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Abstract
In this experimental work, the performance of hemispherical distiller has been enhanced via phosphate pellets. To investigate the
best approach to the phosphate pellet utilization in a basin of hemispherical distiller to achieve the highest performance, the
present study was carried out in two stages. In the first stage, 250 g of phosphate pellets was arranged in a layer of 5 mm thickness
placed at the bottom of the basin. In the second stage, the phosphate pellets were distributed in a homogeneous manner in basin
salt water with two concentrations 1% (10 g/L) and 2% (20 g/L) without aggregation on the basin. To achieve this idea, in the first
test stage, two distillers were compared, the first is the conventional hemispherical distiller which represents the reference distiller
(CHSS) and the second is the modified hemispherical distiller with a phosphate layer (MHSS-PL). In the second test stage, three
distillers were compared, the first is the CHSS which represents the reference distiller, the second is the modified hemispherical
distiller which contained 1% phosphate (MHSS-1), and the third is the modified hemispherical distiller which contained 2%
phosphates (MHSS-2). The experimental results show that the cumulative yield was 4.6, 6.32, 6.15, and 6.85 L/m2·day for
CHSS, MHSS-PL, MHSS-1, and MHSS-2, respectively. The results showed that the utilization of the phosphate pellets as a
storage medium enhanced the performance of the hemispherical distiller. The enhancement in the distiller productivity was 37.4,
33.7, and 47.9% for MHSS-PL, MHSS-1, and MHSS-2, respectively, compared to conventional hemispherical solar still
(CHSS). The peak enhancement in the productivity was achieved in the case of modified hemispherical solar still with 2%
(20 g/L) phosphate pellets (MHSS-2).
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Introduction

Modern science is now heading to research the possibility of
exploiting renewable energy in all industrial fields, including
desalination (Kabeel et al. 2018). Since the sun is the main

source of energy in the universe, it is possible to take advantage
of solar energy directly or indirectly by converting it into an-
other type of energy (thermal, mechanical, electrical, or chem-
ical) (Khechekhouche et al. 2020a). Thus, we reduce the de-
pendence on traditional energy sources such as oil, gas, coal,
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and nuclear energy, as the use of such elements causes envi-
ronmental problems (Manokar et al. 2018). The lack of clean
water and the scarcity of natural resources caused by drought
and overexploitation of groundwater have become a major
problem threatening people’s lives. Therefore, desalination of
the brackish water or seawater was used by solar distillation
techniques (Kabeel et al. 2017; Khechekhouche et al. 2020b;
Dumka et al. 2019; Rabhi et al. 2017; Elango et al. 2015; Al-
Molhem and Eltawil 2020; Hassan et al. 2020; El-Sebaii and
Khallaf 2020; Balachandran et al. 2020a). Distillation in green-
houses is one of the applications of low-temperature thermal
energy that involves converting solar (radiative) energy into
thermal energy to produce fresh water from salt water
(Kabeel et al. 2020; Khechekhouche et al. 2019a). Madhu
et al. (2018) investigated the effect of sand cuboidal boxes in
single slope solar still. The experimental results showed that the
cumulative yield from single slope solar still with and without
sand cuboidal boxes is found to be 3.3 and 1.89 L/m2·day,
respectively. Results showed that the maximum exergy effi-
ciency with sand cuboidal boxes is found as 13.2%, and it is
less than the conventional solar still without sand cuboidal
boxes. Sakthivel and Shanmugasundaram (2008) used the ab-
sorbing materials (black granite gravel) as a thermal storage
material in the solar still. The results showed that the utilization
of black granite gravel increased productivity by 17% com-
pared to the conventional solar distiller. Naima and Abd El
Kawi (2002a) used charcoal particles of different sizes (coarse,
medium, and fine) as storage materials in modified solar stills.
They concluded that the daily throughput of improved solar
images with coarse charcoal particles is greater than that of
the shots without a storage medium. Khechekhouche et al.
(2019b) placed a layer of sand in a solar still with a thickness
of the salt water of 1 cm. The results showed that the distiller
without a sand layer produced 3.8708 L/m2·day and the distiller
with a sand layer produced 2.7352 L/m2·day. Naima and Abd
El Kawi (2002b) used a mixture of paraffin wax, paraffin oil,
and water with aluminum turning added as storage material in
nonconventional solar stills. The results concluded that the
daily productivity of the nonconventional solar stills with the
mixture of energy storage materials is greater than the
productivity of the distillers without the mixture of storage
materials. Rahim (2003) devised a new method of storing ther-
mal energy in horizontal solar distillers via aluminum sheets as
thermal storage materials. The results showed that using alumi-
num sheet was effective. Kabeel et al. (2019) compared the
daily yield from single slope solar still for water depth of 20,
30, 40, and 50 with modified solar still with cement-coated red
bricks. Bassam et al. (2003) studied the effect of yellow
sponge, black sponge, and black steel and black coals as
absorbers in solar distillate products. The results showed that
the daily productivity when using a yellow sponge was much

better compared to using other materials. Salah et al. (2009)
compared the productivity of the solar distillate when using a
black uncoated metal sponge and black rocks as absorbents.
The results concluded that the daily productivity using black
rocks is better than the daily productivity of the distillate when
using the black uncoated metal sponge. Kalidasa et al. (2010)
studied the effect of different materials and sizes (quartz rocks,
concrete pieces, and washed stones) as thermal storage mate-
rials in a single basin, double slope solar still, with the mini-
mum depth of the basin. The experimental results showed that
large-sized quartz rock achieved the largest daily accumulation.
Attia et al. (2020) studied the effect of 42 aluminum balls as
energy storage materials on the performance of the solar still.
The results concluded that the daily productivity was 5.09
L/m2/day when using aluminum balls, while it was 3.71
L/m2·day without using aluminum balls. Kalidasa and Srithar
(2011) compared the effect of different types of wick (light
cotton cloth, sponge sheet, coir mate, and waste cotton pieces)
on the cost-effectiveness of the solar distillate. The results con-
cluded that the daily productivity when using light black cotton

Fig. 1 2D hemispherical solar still

Fig. 2 The hemispherical solar still
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cloth was higher than the daily productivity when using the rest
of the wick. Panchal and Shah (2011) studied the effect of
aluminum panels and galvanized iron as absorbents. The results
showed that the cumulative distillation of solar still containing
aluminum panels gave a 30% increase in the productivity com-
pared to conventional still, and the cumulative distillation of
solar still containing galvanized iron improved the productivity
12% more than conventional still. Balachandran et al. (2020b)
empirically examined the influences of hybrid composite insu-
lation and water film cooling on a yield of solar distiller inte-
grated with a photovoltaic cell. They conducted that the accu-
mulative yield improved by 35% for utilizing the hybrid com-
posite insulation and water film cooling compared to the
traditional distiller. Kabeel et al. (2016) studied the impact of
a glass cover angle on the yield of a pyramid distiller. Kabeel
and Abdelgaied (2017a) improved the yield of a traditional
solar distiller by utilizing the multigroups of concentric pipes
fixed in the basin. Thakur et al. (2020) empirically studied the
effect of a V-type concentrator on a yield of the solar distiller.
They found that the utilization of a V-type concentrator inte-
grated with a solar distiller improved the yield by 68.6% at
water depth 3 cm compared to the traditional distiller.
Sharshir et al. (2020) studied the influences of exfoliated graph-
ite flakes, carbon foam, and exfoliated graphite flakes and

carbon foam on a yield of a solar distiller with wick. Kabeel
and Abdelgaied (2017b) empirically studied the behavior of
solar still with storage materials integrated with cylindrical con-
centrators. Malik et al. (2020) theoretically studied the behavior
of a weir-type solar distiller with storage materials. Kabeel and
Abdelgaied (2019) empirically examined the impact of hot air
injection technology on the yield of a solar distiller coupled
photovoltaic panel with cooling technology and reflectors.
Mohaisen et al. (2020) examined empirically the impact of
adding the condensing cavity on a yield of solar distiller.
They conducted that the yield improved by 30% due to utiliza-
tion of the condensing cavity. Abdelgaied et al. (2020) im-
proved the yield of the tubular distiller by utilizing the inclined
pin fins and external condenser. They conducted that the yield
improved by 70.2% for utilizing the inclined pin fins and ex-
ternal condenser.

The aim of the experimental work is to enhance the
performance of the hemispherical distillation unit by phos-
phate pellets. The spherical distiller has the advantage of
minimum volume with peak surface area. To achieve the
best technique on the phosphate pellet utilization in the
hemispherical distillation basin, the present study included
two stages. In the first stage, 250 g of the phosphate pellets
with dimensions 0.1-2 mm was used as a layer of 5 mm
thickness fixed at the bottom of the hemispherical distilla-

Fig. 3 Micrograph of phosphate pellets

Table 1 Mineral components of phosphate rock (Jasinski et al. 2020;
Syers et al. 1986)

Element (g/kg)

Ca P Mg K Na Fe Al S F CO3

353 134 2.5 1.8 12 1.8 2.4 8 41 71

Element (mg/kg)

Mn Co Cu Zn Cd As U

7 3 15 393 38 4 88

Table 2 Physical properties of phosphate (Jasinski et al. 2020; Syers
et al. 1986)

Melting point ≈ 1670 °C

Appearance Spherical granules

Color Dark gray

Thermal conductivity 0.236 W/(m K)

Specific heat capacity 0.77 J/g K

Whereabouts Most of the world’s nations

32388 Environ Sci Pollut Res  (2021) 28:32386–32395



tion basin, and salt water was placed on top of the phos-
phate layer. In the second stage, the phosphate pellets
(their dimensions within 1.5 mm) were distributed in an
organized manner with the salt water in the hemispherical
distillation basin with two different concentrations of 1%
(10 g/L) and 2% (20 g/L). The experiments have been
executed in April and May 2020.

Experimental setup

This experiment studies the effect of phosphate pellets in dif-
ferent sizes on hemispherical solar still performance. To ob-
tain the finest way for phosphate pellet utilization in the hemi-
spherical distillation basin to achieve the highest performance,
the present study was done in two stages. In the first stage,
250 g of phosphate pellets of 0.1-2 mm dimensions was ar-
ranged in a layer of 5 mm thickness placed at the bottom of the
hemispherical distillation basin covered with the salt water. In
the second case, phosphate pellets (their dimensions within
1.5 mm) were distributed in an organized manner within the
salt water in the hemispherical distillation basin with two

different concentrations 1% (10 g/L) and 2% (20 g/L) without
aggregation on the bottom of the basin. To achieves this idea,
in the first test stage, two distillers were compared, the first is
the conventional hemispherical distiller which represents the
reference distiller (CHSS) and the second is the modified
hemispherical distiller with a phosphate layer (MHSS-PL).
In the second test stage, three distillers were compared, the
first is the CHSS which represents the reference distiller, the
second is the modified hemispherical distiller which contained
1% phosphate (MHSS-1), and the third is the modified hemi-
spherical distiller which contained 2% phosphates (MHSS-2).
For this purpose, three hemispherical basins, each of 0.1 m2

basin area, were made of wood with a thickness of 7 cm. The
basin was mounted on a wooden base with a depth of 3.5 cm
and a diameter of 38 cm, and a channel was formed to collect
the condensed distilled water on the plastic cover. For better
absorption of solar energy, the interior surfaces of the basins
are painted black. The basin of the hemispherical solar distiller
was covered by transparent plastic with 3 mm thick and 40 cm
diameter. The density and thermal conductivity of the trans-
parent plastic are 1270 kg/m3 and 0.3 W/m K, respectively.
Figs. 1 and 2 show the schematic diagram and photographic
view of hemispherical solar still.

Phosphate is available in many regions of the world, and
credit to its component and property, it is a material for storing
energy. Phosphates are found in nature rocks and can be easily
divided into dark gray pellets. In Fig. 3, a microscopic image
of the phosphate granules appeared with whose dimensions
utilized in the present work. Table 1 shows the natural min-
erals that make up the phosphate rocks (Jasinski et al. 2020;
Syers et al. 1986). Table 2 shows the physical properties of
phosphate (Jasinski et al. 2020; Syers et al. 1986).

Fig. 4 shows the experimental test rig for the first case of
CHSS and MHSS-PL while Fig. 5 shows the experimental test
rig for the second case of CHSS, MHSS-1, and MHSS-2. The
experiments were conducted in the first test stage on April 30,

Fig. 4 Experimental test rig for the first test case

Fig. 5 Experimental test rig for
the second test case

32389Environ Sci Pollut Res  (2021) 28:32386–32395



2020, and in the second test stage onMay 25, 2020, in the south-
east of Algeria (06° 47′ E and 33° 30′ N). Table 3 shows the
weather conditions for April 30, 2020, and May 25, 2020. The
experiments were conducted for 12 hours with initial salt water
depth of 2 cm in the three basins (CHSS, MHSS-PL, MHSS-1,
and MHSS-2). Table 4 shows measurement devices, their accu-
racy, and standard uncertainties. The only generated experimental
result is the productivity with a standard uncertainty of 0.6 mL.

Results and discussions

Solar radiation as a heat source for water desalination and the
ambient temperature for condensation on glass surface daily
variation are given in Fig. 6. The maximum peak solar inten-
sity reached 1004 W/m2 and 1008 W/m2 at 12:00 AM for 30
April and 25May 2020, respectively. While the average daily
solar radiation intensity reached 633 W/m2 and 647 W/m2 for
30 April and 25 May 2020, respectively, this gives a good
indication of high daily solar energy. The measured solar ra-
diation and the ambient temperature are recorded experimen-
tally and displayed in Fig. 1, to indicate the actual climatic
conditions surrounding the experimental test-ring at the test-
ing time.

The distilled water productivity is measured during the day,
and at day end, the distillate water productivity is collected to
give daily productivity. As a comparative study, the experi-
mentation was conducted in two stages. In the first test stage,
two distillers were compared, the first is (CHSS) which rep-
resents the reference distiller and the second is the modified

hemispherical distiller with a phosphate layer (MHSS-PL). In
the second test stage, three distillers were compared, the first is
the CHSS which represents the reference distiller, the second
is the modified hemispherical distiller which contained 1%
phosphate (MHSS-1), and the third is themodified hemispher-
ical distiller which contained 2% phosphates (MHSS-2). In
the two experimental stages, the glass and basin water tem-
peratures are measured during the day representing the main
motive heat transfer within the distiller domain. Natural con-
vection heat transfer within the air in the distiller is mainly
dependent on the buoyancy effect due to the temperature dif-
ference between the basin water and distiller glass cover. The
higher the temperature difference, the larger the heat transfer
coefficient, and consequently the higher the water yield. The
glass temperature is mainly dependent on the ambient temper-
ature which is approximately the same for the two test cases;
however, the basin temperature is surely more sensitive to the
energy storage in the basin. The higher the energy storage, the
higher the basin water temperature; this will cause high pro-
ductivity due to the enhanced natural convection effect. So,
the addition of phosphate pellets will enhance the distiller
productivity. Fig. 7 represents the temperature difference be-
tween the basin water and the glass cover. The addition of
phosphate pellets increases the basin water temperature with
a high-temperature difference level at day end due to the en-
ergy storage. As shown in Fig. 7, the use of phosphate pellets
as an energy store increases the temperature difference be-
tween basin water and the glass cover, while the MHSS-PL
gives the higher rate up to 3.3 times CHSS; MHSS-1 gives the
higher rate up to 2.9 times CHSS; and MHSS-2 gives the
higher rate up to 3.2 times CHSS. With the measured results
in Fig. 7, the hourly daily productivity of the CHSS, MHSS-
PL,MHSS-1, andMHSS-2 is given in Fig. 8. The hourly daily
productivity variation has the same trend as the solar radiation
with the peak at 1:00 PM but with a large scale in the presence
of phosphate pellets. The peak hourly productivity in the case
of MHSS-PL is 1150 mL/m2·h, 1100 mL/m2·h in the case of
MHSS-1, and 1200 mL/m2·h in the case of MHSS-2, while
the conventional case CHSS is 900 mL/m2·h. The presence of
phosphate pellets enhanced the distiller productivity.

The hourly productivity presented in Fig. 8 is integrated
during the day to give the total daily productivity, Fig. 9.
MHSS-PL gives the high productivity up to 6320 mL/m2·
day, MHSS-1 gives productivity up to 6150 mL/m2·day, and
MHSS-2 gives the high productivity up to 6800 mL/m2·day,
while the conventional one CHSS gives 4600 mL/m2·day.
The overall accumulated daily productivity enhanced by
37.4%, 33.7%, and 47.9% for MHSS-PL, MHSS-1, and
MHSS-2, compared to CHSS, respectively. Table 5 shows
the results of the cumulative yield for CHSS, MHSS-PL,
MHSS-1, and MHSS-2 recorded during trial hours. The

Table 3 Weather conditions for the experimental day

Date April 30, 2020 May 25, 2020

Sunrise 05:45 AM 05:34 AM

Sunset 07:15 PM 07:25 PM

Ambient temperature 26-37 °C 27-39 °C

Humidity 24-30% 18-23%

Wind speed 23 km/h 17 km/h

Pressure 102328 Pa 102331 Pa

Table 4 Instruments, accuracy, and standard uncertainties

Instrument Accuracy Range Standard uncertainty

Solar power meter ± 10 W/m2 0-1999 W/m2 5.77 W/m2

Thermocouple ± 0.1 °C −100–500 °C 0.06 °C

Graduated cylinder ± 1 mL 0–250 mL 0.6 mL
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Fig. 6 Solar radiation and outside
ambient temperature variation
during the day

Fig. 7 Temperature difference
between basin water and distiller
glass during the day

Fig. 8 Hourly productivity
during the day
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results conducted that distributing the phosphate pellets in an
organized manner within the salt water in the hemispherical
distillation basin by 2% (20 g/L) represented the better method
for utilization of the phosphate pellets to achieve the highest
cumulative yield of the hemispherical distillation.

One of the important concluded results in the use of
phosphate as a storage medium in the solar still is the
limitation of its amount and its arrangement. MHSS-2 with
only 2% (20 g/L) pellet phosphate is more effective than
MHSS-PL with 250 g of phosphate pellets arranged in a
layer of 5 mm thickness. This result is explained as phos-
phate absorbing heat as sensible (no phase change), and
hence, a small amount with a high surface area (pellet
MHSS) will be more effective than a large amount with
only a small surface area in contact with the basin water
surface (MHSS-PL).

The daily thermal and exergy efficiencies of the four dif-
ferent configurations of hemispherical solar distillers (CHSS,
MHSS-PL, MHSS-1, and MHSS-2) are presented in Table 6.
As presented in this table, the daily thermal and exergy effi-
ciencies of CHSS are 40.1% and 3.63%; MHSS-PL is 55%
and 5.31%; MHSS-1 is 53.5% and 5.2%; and MHSS-2 is
59.6% and 5.96%, respectively. The utilization of the phos-
phate pellets with concentration 2% (MHSS-2) increases in
the daily thermal and exergy efficiencies up to 48.6% and

64.2%, respectively, as compared to CHSS. The daily thermal
and exergy efficiencies of hemispherical solar distiller are cal-
culated as follows.

Daily thermal efficiency ηdaily of hemispherical solar dis-
tiller was calculated as follows:

ηdaily:th ¼
∑m: ev hfg

∑I tð Þ As � 3600
� 100 ð1Þ

The daily exergy efficiency ηdaily,exe was calculated as fol-
lows (Manokar et al. 2018):

ηdaily:exe ¼
∑Exoutput
∑Exinput

ð2Þ

The hourly exergy energy output Exoutput was calculated as
follows (Manokar et al. 2018):

Exoutput ¼ m
:
ev hfg
3600

1−
Ta þ 273

Tw þ 273

� �
ð3Þ

The hourly exergy energy input Exinput was calculated as
follows (Manokar et al. 2018):

Exinput ¼ As I tð Þ

� 1−
4

3

Ta þ 273

6000

� �
þ 1

3

Ta þ 273

6000

� �4
" #

ð4Þ

The latent heat hfg followed by Kabeel and Abdelgaied
(2017b):

hfg ¼ 103

� 2501:9−2:40706 Tw þ 1:192217� 10−3 Tw
2−1:5863� 10−5 Tw

3
� �

ð5Þ

Fig. 9 Cumulative productivity
for the three cases

Table 5 Cumulative distillation output of CHSS, MHSS-PL, MHSS-1,
and MHSS

CHSS
(L/m2·day)

MHSS-PL
(L/m2·day)

MHSS-1
(L/m2·day)

MHSS-2
(L/m2·day)

4.6 6.32 6.15 6.8
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where ṁev is the hourly productivity (kg/m2·h), I(t) is
the solar intensity (W/m2), As is the absorber area (m2),
Ta is ambient temperature (°C), and Tw is water temper-
ature (°C).

The cumulative yield of the proposed hemispherical solar
distillers is compared with the previous modification of the
hemispherical distiller’s systems in Table 7. It is clear that the
proposed modified hemispherical distiller with phosphate pel-
lets (MHSS-2) gives the higher productivity as compared to
the previous modifications.

Economic evaluation

A comprehensive economic study was conducted to deter-
mine the time period required to recover the total cost for each
CHSS, MHSS-PL, MHSS-1, and MHSS-2 as shown in
Table 8. As shown, the recovery period required to recover
the total cost for each CHSS, MHSS-PL, MHSS-1, and
MHSS-2 reached 33, 24, 25, and 22 days, respectively.

Conclusions

This study aims to enhance the performance of the hemispher-
ical solar distillers by utilizing phosphate pellets. The experi-
ments were conducted on April 30 and May 25, 2020, for a
period of 12 hours per day. Based on the experimental results,
we conclude the following:

& Phosphate pellets improve the hemispherical solar still
efficiency well.

& The daily accumulation resulting from CHSS is 4.6 L/m2·
day, 6.32 L/m2·day for MHSS-PL, 6.15 L/m2·day for
MHSS-1, and 6.8 L/m2·day for MHSS-2.

& The overall accumulated daily productivity enhanced by
37.4%, 33.7%, and 47.9% for MHSS-PL, MHSS-1, and
MHSS-2, compared to CHSS, respectively.

& The distributed phosphate pellets in an organized manner
within the salt water in the hemispherical distillation
basin by 2% (20 g/L) represented the better method for
utilization of the phosphate pellets to achieve the highest
cumulative yield of the hemispherical distillation.

Table 6 Daily thermal and
exergy efficiencies of the
hemispherical solar distillers

Case
study

Daily thermal
efficiency (%)

Improvement in thermal
efficiency (%)

Daily exergy
efficiency (%)

Improvement in exergy
efficiency (%)

CHSS 40.1 – 3.63 –

MHSS-PL 55 37.15 5.31 46.3

MHSS-1 53.5 33.4 5.2 43.25

MHSS-2 59.6 48.6 5.96 64.2

Table 7 A comparison of the
modifications proposed in our
study with previous studies

Authors Proposed modifications Yield
(L/m2·day)

Improvement
(%)

Madhu et al. (2018) Conventional single slope distiller

Conventional single slope distiller with sand
cuboidal boxes

1.89

3.3

–

74.6

Arunkumar et al.
(2012)

Hemispherical distiller without cover cooling

Hemispherical distiller with cover cooling

3.58–3.68

4.18–4.2

–

14.13–16.75

Khan et al. (2020) Hemispherical distiller without cover cooling

Hemispherical distiller with cover cooling

3.66

4.2

–

14.75

Present study CHSS

MHSS-PL

MHSS-1

MHSS-2

4.6

6.32

6.15

6.8

–

37.4

33.7

47.9
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Finally, it can be concluded that increasing phosphate pel-
lets which are distributed in an organized manner within the
salt water significantly enhances the productivity in hemi-
spherical solar distillation, increasing efficiency and produc-
tivity, and this is better compared to the phosphate pellets
arranged in a layer fixed at the bottom of hemispherical dis-
tillation basin.
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