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Abstract: Energy and water poverty are two main challenges of the modern world. Most developing
and underdeveloped countries need more efficient electricity-producing sources to overcome the prob-
lem of potable water evaporation. At the same time, the traditional way to produce energy/electricity
is also responsible for polluting the environment and damaging the ecosystem. Notably, many
techniques have been used around the globe, such as a photovoltaic (PV) cooling (active, passive,
and combined) process to reduce the working temperature of the PV panels (up to 60 ◦C) to improve
the system efficiency. For floating photovoltaic (FPV), water cooling is mainly responsible for reduc-
ing the panel temperature to enhance the production capacity of the PV panels, while the system
efficiency can increase up to around 30%. At the same time, due to the water surface covering, the
water loss due to evaporation is also minimized, and the water evaporation could be minimized by
up to 60% depending on the total area covered by the water surfaces. Therefore, it could be the right
choice for generating clean and green energy, with dual positive effects. The first is to improve the
efficiency of the PV panels to harness more energy and minimize water evaporation. This review
article focuses mainly on various PV and FPV cooling methods and the use and advantages of FPV
plants, particularly covering efficiency augmentation and reduction of water evaporation due to the
installation of PV systems on the water bodies.

Keywords: photovoltaic (PV); PV cooling; floating PV; FPV cooling; solar energy; efficiency; evaporation

1. Introduction

Energy production is one of the prime reasons for the rise in atmospheric temperature
and global warming [1]. The share of energy production from green and cleaner sources
(renewable sources) is increasing, as per the data available for the year 2021, this increment
is about 28.7% globally [2] and 41% in the European Union (EU) [3].

While coal remained the primary source of the world’s electricity generation and was
found to be the most dominant fuel, with 37% of the world’s electricity production in
2019 [4], in 2022, the CO2 emission linked to electricity production and heat generation
increased by 1.8%, i.e., around 261 Mt [5].

Notably, a significant part (approximately 39.44%) of the total global population still
lives in rural villages, notably in 63 (50% to 86.65%) countries out of 196 [6]. According to the
United Nations Development Program (UNDP), nearly 33 out of every 100 people don’t have
access to electricity [7], while about 775 million people globally are deprived of electricity [8].

On the other hand, one out of ten people, in total, about 771 million people, don’t have
access to clean water [9]. UN reported that the global population may face a 40% shortfall
in water by 2030 [10].
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According to the report published by [2], among all the green energy generation
technologies, solar photovoltaic (PV) will be the most prominent source in terms of the
largest installed electricity capacity worldwide by 2027.

While the performance of a PV system is subjective [11,12], as the maximum power
produced varies almost linearly with the PV panels’ operating temperature [13], depending
on PV module constituents and local climate conditions, the conversion rate of the incident
solar radiation to electricity was found to be in the range of 6–20% [14], while the efficiency
dropping rate is about 0.5% for each ◦C rise in temperature as highlighted by Moharram
et al. [15] and this phenomenon has been proved experimentally by Benghanem et al. [16].

The overall performance of a PV system [17,18] can be enhanced using various additional
improvements, as in Baccoli et al. [19]. The PV panel’s working temperature is a vital factor
for PV efficiency. Different cooling techniques have been developed to control the PV panel’s
operating temperature to optimize the PV panels and the system’s production capacity.

According to [3], about 29% of the EU-27 territory is subjected to severe water scarcity
conditions, while in many parts of the EU, the drought is frequent due to low precipitation,
high evaporation, and heatwaves [20]. Notably, in 2008, Lake Baratz, a closed lake situated in
north Sardinia (the only natural lake on the Sardinian Island), Italy, was almost dried out due
to water losses by evaporation & infiltration, and successive years of low seasonal rainfall [21].

Therefore, to mitigate the problem of water evaporation, many scientists, researchers,
and engineers have studied and proposed different techniques, like to cover the water
surface with Palm sheets [22], mengkuang mats, pieces of plywood, and galvanized iron
corrugated sheets [23], etc., while these efforts reported having saved near about 25–60% of
water. Interestingly in the USA, 96 million small high-density polyethylene (HDPE) shade
balls were put in the Los Angeles reservoir to minimize water evaporation, and it has been
reported that this process can reduce the evaporation by 85–90 percent [24]. The India
Today newspaper reported a failed attempt made by a minister in India to save water by
putting thermocol (12,000 Euros) on the water surface of the Vaigai dam in India, while the
strong winds swept away these sheets within a few hours after putting them [25].

Therefore, floating photovoltaic (FPV) could be a novel way to enhance the panel’s
performance with the natural cooling process and, at the same time, minimize the evapora-
tion of valuable potable water [26]. Notably, FPV occupies only 3 GW in the total installed
capacity, compared to land-based PV systems, which is more than 700 GW [27].

This review paper summarizes various cooling techniques for PV and methods for
installing and cooling FPV that have been studied by researchers worldwide.

The paper is organized as follows: Section 2 underlines various PV cooling techniques.
In Sections 3 and 4, we highlight different important works on active and passive cooling,
respectively. Section 5 explains FPV cooling procedures, installation schemes, and how
its presence reduces evaporation. Finally, this paper concludes with concluding remarks
(Section 6).

2. PV Cooling Techniques

The prime objective of every installed PV project is to optimize the cost to achieve an
advantageous return on investment through performance optimization and maximization
of the overall production capacity of the PV plant [28].

Therefore, to improve the overall performance of a PV system, the efficiency of each
panel needs to be considered. As the PV panel’s working efficiency decreases with the in-
crease in ambient temperature, the working PV cell/panel temperature also rises. Therefore,
concerned scientists and researchers around the globe are working on various technologies
to minimize the overheated PV panel’s operating temperature to be more efficient.

Broadly three methods of PV cooling processes/techniques can be found in the litera-
ture, and these can be categorized (Figure 1) into [29,30]:

(1) The passive cooling process: a natural cooling process wherein no electro-mechanical
techniques are necessary for cooling purposes.
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(2) The active cooling process: a forced cooling process where external energy is necessary
to run electro-mechanical devices to cool down the PV temperature.

(3) The combined (passive + active) cooling process: phenomena of both natural and
forced cooling are applied to maximize the PV performance.
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Figure 1. Schematic diagram of various cooling processes.

Figure 1 schematically represents the abovementioned three types of cooling processes.
The advantages and disadvantages of these processes described above are highlighted in
Table 1.

Table 1. Pros and cons of active, passive, and combined cooling systems.

Active Cooling Passive Cooling Combined Cooling

Forced cooling process Natural cooling process Partially natural and forced

External energy necessary to
run the fan or pump No power input is necessary External energy necessary to

run the fan or pump

Structurally complex Structurally simple Structurally and
technically complex

Higher investment, operating,
and maintenance costs.

Comparatively lower
investment, operating, and

maintenance costs.

Higher investment, operating,
and maintenance costs

Temperature reduction is
higher compared to

passive cooling

Comparatively lower
temperature reduction

Highest temperature
reduction

Relatively high energy output Comparatively lower
energy output

Overall energy output
is higher

Better PV panel efficiency
compared to passive cooling

Comparatively moderate PV
panel efficiency

Overall panel efficiency
is higher

May not be cost-efficient due
to high energy consumption Lower project cost Cost-effective when compared

with active cooling

The PV cooling processes can further be characterized based on various cooling medi-
ums or coolants used for cooling purposes like air, water, refrigerant, and Phase Change
Materials (PCM) [31]. Natural air motion or forced air movement using a fan is mainly used
to cool down the working temperature of the PV panel in an air-based cooling system.

In the case the liquid-based PV cooling, two types of coolants are mainly used water
and liquid refrigerants like nano-fluids [32] like Boehmite, Aluminium oxide (Al2O3), Zinc
oxide (ZnO), Titanium oxide (TiO2), Magnetite (Fe3O4), Silicone carbide (SiC), and copper
oxide (CuO) for lowing the PV working temperature.
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Notably, due to the higher heat capacity of the liquid-based coolants than that of
air, the liquid-based systems are superiorly improving the overall efficiency of the sub-
jected system compared to the active air-cooling system. This is because, at high working
temperature conditions, the air cooling cannot mitigate the rising temperature efficiently;
therefore, water or other liquid coolants are used as heat extraction mediums to minimize
the operating temperature [33].

Another passive cooling system is the heat pipe (HP) system, and HP is a heat transfer
device that uses the concept of thermal conductivity and phase change (latent enthalpy)
phenomenon. The system contains fluid capable of removing heat from the source, and
then the heat is transmitted to the other end of the system to the thermal energy dissipater.

The use of PCM was found to be used as mainly a passive PV cooling process [34], as
well as an active PV cooling process [35]. PCM (organic, inorganic, and eutectic) mainly
absorbs and releases thermal energy in a phase transition process (latent heat) while
lowering the PV working temperature to enhance performance. Various types of PCM like
Paraffin, RT21, RT31, RT35, RT40, RT55, OM32, OM35, PEG600, TH SL35, etc., have been
reported to have been used for PV thermal management and can be found in the literature
as highlighted in Sivashankar et al. [36].

In literature, coolants like air, water, refrigerants, and PCMs are used as both active,
passive, and combined cooling mediums, and their applications are explained in the
following sections.

3. Passive Cooling

The passive cooling process can be characterized by heat reduction or elimination
from a system without using any external energy or mechanism. In this case, the cooling
is achieved through natural convection and/or conduction processes, and therefore, the
passive cooling method is practically relatively cheap [37].

Whereas the passive cooling process can be subdivided into:

1. Air passive cooling [38]
2. Water passive cooling [26,39]
3. Conduction cooling (heat pipe and phase-changing material)

3.1. Air as a Cooling Medium

During this process, the temperature of the PV panels is lowered through the natural
air convective process.

Mazón-Hernández et al. [38] have used natural air cooling systems to lower the PV
temperature. The configuration used (Figure 2) has an air passage below the modified PV
panel, and authors reported achieve improvement of power up to 7.5% due to air cooling
when the air passage is comparatively larger. This cooling technique has some limitations,
like the availability of natural airflow is not uniform or consistently uniform; therefore,
efficiency improvement is not obtained as expected.
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3.2. Water as a Cooling Medium

During this cooling process, the PV panels are generally put above or on water and
submerged in water. In contrast, in the first case, the panels’ temperature lowers due to
the natural convection cooling process. In contrast, in the second and third cases, the
temperature falls due to heat transfer with water.

Rosa-Clot, M tested PV panels’ efficiency by submerging them into a pond at two
different depths at 4 cm and 40 cm. The authors have observed an 11% improvement in the
panel’s efficiency at a depth of 4 cm, whereas at 40 cm depth, the efficiency improvement
was not significant [40].

In another study, Chandrasekar et al. [41] added aluminum heat spreaders, along with
cotton wicks and headers, to cool the temperature of the PV panel by around 12%, and the
efficiency increased by 14%.

Similar tests were conducted by Abdulgafar et al. [39] by submerging PV panels in
distilled water and at different depths. The maximum efficiency increment of 11% has
been achieved at a depth of 6 cm. At the same time, the authors have claimed that after
this depth, the efficiency starts decreasing due to electrolytic reactions at the electrodes or
connections of the PV panel.

Haidar et al. [42] used the evaporation cooling technique, where a piece of cloth was
attached to the back of the PV panel, continuously bathed with water, and supplied with a
manually controlled rubber tube. This cooling process has achieved a reduction of more
than 20% and a maximum increment in electrical power of 14%.

Chandrasekar et al. [43] reported having improved efficiencies of the PV panels
through passive cooling with cotton wicks and three types of coolant (water, water + Al2O3,
and water + CuO) to reduce the panel’s temperatures by 30%, 17%, and 11%, respectively.

Notably, passive water cooling is a natural and cheaper process as no power input is
necessary. Compared with a land-based plant, it has higher investment, and due to the
proximity to the water, it can cause faster equipment degradation.

3.3. Passive Cooling with the HP System

Tang et al. [44], authors have fabricated two PV cooling systems using a micro heat
pipe array. Air and water have been used in the systems as natural heat removal mediums
(Figure 3). In the system with air, the authors noted temperature lowering and an increment
of output power and efficiency to be 4.7 ◦C, 8.4%, and 2.6%, respectively. While with water,
temperature and efficiency values obtained were 8 ◦C, 13.9%, and 3.0%, respectively.

Energies 2023, 16, x FOR PEER REVIEW  6  of  29 
 

 

 

Figure 3. HP air-cooled system and water-cooled system [44]. 

3.4. Phase Changing Liquid (PCL) as Cooling Medium 

Habeeb et al. [45] have developed a PV/HP cooling system (Figure 4) with four ther-

mosyphon copper HPs. In this case, the PCL is distilled water, and the evaporator filling 

ratio is 55%. The condenser is placed in a water box equipped with a water flow. Com-

pared with  the  traditional panel, the PV/HP cooling rate and electrical efficiency  incre-

ment are 15–36% and 11–14%, respectively. 

 

Figure 4. Combined PV/HP cooling system [45]. 

Similarly, Kaneesamkandi et al. [46] also used the PV/HP cooling technique to reduce 

the PV temperature, but only in one thermosyphon copper HP. The working fluid used to 

fill the HP tube is acetone. The authors do not provide any data regarding the PV electrical 

efficiency improvement, but they have reported achieving the PV panel’s maximum work-

ing temperature drop of 10 °C. 

3.5. PCM as Cooling Medium 

Hasan et al. [34] developed the PV–PCM passive cooling system (Figure 5), in which 

the PV panels are integrated with an aluminum heat sink fitted internally with back-to-

back vertical aluminum fins and filled with PCM. Two types of PV–PCM systems, (1) a 

Figure 3. HP air-cooled system and water-cooled system [44].



Energies 2023, 16, 7939 6 of 28

3.4. Phase Changing Liquid (PCL) as Cooling Medium

Habeeb et al. [45] have developed a PV/HP cooling system (Figure 4) with four
thermosyphon copper HPs. In this case, the PCL is distilled water, and the evaporator
filling ratio is 55%. The condenser is placed in a water box equipped with a water flow.
Compared with the traditional panel, the PV/HP cooling rate and electrical efficiency
increment are 15–36% and 11–14%, respectively.
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Similarly, Kaneesamkandi et al. [46] also used the PV/HP cooling technique to reduce
the PV temperature, but only in one thermosyphon copper HP. The working fluid used to
fill the HP tube is acetone. The authors do not provide any data regarding the PV electri-
cal efficiency improvement, but they have reported achieving the PV panel’s maximum
working temperature drop of 10 ◦C.

3.5. PCM as Cooling Medium

Hasan et al. [34] developed the PV–PCM passive cooling system (Figure 5), in which
the PV panels are integrated with an aluminum heat sink fitted internally with back-to-
back vertical aluminum fins and filled with PCM. Two types of PV–PCM systems, (1) a
Eutectic mixture of capric-palmitic acid (same stability of a single component, extended
temperature range [47]) and (2) Salt hydrate CaCl2·6H2O, PCM2 (organic, more reliable,
better for safety and environmentally friendly [48]), were used for the experiment, and the
tests were conducted in two different countries. As reported by the authors, on a particular
day in Dublin, the temperature dropped by 6 ◦C to 12 ◦C for the PCM type-1 system, while
the temperature dropped from 9 ◦C to 21 ◦C in the PCM type-2 system in Pakistan [34].
Notably, the PV–PCM orientation influences the performance of the cooling process and
overall techniques [49]. As highlighted in [50], the PCM can reduce the PV temperature
as well as provide an option for energy storage. Also, the authors have highlighted some
limitations of the PV–PCM cooling system, like low thermal conductivity, subcooling,
convection suppuration from the back of the panel, availability, and cost.

Hassan A et al. [35] reported the performance of a passive cooling PV-PCM system,
where RT-35HC, an organic paraffin, was used as PCM at the back of the panel under obser-
vation (Figure 6). During the cooling process, temperature drop and efficiency increment
of 11.9 ◦C and 9.1%, respectively, were obtained.
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Figure 6. Molten PCM is placed behind the solar panel [35].

Karthick et al. [51] used binary eutectic PCM (Sodium Sulfate Decahydrate “Na2SO4·
10H2O” + Zinc Nitrate Hexahydrate “N2O6Zn·6H2O”) or passive cooling of the semi-
transparent PV system. They compared it with the reference semi-transparent PV system
and observed a maximum 12 ◦C temperature reduction and approximately 3 kW/h more
output power generation.

Many researchers have done numerical studies to evaluate the passive PCM cooling
process. Similarly, Singh et al. [52] have studied the passive cooling of the PV system with
PCM with two different system configurations of PCM aluminum container and without
fin (Figure 7). The authors improved electricity generation by 7% and 8% for PCM and
finned PCM systems due to lowering the PV temperature. The authors have conducted
these studies to evaluate the potentiality of the passive PCM cooling processes (without
and with fin) to reduce the PV panels’ working temperature, and to improve the PV panel’s
efficiency and overall energy production.
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3.6. Phase Change Liquid and PCM

Interestingly Diallo et al. [53] designed an innovative photovoltaic thermal (PVT) loop
HP and PCM cooling system (Figure 8). Here the refrigerant R-134a has been used in
the HP loop to remove the PV temperature, and this heat has been exchanged with the
running water, while PCM has been used to store the extra heat. The thermal and electrical
efficiencies are measured, whereas the overall efficiency achieved is 28% higher than a
conventional system.
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4. Active Cooling

In the active cooling process, external energy is necessary to power the auxiliary
cooling systems. The active cooling techniques predominantly found in the literature are
active water cooling [33] and active air cooling systems [38]. They can be defined as a
forced-cooling process and external energy necessary to power pumps, fans, etc., during
the cooling operations.

4.1. Air as Cooling Medium

In this scheme, the air is forcefully channeled to the PV system. Notably, the perfor-
mance of these types of systems is much higher than that of natural cooling systems. Several
design concepts have been illustrated by researchers concerning airflow patterns in addition
to the presence of front glazing to achieve optimum performance of PV modules [33].

Figure 9 demonstrates a forced convection configuration, using a fan underneath the
PV panel through an air channel [38]. The authors studied the performance of the PV panel
at three different forced air velocities (2 m/s, 3 m/s, and 4 m/s) and achieved an increment
of 15% in electrical power while the panel temperature decreased by about 15 ◦C at the
maximum value of air velocity.
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Choi and Choi [54] constructed an innovative PV/T system with a single-pass double-
flow channel and a non-uniform transverse rib, which uses air as a coolant (Figure 10).
This system improved with the air mass flow increment, considering thermal and electrical
efficiency from 35.2–56.72% and 14.23–14.81%, respectively.
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Bijjargi et al. [33] highlighted that the active air cooling systems are not satisfactory
due to the air’s low density and small heat capacity.

4.2. Water and Other Liquid as Cooling Medium

Notably, Tabaei et al. [55] have studied a PV system coupled with a booster reflector
and equipped with a water pump system to cool the PV system with front water cooling
(Figure 11). Due to active water cooling, the authors found an improvement in power
output of about 42%.
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Figure 11. Active front water cooling [55].

Similarly, Dorobantu and Popescu [56] achieved an electrical yield of about 9.5% by
cooling the PV front surface using a thin film of water.

While Hachicha et al. [57] conducted an experiment to analyze three cooling processes.
The authors found that due to back, front, and double-side cooling, a reduction in the
temperature of the PV panel of 11%, 2%, and 18%, respectively, was achieved when
compared with the panel with the cooling system. While efficiency increments of 3.6% and
4% for front cooling and double cooling, respectively.
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Ueda Y et al. [58] studied two FPV systems with the same characteristics, of which
one was equipped with a forced cooling system. Reservoir water was sprinkled over the
PV at an interval of every 10 min. The results demonstrate that a maximum temperature
drop and increased electric power generation of 20 ◦C and 6.8 kWh, respectively, have been
achieved due to the cooling effect.

Moharram et al. [15] sprayed water using nozzles placed on the upper part of the PV
panel. The system operated for 5 min to spray water; consequently, the panel temperature
decreased by 10 ◦C, while efficiency increased by 12.5%.

Figure 12 shows an active cooling configuration, where the authors placed three water
spraying nozzles on top of the PV panel [31]. The system was sprinkled with water with an
on-off mode mechanism (30 s on and 180 off), and due to this cooling process, the temperature
drop was reported up to 24 ◦C, and an efficiency increment observed was about 2%.
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and position on the PV panel, P—pressure gauge, M—flow meter, T—water temperature sensor [31].

Zilli et al. [59] studied the performance of the PV panel equipped with water sprinklers
at the back of the panel (Figure 13). The authors used an underwater running pipe to achieve
a minimum temperature for the coolant. The sprinklers were manually controlled with a
flow limit of 1.3 L/min. They reported an efficiency improvement between 9.09% to 12.17%
and power production between 8.48% to 12.26%, depending on the available irradiance.

Nizetic S. et al. [60] have proposed and studied the PV cooling technique, where the
system was equipped with top and bottom faces water sprayers (Figure 14). The authors
measured the panel temperature about 30 ◦C lower for panels subjected to both side
cooling and when compared with the not-cooled PV panel. The electric power produced
and efficiency increased by 16.3% (effective 7.7%) and 14.1% (effective 5.9%), respectively.
Interestingly authors have highlighted that the front-cooling and double-face-cooling
systems are more efficient than the back-cooling system.
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Figure 14. Active cooling: front and back water cooling [60].

Sargunanathan et al. [61] applied active back and front cooling by spraying and
running water on respective surfaces (Figure 15). Improvement in power generation and
efficiency 10.70 W and 8.78% for the back cooling, 18.48 W and 15.28% for the front cooling,
and 20.56 W and 16.90% for the back + front cooling, with respect to reference PV panel.
Whereas reduction in operating temperature of 15.52 ◦C on average and 18.60 ◦C maximum
for the back cooling, 24.29 ◦C on average and 28.70 ◦C maximum for the front cooling, and
15.52 ◦C on average and 18.6 ◦C maximum for the back + front cooling, have been observed
when compared with reference panel.
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Hosseini et al. [62] studied the behavior of a combined photovoltaic/thermal (PV/T)
system equipped with a pump system and a heat exchanger. Film of water was passed
over the PV panel during this process, some of the water evaporated and was mainly
responsible for cooling down the PV panel (Figure 16). The rest of the water-absorbed heat
passes through the heat exchanger, where heat is removed. Considering both electrical and
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thermal energy production, the overall system was more efficient for the combined system.
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Figure 16. Active cooling: PV/T front cooling system [62].

Two (PV/T) systems were realized, and their performances were studied by Sathya-
murthy et al. [63]. One uses water, while another uses CNT/Al2O3 hybrid nanoparticles
(Figure 17) as coolant materials to reduce the PV cells working temperature. Authors
reported using a spiral collector to achieve a better heat transfer rate. The application of
water and nanoparticles improves the electrical efficiency of the systems. The nano-fluid
proved to be the better performer as a coolant, and the overall efficiency improvement is
equal to 27.3% compared with the water-based system.
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4.3. PCM as Cooling Medium

Hassan A et al. [35] have studied two active cooling PCM systems with serpentine
(Figure 18) PCM containers. In case 1- “PVT-PCM + water” system, temperature drop
and efficiency increment of 16.1 ◦C and 22.7%, respectively, have been observed. In case 2,
the authors studied the “PVT-PCM + nanofluid” system and reported a temperature drop
of 23.9 ◦C and an efficiency increment of 23.9%. While comparing thermal efficiency, the
nanofluid is a better performer with 17% higher thermal efficiency than the water-based
system.
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4.4. Thermoelectric Cooling

Thermoelectric cooling (TEC), also known as Peltier cooling, has often been used to
cool PV panels’ working temperature. The PV/TEC system combination works as a single
unit to transform solar energy into electrical energy [64].

Benghanem et al. 2015 [16] tested the performance of a PV panel when subjected to
thermoelectric module (TEM) cooling (Figure 19a). In comparison, they have proposed
a solar-driven PV/TEM cooling configuration (Figure 19b), where a separate PV panel
powers the TEMs placed behind solar panels. They reported an increment of 0.5% in panel
efficiency for every (◦C) drop in cell temperature.
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Figure 19. (a) PV/TEM cooling, and (b) Combined PV/TEM system [16].

Notably, the active cooling methods have many known advantages and disadvantages,
which are highlighted in Table 2.
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Table 2. Pros and cons of active cooling methods.

Air Cooling Water Cooling Other Liquids
Cooling

Thermoelectric
Cooling (TEC)

Air as the coolant Water as the coolant PCM as coolant Air as the coolant

More efficient than
passive air cooling
but less effective

compared with other
types of active

PV cooling.

Water spraying is
simple and quite

efficient, while these
provide partial

cooling [32].
Water circulation is

more efficient, and it
is possible to reuse

water; higher
investment might be

responsible for
equipment

degradation.
Partial and total

immersion is highly
efficient, but it

depends on
immersion
percentage,

ill-performed on
cloudy days, and can

have an ionized
water impact.

It reversibly changes
its phase, and the

heat capacity is very
high. It is known to
have unstable phase

transition and
stagnation,

supercooling, etc. [65].
Paraffin wax as

PCM [66] is reliable,
non-corrosive,

chemically inert, and
stable below 500 ◦C.
At the same time, it

has low thermal
conductivity and is
noncompatible with

plastic containers.
Paraffin graphite [67],
when the average cell
temperature exceeds
the melting point of

the PCM, the system’s
efficiency increases.

There are many
advantages, like

being
Chlorofluorocarbons-
free and needing low
maintenance, and it

inherits
disadvantages like its
lower efficiency and

low cooling
power [68].

5. Floating PV Cooling Procedures and Evaporation Reduction Evaluation

The FPV systems have become a proven success and have been designed, developed,
and installed worldwide. As reported in Offshore Engineer magazine, there is about 2 GW
global installed capacity of FPV, which can be found in 2020 [69]. According to the research
of Wook Mackenzie, FPV installation capacity will rise to 6 GW [70]; notably, China and
India will be the leaders.

The idea to build PV plants over water bodies was mainly born from the desire to
overcome the significant social and technical cons related to ground-based PV plants, of
which a few critical problems could be highlighted:

(i) Lack of availability of projectable land: Many PV floating projects were built on the
waterbody because of a shortage of cultivable lands. As done in the Napa Valley
Project in the USA [71].

(ii) Natural Disaster: Earthquakes or tsunamis can potentially destroy any traditional
power plant (like the Fukushima Daiichi Accident/nuclear disaster, Japan WNA 2023)
and bring havoc to humankind. Notably, green energy sources reduce risks, and
interestingly, in the last few years, Japan has had FPV installed to transform its water
bodies into energy production fields [72].

(iii) Problem of water evaporation: With the application of FPV on water bodies, it is
possible to reduce the loss of water (also potable) due to evaporation [26].

(iv) Negative temperature coefficient: Notably, the efficiency of PV panels decreases with
the rise of its operation temperature [15].

Many installation technologies have been experimented with and used for mounting
FPV systems; mainly, these can be categorized based on the kind of floats and panels used
and already have been mentioned in Sahu et al. [73].

A PV panel(s) can be placed over or on water bodies in many ways, as shown in
Figure 20.
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Notably, there are many significant advantages of FPV or putting solar PV panels on
or over water surfaces, as reported below:

(a) Increase of panel efficiency and overall production efficiency: The panel’s negative
temperature coefficient or the rise in operational temperature of a PV panel can be
reduced or checked under control by passive water cooling [26] or through active
cooling by spring water on the hot panel.

(b) Water evaporation reduction: Because of the shadowing effect, the water evaporation
reduces; thus, water losses can be checked, and the precious water can be used for
local use. Majumder et al. [26] reported 30% of water evaporation reduction by
covering 17% of the total water surface area.

(c) Dual positive effect: The panel’s efficiency improves; therefore, the electricity produc-
tion increases, whereas the water evaporation also reduces [26].

(d) Agricultural less land use: By putting solar panels on or over unused water bodies,
reservoirs, lakes, water treatment plant reservoirs, and agricultural reservoirs, it is
possible to minimize the use of the precious land needed for agriculture or other
crucial human use. FPV could be ideal for those countries which are smaller in size
and have agriculturally based economies [74].

(e) Early morning production: According to (NRG 2010), due to the mitigation effect, the
panels start producing earlier in the winter season. Particularly during winter, the
panels (the plant) start producing earlier because the panels defrost 1 h before than in
normal conditions.

(f) Water Quality improvement: It has been claimed [73] that water quality improves due
to photosynthesis and algae growth reduction.

(g) Reduction in deforestation: By minimizing the PV plants’ land use [73].
(h) CO2 reduction: Some case studies have shown that FPV encourages carbon dioxide

reduction [75].

5.1. FPV Efficiency Increment

One can achieve the efficiency of the FPV panels or the system as a whole through
passive and/or active cooling. For an FPV system, water in the water bodies is used as a
cooling medium, while the same water body acts as a heat sink. Many FPV installation
procedures are reported in the literature, with different types of floats and structures used,
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with various PV panel tilt angles, and, most interestingly, the way of putting/placing PV
panels (as shown in Figure 20).

5.1.1. PV Mounted on Floats

Notably, the first FPV system was installed on the “Aichi ike” balancing reservoir
in Japan [58]. The authors built two FPV systems and prepared the floats with foamed
polystyrene boards and plastic connectors. The panels of the FPV system were placed with
a tilt angle of 1.3◦, while the panels in the case of the land-based system (Figure 21) have a
tilt angle much greater than the FPV system. One of the FPV plants was equipped with
an active cooling system, and water was sprayed at an interval of 10 min for 1 min (from
morning 8:00–17:00). As highlighted, the FPV systems received 15% less total radiation to
the ground-mounted plant. Interestingly in the summer months (May, June, and August),
both FPV plants showed better performance than the land-based plant, while August is the
only exception for FPV without active cooling. During the total experimental period, the
FPV with an active cooling system had a higher yield than the F PV subjected to passive
cooling. Notably, in August 2007, the maximum temperature drop of 25 ◦C was noticed
due to water cooling. The generated electric power obtained was 6.8 kWh more for the
water-cooled system when compared with the not-cooled system.
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An Italian company NRG Island claimed that their design and technology of the FPV
plant (Figure 22) could produce an estimated amount of 5–20% more electricity during
summer than that of a ground-mounted plant. This is due to the cooling effect, as the panels
have lower working temperatures. Another advantage, as reported by the company, is that
during winter, in the FPV, the panels start producing electricity early as they defrost (Italian
condition) about 1 h before the panels are installed in normal condition (ground-mounted
or roof-top), Therefore, both in summer as well as in winter, the increase in the PV efficiency
can be noticed [76].
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Figure 23 presents an FPV with an aluminum heat sink [77]. PVC pipes were used
to build a float, and the PV panel was placed on it. The heat transfer mechanism was
constructed using nine hollow square aluminum blocks, and they were attached under
the PV panel with adhesive material. The aluminum block and adhesive material used
are good conductors of heat. Notably, the aluminum is non-corrosive. The authors tested
three different solar radiation ranges for the PV system placed on water. They reported
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temperature drop and efficiency increment in the range of 1.2–4.0 ◦C and 0.15–0.19%,
1.4–5.5 ◦C and 0.05–0.18%, and 1.8–5.6 ◦C and 0.59–0.76% when the FPV system subjected
under 417 W/m2, 667 W/m2 and 834 W/m2 solar radiation for a time interval of 15–60 min.
The percentage of power and efficiency increased by 3.61%, 3.79%, 2.88%, 2.82%, and
14.55% and 14.58%, respectively, at previously mentioned solar radiations.
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Figure 23. FPV with an aluminum heat sink [77].

The same research group [78] conducted a similar experiment; however, the floating
structure, the aluminum heat sink, and the PV panel size were bigger than their previous
work. The authors found about a 15.5% increase in the produced energy for the two-hour
test. Notably, the optimum temperature drop of 25 ◦C was observed with the radiation of
1000 W/m2, while there was a 0.49% drop in efficiency with the increase of 1 ◦C.

Innovative floating tracking cooling concentrating (FTCC) systems studied by Caz-
zaniga et al. [79], reported an increase in the annual energy yield by over 30% compared to
a land-based system.

Choi 2014 [80] compared the performance of two FPV plants (100 kW and 500 kW) with
a ground stand-alone plant (1 MW). For both FPV systems, the PV tilt angle was 33◦, while the
tilt angle of the ground plant was 30◦ but all with similar radiation and ambient temperature
conditions. As highlighted, the FPV system has shown 11% better generation efficiency than
the overland PV system; notably, this performance improvement was due to the passive
water-cooling effect, which helped lower the PV working temperature (Figure 24).
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The performance of the FPV system (Figure 25) has been compared with a land-based
PV system by Lee et al. [81]. The authors used pultruded fiber-reinforced polymeric plastic
(PFRP) to build the structural parts. Direct comparison between these two systems has
demonstrated an energy increment of approximately 25%.
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Figure 25. PV panels mounted on fiber-reinforced polymeric plastic structures placed on a floating
system [81].

A tracking FPV (100 kW) has been designed and fabricated by Yoo et al. [82]. The
performance of the tracking FPV has been evaluated by comparing it with a land-based
system (100 kW), and about 11.97 MWh more energy was produced by the tracking FPV.

Yadav et al. [83] constructed an FPV system and compared its performance with a land-
based system. The PV panels were subjected to a solar intensity between 125–945 W/m2. The
generating efficiency of the FPV system is about 0.79% when compared with a land-based
system.

Durković et al. [84] have proposed a solution by tracking FPV to generate electricity
for a nearby aluminum plant. The proposal for tracking sun azimuth and reflectors enables
the system to have about 27.68% (FPV) + 4.32% (reflector) more energy production.

Kamuyu et al. [85] compared the FPV and rooftop systems. They reported the FPV
system could produce more energy by about 21% annually, notably when module tempera-
tures of both systems are below 40 ◦C.

5.1.2. PV Directly Placed on Water

Figure 26 presents another innovative type of FPV system without any metallic struc-
ture [86]. Interestingly, in this case, the water body has been performed as a heat sink; as
highlighted by the authors, no improvement in terms of output was noted.
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5.1.3. PV on Water but Not Float

While Majumder et al. [26] have studied the performance of PV panels by placing the
panel above water, Figure 27 presents the PV installation scheme. Notably, the air between
the water surface and the panel helped cool down the temperature of the panel. Due to
the natural water-cooling process, a relative improvement in efficiency of 17% has been
reported.
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Figure 27. PV panel P1 placed above the water, and panel P2 placed at ambient condition [26].

Sutanto et al. [87] performed the experiment on two sets of FPV systems, one equipped
with a thermosiphon cooling mechanism (Figure 28). They found the efficiency increment of
the FPV and FPV with thermosiphon systems to be equal to 4.52% and 7.86%, respectively.
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Figure 28. PV on water equipped with thermosiphon cooling mechanism proposed by [87].

Figure 29 depicts an FPV system that increased its efficiency by 20–28% due to water
cooling [88]. Due to the cooling effect, PV front and back temperatures decreased by 2% to
4% and 5% to 11%, respectively.
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Figure 29. FPV system versus land-based PV system by [88].

5.1.4. PV Partially Submerged

An important example of combined (active and passive) FPV cooling (Figure 30)
was provided by Elminshawy et al. [29], where the wind condition was simulated using
a fan. The performance of normal FPV and partially submerged (10% inside water is
the submerged ratio) FPV have been evaluated. The authors measured when partially
submerged FPV was subjected to various wind speed conditions. The partially submerged
(10%) FPV was found to be 11% more efficient when compared with normal FPV. Also, its
output power rose with the increase in wind speed, i.e., 20.28% at 15 km/h.
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Figure 30. Passive and active cooling of the FPV system [29].

Elminshawy et al. [89] studied three FPV panels: the reference normal FPV, another
submerged FPV, and the last submerged-finned FPV. The aluminum U-shaped fins were
attached at the back of the third panel (Figure 31) to act as a passive heat sink, and by
submerging 20% of the PV panel inside water, the operating temperature, and the electrical
efficiency of it found to be equal to 19.07% and 24.02%, respectively.

Elminshawy et al. [90] studied a partially submerged FPV system (Figure 32). During
this campaign, 4%, 12%, and 24% of the PV panels were submerged in water. The reference
ground-mounted FPV panels were mounted with a tilt angle of 25◦. Results showed that the
partially-submerged-FPV system performs better with a 12% submerged ratio for efficiency
increment and PV operating temperature reduction. Due to the passive cooling effect, the
electricity production and efficiency improved to the ground-mounted panel by 27.31%
and 12.20%, respectively.
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A partially-submerged-FPV system was studied by Elminshawy et al. [91]; however,
in this case, the ground-based PV and partially submerged FPV panels were placed at
15◦ tilt angle, while the PV submerged percentages were chosen as 5%, 10%, and 20%
respectively. The authors reported that the partially submerged FPV working temperature
reduced approx. 7.9 ◦C to 10.5 ◦C when the submerged ratio changed from 5% to 20%, the
efficiency gain was reported at 15.6%, 28.4%, and 8.20% at submerged ratios of 5%, 10%
and 20%, respectively.

5.1.5. PV Completely Submerged

The performance of a submerged PV system (Figure 33) has been studied by Lanzafame
et al. [92]. The authors submerged the PV panels (technologies crystalline and thin film)
inside water up to 50 cm; at this maximum depth, power production was reduced by 20%
and 10%, respectively, for both technologies. At the same time, authors have reported
that efficiency improvements were observed from 10% to 20% of PV panels submerged in
shallow water.
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5.1.6. Mathematical Model

A mathematical model was developed by Tina et al. [93] to evaluate the performance
of bifacial and monoracial PV modules installed on the water surface. The model was
validated using the experimental data. The authors reported that the production due to
passive and active cooling was 3% and 9.7% more for bifacial systems, while 2.6% and 9.5%
for monofacial systems, respectively.

A study has been conducted by Liu et al. [94], and the finite element model has
demonstrated a difference of 3.5 ◦C in operating temperature between the FPV cell and a
land-based cell. While the probability of efficiency increment of the FPV system is around
1.58–2.00% when compared with the land-based system.

While Sukarno and Kim [95] measured the local temperature trends in four locations
of a lake (two in the lake, ground, and dam structure), the authors used this to predict the
efficiency and yearly yield of the FPV system. They found the FPV efficiency to be 6.08%
higher than the ground-based system.

5.2. FPV Evaporation Reduction

Water evaporation is one of the reasons why scientists, researchers, and various private
and public agencies have started studying and analyzing the possibilities of putting PV
panels on water bodies. Water evaporation can be minimized significantly when the panels
are directly placed on or over the water bodies. Of course, the reduction value is directly
proportional to the area covered by the PV system.

In most cases, the impact of the FPV on the evaporation rate has been estimated by
calculating the value. Notably, Santos et al. [96] various models like the Penman-Monteith
model, Hargreaves–Samani model, Valiantzas model, Linacre (1993) and Linacre (1977)
models to estimate the water evaporation and, details about these methods can be found
in [97–100], respectively.

On the other hand, very little information or experimental data is available in the
literature related to water evaporation.

Table 3 presents various studies conducted experimentally and analytically to evaluate
the water evaporation reduction from the water basin when the water’s surface or water
body is covered with PV system(s).

Table 3. Evaporation reduction due to FPV system application.

References Type of Study FPV Project Information Result

Majumder et al. [26] Experimental

17% of the total water surface area
was covered using the PV panel (0◦

tilt angle) and compared with similar
un-covered water surface area.

30% reduction rate

Abdelal, Q. [101] Experimental

The water surface area is almost
completely covered with a PV panel
(27◦ tilt angle) and compared with a

similar un-covered water
surface area.

60% reduction

Mittal et al. [102] Numerical Covering 5%, 10%, 15% and 20% of
the four lakes were considered.

5–20% of evaporation reduction
annually.

Cazzaniga et al. [103] Numerical Covering 10% of the water’s surface
area was considered. Reduced evaporation by 6% to 18%.

Scavo et al. [104] Numerical 10% of the basin is covered with FPV Water reduction ranges from 7%
to 19%.

Nagananthini et al. [105] Numerical Covering 30% of the reservoir surface
area was considered. Annual water saving bout 42,732 m3.
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Table 3. Cont.

References Type of Study FPV Project Information Result

Elhamid et al. [106] Numerical

Total water information annually is
12 × 109 m3.

For this study, 25%, 50%, 75%, and
100% of the lake was considered to

be coved.

Annual water saving 2.1 × 109 m3,
4.2 × 109 m3, 7.0 × 109 m3 and

8.4 × 109 m3, respectively.

Santos et al. [96] Numerical
0.015% (existing FPV) up to 0.57%

(estimated), total covering of the lake
by FPV.

Up to about 60%.

Bei et al. [107] Numerical Covering approx. 33% of the total
lake area.

Annual avg. suppression efficiency
is 58%.

Abdelgaied et al. [108] Numerical 50% of the lake is covered with FPV Approx. 62%/year of the evaporation
reduction.

Muñoz et al. [74] Numerical 25% of the total water surface area Annual water evaporation saving of
8.4 × 109 m3.

6. Conclusions

This review article focuses mainly on various PV and FPV cooling methods and the
use and advantages of FPV plants, primarily covering the arguments for the efficiency
augmentation and reduction of water evaporation due to installing PV systems on the
water bodies. Therefore, FPV installation techniques could mitigate dual challenges today
the world is facing, mainly energy and water poverty.

The working temperature of every individual PV panel influences the overall efficiency
of a PV system. Therefore, active, passive, or combined cooling processes can help reduce
the panel working temperature to enhance the efficiency of the PV panel and the system as
a whole.

Many procedures are mentioned in the literature for PV cooling, while either passive
or active cooling processes are mainly used for this purpose. A combined (passive or active)
approach has also been used in some cases.

There are five ways PV panels can be placed in, on, or over water surfaces, and gen-
erally, these types of systems are nominated as FPV systems. There are many notable
advantages of the FPV system, which have already been mentioned. In particular, two
prime advantages of FPV installation are worth mentioning (1) improvement in the effi-
ciency of the PV panel, therefore enhanced energy productivity, and (2) water evaporation
reduction due to covering of water surface.

In passive cooling, the efficiency improvement mainly occurs due to the passive
cooling effect of the water below the panels. In contrast, active cooling processes like water
spraying can be combined to further reduce panel temperature and enhance PV and FPV
system performance. The maximum efficiency improvement of the PV panel can reach up
to 30% by partially submerging the PV panel, while water evaporation can reduce more
than 60%/year by covering about 50% of the water body. Today, many parts of the world
are facing drought-like situations due to the direct and indirect effects of climate change.
Notably, shortened rainy periods and evaporation of potable water from water bodies
during hot summer months have triggered a cumulative impact to cause water scarcity.
Therefore, the results in the literature are enthusiastic and encourage applying the FPV
system for green energy production. The implementation of FPV is widespread, but active
cooling is rarely utilized. While FPV with cooling can enhance energy production, its high
installation cost and limitations hinder commercialization.
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Investigate the Impact of Changing the Boundary Water Levels on Saltwater Intrusion in Coastal Aquifers. Water 2022, 14, 631.
[CrossRef]

107. Bei, Y.; Yuan, B.; Wang, Z.; Tang, J. Floating Photovoltaic for the Coal Mining Subsidence Water Area—An Effective Way to Reduce
Evaporation. In Proceedings of the 2022 5th International Conference on Energy, Electrical and Power Engineering (CEEPE),
Chongqing, China, 22–24 April 2022; pp. 1126–1130.
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