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Abstract

The current paper evaluated experimentally an innovative sun tracking concentrated solar still under Egyptian climatic condi-
tions during the summer of 2022. The proposed system consists of a 120-cm-diameter parabolic reflector mirror that tracks
the sun using a dual axis tracking system, a cylindrical solar still with a volume of 3.7 L positioned in its focal point, and
a concentration ratio of 12.5. The performance of the concentrated solar still was investigated in the context of two critical
parameters. First, three feed water salinity (17, 27, 37) ppt samples were evaluated, followed by four percentages of saline
water filling ratio (26.5, 39.8, 53.1, 66.3)%. Increasing the salinity of the feed water had no effect on solar still productiv-
ity, but increasing the saline water filling ratio did. The daily cumulative productivity of the system was 6 kg/m? with an
optimal filling ratio of 53.1%, a daily efficiency of 42.88%, and an average cost of freshwater production of 0.0489 $/L. The
proposed system also had the highest instantaneous efficiency of 61.77% and the highest distilled water productivity rate of
0.941 kg/h m?,
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Abbreviations

CPL Cost per liter ($/L)
CSS Conventional solar still
PCM Phase change material
SDC Solar dish concentrator
Introduction

Freshwater is an important natural resource for the ecosys-
tem's existence and continuity, yet it is in short supply. Even
though water covers two-thirds of the planet and is avail-
able as sea water and ice glaciers, 97% of it is saline water
and the remaining is freshwater; however, only 1% of the
freshwater is easily accessible (Omara and Eltawil 2013).
One of the significant challenges in rural regions is the lack
of water for drinking, sanitation, agriculture, and other pur-
poses (Bahrami et al. 2019). Desalination is the process of
removing minerals, salts, and pollutants from water. The
desalination process requires a significant amount of energy;
however, using fossil fuel as an energy source is no longer
the ideal option because of the environmental impact, as well
as the limitations and excessive costs of fossil fuel (Qtaishat
and Banat 2013). Renewable energy replenishes faster than
depletion and is abundant, making it an alternative energy
source for use in desalination and may be the sole alternative
in rural regions (Renewable Energy|Department of Energy
2023). Solar, wind, biomass, and geothermal energy have
been used in the desalination process. Solar energy is one of
these promising and extensively utilized renewable technolo-
gies. The solar collector is a simple and low-cost technology
used to concentrate energy in solar desalination processes.

Egypt is in the Earth's Sun Belt; thus, it receives a lot of
sunlight, averaging 9-11 h every day. Egypt receives daily
direct normal irradiance (DNI) ranging from 5.6 to 7.6 kWh/
m? (Global Solar Atlas 2023), according to the solar atlas.
In addition to the abundance of saline water in Egypt from
the Mediterranean and the Red Seas, which makes water
desalination using solar energy is the most promising tech-
nology that warrants further exploration. There are two types
of solar desalination processes: direct and indirect. Direct
systems in which solar energy is converted into heat and
used to evaporate the saline water in the same device such
as solar still and humidification Dehumidification systems,
while indirect systems are split into two subsystems: a con-
ventional desalination unit and a solar collector (Bait 2020;
Shatat and Riffat 2014; Sakthivadivel et al. 2020).

Solar concentrator collector's technologies include solar
power tower, parabolic trough collector, solar parabolic
dish, and Fresnel reflector (Luo et al. 2018; Fredriksson
et al. 2021; Coventry and Andraka 2017; Perini et al. 2017).
The parabolic dish has a single focal point and uses mirrors
or other reflecting foils as reflectors. It is important to be
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equipped with dual axis tracking to change the azimuth and
elevation angles and point directly toward the sun to achieve
the greatest DNI on the solar dish concentrator (SDC) (Ali-
man et al. 2007). The parabolic dish concentrator outper-
forms other concentrators due to its ability to achieve ele-
vated temperature ranges (Jamar et al. 2016; Chaouchi et al.
2007), and high concentration ratios (Jamar et al. 2016). It
also has low thermal losses, which results in high thermal
efficiency (Jamar et al. 2016; Chaouchi et al. 2007), and
high optical efficiency (Tian and Zhao 2013). It can also be
utilized in hybrid systems by combining it with other devices
(Al-Amayreh et al. 2020).

The performance of the solar still has been investigated
extensively through extensive scientific research, distinc-
tive designs were proposed, and various parameters have
been studied. These enhancements occurred on the con-
ventional solar still since it is easy to fabricate at low cost,
but their main drawback is their low productivity. Manokar
et al. (2020) studied experimentally the influence of water
depth on pyramid solar still. The cumulative productivity
was reduced by 8.6, 27.42, and 44.09% for water depths of
2, 3, and 3.5 cm, respectively, compared to water depth of
1 cm. Rahmani et al. (2020) experimentally considered the
effect of the external condenser on the performance of the
solar still. The results showed that adding external condenser
does not always have a positive effect, and the performance
is related to the weather condition. In moderate weather it
improved solar still productivity by 29%, while in exces-
sively hot or cold weather it decreased the productivity by
16.5%. Panchal et al. (2021) demonstrated experimentally
the effect of black paint mixed with graphite powder on the
absorber plate on the productivity. The graphite powder
increased productivity when compared to CSS by 10.5%
and 17%, for a weight fraction concentration of 20% and
40%, respectively. Al-Harahsheh et al. (2022) investigated
experimentally connecting solar collector and using PCM
on the performance of solar still. According to the results,
adding a solar collector increased productivity by 340% then
adding the PCM to that system increased its productivity by
another 50%.

Furthermore, to increase the productivity of the solar still
it was integrated with solar concentrators. The parabolic
trough, for example, is utilized to concentrate the radiation
incident on its aperture area into the focal line where the
receiver is mounted to absorb that concentrated heat. Elash-
mawy (2017, 2020, 2019) and Elashmawy and Alsham-
mari (2020) integrated parabolic trough with solar still has
improved the daily yield by 676% while reducing the CPL
by 45.5%, while the spraying and concentric tubes cooling
reduced the productivity by 10% and 43.8%, and the effi-
ciency by 7.79% and 42.63%, respectively. Furthermore, the
black gravel as a sensible energy storage material enhanced
productivity and efficiency by 14.18% and 13.89%; finally,
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adding a parabolic trough to tubular solar still with desiccant
enhanced productivity and efficiency by 292.4 and 82.3%,
respectively, and reduced the CPL by 25%.

Moreover, for achieving higher temperature ranges and
concentrator ratios the dish is utilized. Chaouchi et al. (2007)
explored theoretically and experimentally combining a solar
still with a 1.8 m parabolic dish concentrator attaining a
concentration ratio of 195. The predicted productivity of
the system was 10.4 L with an average relative error of 42%
compared to the experimental. Prado et al. (2016) studied
theoretically the impact of salinity on daily productivity
of dish concentrator solar tracking with evaporator, and it
was validated experimentally. According to results, raising
the salt concentration from 0 to 4% lowered the distilled
yield from 4.95 to 4.11 kg/m?.day. Other recent studies
incorporating solar still with solar concentrator regarding
configuration, location, methodology, absorber and con-
centrator areas, concentration ratio, salinity, average solar
intensity, average productivity, and daily efficiency are listed
in Table 1.

Previous research highlighted an urgent need for greater
investment and further investigation into solar water desali-
nation technologies. Solar still remains one of the simplest,
easiest, and cheapest solar desalination devices, which is dis-
tinguished by the availability of its components locally. It is
an essential choice for delivering drinkable water to humans
while camping, exploration excursions, or isolated resi-
dences in remote areas or contaminated water areas. Because
conventional solar stills have a poor productivity per square
meter due to the considerable heat loss via the large area
of the transparent surface, whether glass or plastic, numer-
ous research has been conducted to enhance their efficiency
and productivity. Since the transparent surface is the main
cause of this drop in productivity, researchers began to work
toward eradicating it by developing concentrated solar stills
that maximize freshwater productivity by focusing radiation
via parabolic concentrator's mirrors. Concentrated solar stills
attempt to replace expensive metal absorber surfaces with
less expensive plastic or glass concentrator surfaces. Despite
being a promising technology with high applicability, there
have been few studies on concentrated solar stills.

As a result, the current study intends to investigate
experimentally the performance of a new sun tracking con-
centrated solar still in hot weather in Egypt at various feed
water salinities and saline water filling ratios. The suggested
system consists of 120-cm-diameter parabolic reflectors
that are controlled by a dual axis solar tracking system. A
20-cm-diameter cylindrical solar still made of stainless steel
and a 34-cm-diameter copper absorber are positioned at the
focal point of the parabolic reflectors with a concentration
ratio of 12.5. The solar still's innovative design separated
the evaporator and condenser, allowing sun tracking without
mixing the produced vapor with saline water or condensate.

The solar irradiation incident on the SDC's aperture area
is reflected to the solar still's absorber plate, it has an auto-
matic sun tracking system to direct radiation normally to
the receiver positioned in the focal point. The saline water
in the solar still evaporates, generating vapor that condenses
in the stainless-steel hose condenser. The proposed concen-
trator solar still's performance was evaluated under differ-
ent atmospheric conditions using various operating param-
eters such as feed water salinity, where three different feed
water salinities (17 ppt, 27 ppt, and 37 ppt) were assessed,
which are suitable for either sea water or brackish water.
Furthermore, several saline water filling ratios of 26.5%,
39.8%, 53.1%, and 66.3% were examined in order to deter-
mine the optimal ratio that yields maximum freshwater pro-
ductivity. Aside from the system's uniqueness, the system
is self-contained, and it may be powered by a solar cell,
which is beneficial in off-grid rural areas. The system also
has a small footprint, which may be beneficial in terms of
preserving huge tracts of land; this feature can be capital-
ized on by mounting the new system on wind turbine tow-
ers and providing freshwater to employees and neighboring
populations.

Experimental setup

An innovative concentrated solar still was designed and fab-
ricated; Fig. 1 provides the layout of the setup, while Fig. 2a
introduces the pictorial view. All experiments were con-
ducted on the roof of Shoubra engineering college (30.07°
N, 31.24° E) under the climatic conditions of Cairo city in
Egypt during the months of June, July, and August 2022. A
120-cm-diameter solar dish concentrator (aperture area of
1.13 m?) with 4 cm x4 cm mirror pieces glued to its surface
was utilized to reflect solar irradiation on its focal point,
where the solar still is mounted.

As shown in Fig. 2b, a cylindrical stainless steel solar still
with a 5 mm thickness, 20 cm diameter, and 12 cm height is
bolted to a 3 mm thick, and 34-cm-diameter copper absorber
plate with a rubber sealing in between to prevent water and
vapor leakage. The solar still has four ports, as shown in
Fig. 2c. The first is the make-up port, which is located on
the solar still's top surface and is used to add water or flush
the solar still of the brine. The vapor output port, which is
also located at the top of the solar still where steam escapes
and condenses. The drain port at the bottom of the absorber
plate drains the solar still from the brine water. Finally,
the thermocouple port is located on the solar still's lateral
surface and is used for thermocouples' insertion inside the
solar still to monitor temperatures. To prevent heat losses
from the solar still's side wall and top, 1 inch glass wool
insulation is used, and the copper absorber at the bottom is
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Fig. 1 A layout of the experimental setup
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Table 2 The experimental test rig main components

Item no Component description Item no Component description

1 Supporting frame 12 Vapor hose

2 Solar dish concentrator 13 Make up hose

3 Holding arms 14 Drain hose

4 Dual Axis tracking 15 0.3 HP centrifugal pump
system

5 Sun tracking sensor 16 Saline water tank

6 Sun tracking controller 17 Distilled water tank

7 Solar still 18 Brine tank

8 1-inch glass wool 19 Digital anemometer
insulation

9 1 inch ball valve 20 Digital solar power

meter
10 Y2 inch ball valve 21 Data acquisition system
11 Y5 inch check valve 22 Laptop

painted with black selective coating to enhance solar radia-
tion absorptivity.

Table 2 contains detailed descriptions of the experimental
test rig main components. A dual axis tracking system was
utilized to position the SDC directly normal to the incident
solar radiation, ensuring that the radiation is consistently
concentrated on the SDC's focal point. The tracking sys-
tem is powered by two actuators, one of which spins the
main axis of the system base from north to south with 225°
degrees of freedom to alter the azimuth angle, whereas the
other adjusts the elevation angle. These actuators are pre-
configured with a WSTO03-2 solar tracking controller and
powered by a 24 Volt AC/DC converter. To feed the solar
still, a 0.3 HP water pump circulates saline water from the
storage tank into the solar still make-up port.

Temperatures of the absorber plate inner surface, saline
water in the evaporator, and vapor generated were monitored
and measured using T-Type thermocouples, the probes were
inserted into the solar still, thermocouples were connected to
a multi-channel data recorder (MCR-4TC). The outside tem-
perature of the absorber plate was measured using a Fluke
Ti32 thermal imager, and the temperatures of saline water
in the storage tank and distilled water in the yield tank were
measured using a mercury thermometer. The ambient tem-
perature and wind speed were measured using a WT8907
digital anemometer. While the direct normal irradiance
incident normal to the parabolic dish was measured using a
TES-1333R data recording solar power meter.

Experimental procedures
The practical experiments were conducted from June to
August 2022, from 8:00 to 18:00 where they were performed

on sunny days with an average direct solar irradiation of
824.2-923.2 W/m?. In the current study, the performance
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of the concentrated solar still was evaluated under three dif-
ferent feed water salinities prepared by dissolving Sodium
Chloride in freshwater to simulate Mediterranean water (37
ppt) and Brackish water (27 ppt and 17 ppt). Furthermore,
each of the prepared saline water samples is employed in a
variety of saline water filling ratios &, which are the ratios
of the saline water inside the solar still to the volume of the
solar still itself. Whereas the solar still is filled with 1, 1.5,
2, and 2.5 kg of saline water, corresponding to filling ratios
of 26.5, 39.8, 53.1, and 66.3%, respectively. Every experi-
ment began with cleaning the SDC's reflecting mirrors with
a dry microfiber cloth, followed by spraying glass cleaner
and wiping it. Then flush the solar still by circulating fresh-
water multiple times to make sure any residual brine from
the previous experiment is removed and pump the saline
water sample examined to the solar still. Run the measuring
devices and double-check that everything is ready to begin
the experiment. The experiment begins at 8:00, and all data
are collected at 15-min intervals throughout the day. When-
ever distilled water equal to 25% of the saline water charged
in the still is obtained, the same amount of saline water is
added as make-up. The tracking system is turned off and the
experiment is finished at 18:00 during the sunset, the waste-
water is discharged through the drain port, and the solar
still is backwashed. The same procedures were repeated for
the rest of experiments. The temperatures of ambient air,
absorber internal and external surfaces, saline water inside
the evaporator, vapor was measured, along with wind speed,
direct normal irradiance, mass of distilled water yield were
all monitored and recorded every 15 min.

The uncertainty analysis is crucial for experimental data
obtained by the measuring devices to evaluate the accuracy
of measurements. Table 3 shows the uncertainties associ-
ated with various experimental measuring devices such as
solar power meter, thermocouples, and anemometer; these
values are provided by the device datasheet. The Holman's
method (Holman) is used to estimate the total uncertainty
in the experimental data. The total uncertainty in the daily

Table 3 Uncertainties and errors for various experimental measure-
ment devices

Device Uncertainty Range
Solar power meter +10 W/m? 0-2000 W/m?
Anemometer +3% 0-45 m/s
+1°C 0-45°C
Thermocouples +2°C 0-1024 °C
Salinometer +1% 0-999 PPM
Weighing balance +1gm 0-10000 gm
Calibrated flask +25 mL 0-2000 mL
Solar tracker <I°
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distilled productivity and the daily system efficiency of the
experimental data results is calculated by Eq. (1):

2 2
wz\/<%> xwf+<3i;> xa)i D

where w, and w, are the independent variables uncertainties.

According to the uncertainty Eq. (1), the maximum
total uncertainty in calculating the daily distilled produc-
tivity and the daily system efficiency is approximately
0.37% and 1.12%, respectively.

Data reduction

The following are the essential mathematical equations for
comprehending the concentrated solar still and its perfor-
mance based on the data acquired and recorded throughout
the experiments:

The concentration ratio, which is the ratio of the dish
aperture area (A 4;,) to the absorber area (A4,,,), is the most
essential aspect in the design and construction of solar
concentrators, as stated by Eq. (2):

Ay
CR = ish
— @

abs

The incident heat on SDC is calculated using Eq. (3):
Qsolar = Adish x DNI (3)

where A is the aperture area of SDC (m?) and DNI is the
direct normal irradiance incident on the SDC surface (W/
mz).

The heat concentrated on the solar still's absorber plate
is computed as a function of the heat incident and is pro-
vided by Eq. (4):

Qconc = Meonc X Qsolar (4)

The concentrator efficiency 7., defined as the ratio of
heat received by the absorber to heat incident on SDC, is
influenced by the optical characteristics of the materials
utilized as well as the shape; it is computed by Eq. (5):

Heone = P X T'X [ 5)

where p represents the reflectivity of SDC mirrors, I” the
intercept factor, and f; the shading factor generated by solar
still on SDC mirrors.

Heat is lost from the absorber plate to the environment
through two mechanisms: radiation and convection. Radia-
tion heat loss is classified into two types: reflected and
emitted. To begin, reflected radiation heat loss is computed
using Eq. (6):

Qref = Pabs X Qconc (6)

where p,; . denotes absorber reflectivity.
The emitted radiation heat loss is given by Eq. (7):

4 4
Oemit = Eaps X 0 X Aypg X (Tabs - Tamb) )

where ¢, denotes the absorber emissivity and ¢ is Ste-
fan—Boltzmann constant, which is 5.67 X 1078 W/m? K*.
The absorber and ambient temperatures (K) are represented
by T, and T, are, respectively.

The external convection heat loss on an angled heated flat
plate is computed by Eq. (8):

Qconv =h ><Aabs X (Tabs - Tamb) (8)

where £ is the convection heat transfer coefficient (W/m? K)
calculated using Eq. (11) and is a function of the Nusselt
Number determined by Eq. (9):

Nu = 0.325 x Re®%?% x (1 + sin6)%? 9)

where Re is the Reynolds Number determined from Eq. (10)
and 6 is the angle formed between the absorber plate and
the vertical.
Ving * L

Re = —Wind ~ ¢ (10)

v
where V4 is the wind velocity (m/s), L, is the character-
istic length (m), and v is the air kinematic viscosity (m?/s).

Nu * K
h — air

I (11)
where Nu represents the Nusselt Number and K,;. denotes
the thermal conductivity of air (W/m K).

The useful heat energy entering the absorber equals the
concentrated heat minus the heat losses, as determined by
Eq. (12):

Quseful = Qconc - Qloss = Qconc - (QRef + QEmit + Qconv)
12)

The system efficiency is computed from Eq. (13):

_ Misiled * g 13
rlSys B Qsolar * At ( )
where mg;g;eq denotes the mass of distilled yield (kg), hy,
represents the latent heat of vaporization of water (J/kg), and
At denotes the time (s).
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Results and discussion

The effects of saline water salinity and saline water filling
ratio on concentrated solar still performance under various
weather conditions have been demonstrated in this section.

The weather data for a typical test day (Wednesday,
July 28, 2022) are illustrated in Fig. 3. The ambient air
temperature was minimum 33.2 °C at 8:15 and continu-
ously rises throughout the experiment until it reaches its
peak around 42 °C in the afternoon from 14:00 to 14:15.
While the wind velocity varies substantially throughout
the experiment, it reaches a maximum of 3.43 m/s at 15:15
and a minimum of 0.18 m/s at 8:30. The maximum direct
normal irradiance (DNI) was 992.4 W/m? at 9:00, and
minimum of 443.6 W/m? at sunset (18:00) while it has an
average of 876.9 W/m? throughout the day, with a slight
decline due to clouds between 10:00 and 10:15.

Hourly variations of outside and inside temperatures
of the absorber plate, temperature of saline water inside
the evaporator, and the produced vapor temperature on
Wednesday, July 28, 2022, with a filling ratio of 53.1%
and feed water salinity of 17 ppt are presented in Fig. 4.
At 8:00, the temperatures of the absorber plate outside
and inside, saline water in the evaporator, and the vapor
were 46.2, 43.9, 40.3, and 38.4 °C, respectively. The figure
clearly shows that all the temperatures increase with time
during the buildup period until they reach the boiling point

130 vttt ————7—
b —©O— Absorber plate (outside) —E— Water in the Evaporator
120 b —3X— Absorber plate (inside) —P>— Produced vapor -
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Fig.4 Hourly temperature variation in a solar still at filling ratio
53.1%, and feed water salinity of 17 PPT (July 28, 2022)

at 9:00, when the outside and inside temperatures of the
absorber plate were 110.4 and 107.9 °C, respectively, and
the temperature of the saline water in the evaporator, and
the vapor produced were 102.9, and 100.3 °C, respectively,
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the slightly higher boiling temperature of water is due to
the salinity of water being tested as recent studies have
proved.

It can be seen that the system's temperatures are affected
by the DNI, the system has fast response since temperatures
dropped between 10:00 and 10:15, it depends on DNI only
and not ambient temperature since the system is totally insu-
lated except the small area of absorber. At 17:30, the outside
and inside temperatures of the absorber plate begin to fall
slightly below the temperatures of the saline water and vapor
in the solar still because of the decrease of DNI, while the
system's productivity is dependent on the stored heat in the
solar still during this period.

Following that, solar still hourly distilled water productiv-
ity fluctuation at filling ratio 53.1% and feed water salinity of
17 PPT on Wednesday, July 28, 2022, are shown in Fig. 5.
Between 8:00 and 18:00, roughly 6 kg/m? of distilled water
was produced, where the cumulative productivity gradually
increases over time. The produced distilled water rate was
zero during the first hour due to energy buildup inside the
solar still and then reached a maximum of 0.941 kg/h m?
at 12:00, when the ambient temperature was high and the
wind speed was low, resulting in small thermal losses, as
shown in Fig. 5. The effect of DNI drop on the productivity
was at 10:30 with a slight lag between the productivity and
the DNI.

The incident heat (Q,,,.), concentrated heat (Q,,.), and
useful heat (Q.s,) are calculated from Eqgs. (3), (4), and
(12), respectively. The incident heat is dependent on DNI
and follows the same pattern as shown in Fig. 6. While the
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Fig.5 Solar still hourly distilled water productivity fluctuation at fill-
ing ratio 53.1%, and feed water salinity of 17 PPT (July 28, 2022)
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Fig.6 Hourly fluctuation in heat transfer rates in a solar still at filling
ratio 53.1%, and feed water salinity of 17 PPT (July 28, 2022)

difference between the incident heat and concentrated heat
curves is due to collector efficiency, which is impacted by
optical properties and geometry; both curves exhibit the
same variation. Finally, the variance between the concen-
trated heat and useful heat curves is attributable to heat
losses by radiation (reflection and emission) and convection,
which are calculated using Eqgs. (6), (7), and (8), respec-
tively. These losses fluctuate continuously due to several
uncontrollable factors; as a result, the useful heat varies
substantially as seen in Fig. 6.

Effect of filling ratio on solar still performance

The solar still filling ratio has a significant impact on daily
distilled productivity, system efficiency, and performance.
As shown in Figs. 9, 10 and 11, the daily distilled produc-
tivity and the system efficiency increased by increasing the
filling ratio of the still, from 26.5 to 53.1%, whereas from
53.1 to 66.3% decreased the performance of the solar still.

At the beginning the performance increases due two
parameters: first when the filling ratio increased the make-
up cycle (that previously described in experimental proce-
dures section) frequency is decreased which absorb energy
for added water to reach the evaporation temperature, second
the increased filling ratio has a surface area of contact with
absorber plate greater than lower filling ratio that make bet-
ter heat transfer coefficient for the system, as illustrated in
Fig. 7.

The contact area between water and absorber plate
changes during the day due to sun tracking and frequent
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Fig.7 Schematic diagram of
solar still at average elevation
angle of 50° with different fill-
ing ratios a 26.5%, b 39.8%, ¢
53.1%, d 66.3%

Fig.8 Schematic diagram of
solar still at filling ratio 66.3%
at various elevation angles a
20°,b 10°, ¢ 0°

variations in elevation angle, as seen in Fig. 8. The area
of the free water surface, which is the evaporation surface,
is constant at a different filling ratio at the same angle of
elevation as shown in Fig. 7, while bubbles form on the
heating surface of the absorber plate and then rise to the
evaporation surface. The longer the distance the bubbles
travel, the higher resistance to the rate of evaporation. This
effect over-controls when the filling ratio is 66.3%, and
the reason behind the drop in the performance of the solar
still.

The rate of distilled water for various filling ratios 26.5%,
39.8%, 53.1% and 66.3% for different water salinity 17, 27
and 37 PPT is shown in Fig. 9. The distilled water rate goes
up by increasing the filling ratio up to 53.1% before decreas-
ing at 66.3% in all three salinities. The curves can be divided
into three periods, first period from 9:00 to 11:00 where the
curves are steepest as it is the period of energy buildup, sec-
ond period from 11:30 to 13:30 where the curves are almost
flat where the coming heat energy is utilized for evaporation,
third period from 14:00 to 18:00 where the curves are less
steep as the DNI gradually decreases while the latent heat is
reserved within the solar still. For feed water salinity of 17
ppt, the distilled rates reach their maximum values at 12:00
of 0.829, 0.854, 0.941, and 0.898 kg/hr.m2 for filling ratios
of still of 26.5, 39.8, 53.1, and 66.3%, respectively.

@ Springer

Figure 10 demonstrates the effect of varying the filling
ratio on the system's cumulative productivity. Increasing
the filling ratio of the still from 26.5% up to 53.1% boosted
the daily cumulative productivity but it was reduced at
66.3% filling ratio. The daily cumulative productivity at 17
ppt feed water salinity was 5, 5.23, 6, and 5.63 kg/m? for
filling ratios of 26.5, 39.8, 53.1, and 66.3%, respectively.

The instantaneous efficiency for different filling ratios
is illustrated in Fig. 11; it is computed from the hourly
distilled water and solar energy using Eq. (13). According
to the figures, raising the filling ratio from 26.5 to 53.1%
enhanced instantaneous efficiency, whereas increasing
the filling ratio to 66.3% lowered it. The instantaneous
efficiency gradually ascends until it reaches a maximum
between 12:00 and 13:00, when the distilled water was at
its peak, and then it progressively drops through the rest of
test hours. Until the final period of 17:00 to 18:00, when
the instantaneous efficiency remains constant or slightly
increases, when the DNI drops and the generation of vapor
and production of distilled water based on the heat energy
stored inside the solar still. The instantaneous efficiencies
at 12:00 for a feed water salinity of 17 ppt were 53.11,
54.31, 61.77, and 57.59%, for filling ratios of 26.5, 39.8,
53.1, and 66.3%, respectively.
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Fig.9 Effect of filling ratio on solar still distilled water rate for different feed water salinities of a 17 PPT, b 27 PPT, and ¢ 37 PPT

Effect of varying feed water salinity

The effect of salinity was studied in the range of 17-37 ppt
with 10 ppt increments, and the results showed that distilled
productivity and system efficiency were insignificantly
reduced with salinity increase, which is considered ben-
eficial for the proposed desalinating system because it can
desalinate not only brackish or saline water but also highly
saline and brine water. The boiling temperature elevates with

increased salinity requiring more energy to evaporate the
saline water. Furthermore, raising the salinity of the feed
water causes precipitated salts to accumulate on the absorber
plate surface over time, acting as insulation for heat transfer
into the solar still.

The rate of distilled water for various feed water salinities
ranging from 17 to 37 ppt is shown in Fig. 12. The results
demonstrated that a higher distilled water rate was achieved
by the lowest salinity 17 ppt, whereas the 27 and 37 ppt
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Fig. 10 Effect of filling ratio on solar still daily cumulative productivity for different feed water salinities of a 17 PPT, b 27 PPT, and ¢ 37 PPT

salinities were remarkably closely explained by the lower
average solar irradiance during the experiments on the 27
ppt sample. As described in the previous section where the
distilled water rate curve can be divided into three periods,
period of energy buildup from 9:00 to 13:00, period of peak
evaporation from 11:30 to 13:30, finally period of decline
from 14:00 to 18:00. The distilled water rate at 12:30 at a
filling ratio of 26.5%, was 0.838, 0.777, and 0.81 kg/hr.m2
for feed water salinities of 17, 27, and 37 ppt, respectively.

@ Springer

Figure 13 depicts the effect of feed water salinity on dis-
tilled cumulative productivity of the system. Raising the feed
water salinity reduces the cumulative productivity. Raising
the feed water salinity from 17 ppt to 27 and 37 ppt, lowered
the cumulative productivity from 6 to 5.72 and 5.68 kg/m?,
respectively, at filling ratio of 53.1%.

The instantaneous efficiency calculated from Eq. (13)
for various feed water salinities is illustrated in Fig. 14.
The instantaneous efficiency is relatively similar with
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Fig. 11 Effect of filling ratio on instantaneous efficiency for different feed water salinities of a 17 PPT, b 27 PPT, and ¢ 37 PPT

minor differences, but it insignificantly decreased by
increasing the feed water salinity. It can be seen that the
efficiency remains constant or slightly increase in the
period of 17:00 to 18:00 due to the drop in DNI and vapor
generation depending on energy stored (as mentioned in
the previous section). Maximum instantaneous efficiency
values for filling ratio of 53.1% at 12:00 are 61.77%,
62.03%, and 59.77% for feed water salinities of 17, 27,
and 37 ppt, respectively.

Figure 15 summarizes the proposed system's daily
cumulative productivity and system efficiency under sev-
eral operating parameters investigated. By increasing the
filling ratio from 26.5 to 53.1%, daily productivity and
system efficiency were on average enhanced by 22.7% and
26.3%, respectively. A further increase in the filling ratio
from 53.1 to 66.3% averagely lowered daily productivity
and system efficiency by 7.1% and 6.9%, respectively. On
the contrary, raising the feed water salinity reduces daily
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Fig. 12 Effect of feed water salinity on solar still distilled water rate for different filling ratios of a 26.5%, b 39.8%, ¢ 53.1%, d 66.3%

cumulative productivity and system efficiency. When the
feed water salinity is raised from 17 to 27 ppt, the values
of daily productivity and system efficiency are reduced by
7.1% and 2.2%, respectively. The corresponding values for
raising feed water salinity from 17 to 37 ppt are 5.6% and
5.1%, respectively. Taking into consideration the lower
average solar irradiance during the experiments on the 27
ppt sample.
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Economic analysis

Aside from design simplicity, ease of implementation, and
component availability, the primary purpose of developing
a novel solar desalinating unit is to supply pure freshwa-
ter at low cost and competitive rates to rural and isolated
areas. Table 4 shows cost estimation for the proposed
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Fig. 13 Effect of feed water salinity on solar still daily cumulative productivity for different filling ratios of a 26.5%, b 39.8%, ¢ 53.1%, d 66.3%

system's main components. The system's total fixed cost
is approximately F=231.6 $. The average cost of distilled
water is calculated using Eq. (14):

C=F+V (14)

where n is the expected solar still lifespan, V is the variable
cost, and C is the total cost.

Previous studies used a variable cost (V) of 0.3
F per year (Omara and Eltawil 2013; Kabeel 2009)

and a lifespan of 10 years for this unit, therefore
C =231.6+0.3%x231.6 X 10 = 926.48.

Nevertheless, for a comprehensive evaluation of the sys-
tem's economic viability throughout the year, the annual
productivity is calculated by multiplying the average sum-
mer production by the average number of sunny days in
the testing region. Sunny days annually typically range
between 250 and 340 in various countries (Omara and
Eltawil 2013; Elashmawy 2017, 2020, 2019; Elashmawy
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Fig. 14 Effect of feed water salinity on instantaneous efficiency for different filling ratios of a 26.5%, b 39.8%, ¢ 53.1%, d 66.3%

and Alshammari 2020; Ahmed et al. 2022; Wang et al.
2022; Abubakkar et al. 2021; Tawfik et al. 2022; Gor-
jian et al. 2014; Kabeel 2009; Jobrane et al. 2022; Dhiva-
gar et al. 2022; Algsair et al. 2022), while in Egypt, this
range extends from 300 to 340 (Omara and Eltawil 2013;
Tawfik et al. 2022; Kabeel 2009). In this study, the aver-
age value within the specified range for Egypt has been
utilized. This daily average distilled productivity figure
serves as a pivotal metric for evaluating the system's

@ Springer

overall performance and efficiency. Furthermore, it under-
scores the importance of extending the analysis beyond
the summer season to encompass variations in climatic
conditions throughout the year. While the current data
reflect operational outcomes during hot climatic condi-
tions during summer season, it is imperative to address
the system's performance during the contrasting winter
season. In accordance with the experimental findings,
the daily average distilled productivity of the system is
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Table 4 Cost estimation of the solar still component

Item Price ($)
Iron sheet 29.7
SDC 44.7
Mirror 6.4
Tracking system 75.6
Pump 29.4
Connections and fittings 45.8
Total 231.6

established at 5.92 kg/day. Assume the distillation system
operates for approximately 320 days per year, consider-
ing the consistent sunlight throughout the year in Egypt.
During the system's lifespan, the total distilled yield is
5.92 x 10 x 320 = 18,944 kg. The cost of producing one
kilogram of freshwater is 926.4 /18944 = 0.0489 $.

Egypt, situated within the Earth's Sun Belt, exhibits distinct
solar energy potential throughout the year, it experiences a
range of daily direct normal irradiance (DNI) from 5.6 to 7.6
kWh/m?, as delineated by the solar atlas. Egypt gets the most
sunshine hours in June (11.9 h), the least in January (6.2 h),
and an average of 9.2 h throughout the year (Climate: Nile
Delta in Egypt. 2024). The investigation was conducted during
June, and July, and August with a daily operational timeframe
of 10 h, aligning with the yearly average. While the system's
efficiency may dip during winter compared to summer, Egypt's
substantial solar energy potential persists throughout the year,

ensuring the system can maintain satisfactory water productiv-
ity even in the winter months.

Table 5 illustrates a comparison of the current study's
findings with prior investigations with conventional solar
stills and solar stills coupled with solar dish concentrator.
The daily cumulative productivity for the current study was
6 kg/m?, which is within range for previous studies of con-
centrated solar stills (4.44—6.5 kg/m?), and higher than that
of CSS (1.19-4.235 kg/m?). The efficiency of the solar still
system increased by concentrating more solar radiation on the
absorber plate leading to increasing the temperatures of the
waters and reaching the boiling state and enhance the genera-
tion of vapor. The system efficiency of the proposed system
was higher than that of CSS (11-31.46%), while comparing
it to concentrated solar still it was higher than Tawfik (2022).

It can be seen that the concentration ratio affects the cost
of the distilled water, Tawfik (2022) had less CR than the pro-
posed system, so their system CPL was higher, while Omara
(Omara and Eltawil 2013) had higher CR than the proposed
system, so their system CPL was less; this achievement is criti-
cal for water production. Furthermore, when compared to the
global average CPL of $0.474 (Bottled water 2022), the cur-
rent study indicates an excellent CPL of water.

Conclusions and recommendations
The current study explores the experimental performance

of an innovative sun tracking concentrated solar still with
a solar concentration ratio of 12.5 under Egyptian weather

@ Springer
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Table 5 Comparison between different results for solar still coupled with SDC and CSS
Solar still with dish concentrator Conventional solar still
Present Tawfik et al. Bahrami Pradoetal. Omaraand Fayazetal. El-Sebaey  El-Sebaii Velmurugan
(2022) et al. (2019) (2016) Eltawil (2021) et al. (2022) etal. (2017) et al. (2008)
(2013)
Year 2022 2020 2019 2015 2012 2021 2018 2014 2006-2007
Study type  Experimen- Experimen- Theoretical Theoretical Experimen- Experimen- Experimen- Experimen- Experimental
tal tal-theoret- tal tal tal tal-theoret-
ical ical
Location 30.07° N 30.57° N 30.66° N 18.91°S 31.07°N 30.77° N 30.5°N 30.79° N 9.93° N
31.24°E 31.50°E 51.58°E 48.25° W 30.57°E 76.57°E 31.01°E 31°E 78.12°E
Avg.solar  824.2-923.2 818.4-842.3 850-900 791 1000 750 750 719.7 700
(W/m?)
Concentra-  12.5 4.23% 78.55% 133.3% 17.2* 1 1 1 1
tion ratio
Yield (kg/  6° 0.213° 5.7-6.5 4.44¢ 5.5 3.1 1.19-1.79  4.235 2.77
m?)
Efficiency 42.88° 36.04° - - - 31.46 11-15.1 - -
(%)
CPL ($/L)  0.0489 0.64 - - 0.028 - - 0.0434 0.2

#Calculated based on data
At 17 ppt salinity and 53.1% filling ratio of still
€At 15 ppt salinity and 0.75 kg of saline water mass in SS

4At 2% salinity and 100 mL of saline water mass in SS

conditions. This is to identify novel options for providing
freshwater to rural areas in simple and cost-effective ways.
In the summer of 2022, the system was assessed by varying
two critical factors: the feed water salinity (17 ppt, 27 ppt,
37 ppt to replicate sea water in the Mediterranean Sea and
brackish water in Egypt). Furthermore, the solar still filling
ratios, where four ratios were assessed (26.5, 39.8, 53.1,
and 66.3%), the study's primary conclusions are as follows:

e Increasing the filling ratio from 26.5 to 53.1% resulted in
a22.69% increase in the daily cumulative productivity
and a 26.34% boost in the daily system efficiency.

e Further increase in the filling ratio from 53.1 to 66.3%
has reduced the daily cumulative productivity and daily
system efficiency by 7.06% and 6.87%, respectively.

e Increasing the feed water salinity from 17 to 37 ppt
reduced the daily cumulative productivity by approxi-
mately 5.61% while decreasing daily system efficiency
by 5.1%.

e The optimum solar still filling ratio is 53.1%, with a daily
cumulative productivity of 6 kg/m? and a daily system
efficiency of 42.88%.

e By examining the pricing of the proposed concentrator
solar still, it indicates the distinct economic feasibility,
as a liter of desalinated water costs $0.0489, which is a
promising price when compared to the other solar desali-
nation technologies.

@ Springer

The current study indicates potential areas for fur-
ther improvement, suggesting the following research
opportunities:

e Evaluate the device's performance under various cli-
matic conditions throughout the year, with a specific
focus on cloudy conditions to provide a more compre-
hensive overview.

e Consider incorporating photovoltaic cells to supply the
required electrical power, enhancing the device's sus-
tainability, and reducing dependence on external power
sources.
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