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Abstract Desalination of water can be achieved via the
use of solar stills, especially as they are considered to be
the cheapest option for potable water production in remote,
arid and small communities with limited availability of
freshwater. However, one very common challenge with
water production via solar stills is that the amount of water
produced is usually low. The aim of this work is to evaluate
the productivity enhancement of solar stills using different
heat storage materials in the basin. To conduct the exper-
iments, three triangular solar stills were fabricated with
similar shapes. In each solar still, a transparent polythene
film and a stainless steel trough as cover and basin were
used, respectively. Each basin had a length of 50 cm, width
of 30 cm and depth of 8 cm. The solar still configurations
differed based on inclusion of 2 cm depth of black soil or a
layer of black paint in the basin. Experimental outputs
indicated that there was significant increase in the amount
of potable water produced using different heat storage
materials under Malaysia tropical condition. Daily cumu-
lative results of water production using these solar stills
showed that the solar still with black-painted basin was
more efficient; its level of productivity over the conven-
tional solar still and the solar still with black soil in basin
was 101 and 20 %, respectively. Some water quality
parameters were also tested in the laboratory which indi-
cated that the treated water met the WHO standard for
drinking water.
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Nomenclature

Tw1 Temperature of water of solar still SS1 (°C)

Ts> Temperature of water of solar still SS2 (°C)

Tw3 Temperature of water of solar still SS3 (°C)

T, Temperature of ambient air (°C)

T,c1 Temperature of inner cover of solar still SS1 (°C)
Tic» Temperature of inner cover of solar still SS2 (°C)
T,cs Temperature of inner cover of solar still SS3 (°C)
I Solar irradiance (W/m2)

Wh1  Hourly water production of solar still SS1 (L/m2)
Who  Hourly water production of solar still SS2 (L/m2)
Wiz Hourly water production of solar still SS3 (L/m2)
W.; Cumulative water production of solar still SS1

(L/m2)

W., Cumulative water production of solar still SS2
(L/m2)

W.; Cumulative water production of solar still SS3
(L/m2)

\% Wind speed (m/s)

Introduction

To obtain clean and distilled water using solar energy, solar
stills are generally categorized into two modes; passive and
active solar stills [1]. The distilled water produced using
this type of desalination method meets the WHO drinking
water standards [2-4], which can be used in remote,
coastal, arid and rural areas with limited availability of
freshwater, but enough annual sunshine. Previously, some
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researchers have investigated the performance of heat-ab-
sorbing materials used in the basin of passive solar stills to
enhance distilled water production. The solar still produc-
tivity increased by 38 % using black rubber mat as the
absorbing material in 1998 [5]. Four passive solar stills
were fabricated in Egypt, in the year 2000, where a black
rubber with 10 mm thickness and black gravel (20-30 mm
size) were used as heat storage materials in the basin of
solar stills and improved the water production by 20 and
19 % at the different conditions of brine volume having
15° glass cover angle, respectively [6]. A passive triangular
solar still (TrSS) using black-painted perspex sheet trough
as basin was designed and fabricated in Malaysia, 2014 [3].
The effects of different water depths and operational
parameters on its performance were investigated. The
results showed that the solar still with lower water depth of
1.5 cm in the basin had the highest daily water production
of 1.55 kg/m? days [3]. A comparative investigation was
conducted by constructing four different types of passive
double slope solar stills with similar shapes in Malaysia,
2014 [7]. The cover and frame of each solar still were
fabricated using the same materials as TrSS [3], except the
basin, which was made of stainless steel trough to prevent
the basin metal that is exposed to water and humid air
inside the solar still from corroding [8]. The results showed
an increase in the cumulative water productivity up to
2.36 L/m? using black paint layer in basin as compared to
the productivity of 1.6, 1.24 and 1.05 L/m?, using 50 W
PV-DC heater integrated with solar still, sea sand layer in
the basin and only applied stainless steel basin, respectively
[7]. Water production rate increased by 15.3 % when
sponge was used as the heat-absorbing material in a single
basin solar still in India [9], while water production rate
increased by 45.5 % when fins were used in the same solar
still basin. A fin-type solar still was fabricated in India [10]
and various experiments were conducted using different
heat storage materials, such as sponges, pebbles, black
rubber and sand in the solar still basin to compare the yield
enhancement. The highest productivity ratio was 75 and
74 % during high and low solar intensities by the use of
sand sponge in the fin-type solar still basin as compared to
the other types of solar stills. The effects of using yellow
sponge cubes, black steel, black coal and black sponge
cubes as heat storage materials in basin of single slope
solar still were studied comparatively in Jordan [11]. The
results showed an enhancement in production ratio using
yellow sponge cubes as compared to the other absorbing
materials. A comparative study was conducted in Mehsana
[12] using suspended aluminum and galvanized iron
floating plates as energy-absorbing plates in the basin of
conventional solar still. A significant increase in cumula-
tive water production was achieved using suspended
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aluminum floating plates in the basin of solar still as
compared to the solar still using galvanized iron floating
plates and conventional solar still, respectively. The aim of
this comparative work is to investigate the performance of
three polythene film cover TrSS using different heat stor-
age materials in the basin (e.g., only stainless steel basin,
2 cm depth of black soil added in the stainless steel basin
or a layer of flat black paint in the stainless steel basin,
respectively). The novelty of this research is basically
related to the different absorbing approaches used in the
solar still. In one of the stainless steel basins that was not
painted, black soil was used as the absorbing material and
compared against stainless steel basin that was painted with
flat black paint and another basin that was not painted. The
performance of the black-painted basin has been investi-
gated earlier and reported in [7].

Methodology

Figure la, b shows the schematic representation and pho-
tograph of the experimental setup of three units of solar
stills, respectively. Three types of single basin double slope
solar stills were constructed with similar triangular shapes.
Each of them had a stainless steel trough as basin with
length of 50 cm, width of 30 cm and depth of 8 cm (vol-
ume 12 L). The double slope frame, cover and trough
(basin) of all solar stills were made of PVC pipe, trans-
parent polythene film and stainless steel, respectively [7].
The stainless steel basin was employed to prevent the basin
metal that is exposed to water and humid air inside the still
from corroding [8]. The solar stills were light and, hence,
portable. The solar stills were made using local and cheap
materials [3].

The total fabrication cost of conventional solar still
having a black-painted layer in basin was around RM 82.5
or US$ 25.8 (Table 1). The covers of solar stills are usually
made of heavy glass and this can make fabrication difficult,
particularly in remote, arid and coastal areas. PVC pipes
and polythene films have durability of 3-5 years [13]
which is longer as compared to 2 years for vinyl chloride
sheets [14]; thus, polythene film was selected as cover
material for solar stills in this work. The three types of
solar stills studied are:

Solar still 1 (SS1)—conventional solar still

Solar still 2 (SS2)—conventional solar still with black
soil in the basin

Solar still 3 (SS3)—conventional solar still with black-
painted basin.

A 2 cm black soil was included in the solar still basin as
indicated above. Experiments were conducted for a period
of 3 days in Universiti Teknologi PETRONAS (UTP)
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Fig. 1 a Schematic diagram of the solar still and b photograph of the experimental setup
E:I?STCISI:::ET:EEEQEZ dOf Items Quantity Unit cost (RM) Cost (RM)
basin solar still Polythene film cover (0.15 mm thickness) 12 m? RM 1.80/m> 2.20
PVC pipe frame (15 mm diameter) 4.8 m RM 6.00/m 28.20
Stainless steel tray 1 40.00 40.00
Plastic rope 30 m RM 12.00/roll 3.60
Transparent tape 1 2.50 2.50
Flat black spray 1 6 6
Total cost 82.50

US$ 1 = RM 3.20

Table 2 Experimental instrument with accuracy, range and per-
centage errors

Instruments Accuracy Range % Error
Digital multimeter +1°C 0-100 °C 1
Pyranometer +1 W/m? 0-3000 W/m?> 0.5
Measuring cylinder +0.5 ml 0-50 ml 0.5
Anemometer +0.1 m/s 0.2-30 m/s 1

campus to analyze the performance of the three different
absorption materials in the basin of solar stills:

Solar stills 1, 2 and 3 were exposed to similar solar
irradiance in an open field (Fig. 1b).

The temperature of water in the different basins, inner
cover and outer cover temperature of solar stills and
ambient temperature were measured at time intervals of
30 min using digital multimeter. Solar irradiance in UTP
campus was measured and collected every 5 min using a
pyranometer. Wind speed was also measured and collected
every 5 min using an anemometer.

Each solar still basin was filled with 4.5 L of lake water
(3 cm deep) for the experiments. Water vapor was con-
densed on the transparent cover and naturally collected as
shown in Fig. 1. Table 2 shows the different experimental
instruments as well as their accuracies used to measure
temperature, solar irradiance and wind speed.

Results and discussion

Table 3 shows the variations of average solar irradiance,
average wind speed, average temperature of water (7y),
average inner cover temperature for three solar stills (7.),
average ambient temperatures (7,) and cumulative water
productivities (Wc) from 8 am to 6 pm for three solar stills
for 3 days, 11th, 14th and 19th of July 2014. It was
observed that with the increase of average solar irradiance
and decrease in average wind speed, average water tem-
perature and cumulative productivities increased, respec-
tively, for all three solar stills (Table 3). The highest
average solar irradiance occurred on 19.07.2014 with the
value of 562 W/m” which caused the average water tem-
perature and cumulative productivity reached to attain the
following values: 42.18, 43.18 and 43.63 °C and 1.106,
1.860 and 2.227 L/m? for SS1, SS2 and SS3, respectively,
for a period of three experimental days. The results in
Table 3 also showed that these values were always higher
than the corresponding values on the 11th and 14th July
2014 due to the higher average of solar irradiance (/). It
was also observed that the solar still using black-painted
basin (SS3) had higher values of average temperature of
water and inner cover and cumulative productivities as
compared to the corresponding values for SS1 and SS2
during these days (Table 3).
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Table 3 The average of I, V, Ty, Ti., T, and W¢ from 8 am to 6 pm for three solar stills for a period of 3 days

Date Average I (W/m?) Average V (m/s)  Solar still  Average Tw (°C)  Average Ti. (°C) Average T, (°C) Wc (ml/m?)
11.07.2014  507.66 0.956 SS1 40.19 33.66 30.00 1090
SS2 40.29 33.33 1620
SS3 40.62 33.52 2157
14.07.2014  446.08 2.122 SS1 39.62 33.76 29.80 1073
SS2 39.71 33.10 1337
SS3 40.00 33.48 1846
19.07.2014  562.00 1.34 SS1 42.18 36.18 32.00 1106
SS2 43.18 35.9 1860
SS3 43.63 36.18 2227
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Fig. 2 Diurnal variations of solar irradiance (/s) from 8 am to 6 pm
on a typical day on 14th July 2014

The cumulative experimental productivity for SS3
reached the highest value of 2.227 L/m?* with the average
Ty of 43.63 °C and average I of 562 W/m? on 19.07.2014,
due to the use of black paint in basin as well as availability
of solar irradiance, while the highest obtained cumulative
productivities for SS1 and SS2 were 1.106 and 1.86 L/m?>
with the average water temperatures of 42.18 and 43.18 °C
and average inner cover temperatures of 36.18 and 35.9 °C
on 19.07.2014 with the use of conventional solar still and
conventional solar still having black soil in the basin. It is
concluded that the highest cumulative productivity for SS3
is almost two times higher than the highest water produced
by SS1 (Table 3).

Effect of solar irradiance and wind speed

on the temperatures of water, temperature of inner
and outer cover of three solar stills and ambient air
temperature

Figures 2 and 3 show the variations of solar irradiance (Is)
and wind velocity (V), respectively, from 8 am to 6 pmin a
typical day on the 14th of July 2014. Figures 4, 5 and 6
show the diurnal variations of temperature of water, tem-
perature of inner cover of SS1, SS2 and SS3, respectively,
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typical day on 14th July 2014

versus hourly water production of the three solar stills at
time intervals of 30 min in a typical day on the 14th of July
2014. The temperature increase and decrease corresponded
to the increase and decrease in solar irradiance throughout
the day (Figs. 2, 4, 5, 6).

It is observed that when solar irradiance reached a
maximum value from 22.05 W/m? at 8:00 am to
1107.45 W/m? at 2:30 pm, the highest Ty, Tw2, Tws and
T, were recorded at 2:30 pm with the values of 47, 47, 48
and 34 °C, respectively, while the corresponding maximum
inner cover temperatures 7Ti.q, Tic> and Ti.; were 39, 38 and
38 °C. It was also observed that the solar irradiance had a
correlating relationship with the wind speed as can be
readily seen from the graphs: when there was an increase in
solar radiation intensity, there was a corresponding decline
in wind speed (Figs. 2, 3).

Effects of solar irradiance, wind speed and water
temperature on hourly water production

Figures 4, 5 and 6 show the hourly water production for
three solar stills corresponding to solar irradiance and
water temperatures. The maximum /g occurred at 2:30 pm
and the highest Tw for three solar stills occurred from
2:30 pm until 3:00 pm (Figs. 2, 4, 5, 6). It is observed that
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as the solar irradiance increased, there was also a corre-
sponding increase in the water temperature, which resulted
in the highest evaporation experienced during the experi-
ment. At this time also, there was a concurrent decline in
the speed of wind (Figs. 2, 3, 4, 5, 6). At 2:30 pm, solar

irradiance reached its peak value of 1107.45 W/m2, which
resulted in the water temperature having its highest values
of 47, 47 and 48 °C for SS1, SS2 and SS3, respectively.
The hourly water production rate was observed to have
climaxed at 3:30 pm, when the wind speed was seen to
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have increased significantly during the period of the
experiment, while solar irradiance and water temperature
had reduced and resulted in the highest condensation to be
experienced (Figs. 2, 3, 4, 5, 6). Such trend has also been
reported in previous works [15, 16]. The highest hourly
water production for solar stills SS1 (Wh1), SS2 (Wh2) and
SS3 (Wh3) were 166.67, 193.33 and 247 mL/mz, respec-
tively, obtained at 3:30 pm. With the decrease of solar
irradiance from 1107.45 W/m? at 2:30 pm to 443.25 W/m?>
at 3:30 pm, the water temperature of three solar stills also
decreased to the values of 46, 46 and 47 °C for SS1, SS2
and SS3, respectively, which caused the highest conden-
sation rate or water production rate of the three stills to
occur at this time.

Cumulative water production

Figure 7 and Table 3 show the variations in cumulative
water production for three solar stills in a typical day on
14th July 2014. Water produced from SS1 (W) was the
least throughout the day. At the end of the experiment, the
total amount of water produced from SS1, SS2 and SS3
were 1.073, 1.337 and 1.846 L/mz, respectively. W3 was
the highest amount of water produced from all solar stills,
confirming that the configuration adopted in SS3 was the
most effective. It can be concluded that the modifications
made on the conventional solar still, i.e., use of black soil
or use of black paint in the basin was instrumental in the
production of more water from the solar stills. The appli-
cation of black paint in the solar still basin produced the
highest quantity of water as compared to the other con-
figurations investigated, due to the effect of black paint in
the basin which resulted in higher heat absorption for water
evaporation [7].

In this study, SS3 yielded a maximum cumulative water
production of 2.227 L/m? using black paint in the stainless

steel basin, while a modified solar distillation system in
India [10] produced 1.8 L/m* using stepped solar still with
fin, pebble and sponge together with solar pond. This
research also shows higher water productivity compared to
passive solar still studies in Turkey [17], Malaysia [3, 18,
19] and Jordan [20].

Water quality analysis

Table 4 shows the water quality parameters of the water
produced from lake water, with the WHO standards for
drinking water. The values of pH, total dissolved solids
(TDS), nitrate, nitrite, sulfate, iron, turbidity and color
reduced from 7.25, 380, 1, 0.96, 2.37, 18.67 mg/l, 9.8 NTU
and 8 Hazen unit before experiment to 6.63, 250, 0.4,
0.041, 0.5, 0.08 mg/l, 1.40 NTU and 0 Hazen unit after the
experiment, respectively, which showed that the treated
distilled water was within the accepted range of WHO
drinking water standards in this work [21, 22].

Conclusion

Despite daily fluctuations due to cloud coverage, solar
energy can be effectively harnessed and converted to ther-
mal energy for potable water production using solar still
with black paint in the stainless steel basin. The conven-
tional solar still using direct sun radiation only produced
1.09,1.073 and 1.106 L/m? of potable water, while the solar
distillation system with added black soil in the basin pro-
duced 1.62,1.337 and 1.86 L/m?on 11, 14 and 19 July 2014,
respectively, under Malaysia’s meteorological conditions.
Water production can be enhanced to 2.157, 1.846 and
2.227 L/m?, respectively, by adding black-painted basin to
the conventional type of solar still. A comparative research
of maximum cumulative water production among these

Fig. 7 Variations of cumulative 2000
water productivity for three 1500 -

solar stills from 8 am to 6 pm
1600

on a typical day on 14th July

2014 1400

1200
1000 ¢
800

600

400

Water production (mlfm?

200

@ Springer

BWel BWc2 BWc3



Int J Energy Environ Eng (2015) 6:385-391

391

Table 4 Performance assessment of solar stills used for treatment of the lake water in the UTP campus

Water quality parameter Lake water (average)

Distilled water (average) WHO standards [21, 22]

pH 7.25
Total dissolved solids (mg/1) 380
Nitrate (mg/1) 1

Nitrite (mg/1) 0.096
Sulfate (mg/1) 2.37
Iron (mg/l) 18.67
Turbidity (NTU) 9.8
Color (Hazen unit) 8

6.63 6.5-8.0
250 600

0.4 50
0.041 0.05
0.5 250
0.08 0.3
1.40 5

0 5

solar stills showed that solar still with black-painted basin
was more efficient. It produces around 101 and 20 % more
potable water than a conventional solar still and solar still
with black soil in the basin from 8 am to 6 pm, respectively.
The solar still with black-painted basin in this study pro-
duced more water than the conventional still and solar still
with black soil in the basin as well. The water quality
parameters of the water produced were also tested and
showed to be within the acceptable range of World Health
Organization (WHO) drinking water standard. Therefore, it
is concluded that the solar stills used in this work are able to
provide potable water from lake water for drinking purpose.
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