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ABSTRACT

Solar stills are simple devices that use clean energy to produce potable water from brackish or
seawater to supply drinkable water to sparsely populated and scattered communities like those
in southern Algeria. In this context, the paper aims to improve the efficiency of the conventional
solar still by introducing crushed black granite in the form of gravel evenly distributed over the
entire surface of the still’s absorber with varying amounts (five masses) as a means of heat storage
medium, and then observe the mass effect under local climatic conditions on the daily cumulus of
distillate. Thus, after experiments carried out at the University of Ouargla at the end of winter, the
daily productivity of the black granite unit is greater in quantity and quality than that of the con-
ventional still under the same conditions as whatever the mass of granite. The best result is obtained
by: 1.25 kg, that is, 5.48 kg of granite m™ of absorber surface which contributed to 4.135 kg m d™' of
distillate with an improvement in profitability of 34.09% compared to the baseline case.
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1. Introduction

Water is important for all types of life on earth.
Humanity is based on fresh water supplies such as rivers,
lakes, ponds and underground reservoirs for daily needs.
The use of fresh water is increasing due to population
growth and rapid industrialization. Much of the discharge
of industrial wastes and sewage is discharged into riv-
ers, making it difficult for fresh water to be available. The
supply of fresh water in many parts of the world is grad-
ually becoming an increasingly important topic [1]. About
20% of the world’s populations live in places that do not
have enough water to meet their demands or to live their
lives in safe conditions [2].

Algeria is currently ranked 14th in the world among
countries with water scarcity. If appropriate strategies are
not considered to provide more fresh water, the situation in

* Corresponding author.

Algeria will worsen. By 2025, Algeria is expected to become
the sixth country in the world most affected by a scarcity
of fresh water [3]. One of the main solutions to solve this
problem is the purification of water from available sources
such as salt water, domestic and industrial wastewater
and other effluents [4].

Desalination of water has been carried out in recent
years using various techniques such as multi-effect distil-
lation, membrane distillation, reverse osmosis and multi-
stage desalination. All of these techniques are energy-in-
tensive procedures and generally depend on fossil fuels.
Unfortunately, the use of these desalination methods creates
other problems, such as the depletion of fossil fuels, global
warming and other environmental damage [5,6].

Solar stills are generally devices of simple design
and used to purify brackish water [7]; this technique was
used by Arab scholars to produce fresh water in 1551 [8].
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According to other techniques, it is the cheapest method
of obtaining drinking water. This advantage is due to the
low cost of these devices and to the clean and free energy
consumed [9-11]. In 1872, a simple design of a single basin
solar still was built in Las Salinas, Chile [12]. Subsequently,
many researchers around the world have participated in
improving the profitability of solar equipment. The big-
gest drawback of solar stills is their low efficiency com-
pared to other desalination technologies [5]. Thus, several
studies have been carried out to improve the efficiency of
these systems [13-15]. The main cause of these low yields is
due to many essential points, namely: heat losses through
the design parts to the ambient air, the hot distillate evac-
uates the heat, the internal overheating created by the
greenhouse effect, the condenser temperature increases
due to the latent heat of condensation released by the
vapor [10,16].

Several authors have focused on the factors that affect
the performance of solar still devices. These studies indicate
that various designs of solar stills affect efficiency [17].

The depth of the water is one of the main factors influ-
encing the performance of the still. Several researchers
have found that a minimal or thin layer of saline or brack-
ish water in the absorber rapidly increases its temperature
and improves the efficiency of heat and mass transfer; the
investigators have studied the correlation between the
depth of the water in the absorber surface and the mass
transfer factor between the water and the glass cover; both
have been proven and found to be dependent [18].

Kalbasi et al. [19] designed single and double effect
solar stills and experimentally validated the results of their
modeling. It was found that the separation of the condens-
ing surface and the solar energy receiving surface would
improve the daily productivity by 94% compared to the con-
ventional unit. They also showed that increasing the depth
of water in the basin has a negative impact on the efficiency,
because as the temperature difference increases between the
condensing surface and the basin, the productivity improves.

The production of distillate from a solar still is also
based on the nature, thickness and inclination of the glass
cover. The tilt angle should be south for locations in the
northern hemisphere and north in the southern hemisphere.
Usually the angle of inclination of the protective glass
should be equal to the latitude of the location [1].

Cherraye et al. [20] studied how to improve the solar still
productivity through different tilt angles of glass cover. In
their study, the angles were (10°, 15°, 20°, 30°, 35° and 45°).
The results showed that in autumn and winter the best
tilt was 30°, while in spring and summer the best tilt was 20°.

Shafii et al. [21] also studied how to enhance the yield in
passive solar still without complicating its design by using
an additional condensation on sidewalls. The efficiency
was increased to 55.5%.

The productivity of the solar still can be improved
by the use of a heat storage medium; the latter improves
the absorption of solar flux and thus increases the yield
both during the day when the solar irradiance is low and
at night. The heat storage material stores heat during the
day and provides brackish water during the evening or
during the lack of solar irradiance to increase the overall
performance of the solar still [22].

Several materials considerably increase the distilla-
tion period by serving as a heat storage medium which
contributes to high yields such as jute cloth [23], gravel
[24], stone, alluvial sand [10], cement [11], sponge [3] etc.

One of the new methods is the use of nanotech-
nology by introducing nanoparticles into the absorber
basin to increase the heat and mass transfer capacity and
therefore improve the performance of the still [25,26].
The nanoparticles added are generally fine metallic or
non-metallic particles such as carbon nanotubes [27], zinc
oxide (ZnO) and copper oxide (CuO) [28,29] titanium
oxide (TiO,) [30] and aluminum oxide ALO, [31].

Because of its availability and low cost, black granite
crushed as gravel is one of the most suited materials for
use in solar still operations. Using black granite in the basin
is not new. Nafey et al. [32] conducted their experimental
work using black rubber and black gravels as heat storage
medium within a single sloped solar still; they found that
black rubber with the size of 10 mm thickness, increased
the yield by 20% and black gravel material with a size of
20-30 mm improved the output by19%.

Sakthivel and Shanmugasundaram [33] used black
granite as energy storage to analyze the functioning of the
solar still. They performed an experiment using different
depths of gravel, for example, 12, 18, 20 and 25 mm. Daily
gravel productivity has improved by approximately 17%.

Shanmugan [34] studied the impact of different energy
storage substances on the efficiency of single basin solar stills
with hot water supply. They used concrete stone pebbles
and black granite stones as energy storage materials.

The drip procedure is used and copper tubes have been
used in the solar still. The results showed that the concrete
stone solar still as an energy storage material gave supe-
rior efficiency compared to stills which use other energy
storage methods. It gave 8.40 L d™ of total distillate and
9.10 L d™* of hot water, even the efficiency of the still increased
by 17% by using the drip procedure.

Sellami et al. [9] carried out an experimental study
using layers of blackened alluvial sand as a means of heat
storage; they studied the influence of the mass of sand and
the size of the sand particles on the yield and the photo-
catalytic behavior of semiconductors present in alluvial
sand. The results show that the increase in yield is inversely
proportional to the size of the sand particles for a fixed
mass of sand. The best result for sand particles is (0.08 mm).
As the mass of sand increases, the flow rate of distilled
water for a fixed particle diameter increases to an optimal
value of 2.268 kg m™ absorber area™. Due to the presence
of photocatalysts and their second behavior as adsorbent
materials, the resulting distillate is of high quality.

Arjunan et al. [35] used different energy storage mate-
rials like black gravel, blue metal stones, pebbles and par-
affin wax during the study to investigate the impact of
energy storage materials on the efficiency of a simple solar
still. They discovered that black granite is a more pow-
erful material than pebbles, stone, blue metal, and par-
affin wax. It provides a higher distillate yield than many
materials and its improvement is 10.06% higher than that
of the conventional still.

This paper aims to enhance the output of a solar still
by investigating the impact of different masses of black
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granite (crushed as gravel) on the still efficiency in Ouargla
city under local climate conditions.

2. Experimental setup

Solar stills are built to evaluate their performance under
different conditions. Fig. 1 shows the schematic view of the
experimental design used. These stills have a single basin
of (57 cm x 40 c¢m) surface. The stills are made of galva-
nized metal 3 mm thick. The pool is completely covered
with an insulating material 4 cm thick (polystyrene) to
prevent heat loss from the pool to the outside. A sheet of
wood 4 cm thick supports the basin box on the insulating
material from the outside. Inside the stills, the inner sur-
faces of the basin bottom and side walls have been black-
ened to increase the absorption of solar radiation. The upper
part of the basin is fitted with a 4mm thick glass cover and
inclined nearly 30° from the horizon. The test units have
the same dimensions as the control. The solar stills have
been sealed to prevent vapor leakage from their basin to
the atmosphere by insulation and with silicon at the top.
The vapor condensed on the inner surface of the glass
cover is collected in a channel at the bottom of the basin
and to a graduated tube (1,000 mL) through a plastic tube.

The water level in the conventional basin is generally
fixed between 0.5 and 2 cm [11]. In our case, the brack-
ish water level is set around 1.5 cm. Further distiller
specifications are displayed in Table 1.

3. Experimental procedure

The experiments were carried out at the Process
Engineering Laboratory (PEL) in Ouargla University:
(31.95°N latitude, 5.40°E longitude). Ouargla city which is
located in southern Algeria is situated at 141 m above sea
level. It has a solar energy of about 2260 kWh m™ y* and
3,400 h of sunshine per year [3,9].

To conduct an experimental study regarding the enhance-
ment of the yield, five masses of black granite (5 mm size)
crushed as gravel (500 g, 750 g, 1 kg, 1.25 kg and 1.5 kg)
were placed so as to cover homogeneously the entire sur-
face of the absorber (Fig. 2).

The gravel’s properties make it an important medium
for heat storage. Black granite has a heat capacity equal to

PN

Glass Cover

0.676 k] kg™ K7, its thermal conductivity is 0.75 Wm™ K and
its solar absorbance coefficient is 0.85 [33].

To validate measurements, the latter were repeated
during three subsequent days for each unit; the average
values were taken and then presented as graphical data.

4. Measuring instruments

During the tests, different parameters were measured
to evaluate the performance of the system. The tempera-
tures at different points (glass cover temperature, basin
water temperature and absorber plate temperature) were
measured by K-type thermocouples. Solar radiation was
measured using a Solar-meter (Mac-solar). An anemom-
eter (Testo 416) was used to measure wind speed. The
quantity of freshwater output was measured by a grad-
uate tube (1,000 mL). The accuracy, range and errors
of the measuring tools are presented in Table 2.

5. Results and discussion

The experimental research was conducted in March
because the weather was sometimes clear during this
month in our region nevertheless; from time to time there
are a passage of small clouds and a sudden breath of fresh
wind which maybe cause a drop of solar irradiance and/or
ambient temperature (Figs. 3 and 4).

Fig. 3 displays the variation of solar irradiance (G) vs.
local time for three chosen days in this month. As seen in
the figure, four points from eleven of solar irradiance are
higher than 800 W m™ on March 11th, and eight points
on March 14th and nine points on March 20th exceed this
value. The minimum value of 635 W m™ is recorded at
08:00 A.M. (March 11th) and 295 W m™ at the end of tests
for the same day. The maximum value of 1,067 W m™ was
recorded at 11:00 and 13:00 for the day of March 20th. We can
say that Ouargla is a perfect place for solar devices [9].

Typical measurement of ambient temperature vs.
local time for three chosen days in March is presented in
Fig. 4. It is obviously shown that the temperature increases
during the morning to reach its maximum value of 33°C at
12:00 A.M.; this variation is due to the variation of the solar
irradiance. It can be simply found that the temperature
stays high after 16:00 h, which favors distillation even after

N
Saline Water —[

Black gravel granite

Fig. 1. Schematic diagram of the test desalination unit.
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Table 1
Specifications of a single slope solar still used in this research

Specification Description Dimension

Glass covers Window glass 4 mm thickness

Frame Wood 4 cm thickness

Basin Galvanized metal 3 mm thickness

Insulation Polystyrene 4 cm thickness

Material Black gravel 5 mm size
Table 2

Accuracy, measurement range and error limit for different
measurement devices

Instrument Accuracy Range % Error
Anemometer +0.1ms™ 0-40m s 1.5%
Thermometer +0.01°C 0°C-300°C 1%
Thermocouple  +0.1°C 0°C-100°C 1%

Solar meter +1 Wm? 0-1,500 W m2 <B% +1%
Graduate tube +10 mL 0-1,000 mL 1%

Fig. 2. Photograph view of unit’s absorber.

17.00 h because of thermal inertia and/or the heat storage
materials such as black granite in the present study.

Fig. 5 displays the variation of the wind speed vs.
local time for the three chosen days. It is clearly seen that
the wind speed varies between 0 and 1.4 m s during the
experiment period. Generally, the low value of wind veloc-
ity has not a great effect on the distillation performance.
Sudden gusts of breath have been observed at the begin-
ning (March 11 and 20th) and the end (March 11, 14 and
20th) of experiments which explains certain drops in solar
irradiance or ambient temperature during these days Fig. 5.

Fig. 6 shows the hourly yield for each unit vs. local
time. The graphs indicate that the hourly output is sig-
nificantly related to the solar irradiance. This figure illus-
trates that, the hourly output increases from zero in 08:00
to the maximum values between 12:30-14:00 and then they
decrease until the end of the day. The hourly production
of the solar still with black gravel is higher than that of
the witness, because that the granite plays the role of heat
storage medium by providing brackish water with energy;
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Fig. 3. Solar irradiance vs. local time.

—®— 1l march
—&— 14 march
—O—20march

Ambient Temperature (*C)

08:0009:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Local Time (h)

Fig. 4. Ambient temperature vs. local time.
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Fig. 5. Wind speed vs. local time.

in addition, it also plays the second role of an adsorbent
material which we’ll see later. It should be noted that the
drops recorded sometimes in solar irradiance have a nega-
tive influence on hourly production.

In summary, Fig. 6 illustrates that the best amount
of black gravel granite is around or slightly less than
1.25 kg, but this mass is the most suitable because it covers
exactly the entire surface of the absorber in a single layer
which allows us to estimate the surface density of black
granite to (5.48 kg granite m™ of absorber area).
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Fig. 6. Effect of the black gravel granite on the hourly
yield for each unit.

The hourly output usually does not offer a good judg-
ment about the still yield; the assumptions are also con-
firmed by the daily accumulated output; Fig. 7 will confirm
our remarks. As shown, all units with the granite produce
more than witness unit however their different enhance-
ment. The units with gravel of: 500 g, 750 g, 1.0 kg, 1.25 kg,
1.5 kg and the witness has the respective outputs of: 3,251.01;
3,386.67; 3,901.58; 4,134.77; 4,108.83 and 3,083.52 mL m™.

By calculating the gain in the output, the propor-
tion of the increase in the output for units with black
gravel was respectively: 5.43%, 9.83%, 26.53%, 34.09% and
33.25%; so, the best unit is that with 1.25 kg of gravel.

Fig. 8 illustrates the result of the gain’s variation in
distilled water vs. the mass of heat storage medium for
the studied cases. As seen, the curve reaches its maxi-
mum near (m = 1.25 kg) of black granite; the daily yield is
4.135 kg m? with an enhancement of 34.09% compared to
the baseline case. So, the heat storage mass of 1.25 kg of
gravel, that is, (5.48 kg of gravel m™ of absorber area) is
almost the optimal value which can be chosen.

6. Water analysis report

To evaluate their quality, brackish and distilled waters
by the witness and that obtained by gravel’s units have
been analyzed for some of their important physical param-
eters specifically: pH, total dissolved solids (TDS), salinity
and electrical conductivity using the appropriate equip-
ment previously cited. The mean values of these analyses
are presented in Table 3.

It can be easily observed that distilled water produced
by conventional unit (without gravel) is better than brack-
ish water from a quality point of view; however, the dis-
tillate obtained using black granite is the best by referring

Table 3
Physical parameters of brackish and distilled water
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Fig. 7. Effect of black gravel’s mass on the hourly cumulus of
each unit.
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Fig. 8. Enhancement rate vs. the black granite gravel mass.

to the salinity, conductivity and TDS; so, the black gran-
ite plays also the role of water’s purifying or otherwise an
adsorbent material.

Table 4 gives an overview between the yield enhance-
ment of this study and some other solar stills recently
carried out by several other researchers in the world
(Nafey et al. [32]; Sakthivel and Shanmugasundaram [33];
Shanmugan [34], Arjunan et al. [35], Panchal et al. [36],
Ali Ouar et al. [16], Nasri et al. [37] and Muthu Saravanan
et al. [38]). The results shown in the following table indi-
cate that the present work and its results are acceptable
compared with those of other studies.

7. Distilled water cost price

To assess the cost price of the distillate, we will follow
the same method and the same equations used previously

Water quality pH TDS (mg L) Salinity (%) Conductivity (us cm™)
Brackish water 7.98 2,025 2.14 4,047

Distilled water with black granite 6.04 5.81 0.05 2.05

Distilled water by witness unit 6.78 6.11 0.07 2.38
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Table 4

Comparison between the present study and those obtained by other researchers

Author and year Materials used Location Daily production (kg m) Yield improvement (%)
Nafey et al. [32] Black rubber — black Suez, Egypt 3.5 20%-19%
gravels
Sakthivel and Black gravel Tamil Nadu, India 3.9 17
Shanmugasundaram [33]
Shanmugan [34] Concrete stone, pebbles ~ Tamil Nadu, India  6.90, 6.40 and 5.95 17
and black granite
stones
Arjunan et al. [35] Black granite, blue metal Tamil Nadu, India 2.6 10.06
stones, pebbles and
paraffin wax
Panchal et al. [36] Sand stone Gujarat, India 3.58 28.71
Ali Ouar et al. [16] Bitumen Ouargla, Algeria 4.64 25.35
Nasri et al. [37] Gravel Adrar, Algeria 5 32.20
Muthu Saravanan et al. [38] Kanche marbles Tamil Nadu, India  4.094 16.32
Present study 2020 Black granite Ouargla, Algeria 4.135 34.09
Table 5

Comparison between the distillate cost price of the present study and that of other works taken as example

Author Material used as heat storage medium Distillate cost price (DZD kg™) Year
1US $ =150 DZD
Sellami et al. [11] Portland cement 0.88 2016
Sellami et al. [10] Mixture of portland cement and alluvial sand 0.48 2016
Sellami et al. [3] Sponge layers 0.45 2017
Ali Ouar et al. [16] Absorbent material (bitumen, charcoal and black ink) 0.76 2017
Nasri et al. [37] Gravel 0.72 2019
Present study Black granite gravel 0.69 2020

in our old works [3,10,11,16], taking in addition another
example from the Algerian Sahara [37] to compare the
result of this study with those obtained with identical and/
or similar materials and the same principle (heat storage);
and then see if the process is economical or not. The results
are summarized in Table 5, knowing that: 1 US $ = 150
Algerian Dinars (DZD).

8. Conclusion

This work is a contribution to solving the problem of
the shortage of drinking water encountered in southern
Algeria. Our experiments aim to increase the efficiency
of conventional stills installed in these areas by adding
black granite crushed as gravel in the still absorber. The
experiments carried out at Ouargla University during
the end of winter based on an economic study, reveal that:

e The Saharan region in Algeria is sunny most of the
year; so, it is an ideal place for all kinds of solar activities.

e It is clear that the granite crushed as gravel is a widely
available and costly material which can enhance the yield
of solar still when it is added as heat storage medium.

¢ Adding black granite with the mass of 500 g, 750 g,
1 kg, 1.25 kg and 1.5 kg improves the still output by
5.43%, 9.83%, 26.53%, 34.09% and 33.25% respectively
compared to the baseline case.

® The best result is obtained with 1.25 kg of granite result-
ing in a daily production of 4.135 kg m™ of distillate
with 34.09% improvement compared to the baseline
case.

* In addition, the analysis of some physical parameters
of distilled and brackish water shows that the water
quality is markedly improved after distillation in the
presence of granite, which explains that the latter plays
also the role of an adsorbent material because of its
color and its chemical composition reducing therefore,
the concentration of many organic compounds present
in water such as phenols.
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