) [21], g represents the irradiance coefficient
(0.12), Tref represents temperature under STC con-
dition, (25 �C), and I(t) represents current generated
with respect to time.

(2) Solar radiation absorbed by the panels [18]

Solar radiation is first absorbed by the first layer of
glass, a high-transmittance material to the
maximum incident solar radiation. The transmitted
solar radiation is then absorbed by the solar cell for
energy conversion.

Front glass：G1¼afg �Gg; ð5Þ

Solar cell：G2¼apv � tfg �Gg; ð6Þ

where Gg denotes the solar radiation, afg represents
the absorptivity of the front glass (0.04), tfg is the
transmittance of the front glass (0.9), and apv is the
absorptivity of the solar cell (0.87) [18].

(3) Thermal mass of the solar panels

Thermal mass is essential for thermal analysis,
representing the capacity for storing energy within a
material. Therefore, thermal mass plays a role in
resisting temperature fluctuations and introduces a
time delay for temperature changes in varying
conditions. The thermal mass of the solar panels
Cmodule is computed based on the physical properties
of each layer of material, expressed as:

Cmodule¼
X
m

A� dm � rm �Cm; ð7Þ

where A is the area of the solar panels, dm is the
thickness of the material, and rm is the density of the
material, Cm is the thermal mass of each layer of the
solar panel.

(4) Physical properties of each layer of a solar panel
(Table 1)

To calculate the temperature through thermal
analysis, the physical properties of the PV panels
must be provided. Armstrong [22] outlined the

Table 1. Physical properties of each layer of the solar panels.

Layer Thickness
(mm)

Thermal
conductivity
(W/mK)

Density
(kg/m3)

Specific heat
capacity
(J/kg�C)

1. Glass 3.2 1.8 3000 500
2. ARC 1 � 10�5 32 2400 691
3. PV cells 0.3 148 2330 677
4. EVA 0.05 0.35 960 2090
5. Tedlar 0.5 0.2 1200 1250
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properties of materials in different layers (Table 1).
The PV panels typically comprise five main layers:
glass covering, anti-reflective coating (ARC), PV
cells, ethylene vinyl acetate (EVA) layer, and a Ted-
lar PVF layer. Considering the relevant heat transfer
theory [18], PV cells can be categorized into three
parts: front glass, solar cell, and back Tedlar. The
heat transfer effect of ARC can be disregarded due to
its relatively small dimension and specific heat ca-
pacity compared to other components. EVA is
considered a part of the solar cell, enabling its
calculation to be integrated with that of the solar cell.

2.3. Calculation of the heat transfer on the
boundaries of the PV panels

(1) Free convection

The free convection between the panels and air
can be divided into two parts: the front panel and
the back panels. The convection coefficient is
expressed as follows:

qfree¼Apv$hfree $
�
Tpv-Tamb

�
; ð8Þ

hfree¼kaNu
L

; ð9Þ

where qfree represents the free convection heat
transfer, Apv denotes the area of the PV panels, hfree
is the free convection coefficient, Tpv represents the
temperature of the PV panels, Tamb is the tempera-
ture of ambient air, ka is the thermal conductivity of
air, L is the length of the PV panels, and Nu is the
Nusselt number, according to Holman [23]. The
Nusselt number for the inclined plane is derived as
follows:
Free convection on the front panels [23]:

Nu¼0:14
h
ðGrPrÞ13-ðGrc Pr Þ

1
3

i
þ 0:56½GrPrcosð90�-qÞ�1=4

ð10Þ

Free convection on the back panels :

Nu¼0:56½GrPrcosð90�-qÞ�1=4
ð11Þ

where Ra is the Rayleigh number, Pr is the Prandtl
number, Gr is the Grashof number, Grc is the critical
Grashof number, and q is the incline angle of the PV
panels. Equations (10) and (11) are valid for q be-
tween 15 and 75�.

(2) Forced convection for the front panels

When wind flows through the front surface of the
PV panels, the air cools the panels down via force

convection heat transfer. As used by Armstrong et
al. [22], the heat transfer coefficient is derived as the
flow through the inclined plane:

qforced¼Apv$hforced$
�
Tpv-Ta

�
; ð12Þ

Nu¼0:037Re4=5 Pr1=3 ð13Þ

where qforced denotes the forced convection heat
transfer, hforced is the forced convection coefficient,
Re is the Reynolds number (rVD/m), and Nu repre-
sents the Nusselt number [18].

(3) Radiation heat transfer for PV panels

Radiation heat involves the emission of electro-
magnetic waves based on the body's temperature.
The radiation heat exchange between the PV panels
and the environment is divided into two compo-
nents: the front panels with the sky and the
back panels with the ground. The heat transfer
rate and the shape factor were previously pre-
sented by Liu and Jordan [24] and are expressed as
follows:

qrad f ¼Apvs
h
3pv$T 4

pv � Ff ;sky3sky$T 4
sky

i
; ð14Þ

Ff ;sky¼1
2
ð1þ cos qÞ; ð15Þ

qrad b¼Apvs
h
3pv$T 4

pv � Fb;gr3gr$T 4
gr

i
; ð16Þ

Fb;gr ¼1
2
½1� cosðp� qÞ�; ð17Þ

where qrad f is the radiation heat transfer on the
front surface, s is the StefaneBoltzmann constant, F
is the shape factor, 3sky is the emissivity of the sky,
and 3gr is the emissivity of the ground.

(4) Water spray cooling heat transfer

The active cooling of a water spray removes heat
from the back surface of the PV panels. The
following empirical formula was developed by Oli-
phant [25]:

qspray¼Aspray$hspray$
�
Tpv-Tw

�
; ð18Þ

hspray¼kwNu
D

; ð19Þ

Nu¼32:5ðRe�Þ0:51;10�Re� � 1000 ð20Þ
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Re� ¼GD
mw

;G¼ _m
Asp

;D¼ 2Hsp$tanð0:5gÞ;

where qspray is the water spray cooling heat transfer,
Aspray is the area of the water spray, hspray is the heat
transfer coefficient of the water spray, Tw is the
temperature of the cooling water, kw is the con-
ductivity of the water, Hsp is the distance from the
water spray outlet to the PV panel, and D is the
spray diameter on the PV panel.

(5) Water film cooling heat transfer

The PV panels employ water film cooling, and its
heat transfer is similar to water flowing through a
plate. According to Schiro et al. [26], the formula is
presented as follows:

qfilm¼Apv$hfilm$
�
Tpv � Tw

�
; ð21Þ

hfilm¼kwNuL

D
; ð22Þ

NuL¼0:664 ReL
1
2 Pr

1
3; ð23Þ

ReL¼ru∞L
m

;yc¼
ffiffiffiffiffiffiffi
Q2

gB2

3

s
;u∞ ¼ Q

A
¼ Q
ycB

:

2.4. Clearness index

To compare the experiment results under similar
conditions, this study employed the clearness index
to differentiate the solar radiation condition affected
by the cloud [27]. GHI stands for global horizontal
irradiation, which is measured by a pyranometer.
GHIclear represents the radiation during a clear sky,
calculated using a declination angle, the hour angle
of the sun, and the longitude and latitude co-
ordinates of the site. For a clearness index exceeding
0.75 (Table 2), the sky condition is categorized as a
clear sunny day, and this value is the preferred in-
terval for the experiment.

clearness index ðKtÞ¼ GHI
GHIclear

: ð24Þ

2.5. Cost-effectiveness evaluation

Two parameters were employed to evaluate the
economic viability of the FPV system in this study:
the levelized cost of energy (LCOE) and the payback
period (PP). LCOE is a measure of lifetime cost
divided by energy production, offering an economic
assessment of the present value of the unit cost of
electricity. The lifetime cost encompasses several
factors, including investment, operational and
maintenance expenses, and fuel costs, among
others. The following equation calculates the LCOE:

LCOE¼
Pn
t¼1

ItþMt
ð1þrÞtPn

t¼1

Et
ð1þrÞt

ð25Þ

where t represents the year, It is the investment cost
in the year t, Mt is the operational and maintenance
cost of the system in the year t, Et is the electricity
production, n is the lifetime of the system, and r is
the discount rate. In the system employed in this
study, the investment cost referred to the cost of the
solar system and installation. Operational and
maintenance costs were represented by the annual
expenditure of the system maintenance. It can be
calculated that the LCOE of the system in this study
is $155/MWh by setting the discount rate of 4% [29].
PP is another parameter that can be utilized to

evaluate the time to recoup the initial investment of
the system. It can be calculated as follows:

PP¼

ln

 
1

1� It¼1 � r
CF

!

ln ð1þ rÞ ð26Þ

where It ¼ 1 is the initial cost of the system and CF is
the cash flow of each year. It can be calculated that
the PP of the system employed in this study is 7.56
years [29].

3. Experimental investigation

3.1. Experimental process and configuration

A 265 W solar panel was installed tilted on the
experimental constant temperature water tank, as
shown in Fig. 2. The water temperature was kept
constant at 25 �C by regulating the water flow rate
from the geothermal cooling water. This choice of
water temperature to be 25 �C was based on its
convenience for experimental control and ensuring
that the experimental results were not influenced by

Table 2. Different radiation conditions distinguished by calculating the
clarity [27,28].

Sky condition Clearness index (Kt)

Cloudy 0e0.2
Partly cloudy 0.2e0.6
Partly Sunny 0.6e0.75
Sunny 0.75e1
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this factor. Additionally, this temperature aligns
with STC temperature. The water-cooling system
incorporated a water spray on the back side and a
water film on the front. A 20 W temperature-
controlled pump facilitated flow for the cooling
system. The experiment aimed to compare the effi-
ciency of floating solar panels with that of rooftop
solar panels and evaluate the impact of using active
cooling on floating solar panels.
The experiment was conducted on a whole day in

Yilan, Taiwan, on a sunny summer day to ensure
sufficient radiation for comparison and experi-
mental procedures. Fig. 3 illustrates the flowchart of
the experimental process. Before the experiment
started, theoretical analysis and a short-time data
validation were conducted to establish the PV

system model for the experiments. Subsequently,
the experiment was divided into three parts. In the
first experiment, the cooling system was deactivated
to compare the floating solar panels with the rooftop
solar panels. This segment measured the tempera-
ture and efficiency differences of the solar panels
attributed to the cooling effect of the water tank. In
the second experiment, the water spray cooling
method was implemented. The pump operated the
cooling system, spraying the cooling water at the
back side of the solar panels using eight uniformly
distributed nozzles. The pump was triggered once
the panel temperature reached 45 �C, with the
switch-off temperature calculated to optimize the
net output. This process was repeated throughout
the entire experiment period to compare the dif-
ference in net power output between the water
spray active cooling floating solar panels and the
rooftop panels. In the third experiment, a pump was
used to operate the water film cooling systems. A
pipe with uniformly distributed holes generated a
smooth water film to flow over the front side of the
panels. The pump also adopted temperature control
to gain the maximum power output for comparison
with the rooftop panels.

3.2. Experimental equipment

Anji Technology manufactured the 265 W
polycrystalline solar panels, which measured
1632 mm � 995 mm � 40 mm. The solar panels were
installed at tilts of 18� and 40� southwest, as shown in
Fig. 4. The independent solar systemswere connected
to theMorningstar SunsaverMPPT to transfer electric
currents to the batteries and record the power outputFig. 2. Schematic diagram of the simulated FPV experimental system.

Fig. 3. Experimental process.
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of the solar panels. The maximum current capacity
was 15 A, and the power measurement accuracy
was ±2%. The cooling system included a
2 m � 1.4 m � 0.7 m water tank and a diaphragm
pump with a 25 lpm max flow rate and nozzles.
Temperature measurement utilized a T-type ther-
mocouple, with an error range of ±0.5 �C within a
temperature range of “0 �C < T < 200 �C” and an ac-
curacy of ±0.2 �C. Wind speed and ambient temper-
ature were measured by the TESTO 480 climate
measuring instrument, generating an accuracy of
±0.03 m/s and ±0.5 �C, respectively. Solar radiation
wasmeasured by the LP-PYRA12 pyranometer with a
spectral selectivity of ±18W/m2. To visualize the
temperature distribution of the solar panels, the
experiment also used the infrared thermal imaging
camera FLIR E63900 with an accuracy of ±2% or 2 �C.
The detailed specification of the PV cell used in the
experiment is outlined in Table 3.

4. Results and Discussion

The results of this study are divided into two
parts: 1) a brief 1-hour experiment aimed at vali-
dating the accuracy of the solar panel temperature
model and 2) a whole-day experiment discussing
the energy gain enhancement by comparing the net
power output of each experiment. The experiment

was conducted from June 20 to June 28. Part 1 aims
to make the experiments more realistic and closer to
actual conditions. Thus, the experiment was con-
ducted in an actual environment. To closely match
environmental conditions, this study chose the place
and time closest to the STC condition and the same
irradiation.

4.1. Validation of the calculation of the solar panel
temperature

The first experiment was conducted from 9:32 am
to 10:55 am, during which the radiation fluctuated
between 400 and 700 W/m2, and wind speeds
ranged from 0.5 to 3 m/s, as shown in Figs. 5 and 6.
The average ambient temperature was 33 �C
throughout the experimental period. Notably, the
mathematical model adeptly captured the temper-
ature fluctuation during rapid radiation and
weather changes. The RMSE stood at 0.97 �C, with a
thermal calculation error of 11.64%. The results
affirm the suitability of the temperature model
derived through thermal analysis for floating solar
panels (Fig. 7).
In the second experiment, water film cooling was

applied on floating solar panels. During the
experimental period, the solar panels remained
operational from 10:52 am to 11:15 am amidst
varying radiation levels of 800e1000 W/m2 and
wind speeds of 0.5e2 m/s, as shown in Figs. 8
and 9. The average ambient temperature was 33 �C.

Fig. 4. Structure of the installed FPV system.

Table 3. Specification of the PV cell.

Maximum power Open circuit
voltage Voc

Short circuit
current Isc

Maximum power
voltage Vmpp

Maximum power
current Impp

265W 38.65V 9.14A 31.52V 8.41A

Fig. 5. Radiation and FPV panel temperature in the experiment without
cooling.
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The experiment was structured into three cooling
periods for mathematical validation. Fig. 10 illus-
trates the time delay observed in temperature
changes on the back panels due to water film

cooling applied on the front panels. The mathe-
matical model accounts for this time delay by
considering the thermal mass and heat transfer rate
in each layer of the solar panels. The model
demonstrated an RMSE of 2.36 �C, with a thermal
calculation error of 11.31%.
In the third experiment, water spray cooling was

applied on the back panels. The experiment was
conducted from 13:00 pm to 14:10 pm to 2:10 pm,
with steady radiation levels at about 900 W/m2

throughout the experimental period, accompanied
by wind speeds ranging from 0.5 to 3 m/s, as shown
in Figs. 11 and 12. The average ambient tempera-
ture was 35 �C. Fig. 13 illustrates the temperature
change of the water spray cooling during the
experimental period. Remarkably, the experi-
mental result closely aligns with the proposed
model, showcasing a slightly lower temperature on
the back surface than on the front surface. The
model yielded an RMSE of 1.71 �C, with a thermal
calculation error of 14.68%.

4.2. Enhancement of energy gain on solar panels by
applying different cooling methods

The first experiment was conducted from 12:49
pm to 16:00 pm. During the 3-hour period, the
average ambient temperature was 30 �C, while the
average solar radiation was 800 W/m2, as shown in
Fig. 14. The maximum ambient temperature and
solar radiation peaked at 13:00 pm, leading to the
maximum temperature difference between the
floating and rooftop panels. The cell temperature
registered 68.7 �C for the rooftop panels and 62 �C
for the floating panels. These results underscore the
cooling effects of the floating panels and reveal that
the high cell temperature of over 60 �C at noon in

Fig. 7. Model calculation of the FPV panels with radiation changes in
the experiment without cooling.

Fig. 6. Wind speed and ambient temperature in the experiment without
cooling.

Fig. 8. Radiation and FPV panel temperature in the experiment of water
film cooling.

Fig. 9. Wind speed and ambient temperature in the experiment of water
film cooling.
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summer requires other active cooling methods are
necessary to avoid efficiency drop.
To facilitate a comparative analysis under

similar weather conditions, as shown in Fig. 15,

the data was filtered using a clearness index above
0.75. Under these conditions, the average cell
temperature recorded was 59.7 �C for the rooftop
panels and 55.7 �C for the floating panels,
indicating a 4 �C temperature differential and a
3.27% increase in average power generation.
These results indicate that the cooling effect of
the floating panels positively affects conversion
efficiency.
The second experiment applied water film

cooling on the floating panels. The experiment
was conducted from 11:00 am to 16:00 pm. During
the 5-hour experiment, the ambient temperature
ranged from 33 to 38 �C, with the maximum solar
radiation peaking at 1125 W/m2 at 13:25 pm. As
shown in Fig. 16, the cooling system operated
intermittently, regulating the cell temperature of
the floating panels with water film cooling be-
tween 31 �C and 45 �C. Comparing the cell tem-
perature behavior with and without the cooling
system, the average cell temperature with a cool-
ing system was 37.4 �C, and the cell temperature
without cooling was 55.6 �C. The average cooling
effect of 18 �C led to a 6.7% power enhancement,
as shown in Fig. 17. After factoring in the energy
consumption associated with pumping the cooling
system, the net efficiency increase was calculated
at 5.3%.
In the third experiment, water spray cooling was

applied on the floating panels. The experiment was
conducted from 11:00 am to 14:00 pm. During the 3-
hour experiment, the ambient temperature was
35 �C, while the radiation ranged from 800 to 920 W/
m2. Fig. 18 illustrates the on-off cycling of the
cooling system, with longer cooling periods attrib-
uted to the lower cooling capacity of the water
spray. Through optimization calculations, the cell
temperature was controlled between 37 �C and

Fig. 10. The isothermal model calculates the temperature of the FPV panels with water film cooling on the front panel: (a) front panel and (b) back
panel.

Fig. 11. Radiation and FPV panel temperature in the experiment of
water spray cooling.

Fig. 12. Wind speed and ambient temperature in the experiment of water
spray cooling.
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45 �C. During the experiment, the average cell
temperature was 43.4 �C for the floating panels with
water spray cooling and 59.7 �C for those without
cooling. This substantial 16.3 �C temperature

difference led to a 6.38% power increase. Account-
ing for energy consumption by the cooling system,
the net power gain was calculated at 3.93%, as
shown in Fig. 19.

Fig. 13. Temperature model of the FPV panels sprayed on the back panel: (a) front panel and (b) back panel.

Fig. 14. Solar radiation and FPV panel temperature.

Fig. 15. Comparison of FPV and rooftop PV generation.

Fig. 16. The cooling system start and stop, and the solar panel
temperature.

Fig. 17. Comparison of the front panel water film cooling and rooftop
PV generation.
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5. Conclusions

This study provides valuable insights into the
cooling effect of floating solar panels and the
application of active cooling methods in subtropical
regions. The results confirmed that the conversion
efficiency of solar panels decreases as the cell tem-
perature increases and that applying active cooling
significantly affects the cell temperature. The net
power gain could be increased by optimizing the
cooling pattern. Moreover, a mathematical model
was derived to fit the cell temperature of the solar
panels under different cooling conditions. The key
conclusions drawn from the research are as follows:

(1) The temperature model derived from energy
conservation equations accurately predicts the
cell temperature of solar panels in different
cooling conditions. Validated by experimental
data, the RMSE is 0.97 �C for passive cooling on
floating solar panels, 2.36 �C for water film

cooling on floating solar panels, and 1.71 �C for
water spray active cooling on floating solar
panels. These results affirm the accuracy of the
thermal analysis of the solar panels and the
cooling methods. Since the temperature model
is derived from physical properties, the model
can be used in a different area for estimation.

(2) During the whole-day experiment in summer,
the floating solar panels recorded a 4.03 �C lower
cell temperature than the rooftop panels, leading
to a 3.27% higher power gain.

(3) The economic analysis of the FPV system can be
evaluated using LCOE and PP. The LCOE of
FPV in this study is $155/MWh, while PP is 7.56
years.

(4) Applying water-cooling techniques on floating
solar panels is feasible, as it benefits from the
high accessibility of a cooling water source with
a steady temperature. Based on the experimental
results, water film cooling could lower the
average temperature of PV panels by 19.39 �C
and increase the net power output by 5.27%.
Moreover, water spray cooling could lower the
average temperature of PV panels by 16.29 �C
and increase the net power output by 3.93%.
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