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The rising operating temperature of photovoltaic (PV) panels, particularly in floating solar
systems, reduces electrical efficiency and long-term reliability. Passive cooling using
thermosyphon technology offers a promising solution without additional energy
consumption. This study experimentally investigates a hybrid floating photovoltaic—
thermosyphon (FPV-TS) system to enhance thermal regulation and power generation.
Nine collector configurations combining three width-to-distance (W/D) ratios (0.5:1,
0.75:1, 1:1) and three depth dimensions (20, 30, 40 mm), under real outdoor conditions.
Measured temperature, power, and efficiency to evaluate the best configuration
performance. Results show that thermosyphon integration reduced PV temperature by up
to 6.8°C and increased electrical efficiency by 9.3%. Defining optimality by daily-average
performance (total efficiency and electrical output), W/D = 0.75:1 at depth 30 achieved
the highest day-average efficiency, narrowly surpassing the depth 40 variant. The collector
40 exhibited slightly higher instantaneous thermal efficiency near noon but yielded no
meaningful daily gain, indicating diminishing returns beyond 30 alongside greater fluid
inventory and fabrication complexity. Deeper collectors enhanced heat dissipation through
improved convective transfer, while moderate spacing minimized lateral heat loss. This
research provides empirical insights into geometric optimization of thermosyphon
collectors for passive PV cooling and offers design guidance for improving floating solar
system performance.
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1. INTRODUCTION absorbed by PV panels is not fully converted into electricity

but transforms into heat that accumulates on the module

The increasing global population and industrial growth have
led to a significant surge in energy consumption [1]. In
Indonesia, although the government has set a target to reduce
energy intensity by 1% annually, actual energy consumption
continues to exhibit an upward trend [2]. This situation is
further exacerbated by the fact that approximately 35.8% of
the national energy mix still relies on coal, as illustrated in
Figure 1, which is recognized as a major contributor to carbon
emissions, ozone depletion, and global warming [3, 4]. Amidst
global pressure to transition towards clean energy, renewable
energy sources have proliferated and are projected to surpass
fossil fuels as the world’s primary energy source by 2035.
Among various renewable energy options, solar energy stands
out as one of the most promising alternatives due to its
abundant availability, zero emissions, and flexibility in both
direct and indirect applications [5].

With the growing attention toward the utilization of solar
energy, photovoltaic (PV) technology has emerged as one of
the primary methods for converting solar radiation into
electricity [6]. However, as PV panel applications expand,
significant technical challenges have arisen, particularly
related to efficiency degradation due to increased operating
temperatures. A substantial portion of the solar radiation
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surface. This heat buildup elevates the panel’s operating
temperature, which directly reduces electrical conversion
efficiency and, over time, may accelerate material degradation
and shorten the service life of PV panels [7]. Therefore,
temperature control efforts through effective cooling systems
are essential for maintaining the performance and reliability of
PV technology under various environmental conditions [8].

Other renewables** 0.4%

Bioenergy 2.1%
- Other fossil* 3%

Solar 1.5%

Wind /7.5% - Coal 35.8%

+ Nuclear 9.2%

Hydro 15.2%

- Natural gas 22.2%

Figure 1. Worldwide power generation distribution in 2022
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To address the issue of temperature, rise in PV panels,
various cooling methods have been developed, both active and
passive [9]. Active cooling systems typically employ pumps
or fans to induce forced convection using either liquid or air as
the working medium, thereby significantly enhancing the heat
transfer rate [10]. However, such systems require additional
energy consumption, higher installation costs, and more
complex maintenance. In contrast, passive cooling systems are
simpler, require no external energy input, and are generally
more environmentally friendly [11]. One increasingly studied
passive cooling approach is the use of thermosyphon systems,
which operate based on the principle of natural convection
driven by fluid density differences caused by temperature
variations [12]. Yoon et al. [13] reported that the integration
of radiative cooling and a closed-loop thermosyphon increased
net power output by 6.4% without the need for auxiliary
pumps. A study by Fu et al. [14] demonstrated that a PV/T
system utilizing natural circulation achieved an energy
efficiency of 69.63% and an exergy efficiency of 12.84%,
surpassing the performance of forced convection systems
under certain conditions. These findings suggest that passive
cooling is more efficient in terms of auxiliary energy
consumption and can also be competitive in performance
when appropriately configured. Such results provide a
compelling foundation for the further development of
thermosyphon-based passive cooling systems for PV panels,
particularly in the context of efficient and sustainable hybrid
applications [15].

On the other hand, as the demand for PV system
installations increases, land availability has become a critical
issue, particularly in densely populated areas with limited
rooftop or open land space [16]. Conventional PV systems
typically require large installation areas (approximately 10 m?
for every kilowatt of generated power), making space
constraints a tangible barrier to large-scale expansion. To
address this challenge, the concept of floating photovoltaic
(FPV) systems has emerged as an innovative solution by
utilizing water surfaces such as lakes, reservoirs, or irrigation
ponds as platforms for solar panel installations [17]. Indonesia
has set a target of achieving 26% renewable energy by 2026,
with innovative solutions such as floating PV playing a key
role in overcoming land limitations [18]. In addition to
conserving land use, FPV systems offer additional benefits,
including natural cooling from the underlying water, which
can enhance electrical conversion efficiency [19].
Furthermore, FPV has been shown to significantly reduce
water evaporation rates, thereby supporting water resource
conservation in specific regions [20]. Given these technical
and ecological advantages, FPV represents a strategic
approach to advancing renewable energy transitions in tropical
countries like Indonesia, as illustrated in Figure 2 [17].
However, integrating this system with passive cooling
technologies such as thermosyphons still requires thorough
investigation, particularly regarding configuration design and
system response to real-world environmental variability.

Although the integration of thermosyphon systems for PV
panel cooling has been extensively discussed in the literature,
most studies remain focused on land-based systems and rely
primarily on simulation approaches [21] or theoretical
analyses [22]. The development of hybrid floating
photovoltaic—thermosyphon (FPV-TS) systems that take into
account the environmental characteristics of water bodies and
the actual dynamics of heat transfer is still minimal [23, 24].

Furthermore, = geometric ~ configurations  of  the
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thermosyphon collector (such as shape, depth, and placement
behind the panel) have not been comprehensively investigated
as influential factors in cooling effectiveness and energy
conversion efficiency. Some studies even continue to rely on
forced circulation wusing pumps to improve system
performance, which paradoxically undermines the energy
efficiency advantages of the passive cooling concept itself
[10]. Therefore, there is an urgent need for experimental
studies that directly evaluate the influence of thermosyphon
collector configurations on the performance of FPV systems
under real-world conditions. This innovation space is critical
for improving the overall system efficiency and formulating
optimal and practical passive designs for field implementation,
particularly in tropical regions with high solar radiation
potential and dynamic environmental challenges.

Far Niente Wineries, CALIFORNIA (US), Huainan, China, 40 MW Floating System

Aichi, JAPAN, 20 kW Floating System

{2007) 175 kW Floating System (2008) (2018)

Figure 2. The first FPVS (Aichi, Japan), the first commercial
FPVS (California, USA), and the world's largest FPVS
(Huainan, China)

Based on the discussion above, this study aims to
experimentally evaluate the influence of thermosyphon
collector configurations on the cooling performance of
photovoltaic panels in a hybrid floating photovoltaic—
thermosyphon (FPV-TS) system. The configuration variables
examined include the dimensions and placement of the
collectors as passive heat transfer media located at the rear side
of the panel. This research is designed to identify optimal
configurations that can effectively reduce the panel’s
operating temperature while simultancously enhancing
electrical conversion efficiency under actual environmental
conditions. The primary contribution of this study lies in
providing new experimental data to support the development
of efficient and energy-saving FPV-TS system designs
without the need for additional power consumption.
Furthermore, the findings are expected to serve as a technical
reference for designing thermosyphon-based passive cooling
systems for solar energy applications ranging from residential
to commercial scales in tropical regions.

2. METHODOLOGY
2.1 System and material design

This study utilizes a hybrid floating photovoltaic—
thermosyphon (FPV-TS) system developed to enhance solar
panels' electrical efficiency and passive cooling through
natural fluid circulation within the collector. The system
comprises a polycrystalline photovoltaic (PV) panel with a
nominal power of 50 Wp (Sunwatt SM-50WP), 17.6%
efficiency, and dimensions of 670 x 530 x 30 mm, installed at
a tilt angle of 12.5° facing north on an iron frame. The panel
is directly coupled with a thermosyphon collector using a
thermal paste layer, which facilitates heat absorption from the
panel through evaporation and condensation mechanisms



without the assistance of a pump. The schematic of the hybrid
FPV-thermosyphon system is illustrated in Figure 3.

The thermosyphon collector consists of 10 flat aluminum
channels with varying depths, arranged in parallel. Each
channel end is connected to a transparent flexible HDPE hose
with a diameter of % inch, which transports the working fluid
to the reservoir (condenser) and back to the collector. At the
lower section, these hoses are connected to 2 inch copper
pipes submerged in water, serving as the heat sink to maximize
condensation. This assembly forms a closed-loop circulation
system, where fluid circulates naturally due to density
differences induced by heating and cooling processes.

Reservoir

EOutlct

Photovoltaic
\
~
™~ ~
Inlet

Pond =~

[qaaeaaad

IERREERR) oo

Heat Release

E |

Evaporator Pipe)

Photovoltaic

Measuring Instrument

Figure 4. Field documentation of experimental equipment
setup

The system was equipped with a series of instruments for
measuring temperature, solar irradiance, and electrical
parameters to obtain accurate experimental data. Temperature
was measured using type-K thermocouples, manually
calibrated using an ice—water mixture as a zero-point reference
(0°C) to ensure accuracy via cold junction calibration. These
thermocouples have a measurement range of — 270°C to
1260°C, with an accuracy of + 2.2°C (standard) and + 1.1°C
(special limits of error). Temperature sensors were placed at
several critical points: the underside surface of the PV panel
(back plate absorber), the inlet and outlet of the thermosyphon
collector, and the ambient air. Solar irradiance was measured
using a Lutron SPM-1116SD solar power meter. Temperature
data from the thermocouples were continuously recorded
using a LabJack U6-Pro multichannel data logger, featuring up
to 24-bit resolution and 14 analog input channels. All
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instruments and test components were mounted on a fixed
metal frame, as shown in the field documentation in Figure 4,
to ensure mechanical stability and safety throughout the
experiment.

The collector depth was varied at 20 mm, 30 mm, and
40 mm to evaluate the effect of fluid volume and cross-
sectional area on fluid residence time and heat absorption
capacity. Meanwhile, the W/D ratio was adjusted in three
configurations, 0.75:1 (pipe spacing of 35 mm), 1:1 (40 mm),
and 1.25:1 (45mm), to observe heat distribution and the
interaction of natural convection between collector channels.
These variations form a full factorial 3 x 3 experimental
designs, resulting in nine main configurations. The depth

variation is illustrated in Figure 5.
20 mmy

2

§

30 mm

N

40 mni™,

/

Figure 5. Illustration of depth variation

Experimental parameters were maintained consistently to
minimize error. These include: a constant PV panel type (50
Wp polycrystalline), with only a single panel used to avoid
variability in panel performance; aluminum collector material
with a thickness of 1 mm; a fixed evaporator length of 750 mm
and condenser length of 1600 mm; measurement times
between 07:00 and 16:00 WIB on clear days with a minimum
ambient temperature of 27°C; and a fixed tilt angle of 12.5°
facing north. The variations in W/D ratio are illustrated in
Figure 6.

W
j—
11 |
D [
0.75:1
D

Figure 6. W/D ratio variation scheme

The dependent variables in this study include panel
temperature, PV output power, and system efficiency (both
thermal and electrical). Controlled variables such as sensor
type, PV panel specification, collector length, and working
fluid were kept constant to ensure that the influence of the
main parameters could be observed in isolation. For data
acquisition, experiments were conducted over three separate
days to avoid thermal accumulation effects on the structure



and to ensure that each configuration was tested under
comparable solar irradiance conditions. Each variation was
tested at one-hour intervals and repeated three times. The
complete factorial design enabled evaluation of both main
effects and interaction effects between factors using statistical
analysis via ANOVA.

2.2 System governing equations and physical parameters

The thermosyphon system is a passive heat transfer
technology that operates based on the natural circulation of
fluid driven by density differences induced by temperature
gradients [25]. In the context of floating photovoltaic (FPV)
systems, the integration of thermosyphons not only enhances
thermal efficiency but also leverages the relatively stable and
cooler aquatic environment [20]. When the working fluid in
the collector absorbs heat from the PV panel, it undergoes
evaporation at the lower section of the collector (evaporator)
and rises to the upper section (condenser) to release heat,
before returning downward due to gravity This cycle occurs
continuously without requiring additional energy input,
making it an efficient cooling solution for PV systems
deployed on floating platforms [12].

Natural circulation in the thermosyphon system is driven by
fluid density differences resulting from temperature changes.
The Grashof number represents the intensity of this buoyant
force [26]:

AT I
¢ —9PATL

r

(1

v2

This equation indicates that the greater the temperature
difference (AT), the stronger the buoyant force that drives
natural circulation. The PV panel is oriented to the north with
a tilt angle of 12.5°, which requires a correction to the
gravitational acceleration component (g. cos 9) [27]. To
determine whether natural convection dominates within the
system, the Rayleigh number is used:

R, =G, X P, 2)

If R, > 10% natural convection heat transfer is considered
significant. The convective heat transfer rate can be estimated
using the Nusselt number (Nu), which relates convective to
conductive heat transfer. In this case, the thermosyphon
system receives energy from the underside of the PV panel,

corresponding to the correlation for a surface heated facing
down [27]:

Nu, = 0.27 x Ra}’*

A3)
The thermosyphon operates as a closed-loop system,
meaning the mass of the working fluid remains constant over
time [28]:
m=p.A.v @)
The mass flow rate (kg/s) is calculated as the product of
fluid density (kg/m?), collector cross-sectional area (m?), and
fluid velocity (m/s). In a closed system, the mass flow rate is
constant throughout the entire loop, allowing it to be measured
based on fluid movement at a single point, through visual
observation of liquid displacement in the reservoir or the
shifting of a liquid column. This approach is valid because the
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continuity principle ensures no leakage or accumulation of
mass at any point within the system [12].

Author computes the overall resistance between the PV
backplate and pond water in equation:

TPV - Tpond
= Rc,paste + Rcond,Al + Rconv,in
+ Rpipe + Reonacu + Reonv,out

RTotal =

(6))

Conduction through the 1 mm aluminum collector and
thermal paste is estimated with R = ¢/ k. Transport properties
of water (p, v, u) are temperature-dependent (interpolated each
hour), while C, is evaluated at the daily average (32.8°C).
Where appropriate, bounds for convective coefficients are
obtained from standard natural-convection correlations for
internal channels (hydraulic diameter) and submerged external
cylinders (condenser). Then report the overall conductance U
Atotal = 1/ Rootal.

The electrical efficiency of the PV module is defined as the
ratio of maximum output power to the incident solar radiation
power. As panel temperature increases, this efficiency tends to
decline and can be expressed using the following equation [29]:

P=IxV (6)
where, P is the PV power output (W), I is the recorded current
(A), and V is the voltage (V). This electrical power is used to
compute the electrical efficiency.

P
T Apy .G

Ne @)

In thermal analysis, the efficiency reduction due to
increased panel temperature can be modeled using a linear
approach [28]:

Ne = Nsrc [1 — B (Tpy — 25)] (3)

Here, ngrc represents the standard test condition efficiency
of'the PV module, £ is the temperature coefficient of efficiency
loss (0.45%/°C for polycrystalline silicon PV), and Tpy is the
panel temperature during measurement. Thermal efficiency
(nm) reflects how effectively the thermal energy from the PV
panel is absorbed and transferred by the working fluid within
the thermosyphon collector. This efficiency is calculated from

the fluid temperature difference and mass flow rate as follows
[28].

m. Cp . (TOut - Tln)
ATS . G

(€)

Nth =

This formulation is particularly relevant for passive cooling
systems such as thermosyphons, where no mechanical work is
involved. Thermal efficiency can also be used to assess how
well the system avoids excessive heat accumulation on the
panel surface.

The thermosyphon loop used ordinary water. During
daytime operation the bulk-water temperature varied within
26-35°C (daily average 32.8°C from 07.00 until 16.00).
Because the variation of C, over this narrow range is < 0.5%,
we adopted C,=4.18kJ/kg.K evaluated at 32.8°C for the
thermal power calculation. In contrast, transport properties
were treated as temperature dependent: density (p), kinematic



viscosity (v), and dynamic viscosity (1) were obtained at each
time step by linear interpolation from standard water-property
tables. These temperature-dependent values were used

consistently in Grashof/Rayleigh and Nusselt correlations. An
example of a summary of fluid properties (collector 40 ratio
0.75:1) applied is presented in Table 1.

Table 1. Water properties used in calculations

Depth 40 Ratio 0.75:1

Collector Fluid Temperature

Time PV(C) 17575C) Tout(C) AT _ Average ey P *K&m)  vm¥s)  p(Pas)
1000 46901 29478 37329 7.851 33.403 994611  0.000000752 0.000748
11.00 48932 30511 39253 8742 34.882 994.138  0.000000729  0,000725
1200 49876  30.663 39.780  9.117 35221 994.016  0.000000724  0,000720
13.00 48466  30.613 38948 8334 34780 994.170  0.000000730  0,000726
1400 45.109  30.596 38170  7.574 34383 994.297  0.000000736 _ 0,000733

Simple payback analysis is a standard approach to evaluate
solar systems’ economic viability. Similar methods have been
applied to thermosiphon solar water heaters, showing payback
periods of 1.63 — 3.27 years in Tukey weather condition [30],
and in hybrid photovoltaic-thermal (PVT) systems, where
payback, IRR, and NPV are derived from combined electricity
and heat outputs [31]. The cost-effectiveness of the FPV-TS
system was evaluated using a simple payback approach under
two scenarios: electricity-only and cogeneration (electricity
and thermal). The payback period is defined as:

ACAPEX
(10)

Neth = 3p
7 ABannuar

where, ACAPEX is the additional investment cost per kWp
compared to standard FPV, and AB,yny4; 1s the additional
annual benefit.

ABunnyar = Epase X A% X P, (11)

With E,,. is baseline annual energy yield of FPV
(kWh/kWp.yr), A% is measured increase in daily-average
electrical efficiency of FPV-TS relative to FPV, and P,
electricity value (self-consumption or export tariff).

ABunnyar = Epase X A% X P+ Epp X Py, (12)

where, E;;, is the sound thermal energy recovered from the
working fluid, and Py, is the equivalent value of displaced fuel
or electricity. This framework allows for the reporting of
conservative payback for electricity-only use and indicates the
potential benefit of thermal energy recovery where applicable.

3. RESULT AND DISCUSSION

3.1 Temperature profile of photovoltaic panels at various
collector geometries

For the aluminum collector wall, the through-thickness
conduction resistance per unit area is Reongal = 4.23x10°
m?K/W, which is smaller than the water-side film resistances
(102 — 102 m’K/W) thus steady-state UA (conductance) is set
by convection rather than wall thickness. Thickness mainly
impacts transient behavior through areal heat capacity.
Increasing the thermal time constant approximately linearly
with thickness, 1 mm is adequate for heat transfer; thicker
walls should be chosen only for stiffness or corrosion
allowance required by specific sites (e.g., secawater).
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The analysis of photovoltaic panel temperature reveals that
the thermosyphon collector's geometry significantly impacts
the system’s cooling performance. In general, increasing the
collector depth from 20mm to 30mm reduced panel
temperature by approximately 1 — 1.3°C across all tested W/D
ratios. This phenomenon reflects an increased thermal mass
capacity, enabling the working fluid to absorb more heat
before condensation occurs. For instance, at 12:00 PM with a
W/D ratio 1:1, the panel temperature decreased from 51.89°C
at 20 mm depth to 50.68°C at 30 mm depth, then rose slightly
to 51.11°C at 40 mm depth. This indicates an optimal point,
where the additional fluid volume at 30 mm is sufficient to
absorb heat effectively without significantly reducing the
natural flow velocity. Conversely, a depth of 40 mm begins to
show a tendency toward reduced natural circulation due to
increased flow resistance, evidenced by a higher fluid AT
without notable improvement (or even a decline) in panel
cooling effectiveness.

The narrower spacing between collectors at the 0.75:1 ratio
allows for more homogeneous heat distribution and an
increased local temperature gradient, which enhances fluid
circulation. This condition accelerates heat transport from the
panel to the working fluid, maintaining a lower and more
stable panel temperature during peak solar radiation hours.
The temperature reduction pattern for the 0.75:1 ratio
throughout the day for each collector depth is clearly
illustrated in Figure 7. The graph shows that the 30 mm depth
consistently maintained lower temperatures than the 20 mm
and 40 mm depths, particularly between 11:00 AM and 1:00
PM, when solar irradiance reaches its maximum. This suggests
a 30 mm depth offers the most responsive configuration for
handling high thermal loads.

Depth 20 Depth 30 Depth 40
55
g 50
© 45
g 40
g 35
g 30
B s
S¥ogdsgeEasgEasy
AR AR B R R
Time

Figure 7. Temperature decreases throughout the day on a
ratio of 0.75:1

Furthermore, the direct effect of varying W/D ratios at a
constant depth of 40 mm is illustrated in Figure 8. The graph



confirms that although the larger fluid volume at 40 mm depth
allows for greater heat absorption, cooling performance
remains strongly influenced by the density and uniformity of
collector distribution. The 0.75:1 ratio still demonstrated a
temperature advantage of up to 1°C lower than the 1.25:1 ratio
during midday hours.

The narrow collector spacing (W/D = 0.75:1) and medium
collector depth (30 mm) provides the most effective cooling.
This configuration significantly reduces the panel surface
temperature and maintains thermal stability during peak
irradiance periods. This phenomenon is significant, as lower
panel temperatures are directly correlated with improved
electrical efficiency and prolonged lifespan of the photovoltaic
system [8].

Ratio 0,75:1

Ratio 1:1 Ratio 1,25:1

wn
th ©

wn

Temperature (°C)
b W W B B oLn
(=] (==

Lh

—_ o e e e e e e o o —t

Figure 8. Temperature decreases throughout the day on a
depth of 40 mm

3.2 Effect of W/D ratio on thermal flow and heat release
capacity

Experimental results show that the lower the W/D ratio, the
more effectively the system reduces panel temperature,
indicating that a denser collector distribution provides more
efficient heat extraction pathways. At every collector depth,
the 0.75:1 ratio consistently resulted in the lowest panel
temperatures, followed by the 1:1 and 1.25:1 ratio. This
phenomenon is attributed to enhanced heat absorption in areas
with denser collector spacing, which creates more uniform
local temperature gradients and accelerates natural fluid
circulation. At a collector depth of 30 mm and during peak
irradiance (12:00 PM), the panel temperature with a W/D ratio
of 0.75:1 was recorded at 50.04°C, while the 1:1 and 1.25:1
ratio yielded 50.68°C and 51.22°C, respectively. The 1.18°C
difference between the smallest and largest ratios is thermally
significant in the context of photovoltaic performance. The
advantage of the 0.75:1 ratio is evident in reducing peak
temperature and maintaining temperature stability throughout
daily fluctuations. The temperature reduction effect associated
with the optimal W/D ratio is clearly visualized in Figure 9.

The graph shows that the panel with a 0.75:1 ratio
maintained the lowest temperature compared to the other
ratios, with a difference exceeding 1°C. The temperature drops
for the 0.75:1 configuration was faster and more stable than in
configurations with larger ratios, indicating the system’s
thermal responsiveness to changing heat loads. This thermal
behavior can be explained by the principle of natural
convection, wherein a denser collector distribution provides a
larger thermal conduction surface and a smaller region of
accumulated heat, minimizing heat losses to the environment
and enhancing energy transport to the working fluid [32]. A
narrower ratio also shortens the lateral distance between heat
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source points and the collector, enabling more direct heat
transfer without significant dispersion into the surrounding air
[33]. As a result, fluid circulation becomes more active even
without mechanical assistance.

Depth 20 Depth 30
Depth40 ====- Irradiation
> 1000
—_ P —_
g_) 50 '.l h) I“ 7 NE
< y & 800 =
g 45 . Y =
td -, ~
g 40 ”l \‘_ 600 z‘
% 35S 400 2
’ 2
ﬁ 30 200 g
2

wn
o

—_ o e o o o —

Figure 9. Temperature data at an optimal ratio relative to
intensity throughout the day

3.3 Effect of collector depth on thermal resistance,
stagnation risk, and thermal performance

The collector depth in a thermosyphon system directly
influences the heat absorption capacity and the effectiveness
of working fluid circulation. Increasing the depth leads to a
greater fluid volume within the collector, thereby increasing
the thermal mass available to absorb and store thermal energy
from the photovoltaic panel surface. However, this also
introduces higher internal thermal resistance and may slow
down natural circulation if not balanced with appropriate
geometry, as noted by Diwania [34].

This is illustrated in Figure 10 (AT Comparison at Each
Depth for W/D = 0.75:1), where the 40 mm depth shows the
highest AT but the lowest flow rate, particularly at 12:00 PM
during peak irradiance. In contrast, the 30 mm depth maintains
a favorable AT alongside active circulation, making it the most
thermo-hydraulically efficient configuration. While increasing
the collector depth to 40 mm does enhance heat absorption
capacity, it also brings the system closer to thermal stagnation,
where fluid movement becomes minimal and heat is no longer
effectively dissipated.

Depth 20 Depth 30 Depth 40
4 —mDepth20 ~ ® -~ mDepth30 — ® = m Depth 40
10 0.0026
8 PR 0.0021
— » : s 2. : w
U 6 0.00l6 =
8 . 'm a g -—‘bdﬂ
g 4 g 0.0011 &
o/ e n e
2 (WA B 0.0006
0 0.0001

S EES D8 S

Time
Figure 10. The ratio of delta T and mass flow rate

Mechanistically, increasing collector depth extends the
thermal path length from the collector surface to the fluid and
enlarges the channel cross-sectional area, reducing fluid
velocity and increasing residence time. Depending on the



match between fluid mass and the generated buoyant force,
these effects can be beneficial or detrimental. If this balance is
not achieved, fluid circulation may decline or even approach
stagnation, where heat remains trapped in the fluid without
efficient transfer to the condenser. The concept of increasing
thermal resistance with larger thermosyphon dimensions is
also supported by Badache et al. [35] who analyzed ground-
coupled thermosyphon systems. Therefore, although a 40 mm
depth can deliver the highest AT and thermal efficiency under
specific configurations, its performance begins to exhibit
diminishing returns and stagnation risks if not paired with an
appropriate W/D ratio. Further analysis reveals that high
aspect ratios can lead to flow instability or stagnation in
thermosyphon systems, a finding thoroughly discussed by
Nguyen and Merzari [36].

3.4 Power output and electrical efficiency trends

Findings from this study demonstrate that integrating a
thermosyphon cooling system within a floating photovoltaic
(FPV) configuration significantly enhances power output
compared to conventional systems, particularly during peak
solar irradiance. The highest power performance was recorded
in the thermosyphon collector configuration with a depth of
30 mm and a W/D ratio of 0.75:1, reaching 49.73 W at 12:00
PM, substantially higher than the land-based PV (LPV) system,
which only produced 39.16 W.

According to the maximum power output data, it can be
observed that increasing collector depth from 20 mm to 30 mm
resulted in a substantial improvement in power output. In
contrast, a further increase to 40 mm yielded only marginal or
stagnant enhancements depending on the W/D ratio. This
indicates that electrical power output is susceptible to panel
temperature. That efficient cooling can reduce the internal
resistance of the solar cells, thereby significantly increasing
the output current (Imp), even if the operating voltage (Vmp)
slightly decreases.

The system with a 30 mm depth and 0.75:1 ratio produced
an Imp of 3.01 A and a Vmp of 16.52 V, outperforming all
other configurations, as shown in Figure 11. The power gain
from changing the ratio from 1.25:1 to 0.75:1 at 30 mm depth
reached 6.3%, highlighting the strong effect of dense collector
distribution in enhancing cooling and electrical performance.
This aligns with the findings of Ibrahim et al. [37] who
reported that using passive fins on PV panels can improve
electrical efficiency by up to 2.55% through free convection,
or 3.01% with forced convection.

0,75:1 1:1 =—=—1,25:1

10 15
Tegangan (V)

20 25

Figure 11. I-V curves of the depth 30 collector at each W/D
ratios
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The two-way ANOVA results indicate that collector depth
is the most dominant factor influencing the electrical power
output of the FPV-Thermosyphon system. The calculated F-
value of 103.50 is substantially higher than the critical F-value
of 3.35, with a significance level (P-value) of 2.18 x 103 <
0.05, demonstrating a highly significant effect. This factor
accounts for 61.51% of the total variation in power output.

Similarly, the W/D ratio also exhibits a significant effect,
with an F-value of 46.19 > 3.35 and a P-value of 1.93 x 107,
contributing 27.45% to the variation in power. In contrast, the
interaction between collector depth and W/D ratio is
statistically insignificant (F-value 2.54 <2.73, P-value 0.063 >
0.05) and contributes only 3.01%, indicating that these factors
act relatively independently in influencing power output.
Interaction plots exhibited near-parallel trends across factors,
supporting an additive interpretation over the tested range.
Hence, optimization can be treated modularly, dominated by
Depth and W/D, with negligible practical impact from the
interaction. The remaining 8.02% of the variation is attributed
to other uncontrolled factors or measurement uncertainty
(within-group error). Therefore, it can be concluded that
collector depth is the most influential design parameter,
followed by the W/D ratio, while their interaction can be
considered negligible in optimizing the system’s performance.
These findings align with those of Assareh et al. [38] who
employed optimization algorithms to determine the optimal
collector design based on riser depth and spacing.

Given the lack of significant interaction between depth and
W/D ratio in the statistical analysis, the system design can be
modularized. Collector spacing and fluid depth can be
modified separately depending on operational objectives such
as peak efficiency, daily stability, or economic and structural
considerations in field applications.

Then, to align with field-relevant operation, the author
defines an optimal configuration based on daily averages
rather than instantaneous peaks. Under this criterion, the
0.75:1, 30 mm configuration delivered the highest day-average
electrical performance. In contrast, the 40 mm depth offered
only marginal instantaneous advantages around noon without
translating into a superior daily outcome.

3.5 Performance evaluation and total efficiency

For each geometry at 12:00, author computed overall
conductance on the optimal geometry (W/D = 0.75:1, depth =
40 mm) shows overall conductance 2.854 W/K (representative
daytime value), corresponding to overall resistance 0.687 K/W
shifting to shallower depth (20 mm) or wider spacing (1.25:1)
increases overall resistance (lower overall conductance),
consistent with the higher panel temperatures and lower
electrical output reported earlier. Overall resistance and
conductance data are presented in Figure 12.

Based on the experimental results, the highest daily total
efficiency was achieved by the collector configuration with a
30 mm depth and a W/D ratio of 0.75:1, reaching an average
efficiency of 50.75%, followed closely by the 40 mm (0.75:1)
configuration at 50.71%. These results highlight the
significant contribution of collector depth to overall efficiency,
although the effect of the W/D ratio remains substantial. The
combination of 20 mm depth and a 1.25:1 ratio yielded an
average efficiency of only 43.97%, significantly lower than
the optimal configuration. This finding confirms that shallow
and widely spaced collectors fail to capture and transfer heat
efficiently to the working fluid, resulting in a steep decline in
system thermal performance.
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Figure 12. Overall resistance and conductance at 12.00

A visualization of total efficiency trends throughout the day
for each depth at the optimal ratio (0.75:1) is shown in Figure
13. The graph reveals that the 40 mm depth configuration
slightly outperformed others during peak irradiance (11:00—
12:00), achieving a maximum efficiency of 60.52%. However,
this advantage was neither linear nor sustained. After midday,
the 30 mm depth configuration matched or slightly exceeded
the performance of the 40 mm depth. Figures include error
bars (mean + SEM, n = 3); replicate-to-replicate spread
remained small in the quasi-steady windows used for
comparison, and configuration ranking was unchanged when
considering propagated measurement uncertainty.

Compared with recent FPV-thermosiphon literature, our
field results (up to 6.8°C PV temperature reduction and 9.3%
electrical-efficiency gain over FPV without cooling) fall
within reported ranges and clarify where geometry
optimization pays off. On a full-scale FPV array, Indartono
and Nur [28] measured a drop from 49.57°C (FPV) to 41.11°C
(FPV-thermosiphon) and an efficiency improvement of 27%
against ground (8.18% for FPV vs ground), highlighting the
incremental benefit of adding a passive loop to floating
systems. Complementarily, Yoon et al. [13] showed that a
radiative-cooling/thermosiphon concept can raise annual net
power by 6.4% at a hot—dry site, underscoring the value of
passive circulation when coupled with nighttime cold-storage.
For FPV specifically, Sutanto et al. [12] combined
experiments and CFD to demonstrate enhanced heat rejection
from natural-convection loops on water bodies, supporting our
use of buoyancy-driven cooling as a low-energy pathway.
Broader PV cooling studies (forced-air/fin plates) report larger
spot gains but at the expense of parasitic power, reinforcing
the practicality of our passive approach for day-average
performance [37]. Finally, a state-of-the-art FPV review
reports energy-yield gains spanning 0.11-31.29% depending
on site and design [22]; our measured improvements align with
this band while adding a geometry-level explanation (optimal
W/D = 0.75:1; depth = 30 mm) for passive FPV-TS natural
convection.

Technically, this is closely related to thermal mass capacity
and fluid circulation velocity. Although the 40 mm depth
absorbs more heat, fluid circulation tends to slow due to the
increased fluid column and frictional resistance. If the system
operates in high thermal regimes for extended periods, heat
accumulation may lead to decreased electrical efficiency
despite high thermal performance. In contrast, the 30 mm
depth configuration provides a more balanced outcome, where
the fluid remains actively circulating, efficiently absorbs heat,
and prevents excessive panel temperature rise. Another key
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point is that the improvement in total efficiency from 30 mm
to 40 mm depth averaged only 0.03%, or less than one percent
in absolute terms. Thus, while the 40 mm depth may deliver
the highest absolute efficiency, the 30 mm depth is superior in
terms of practical and economic considerations, including ease
of manufacturing, smaller fluid volume, and lower installation
complexity. This makes it the ideal configuration for large-
scale field implementation.
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Figure 1. Total efficiency of 0.75:1 ratio at each depth
variation

Consistently, the day-average total efficiency was highest
for 0.75:1, 30 mm (50.75%), with identical daily terms of
0.75:1, 40 mm (50.71%). The slight percentage-point
difference (< 0.1%), coupled with increased fluid volume and
potential flow deceleration at 40 mm, indicates diminishing
returns when increasing depth beyond 30 mm. Hence, 30 mm
is identified as the overall optimum for daily performance.
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Figure 2. Correlation of Nu and Ra at depth 30

Detailed data for this optimal configuration showing an
average fluid mass flow rate of 1.42x1073 kg/s, fluid
temperature difference (AT) of 4.63°C, maximum Rayleigh
number of 3.12 x 10°, and maximum Nusselt number of 11.34.
Under peak irradiance, thermal efficiency reached 46.33%,
with a daily average of 35.93%. These values support a total
system efficiency of 50.75%, making this configuration
optimal in output, thermodynamically efficient, and fluidically
stable. The relationship between the Rayleigh number (Ra)
and the Nusselt number (Nu), which reflects the natural
convection mechanism, is validated in Figure 14. The graph



shows that all data points lie above the threshold for natural
convection (Nu =0,27 Rap " [27]), confirming that the entire
system operates within the regime of active free convection.

A linear increase in Nu accompanies the rise in Ra at a
30 mm depth, indicating that this design effectively maintains
a vertical temperature gradient to support fluid flow without
external assistance.

The economic feasibility analysis of the FPV-TS system
shows promising potential for return on investment, even in a
conservative scenario that only considers electrical energy.
Using the measured 9.3% improvement in daily-average
electrical efficiency of FPV-TS (30 mm; W/D = 0.75:1)
relative to FPV, and assuming an additional initial investment
= IDR 1.0 million/kWp, the electricity-only scenario yields a
simple payback of 5.1 years for self-consumption at IDR
1,400/kWh, and 8.0 years for sales to the government at IDR
900/kWh (range ~4.9-5.5 and 7.6-8.5 years for 1,400-1,565
kWh/kWp.yr yields). This represents the conservative baseline,
since thermal energy was not monetized.

In the co-generation scenario, where the recovered hot water
(e.g., pre-heating, aquaculture, or industrial water use), the
total benefit includes additional electricity and thermal energy.
Under this case, the adequate payback would shorten
significantly depending on the unit value of thermal energy
(e.g., replacing electricity for heating or LPG/diesel fuel).
Therefore, while the electricity-only payback already falls in a
feasible range for distributed FPV sites, the integration of
thermal utilization can improve economic viability further and
reduce payback times.

This study was performed in quiescent water. Thus, the
reported condenser-side heat transfer and overall conductance
should be considered a conservative lower bound, as mild
currents or wave-induced motion would thin the thermal
boundary layer and enhance heat rejection. Conversely,
dynamic conditions may introduce loop instability (via
platform pitch/roll and intermittent aeration) and accelerate
corrosion/biofouling (especially in seawater), necessitating
appropriate mechanical design and protection. Future work
should quantify performance under controlled crossflow (0—
0.5 m/s) and wave conditions, assess loop stability versus
platform motion, and evaluate marine-grade
materials/coatings; design variables such as condenser
submergence (0.3 — 0.5 m) and vertical leg separation can then
be optimized. While a small interaction cannot be entirely
ruled out, its effect size is minor and does not alter the
geometry ranking; future work with larger samples can further
bound this term.

4. CONCLUSIONS

This work defines optimal configuration as the geometry
that maximizes daily average performance (day-average total
efficiency and electrical output) under outdoor conditions. By
this criterion, the thermosyphon collector with W/D = 0.75:1
and depth = 30 mm is optimal, yielding the highest daily total
efficiency (50.75%) and stable electrical gains. The 40 mm
collector at the same ratio showed a slightly higher
instantaneous thermal efficiency at midday but no material
advantage over a full day; the slight percentage-point daily
difference (< 0.1%) underscores diminishing returns beyond
30 mm, increasing fluid inventory and fabrication complexity.
Therefore, the author recommends 30 mm as the baseline
design for cost-effective implementation, with 40 mm

2097

considered near-optimal where short-duration peak heat-
rejection headroom is specifically required.

This work advances passive PV cooling strategies,
particularly for space-limited environments, and supports
sustainable energy practices with potential applications in
floating solar farms and BIPV systems. However, limitations
include the small-scale setup, static water conditions, and
short-term operation. Future studies should explore dynamic
aquatic environments, long-term durability, and integration
with intelligent control or multifunctional platforms.
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NOMENCLATURE

A Surface area, m>

CP Specific heat, J. kg™!. K!

G Solar radiation intensity, W. m
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g Gravitational acceleration, m.s?
Gr Grashof number

I Current, A

L Characteristic length, m

m Mass flow rate, kg. s™!

Nu Nusselt number

P Power, W

Pr Prandtl number

Ra Rayleigh number

STC Standard Test Condition

T Temperature, °C

% Fluid velocity, m. s™!

A% Voltage, V

Greek symbols

B Thermal expansion coefficient, K™!
p Fluid density, kg. m

v Kinematic viscosity, m?. s°!
Subscripts

e Electric

In Thermosyphon water inlet
Out Thermosyphon water outlet
PV Photovoltaic

th Thermal

TS Thermosyphon





