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Abstract
The efficiency of photovoltaic panels decreases with the increase in panel temperature while converting light into electricity.  The issue of temperature rise and the associated decrease in efficiency has been widely analysed by active and passive cooling methods.  In those processes, normally water is used as a cooling medium, and it results in water loss along with power loss due to circulating or compensating for the lost water.  The current study aims to address both efficiency and water loss by combining an evaporative cooling technique with a solar still.  A photovoltaic panel with rear-side evaporative cooling is attempted by using a jute sack dipped in water at both ends.  As a result of capillary action, the water from a solar still rises through the sack and cools the panel’s rear side.  Solar still operation is ensured by an extended portion of glass.  During the desalination process, the evapourated vapour from the solar still is condensed on the back cover of the glass surface and then collected in a collection trough.  It resulted in an average increase of 5.6 % in output power and a 14.51 % increase in electrical efficiency, along with a temperature reduction of 8ºC.  The combined PV panel and solar still produced approximately 550 ml of water in seven hours. 
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1. INTRODUCTION
Earth’s environmental balance has been severely stressed by ever-increasing global energy [1] and the associated water [2] requirements during the generation and distribution of energy.  An increase in power production is always associated with high water usage, as in the case of fossil fuel power plants, combined with a similar heavy usage of energy to access the required water.  This interdependence of energy and water for our requirements has created a nexus and poses a big challenge to our natural resources [3, 4].  The adoption of renewable energy sources, such as solar photovoltaic (PV) panels and wind energy, has been found widely suitable to address the nexus and reduce environmental impacts.  The cumulative installed capacity of solar plants using PV in the world has crossed one trillion watts, which is a significant milestone [5]. However, even renewable PV power production has a non-negligible water footprint from production [6] to cooling [7].

In the current article, energy production via solar PV panels while simultaneously reducing the water footprint is examined.  By using the proposed combined PV-Panel-Solar Still setup, the efficiency reduction of PV in the panel due to temperature rise while simultaneously producing clean water is addressed.

The issue of degradation of PV cell efficiency due to temperature increases from thermal energy absorption from sunlight is well reported [8].  Increasing the temperature of PV cells reduces the current, which degrades their performance.  This resulted in reduced power from the PV panel and, thereby, PV panel efficiency.  The accumulated thermal energy is not convected away by the atmospheric air since the PV cells are sandwiched between the insulation layers of EVA – Ethylene vinyl acetate.  Consequently, various cooling techniques are needed to enhance the performance of PV panels by transferring the thermal energy to the environment.
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Fig. 1  Statistical analysis of publications on passive cooling of PV modules [9]

Passive and active cooling methods are used to cool photovoltaic panels.  Passive cooling techniques are an economically viable option, and many researchers have contributed passive cooling techniques to solve the problem of solar PV panels overheating in recent years.  The number of research projects on passive cooling techniques [9] over the past decade is shown in Fig. 1.  

Cabo et al.[10] experimentally examined the two different fin configurations attached to the backside of the panel and reported that the perforated and randomly positioned fins were the most suitable due to their better performance.  The electrical efficiency of the system increased by up to 2% on average.  A racking structure attached to the PV panel using thermal adhesive (to reduce the air gap) that additionally acts as a heat sink was a novel idea proposed by Amri et al.[11].  It reduces the panel temperature by 6.3°C and increases panel efficiency by 3%.  Hasan [12] developed a cooling system that consists of 52 rectangular aluminium fins in the form of horizontal ribs that were attached to the rear side of the PV panel.  A 19.3 % increase in electrical efficiency and a 9.4 % drop in temperature were achieved compared to the reference panel.  A cooling system that uses both the water and the straight heat sinks that are attached to the bottom side of the panel was developed by Rakin et al. [13].  Water was stored in aluminium cuboids, over which heat sinks were attached.  Compared to conventional systems, the power increased by 47.71%.  According to Elbreki et al. [14], a PV module could reduce its operating temperature by up to 24°C by using lapping fins and planner reflectors as a passive cooling technology.  Haidar et al.[15] got an electrical efficiency improvement of up to 14% using a system consisting of cotton cloth on the rear side of the panel and getting wet by the perforated rubber tube arrangement with water flow through gravity.  They further investigated a similar setup with the supply of forced air to enhance effective evaporative cooling.  The system developed by Deyaa and Aljubury [16] consists of a cellulose pad attached to the backside of the panel.  Water is supplied through the back side using a pump.  It was possible to achieve an increase in electrical efficiency of 11.2% when a 150-mm-thick evaporative pad was attached.  Haidar et al.[17] were involved in experimental and theoretical studies on the cooling of photovoltaic panels using evaporative cooling.  The back side of the PV panel is covered with cotton cloth to ensure uniform distribution of water supplied from the tank.  The air is blown inside the duct by the fan.  As air flows inside the duct, it comes into contact with the wet cloth and initiates water evaporation.  Due to evaporation, both water and air temperatures decrease.  It was found that the temperature of the PV panel can be decreased by 10ºC, and the power improvement achieved was 5%.  Alami [18] used synthetic clay as an evaporative pad, which is covered with copper plates of 1.5mm thickness, to achieve a 17% increase in power output and a temperature reduction of approximately 40°C at noon.  Lucas et al.[19] developed an evaporative chimney that has two zones: an evaporative zone and a convective zone.  The water is supplied through nozzles, and the air from the atmosphere gets cooled by the evaporation process in the evaporative zone, while the cooled air absorbs the heat from the PV panel in the convective zone.  A maximum efficiency improvement of 7.6% was achieved.

Alktranee and Bencs [20] developed a system in which the PV panel backside is attached to the cotton wicks arranged in a serpentine pattern to reduce the air gap.  The cotton wicks were soaked by the flow of water through capillary action.  As a result of the evaporative cooling, the power output has been increased to 16.3 W.  A study conducted by Alktranee and Peter [9] compared the performance of PV panels attached to rectangular aluminium fins and evaporative cooling represented by cotton wicks immersed in water.  It was found that cotton wicks had better results, with a 22.3% reduction in temperature.  A copper pipe heat exchanger was integrated at the bottom of the PV panel by Abdullah et al. [21].  The cooling fluid is water, and experiments have been conducted with different mass flow rates and different meteorological parameters.  Based on the results, a 3 % increase in electrical efficiency was noted with a 160C temperature reduction for a maximum flow rate of 300 litres per hour.  Bilen and Erdogan [22] have conducted a detailed study of the cooling performance of PV panels.  During the survey, it was found that the evaporative cooling method with active cooling techniques is preferred, and water is the preferred cooling fluid.  In their study, Li et al. [23] modelled and tested a compressed air-based regulation method that is capable of simultaneously cleaning and cooling PV panels.  The efficiency of the panel increases by 6 percent with an increase in air velocity.

Polyaniline polymer was used by Naji et al. [24] to prepare a perovskite photoactive layer and was found to suppress perovskite defects.  A simulation-based study was carried out by Kumar et al. [25] on a novel device architecture consisting of ITO/ Nb-Ti2 O3/3D Perovskite/2D Perovskite/Spiro-OMeTAD/Au.  A neutral and multivalent defect in a 3D perovskite absorber layer has been studied.  A 20-nm-thick 2D layer added above the 3D perovskite layer results in a 2.1% reduction in efficiency.  To improve hole carriers' transport, Mohammed et al. [26] added Nitrosonium Tetrafluoroborate to the perovskite precursor.  In this study, it was found that the PV panel efficiency increased by 16.77%.  Mousoi et al. [27] conducted a simulation study to examine methylammonium tin iodide with cerium oxide as an electron transporting layer (ETL) in which oxygen percentages varied.  It was found that the power conversion efficiency had increased by 17.77 percent.

A literature review revealed that bottom cooling of PV panels is more efficient than top cooling.  Evaporative cooling is also very effective in the bottom cooling process, particularly in dry climates.  When the air comes into contact with wetted evaporative materials, evaporation occurs by absorbing heat from the solar panel.  Thus,when the temperature of the PV panel is reduced, it results in increased efficiency.  The loss of water during evaporative cooling, however, has not yet been considered.

This study proposes to use the evaporative cooling technique to cool the PV panel, besides producing fresh water by desalinating it using a solar still.  The combination of PV panels and still is not new and it has been investigated by many researchers [28, 29].  Various techniques to enhance water production from a combined PV panel and still have been reported [3], and they have used industrial hydrophobic membranes.

However, the use of commonly available materials such as jute sacks to enhance the evaporative cooling integrated with solar still to desalinate is currently attempted as part of this study, and it has not been attempted to the best of our knowledge.  The jute sacks were dipped in water at both ends, and the remaining portions were attached to the rear side of the solar PV panel.  A glass surface is extended to the solar PV panel to condense the water vapour and achieve effective desalination.

2. SYSTEM DESCRIPTION
The photovoltaic panel is initially tested without modification.  The PV panel is then integrated with solar stills and packing materials at the rear end of the PV panel and tested for their performance.  The component details, along with detailed descriptions of the experimental work, are provided below.


2.1 Reference case
The details of the conventional reference photovoltaic panel are shown in Figure 1.  In the conventional setup, the PV panel is placed on a supporting structure that has an inclination of 10°, which approximately corresponds to the latitude of Madurai.  The geographical coordinates of the experimental place at Madurai correspond to latitude 9°52’56.6”N and longitude 78°4’ 54”E.  The average temperature of the site where the experiment was conducted was 35°C.  Thermocouples are embedded at the bottom of the PV panels in different locations to measure temperatures.  Figure 1 shows the conventional system, which includes indicators for temperature and provisions for measuring current and voltage.
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Fig. 1  Sectional view of the conventional setup 
2.2 Combined experimental setup of the photovoltaic panel with a solar still
The prototype has been developed to study the effect of the evaporation process on the bottom side of the photovoltaic panel and to reduce the influence of temperature on the power output as well as the electrical conversion efficiency.  The additional advantage of the present work is that it reduces water losses by evaporation by using a solar still.  The PV panels with a capacity of 160 W are used for the experimental work.   The specification details are listed in Table 1.
	Components
	Symbol
	Properties

	Mean power output
	Pm
	160 W

	Open Circuit Voltage
	Voc
	22.66V

	Short Circuit current
	Isc
	8.74A

	Voltage at maximum power
	Vmp
	19.32V

	Current at maximum power
	Imp
	8.29A

	Filling factor
	FF
	75.78%

	PV module standard electrical efficiency
	ηref
	16.649 %

	Dimensions of the PV module
	
	1500mm, 670 mm, 35mm

	Cell number
	
	144

	Temperature at standard testing conditions
	Tref
	25°C


Table. 1  Specifications of the PV panel

As shown in Figure 2, the PV panel and solar still have a length of 6 feet and a width of 2 feet.  Photovoltaic panels are mounted on the roof of the Solar Still chamber.  An evaporation process is used to produce desalinated water.  The still uses a transparent glass cover with a thickness of 5 mm and a dimension of 2 feet long and 1 foot wide.
[image: ]
Fig. 2  View of the proposed cooling setup
The solar still collects saline water at the bottom.  As shown in Figure 3, jute sacks are attached to the rear side of the panel, and their ends are dipped into the raw water in the solar still chamber.  As a result of capillary action, the jute sack remains wet, thereby reducing the temperature on the bottom side of the panel due to evaporation.  Saline water with a constant depth of 10 cm is maintained, and loss of water by evaporation is compensated by the raw water from the water tank.  A tube manometer was used to determine the water level inside the chamber.  Temperatures at multiple places are measured using K-type thermocouples on the PV panel.  The desalinated water slides through the back surface of the glass and is collected at the water-collecting channels. 
[image: ]
Fig. 3  Jute sacks attached on the rear side of the  PV panel

2.2 Experimental procedure
The experiment is conducted on the terrace of a two-story building at the Thiagarajar College of Engineering, Madurai, with no obstruction to sunlight from neighbouring buildings or from trees at any given time.  All experiments were conducted between March 2023 and May 2023.  The tests were conducted on all days starting at 9 a.m. to 3 p.m.  Two configurations are tested, namely the reference case and the PV panel with solar still.  The PV tilt angle, as mentioned earlier, is fixed at 10° for the entire experimental period of three months.  Though the actual calculated tilt angle varied from 14° to 9° for the mentioned period due to the effects of declination and latitude, a fixed angle of 10° was chosen to avoid disturbing the setup.

The rheostats are first set with full load (i.e., maximum resistance) to ensure zero current readings from the ammeter.  At maximum resistance, the voltage is equal to the open-circuit voltage.  Following this, the loads are gradually reduced so that the current value increases to 0.25A and the respective voltage values are recorded.  A short-circuit current is observed when the rheostat reaches zero load (i.e., minimum resistance), where the voltage is reduced to zero.  A set of voltage and current values is used to plot the Current-Voltage (I-V) characteristics curve.  On the I-V characteristics graph, the maximum power point (MPP) is identified, and the product of the coordinates of the MPP gives the maximum power output for the given solar intensity.

Solar intensity is measured using a solar power metre (LX-107) and K-type thermocouples coupled to a temperature controller (Selec TC303) for measuring the temperature at different PV panel locations.  The relative humidity and ambient temperature are measured using a weather monitoring system.  A manometer fitted with a scale is used to check the water level inside the solar still.  Desalinated water is collected from the solar still using measuring beakers.  Every hour, water collected, solar radiation, and temperatures at different locations are noted.  Each experiment is repeated for two days with almost equal meteorological parameters.  The same procedure is repeated for the reference case and the PV panel with Solar Still.  The conventional PV panel performance is compared with modified PV panels with solar still under variable solar radiation.  Also, the temperature reduction in the PV panel along with an increase in electrical efficiency of the PV panel are calculated.  
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Fig. 4  Photographic view of the reference setup
The photographs in Figures 4 and 5 illustrate the conventional PV panel and the conventional PV panel integrated with a solar still, respectively.
[image: ]
Fig. 5  View of the PV panel with a solar still
2.3 Error analysis
Table 2 presents the accuracy and uncertainty of the various measuring instruments.  Temperatures were measured using K-type thermocouples integrated with temperature controllers.  The solar radiation intensity was measured using a LX-107 solar power metre, and the voltmetre and ammetre were used to measure the output current and voltage.  By calculating the ratio of the least count of the device to the least value measured from the device, uncertainty can be defined as the probability of an error occurring from the instrument.
	Parameters
	Measuring instrument
	Range
	Accuracy
	Uncertainty

	Solar intensity
	LX-107 Solar power meter
	Lux to 2000 W/m2

	
10 W/m2
	
0.011 %

	Temperature
	Selec TC303 temperature controller
	-10°C to 110°C

	
1°C
	
0.022%

	Voltage
	Voltmeter
	0V to 75V
	
0.2 V
	
0.025%

	Current
	Ammeter
	0 A to 20 A
	
0.1A
	
0.4 %

	Desalinated collected
	Measuring jar
	0 ml to 250 ml
	
10 ml
	
0.4 %


Table 2.  Specifications of the measuring instruments



The uncertainties of the dependent properties of power output and efficiency can be calculated from the following equations [16].  The power output  depends on the voltage and current .  Therefore, the uncertainty of the power output can be expressed as follows [16]:

								(1)



The electrical efficiency  depends on the power output, area of the PV panel, and the solar irradiation, .

							(2)

The calculated uncertainty of the measurements indicates a value of 0.025% for output power and 0.077 % for electrical efficiency.

3. DATA REDUCTION

The maximum power output,,  of the photovoltaic panel is given  as [16]:

									(3)


where and   are the respective current and voltage at the maximum power output condition.




The instantaneous electrical conversion efficiency , of the system can be defined as the ratio of maximum power output ,  from the PV panel to the product of solar irradiation , and the area of the PV panel. [16] :

										(4)
The percentage increment in power and electrical efficiency of the PV panel with a solar still compared to conventional PV panel is obtained from equations (4) and (5).

Percentage improvement in out-put power = 			(5)

The increment in electrical efficiency in percentage =		(6)


The temperature reduction in the PV panel with solar still , compared to the conventional PV panel , is determined from the following equation: 

Temperature reduction in percentage= 				(7)
4. RESULT AND DISCUSSIONS
4.1 Thermal behaviour of the PV panel
From March 2023 to May 2023, real-time experiments are conducted on the conventional PV panel, and the temperature distribution of the panel is discussed in this section.  
[image: C:\Users\Srithar\Downloads\Fig. 6  Thermal behaviour of the PV panels.jpg]


The accumulation of thermal energy is shown in Figure 6 as a function of panel temperature and solar insolation.  The temperatures are measured at three locations on the bottom panel  and at the centre of the top panel . As the solar radiation increases, the temperature of the PV panel on both the rear and front sides increases.  Due to the direct solar irradiation at the top and the insulation layers at the bottom, the top side of the PV panel is heated more than the bottom side.  Furthermore, the PV panel temperature did not drop as much after 2 p.m., despite low solar irradiance.  A maximum of 70°C is measured on the PV panel front side between 12 noon and 1 p.m.  The increase in the panel’s temperature is the result of the thermodynamic equilibrium between the PV system and the ambient environment.
4.2 Variation in the Current-Voltage (IV) characteristic curve
Current-voltage (I-V)graphs for the conventional PV panel and the PV panel with solar still operating at 940 W/m2 are shown in Fig. 7.  The current-voltage characteristic curve shows inverse proportionality between voltage and current.  
[image: C:\Users\Srithar\Downloads\Fig. 7.jpg]
The solar intensity controls the output current, whereas the rise in the PV cell temperature influences the output voltage.  Compared to conventional solar PV panels, the solar PV panel with solar still has an increase in open-circuit voltage and short-circuit current.  Conventional PV panels and PV panels with solar still have an open circuit voltage of 21.2V and 21.6V, respectively.  PV panels with solar still will reject more heat, thus causing voltage hikes due to the lower panel temperature.  As a result of the evapouration of water vapour in the solar still, PV panels with solar stills lose thermal energy, which results in the lowering of the panel’s temperature.  The effect of lowering temperature on panel performance becomes negligible when the panel voltage is greater than 20 V.

4.3 Influence of electrical parameters on Solar radiation




An analysis of the variation in open circuit Voltage,  and short-circuit current, for a particular solar intensity of 940 W/m2 is presented in the previous section.  A discussion of the effect of electrical parameters on solar radiation is presented in this section.  An open-circuit voltage,  is the voltage at maximum resistance, while a short-circuit current, is the output current at minimum resistance.  The output current and voltage at the Maximum Power Point (MPP) determine the maximum power output.  Figure 8 shows the improvement in electrical parameters when using the PV panel with solar still.  The output current increases with solar radiation due to the gain of thermal energy due to solar radiation.  The proposed setup shows a significant improvement in output current.  It is estimated that the average improvement in short-circuit current and output current at MPP is 9.18 % and 6.92 %, respectively.  It is worth noting that the open-circuit voltage of the combined PV panel with solar still remains roughly 1.8% lower than that of the conventional panel.
[image: C:\Users\Srithar\Downloads\Fig. 8 Influence of electrical parameters on solar radiation.jpg]

4.4 Performance of photovoltaic panel
As can be seen in Fig. 9, the power output changes during the variation in sunshine.  There is a direct relationship between solar radiation and current, which leads to more power generation when solar irradiation increases.  According to the bar chart, the PV panel with solar still produces more power than the conventional one.
[image: C:\Users\Srithar\Downloads\Fig. 9  Improvement in the power output.jpg]
Solar radiation boosts output current and, at the same time, raises PV cell temperature, which affects output voltage.  The cooling efforts made on the PV panel with solar still contribute to a reduction in voltage drop.  Therefore, the power output from the PV panel with a solar still gives better results.  The maximum increment of 9.8 W is observed at 10 a.m., which is 10.35% higher than the conventional PV panel.  There has been an average improvement in power of 5.62%.

4.5 Improved instantaneous efficiency and desalinated water production
During the experimental period between 9 a.m. and 3 p.m., the instantaneous electrical efficiency of the PV module and the amount of desalinated water were measured.  As can be seen in Fig. 10, there has been an improvement in instantaneous electrical efficiency throughout the operation period.  An increase of 14.51 % in instantaneous electrical efficiency for the entire period of operation for the PV panel combined with solar still is observed.  During the experimental period of seven hours, the incident solar radiation varies from 800 to 1450 W/m2 with an average of 925 W/m2.  Also, as shown in the figure, the amount of water desalinated is approximately correlated with the incident solar radiation, with a maximum of 120 ml at noon, where the irradiation was measured at 1450 W/m2. The cumulative amount of desalinated water was 550 ml during the period. 
[image: C:\Users\Srithar\Downloads\Fig. 10 Electrical efficiency and desalinated water.jpg]

4.6 The impact of temperature reduction on instantaneous electrical efficiency
One of the main objectives of improvement in electrical conversion efficiency due to a reduction in panel temperature has been demonstrated in the current experiment and is shown in Figure 11. During the time duration, the temperature of the PV panel with combined solar still and the reference conventional PV panel follows the same trend.  There is a maximum temperature reduction of 8°C at 10 a.m. and a corresponding improvement in the instantaneous electrical efficiency of 14.51%.  During high solar radiation, the temperature reduction is lower compared to other periods, which could be due to the combined thermal properties of the material, such as specific heat, radiation emissivity, absorptivity, reflectivity, and their angular dependencies.  
[image: C:\Users\Srithar\Downloads\Fig. 11  Temperature reduction and instantanious efficiency.jpg]
It is observed that there was an average temperature reduction of 5.14°C in the PV panel with a combined solar still, and this resulted in a panel temperature of 8.87% lower than the conventional reference PV panel.  Because of the evaporative cooling of the PV panel, as shown in the figure, the average electrical efficiency ranges from 5.62% to a maximum of 14.51 %.

4.7 Comparison with previous works
Based on the maximum improvement in electrical efficiency, the present work is compared to the previous works.  Although previous research has conducted experiments at different locations with different latitude angles, the data were compared to average solar intensity levels ranging between 900 and 950 W/m2.  Haider et al. [13] used cotton cloth for evaporative cooling, whereas Deyaa et al [16] used a cellulose pad.  Lucas et al. [19] used an evaporative chimney to reduce the panel’s temperature. A similar panel cooling was reported by Abdullah et al. [21], and they reduced the panel temperature with the help of bottom-circulating water on the panel’s bottom side.  
[image: C:\Users\Srithar\Downloads\Fig. 12.jpg]
The present work uses a jute sack as the packing material for evaporative cooling, and a solar still is integrated at the bottom of the PV panel.  Compared to the above previous researchers’ work, current work gives a percentage increase in electrical efficiency compared with conventional PV panel as shown in Fig. 12.  Also, an additional byproduct of desalinated water of 550 mm is collected. 

5 CONCLUSION
The use of jute sacks with integrated solar stills is investigated to study the effectiveness of evaporative cooling of the PV panel.  By reducing the temperature of the panel, the proposed system resulted in better performance.   The output current is increased by approximately 6.92%, and the voltage drop is reduced by about 1.8 percent.  The investigation demonstrated that the PV panel with solar stills can produce approximately 10 W more power than a conventional panel with a similar configuration.  The experimental PV panels with solar still showed a system efficiency of 9.62%, whereas the conventional PV panels with the same solar radiation had an efficiency of 8.4%.  In the proposed setup, an average temperature reduction of 5.14ºC is achieved, which is 8.87% lower than conventional PV panel.  Further, it is estimated that the average electrical efficiency ranged from 5.62% to a maximum of 14.51 %.  During seven hours of operations, approximately half a litre of desalinated water was collected from the system as a by-product, demonstrating the fact that the objective of improving the panel efficiency can also be environmentally friendly.   The use of different types of woven material from naturally occurring fibres to improve PV cooling and desalination could be attempted, as these fibres will differ in their surface energy, water wettability, and adhesion.  Also, the surface roughness of the rear side of the panel could be varied in the current setup to see the cooling performance as well as the desalination rate. 
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A		Area of the PV panel,  m2
G		Solar irradiation,  W/m2
I		Current,  A
P		Power output,  W
V		Voltage,  V
T		Temperature,  °C
Greek letters
		Efficiency, %
Subscript
b		bottom side
elect		electrical
m		Mean
max		Maximum
mp		maximum power
MPP		Maximum power point
oc		Open circuit
ps		PV panel with solar still 
pv		Photovoltaic
ref		Conventional PV panel
sc		Short circuit current
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Fig. 6 Thermal behaviour of the PV panels
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