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Abstract: Solar panel efficiency is significantly influenced by its operating temperature. Recent
advancements in emerging renewable energy alternatives have enabled photovoltaic (PV) module
installation over water bodies, leveraging their increased efficiency and associated benefits. This paper
examines the operational performance of solar panels placed over water bodies, comparing them
to ground-mounted solar PV installations. Regression models for panel temperature are developed
based on experimental setups at BITS Pilani, India. Developed regression models, including linear,
quadratic, and exponential, are utilized to predict the operating temperature of solar PV installations
above water bodies. These models incorporated parameters such as ambient temperature, solar
insolation, wind velocity, water temperature, and humidity. Among these, the one-degree regression
models with three parameters outperformed the models with four or five parameters with a prediction
error of 5.5 °C. Notably, the study found that the annual energy output estimates from the best
model had an error margin of less than 0.2% compared to recorded data. Research indicates that
solar PV panels over water bodies produce approximately 2.59% more annual energy output than
ground-mounted systems. The newly developed regression models provide a predictive tool for
estimating the operating temperature of solar PV installations above water bodies, using only three
meteorological parameters: ambient temperature, solar insolation, and wind velocity, for accurate
temperature prediction.

Keywords: ground-mounted solar PV; floating solar PV; temperature model; regression analysis;
exponential module temperature model

1. Introduction

With the ever-increasing demand for energy, depleting reserves of fossil fuels and
higher levels of environmental pollution have necessitated looking for alternative energy
systems. Solar power is a clean and renewable energy resource available in abundance and
free has led to the development of solar photovoltaic (PV) power plants worldwide. While
solar PV technology has matured significantly, large-scale installations are increasingly
being implemented with ground-mounted systems worldwide. Ground-mounted solar
PV installation takes much land, and expanding project sizes necessitates big, contiguous
land lots, which can be difficult in many circumstances. Floating solar photovoltaic (FSPV),
also referred to as floatovoltaics, can be the most favorable alternative to overcome the
shortcomings of the ground-based PV system. Many benefits of floating (water-mounted)
PV, such as temperature reduction of PV panels, no cost for land, evaporation reduction,
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and reduced soiling, etc., were reported by Agrawal et al. (2022), Essak and Ghosh (2022),
and Huang et al. (2023) [1-3]. It is the panel temperature that plays a very important role
in terms of solar panel efficiency. The lower operating temperature leads to a reduced
temperature coefficient and increased panel efficiency.

The performance of solar panels is highly dependent on their nominal operating cell
temperature. The temperature of PV panels depends on many factors, such as ambient tem-
perature, solar insolation, and wind velocity. These factors are assumed to be influencing
factors of panel operating temperature and affect the performance of the PV panel. Hence,
it becomes important to predict the operating temperature of PV modules.

Hence, many studies have focused on predicting the operating temperature of PV
modules. Schott (1985) and Servant (1985) [4,5] proposed an implicit equation, while
Lasnier and Ang (1990), Ross and Smoker (1986), and Mondol et al. (2005) [6-8] proposed
an explicit equation for module operating temperature using meteorological parameters.
Coskun et al. (2016) [9] used an artificial neural network to predict PV module operating
temperature. Skoplaki and Polyvos (2009) and Skoplaki et al. (2008) [10,11] developed
an equation for predicting module operating temperature, showing high function error
for wind speed below one m/s. Muzathik et al. (2014) [12] used simple correlation, while
Risser and Fuentes (1984) [13] used linear regression to predict PV module operating
temperature. Chenni et al. (2007), Kurtz et al. (2009), King (1997), and Akyuz et al.
(2012) [14-17] developed a PV module operating temperature prediction model utilizing
three meteorological parameters: solar insolation, ambient temperature, and wind velocity.
Almaktar et al. (2013) [18] proposed a module operating temperature model for the
tropical region, using only ambient temperature, while Kalogirou (2013) and Irodionov
etal. (1989) [19,20] developed the model using ambient temperature and solar insolation
to predict module operating temperature. Mora Segado et al. (2015) [21] developed a
prediction model for PV modules of different technologies under the climatic conditions
of southern Spain using meteorological parameters. Kaplani and Kaplanis (2020) [22]
developed a module operating temperature model based on the energy balance equation
for all environmental conditions.

Koehl et al. (2011) [23] proposed a Realistic Nominal Module Temperature (ROMT)
based on observed field data, whereas Faiman (2008) [24] provided a modified HWB equa-
tion to predict the module temperature. Barry et al. (2020) [25] developed a dynamic model
of photovoltaic module temperature as a function of atmospheric conditions. Du Y. et al.
(2016) [26] developed a theoretical model, while Duffie and Beckman (2006) [27] proposed
an equation based on Nominal Operating Cell Temperature (NOCT), Sohani and Sayyaadi
(2020) [28] employed genetic programming for predicting solar PV panel temperature. All
these models utilize meteorological parameters (solar insolation, ambient temperature,
and wind velocity) to predict module temperature. Evans and Florschuetz (1978), Evans
(1981), and Notton et al. (2005) [29-31] equations give the panel efficiency. Nordmann and
Clavadetscher (2003) [32] compared the performance of grid-connected and stand-alone
PV systems from 5 countries of different geographic locations. The effect of elevated cell
temperature on the annual performance of different mounting namely freestanding, roof-
mounted, and integrated PV facades, was studied. All the studies focused on assessing the
operating performance of PV modules on ground-mounted solar installation. However,
limited work has been performed to predict the operating performance of PV panels over
water bodies. Kamuyu et al. (2018) and Tina et al. (2021) [33,34] have developed floating
solar PV installation models. Kamuyu et al. (2018) [33] developed the regression model
for the Korean region based on the experimental data with meteorological parameters
(wind speed, ambient temperature, water temperature, and solar insolation). Tina et al.
(2021) [34] developed and validated mathematical models for estimating the performance
of bifacial and mono-facial PV modules installed on water surfaces in Catania, Italy. The
above studies on performance evaluation of solar PV installation over water bodies have
focused on module temperature aspects.
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Despite multiple studies conducted for predicting PV module operating temperature
under different weather conditions on ground-mounted installations, limited studies were
reported for predicting the solar panel operating temperature on water bodies under dif-
ferent weather conditions. This study aims to develop an experimental-based regression
model for evaluating the operating temperature of PV panels installed over water bodies
operating under different weather conditions. Based on the literature review and sub-
sequent research gap, an attempt has been made to bridge the gap by investigating the
following objectives:

e Identify the influencing factors and performance measures of Floating and ground-
mounted solar PV installation;

e Develop mathematical Models by application of regression analysis with varying
parameters;

e  Apply Regression Model Analysis to predict the operating temperature of floating
solar PV installation.

2. Existing Module Operating Temperature and Performance Models

The solar energy absorbed by a module is partly converted into electricity, and the
balance is converted into thermal energy. Thermal energy increases the cell’s temperature
if thermal energy is not dissipated properly. The maximum power point efficiency of a
module depends on cell temperature, which can be expressed by Equation (1) (Florschuetz,
1979) [35]:

Wmp = Mmp.ref + Hymp (Tc - Tc,ref) 1

where 77, is the maximum power point efficiency of the module and ji, i) is the maximum
power point efficiency temperature coefficient. T is cell temperature and #,,p.rer and T ref
are the reference maximum power point efficiency and reference cell temp i.e.,, NOCT,
conditions respectively. Energy balance on a unit area of the module, cooling by losses to
the surroundings, is given by Equation (2) Evans and Florschuetz (1978) [29]:

(ta)Gr = .Gy + Up(T, — T,) 2)

where Tu is the effective transmittance-absorption product when multiplied by the incident
radiation yields absorbed energy and 7. is module efficiency to convert incident radiation
into electrical energy. The loss coefficient Uy, includes the losses by convection and radiation
from top and bottom and by conduction through the mounting framework to ambient
temperature T,. Gt is the incident solar insolation on the plane of the module, and Tc is the
cell temperature.

Module temperature plays an important role in maximum power point efficiency;
therefore, estimation of panel temperature is the prime objective. Various models for PV
panel temperature prediction were developed by various authors and are shown in Table 1.

Table 1. PV panel temperature prediction models by various authors.

Author

Year

Equation Type of Mounting Parameters

Ross [36]

1976

Tod = Ta + kG Ground Mounted k—empirical constant

Rauschenbach [37]

1980

T.noct Cell nominal
operating temperature,”C
T.NnocT Ambient
temperature according to
SRE, set at 20 °C Gnocr
T. =T, + (%) (Tenoct — Tanocr)-(1 — %) Ground Mounted Total irradiance according
to SRE, set at 800 W/m?2,
T, Cell Temperature in °C.
Hm= 1, ye—conversion
efficiency of module.
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Table 1. Cont.

Author Year Equation Type of Mounting Parameters
Risser and Fuentes [13] 1983 T)od = 0.899T, + 312 + 0.025Gy — 130V, Ground Mounted . e&gg;{ﬁfedﬁﬁc
Schott [4] 1985 Tyod = To — 1+ 0.028Gr Ground Mounted GT_SOI;;/“‘;‘Z’M"“ mn
Ross and Smokler [8] 1986 Tod = Ta + 0.035Gt Ground Mounted Vw—wind velocity inm/s
Irodionov etal. [19] 1989 Tyod = 0.7 + 0.0155G1 + T, Ground Mounted Tﬂ_ambiﬁﬁtfgmperamre
Lasnierand Ang [6] 1990 Tips = 30.006 + 0.0175(Gy — 150) + 1.14(T, — 25) Ground Mounted Tinogx—module
& mod = =T : T e temperature in K
Markvart [38] 2000 Typod = 0.943T, + 43 + 0.028G — 1.528V, Ground Mounted ~ [sk—ambient temperature
King et al. [39] 2004 Tood = Ta+ GTe(—3~47—0-0594Vw) Ground Mounted
U—heat exchange
coefficient of module
a«—cell absorption
coefficient
. P T—glass transmittance
Mattei et al. [40] 2006 Tood = UTa+Gr [(“&lﬁtifm 55%;’”# Tonodref ] Ground Mounted 1ef—the module efficiency
at reference temperature
Tmud,ref_25 °C
Bpower—power variation
coefficient
. , G
Faiman [24] 2008 Tmodk = Tak + m Ground Mounted
Skoplaki et al. [10] 2008 Tnodx = Tax + (%) Gr Ground Mounted
Muzathik [12] 2014 Tood = 0.943T, + 0.35229 + 0.0195G — 1.528V, Ground Mounted
Coskun et al. [9] 2016 Tyod = 14T, +0.01(Gr — 500) — V98 Ground Mounted
Kamuyu et al. [33] 2018 T1 = 2.0458 + 0.9458T, + 0.0215 Gy — 1.2376Vw Water Mounted

T2 = 1.8081 + 0.9282T, + 0.021Gt — 1.2210Vw + 0.0246T,

These models can be categorized as linear regression, non-linear regression, and
exponential regression. The most widely used ground-mounted PV panel temperature
prediction model presented by King et al. (2004) [39] is the exponential regression model.
The original general expression for module temperature is given by Equation (3):

Tonod = Ta + Grel®t®) (3)

where Gr is solar irradiance incident on module surface (W /m?), and ‘a’ is a dimensionless
coefficient establishing the upper limit for module temperature at low wind speeds and
high solar irradiance, while ‘b’ (s/m) describes cooling by the wind and w wind speed (m/s)
measured at 10 m height. These empirically determined coefficients are representative of
different module types and mounting configurations.

The above-stated models in Table 1, except Kamuyu et al. (2018) [33] model, and
models available in the literature were developed for ground-mounted PV installation, so
they could not be utilized to predict module temperature above water bodies. Kamuyu et al.
(2018) [33] suggested two linear regression models, namely T},; and T, for predicting
module temperature mounted over water for floating solar PV installations. Model T},
was developed considering meteorological parameters ambient temperature, wind speed,
and solar irradiance while model T}, was developed by considering water temperature as
an additional parameter in addition to parameters of model T},;;. The module operating
temperature models T,,;; and Ty, are given in Equations (4) and (5), respectively:

T,1 = 2.0458 + 0.9458T, + 0.0215 G — 1.2376Vw (4)

T, = 1.8081 + 0.9282T, + 0.021G7 — 1.2210Vw + 0.0246T, (5)
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Pyranometer
a

-

"

where T, is the ambient temperature in °C, Gt solar irradiance in W/ m?, Vw wind speed
in m/s, and Ty, is the water temperature in °C.

These empirical formulations have been developed for the Korean region which will
not fetch results with the same accuracy for other regions. So, these models need to
be checked and corrected for adoption in this region based on the experimental results.
To develop temperature prediction models for floating solar in Indian conditions, an
experimental setup was established at the Birla Institute of Technology and Science (BITS)
Pilani, Pilani campus, India; data were collected, and predictive models were developed.

3. Experimental Setup in the Field

The experimental setup has been installed at BITS, Pilani (India), to assess the operat-
ing performance of solar panels over water bodies vis-a-vis ground-mounted installations.
The experiment was carried out at Birla Institute of Technology and Science (BITS), Pilani,
Rajasthan, India, at Latitude 28° 21'34.1316” N, Longitude 75° 35'17.2896" E, at an elevation
of 299 m above mean sea level. Four multi-crystalline Si modules with 72 cells were chosen
for the present study. The module’s current and voltage temperature coefficients, as pro-
vided by the manufacturer, are 14.6 micro-A/ cm?/°C and —2.10 mV /cell/°C, respectively.
The nominal power of each module is 320 Wp with a module efficiency of 16.1%. The
module and cell areas are 1.9345 m? and 243.36 cm?, respectively. The experimental test
rig consists of four photovoltaic modules. Three PV modules were installed at different
heights above the water surface, namely, 300 mm, 500 mm, and 1000 mm, and one ground
mounted. The PV modules were facing south direction, having a fixed tilt of 25°, almost
the same as the latitude of Pilani. The Pyranometer, from Kipps and Zones CMP 11, was
installed on the PV plane to record global solar radiation in the PV plane. The experimental
design is shown in Figure 1, and actual experimental pictures are shown in Figure 2.

Wind sensor
- o aacaTangr_ Humidity sensor

)
§ =
= =

Temperature sensors

Polycrystalline
PV module

Height = 500 mm

.

Height = 1000 mm

Ground mounted
solar panel

Evaporimeter

Figure 1. Outline of experimental setup at BITS Pilani, Rajasthan (India).
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Figure 2. Experimental Setup in the Field: Floating PV and Ground mounted installations.

Temperature sensors Pt100 were installed at the back of panels to monitor the panel’s
temperature. The data were recorded automatically through the data logger Data taker
DT85 for one year with 15-minute and 1-minute intervals. The ambient temperatures were
monitored at 2 m height via the AARHT1K-4-20 PT100 RTD sensor (Manufacturer Aashay
Instruments, Pune, Maharashtra, India), and the humidity was monitored through the
WSO08P sensor. The wind velocity and direction were monitored by digital anemometer
AA-WS-50_4-20 and AA-WD-360_4-20, respectively. The wind speed and direction were
measured at 2 m height. The water temperature below each panel was also recorded via
RTD Pt100. The area around the experimental setup was free from any obstructions for
wind as well as solar insolation. Figure 1 shows the setup at the site. The installation
was performed over the ground where natural conditions prevail. All data points where
the solar radiation was negative and where there were unusual readings (>1500 in solar
radiation) were removed. For the simplicity of the Model and its widespread coverage,
three key parameters were used: solar radiation, ambient temperature, and wind speed.
A panel height of 500 mm above the water surface has been obtained as the best height
for performance (Agrawal et al., 2024) [41]. Therefore, data from the panel with a 500 mm
height above the water surface are used for the current analysis and model development.

The data was collected for an entire year, and different regression models were devel-
oped. Linear, quadratic, and exponential regression models were developed to evaluate
the performance of solar PV over water bodies, and a comparative study among all models
for seasonal variation and annual variation was carried out. The impact of variations of
different meteorological parameters (such as wind speed, ambient temperature, water
temperature, humidity, and solar insolation) has also been assessed on the accuracy of the
operating temperature of panels.

4. Modeling Procedure

The experimental setup was utilized to collect data for modeling the temperature
of the PV modules. These experiments aimed to create a model that would predict the
temperature of photovoltaic (PV) panels based on specific meteorological parameters. The
experimental set-up, which has the test rig consisting of PV modules, served as the basis
for this. The information included a variety of parameters, including the air/ambient
temperature (1,), the water temperature (Tw), the solar insolation (Gr), the wind speed (v),
and the relative humidity (R;). Though the test rig consisted of four solar panels, however,
the modelling is performed based on ground-mounted solar panels and a comparison with
the best performing floating solar panel at 500 mm height over the water body.

4.1. Exponential Model Using Experimental Data

In the first experiment, a set of coefficients in Equation (3) were obtained for predicting
floating PV panel temperature. The coefficients were determined for the FSPV panel as
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well as the ground-mounted panel with the original three meteorological parameters: solar
radiation, ambient temperature, and wind speed.

Focusing on solar radiation, water temperature, and wind speed, the second exper-
iment aimed to estimate the panel temperature in response to meteorological factors. In
this investigation, alternate models were created using water temperature (Tw) instead
of ambient temperature (Ta) and then new coefficients were derived. A fitting exercise
using the current data to find the coefficients of the exponential regression equation (3) and
the R-square values resulting from those coefficients are given in Table 1. These findings
were analyzed, comparing predicted and actual temperatures for both ground-mounted
and water-mounted panels and evaluating the necessity of adapting the current empirical
models to local conditions.

Equation (6) shown below, referred to as model GM1 in Table 1, is developed for
ground-mounted panels, but it is used beyond ground-mounted panels to forecast tem-
peratures for panels mounted above water. A greater correlation than ground-mounted
panels was demonstrated by the resulting R? value of 0.848, which suggests a more precise
forecast of panel temperatures over water.

Tod = Ta + GTe(—3.085—0.032'0) (6)

The modified Equation (7), named the F1 model, with a new coefficient for the water
mounting panel is developed considering the original variables, namely ambient tempera-
ture, solar insolation, and wind velocity.

Trod = Ta + GTe(73'35970'022v) )

The model was further modified by substituting water temperature for ambient
temperature in the original equation and Equation (8), named the F2 model, was developed
for water-mounted panels.

T,oq = Ta + Grel—2998-0.0250) 8)

The R? values for models F1 and F2 were obtained as 0.955 and 0.94, respectively, as
detailed in Table 2.

Table 2. Variables and R? values for the exponential model for ground-mount and floating PV.

Type of Mounting R? Variables Model Nomenclature
Ground-mounted 0.737 Gr,vT, GM1

Water mounted 0.955 Gr,0,T, F1

Water mounted 0.94 Gr, 0Ty F2

4.2. Linear and Quadratic Models Using Experimental Data

The operating temperatures of solar panels are predicted in this section by a thorough
investigation of regression modeling, with a special emphasis on water-mounted panels.
The newly determined coefficients incorporate ambient temperature into the model; the
exponential equation is reliable in estimating the temperature of these panels. However, it
is better suited for analysis with fewer meteorological parameters because it only includes
three variables: sun insolation, wind speed, and ambient temperature.

The exponential equations, despite being straightforward and useful, ignore the im-
portance of humidity, a vital element that could significantly impact panel temperatures,
particularly diurnal and seasonal variations like early in the morning and during the rainy
season. Given that floating solar panels are mounted above bodies of water, it is assumed
significant to take humidity into account. In the present study regression model with the
inclusion of humidity and water temperature was planned and developed, both linear
and non-linear regression models, to evaluate this impact on panel temperature prediction.
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With the Solar PV Panel Temperature (in degrees Celsius) as the dependent variable (target
variable), the regression analysis included a wide range of independent variables, namely
Ambient Temperature (degrees Celsius), Water Temperature (degrees Celsius), Solar Insola-
tion (W/m?), Wind Speed (km/h), and Humidity (%). Models were developed considering
three variables (ambient temperature, solar insolation, and wind speed), four variables
(adding water temperature), and five variables (adding humidity) in the regression analysis.
Additionally, to test the non-linearity, the quadratic models were also developed. Table 3
displays various regression models, R-square values, model equations, variables, and
model nomenclatures that go with them. A one-year meteorological and panel temperature
data with a 15-min interval is used to test each model. All models performed well in terms
of R? values greater than 0.9.

Table 3. Regression models for floating PV.

Model R? Variables Model Nomenclature
Linear Regression Degree 01 0.956 Gr, 9,1, F3
Linear Regression Degree 01 0.93 Gr, v,Ry, Tw F4
Linear Regression Degree 01 0.96 Gt, o, Ry, Ty, Ty F5
Linear Regression Degree 02 0.96 Gr, v T, Fé6
Linear Regression Degree 02 0.944 G, Ry, Ty F7
Linear Regression Degree 02 0.963 Gr,9,T,,Tw, Ry, F8

A-linear regression models F3, F4, and F5 are represented in Equations (9)—(11),
respectively.

Tpod = —0.337 + 0.034Gr — 0.056v + 0.995T, (9)
Tood = 8.736 + 0.927T,, + 0.043Gy — 0.0270 — 0.105R,,. (10)
Tood = —6.833 — 0.491T,, + 0.03G7 — 0.068v + 1.526T, + 0.08R;, (11)

B-Quadratic Linear Regression models F6, F7, and F8 are represented in Equations (12)—(14)
respectively.

Tnod = —3.116 + 0.044G1 + 0.71v + 1.156 T, — 0.001Gr0 — 0.1040% + 0.0030T, — 0.004T2 (12)

Tnod = 3.961 4 1.008Ty, + 0.082Gt + 1.8520 — 0.153R;, — 0.002T2, — 0.0150 T, + 0.003Ty, Ry, — 0.0020GT

—0.1290% — 0.0090R;, + 0.001Rj, (13)
Tiod = —9:506  —0.39Ty, + 0.044Gr + 1.0380 + 1.487T, + 0.116Ry, + 0.029T%, 4 0.001T;, Gt — 0.0150T,
—0.053T;, T, + 0.002R; Ty — 0.0010Gr — 0.001TaGr — 0.0940% 4 0.0080T, — 0.004vR), (14)

—0.001T, R, + 0.023T?>

where, T, = Water temperature in °C, Gt = Solar insolation in W/ m?2, T, = Ambient
temperature in °C, v = Wind velocity in km/h, Rj, = Relative humidity in %.

5. Testing the Models for Seasonal Adequacy

The suitability of each model developed above was examined during all seasons.
These models were tested for estimating the temperature of a panel mounted 500 mm
above the water surface. Figure 3 shows the temperature forecasts from all eight models
(F1 to F8) and Kamuyu et al. (2018) [33] models (I'm1 and Tm2) and the recorded panel
temperature for a typical day in May, with maximum solar insolation. The root mean
square error (RMSE) of each model is estimated for the annual dataset and it is presented
below in Table 4.
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Figure 3. Predicted panel temperature for the typical day with maximum solar insolation in May
2021 (A) All eight models, Kamuyu et al. (2018) [33] models and recorded temperature (B) Four best
performing models F1, F2, F3, F4, and recorded panel temperature.
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With a maximum error of 5.5 degrees and a minimum error of 1.67 degrees, Model
F3 was found to be the best model in terms of root mean square error (RMSE). This strong
performance is noteworthy, especially because several linear, non-linear, and exponential
models considering additional parameters such as water temperature and humidity were
developed. But, in the analysis, the simplest model with a three-parameter, namely ambient
temperature, solar insolation, and wind speed, proved to be more useful. The models
with fewer parameters outperformed those that took extra factors like humidity and water
temperature into account.

Table 4. Maximum and minimum RMSE for temperature predicted by models.

Models
RMSE
F1 F2 E3 F4 F5 Fé6 F7 F8
Maximum 5.64 8.26 5.50 9.43 8.19 6.95 22.38 22.07
Minimum 1.96 2.65 1.67 2.34 5.49 2.54 11.35 11.90
Bold is for the best performing model.
5.1. Seasonal Evaluation and Model Identification for Best Performance
The three main seasons experienced in India—summer (March to June), monsoon
(July to September), and winter (October to February)—were used to subject the regression
models to extensive testing. Table 5 shows how the models” performance varied with the
seasons. For example, the correlation coefficient varied from 0.87 for F5 in the summer to
0.98 for F1 in the winter, while the R? value ranged from 0.75 for F5 to 0.95 for F1, with the
lowest and highest values again occurring in the summer and winter, respectively. With a
maximum inaccuracy as reflected in terms of RMSE in summer of 7.3 degrees and the lowest
error in winter of 2.74 degrees, Model F3 consistently shows the highest performance.
Table 5. RMSE of temperature prediction for different seasons.
Models
RMSE
F1 F2 F3 F4 F5 Fé6 F7 F8
Summer 7.42 721 7.30 8.27 10.81 8.99 20.21 20.07
Monsoon 2.61 3.66 2.74 3.36 5.31 3.31 13.50 13.34
Winter 3.11 4.19 3.07 3.95 5.28 3.74 11.58 13.04
Correlation coefficient
Summer 0.90 0.89 0.90 0.90 0.87 0.89 0.88 0.87
Monsoon 0.97 0.95 0.97 0.96 0.97 0.97 0.93 0.92
Winter 0.98 0.95 0.97 0.96 0.97 0.97 0.95 0.93
RZ
Summer 0.81 0.79 0.81 0.81 0.75 0.79 0.77 0.75
Monsoon 0.94 0.90 0.94 0.92 0.93 0.93 0.87 0.85
Winter 0.95 0.91 0.95 0.91 0.94 0.95 0.90 0.87

Bold is for the best performance.

The predictive model takes into account regional climatic trends because of the sea-
sonal fluctuations in model performance. A well-balanced model that can accommodate
a variety of climatic conditions throughout the year is important, and Model F3, which
consistently outperformed all other models across all seasons, is a good example. The plots
of the predicted panel temperature to recorded panel temperature for maximum value from
Model F3 for summer (May and June), winter (January and February), and monsoon (July
and August) are shown in Figure 4. Additionally, the plots of predicted panel temperature
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to recorded panel temperature from Model F3 for the maximum and minimum of all the
months of a year are annexed in Appendix A. The plots shown in Figure 4 outline the
robustness of model F3; it not only predicts well in all the seasons, but it also captures
higher temperatures of 65 degrees with equal precision as lower temperatures of 2 degrees
during winters. The high humidity during monsoon is well captured by the model, visible
from the plot of monsoon months July and August. The RMSE during summer, winter
and monsoon are in proportion to the temperature of the panels. The temperature during
summers is as high as 70 degrees while the temperature during winters remains in the
range of 45 degrees, so the model is performing equally well in all the seasons. Overall,
results highlight the necessity of incorporating seasonal environmental variability into
predictive models for solar panel temperature to ensure dependable and accurate energy
estimation annually.

5.2. Evaluation of Enerqy Output from Developed Models

The models were tested for energy estimation to see the impact of error in the predic-
tion of temperature. The power is estimated using Equation (15) given below:

Power = Gt X Ay X aref (1 — Bure X (TM - T,ef)) (15)

where Gr is solar insolation in W/m?, Ay; = Area of the module in m?, Nmref = module
efficiency at NOCT, Bpyf = power temperature coefficient in %, Ty = module temperature
in °C and T,,s = NOCT temperature 25 °C. For present case module area Ay = 1.9345 m?,
77Mref = 16.10/0, ﬁMref =0.5% W/OC.

Energy estimations were performed for the highest and lowest solar insolation days
on two typical days within each month. This was based on information gathered over
12 months. The estimated energy production was then compared with the temperature
data gathered from the modules and the temperature forecasts from the different models,
as shown in Table 6. A typical May Day with maximum solar insolation is depicted in
Figure 5, along with the expected temperature for that day using data from all eight models.
It is clear, as indicated in Table 6 that Model F3 produced an accurate energy estimation. It
is interesting to note that both Model F2 and Model F4, which come second in accuracy,
consider water temperature rather than ambient temperature. In addition, the model by
Kamuyu et al. (2018) [33] for floating PVs” module operating temperature was used to
estimate the energy production. With the Tm1 model, as given in Equation (4), this model’s
energy estimation error was 4.10%, while with the Tm2 model given by Equation (5), it
was 4.31%. Figure 5 displays the power estimate from recorded panel temperature data,
estimates from F1-F8 models, and the models from Kamuyu et al. (2018) [33].

Table 6. Energy estimate of 24 days in a year (April 2021-March 2022) using maximum and minimum
insolation days in each month and percentage error w.r.t recorded data.

Recorded  podelF1 ModelF2  Model F3  Model F4  Model F5  Model F6  Model F7  Model F8
Emrg}g‘/}f]&ﬁ;mmd 20,372 20,293 20,303 20,362 20,309 19,639 19,999 18,435 18,410
% above/below the —053 —0.49 —0.20 —046 374 ~198 —9.64 —9.76

Recorded data

Bold is for the best performance.
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Figure 5. Power estimate for a typical day of maximum insolation in May 2021 (A) from recorded
panel temperature data, estimates from the F1 to F8 model, and the models from Kamuyu et al.
(2018) [33] (B) from recorded panel temperature data estimates from best-performing temperature
models F1, F2, F3, F4 model.
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Assessment of Energy Output from Developed Models: Seasonal Variation

Across several seasons, the energy output is also calculated from the module operating
temperature by all the models, as shown in Table 7. The model tested for seasonal variation
in energy prediction shows a variation of —1.19% in summer to 0.07% in winter for model
F1, while model F2 shows a variation of —1.10% in summer to 0.12% in winter. Model F3
is also three parametric using solar insolation, wind velocity, and ambient temperature
showing the lowest variation of 0.35 in summer and 0.59 in winter. Model F4 is four
parametric using solar insolation, wind velocity, humidity, and water temperature. Model
F4 shows a variation of —1.09% in summer to 0.34% in winter. Other models, F5, F6, F7,
and F8, vary from —1.49% to —10.44%. These models were developed to observe the effect
of humidity, water temperature, and non-linearity. The non-linear regression models do
not show any improvement in the prediction, even with all five variables. Thus, the linear
models with three variables are the best representative models.

Table 7. Seasonal variations on energy estimate of 24 days in a year (April 2021-March 2022)
using maximum and minimum insolation days in each month and percentage error with respect to
recorded data.

Energy Estimate Energy Estimate with Modelled Panel Temperature Data
Season with Recorded Panel
Temperature Data Model F1 Model F2 Model F3 Model F4 Model F5 Model F6 Model F7 Model F8
Powean{;’\}i}fl“ated 7809 7716 7723 7782 7724 7474 7604 6994 7000
Summer % ab el
‘o above Or below
the Recorded data —1.19 —-1.10 —0.35 —1.09 —4.29 —2.63 —10.44 —~10.36
Power Estimated 5317 5296 5295 5261 5284 5125 5238 4785 4795
Monsoon % ab el
‘o above Oor below
the Recorded data —0.39 —0.41 —~1.05 —0.62 —3.61 —1.49 —10.00 —9.82
Powean‘f\‘,ﬁ“ated 7276 7281 7285 7319 7301 7040 7157 6656 6615
Winter % ab el
‘o above Or below
the Recorded data 0.07 0.12 0.59 0.34 —3.24 —1.64 —852 —9.08
PoweirnEf}\}iﬁnated 20,402 20,293 20,303 20,362 20,309 19,639 19,999 18,435 18,410
Annual -
% above or below _053 049 —0.20 046 a7 198 o6t 976

the Recorded data

Bold is for the best performance.

The results of this investigation showed that the most accurate predictions were
made using three-parameter models that included solar insolation, wind speed, and either
ambient or water temperature. The prediction was worsened by two-degree regression
models, and the prediction was not improved by adding all five parameters. Additionally,
the impact of water temperature was not much stronger than that of ambient temperature.
These findings help to improve the design and operation of solar energy systems by offering
helpful insights into the critical variables determining energy output.

6. PV Panel Operating Temperature Variations: Comparison of Floating vs.
Ground-Mounted PV Panels

The goal of the comparative study is to look at how the operating temperatures of float-
ing and ground-mounted photovoltaic (PV) panels differ. The temperature measurements
of both panel types across several seasons must be analyzed in order to fully comprehend
the significance of these variances. The yearly maximum, lowest, and average operating
temperatures for solar panels that are ground-mounted and afloat are shown in Table 8.
Despite the numbers mentioned above, it is not immediately clear how these temperature
changes affect energy generation. Equation (15) was used to predict energy output for both
types of panels while taking the potential impact of temperature on energy generation
into account.
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Table 8. Seasonal maximum, minimum, and average panel operating temperature of floating and.
Ground-mounted panels.

Summer Winter Monsoon
Season Panel over Panel over Panel over Panel over Panel over Panel over
Water Bodies  Ground Mount = Water Bodies =~ Ground Mount = Water Bodies =~ Ground Mount
O (W@ O (W©) O (W @)
Maximum 66.68 70.86 59.57 63.73 65.55 70.87
Temperature
Minimum 14.02 13.45 ~0.86 ~137 24.26 2438
Temperature
Average 39.50 46.77 25.71 29.06 38.33 39.77
Temperature
Bold is to highlight the impact of FSPV.

The energy output was then calculated using the reported temperatures for both types
of panels. Two typical days of maximum and minimum solar insolation each month were
used to determine the energy production. Data collected over a year is used to obtain these
results, which are provided in Table 9. The projected energy generation for each month is
shown graphically in Figure 6. The findings demonstrate that floating solar panels provide
2.59% more energy generation yearly than PV systems that are installed on the ground.
This finding implies that ground-mounted PV panels maintain an average temperature
that is roughly six degrees higher than floating PV panels. Due to the substantial lower-
ing of temperature, floating PV systems outperform ground-mounted ones in terms of
energy output.

Table 9. Energy output for maximum and minimum solar insolation day in a year. (April

2021-March 2022).

Energy Generated Energy Generated Energy Generated (GM) Energy Generated
Month (Floating) Maximum (Floating) Minimum Maximum Insolation Day (GM) Minimum
Insolation Day (Wh) Insolation Day (Wh) (Wh) Insolation Day (Wh)

Apr-21 1280.7 555.5 1238.4 541.0
May-21 1258.1 188.7 1226.7 188.3
Jun-21 1295.1 747.2 1258.6 758.2
Jul-21 1261.7 462.5 1293.1 458.6
Aug-21 1283.9 361.6 1248.5 355.8
Sep-21 1120.9 504.2 1090.7 491.8
Oct-21 1219.9 292.1 1194.3 288.6
Nov-21 953.9 634.6 926.2 622.4
Dec-21 981.7 203.1 952.1 201.7
Jan-22 1105.3 213.1 1066.9 211.5
Feb-22 1245.0 427.6 1198.2 4229
Mar-22 1307 .4 1038.0 1256.7 946.3
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Figure 6. Monthly energy generation of Ground-mounted and floating PV installation for (a) maxi-
mum and (b) minimum solar insolation day of each month from April 21-March 22.

7. Conclusions

The study found that the average operating temperature of modules mounted over
the ground is six degrees higher than those mounted over water. Regression analysis was
used to develop and validate models for predicting the operating temperature of floating
solar PV modules. The models incorporated various meteorological parameters, including

ambient temperature, solar insolation, wind velocity, water temperature, and humidity.
The study concluded that

e  The three parametric models, F1 and F3, which utilized ambient temperature, solar
insolation, and wind velocity, predicted panel operating temperature the best, with
a maximum root mean square error (RMSE) of 5.64 °C and 5.50 °C, respectively. On
the other hand, three parametric models replacing ambient temperature with water
temperature, F2 and F4, predicted panel operating temperature less accurately, with a
maximum RMSE of 8.26 °C and 9.43 °C, respectively;

e  The study also found that the one-degree regression model with all five parameters did
not add to the accuracy of the prediction model. However, the two-degree regression
models were complex, with an RMSE of more than 20 °C;
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e  Finally, the study found that the best model is F3, which can be used to predict the
operating temperature of the panel and power estimates, assessing the module’s
overall performance;

e  Floating solar PV systems should be preferred to ground-mounted ones due to the
lowering of operating temperatures by 6 °C. The study found that floating solar PV
installations consistently produced 2.59% more energy than ground-mounted solar
PV installations.
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Figure Al. Plots of predicted panel temperature vs recorded panel temperature for maximum and

minimum by best-performing F3 model.

Table Al. Sample data for maximum insolation day on 18th April 2021.

Solar Panel Temp Ambient

Date and Time at Height 50 cm Wind Speed Temperature Humidity  Solar Radiation Water

above Water (km/h) po (%) (W/m?) Temperature (°C)

o O

Surface (°C)
18/04/21 6:15 14.02 0.00 16.73 52.14 2.33 19.28
18/04/21 6:30 14.96 0.00 17.01 52.58 13.22 19.20
18/04/21 6:45 16.72 0.00 17.81 53.14 22.53 19.29
18/04/21 7:00 18.15 0.00 19.08 53.93 39.21 19.36
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Table Al. Cont.

Solar Panel Temp

Date and Time at Height 50 cm Wind Speed Tegn}:le)li':::re Humidity  Solar Rad;ation Water
above Water (km/h) o (%) (W/m?) Temperature (°C)
Surface (°C) CO
18/04/21 7:15 19.75 0.00 21.39 54.44 62.99 19.47
18/04/21 7:30 22.15 0.00 23.74 53.30 92.69 19.64
18/04/21 7:45 24.73 0.46 25.05 51.17 126.95 19.81
18/04/21 8:00 26.84 0.00 2591 49.60 164.11 20.05
18/04/21 8:15 28.92 143 26.76 48.32 203.68 20.33
18/04/21 8:30 30.49 2.63 26.87 46.88 247.55 20.59
18/04/21 8:45 33.86 2.08 28.24 46.16 287.95 20.85
18/04/21 9:00 36.10 0.00 28.99 44.85 327.70 21.25
18/04/21 9:15 38.70 2.49 29.68 43.76 367.16 21.68
18/04/219:30 41.31 2.38 30.44 42.63 407.08 22.09
18/04/21 9:45 43.67 2.25 31.05 41.62 442.78 22.50
18/04/21 10:00 45.43 0.00 31.35 40.48 459.12 22.87
18/04/21 10:15 47.53 2.97 31.74 39.63 498.72 23.11
18/04/21 10:30 49.50 2.33 32.28 39.06 520.56 23.38
18/04/21 10:45 50.90 2.13 32.66 38.20 547.32 23.69
18/04/21 11:00 51.66 0.00 32.82 37.06 569.63 23.96
18/04/2111:15 53.31 3.01 33.57 36.36 598.79 24.13
18/04/21 11:30 56.27 1.90 33.90 35.66 620.19 24.39
18/04/21 11:45 56.46 2.59 33.79 34.65 638.66 24.64
18/04/21 12:00 55.78 0.01 33.96 33.65 651.43 24.83
18/04/21 12:15 56.48 2.80 34.23 32.93 658.97 25.03
18/04/2112:30 58.77 2.14 34.61 32.50 658.55 25.24
18/04/21 12:45 55.80 4.30 34.14 31.81 668.50 25.39
18/04/21 13:00 56.07 0.00 34.06 31.07 667.57 25.52
18/04/21 13:15 57.05 3.40 35.00 30.82 649.59 25.77
18/04/21 13:30 56.27 3.56 34.71 30.08 637.16 25.90
18/04/21 13:45 57.79 3.26 35.32 29.80 629.49 26.13
18/04/21 14:00 58.03 0.01 35.63 29.51 627.44 26.31
18/04/21 14:15 54.27 3.76 34.78 29.08 585.25 26.51
18/04/21 14:30 54.83 3.72 35.44 28.52 588.05 26.72
18/04/21 14:45 55.90 3.38 35.56 28.52 570.37 26.92
18/04/21 15:00 55.77 0.00 36.12 27.80 545.95 27.18
18/04/21 15:15 53.59 431 35.24 27.52 523.85 27.35
18/04/21 15:30 51.65 3.98 35.53 27.24 488.31 27.51
18/04/21 15:45 51.34 3.33 35.42 26.95 334.30 27.67
18/04/21 16:00 51.31 0.00 35.54 26.52 424.29 27.84
18/04/21 16:15 50.43 2.68 35.75 26.39 382.57 28.03

18/04/21 16:30 46.35 2.02 35.67 26.11 332.08 28.20
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Table Al. Cont.

Solar Panel Temp Ambient
Date and Time at Height 50 cm Wind Speed Temperature Humidity  Solar Radiation Water
above Water (km/h) °0) (%) (W/m?) Temperature (°C)
Surface (°C) (
18/04/21 16:45 46.43 1.96 35.66 26.11 286.30 28.35
18/04/21 17:00 4451 0.00 35.24 25.78 236.40 28.42
18/04/2117:15 42.90 0.77 35.26 25.54 192.31 28.51
18/04/2117:30 39.93 1.84 34.92 25.40 136.99 28.45
18/04/21 17:45 36.27 1.19 33.79 24.97 60.38 28.38
18/04/21 18:00 33.16 0.00 33.00 25.11 40.45 28.35
18/04/21 18:15 30.69 0.07 31.98 25.12 23.10 28.25
18/04/21 18:30 28.51 0.00 30.78 25.68 8.10 28.15
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