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Floating photovoltaic systems are attracting increasing attention due to their enhanced thermal regu-
lation and improved energy yield compared to land-based installations; however, accurately capturing
their coupled thermal—electrical behavior under realistic environmental conditions remains a key chal-
lenge. In this study, a physics-based electrothermal framework is developed by extending the classical
Shockley diode equation to explicitly incorporate water-assisted cooling effects. A floating photovoltaic-
specific thermal correction is introduced to directly link environmental variables — including irradiance,
ambient temperature, water temperature, and wind speed — to temperature-dependent electrical pa-
rameters. The results show that reduced operating temperatures significantly suppress the exponential
increase in diode saturation current, leading to improved voltage retention and enhanced maximum
power output. Comparative -V and P-V analyses indicate that the performance gain of floating pho-
tovoltaic systems is predominantly voltage-driven, with predicted power improvements of &~ 3-8% under
typical operating conditions. Sensitivity and Monte Carlo analyses further demonstrate the robustness
of the floating photovoltaic system advantages and highlight the dominant influence of water tempera-
ture and wind speed on system performance. The proposed framework provides a compact, physically
interpretable, and computationally efficient tool for floating photovoltaic performance analysis, offering
practical insights for system design and optimization.
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1. Introduction

The rapid increase in global energy demand, to-
gether with the urgent need to mitigate environ-
mental degradation, has accelerated the deployment
of renewable energy technologies, among which
solar photovoltaics (PV) have emerged as a key
solution [1, 2]. Although conventional land-based
photovoltaic systems are widely implemented, their
large-scale expansion is often limited by land avail-
ability, environmental impact, and thermal perfor-
mance limitations. In this context, floating pho-
tovoltaic (FPV) systems have gained significant
attention as an alternative deployment strategy,
offering advantages such as reduced land use, miti-
gation of water evaporation, and suppression of al-
gal growth [3-6].

One of the primary factors contributing to the
superior performance of FPV gsystems is the cool-
ing effect of the underlying water body [7-9]. En-
hanced convective and conductive heat transfer
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mechanisms lower the operating temperature of
photovoltaic modules, leading to improved electrical
efficiency and reduced thermal degradation [10, 11].
Previous studies have reported efficiency improve-
ments ranging from 1.5% to 2.0%, with even
higher gains achievable under active cooling condi-
tions [12]. These findings highlight the critical role
of thermal regulation in determining photovoltaic
performance and emphasize the need for accurate
electrothermal modeling approaches. In addition,
lower operating temperatures can result in increases
in energy yields of up to 15%, further highlighting
the importance of thermal effects in photovoltaic
performance [13].

Effective thermal management is therefore a
critical factor in both conventional and floating
photovoltaic systems [14]. Elevated operating tem-
peratures not only reduce conversion efficiency but
also accelerate material degradation, thereby lim-
iting the lifetime of the system and the energy
yield [15, 16]. In FPV systems, the surrounding wa-
ter body acts as a natural heat sink, mitigating
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temperature-induced losses and improving over-
all system performance [17, 18]. This thermal
regulation directly affects the current—voltage char-
acteristics of photovoltaic modules by modifying
temperature-dependent parameters in the Shockley
diode equation, particularly the reverse saturation
current and the ideality factor [19]. Consequently,
accurate modeling of the electrothermal interaction
is essential for reliable performance prediction and
system optimization.

In recent years, increasing attention has been di-
rected towards integrating thermal and electrical
processes within unified modeling frameworks to en-
hance the accuracy of photovoltaic system perfor-
mance predictions [20-22]. However, conventional
approaches often treat temperature as an external
or empirical parameter, which limits their ability
to capture the intrinsic feedback mechanisms be-
tween environmental conditions and the electrical
response. This limitation becomes particularly crit-
ical in FPV systems, where continuous interaction
between the module, the surface of the water, and
the ambient environment dynamically governs heat
dissipation and operating temperature [23, 24].

Despite these advances, there is still a lack of
compact and physically interpretable models that
simultaneously incorporate diode-level physics and
FPV-specific thermal effects. To address this gap,
the present study develops a physics-based elec-
trothermal modeling framework by extending the
classical Shockley diode equation to explicitly incor-
porate water-assisted cooling mechanisms [25, 26].
The proposed model introduces an explicit elec-
trothermal coupling formulation that directly links
environmental variables — including irradiance,
ambient temperature, water temperature, and wind
speed — to temperature-dependent electrical pa-
rameters, thereby enabling a more realistic repre-
sentation of FPV system behavior.

The main contributions of this study can be sum-
marized as follows:

e A modified Shockley-based electrothermal
model is formulated for FPV systems by ex-
plicitly incorporating water-assisted thermal
regulation.

The influence of floating-specific environmen-
tal conditions on key electrical parameters,
including open-circuit voltage, short-circuit
current, and maximum power point, is sys-
tematically analyzed.

A comparative framework between floating
and land-based photovoltaic systems is estab-
lished to quantify performance differences.

A set of physics-based performance indicators
and visualization tools is introduced to sup-
port simulation-based and experimental vali-
dation studies.

Overall, this work provides a physically grounded
and computationally efficient framework for under-
standing and optimizing the performance of FPV
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systems, offering new insights into the electrother-
mal mechanisms governing energy conversion in
floating photovoltaic installations.

2. Theoretical framework: Shockley
diode equation

The Shockley diode equation constitutes the
fundamental analytical basis for describing the
current—voltage behavior of p—n junction devices
and is therefore widely used in photovoltaic mod-
eling. Under illuminated conditions, the electrical
response of a solar cell is commonly represented
by the modified Shockley formulation, referred to
as the single-diode model, which incorporates par-
asitic resistances and temperature-dependent semi-
conductor behavior. In photovoltaic systems, this
framework is especially important because the out-
put current, voltage, and power are strongly gov-
erned by environmental variables, most notably
solar irradiance and cell temperature [27, 28].

In practical operation, an increase in cell tem-
perature generally reduces open-circuit voltage and
only slightly increases short-circuit current, result-
ing in a net decrease in power conversion effi-
ciency [29, 30]. This thermal sensitivity arises pri-
marily from the exponential increase in the diode
saturation current with temperature, together with
the carrier transport and temperature-dependent
recombination processes [31]. Therefore, accurate
thermal representation is essential to predict reli-
able photovoltaic performance, particularly in FPV
systems, where the surrounding water body mod-
ifies the heat-transfer balance and introduces an
additional cooling pathway [32].

Accordingly, the conventional Shockley frame-
work is extended here to incorporate FPV-specific
thermal regulation effects. The following subsec-
tions establish the governing electrothermal equa-
tions, define the temperature-dependent electrical
parameters, and formulate the floating-specific cor-
rection required to describe photovoltaic behavior
under aquatic operating conditions.

2.1. Single- and two-diode representation of
photovoltaic cells

Under illuminated conditions, the electrical be-
havior of a photovoltaic device is commonly de-
scribed by the modified Shockley single-diode
model, expressed as

—1
> } Rep
(1)

where I and V' denote the output current and ter-
minal voltage, respectively, I,y is the photocurrent,

V+IR,)

V+IR;
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Iy is the reverse saturation current, Rs and Ry, are
the resistances of the series and shunt, respectively,
n is the ideality factor, ¢ is the electron charge, kg is
the Boltzmann constant, and 7T, is the cell tem-
perature. This formulation captures the combined
effects of photogeneration, recombination, and re-
sistive losses, with temperature directly influencing
the exponential diode term.

Although the single-diode model provides a com-
pact and widely adopted representation, it may not
fully capture recombination mechanisms under non-
ideal conditions. To improve accuracy, particularly
under varying irradiance and temperature, the two-
diode model can be employed as

q(V+IRy)
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where Ip; and Iyy represent the saturation cur-
rents associated with diffusion and recombination
processes, respectively, and n; and ng are their
corresponding ideality factors. This extended for-
mulation enables an improved representation of
non-ideal carrier recombination and is particularly
relevant for systems operating under dynamically
varying environmental conditions, such as floating
photovoltaic installations. Importantly, both for-
mulations remain strongly temperature-dependent,
which is central to the electrothermal analysis de-
veloped in this study.

2.2. Temperature-dependent electrical parameters

The electrical response of photovoltaic devices
is governed by a set of parameters that exhibit a
strong dependence on both irradiance and temper-
ature. Among these, the photocurrent and the diode
saturation current play a central role in determin-
ing the current—voltage characteristics and overall
device performance.

The photocurrent is primarily controlled by the
incident solar irradiance and exhibits a weak but
non-negligible temperature dependence, which can
be expressed as
Iph = [Isc,ref + af (Tc - Tref):| GG ) (3)

ref

where I ref is the short-circuit current under ref-
erence conditions, a; is the coefficient of current
temperature, GG is the incident irradiance, G,ef is
the reference irradiance, and Ti.f is the reference
temperature. This relation reflects the near-linear
scaling of the photocurrent with irradiance and its
relatively weak thermal sensitivity.

In contrast, the reverse saturation current
exhibits a strong exponential dependence on tem-
perature and is given by
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where Ij ;f is the saturation current under reference
conditions, and F, is the semiconductor band-gap
energy. The exponential increase in Iy with tem-
perature constitutes the dominant mechanism re-
sponsible for voltage degradation in photovoltaic
devices.

As a consequence, the open-circuit voltage can be
approximated as

”@nm( (5)

highlighting the strong sensitivity of voltage to
temperature through the saturation current. Al-
though the short-circuit current increases only
marginally with temperature, the rapid growth
of Iy leads to a pronounced reduction in V., thus
limiting the maximum achievable power.

This asymmetry in temperature sensitivity estab-
lishes the fundamental electrothermal behavior of
photovoltaic devices: performance degradation at
elevated temperatures is primarily voltage-driven.
In floating photovoltaic systems, where water-
assisted cooling reduces operating temperature,
this mechanism directly translates into improved
voltage retention and enhanced power conversion
efficiency. Importantly, this temperature-driven
voltage limitation forms the physical basis for the
performance advantage observed in floating photo-
voltaic systems.

Voo &

2.3. FPV-specific thermal correction

A defining characteristic of FPV systems is the
presence of a water body acting as an additional
thermal sink, which fundamentally alters the heat-
transfer balance of the photovoltaic module. In
contrast to land-based systems, where heat dissi-
pation is governed primarily by ambient air and
wind-driven convection, FPV installations experi-
ence enhanced thermal regulation due to the com-
bined effects of water-assisted cooling and convec-
tive heat exchange.

To capture this behavior within a physically con-
sistent framework, cell temperature is expressed as

¢ (6)

T. =T+ U’
where T, is the ambient temperature and U is the
effective heat-loss coefficient. Although this formu-
lation is commonly used for conventional photo-
voltaic systems, it does not account for the addi-
tional thermal interactions introduced by floating
configurations.

In this study, the heat-loss coefficient is extended
to incorporate FPV-specific environmental effects
as
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Urpv = U + Uy v+ Us (T, — To), (7)

where Uy represents the baseline heat-loss coef-
ficient, Uyv accounts for wind-driven convective
enhancement, and Us (T, — T,,) introduces a water-
cooling term that explicitly captures the thermal
interaction between the module and the underlying
temperature of the water body, T,. This additional
term constitutes the key modification that differen-
tiates FPV systems from conventional land-based
models.

Substituting (7) into (6), the FPV-adjusted cell
temperature becomes

¢ ®)
Uo + Urv + Us (T, — Toy)

This formulation establishes a direct coupling be-
tween environmental conditions and the internal
thermal state of the PV device. In particular, lower
water temperatures and higher wind speeds increase
the effective heat-loss coefficient, thus reducing the
operating temperature of the module.

The novelty of the proposed approach lies in em-
bedding this FPV-specific thermal correction di-
rectly into the temperature-dependent electrical

J

T =T, +

Irpy = Ipn(G, T°Y) = I(TFFY) [exp (

This formulation provides a compact but physi-
cally meaningful representation of the electrother-
mal behavior of FPV systems. It shows that
water-assisted cooling modifies the diode current
indirectly through its effect on cell temperature,
preserves a higher open-circuit voltage, and shifts
the operating point toward improved electrical
efficiency.

If a more detailed recombination analysis is re-
quired, the same thermal correction can be incorpo-
rated into the two-diode framework of (2). In that
case, the FPV-adjusted temperature governs both
diode branches and enables an improved represen-
tation of non-ideal carrier recombination under dy-
namic aquatic operating conditions.

To clarify the modification introduced in the
present framework, the classical Shockley-based
single-diode formulation has been modified at three
levels. First, the cell temperature is no longer
treated as an externally prescribed constant, but
is computed from an FPV-specific thermal balance
that includes ambient temperature, water tempera-
ture, irradiance, and wind speed. Second, the result-
ing FPV-adjusted temperature T¥FV is propagated
into the temperature-dependent electrical quanti-
ties, particularly the photocurrent I,y (G,TEVY)
and the diode saturation current Io(7TXTV). Third,
the modified temperature-dependent parameters

q (V+IFPV Rs)
n k’BTCFPV
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relations of the Shockley model. By doing so,
the electrothermal response of the system becomes
explicitly governed by aquatic environmental pa-
rameters, enabling a physically interpretable link
between water-assisted cooling and photovoltaic
performance. As TYFV directly enters the diode
current, saturation current, and voltage expressions,
the entire I-V and P-V characteristics of the sys-
tem are shifted toward a more favorable operating
regime, characterized by improved voltage retention
and power output.

This electrothermal coupling mechanism provides
the fundamental basis for the enhanced perfor-
mance observed in floating photovoltaic systems.

2.4. Modified Shockley framework for
FPV applications

By introducing the FPV-corrected cell tempera-
ture into the temperature-dependent electrical re-
lations, the modified current equation for floating
photovoltaic systems can be written as

>1

are inserted into the Shockley equation, thereby al-
lowing water-assisted cooling to directly influence
the I-V and P-V characteristics of the module.

The newly introduced FPV-specific parameters
are the baseline floating heat-loss coefficient Uy,
the wind-dependent heat-loss coefficient U;, and
the water-cooling interaction coefficient Us. These
coefficients determine the effective heat-loss coeffi-
cient Uppy and therefore control the FPV-adjusted
cell temperature. In the present numerical im-
plementation, representative values were adopted:
Up=26W/(m? K), Uy = 55 W/(m? K)/(m/s),
and Uy = 0.9 W/(m? K2). These values were se-
lected to represent enhanced thermal dissipation in
floating configurations relative to land-based sys-
tems and were calibrated against reference pho-
tovoltaic parameters and literature-reported ther-
mal coefficients. Sensitivity analyses were then
performed to evaluate the effect of parameter vari-
ation on the predicted FPV performance.

B V + Ivpv Ry
Rsh '

(

Overall, the modified Shockley framework devel-
oped here establishes a direct connection between
floating-system thermal conditions and photo-
voltaic electrical response. This theoretical basis
provides a consistent foundation for interpreting
I-V and P-V characteristics and for the compara-
tive analyses presented in the subsequent method-
ology and results sections.
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TABLE I
Reference values used in the modified Shockley-based FPV electrothermal model.
Parameter Symbol Value Unit
Reference irradiance Glref 1000 W/ m?
Reference temperature Tref 25 °C
Reference short-circuit current Tsc ref 9.50 A
Reference open-circuit voltage Voc,ref 37.5 A%
Current temperature coefficient ar 4.75 x 1073 A/K
Ideality factor n 1.30 —
Series resistance R 0.35 Q
Shunt resistance Rsn 500 Q
Band-gap energy E, 1.12 eV
Land baseline heat-loss coefficient Uo,1and 20.0 V\/'/(m2 K)
Land wind coefficient U1 1ana 4.0 W/(m? K)/(m/s)
FPV baseline heat-loss coefficient Uo 26.0 W/(m? K)
FPV wind coefficient Uy 5.5 W/(mn® K)/(m/s)
Water-cooling coefficient Us 0.9 W/(m? K?)
Reference ambient temperature Ta 30 °C
Reference water temperature Tw 22 °C
Reference wind speed v 2.5 m/s

3. Methodology

This section presents the integrated electrother-
mal modeling framework developed to evaluate the
performance of FPV systems. The methodology
combines a modified Shockley diode formulation
with an FPV-specific thermal model, enabling di-
rect coupling between environmental conditions and
the electrical response of the photovoltaic module.

The proposed approach is based on both single-
and two-diode representations, allowing for accu-
rate characterization of carrier transport and re-
combination processes under varying irradiance
and temperature conditions. Particular emphasis
is placed on FPV-specific thermal mechanisms, in-
cluding water-assisted cooling, wind-driven convec-
tion, and ambient—water thermal interaction, all of
which govern the operating cell temperature and,
consequently, influence the electrical behavior of the
system.

The model takes environmental variables, i.e.,
solar irradiance (G), ambient temperature (Ty,), wa-
ter temperature (7,,), and wind speed (v), as pri-
mary inputs. These parameters are used to estimate
the cell temperature adjusted for FPV using (8),
which explicitly accounts for the increased heat dis-
sipation in floating configurations. The resulting
temperature is then incorporated into temperature-
dependent electrical parameters, including the pho-
tocurrent and diode saturation current, ensuring
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a consistent and physically grounded evaluation of
the I-V and P-V characteristics.

The nonlinear diode equations are solved numer-
ically using iterative techniques to determine the
operating current at each voltage point. From the
resulting I-V curves, key performance indicators,
such as open-circuit voltage (V5. ), short-circuit cur-
rent (Is), maximum power (Ppax), and conversion
efficiency (n), are extracted.

To ensure physical consistency, model parame-
ters are calibrated using reference photovoltaic data
and temperature coefficients reported in the litera-
ture [33-36]. In addition to steady-state analysis,
environmental variability is incorporated through
parametric sweeps and stochastic perturbations, en-
abling the representation of transient effects such
as wave-induced motion and short-term irradiance
fluctuations.

The numerical values adopted for the reference
simulations are shown in Table I. These values de-
fine the baseline module and thermal and environ-
mental conditions used to generate the comparative
1-V, P-V | sensitivity, and uncertainty results.

In general, the proposed framework provides
a compact yet physically interpretable method-
ology to evaluate FPV systems under realistic
environmental conditions. By explicitly linking
thermal regulation to electrical response, the model
enables systematic comparison between floating
and land-based photovoltaic systems and supports
performance-oriented design and optimization.
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Fig. 1.

Block diagram of the representative FPV system and the proposed electrothermal modeling workflow.

The system consists of environmental inputs, an FPV physical subsystem, thermal-electrical coupling through
water-assisted cooling, the modified Shockley diode model, and electrical output indicators including I-V /P-V
curves, efficiency, Voc, Isc, Pmax, and grid power delivery.

3.1. Reference system configuration and
installation assumptions

It should be noted that the present study is based
on a numerical reference system rather than on a
physically installed experimental plant. Therefore,
no site-specific field installation was used. Instead,
representative environmental conditions were se-
lected to emulate a typical freshwater FPV deploy-
ment scenario. This approach allows the electrother-
mal influence of floating deployment to be isolated
and compared with a land-based reference config-
uration under controlled and reproducible condi-
tions.

The modeled FPV system represents a typical
freshwater deployment, such as a reservoir or ar-
tificial pond, where the PV module is mounted on
a floating platform and thermally coupled to the
underlying water body. The physical configuration
includes the floating platform, mooring or anchor-
ing structure, FPV module, inverter, and grid power
delivery stage.

A fixed module tilt angle of 5 = 10° and a south-
facing azimuth angle of v = 0° were adopted as
the reference installation geometry. In the present
formulation, the irradiance input G is treated as
the effective plane-of-array irradiance incident on
the module surface. Therefore, the tilt angle affects
the model indirectly through the irradiance input
rather than appearing explicitly in the Shockley
diode equation.
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3.2. Computational workflow

The computational implementation follows a
structured four-stage procedure to capture the cou-
pled electrothermal behavior of FPV systems. First,
environmental inputs — including G, T,, Ty,, and v
— are defined. Second, the FPV-adjusted cell tem-
perature is calculated using (8). Third, the I-V
characteristics are obtained by solving the modified
Shockley and two-diode equations. Finally, electri-
cal performance metrics — such as power output,
efficiency, and comparative indicators — are evalu-
ated.

A block diagram of the representative system con-
sidered in this study is shown in Fig. 1. The mod-
eled system consists of an FPV module mounted on
a floating platform with mooring or anchoring sup-
port, followed by an inverter stage for grid power
delivery. Environmental inputs are coupled to the
electrical model through the cell-temperature calcu-
lation, which allows the physical FPV configuration
and the modified Shockley model to be evaluated
within a unified framework.

3.3. Implementation of the modified
Shockley-based electrothermal model

The proposed framework extends the classical
Shockley diode formulation by explicitly incorpo-
rating electrothermal coupling mechanisms tailored
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to FPV systems. Unlike conventional approaches,
the cell temperature is not treated as an external
parameter but is dynamically determined from en-
vironmental variables — including solar irradiance,
ambient temperature, water temperature, and wind
speed — using a thermal model specific to FPV
systems. This temperature is then embedded in
temperature-dependent electrical parameters, such
as the photocurrent and diode saturation current,
thereby modifying the -V characteristics in a phys-
ically consistent manner [33].

FPV-specific thermal effects, including water-
assisted cooling and enhanced convective heat
transfer, are incorporated through an effective
heat-loss coefficient [37]. Parasitic resistances
(Rs and Rgj) are retained to account for internal
ohmic and leakage losses, ensuring a realistic repre-
sentation of the device. In addition, environmental
variability is introduced through a stochastic com-
ponent to capture transient irradiance fluctuations
associated with wave-induced motion.

The resulting nonlinear current—voltage equa-
tions are solved iteratively under varying operat-
ing conditions to determine the electrical response
of the system. From the computed I-V characteris-
tics, key performance metrics are extracted, namely
the open-circuit voltage (Vo.), short-circuit current
(Isc), maximum power (Ppax), and conversion effi-
ciency. Model validation is performed by compari-
son with reference photovoltaic data, confirming the
proposed framework’s ability to accurately capture
the electrothermal behavior of FPV systems under
realistic environmental conditions.

4. Results and discussion

This section presents the main findings obtained
from the proposed modified Shockley framework
and discusses the electrothermal behavior of FPV
systems in comparison to conventional land-based
photovoltaic installations. The results are organized
around four complementary aspects: the thermal re-
sponse of the module, the associated variation in
conversion efficiency, the resulting [-V and P-V
characteristics, and the overall comparative perfor-
mance of the FPV configuration under representa-
tive environmental conditions.

The analysis demonstrates that the floating
configuration provides a clear thermal advantage
as a result of the cooling effect of the surrounding
water body. This reduction in operating tempera-
ture directly affects the voltage-dependent electri-
cal response of the photovoltaic module and, con-
sequently, improves Py.x and conversion efficiency.
In this respect, the results confirm the theoreti-
cal expectation established in Sect. 3, namely that
water-assisted thermal regulation modifies the effec-
tive operating point of the photovoltaic system and
shifts it toward a more favorable electrical regime.
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To provide an integrated overview of the
main electrothermal trends, the proposed model-
ing framework summarizes the combined behav-
ior of floating and terrestrial photovoltaic systems.
The composite representation includes the current—
voltage response, the power—voltage response, the
efficiency—temperature dependence, and the envi-
ronmental sensitivity of the FPV system, thereby
offering a compact overview of the major perfor-
mance indicators discussed in the following subsec-
tions.

4.1. Thermal response of floating and land-based
photovoltaic systems

The thermal behavior of photovoltaic modules
plays a decisive role in determining their electri-
cal performance, particularly under high irradi-
ance conditions. In floating photovoltaic systems,
the presence of a water body introduces an ad-
ditional cooling pathway that significantly alters
the temperature—efficiency relationship compared
with conventional land-based installations. Figure 2
shows this thermal advantage by comparing the rise
in irradiance-dependent temperature and the corre-
sponding efficiency trend for the two configurations.

The thermal response of the photovoltaic mod-
ule constitutes the most important distinguishing
feature between floating and land-based configu-
rations. Because floating modules operate in close
thermal contact with a water body, the effective
heat-loss coefficient increases and the cell tem-
perature remains lower under identical irradiance
conditions. This behavior is directly predicted by
the FPV-gpecific temperature correction introduced
in (8).

In both cases, the cell temperature increases with
irradiance, as expected from the increasing ther-
mal load imposed by absorbed solar energy. How-
ever, the FPV curve remains consistently below that
of the land-based system over the full irradiance
range, confirming that water-assisted cooling effec-
tively suppresses temperature rise. This lower tem-
perature has direct electrical consequences; since
the diode saturation current increases exponentially
with temperature, the reduction in FPV operating
temperature improves voltage retention and shifts
the module toward a more favorable electrical op-
erating point.

4.2. Efficiency dependence on cell temperature

The relationship between cell temperature and
conversion efficiency is illustrated in Fig. 3. The re-
sults show a clear monotonic decrease in efficiency
with increasing cell temperature, consistent with
the temperature dependence of the open-circuit
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Thermal response under increasing irradiance
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Fig. 2. Thermal-management-oriented compari-
son between floating and land-based photovoltaic
systems. (a) Variation of cell temperature with
solar irradiance, showing the reduced thermal rise
of FPV modules due to water-assisted cooling,
and inset schematic of the cooling mechanism.
(b) Relative efficiency response as a function of
cell temperature, highlighting the more favorable
operating regime of FPV systems under identical
environmental loading.

voltage and the saturation current described by (4)
and (5). As the module temperature rises, the in-
crease in diode-related losses outweighs the slight
gain in short-circuit current, leading to a net reduc-
tion in efficiency.

From an FPV perspective, this trend is particu-
larly important because the lower cell temperatures
achieved through water-assisted cooling directly
translate into improved conversion efficiency. In
other words, the thermal advantage of the floating
configuration is converted into an electrical benefit
through temperature-sensitive diode physics. This
result confirms that thermal management is not an
auxiliary issue in FPV design, but rather a cen-
tral determinant of electrical performance. More-
over, the observed efficiency trend supports the
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Fig. 3. Variation of photovoltaic conversion effi-
ciency with cell temperature. The decreasing trend
highlights the strong temperature sensitivity of pho-
tovoltaic performance, emphasizing the advantage
of floating photovoltaic systems that operate at
lower temperatures due to water-assisted cooling.

validity of the modified Shockley framework, since
the model reproduces the expected shift of the oper-
ating regime toward higher-efficiency conditions in
floating systems.

4.3. Comparative [-V and P-V characteristics

The most direct representation of the electrical
differences between floating and land-based sys-
tems is provided by the current—voltage and power—
voltage characteristics shown in Fig. 4. Under iden-
tical irradiance conditions, the FPV system exhibits
a higher open-circuit voltage and a slightly higher
maximum power point compared to the land-based
configuration.

This result is physically consistent with the
temperature-dependent behavior of the Shockley
model. Because the FPV module operates at a
lower temperature, the reverse saturation current
remains smaller; allowing the system to preserve a
higher voltage over the useful operating range. The
current difference between the two configurations
is comparatively modest, which is also expected,
since the short-circuit current ;. depends much less
on temperature than the open-circuit voltage V..
As a consequence, the main performance gain of
the FPV system originates from voltage preserva-
tion rather than from a substantial increase in cur-
rent.

The P-V curves further clarify this point by
showing that the floating configuration reaches a
higher maximum power point. This indicates that
the thermal benefit of the floating system is con-
verted into a measurable electrical advantage in
practical operation. In this sense, Fig. 4 provides di-
rect evidence that the proposed thermal correction
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Fig. 4. Comparison of current—voltage (I-V) and
power—voltage (P-V') characteristics for floating
and land-based photovoltaic systems under identi-
cal irradiance conditions. The lower operating tem-
perature of the floating photovoltaic system leads to
an increased open-circuit voltage and higher maxi-
mum power output.

is not merely theoretical, but has a clear impact on
the predicted output characteristics of the photo-
voltaic module.

4.4. Environmental sensitivity of FPV performance

Figure 5 extends the analysis of the results by
identifying the dominant environmental drivers of
the FPV performance and classifying the operat-
ing parameter space into distinct gain regimes, pro-
viding a more design-oriented interpretation of the
proposed electrothermal model.

Beyond comparison with land-based systems, the
composite results reveal that the FPV performance
is also sensitive to variations in water temperature
and wind speed. These variables govern the effec-
tive heat-loss coefficient of the module and therefore
control the FPV-adjusted cell temperature intro-
duced in (8). Lower water temperature and higher
wind speed generally increase thermal dissipation,
which shifts the operating state toward a lower tem-
perature and improved electrical performance.

This sensitivity analysis highlights an important
engineering implication: FPV performance cannot
be characterized solely in terms of irradiance, as
is often done in simplified photovoltaic studies. In-
stead, the aquatic thermal environment must be
considered an active part of the system. The results
therefore support the view that FPV design and
performance assessment require an explicitly cou-
pled electrothermal framework capable of account-
ing for site-specific environmental conditions.

In addition, sensitivity trends help explain why
the FPV performance reported in the literature
often varies from one installation to another.
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Fig. 5. Parametric sensitivity and performance-
regime analysis of FPV systems. (a) Tornado-style
sensitivity chart showing the relative change in
FPV maximum power under representative envi-
ronmental perturbations. (b) Performance-regime
map classifying FPV gain as low, medium, or high
over the irradiance—ambient-temperature parame-
ter space. (c) Relationship between FPV-induced
temperature reduction and relative power gain,
highlighting the direct electrothermal linkage be-
tween thermal regulation and electrical perfor-
mance.
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Differences in wind regime, water temperature,
reservoir geometry, and local microclimate can alter
the effective cooling capacity of the system and thus
influence electrical output. The present model offers
a physically interpretable way to capture these vari-
ations through a compact set of thermal correction
coefficients.

As illustrated in Fig. 6, the proposed electrother-
mal model reveals a systematic improvement in
maximum power output for FPV systems, partic-
ularly under elevated thermal loads. This behavior
confirms that water-induced cooling shifts the op-
erating regime toward higher-efficiency conditions
compared to land-based photovoltaic systems.
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Fig. 6. Results-oriented electrothermal perfor-

mance maps of FPV systems under varying
irradiance and ambient-temperature conditions.
(a) Maximum output power predicted for the
FPV configuration, with land-based reference con-
tours superimposed for comparison. (b) Relative
gain in maximum power of FPV over land-based
photovoltaic systems, highlighting the increasing
advantage of floating systems under thermally
demanding operating conditions.

4.5. Discussion of model validity and physical
implications

Figure 7 extends the deterministic analysis by
evaluating the robustness of FPV performance un-
der uncertain environmental conditions. The Monte
Carlo results show that the floating configuration
maintains a statistically consistent power advan-
tage, while the scatter relation confirms that larger
temperature reductions are directly associated with
stronger electrical gains.

The results obtained from the modified Shockley
framework are consistent with the established pho-
tovoltaic theory and the expected thermal behavior
of floating systems. Lower operating temperatures
lead to reduced saturation current, improved volt-
age retention, and increased maximum power out-
put, confirming the physical validity of the proposed
electrothermal coupling.

Although the model captures the dominant
thermal—electrical interactions, it remains a simpli-
fied representation of FPV operation. Additional
factors such as non-uniform irradiance, spectral
variability, and hydrodynamic effects may further
influence long-term performance. Nevertheless, the
strength of the approach lies in its balance be-
tween physical interpretability and computational
efficiency. Compared with purely empirical models,
it preserves a clear physical meaning while remain-
ing sufficiently compact for parametric analysis and
system-level optimization.

4.6. Overall comparative performance of FPV
systems

Together, the results indicate that floating photo-
voltaic systems offer a measurable electrical advan-
tage over land-based systems, primarily because of
improved thermal regulation. The most important
improvement is associated with reduced cell tem-
perature, which leads to a more favorable voltage
response and, consequently, higher power conver-
sion efficiency and maximum power output.

These results confirm that the performance ben-
efit of FPV systems is fundamentally electrother-
mal in nature. The water body does not simply
provide a structural support surface — it acts as
an active thermal boundary condition that modifies
the internal electrical behavior of the photovoltaic
module. Consequently, an accurate assessment of
FPV systems requires models that explicitly inte-
grate thermal and electrical processes rather than
treating temperature as an external or secondary
variable.

Overall, the comparative analysis presented in
this section supports the validity of the pro-
posed modified Shockley approach and demon-
strates its suitability for evaluating FPV systems
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Fig. 7. Monte Carlo uncertainty analysis of float-
ing photovoltaic performance under uncertain en-
vironmental conditions. (a) Probability-density dis-
tributions of maximum power for floating and land-
based photovoltaic systems. (b) Probability-density
distribution of the relative FPV power gain, show-
ing the statistical robustness of the floating-system
advantage. (c) Relationship between FPV-induced
temperature reduction and electrical power gain,
confirming the direct electrothermal linkage be-
tween thermal regulation and performance improve-
ment.

under variable environmental conditions. The re-
sults provide a coherent bridge between theory,
modeling, and practical performance interpretation
and establish a solid foundation for future ex-
perimental validation and site-specific optimization
studies.

5. Conclusions

This study presents a physics-based electrother-
mal framework for analysing FPV systems by
extending the classical Shockley diode model to
explicitly incorporate water-assisted thermal ef-
fects. The proposed formulation establishes a di-
rect coupling between environmental variables and
temperature-dependent electrical parameters, en-
abling a physically consistent interpretation of FPV
performance under realistic operating conditions.

The results demonstrate that the primary perfor-
mance advantage of FPV systems originates from
enhanced thermal regulation. Reduced operating
temperatures suppress the exponential increase in
the diode saturation current, leading to improved
voltage retention and higher maximum power out-
put. Consequently, the performance gain is predom-
inantly voltage-driven, while the short-circuit cur-
rent exhibits only minor sensitivity to temperature
variations. Comparative analyses confirm that float-
ing systems operate in a more favorable electrother-
mal regime than land-based installations.

In addition, environmental factors such as water
temperature and wind speed have been shown to
play a critical role in determining system perfor-
mance by influencing the effective heat-loss coeffi-
cient and the resulting cell temperature. This high-
lights the need to explicitly account for aquatic ther-
mal conditions in FPV performance modeling and
system design.

Overall, the proposed framework provides a com-
pact, physically interpretable, and computationally
efficient tool for evaluating FPV systems. It of-
fers a robust foundation for performance prediction,
system optimization, and site-specific assessment,
while also enabling straightforward extension to-
ward more advanced multiphysics and experimental
validation studies.
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