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Abstract
This work presents the experimental studies on the effect of mass stream rate of water (mf), phase change material and

cover cooling of an inclined solar panel basin solar still (ISPBSS). Experimental results revealed that cooling the entire

surface of the glass cover of ISPBSS with fully opened flow of water produced the maximum distilled water. On varying

mf, the glass temperature is higher during the minimum mf. With increased mf from 7.35 to 13.32 and from 7.35 to

17.72 kg h-1, the glass temperature is almost equivalent to the ambient temperature with fully opened flow cover cooling

technique. The reduced glass temperature enhanced the rate of condensation. Similarly, the hourly instant efficiency of the

ISPBSS with fully opened cover cooling is higher as compared with the similar ISPBSS without and with partially cover

cooling condition. The highest hourly instantaneous efficiency of ISPBSS with partially and fully opened cover cooling is

found as 85% and 88%, respectively.
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List of symbols
mf Mass stream rate of water

Mw Mass of water

bw Water film thickness

Uw Water film velocity

Va Wind velocity

Abbreviations
CSS Conventional solar still

PCM Phase change material

FPC Flat plate collector

ISS Inclined solar still

ISPBSS Inclined solar panel basin solar still

PTC Parabolic trough collector

Introduction

For a social and economic development of health, food,

energy and environment, water appears to be the main

aspect. At the present hour, the available quality drinking

water does not meet its demand. The shortage of freshwater

resources is mainly due to physical shortage of water in the

surface and groundwater resources, shortage due to

developmental activities through advanced technologies

and irregular supply of freshwater through various insti-

tutions. According to the report of IBRD/IDA, out of 7.2

billion population nearly one-third of people suffer from

inaccessibility to potable water. According to WHO and

UNICEF, 3 out of 10 people in the world lack access to

safe drinking water. Desalination using renewable energy

is one of the best methods to meet the freshwater

requirements using low-cost energy [1–12]. So, researchers

aim to maximize the use of a clean, renewable and inex-

pensive energy source such as solar energy, in low-capacity

thermal desalination units in desalination systems [13–15].
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Sathyamurthy et al. [16] analyzed a ISS with baffle

plates numerically under varying the mf and inlet water

temperature. It was derived that increasing the mf resulted

in reduced water temperature due to faster movement of

water in the basin and it absorbs minimum heat energy

from the basin. Sarhaddi et al. [17] comparatively studied

the energy and exergy of a weir cascaded solar still. From

the publication, it was found that the exergy efficiency

improved with the addition of phase change material

(PCM), while the energy efficiency decreases. Similarly,

the increase in ambient temperature leads to the decrease in

the thermal and exergy efficiency. Also, the exergy effi-

ciency of the system with PCM was lower during the

morning hours, whereas the exergy efficiency was higher

during the off-shine hours in the clear sunny condition.

Fathy et al. [18] improved the freshwater yield from a

conventional double-slope solar still by integrating a solar

parabolic trough collector (PTC) and oil heat exchanger

with fins inside the basin. Results revealed that the influ-

ence of PTC and fin-type heat exchanger improved the

water temperature by 50% as compared to solar still

without integration. Similarly, increasing the water depth

in the basin resulted in lower yield. Furthermore, contin-

uous tracking mechanism of a PTC improved the fresh-

water yield to a maximum of 1.8 kg h-1 which is 11.11%

higher as compared to solar PTC with the non-tracking

mechanism. The daily yield was improved two times than

the conventional double-slope solar still with fixed PTC,

while the solar still with tracking PTC was improved by 2.5

times. An accumulated yield of 10.93 and 8.53 kg m-2 was

observed in the case of least water depth on solar still with

and without tracking mechanism, respectively. On the

economic analysis, this type of tracking mechanism

requires higher initial investment and it produced only a

marginal increase in the freshwater yield as compared to

solar still with fixed PTC.

Muftah et al. [19] theoretically analyzed a modified

stepped solar still with fins, and internal and external

reflectors. In addition to the above modification, an addi-

tional condenser is placed in such a way that the vapor

formed was condensed in a separate chamber. In this

arrangement, the environmental parameters were not

influenced for condensation. Results revealed that water

and glass temperatures of the modified solar still were

improved as compared to solar still without modification.

Similarly, the influencing parameter for enhanced con-

densation is the water–glass temperature difference which

was almost similar to the solar still with and without

modifications during the sunshine hours, whereas during

the off-shine hours the water–glass temperature difference

is higher for solar still with modification. On the other

hand, the freshwater yield was improved from their pro-

posed technique from 6.9 to 8.9 kg m-2.

Shanmugam et al. [20] comparatively analyzed the

conventional solar still (CSS) with a cotton wick, fins, jute

cloth, PCM and nanoparticles for improving the yield.

Results showed that the influence of fins and cotton wick

with PCM and nanoparticle produced a maximum yield of

9.36 kg m-2 which is two times higher than the CSS with a

cotton wick, PCM and nanoparticles as absorbing medium.

The maximum instantaneous efficiency of the CSS with

PCM and nanoparticle during summer and winter was

found to be 59.14 and 27.13%, respectively.

Pal et al. [21] experimentally analyzed a double-slope

solar still with multi-wick arrangement. Results showed

that there was a significant improvement in the productivity

from the multi-wick solar still from the modified solar still

and found as 11.94%, while the depth of water decreased

from 2 to 1 cm during winter condition. Similarly, the

freshwater yield was improved to about 9% with the use of

black cotton wick while comparing it with jute cloth

material. The first literature which shows the single- and

double-basin ISS was given by Aybar et al. [22], and El-

Agouz et al. [23] theoretically studied the performance of

an ISS by recycling the hot water to the ISS basin using the

water pump. The performance of both stills was analyzed

by varying mass of water (Mw), water film thickness (bw),

velocity (Uw) and wind velocity (Va) In the first analysis,

bw was varying from 0.25 to 3 mm and Mw = 30 kg, Uw-

= 0.01 m s-1 and Va = 4 m s-1 were kept constant. It was

found that still production and efficiency were higher in

model 2 (ISS with closed loop) than those of model 1 (ISS

with open loop) as of higher temperature difference

between water and glass. In the second analysis, Uw

changes from 0.01 to 0.05 m s-1 and Mw = 30 kg, bw-
= 1 mm and Va = 4 m s-1 were kept constant. It was

found that the increases in mf resulted in a quicker flow of

water in the ISS basin; hence, it has less time to utilize the

heat from the ISS basin.

Alaudeen et al. [24] fixed stepped tray inside a CSS with

inclined flat plate collector (FPC) and energy storage

materials for augmenting the yield of freshwater. It was

found that integrating the FPC with wick and sponge, wick

and rock, and sponge produced the maximum yield of

about 1305 and 1745 kg m-2, respectively. The first liter-

ature report on SSS with glass cover cooling methods has

been given by El-Samadony et al. [25, 26]. The higher

temperature difference between the water and glass pro-

duced the maximum solar still efficiency. It was recom-

mended that the yield increases up to 2.87% by the water

flowing into the basin. The performance of the SSS with

copper tray basin was published by Abujazar et al. [27, 28].

This solar still have 55.6% higher evaporation area than the

CSS. The thermodynamic analysis and water quality

analysis of the CSS with heat exchanger and coarse

aggregate were experimentally analyzed by Dhivagar and
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Sundararaj [29]. Results revealed that the exergy and

energy efficiency of modified solar still is higher as com-

pared to that of the CSS. The results on water quality

analysis revealed that the pH value of potable water pro-

duced during the trials was in the range of 6.5 to 7.2 and it

is within the drinking water standards.

Sakthivel and Arjunan [30] carried out a thermodynamic

analysis on the effect of cotton wick energy material on the

CSS. Energy and exergy efficiency of the CSS revealed

that the optimum thickness of cotton wick material was

found at 6 mm, whereas [31] performed experiments on the

CSS with hollow fin filled with wax material on varying

water depth. Experimental results revealed that the

potable water produced from modified solar still with phase

change material was increased to about 94% and the

potable water produced from the CSS with fins was

increased by 64% than the CSS without fins.

From the literature, it is identified that there are only a

few works related to the simultaneous production of power

and yield from the ISPBSS. In the present study, the effect

of cover cooling and the effect of mf in the PV panel sur-

face and effect of PCM heat energy storage were experi-

mentally studied on the performance for simultaneous

production of power and distillate yield. Furthermore, the

effect of cover cooling on thermal efficiency of ISPBSS is

explained in detail.

Experimental

Figure 1 shows the schematic and experimental photograph

of an ISPBSS with cover cooling arrangement. The

experimental setup consists of 1.6 m2 area of inclined PV

panel with side walls at a height of 0.15 m. Glass cover

with a thickness of 4 mm is used for the present study with

a transmissivity of 0.92. Over the glass cover, piping

arrangements were provided to cool the entire glass surface

over a length of 2 m. Holes are provided in the piping of

glass cover at frequent intervals to ensure that the entire

glass cover is cooled. The feed water to cool the glass

cover is made through gravity-free flow to extract the heat

energy stored in the glass cover, where the constant feed of

cooling water to cover is maintained by providing a float

arrangement provided in the separate storage tank. To

ensure the constant free flow arrangement of water inside

the inclined basin, ball and float arrangement is provided in

the storage tank and the constant head level is maintained.

The free flow arrangement inside the basin is made similar

to the arrangements made for cover cooling. To augment

the freshwater yield from the modified solar still, additional

arrangement by adding PCM at the bottom of the basin is

made to ensure that the heat is utilized during the off-shine

hours. A constant mass of 10 kg is used at the bottom of the

PV panel to extract the heat from the PV panel to reach the

melting point of PCM material. Simultaneously, the power

production from the PV panel is improved by varying the

mf inside the inclined surface. To reduce the fouling effect,

the panel is frequently cleaned with water to ensure that the

power production from the ISPBSS is not affected by the

deposition of salt over the clear glass surface. The entire

experiments were conducted during summer in the month

of May 2018 for the climatic condition of Chennai, India,

in the rooftop of Department of Mechanical Engineering,

SA Engineering College.

The power output from the PV panel is estimated using a

calibrated voltmeter and ammeter. The solar intensity and

wind velocity were measured using solarimeter

(TES1333R) and wind anemometer (AM4836) with data

logging facility. The other parameters such as panel, outlet

water and glass temperatures were measured using RTD-

PT100 a sensor, while the distillate collected is measured

using a calibrated flask.

Results and discussion

The major phenomenon of the condensation process of

solar desalination unit is the ambient condition and glass

cover temperature. There is also a greater possibility of

vapor to leak through the condensate pipe at higher tem-

perature of glass as the continuous evaporation leads to

reaching the saturation temperature. Figures 2–4 show the

diurnal variations in the glass temperature of ISPBSS with

two different modes of cover cooling technique employed

under three different mf inside the ISPBSS. It can be

observed that the temperature of glass for a constant mf

inside the inclined basin is higher to about 27% as com-

pared to the increased flow rate of 13.35 kg h-1 under fully

closed condition (without cooling glass cover). This is

mainly due to the increase in vapor temperature accumu-

lated in the chamber of ISPBSS. Similarly, glass temper-

ature decreases with partially opened condition and fully

opened condition. The extraction of heat energy through

the glass surface decreases the temperature of glass, thus

increasing the temperature difference between water and

glass for enhanced condensation. The maximum cover

temperature for ISPBSS without cover cooling is found as

77.7, 66.1 and 60.0 �C for 7.35, 13.35 and 17.72 kg h-1 of

mf inside the inclined surface, respectively. For the ISPBSS

with cover cooling under fully opened condition, the cover

temperatures are found to be 31.0, 29.3 and 29.0 �C for the

same mf. The cover temperature under partially opened

condition was increased by 35.56, 34.57 and 28.87% for

7.35, 13.35 and 17.72 kg h-1, respectively.

The variations in the average glass cover temperature of

ISPBSS with and without cooling medium are given in

Experimental studies on inclined PV panel solar still with cover cooling and PCM 3989
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Table 1. It can be observed that the glass cover temperature

of the ISPBSS decreases with the increase in mf inside the

basin of the inclined surface. This increase is due to the

effect of an increase in the vapor temperature inside the

closed chamber. Subsequently, the increase in the mf inside

the basin reduces the temperature of cover with respect to

partially closed and fully closed conditions as compared to

the ISPBSS without any cover cooling arrangements. The

average reduction in the temperature of glass for maximum

mf is found to be 28.87 and 49.9% for partially opened and

fully opened conditions with respect to the ISPBSS without

cover cooling. The cooling of the glass cover is enhanced

by 35.56 and 53.97% for partially and fully opened con-

ditions, respectively, at a minimum mf between the parallel

plates.

Figures 5 and 6 show the variations in the instantaneous

hourly thermal efficiency of the ISPBSS with PCM oper-

ated with cover cooling under partially and fully opened

Storage tank for cover cooling

Main storage tank

Flow control valve for cover cooling pipe

Flow control valve

Header pipe for cover cooling

Sun

Photovoltaic basin

Glass cover

Evaporation of saline water Distillate collector

Phase change material (PCM)

Tg Tpcm

Tw

Tab

Insulation

Calibrated flask

Hot water storage tank

Digital temperature indicator

Stand

Fig. 1 Schematic and photograph of the experimental setup with cover cooling and PCM
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Fig. 3 Diurnal variations in glass temperature for three different

modes of operation for cover cooling at a constant mf in the PV

absorber surface (mf,w = 13.35 kg h-1)
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Fig. 2 Diurnal variations in glass temperature for three different

modes of operation for cover cooling at a constant in the PV absorber

surface (mf,w = 7.35 kg h-1)
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Fig. 4 Diurnal variations in glass temperature for three different

modes of operation for cover cooling at a constant mf in the PV

absorber surface (mf,w = 17.35 kg h-1)

Table 1 Variations in the daily average temperature of glass cover in the ISPBSS with and without cover cooling

Different mf Daily average temperature of glass/�C Decrease in cover temperature/%

Fully closed Partially opened Fully opened Fully closed Partially opened Fully opened

7.35/kg h-1 55.4 35.7 25.5 Ref 35.56 53.97

13.32/kg h-1 51.2 33.5 25.2 34.57 50.78

17.72/kg h-1 48.5 34.5 24.3 28.87 49.90
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Fig. 5 Variations in hourly instantaneous thermal efficiency of

ISPBSS under varying mf (partially opened condition)
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conditions. It can be seen that the hourly thermal efficiency

of the modified solar still is maximum to about 90.3% and

97% for partially and fully opened conditions, respectively,

at minimum mf inside the inclined surface. This is mainly

due to the rejection of larger amount of heat by the vapor

accumulated between the parallel plates (PV panel and

glass cover) to the flowing water over the exterior inclined

glass surface. With the increase in mf, the efficiency is

found to be decreasing as the interaction of water with solar

intensity is minimum for a reduction in thermal efficiency

and yield. Similarly, the values of thermal efficiency are

higher in the case of fully opened condition for all the cases

as compared to the partially opened condition.

The thermal efficiency of the ISPBSS is estimated using

[32],

gth ¼
me;w�g � hfg

IðtÞ � Aw � 3600
� 100 ð1Þ

Figures 7–9 show the hourly variation in power pro-

duction of ISPBSS under different mf. It can be observed

that the effect of cover cooling on the glass surface of

ISPBSS increases the rate of power production from the

panel as the vapor is condensed at the faster rate in the

inner cover surface. The maximum power production from

the PV panel for 7.35, 13.32 and 17.72 kg h-1 was found

to be 80, 82 and 83 W, respectively, at 1 PM (13:00 h)

with fully opened flow of water over the cover surface.

Figure 9 shows that at higher mf with continuous flow of

water over the cover surface is lower as compared to
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without flow and with partially opened as it is due to the

accumulation of water vapor evaporating at slower rate.

This phenomenon is majorly due to effect of the decreasing

retention time of water with solar intensity. Similarly, there

is an increase in the power production during off-shine

hours as the vapor evaporated from the surface is com-

pletely converted into freshwater with heat extraction by

the flowing water.

The variations in the yield of freshwater from the

ISPBSS with and without cover cooling are shown in

Table 2 and Figs. 10–12. It can be observed that the

freshwater yield is increased to about 18.17 and 36.25% for

the constant mf in the PV absorber surface (mf,w-

= 7.35 kg h-1) for partially and fully opened conditions,

respectively, for cover cooling over the glass surface as

compared to the ISPBSS without modifications. Similarly,

an increased mf resulted in the decreases in the freshwater

yield. This is because the retention time of water inside the

basin is lower due to the gravity-free flow to the lower end

of the inclined surface. While analyzing the yield at lower

mf in the PV absorber surface, the yield is higher as

compared to other two mf. With the interaction of water on

the outside glass surface, the maximum amount of heat

rejected by the vapor is gained, and thus, the temperature of

the glass surface is reduced. During the partially opened

condition, the flow of water is reduced to half the value as

compared to fully opened condition, and hence, the

reduction in cover temperature depends on the ambient
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Fig. 11 Variations on cumulative yield under different cases and

constant mf at 13.32 kg h-1

Table 2 Variation in yield and improvement in freshwater from the ISPBSS with and without cover cooling

mf inside the

inclined basin

Yield/kg Improvement in yield/%

Without cover

cooling

With cover cooling

(partially opened)

With cover cooling

(fully opened)

With cover cooling

(partially opened)

With cover cooling

(fully opened)

7.35/kg h-1 10.4 12.29 14.17 18.17 36.25

13.32/kg h-1 8.32 10.05 12.92 20.79 55.29

17.72/kg h-1 6.94 8.46 11.8 21.90 70.03
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Fig. 10 Variations on cumulative yield under different cases and

constant mf at 7.35 kg h-1
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parameters such as the temperature of water flowing over

the cover surface, ambient temperature and wind velocity.

To ensure that the flow rate is not varied, a float arrange-

ment is kept in the storage tank.

Conclusions

Experimental studies on the ISPBSS with PCM were

conducted under the Chennai climatic conditions. For

enhanced performance and improved yield, partially and

fully opened cover cooling methods were employed, and

the performance of the ISPBSS and improvement in power

production and freshwater yield were analyzed. Experi-

mental studies revealed that the ISPBSS performance and

PV power production depend on the panel surface, cover

and water temperature. Increasing the mf reduced the yield

of freshwater produced by 50%, whereas there is an

increase in the PV power generation. In all the cases of the

effect of cover cooling by fully opened method, the PV

power generation is improved by 10% as compared to the

ISPBSS without cover cooling arrangement. Similarly, the

total freshwater yields under minimum mf in the PV sur-

face with partially and fully opened cover cooling were

found to be 12.29 and 14.17 kg m-2, respectively. The

yield of freshwater is improved by 18.17 and 36.25% for

partially and fully opened cover cooling arrangements,

respectively, under least mf.
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