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ABSTRACT 

This article investigates the performance of a partially submerged floating photovoltaic 

system (PSFPV) as a proposal for harvesting solar energy as an electricity production novel system 

under Egyptian hot climate on calm water surfaces. The proposed system comprised of a floating 

photovoltaic system with a submerged portion in the surrounding water. The PSFPV system is 

constructed in addition to the water body and is then extensively examined under Egyptian outdoor 

conditions. The submerged portion of the PSFPV system keeps the system passively cool by being 

in direct contact with the surrounding water. A performance comparison between the novel PSFPV 

system and a similar land-based photovoltaic system (LPV) is also provided. The suggested 

PSFPV module's thermal and electrical performance was evaluated concerning its submerged 

length, which ranged from 4 to 24 cm. The results reveal that the PSFPV system achieves a 

reduction of about 15.10 % in operating temperature relative to the LPV system. Also, the PSFPV 

system produces up to 20.76% more electricity than the LPV system. The PSFPV system is capable 

of alleviating the emission of CO2 by about 49.66 kg/summer season. The proposed PSFPV system 

reveals a reduction in the LCOE from 0.075 to 0.067 ($/kWh) by increasing the submerged length 

from 4 to 24 cm.  

Keywords: Partially submerged photovoltaic; PSFPV performance; passive cooling; efficiency. 

1. Introduction  

The world's attention has turned to renewable energy, especially solar energy, as an alternative 

source because of its potential. Improving the efficiency of photovoltaic cells has become a global 

trend to rely on PV cells as an alternative, clean energy source [1]. Approximately up to 80% of 

the solar irradiance received by the PV module is lost as excess heat, with the remainder converted 

into electricity [2]. The above contributes to a rise in module temperature and, as a result, a 

decrease in efficiency [3]. Koteswararao et al. [4] clarified that the module's high temperature can 
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negatively affect the semiconductor utilized to manufacture the module and thus decrease the life 

of the module and its conversion efficiency. Many approaches, such as active and passive cooling, 

have been applied to the conventional PV cell to increases its efficiency by reducing the cell 

temperature studied [5–7]. An external energy supply is necessary for active cooling approaches 

to dissipate excess heat through the cooling fluid. Sargunanathan et al. [8] give an outline of 

analytical and experimental research on improving the productivity of PV cells through the use of 

various cooling strategies. Sajjad et al. [9] carried out experimental research on an air-cooled PV 

module and compared the results to the PV module with no cooling. According to their findings, 

the cooling module had a 7.20% and a 6% increase in electrical efficiency and output power, 

respectively. Bayrak et al. [10] carried out experimental research on various cooling methods, such 

as PCM, thermoelectric, and aluminum finned heat sinks. The PV module combined with the 

finned heat sink generated the most power (47.88 W) compared to other cooling approaches. 

Passive approaches are also remarkably suitable for cooling PV systems when compared to active 

ones. The main benefit of passive cooling approaches is that the cooling system does not require 

an electrical input to work. As a consequence, the system is simple, with relatively low operational 

expenses. Amr et al. [11] investigated a passively cooled PV panel with fins affixed to the back 

surface of the module. The temperature of the cells has been decreased by about 4-5 oC by the 

integrated fins. Also, the electrical productivity of a PV system with fins is remarkably improved 

by increasing the height and number of fins. 

Idoko et al. [12] investigated the tri passive cooling strategy, which includes three kinds: 

conductive, air, and water cooling. The experiment resulted in a 20.96 W increase in output power 

and up to a 3% improvement in efficiency, allowing the PV module to be more productive and 

cost-effective. Hernandez-Perez et al. [13] explored a new passive cooling method for solar panels, 

utilizing a segmented aluminium sheet connected to the PV module to reduce operating 

temperature and avoid a loss in electrical efficiency in adverse conditions. They were able to 

reduce module temperature by 9.40 °C while increasing module efficiency by up to 4%. 

A novel PCM-based water-cooler nano-enhanced PCM system for passive natural cooling for the 

PV module has been tested by Abdollahi and Rahimi [14]. Experiments revealed that connecting 

nano-enhanced PCM to the PV module resulted in a 44.74% - 48.23% improvement in maximum 

output power relative to the reference module at solar irradiances of 410 W/m2 and 690 W/m2. 

Caglar et al. [15] tested experimentally an innovative photovoltaic thermal air (PVTa) system 

using quasi fins with a longitudinal and wavy profile at the tail end of the air channel for its 
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capabilities for hydrogen production. It was discovered that downstream-located fins improved 

PV panel cooling, increasing the current supply from the electrolyzer unit.  

 

 Floating photovoltaic systems (FPV) are another technique to improve the productivity of 

photovoltaic systems that have shown a lot of promise since 2006, with even greater ambitions for 

the future. Floating photovoltaic refers to PV systems that are mounted to floating platforms over 

accessible water bodies such as rivers, pools, or lakes [16]. FPV systems make it possible to 

achieve higher performance of PV modules and better land-resource management to ensure energy 

efficiency. It is an emerging topic for solar photovoltaic technology with a considerable worldwide 

market opportunity. Trapani and Millar [17] emphasized the importance of water bodies in 

cleaning the PV system and therefore enhancing performance. Cazzaniga et al. [18] demonstrated 

that the floating Photovoltaic system offers several benefits over the typical land-mounted system. 

They found that the temperature of the offshore ambient air above the water surface is up to 3°C 

lower than the temperature of the onshore air, resulting in a lower PV module working temperature. 

Moreover, the difference could be larger for more urban locations [19]. According to Choi [20], 

floating photovoltaic system outperformed terrestrial PV system in terms of efficiency by 11%. 

The deployment of PV systems on the water body, according to Tsoutsos et al. [21], reduces water 

evaporation. As proposed by Ates et al. [22], an FPV plant with a capacity of 2.03 GWp was 

anticipated to be deployed in Demirköprü Dam in Manisa, Turkey, on a surface area of 1,562.45 

ha. . The deployment of such a system would produce 3.32 TWh of clean electricity yearly, 

preventing around 28.23×106 m3 of water from evaporating. Mittal et al. [23] used the RET Screen 

Expert software to investigate the feasibility of the FPV system in power production and water 

evaporation reduction in four lakes in Rajasthan, India, where the FPV system covered 5 to 20% 

of the lake's surface area. A 20% coverage FPV system might be adequate to construct a 27MWp 

plant, saving 708 million litres of water from evaporation yearly. Furthermore, the potential of the 

FPV system has been reinforced according to a comprehensive study done by Liu et al. [24]. The 

capacity of the FPV system in China is expected to reach 160 GW covering 2500 km2 of water 

surface. This would assist to avoid the evaporation of 2×1027 m3 of water each year. If conserved 

water could be utilized by hydropower, roughly 1.25×1012 m3 of indirect water conservation would 

be further preserved. In Mumcular Dam, Turkey, the potential of an FPV system integrated with 

hydrogen production as a sustainable energy supply was investigated [25]. The proposed system 

has the ability to reduce evaporation from water bodies due to a 3010 m2 shading area that provides 
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99.43% of the electricity needs. Muhammad et al. [26] looked into the feasibility of deploying 

FPV technology in Pakistan. Based on a comprehensive analysis of environmental, economic, and 

technological aspects, the adoption of such technology for Pakistan and other locations with 

comparable regional characteristics was justified and strengthened.  Hasan and Dincer [27] utilized 

COMSOL software to evaluate the performance of a floating bifacial PV module compared to that 

of a mono-facial PV module under different working conditions. The simulation concluded that 

the bifacial module facing north to south witnessed a 55% higher irradiation exposure, while the 

deployment in wavy water simulation led to a 49 % increase in irradiation exposure. From April 

2017 to March 2020, comprehensive research was conducted to analyze the performance of FPV 

systems using statistical methods, based on data gathered from the world's largest FPV testbeds, 

which were located on Singapore's Tengeh reservoir [28]. The results indicated that performance 

deterioration rates varied between -0.5% and -0.7% per year, which was inconsistent with the 

performance warranties provided by PV module manufacturers. 

El Hammoumi et al. [29] conduct an experimental examination of a small-scale floating 

photovoltaic system (FPVS). Their findings revealed that the working temperature of the FPV 

system was 2.74 °C lower than that of the terrestrial PV system. Furthermore, up to 2.33%, more 

daily electricity is produced by the FPVS system than the terrestrial PV system. Dai et al. [30] had 

studied various designs and constructions of floating photovoltaic systems suitable for the 

deployment of floating farms at optimal performance. Kaymak and Şahin [31] investigated three 

distinct floating PV systems placed on Istanbul's Büyükçekmece lake, analyzing the obstacles and 

significant defects that might develop with such systems. Based on data collected between July 

2018 and April 2020, it was strongly recommended that floating photovoltaics be designed as a 

whole to be flexible, and individual components must stay stable to withstand extreme wave and 

wind conditions. Cazzaniga et al. [32] proposed the idea of the pontoons that carry the floating PV 

system as reservoirs of compressed air for energy storage purposes with a high storage system. 
The behavior of a horizontal submerged photovoltaic solar panel in a water pool under a depth 

from 4 to 40 cm is explored by Rosa-Clot et al. [33]. In comparison to a conventional land-

mounted PV module, the results showed an improvement in electric power production for shallow 

depths. Goswami et al. [34]  performed a techno-economic study on a 10 MW floating PV plant 

showing the economic and environmental benefits through the adoption of FPV technology The 

outcomes revealed a 10.2% increase in power generation in FPV power plants compared to land-

based PV systems, providing an extra 28.38 MU during the life span of the facility. Gonzalez 
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Sanchez et al. [35] explored the feasibility of FPV installation on accessible hydropower reservoirs 

in Africa. According to the findings, the installed capacity of existing hydroelectric power facilities 

can be doubled with less than 1% FPV coverage, while electrical production is increased by 58%. 

This would save water at 743 million m3/year, which will increase annually the hydroelectricity of 

hydropower by 170.64 GWh. Kumar et al. [36] performed an exergy comparison between the three 

potential installation methods floating, submerged and land-mounted systems. The exergy 

efficiency of a submerged PV system is found to be 3.07% greater than that of a floating PV system 

and 43.65% higher than that of land mounted installation technique. Lanzafame et. al. [37] found 

out that an improvement in efficiency from 10 to 20% was reached for submerged PV in shallow 

water. Nevertheless, the above technique significantly depends on time and the location of the PV 

installation. 

While floating photovoltaic plant technology is widely recognized, the Huainan project in China 

marks a major leap forward in the massive power capacity scale 40 MW, Fig. 1. The previous 

biggest floating photovoltaic system was a 6.3 MW project in the United Kingdom.  

 
Fig. 1 The largest floating photovoltaic plant 40MW at Huainan, China [38]. 

 

According to the previous literature, the majority of the research studies were conducted on 

land-based PV modules that were integrated with a variety of active or passive cooling systems. 

Some of these studies were carried out experimentally in actual outdoor environments, while 

others were handled theoretically with the use of computer software simulation for productivity 

enhancement. Floating PV systems, on the other hand, have recently gained popularity, as the 
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installation of PV systems over water bodies has been demonstrated to enhance system 

productivity due to the cooler surrounding environment and reduced water evaporation. 

 

The Novelty of the current work:  

It is clear from this literature that much research has been conducted in the area of land-based 

PV systems. Some are based on an experimental method, while others are based on software 

package simulation. Nevertheless, based on the in-depth knowledge of these approaches, it is 

evident that there has been little experimental study done to investigate the 

performance enhancement of the floating photovoltaic systems. Furthermore, none of the prior 

studies examined passive cooling strategies to regulate the working temperature of the FPV system 

and consequently enhance its productivity. Finally, no previous research exists to investigate the 

performance enhancement of FPV systems on calm natural water surfaces, particularly in Egypt's 

hot climate, which is recognized for its high steady solar radiation, clear sky, and many extended 

lakes with calm water surfaces.  The authors intended in this study to fill the resulting gap. 

The present study is the first to employ a novel passive cooling approach for the FPV system. 

The proposed approach considers the partially submerged floating photovoltaic system PSFPV in 

the water body. The PSFPV system is a floating PV system deployed under Egyptian hot climate 

on calm water surfaces where a portion of the PV module is immersed in water to release some of 

the excess thermal energy into the surrounding water body including several lakes across Egypt, 

some of which are up to 5000 km2 in area, such as Nasser Lake in Upper Egypt, all with the calm 

water surface, which acts as a natural costless heat sink. Fig. 2 depicts an outline of the suggested 

PSFPV system together with its objectives. The proposed investigation aims to study 

experimentally the performance of the PSFPV for various submerged ratios (β) which is the length 

of immersed portion /length of PV module. A comparison of the PSFPV system and a similar LPV 

system is carried out explicitly in terms of electricity productivity along with the thermal, 

economic, and environmental performances to assess the benefits of the PSFPV system.  
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Fig. 2. Tests outline of the suggested PSFPV system. 

 

2. Experimental setup  

The experiments took place in June 2021 at the Faculty of Engineering (31°16ˊN, 32°18ˊE) 

in Port Said, Egypt. For the current work, two photovoltaic modules (PV) were used, one placed 

inside a water basin of a five-meter radius for simulating a water body while the other module was 

mounted on the ground. Panels were orientated to the south due to Egypt's location in the northern 

hemisphere. The entire PSFPV system was anchored with a mooring mechanism to retain the 

specified orientation. Both panels were installed next to each other in the same outdoor conditions 

and tilted with a control mechanism at an angle (θ=25º) to the horizontal plane for optimum solar 

radiation. A sliding frame with a holder was employed to facilitate our investigation about the 

effect of the submerged segment length of the PV panel in the water as seen in Figs. 3, 4. 
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Fig. 3. Experimental setup  

 

 
(a) 

 
 
 

 
 

(b) 

Fig. 4. (a) Photograph of the PSFPV system, (b) stability testing of the floating unit in open sea. 
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 The experiment setup was performed using two identical PV modules with a capacity of 83 

W each. The PV solar panel specifications are listed in Table 1.  

Table 1 

brand  S-ENERGY 

Panel type  Polycrystalline 

Dimensions in mm 920 × 680 × 38 

 [Isc] (A) 5.78 

 [Voc] (Voltage) 19.7 

 [𝑃 ] (W) 83 

 [Vmp] (Voltage) 16.5 

 [Ipm] (A) 5.07 

 [Pmax] NOCT* (W)  60 

NOCT*: Nominal Operating Cell Temperature: 47℃ 

 

Several measuring instruments were used throughout the experiments, from 08:00 a.m. to 

06:00 p.m., to assess the influence of the variable under consideration on the overall performance 

of the PV system. Table 2 depicts the main measurement instruments used in the experimental 

setup, their accuracy, and range. 

Experimental measures were captured at intervals of 30 min each day by recording the 

measured parameter through the various devices mentioned. The solar irradiance received by both 

LPV and PSFPV surfaces was captured by Hukseflux SR20, an A-class pyranometer with a 

sensitivity range of 7 to 25 × 10-6 V/(W/m2).  Nemours pre-calibrated type T thermocouples along 

with an Infrared thermometer have been employed to detect the surface temperature of both 

systems in various positions along with the temperature of the submerged segment of the PSFPV 

module, to measure the average operating surface temperature of both panels. Another 

thermocouple monitored the bulk temperature of the water basin in which the PSFPV was 

submerged. Ambient temperature has been measured using a digital thermometer Testo 480 when 

the wind velocity has been captured by rotating vane anemometer Testo 417. 

The average operating temperature Tav of the PV modules was calculated according to the 

following equation:  

 1

n

i
av

i

T
n

T
  
¦

                                                            (1) 
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Thermal contours for the front surface of the PSFPV module were captured using an infrared 

thermal camera (model testo 890) with a measurement range of -30 to 650°C. The emissivity of 

the inspected thermal seine was set at 0.94 for the glass as the front layer of the PV module  [39]. 

The thermal images are captured from a constant distance by pointing the camera lens in a 

perpendicular direction with the module instantaneously removed from the water body for 

emissivity equality. 

Table 2 

Experimental apparatuses with their range and accuracy. 

Apparatus type Accuracy Range 

Pyranometer Hukse flux SR 20 > ±1.2% 0 to 4000 W/m2 

Voltmeter Fluke 175 True RMS ± 0.15%+2  0.01mV to 1000DCV 

Ammeter Fluke 175 True RMS ± 1.0%+3 0.01 mA to 10 DCA 

Thermocouple T-type ± 0.05 oC - 250oC to 350 oC 

Infrared thermometer Spot type  ±0.3 °C -50 to 600 °C 

Atmospheric thermometer Testo 480 ± 0.3 °C 0 to 120 °C 

Infrared thermal camera  Testo 890 ±2% -30 to 650°C 

Rotating vane anemometer Testo 417 ± 0.1 m/s 0-20 m/s 

Data acquisition Midi LOGGER 

GL840 

± 0.1% -- 

 
The maximum electrical output power Pm in W was obtained by wiring the electrical outputs 

of both modules to the adjustable electric resistance circuit and recording the I-V curve for each 

system on a half-hourly basis. The voltage and current values obtained using digital multi-meters 

(Fluke 175 True RMS) are then analysed in way to construct the characteristic curve between 

voltages and currents and identify the maximum power point MPP [40,41]. The electrical 

efficiency 𝜂  of both modules were then calculated with the following formulas: 
 

m m mP V I u                                             (2) 

100 %m
elec

s

P
GA

K  u                               (3) 

where G is the irradiation gauged in W/m2, and As is the active solar harvesting area of the 

panel in m2.  

The normalized power output efficiency NPE is another parameter that reflects the true 

performance concerning the tested conditions [42]. The NPE computed using Eq. (4), is the ratio 
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of power recorded under real conditions to output power measured under the standard conditions 

(𝑃 ), as read from the panel's nameplate.  

𝑁𝑃𝐸 = 𝑃
𝑃

 × 100    (4) 

The performance ratio PR is one of the most important indicators for assessing the efficiency 

of the photovoltaic systems and for evaluating various sites for PV installations independently of 

solar irradiation, as seen in Eq. (5). It is a parameter with no units that reflects the influence of 

irradiance on the output of the PV module. 

𝑃𝑅 =
𝑃

𝑃
𝐺

1000
                                  (5) 

The uncertainty of the instruments during the experimental measurements was examined to 

assess the precision of the experimental data, which may have been affected by possible errors in 

the parameter measurement tests [43–45]. The uncertainties in the independent variables via the 

evaluation procedure are denoted as W1, W2, ………and Wn, with the uncertainty in the result WR 

being obtained from the following equation, where x1, x2, …, xn, are the independent variables. 

 
1

22 2 2

1 2
1 2

.......R n
n

R R RW W W W
x x x

ª º§ ·§ · § ·w w w« » � � � ¨ ¸¨ ¸ ¨ ¸w w w« »© ¹ © ¹ © ¹¬ ¼
                     (6) 

 
According to eq. (6) The maximum calculated uncertainty for the electrical efficiency was 

evaluated as following  

� �
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  (7) 

                                     
 Similarly, the maximum uncertainty for PR was ± 0.012. The maximum uncertainties of 

variables were found to be less than 5%, which revealed a high accuracy in measurements. 
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3.  Results and discussion   

The experiments were conducted under typical metrological conditions to explore the effect 

of submerged ratio β on the overall performance of the PSFPV system for six test days, from the 

10th to the 16th of June 2021, and compare it with the LPV system 

 The thermal and electrical behaviour of PSFPV system were extensively examined for 

submerged ratios of 4%, 12%, and 24%, and compared to those of LPV system, as shown in Fig. 

5. Throughout the experiments, solar irradiance, atmospheric and water temperature, and wind 

velocity were recorded as a sample of the climate parameters that vary during the test days, Fig. 6. 

  
(a) β = 4% (b) β =12 % 

 

(c) β = 24% 
 

Fig. 5. Photographs of the examined submerged ratios of the PSFPV system. 

The solar intensity peak reported over the test days was about 1020 W/m2, as shown in Fig. 6. 

Furthermore, a little fluctuation in average solar radiation and ambient temperature was observed 

for the experimental test days. In addition, during the test days, the water temperature increased at 
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a relatively steady rate, reaching its maximum value towards sunset. Wind velocity has been 

captured to inventory the climatic parameter that influences the performance of the PV solar panel. 

 

 
Fig. 6. Sample of the climate data recorded during the experiment. 

 

3.1 The influence of submerged ratio on the working temperature of the PV module.  

   The influence of the submerged ratio on the performance of the PSFPV system is mostly reflected 

in the module temperature. Fig. 7 presents the working temperatures of the PSFPV module with 

the studied submerged ratios, i.e., 4%, 12%, and 24%, along with those temperatures of the land 

based LPV module. In this set of experiments, the tilt angles of both modules were fixed at 25°. It 

can be noticed that the working temperatures of PSFPV for all tested submerged ratios were 

reduced as compared to the reference LPV module.  
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Fig. 7. PV operating temperature for the examined submerged ratios.  

 

The operating temperature of the PSFPV panel was noticeably reduced when the submerged 

ratio was increased. The average operating temperatures of the PSFPV panel for the tested 

submerged ratio, i.e., 4%, 12%, and 24%, were 38.80 °C, 37.65 °C, and 36.52 °C, respectively, 

compared to 43.01 °C for the LPV panel. This plot also demonstrates that the maximum operating 

temperature differences between PSFPV and LPV modules were 8.50 °C for β =4%, 9.60 °C for 

β=12%, and 12.20 °C for β=24% at noontime.  

Thermal profiles of both the LPV and the PSFPV modules with the examined submerged 

ratios were captured using an infrared thermal camera (model testo 890) while conducting the tests 

at noon, as shown in Fig. 8. The colour patterns across the surface of the PSFPV module show an 

improvement in lowering the operating temperature. The thermal profile is coloured from red to 

blue, as seen in the thermal images below. The reddish tint denotes a relatively high 

operating surface temperature, whereas the blue tint denotes a low working surface temperature. 

As seen in Fig.8, the reddish spot's range practically spans the whole surface of the LPV module. 

However, for the PSFPV module, the range of the reddish spot steadily vanishes as the submerged 

ratio increases. Furthermore, the thermal pattern of the PSFPV module's immersed section inside 
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the water is shown to have remained at a markedly decreased temperature, as indicated by the blue 

colouring. This occurrence reveals that, as a result of the recently implemented immersion 

approach, the operational temperatures of the PSFPV system have been substantially lowered. 
MAX.= 55.43 °C 
MIN.= 51.51 °C 
AVE.= 53.52 °C 

 
(a) 

MAX.= 51.50 °C 
MIN.= 31.9 °C 

AVE.= 45.82 °C 

 
(b) 

 

MAX.= 50.80 °C 
MIN.= 34.20 °C 
AVE.= 43.90 °C 

 
(c) 

MAX.= 49.30 °C 
MIN.= 31.30 °C 
AVE.= 41.30 °C 

 
(d) 

Fig. 8. Thermal profile for: (a) LPV compared to PSFPVs modules at the submerged ratios; (b) β = 

4%, (c) β= 12%, and (d) β = 24% at noon. 

 

3.2 The effect of submerged ratio on the electrical behaviour of the PV module 

The electrical productivity of the PV system is the most crucial parameter to focus on in this 

study, as this is high-grade energy. The electrical performance might be determined by measuring 

the loaded voltage and current, and also the electrical power output. Fig. 9 demonstrates the 

variation of the current flowing through the electrical circuit for all the submerged ratios studied, 

whereas Fig. 10 presents the voltage readings of the PV module for all the submerged ratios studied 
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throughout the day. The findings indicate that voltage and current follow the solar radiation 

pattern, increasing from dawn to the solar peak time, which is between 11:00 a.m. and 1:00 p.m., 

and then decreasing till sunset. It can be seen that the current and voltage have been predominated 

for all of the PSFPV modules from the morning until 03:00 p.m.  

 
Fig. 9. Current variations of the PV module for the examined submerged ratios. 

The maximum measured voltages for the PSFPV system are 15.24 V, 15.37 V, and 15.01 V 

for submerged ratios of 4%, 12%, and 24%, respectively. For the LPV system, the maximum 

recorded voltage is 14.61 V. 

Similarly, the recorded daily averaged voltages of the PSFPV module were about 12.46 V, 

12.84 V, and 12.01 V for the submerged ratios of 4%, 12%, and 24%, respectively, and the daily 

averaged voltage for the LPV system is 12.08 V. 

Moreover, the average daily currents of the PSFPV module were 3.17 A, 3.28 A, and 2.90 A 

for the submerged ratios of 4%, 12%, and 24%, respectively while the averaged current of the LPV 

system was 2.88 A. 
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Fig. 10. Voltage variations of the PV module for the examined submerged ratios. 

 
The recorded values of the power output of the PSFPV system for the examined submerged 

ratios, along with those values of the LPV system are shown in Fig. 11. Output power superiority 

was observed for the PSFPV module, as evidenced by the voltage results, with all submerged ratios 

tested till 03:00 p.m. Also, the maximum outputs of 64.39 W, 65.79 W, and 63.00 W were reported 

at midday at submerged ratios of 4%, 12%, and 24%, respectively. The daily average output power 

of the PSFPV system was 41.89 W, 44.53 W, and 37.45 W for the submerged ratios of 4%, 12%, 

and 24%, respectively. Meanwhile, the daily average output power of the LPV panel was 36.87 

W, with a peak of 58.40 W at noon. A power enhancement of 17.44% and 27.31% has been 

achieved in the PSFPV module by increasing the submerged ratio from 4% to 12% respectively.  

It was observed that the PSFPV module with a submerged ratio of 10% achieved the highest 

power generation over the other studied ratios. The justification for this is that raising the 

submerged ratio lowers the PSFPV operating surface temperature, which could, in turn, enhance 

the module's productivity. 
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Fig. 11. Electrical output for the PV panel for the examined submerged ratios. 

 

As previously mentioned, the PSFPV module dissipates more excess thermal energy; 

however, once the solar radiation hits the water's surface, a small portion of it is reflected, 

dispersed, and even absorbed by the aqueous medium according to irradiance characteristics [32]. 

The remaining radiation would be transmitted through the water until it hit the underwater part of 

the PSFPV panel. However, by increasing the submerged segment of the PSFPV panel, a small 

amount of the solar irradiance would be distorted and hindered from reaching the submerged part. 

The drop in the temperature of the PV panel pays off for the diffused radiation, and even boosts 

the panel’s performance, as spotted in the experimental results.  

The effect of the submerged ratio on the PSFPV module’s efficiency was investigated and 

compared with the equivalent LPV module. Fig. 12 demonstrates the electrical efficiency variation 

of the PSFPV module at the examined submerged ratios, 4%, 12%, and 24% respectively. The 

reported data showed that the PSFPV module outperformed the LPV module almost throughout 

the day, with the exception of the last two hours, as noted. The daily averaged electrical efficiencies 

of the PSFPV module for the three submerged ratios ranging from 4% to 24% were 12.08%, 

13.24%, and 10.58%, respectively, whereas the LPV’s averaged efficiency was 10.73%. It was 

also concluded that the PSFPV module with a submerged ratio of 12% attained the highest 
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efficiency, and therefore the best performance since it balanced between the boost from the cooling 

effect and the minimum radiation losses. 

 

 
Fig. 12. Electrical efficiency for the PV module for the examined submerged ratios. 

 

The average thermal and electrical performance of the examined PSFPV systems has been 

summarized in Fig. 13 and compare their performances with the conventional LPV system. The 

PSFPV with β=24% achieved the lowest operating temperature with a temperature reduction of 

4.21℃ relative to the LPV system. However, the PSFPV at =12% with less radiation diffusion has 

the best electrical performance. An absolute percentage error has been demonstrated in the Fig. 13 

for every averaged value calculated. 
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Fig. 13 Average thermal and electrical performance of the examined PSFPV systems. 

 

The NPE was plotted against the solar irradiation as shown in Fig. 14. It was obvious that the 

PSFPV indicated superior performance compared to the LPV as the cooling effect started to pay 

off with increasing the solar radiation above 400W/m2. At high solar radiation intensity, the PV 

operating temperature elevated which in turn has a negative effect on the productivity of the 

module. The submerged portion acts as a heat sink, realizing the excess heat in the lower part of 

the module into the water body as presented in Fig.14. 

The performance ratios (PR) were determined and averaged according to eq. (5) for both PSFPV 

and LPV modules. Fig. 15 illustrates the PR values, solar radiation during the hours of 8:00 a.m. 

to 06:00 p.m. for all the examined submerged ratios of the PSFPV module along with those values 

of the LPV module. The daily mean PR was enhanced from 0.75 to 0.82 with increasing the 

submerged ratio from 4% to 12%, whereas the daily average PR for the LPV system was 0.66. It 
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was concluded that an improvement of 12.60% to 23.00% for the submerged ratio from 4% to 12% 

was achieved when compared to the LPV module. It has been noticed that throughout the peak 

solar irradiance, the PR fell due to the elevated working temperature of the PV module during this 

period. 

 
Fig. 14. Normalized power output efficiency for the PV module for the examined submerged ratios. 

 

 

Fig. 15. Performance ratio and irradiance for the PV module for the examined submerged ratios.  
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A multi-factor analysis of variance (ANOVA) was used to test the effects of the submerged ratio 

on the electrical efficiency and the NPE thought out the day [46,47]. A polynomial regression 

model was developed using the experimental results from the NPE and the efficiency measured 

and calculated over the experimental test days. Equations (8,9) predict the instant NPE and 

efficiency of the PSFPV as a function of; t: time of the day in hr, β: submerged ratio, and G: solar 

intensity measured in W/m2 for ambient temperature range of 30–36.8°C as the performance of the 

PSFPV were significantly affected by these variables throughout the day. The equations were 

based on the actual factor’s values, which can be used to make predictions about the responses  

 
𝑁𝑃𝐸 = 34.145 − 2.041𝑡 + 128.288𝛽 + 9.49 × 10−3𝐺 + 1.83 × 10−3 𝑡𝐺 − 553.674𝛽2 +

3.4 × 10−5𝐺2                                     (8) 
 

𝜂 = 88.911 − 14.258 𝑡 + 32.908𝛽 − 8.1 × 10−5𝐺 + 1.162 × 10−3 𝑡𝐺 + 1.478 × 10−2𝛽𝐺 +
0.549𝑡2 − 178.869𝛽2                     (9)                                                                                                                                                            

 

The plots in Figs. 16,17 present the predicted values against the experimental values, which 

demonstrate that the points close to the line indicate the similarity between the two values 

(experimental and predicted). 



23 
 

 

Fig. 16 Predictions of the calculated NPE against the experimental values. 

 

Fig. 17 Predictions of the calculated efficiency against the experimental values. 
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The 3D surface plot in Fig. 18 shows the impact of submerged ratio on the instant electrical 

efficiency throughout the day.  

 

 

Fig. 18 A 3D surface graphic depicts the change in instantaneous electrical efficiency for a 

variety of submerged ratios. 

1. Carbon dioxide CO2 emission reduction Environmental benefits 

The trend of decarbonizing electricity generation at the global level has been undertaken in order 

to decrease the pernicious effects of greenhouse gas emissions. Fossil fuel combustion is the 

primary source of CO2 emissions, contributing to air pollution and environmental degradation. In 

addition, Egypt has a high potential for solar radiation, making it one of the best candidates for 

investment in solar energy and, at the same time assist in reducing CO2 emissions. The proposed 

PSFPV system, which would use accessible lakes and water bodies, would save CO2 emissions 

while improving system performance and reducing water evaporation as well as power 
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enhancement, enabling greater savings in terms of CO2 emissions. The degree of CO2 emissions 

reduction has been estimated the following formula: 

 CO2 emissions savings from PV system per day =

 CO2 emissions intensity for electricity generation (g of CO2/KWh) ×

 Energy generated (KWh/day)                                                                                           (10) 

It has been found that, for coal-fired thermal power plants, the mean carbon dioxide (CO2) 

emission rate for electricity generation is 890 (g/kWh) [48,49]. It should be noted that adopting 

the submersion technique for PSFPV systems leads to daily CO2 emissions reductions of about 

382.97 g, 405.83 g, and 340.83 g for submerged ratios of 4%, 12%, and 24%, respectively. The 

entire summer carbon dioxide mitigation is approximated using daily power output recorded 

throughout the experiments since the variance in Egypt's solar radiation is so small throughout the 

summer season (June to September). The plot in Fig. 19 reveals the power produced and its CO2 

emission saving potential from clean electricity production for various submerged ratios per 

summer season. In the case of the optimal condition at 𝛽= 12% and a tilt angle of 25º, the total 

reduction in CO2 emissions was 49.66 kg of CO2 per summer season. 

 
Fig. 19. The electrical power produced and saving in CO2 for submerged ratios per summer season. 
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2. Economic estimation  

The economic perspective is perhaps the most constraining factor before making the final decision. 

Researchers are trying to use techniques that not only provide significant heat transfer 

improvements for PV systems but also provide reasonable financial benefits. Inevitably, from an 

economic point of view, any enhancement approach should also be evaluated. The Levelized Cost 

of Electricity (LCOE) is a very well approach for quantifying the economic feasibility of the 

electric power produced from the cooled PSFPV which enables the costs assessment  of the system 

over its lifetime T [50,51]. 

LCOE can represent the cost of the anticipated power produced by a certain system considering 

the total cost spent throughout its life span as expressed in eq. (11) [52–54]. 
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Where ICt is the capital investment costs includes the cost of the solar component and floating 

unit. Hence, Table 3 provides the following cost analysis based on the foregoing hypothesis.[55]. 

Ot and Mt are operation and maintenance costs of the system spent during the period t respectively. 

𝐸  is the expected annual rated energy output of the system during the first-year operation while d 

is the decay rate of the PV module (%) throughout the precise cycle due to semiconductor 

degradation, and connection ribbon and adhesion losses [56]. The balance of plant (BOP) 

expenses, embraces the costs coupled with the electrical circuit and protection equipment required. 

Considering that the service period of both PSFPV and LPV systems T is 25 years and the annual 

interest rate (i) was taken as 10% [57]. Solaris Synergy has been preferred as a float supplier due 

to its less complex structure, which can be easily produced with locally available materials [58].  

Table 3 

Cost breakdown of solar components for both PSFPV and LPV systems [59–61]. 

Components USD/Wp 
PSFPV 

PV module  0.22 

BOP 0.23 

Electrical components  0.1 

Engineering, Procurement, and Construction (EPC) 0.31 
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The floating components [58].  

Floater supply 0.1 

Moorings and anchors supply 0.04 

Engineering, Procurement, and Construction (EPC)  0.1 

Operation & maintenance cost (USD/Wp /year) [62]. 0.026 

 

The operation and maintenance costs have not been well documented for neither FPV nor PSFPV 

system. These expenses are yearly costs to sustain the plant's productivity, i.e. to optimize power 

output and the life span of the plant [63]. It is stated that the maintenance costs are limited for the 

floating system throughout the life cycle. In the cleaning process of floating PVs, the on-site 

availability of water can be a benefit, but the presence of mooring lines and anchors may also mean 

that the operation and maintenance costs may be high [64]. In LCOE analysis, the tax rate was not 

taken into consideration, which normally is different from region to region. It can be seen that the 

calculation of LCOE for the LCOE for the PSFPV system was slightly reduced from 0.075 to 

0.067 ($/kWh) by increasing the submerged ratio from 4 % to 12 %; therefore, the relative LCOE 

was decreased by 7.52% due to the proposed cooling system. The proposed cooling mechanism 

has produced a higher PV efficiency and lower operating temperature for PV. A sensitivity analysis 

of the LCOE was explored by Barbuscia [65] confirmed that the system's installed capacity has an 

almost exponential declining pattern as installed power rises, approaching values close to those of 

traditional technology for utility-scale systems.  

 

3. Conclusions 

Designing and testing the floating photovoltaic system with various configurations have already 

been investigated by many researchers but, none of the previous research works studied the 

performance of the partially submerged PV system. In this article, the overall performance of the 

PSFPV system is experimentally explored for the first time. 

x This cooling effect has been fully investigated and experimental results affirm the potentiality 

of acquiring up to 27.31% in electricity higher than the standalone PV without cooling. 

x The study found that the temperature of the PSFPV module is always lower throughout the test 

period than that of the LPV module, with a difference of up to 12.20 ºC, the electrical efficiency 

of the PSFPV system can increase by about 23.57% compared with a standalone terrestrial PV 

system. 
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x The submerged ratio is found to be a highly effective parameter on the operating temperature 

and overall efficiency of the PSFPV system.  

x The optimal value for submerged ratio (i.e., to minimize the operating temperature and 

maximize the overall efficiency of PSFPV is found to be 12%. 

x Based on the normalized power output efficiency analysis, it was revealed that the critical point 

of radiation at which the cooling effect started to pay off with increasing the solar radiation 

was above 400 W/m2.  

x Compared to the LPV module, the performance ratio of the PSFPV was improved up to 23.00% 

by increasing the submerged ratio to 12%.  

x The mitigation of CO2 emission per summer season attributable to the operation of the PSFPV 

system on water reservoirs can alleviate the CO2 emissions by about 49.66 kg CO2. 

x The estimated LCOE for both systems reveals that by increasing the submerged ratio from 4% 

to 12%, LCOEs of 0.075 $/kWh, and 0.067 $/kWh were reached for the PSFPV system 

respectively. 

 
After accounting for the benefit of reduced evaporation, the PFSPV system outperforms in terms 

of productivity and financial statements; consequently, this study contributes to the development 

of the floating photovoltaics system by immersing it in various accessible water bodies. 

 

4. Recommendation for future work 

The floating PV system is, in fact, a novel modified energy generation technology. The 

research presented in this work only addresses the core challenges of the FPV productivity 

enhancement concept; other concerns, such as evaporation reduction, would need to be 

addressed in future work. 
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