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Abstract- A single sloped solar still were designed and fabricated to operate under Djibouti city weather
condition during the period April-May 2019. In this study, a single slope solar still has been constructed
from materials available on the local market. Series of experiments were carried out on solar still using
brackish water. Ambient temperature, water temperature in basin, absorber plate temperature, glass
cover temperature and vapor temperature were measured along with the hourly water production. This
study has revelead that the vapor temperature is always above that the others temperatures for all the
four days of experiments. Then, the effect of water amount in the basin on productivity of solar still was
investigated using different amount of water 6 L, 8 L, 10 L and 12 L. The experimental results show that
the total accumulated distillate output for the single slope solar still is 2490 mL, 2390 mL, 2240 mL and
2015 mL, respectively. However, it is observed that with increase in basin water amount distillate water
production decreases. On the other hand, the effect of wind speed on the daily productivity of solar still is
evaluated. Experimental investigations show that the cumulative productivity increases when the wind
speed average increase. Finally, water quality analyses were conducted before and after the experiments.
The average analysis results obtained showed a removal efficiency of 98.16%, 98.42%, 97.43% and
95.39% for TDS, electrical conductivity, hardness water and chloride, respectively. It was also observed
that data obtained of the product water were within the normal range prescribed by World Health
Organization (WHO) standards.
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I. INTRODUCTION

Water is an essential element for the continuity and development of life of all creatures as well as for
vegetation and sanitation on earth. The total volume of water in the world is estimated at around 1.4 billion km?
99% of which is salty, brackish or frozen, the rest being fresh and drinking water. Fresh water intended for
human consumption is very unevenly distributed around the world. Only ten countries share 60% of fresh water
reserves while nine others mainly in Africa and the Middle East are facing chronic water stress in fresh water
[1]-2].

The Republic of Djibouti is located in the northeast of the African continent, between the Aden Gulf and the
Red Sea. It has a population of about 965598 with an area of 23.200 km? [3]. Djibouti is characterized by the
severity of its climatic conditions. The climate is hot and dry. Temperatures are ranging from 30°C to over 45°C
resulting in a high potential evapotranspiration of more than 2000 mm on average. Annual rainfall is low (150
mm / year on average) and irregular. Djibouti is one of the countries of the lowest water resources in the world,
most of which comes from aquifers. The over-exploitation of aquifers and the high pumping rate contribute to
an increase in the salinity, thus leading to development of brackish water. The salinity of much of this water
greatly exceeds the standards of the World Health Organization (WHO) [4]. However, tap water is drinkable,
but its quality is not guaranteed (problems of infiltration in the pipes in case of rain, for example) and a rather
salty flavour [5].
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The problem of the lack of rainfall, and its consequences on the population, especially in rural areas of
Djibouti, is becoming more and more recurrent in the country. The increasingly rare rains would have the direct
consequence of lowering the water table as well as an increasing the salinity rate of the water, thus becoming
unfit for human consumption. Rural areas are most affected by the lack of access to water because they are often
located far from municipal water supply systems and conventional sources, and are not connected to the
electricity grid.

In the republic of Djibouti, the access of drinkable water is a permanent challenge for the majority of the
population living in rural areas. Desalination of brackish or saline water is a means of addressing the problem of
providing drinking water to rural population. Concerns associated with this growing shortage have generated a
wave of technological innovations in the field of water purification in the world. Conventional distillation and
membrane separation processes are currently providing solutions to water needs not only for developing
countries but also for industrialized countries [2]. But the major disadvantage of these processes remains the use
of fossil energy that contributes to the climate change of the planet and depletion of natural resources. These
processes are very costly, very energy intensive and require the use of chemicals. In recent decades, significant
improvements in research and development of renewable energy sources (solar, wind turbines, etc.), clean and
economical energies, have made their use a favorable response to the problems of water shortage.

On the other hand, Djibouti has a large solar energy on its territory, with the Global Horizontal Irradiance
(GHI) of 4.7-7.3 kWh per square meter per day (m%*/day) available in almost every region of the country with
little variation all the year [6]. The use of abundant solar energy, is however, more efficient than using fossil
fuels in remote areas with low population density and low rainfall. Solar distillation process is the best suitable
solution to solve the problem of fresh water supply for small communities in arid regions with lack of drinking
water with a water demand less than 50 m3.d!' [7]. Small-scale solar still is a device using solar energy to
convert brackish or saline water to fresh drinking water. The design and fabrication of solar stills is very simple
and requires less maintenance. But the main drawback is that low productivity falls in the range of 2-5 liters per
day per m? [8] and problems associated with the deposit of salt, deposit of scale and corrosion [9]. Indeed,
different solar stills designs have been investigated in previous studies [10], the simplest of which is the single
slope solar still widely used in solar desalination.

According to the literature, on the productivity of a solar still depends upon environmental, design, and
operational parameters. However, different studies were carried out to improve the still productivity base on
these parameters [11]. The solar radiation is the main parameter that affects the productivity of the solar still.
Nafey et al. [12] designed and constructed four identical units of a single slope solar. They investigated the
effect of the solar radiation affecting solar still performance under the same weather conditions. Their results
showed that the productivity of a solar still increases with increases according to incident solar radiation. They
also developed a general equation to predict the daily productivity of a single slope solar still. This equation
could be used to predict the daily productivity with a reasonable confidence level (maximum error +5%).

The effect of water depth on the productivity of a solar still has been investigated in many publications ([13]-
[18]). Different depths of brackish water (0.5 cm, 2 cm, 3 cm and 4 cm) with TDS of 5000 ppm were tested
under the climatic condition of Jordan. The results obtained showed that the decreased water depth has a
significant effect on the increased water productivity [19]. In another study conducted by Badran and Abu-
Khader [20], their experimental results showed that the productivity increase 25.7% with decreasing water depth
from 3.5 cm to 2 cm.

Three identical conventional, basin types, single slope solar stills were designed, constructed by Alfaylakawi
and Ahmed [21] and tested under the environment of Kuwait city during the month of August. They studied the
effect of wind speed on the daily productivity of solar still. It has been found that increasing the wind speed
from an average natural value of 1.2 m/s to 3 m/s and 4.5 m/s speed up the production rate by 8% and 15.5%
respectively.

Many researchers have performed distillated water quality analyses in various solar stills ([22]-[23]). Ahsan
et al. [24] designed and developed a triangular solar still (TrSS), a low cost technique used in rural and coastal
areas for converting saline water into potable water using solar energy. In this study, they investigated on the
main parameters affecting the performance of solar still under Malaysian climate. The results obtained showed
that a few essential relationships were established, e.g. between the daily production and the initial water depth,
between the daily production and daily solar radiation, and between the daily production and the average
ambient temperature. The pH, Redox potential, EC, TDS and Salinity were tested for before and after water
collected from solar still. The result showed that the product water are within the accepted ranges of the WHO
guidelines for drinking water. Ahsan et al. [25] experimentally studied a simple solar still (SSS) for desalination
a synthetic saline water samples (1, 2, 3 and 5% salt) prepared in laboratory and water samples contaminated
with arsenic compound collected from Bangladesh. The water quality were tested for before and after from solar
still. The values after distillation were acceptable according to the World Health Organization (WHO) and
Malaysia Drinking Water Quality Standards (MAS) standards. The result showed also that the still was
successful in removing arsenic compound by more than 99%. Hoque et al. [26] studied saline water (synthetic
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water and real seawater) desalination with solar still in the context of Bangladesh. They evaluated saline water
quality before and after distillation in the solar still and then compared with the drinking water standards. The
results obtained showed a removal efficiency of with more than 99 % for turbidity, chloride, TDS and electrical
conductivity respectively. All of these measured parameters of the product water are within the accepted ranges
of the WHO guidelines for drinking water.

The objective of the present study is to fabricate a solar still and to carry out an experimental work to
investigate the effects of solar radiation, water amount in the basin and wind speed on the daily production of
fresh water under Djiboutian climate. After wards, a few of water quality parameters, such as electrical
conductivity (EC), pH, total dissolved solids (TDS), hardness water and chloride, were analysed before and after
distillation in the solar still in laboratory. The results of different parameters are compared with the World
Health Organization (WHO) standards.

II. MATERIALS AND METHODS

A. Working principle of solar still

A schematic diagram and photographic view of a single slope solar still are shown in the Fig.1 and 2
respectively. The solar still design is a device allowing converting saline or brackish water into fresh water. The
solar still used in this work is of a very simple design. It is a single slope solar still. It has the advantage of being
easy to construct and require less maintenance. The single slope solar still is made mainly of a wooden box
equipped with thermal insulation, where a still basin black painted is inserted. The wholer’s covered by
transparent glass inclined at a certain angle to transmit the maximum solar radiation.

The solar radiation, passing through the transparent glass, heats the brackish water or seawater contained in
the absorber plate, which evaporates at high temperatures. The water vapor thus produced condenses on the
internal face of the inclined transparent glass. The condensate flows and collects through a distillate channel
(Fig.1).
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Fig. 1. Schematic diagram of single slope solar still.

B. Different steps of design of components of solar still

1) Wooden box and thermal insulation: The wooden box, exterior cover, contains the various active
elements of the solar still (Fig. 1). It must therefore provide effective protection against meteorological
conditions. It is made from plywood plate cut into five parts and then assembled manually using screws. The
dimensions are as follows:

= Thickness: 6 mm,
=  Height: 0.7 m and 0.20 m,
=  Base surface area: 0.54 m?.
The inside of the wooden box is covered with a 2.5 cm thick layer of expanded polystyrene fixed with
silicone glue. The expanded polystyrene will serve to reduce the heat loss due to conduction.

2) Still Basin: Absorber plate: The material most have high absorbtivity or very less reflectivity and very
less transmissivity. These are the criteria’s for selecting the absorber plate materials ([13], [27]). For the
realization of the absorber plate, we used a galvanized iron sheet measuring Im x 2m x 1.5mm. For this purpose,
the latter is cut into five parts and welded into a single absorber painted black to effectively absorb solar
radiation and convert it to heat and transfer the heat to the water. The dimensions of which are as follows:

=  Thickness: 1.5 mm,
= Height: 0.52 m and 0.15 m,
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=  Base surface area: 0.4346 m2.

3) Glass cover: Ordinary glass was chosen for their good thermal conductivity, their good transmission of
solar radiation and their wettability. Glass thick was used as a top cover. It is inclined at an angle of 32°, even an
angle which is much greater than the minimum inclination (15°) from which the detachment of the drops of
water condensed on the glass is avoided [28]. And other hand this angle inclination allows to increase the
amount of solar radiation reaching the surface aperture more frequently during the day ([29]-[31]). The
emissivity coefficient of the glass is 0.91. The dimensions of which are as follows:

=  Thickness: 6 mm,
* Base surface area: 0.612 m?.

The distillate channel is made by polyvinyl chloride (PVC) and placed on the base of the glass cover with an
inclination of 6° towards the graduated cylinder to avoid of the reevaporation. To prevent vapor escape from the
solar still and to ensure a good seal between the glass and the other components of the solar still, silicone glue is
used. Silicone glue is flexible and easy to remove when necessary for maintenance purpose. The Fig.2
represents the prototype assembled of single slope still solar used in this work.

Fig. 2. Photograph view of single slope solar still.

C. Experimental procedure

Experiments were carried out in Djibouti city particularly in the district Balbala (GPS coordinates are of
longitude E 43°06.681° and latitude N 11°32.958"), Republic of Djibouti. The experiments have been conducted
during the month of April-May 2019. The prototype of the solar still was placed on the terrace to get the
maximum of solar radiation from 6:30 a.m. until sunset (6:30 p.m). During 12h of direct experiment, the
measurements of the ambient temperature, glass cover temperature, vapor temperature, water temperature in
basin, solar radiation, wind speed and absorber plate temperature are recorded each hour.

The single slope solar still is oriented towards East direction up 12 p.m and then orientation is changed
towards West direction in order to receive most of the available solar radiation.

The temperatures at various locations in the still were measured by K-type thermocouples. The intensity of
solar radiation and the glass cover temperature were measured using respectively pyranometer and pyrometer.
The data of wind speed are provided by weather station, which is located Camp Lemonier of Djibouti [32]
during the four days. The distillate water is measuring by graduated cylinder tube and collected in a
polyethylene terephthalate (PET) bottle during each experiment.

The water used in this work is the tap water of residential district Agadalis of district Balbala. However, this
tap water is drinkable but a salty flavour to some extent tolerable. Brackish water by definition has a salty taste
and a higher salinity when compared with fresh water, but less saline than sea water. Brackish water refers to
water with salinity of 500 - 17000 mg/1 [33]. A study carried out by Abdoulkader [34] revealed that the waters
supplying of Djibouti city have electrical conductivity value 4000 pS/cm. In this case, it is thought to be this tap
water to brackish water.

Chemical analyses of all samples for brackish water and distillate water which were used for the study was
carried out for electrical conductivity, total dissolved solids using EC/TDS/Temperature portable meter
(HANNA instruments), pH with pH-meter (HANNA instruments), Chloride and hardness water using
respectively method of Mohr and titration par complexometric by EDTA in the laboratory.

Fig. 3 represents the localization of various apparatus measuring used on solar still in this work. The
accuracies and error limits for the various measuring apparatus are given in Table I.
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TABLE I. Accuracy and Error Limits for Various measuring Apparatus.

Apparatus used Accuracy Range %Error
Thermocouple 0.1°C -40°C / +120°C 1.5%
Pyrometer 2°C -50°C / 600°C 2%
Pyranometer 2W/m? 0-2000W/m’ <10%
graduated cylinder tube 10ml 0-1000mL 10%

Fig. 3. Localization of various apparatus measuring used on solar still: 1) Vapor temperature, 2) Glass cover temperature, 3) Water
temperature in basin, 4) Absorber plate temperature, 5) Glass cover angle, 6) Solar radiation, 7) Ambient temperature.

II1. RESULTS AND DISCUSSIONS

In this part, the results and the discussions, during the thermal performance (manipulation without water) and
the distillation phase with water, are grouped together. The experiments reported in this work have been
conducted during for 4 days, 28 of April, 1, 2 and 3 of May 2019 having four different basin waters amounts of
6L,8L, 10 L and 12 L of brackish water on single slope solar still under Djiboutian Climate.

A. Study of thermal performance of single slope solar still without water

Once design and construction finished, the prototype was tested without water to check the maximum
temperature obtained within of single slope solar still. The Fig.4 represents the variations of temperatures of
glass cover, absorber plate and ambient and solar radiation in each hour on 27 April 2019. The variation of
temperatures of various components of solar still increase faster than ambient temperature and this is where the
greenhouse effect begins. According in the Fig.4, it shows that absorber plate temperature reaches a value of
95.9°C at time 11:30 a.m which is highest for the day. This temperature obtained is close to the boiling point of
water and would allow good evaporation when using the still solar with water. The variation in solar radiation
during time reaches its maximum value of 1142 W/m? at 12:30 p.m and decreases from 3:30 p.m. Consequently,
the performance of solar still increases when the solar radiation increases. The data obtained for the different
temperatures are summarized in Table II.
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Fig. 4. Variation of various temperatures and solar radiation of solar still on 27 April 2019 without water.
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TABLE II. Ambient and Still Conditions without Water, 27 April 2019.

Time, hr | Glass cover temp, °C | Absorber plate temp, °C | Ambient temp, °C | Solar radiation, W/m?
6.5 19.5 25.5 26.3 72
7.5 39.1 49.7 28.8 402
8.5 50.5 69 31.6 616
9.5 57 80.2 31.8 910
10.5 63.1 86.7 333 965
11.5 67.8 95.9 353 995
12.5 55.1 91.7 349 1142
13.5 55.7 87.1 40.3 1069
14.5 553 80.8 37 720
15.5 45 71.1 343 182
16.5 39.5 57.9 30.1 380
17.5 335 42.8 29.8 110

B. Variations of various temperatures and solar radiation

Fig. 5 shows the hourly variation of the received solar radiation intensity on the solar still for four different
water amount in basin (i.e., 6 L, 8 L, 10 L and 12 L) for the 4 operating days (28 April, 1, 2 and 3 May 2019)
during the period from 6:30 a.m to 6:30 p.m. It can be observed that the solar radiation intensity received at
solar still surface varies with time. It increases gradually from morning to 6:30 a.m to reach their maximum
values at 12:30 p.m (except 1 May where the maximum value solar radiation intensity reached at 11:30 a.m) and
decreases towards evening due to a low sunshine.

The maximum recorded values for solar radiation were 1048, 970, 977 and 1021 W/m? during 28 April, 1, 2
and 3 May 2019, respectively. On the 1 May, it can be noticed that, there is one point which show a decreasing
trend of solar radiation intensity at mid-noon. This is due to a very few clouds that cover the sky.

As shown in the Fig. 5, the trend solar radiation intensity is almost similar to all four days, but there is a small
difference in the values of solar radiation. This difference in these values of solar radiation intensity is due to the
change climatic conditions during these 4 days.
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Fig. 5. Trend of solar radiation during the operating days with different water amount in basin.

Fig. 6, 7, 8 et 9 show the hourly variation ambient temperature, water temperature in basin, absorber plate
temperature, glass cover temperature and vapor temperature with the time for the 4 operating days 28 th of April,
1 st, 2 th and 3 th of May 2019 having four different water amount in the basin. The results show that variations
of the all temperatures increased gradually on solar radiation intensity and obtained high values temperatures
during period 12:30 p.m - 3:30 p.m.

It can be seen in these figures that the vapor temperature is the maximum for all the four days of experiments
followed by water temperature in basin, absorber plate temperature, glass cover temperature and ambient
temperature. The variation in the vapor temperature can be attributed to the variation in basin temperature which
affects the natural air circulation currents inside the solar still [35]. These results are in agreement with these
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reported by Badran [19] and Orisaleye et al. [36]. The vapor temperature ranges between 40.8-82.2°C, 39-
93.7°C, 25.1-67.5°C and 31.4-76.4°C during the operating days of 28 April, 1, 2 and 3 May respectively.

It was also observed that the absorber plate temperature and water temperature in the basin are almost similar
for all the test days, of course with slight differences. The maximum absorber plate temperature reached 72.2°C,
79.9°C, 78.7°C and 81.7°C, where as the maximum water temperature in basin recorded is found to be 77.3°C,
78.7°C, 79°C and 83.7°C with a maximum solar intensity of 1048, 970, 977 and 1021 W/m?, respectively,
during the operating days of 28 April, 1, 2 and 3 May, respectively. This is due to of the continuous contact
between them which lead to heat equilibrium ([20], [37]). The variation absorber plate temperature is mainly
due to the high ability of basin material to absorb heat. These observations are consistent the results of ([38]-
[39D).

As can be seen in these figures, the ambient air temperature is lower when compared to all surface
temperature. The ranges of the ambient temperature within 12h are 27.4-34.1°C, 27.7-36.3°C, 29.9-37.1°C and
28-37.2°C during the operating days of 28 April, 1, 2 and 3 May respectively, with high temperatures always
observed at 12:30 p.m - 3:30 p.m.

The water temperature in at basin solar still is higher than that at of the glass cover temperature as shown in
these figures during of 4 days of experiments. This is due to the fact that the water in the basin is being heated
by the absorber plate and by a fraction of solar radiation passing through the glass cover [40].
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Fig. 6. Diurnal variations in temperatures of water, glass cover, absorber plate, vapor and ambient on 28 April 2019.
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Fig. 7. Diurnal variations in temperatures of water, glass cover, absorber plate, vapor and ambient on 01 May 2019.
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Fig. 8. Diurnal variations in temperatures of water, glass cover, absorber plate, vapor and ambient on 02 May 2019.
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Fig. 9. Diurnal variations in temperatures of water, glass cover, absorber plate, vapor and ambient on 03 May 2019.

C. Effect of basin water amount on water production

Fig. 10 represents hourly cumulative productivity obtained for different water amount in the solar still basin
(i.e., 6 L, 8 L, 10 L and 12 L). From the experimental results, it is found that the total accumulated distillate
output for the solar still is 2490 mL, 2390 mL, 2240 mL and 2015 mL during the operating days of 28 April, 1,
2 and 3 May respectively. However, it was observed that the volume of distilled water output varied inversely
with the amount of water in the basin. It is clearly observed that the maximum cumulative productivity is
obtained from a low water amount (6 L) in the basin of solar still and minimum for a high water amount (12 L).
It can be concluded that the increase in productivity is due to the high evaporation rate obtained at lower water
amount (6 L) compared with the other three water amount (8 L, 10 L and 12 L), because the temperature of the
water in basin growing rapidly for a lower basin water amount.

With the increase in basin water amount from 6 L to 8 L, 6 L to 10 L and 6 L to 12 L, water cumulative
production from solar still reduces by 4.01 %, 10.04% and 19.07%, respectively.

The results obtained are a good agreement with the experimental studies carried out by other researchers
([411-[42]). They showed that the water depth has a significant effect on the water productivity.
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Fig. 10. Variations of cumulative water productivity with different basin water amount during the operating days.
D. Relationship between wind speed and water production

The wind speed was observed to have a significant effect on solar still water production ([10], [12], [43] —
[45]). Fig. 11 represents the variation of cumulative water productivity with average daily wind speed. At the
minimum cumulative water productivity of 2015 mL/day, average wind speed was obtained as 11.09 km/h. The
average wind speed of 13.44 km/h was occurred at the maximum cumulative water productivity of 2490 mL/day.
The maximum average daily wind speed of 14.36 km/h gives as cumulative productivity as 2240 mL/day.
Therefore, it is revealed the cumulative productivity increases when the wind speed average increase and high
wind speed give less development in yield than reasonable wind speed [17]. However, increasing velocity of
wind cooling down the temperature of the glass cover and consequently increases the condensation rate as well
as increasing solar still productivity ([46]-[47]). As the glass cover temperature decreases, the productivity
increases [11].

Many authors have studied the effect of wind speed with different designs solar still on the productivity of
solar still. It has been demonstrated that the increase in wind speed causes an increase in productivity ([45],
[48]-[56]). According to the literature, the effect of wind speed on the productivity can be explained by the
convective heat transfer coefficient from glass cover which increases and temperature difference between water
and inner side glass cover increase as well. As a result the performance of solar still is enhanced ([45], [55],
[571-{58]).
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Fig. 11. Variation of cumulative water productivity with average daily wind speed.
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E. Analysis of water quality before and after purification with solar still

Table III shows the different water quality parameters, namely pH, total dissolved solids (TDS), electrical
conductivity (EC), hardness water and chloride, of the distilled water produced from brackish water and to
compare the World Health Organization (WHO) standards for drinking water. The values of total dissolved
solids (TDS), hardness water, chloride and electrical conductivity (EC) reduced from 2340, 632, 2023.5 mg/l,
4700 puS/cm before experiment to 43, 16.2, 93.2 mg/l and 74 puS/cm after experiment, respectively. Four values
obtained after distillation were within the accepted range of WHO standards drinking water. Furthermore, a
good percentage (> 95%) of removal was noticed for four parameters TDS, EC, hardness water and chloride
[26]. In the literature several studies, relating to different types of water (namely lake water, sea water,
groundwater, brackish water, river water and domestic water) with different design of solar still, have reported
that the water produced is in fair agreement and conforming WHO guidelines ([25], [27], [59]-[62]).

The pH values were reduced to 4.32 (distilled water) from 7.75 (Brackish water) and are not within the WHO
limits of drinking water (Table III). According to the literature, this acidity of the distillate can be explained by
the dissolution of carbon dioxide and turns into carbonic acid [63]. Deliou et al. [28] can be found the same
results in her experimentation of double slope still solar.

TABLE III. Water Quality Parameters of Product Water from Brackish water

Water quality parameters Brackish water Distilled water (after) Removal % WHO standards
(before) [64]
pH 7.75 432 - 6.5-8.5
Total dissolved solids (TDS, mg/l) 2340 43 98.16 <600
Electrical conductivity (EC, uS/cm) 4700 74 98.42 <250
Hardness water (mg/l CaCO3) 632 16.2 97.43 200
Chloride (mg/l) 2023.5 93.2 95.39 250

IV.CONCLUSION

The paper aims at developing a device allowing converting saline or brackish water into fresh water and has
the advantage of being easy to construct and requires less maintenance. Therefore, a low cost single slope solar
still (SSSS) was fabricated with simple, cheap and available materials. Different parameters affecting solar still
productivity, such as effect different amount water in the solar still basin and effect wind speed, were evaluated
under climatic condition of Republic of Djibouti. It was found that a low water amount 6 L gives the maximum
cumulative productivity 2490 mL/day. In addition, the wind speed has been found to have a significant effect on
water production of the solar still. Analyses of water quality after purification with solar still for four parameters
TDS, EC, hardness water and chloride respected ranges of drinking water guidelines of the World Health
Organization.

The use of the solar still, especially for rural and coastal populations, offers an economically advantageous
alternative while purifying groundwater, all types of surface water, brackish water and seawater in fresh water to
produce good quality water while preserving their health.
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