
Experimental studies on passive inclined solar panel absorber solar
still

C. Sasikumar1 • A. Muthu Manokar2 • M. Vimala3 • D. Prince Winston4 • A. E. Kabeel5 • Ravishankar Sathyamurthy5,6 •

Ali J. Chamkha7

Received: 29 January 2019 / Accepted: 30 August 2019 / Published online: 11 September 2019
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Abstract
This manuscript aims to analyze the passive inclined solar panel basin (PISPB) still at diversified flow rate of water (mf).

The freshwater collected from the solar still for different mf at 4.68, 7.56 and 10.08 kg h-1 is 3.7, 2.7 and 1.6 kg,

respectively. Results showed that at higher flow condition, the still energy and exergy efficiency decreases and it is

estimated as 36.06, 25.56 and 16.95% and 2.97, 1.91 and 1.01%, respectively, for flow rates of 4.68, 7.56 and

10.08 kg h-1. Results revealed that electrical, thermal and exergy efficiency of photovoltaic panel increases under higher

flow condition and it is found as 8.05, 8.81 and 9.44%, 11.43, 20.8 and 22.17 and 19.38, 20.58 and 21.16% for mass flow

rates of (mf) 4.68, 7.56 and 10.08 kg h-1, respectively. When the mf increases, there is a decrease in the PISPB still

distilled water production rate, thermal and exergy efficiency, and there is an increase in power production, electrical,

thermal and exergy efficiency through the photovoltaic panel.
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Abbreviations
CSS Conventional solar still

CHTC Convective heat transfer coefficient

EHTC Evaporative heat transfer coefficient

ISPB Inclined solar panel basin

PSS Pyramid solar still

PV Photovoltaic

SSS Stepped solar still

List of symbols
A Area (m2)

h Heat transfer coefficient (W m-2 K-2)

I Current (A)

I(t) Solar intensity (W m-2)

L Latent heat of vaporization (kJ kg-1 K-1)

M Hourly productivity from solar still (kg m-2 h-1)

P Partial vapor pressure (N m-2)

T Temperature (�C)
V Voltage (V)
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g Efficiency (%)

mf Mass flow rate of water

Tp Panel temperature

Subscripts
a Ambient

c Convective

d Daily

e Evaporative

g Glass

gi Inner glass

pv Photovoltaic

s Surface area of condensing cover

w Water

Introduction

A deficit in the amount of accessible potable water is a

critical problem for several countries. Dearth conditions of

groundwater, which contains harmful microorganisms and

dissolved salts, require purification before being used.

Hence, an interest in inventing new technologies to

improve the freshwater source arises. Among the methods

available, the solar still desalination technique serves the

purpose effectively by utilizing the abundant natural

resources such as sea water and sunlight. Especially in

coastal areas, solar panel integrated solar still can be used

as the best method to obtain freshwater as well as effec-

tively generating power [1–24].

Agouz et al. [25] derived an inclined solar still (ISS)

performance with a closed-loop continuous water flowing

system. The main advantage of the closed-loop water

flowing system over the open loop water flowing system is

that it reduces the heat loss and hence improves the

freshwater productivity. It was reported that ISS produc-

tivity and efficiency mainly depend on the mf and wind

velocity. Aybar [26] mathematically investigated the ISS

performance by modifying the mf and solar intensity. It was

concluded that decreasing the mf increases the water tem-

perature. Maximum temperature of 49.19, 50.89 and

52.85 �C is obtained for the flow rate of 3.6, 5.4 and

7.2 kg h-1, respectively, at the solar intensity of

700 W m-2. Aybar et al. [27] carried out experiments on

ISS by substituting the bare absorber plate with black-

fleece wick and black-cloth material. This resulted in a 2–3

times higher production of freshwater using wick materials

compared to the bare plate. Sharon et al. [28] modified the

absorber plate of ISS with woolen wick and experimentally

investigated the enhancement in freshwater production.

The maximum productivity of 4.54 and 4.99 L day-1 is

obtained for the wick-type and basin-type ISS, respec-

tively. Multi-effect wick-type ISS was experimentally

studied by the Yeh and Chen [29, 30]. The benefit of using

multi-effect ISS is that it reduces the reflection of heat loss

by absorbing solar intensity in more than one basin.

Henceforth, the multi-effect ISS enhances the yield by

using the latent heat. Sathyamurthy et al. [31] theoretically

analyzed the novel baffle plate-attached ISS by changing

the mf and the temperature of feed water. The summarized

result is that the maximum distillate production is

3.5 kg m-2 day-1 at the minimum mf. Nagarajan et al. [32]

comparatively examined the ISS with baffles and without

baffles and submitted the maximum productivity of 5.5 and

3.5 kg m-2 day, respectively. From the experimental

results, it was found that there is a 37.04% increase in

freshwater production by attaching the baffles in ISS over

the normal ISS, and it revealed that increase in contact time

between the basin and the saline water improves the

freshwater production rate. El-Agouz [33] comparatively

inspected the stepped solar still (SSS) and the conventional

solar still (CSS) and stated that the SSS increases the

freshwater production rate at about 43–48% more than the

CSS. In the second modification, a cotton wick was

incorporated in the SSS basin which escalated the yield

increase by about 47–53% more than conventional-type

solar still. Omara et al. [34] augmented the potable water

produced by SSS with internal reflectors and recorded the

maximum daily yield of 3720, 5840 and 6350 mL m-2

day-1 for the CSS, SSS and SSS with internal reflectors,

respectively. The maximum increase in yield of 57% and

75% is obtained for the SSS and SSS with reflectors over

the CSS. Omara et al. [35] also integrated external reflec-

tors along with internal reflectors and reported that the

proposed SSS give 125% higher output than the CSS.

Multi-wick ISS was researched by Sodha et al. [36]. In

their research work, blackened wet jute cloth is used to

enhance the evaporation rate. In the ISS, shadowing effect

was minimized because of small walls which in turn make

it cost-effective compared to the CSS. Multi-wick ISS

produced 34% overall efficiency and 2.5 L productivity.

Sathyamurthy et al. [37] experimented a novel crescent-

shaped absorber solar still with baffles by shifting the mf

and number of baffles and reported the yield of about

3 kg m-2. The pyramid solar still (PSS) integrated with

baffle-attached ISS was theoretically studied by Naveen

Kumar et al. [38]. The maximum freshwater production of

about 7.2 kg m-2 is obtained for the still integration.

Naveen Kumar et al. [39] and Panchal et al. [40] also

researched the performance of triangular PSS, ISS and

triangular PSS integrated with baffle-attached ISS. The

research was carried out by varying the mass of water

inside the PSS and maintaining the constant mf in an ISS.

The maximum productivity of about 7.52 kg m-2 is
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obtained for the still integration. Detailed reviews of the

progress and designs of ISS [41, 42] were studied. From the

detailed review, it is inferred that a lot of design modifi-

cations were carried out in the ISS. But far fewer experi-

mental works were reported on a hybrid active ISS. The

effect mf in weir-type cascade solar still was experimen-

tally studied by Farshad et al. [43]. The maximum yield

from their study is about 7.4 kg m-2 day-1 at the mini-

mum mf. It was reported that mf is inversely proportional to

the yield of the system. Muthu Manokar et al. [44, 45]

designed a novel ISPB still and experimentally studied the

performance of the still by three different insulation con-

ditions. It was concluded that the ISPB still with the

sidewall and bottom insulation increases the panel tem-

perature up to 66 �C which is 16.67% higher than the ISPB

still with only the sidewall insulation (55 �C). Bottom

insulation results in a higher panel temperature than in the

only sidewall condition. Henceforth, in this experimental

work, an ISPB still without insulation on improving the

freshwater yield by varying the flow condition (mf) has

been carried out. The most important feature of the ISPB

still is that it can produce power and freshwater.

Experimental setup

The schematic drawing and experimental arrangement of

the proposed PISPB still is shown in Figs. 1 and 2,

respectively. In this work, solar still basin made by steel is

replaced by a PV panel. The dimensions of the system are

181 cm length, 92 cm breadth and 15 cm height. The

sidewalls and the collector are made of a transparent glass.

Cotton thread is placed in between the PV cells which

could absorb the flowing water for evaporation. Further-

more, continuous evaporation and absorption of water by

the cotton thread decrease the PV cell temperature. A

plastic control valve is fixed in between the storage tank

and inlet pipe of the PISPB which could be used to vary the

flow rate of saline water to the PISPB still basin. The input

supply water is varied at different mf such as 4.68, 7.56 and

10.08 kg h-1, respectively. Hot water collected at the

lower end of PISPB still is reused again and filled in the

main storage tank for every one hour. During the operation

of PISPB still, deposition of salts on the PV panel surface is

a major issue, and every two weeks, it is cleaned using

Windex crystal rain glass cleaner which could remove the

salt deposition on the absorber plate. The glass cover,

basin, panel, water and atmospheric temperatures were

measured by temperature sensors. The condensed water

through inner glass surface is collected at the end and

accumulated in the distillate collector. The distillate col-

lector is kept inclined so that the accumulated water gets

collected in the calibrated jar for measurement.

The details of instruments used, parameters measured

using the instruments, accuracy, range and % error pro-

duced by the instruments used for the present experimental

investigation are tabulated in Table 1. The details of cost

involved in fabricating the PISPB still are given in Table 2.

For different flow conditions (mf) namely (1) 4.68, (2)

7.56 and (3) 10.08 kg h-1, the entire experiments were

conducted during the month of July 2019. The atmospheric

conditions maintained during the experiments were almost

similar, and the average solar radiation for the test days is

Main storage tank 

Ball valve for maintaining constant head level 

Storage tank for feed

Glass cover

Control
Valve

Distributor pipe

Condensate collector

Calibrated flask

PV panel as basin
Stand

Hot water storage tank

Fig. 1 Representational diagram of PISPB still without insulation
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measured as 694, 692, and 710 W m-2 for 3.7.2017,

6.7.2017 and 12.7.2017, respectively.

Results and discussion

Hourly fluctuation of wind speed, solar intensity,
atmospheric, glass, basin, water and panel
temperature of the PISPB still

Hourly variations of wind speed throughout the investiga-

tional day are plotted in Fig. 3a. The average wind speed

throughout the investigational day is measured as 1.35,

1.67 and 1.76 m s-1 for the flow rates of 4.68, 7.56 and

10.08 kg h-1, respectively.

Hourly variations of the solar intensity, atmospheric,

glass, basin, water and panel temperature of the PISPB still

at different mf are drawn in Fig. 4a–c. From the graph, it is

identified that solar intensity continuously increases during

the forenoon session and attains its peak solar intensity

during 13:00 Hrs, and the solar intensity values fall during

the afternoon. It is noted that the maximum solar intensity

of 910, 930 and 960 W m-2 is recorded on 3.7.2017,

6.7.2017 and 12.7.2017, respectively. The daily average

solar radiation during the test dates is noted as 694, 692 and

710 W m-2 for the flow conditions of (mf) 4.68, 7.56 and

10.08 kg h-1, respectively.

It is observed that atmospheric temperature also has

trend similar to that of solar intensity, and its maximum

value reaches up to 36, 35 and 36 �C obtained on 3.7.2017,

6.7.2017 and 12.7.2017, respectively, at 2 p.m. The aver-

age atmosphere temperature during the experimental day is

between 32 and 33 �C.
The maximum temperature of 55, 54 and 52 �C in glass

cover is recorded on 3.7.2017, 6.7.2017 and 12.7.2017,

respectively. As a result of lower wind velocity, the col-

lector external cover temperature of the PISPB still

increases. With a possible increase in the wind speed,

results in reduced cover temperature as the convective heat

transfer rate between the collector cover and ambient are

higher which simultaneously increase the rate of conden-

sation in the inner cover surface. The average glass cover

temperature measured during the test days for corre-

sponding wind velocity of 1.35, 1.67 and 1.98 m s-1 is

found as 48.23, 46.89 and 45.56 �C, respectively.
A linear increase in the basin temperature is observed,

and the peak value is obtained during 14:00 Hrs and

thereafter declined as the solar intensity reduces. The

maximum attainable temperature by the basin of PISPB

still using different flow conditions of (mf) 4.68, 7.56 and

10.08 kg h-1 are 64, 57 and 53 �C, respectively. Average
basin temperature of the PISPB still for different flow

conditions of (mf) 4.68, 7.56 and 10.08 kg h-1 is found as

50.33, 46.11 and 43.11 �C, respectively. With possible

increase in the flow condition (mf) from 4.68 to

7.56 kg h-1, it is found that the average basin temperature

drop by 9.15%, and with further increase in the flow con-

ditions (mf) from 7.56 to 10.08 kg h-1, it is noted that there

is a possible decrease in temperature of basin to about

16.75%. This is due to the interaction of higher flow con-

ditions; the lower temperature water with higher tempera-

ture basin extracts the heat continuously as the retention

time of water with basin is higher which simultaneously

resulted in reduced temperature of basin.

Fig. 2 Experimental setup of PISPB still without insulation

Table 1 Measured parameters,

accuracy, range and error limits

for different measuring

instruments

S. no. Instruments Measured parameter Accuracy Range % error

1 Thermocouple Temperature ± 1 �C 0–120 �C 0.5

2 Solar power meter Solar intensity ± 2 W m-2 0–2000 W m-2 2.5

3 Anemometer Wind speed ± 0.1 m s-1 0–10 m s-1 10

4 Measuring jar Water mass ± 10 m L 0–1500 m L 10

5 Multimeter Voltage and current ± 1 V 0–100 V 0.5

± 0.1 A 0–10 A 10

3652 C. Sasikumar et al.
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From the obtained results of water temperature at dif-

ferent flow conditions, it is found that the maximum tem-

perature of water is achieved during 14:00 Hrs as similar to

the temperature of basin. The maximum recorded temper-

ature of water temperature using different flow conditions

of ISPB still is 65, 62 and 58 �C for flow conditions of

4.68, 7.56 and 10.08 kg h-1, respectively. The average

water temperature of the ISPB still is 53.22, 50.77 and

48.5 �C at mf at 4.68, 7.56 and 10.08 kg h-1, respectively.

It is observed that there is a decrease of about 4.81% in the

average water temperature, while the flow condition is

increased from 4.68 to 7.56 kg h-1 and similarly, there is a

decrease of about 9.61% in the average water temperature

while the flow conditions (mf) from 7.56 to 10.08 kg h-1.

The reason for decrease in water temperature is, the contact

time between the ISPB still basin and the saline water is

reduced. When the ISPB still operates at minimum mf, it

extracts the maximum heat from the ISPB still basin which

resulted in higher water temperature. An increase in mf

reduces the water temperature and consequently it pro-

duced the less productivity

It is seen that panel temperature reaches the maximal

value of 53, 51 and 48 �C at the mf at 4.68, 7.56 and

10.08 kg h-1, respectively. The daily average panel tem-

perature reaches 43.11, 40.55 and 37.88 �C at the mf at

4.68, 7.56 and 10.08 kg h-1, respectively. There is a fall in

panel temperature when the mf increases. It is found that

when the mf increases from 4.68 to 7.56 kg h-1 and 4.68 to

10.08 kg s-1, there are a 6.3 and 13.78% decreases in the

panel temperature.

Influence of mass flow rate over internal heat
transfer, cumulative yield, energy and exergy
efficiency

On an hourly basis, the variations in evaporative heat

transfer coefficient of PISPB still for different flow con-

ditions are plotted in Fig. 5. The peak EHTC is observed

nearly at 14:00 Hrs, and its value is 55.95, 48.46 and

43.27 W m-2 K-1 for the mf at 4.68, 7.56 and

10.08 kg h-1, respectively. The average EHTC of 25.75,

20.29 and 12.87 W m-2 K-1 is obtained at the mf at 4.68,

7.56 and 10.08 kg h-1, respectively. When the mf increases

from 4.68 to 7.56 kg h-1 and 4.68 to 10.08 kg s-1, there

are 21.18 and 50% decreases in EHTC. An increase in the

mf reduces the EHTC because of reduces in saline water

temperature. EHTC is inversely proportional to the tem-

perature variation between the saline water and collector

cover, solar intensity.

EHTC between water and glass is estimated using,

he;w�g ¼ 16:273� 10�3 � hc;w�g

Pw � Pgi

Tw � Tgi

� �
ð1Þ

CHTC between water and glass is estimated using,

hc;w�g ¼ 0:884 Tw � Tgi
� �

þ
Pw � Pgi

� �
Tw þ 273ð Þ

268:9� 10�3 � Pwð Þ

� �

ð2Þ

Partial vapor pressure at water and inner surface of the

glass is given by,

Table 2 Cost breakdowns for

the PISBP still
S. no. Materials Unit cost/Rs. Total cost/Rs.

1 Basin material (150 W PV panel) Rs. 90/Watt Rs. 13,500

2 Sidewalls and glass cover Rs. 2000 Rs. 2000

3 Distillate collector Rs. 200 Rs. 200

Basin and basin material (A) Rs. 15,700

4 Stand storage tank Rs. 2000 Rs. 2000

5 Control valve Rs. 200 Rs. 200

7 Labor cost Rs. 300/h Rs. 600

Accessories and labor cost (B) Rs. 2800

Total cost (A ? B) Rs. 18,500
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Pw ¼ exp 25:317� 5144

273þ Tw

� �� �
ð3Þ

Pgi ¼ exp 25:317� 5144

273þ Tgi

� �� �
ð4Þ

Variations of accumulated productivity for the PISPB

still at different mf are shown in Fig. 6. The maximum

hourly productivity produced from the PISPB still is

maximum at minimum flow condition (mf). The maximum

hourly productivity of 0.82, 0.61 and 0.45 kg is obtained at

the mf at 4.68, 7.56 and 10.08 kg h-1, respectively. The

daily productivity of 3.75, 2.7 and 1.6 kg is obtained at the

mf at 4.68, 7.56 and 10.08 kg h-1, respectively. When the

mf increases from 4.68 to 7.56 kg h-1 and 4.68 to

10.08 kg s-1, there is a 28.16 and 55.48% decreases in

daily yield.

The variation in hourly thermal efficiency of ISPB still

under different flow conditions is plotted in Fig. 7. The

maximum hourly thermal efficiency of 68.11, 47.77 and

34.64% is obtained for the mf at 4.68, 7.56 and

mf = 4.68/kg h–1 mf = 7.56/kg h–1
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10.08 kg h-1, respectively. The daily thermal efficiency of

36.06, 25.56 and 16.95% is obtained for the mf at 4.68, 7.56

and 10.08 kg h-1, respectively. When the mf increases

from 4.68 to 7.56 kg h-1 and 4.68 to 10.08 kg s-1, there is

a 29.11 and 53% decreases in thermal efficiency. The

detailed summary of distilled water produced and effi-

ciency of passive-type ISPB is shown in Table 3. The

improvement in yield and efficiency is observed in the case

of lower flow rates.

The thermal efficiency of the PISPB still is given by,

gpassive ¼
P

_mewLP
I tð ÞAs � 3600

� 100 ð5Þ

The variations of the exergy efficiency of the PISPB still

at different flow condition (mf) are plotted in Fig. 8. With

the increase in solar intensity, the exergy efficiency

increases and the peak is observed during 14:00 Hrs and

thereafter declined as the solar intensity reduces. The

maximum hourly exergy efficiency of 6.38, 4.43 and 2.77

is obtained for mf at 4.68, 7.56 and 10.08 kg h-1, respec-

tively. The exergy efficiency of the PISPB still different

flow condition (mf) of 4.68, 7.56 and 10.08 kg h-1 is found

as 2.97, 1.91 and 1.01%, respectively. By increasing the

rate of flow (mf) from 4.68 to 7.56 and from 4.68 to

10.08 kg h-1, exergy efficiency of the still decreases by

35.77 and 66.08%, respectively. It is decided that the

exergy efficiency of the still is directly proportional to the

distilled water produced from the PISPB still. Higher

productivity results in higher exergy efficiency. In this

work, an increase in the mf results in less productivity, and

hence it produced lower exergy efficiency.

The exergy efficacy of the PISPB still is calculated by,

gp:e ¼
ep:out

ep:in
ð6Þ

The exergy output of the PISPB still is calculated by,

ep:out ¼ md � hfg
� �

1� Ta þ 273

Tw þ 273

� �� �
ð7Þ

The exergy input of the PISPB still is calculated by,

ep:in ¼ A� Itð Þ 1þ 1

3

Ta þ 273

6000

� �4
� 4

3

Ta þ 273

6000

� � !" #

ð8Þ

Influence of mass flow rate over power
production, electrical, thermal and exergy
efficiency of photovoltaic panel

Variations of the solar panel power production from the

PISPB still at different flow condition (mf) are shown in

Fig. 9. From Fig. 9, it is inferred that the power produced

from the photovoltaic panel during the peak solar intensity

period under corresponding flow condition of 4.68, 7.56

and 10.08 kg h-1 is found as 72, 77.7 and 83.6 W. The

average power generation from the PV panel is 50.25,

54.75 and 60.03 watts for the mf at 4.68, 7.56 and

10.08 kg h-1, respectively. With the continuous flow of

water inside the inclined photovoltaic panel, the efficiency

is improved at higher flow rate condition and the consoli-

dated results are tabulated in Table 4. Due to the reduction

in flow rate of water, the temperature of panel (basin)

reduces which resulted in lower power produced. Similarly,

the increase in flow rate of water resulted in reduced

temperature of panel (basin) which increased the power

production by photovoltaic panel. It is found that daily

average panel temperature decreases up to 6.3% which in

C
um

m
ul

at
iv

e 
yi

el
d/

kg
5

4

3

2

1

0
8 10 12 14 16 18

Time of day/h

m f = 4.68/kg h–1

m f = 7.56/kg h–1

m f = 10.08/kg h–1

Fig. 6 Variations of accumulated productivity for the PISPB still with

respect to time

80

70

60

50

T
he

rm
al

 e
ffi

ci
en

cy
/%

40

30

20

10

0
8 10 12 14 16 18

Time of day/h

m f = 4.68/kg h–1

m f = 7.56/kg h–1

m f = 10.08/kg h–1

Fig. 7 Variations of thermal efficiency for the PISPB still with

respect to time

Experimental studies on passive inclined solar panel absorber solar still 3655

123



turn increases the power production and panel efficiency up

to 8.2% and 8.66%, respectively. Similarly, a 13.78%

decrease in panel temperature increases the power

production and panel efficiency up to 16.3% 13.81%,

respectively.

Figure 10 shows the PV panel electrical and thermal

efficiency of an ISPB still at different mf. The efficiency of

the PV panel reaches its maximum at 12 p.m., there after

the efficiency decreased and reached a minimum at 3 p.m.

Later 3 p.m., again the PV panel efficiency starts increas-

ing. The maximum hourly PV panel electrical efficiency

about 8.77% [panel temperature (Tp) = 47 �C, I(t) = 900

W m-2], 10.04% [Tp = 43 �C, I(t) = 860 W m-2] and

10.32% [Tp = 39 �C, I(t) = 910 W m-2] is obtained at mf at

4.68, 7.56 and 10.08 kg h-1, respectively. From the above-

mentioned results, it is clear that the PVpanel efficiency does not

only depend on the solar irradiance but also on the panel tem-

perature. Considering themf data at 4.68 and 7.56 kg h-1, in this

case the deviation between the solar intensity and panel tem-

perature is found to be 40 W m-2 and 4 �C. Even though the

panel receives a lesser solar intensity of 40 W m-2, it yields

1.3% higher PV efficiency because of 4 �C drop-in panel tem-

perature. At 3 p.m., the PV panel electrical efficiency

reachedits lowervalueof6.93[Tp = 47 �C, I(t) = 780 W m-2],

7.72 [Tp = 45 �C, I(t) = 760 W m-2] and 8.23% [Tp = 43 �C,
I(t) = 770 W m-2] at mf at 4.68, 7.56 and 10.08 kg h-1,

respectively. In this case, the highest I(t) = 780 W m-2 pro-

duced the lowest PV panel efficiency of 6.93% and the lowest

Tp = 43 �C produced the highest PV panel efficiency of 8.23%.

After 3 p.m., the PV panel temperature starts increasing. At 5

p.m., the efficiency of 8.37 [Tp = 39 �C, I(t) = 420 W m-2],

8.61 [Tp = 37 �C, I(t) = 380 W m-2] and 9.55% [Tp = 35 �C,
I(t) = 270 W m-2] is obtained for the mf at 4.68, 7.56 and

10.08 kg h-1, respectively.

The daily average PV panel efficiency of an ISPB still

under mf at 4.68, 7.56 and 10.08 kg h-1 is 8.05, 8.81 and

9.44%, respectively. An increase in the mf from 4.68 to

7.56 kg h-1 results in decreases in the daily average PV

panel temperature from 43.11 to 40.56 �C which enhances

the PV panel efficiency from 8.05 to 8.81%. Similarly,

further increase in mf to 10.08 kg h-1 results in reducing

the daily average PV panel temperature to 37.89 �C which

enhances the PV panel efficiency to 9.44%.

The solar panel electrical efficacy is estimated as

[46–48],

Table 3 Improvements in

productivity and the thermal and

exergy efficiency of the PISPB

still for different mf

S. no. Mass flow rate/kg h-1 Yield/kg Thermal efficiency/% Exergy efficiency/%

Actual % increase Actual % increase Actual % increase

1 10.08 1.6 Reference 16.95 Reference 1.01 Reference

2 7.56 2.7 40.74 25.56 33.68 1.91 47.12

3 4.68 3.75 57.33 36.06 53 2.97 59.93
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gpv electrical ¼
FF � V � I
Is tð Þ � As

� 100% ð9Þ

Thermal efficiency produced by the solar panel also has

the same trend as the electrical efficiency of the PV panel

because the thermal efficiency of the PV panel is obtained

by just multiplying the denominator term of the electrical

efficiency formula by conventional power plant electricity

generation efficiency (0.38). This constant is used to find

the thermal efficiency of the PV system.

The PV panel thermal efficiency is mathematically

expressed as [46–48],

gpv thermal ¼
FF � Voc � Isc
0:38Is tð Þ � As

� 100% ð10Þ

The variations of the PV panel exergy efficiency at

different mf are plotted in Fig. 11. It is observed that during

lower solar irradiance, the exergy efficacy calculated for

the photovoltaic panel is lower and the lowest exergy

efficiency of 10.10, 10.51 and 11.21% and the highest

exergy efficiency of 38.12, 40.30 and 41.43% under flow

condition of (mf) 4.68, 7.56 and 10.08 kg h-1, respectively.

The daily average exergy efficiency of the PV panel is

found as 19.38, 20.58 and 21.16% at mf at 4.68, 7.56 and

10.08 kg h-1, respectively. It is found that increasing the

mf from 4.68 to 7.56 kg h-1, and 4.68 to 10.08 kg h-1

increases the PV panel exergy efficiency by about 5.83 and

8.42%, respectively.

The mathematical correlation for estimating the panel

exergy efficiency is as follows [46–48],

gpv exergy ¼
FF � Voc � Isc � VI

0:933Is tð Þ � As

� 100% ð11Þ

Table 4 Improvements in the

PV panel power generation and

efficiency of the ISPB still by

increasing the mass flow rate of

water

S. no. Mass flow rate/kg h-1 PV panel power/W PV panel efficiency/%

Actual % increase Actual % increase

1 4.68 50.25 Reference 8.05 Reference

2 7.56 54.75 8.22 8.81 8.63

3 10.08 60.03 16.3 9.34 13.81
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Fig. 10 Variations of a the PV panel electrical and b the thermal efficiency for an ISPB still with respect to time
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Effect of mass flow rate on overall thermal
and exergy efficiency

Figure 12a shows the hourly variations in system overall

thermal efficiency (IPSB still and photovoltaic panel) of

system for different flow conditions. It is observed that at

minimum flow condition, the overall system efficiency is

higher, whereas the efficiency decreases as the rate of flow

by the water increases. On observing the overall thermal

efficiency, the ISPB efficiency decreases at higher flow

rates, whereas the photovoltaic panel thermal efficiency

increases which as the fact of reduced panel temperature.

The peak thermal efficiency during maximum solar inten-

sity on PISPB still is found as 75.69, 67.66 and 56.84% for

the flow conditions of (mf) 4.68, 7.56 and 10.08 kg h-1,

respectively. Similarly, overall thermal efficiency of the

system (IPSB still and photovoltaic panel) is found as

51.32, 44.59 and 43.68% for the flow conditions of (mf)

4.68, 7.56 and 10.08 kg h-1, respectively. It is concluded

that there is a 13.12 and 14.88% decrease in the overall

thermal efficiency of the system when the mf increases

from 4.68 to 7.56 kg h-1 and 4.68 to 10.08 kg h-1,

respectively.

Based on the electrical output, area of collector, amount

of distillated water collected and solar intensity, the overall

thermal efficiency is estimated and it is mathematically

expressed as [46–48],

goverall P:thermal ¼
mew � hfg

IS tð Þ � As � 3600
� 100%

þ FF � Voc � Isc � VI

0:933Is tð Þ � As

� 100% ð12Þ

The overall exergy efficiency of the ISPB still for dif-

ferent flow conditions of water is plotted in Fig. 12b. Based

on Eq. (12), the overall exergy efficiency of the system

(PISPB) is calculated and estimated as 21.79, 22.85 and

22.79% for different flow conditions of 4.68, 7.56 and

10.08 kg h-1, respectively. It is also observed that the daily

exergy efficiency of the photovoltaic panel increases with

increased flow conditions, while the exergy efficiency

decreases with increased flow condition. The reduced

exergy efficiency and increased panel efficiency resulted in

equaling the overall exergy efficiency for all flow

conditions.

The overall exergy efficiency of the PISPB still is cal-

culated by [46–48],

goverall P exergy ¼
md � hfg
� �

1� Taþ273
Twþ273

h i� 	

As � Itð Þ 1þ 1
3

Taþ273
6000


 �4� 4
3

Taþ273
6000


 �� 	h i

þ FF � Voc � Isc � VI

0:933Is tð Þ � As

� 100%

ð13Þ

Conclusions

The outcome of modifying mass flow rate on the PISPB

still was experimentally analyzed, and it was stated that

increasing the mf results in a decrease in water and panel

temperature. Water temperature is directly proportional to

the ISPB still productivity, whereas panel temperature is

inversely proportional to the PV panel production and

efficiency. The daily productivity from the ISPB still is 3.7,

2.7 and 1.6 kg for the mass flow rate of 4.68, 7.56 and
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10.08 kg h-1, respectively. The daily thermal efficiency of

an ISPB still is found as 36.06, 25.56 and 16.95% for the

respective flow conditions of 4.68, 7.56 and 10.08 kg h-1,

whereas the daily panel efficiency for the same flow con-

ditions is found as 8.05, 8.81 and 9.34%. When mf is

increased from 4.68 to 7.56, the daily yield and thermal

efficiency of the ISPB still decrease by about 28.16 and

29.11%, respectively, while the power produced and effi-

ciency of the photovoltaic panel increase to about 8.2 and

8.66%, respectively. When mf increased from 4.68 to

10.08 kg h-1, there is a decrease of about 55.48 and 53%

in the ISPB still productivity and thermal efficiency,

respectively, and the power produced and efficiency

increase by 16.3 and 13.81%, respectively. From the

experimental studies, it is concluded that increasing the mf

results in lower freshwater production and higher panel

efficiency.
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