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ABSTRACT

The aim of this study was to investigate the performance of a solar desalination system
using three different types of feedwater to reach near zero liquid discharge (ZLD) under
hyper arid environment. Solar still was used to desalinate seawater (SW), groundwater
(GW), and agricultural drainage water (DW). The influence of meteorological parameters on
the performance of the solar still was investigated. The system productivity (MD), opera-
tional recovery ratio (ORR), and thermal efficiency (ηth) were determined during the
desalination process. Some physicochemical properties of the feed, brine, and distilled water
were measured such as total dissolved solids (TDS), electrical conductivity (EC), pH, den-
sity (ρ), and color. The performance was in direct proportion to solar radiation and ultravio-
let index. The average ranges of the MD, ORR, and ηth were 0.56 L/m2/h, 36.77, and
52.38%, respectively, for all waters. The final recovery ratios were 68, 93, and 95.6% for SW,
GW, and DW, respectively. Statistical empirical models were found to predict the system
performance with a range of R2 was 88–96%. One major output of this research is the
assessment of the solar still system during the desalination process for near-ZLD, which
adds a new perspective to system design, analysis, and modeling of the possible use of
solar energy in ZLD desalination process. On the other hand, more studies are required for
the continuous pilot production system, modeling for commercial production, in addition to
full economic evaluation of the system.
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1. Introduction

Worldwide, only two-thirds of the population has
access to pure and potable water [1]. The lack of pure
and potable water is a critical problem that is con-
stantly increasing, pursuant to population growth and

changes in weather conditions. Presently, the global
demand for water also is increasing as is environmen-
tal pollution from fossil fuels, and the lack of nonre-
newable resources and economic crises increase the
utilization of renewable energy, such as solar [2–8]. It
has been reported that owing to water inadequacies
for the growing global population and the need to
maintain the environment, the zero liquid discharge*Corresponding author.
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(ZLD) method has been under consideration and focus
[9]. The ZLD method is considered an important
approach to manage water resources, maximize water
savings, decrease desalination and water treatment
costs, and conserve water resources and the environ-
ment [9]. Farahbod et al. [10] stated that desalination
based on the ZLD process is the best and most logical
solution to reduce or remove the biological problems
that result from concentrated, brine wastewater drai-
nage into the ecosystem. The aim of the ZLD process
considers two serious environmental issues for
desalination plants: reusing the concentrated brine
effluent from desalination units, thus negating the
need for disposal (zero discharge) and producing
potable water and salt. The ZLD process is the most
promising technique for solving these problems
[9–11]. In other words, the ZLD approach results in
the cost-effective concentrating of the brine near com-
plete dryness. The removed water can be recycled to
increase its recovery ratio. The remaining, reduced
volume waste is a dry or semi-dry solid that should
be disposed of in special sites [9] or further processed
for production of salts [12].

Desalination based on ZLD technique can be
implemented in several ways. Stanford et al. [13] men-
tioned that with energy costs persistently increasing
and carbon emission concerns escalating, the future of
desalination will rely on continued developments in
decreasing energy requirements. Garcı́a-Rodrı́guez
[14] reported that using renewable energies such as
solar energy for desalination is suitable, especially in
rural and remote areas where conventional energy
supply and skilled workers are not usually available.
The solar desalination process is an environmental-
friendly and cost-saving process that is competitive
with other desalination techniques [15–19]. The solar
energy can be used directly or indirectly for desalina-
tion. The direct process exploits solar energy to pro-
duce distillate directly in the solar collector, while in
the indirect collection systems, two sub-systems are
used; one for solar energy collection and the other for
producing distillate water [10]. The direct solar
desalination is essentially suited for small production
systems, such as solar stills. In the area of solar
desalination, Ayoub and Malaeb [20] mentioned that
there is a need to develop solar stills into a more effi-
cient technology for sustainable water production.
Solar stills can be the best solution to supply water to
arid and remote regions without relying on
high-technology and skills [21], since it requires low
operation and maintenance cost but need large areas
and high initial costs [22]. The idea of solar stills is
similar to the natural hydrological cycle that involves
two processes, namely evaporation and condensation

[23]. Simply, it comprises a transparently roofed basin
containing the sea-, waste-, or brackish water to be
evaporated. The water, heated through solar radiation,
evaporates and condenses as it hits the transparent
cooler cover and drips down into a channel as distil-
late water [20].

The majority of existing research in solar desalina-
tion has concentrated on modifying the solar still
design to present components that would allow water
to either evaporate or condense faster [24]. Moustafa
et al. [25] conducted experimental investigations on
stepped solar still and wick-type evaporator still, and
the efficiency of the still improved by decreasing the
radiation losses from the basin. Zurigat and Abu-Arabi
[26] used and studied double glass cover. Dimri et al.
[27] conducted theoretical and experimental analyses
of a solar still using a flat plate collector with various
condensing materials. Moreover, many studies have
focused on different designs of solar stills, by way of
example, not exhaustive enumeration, simple solar still
[28], single basin solar still [29], double basin solar still
[30], triple basin solar still [31], multiple basin [32],
tubular solar still [33], wick-type solar still [34], trian-
gular solar still [35], and hemispherical solar still [36].
The aim of the multiplicity of designs is to attempt to
improve and optimize overall solar still performance.
With regard to solar distillation/desalination with
ZLD technique, there are some published papers.
Madani [37] proposed a ZLD direct contact freezing/
solar evaporator desalination complex as an efficient
system to decrease the environmental impact of con-
centrated brine from seawater (SW) desalination
plants. Additionally, an advanced solar dryer was
investigated to promote brine concentration and/or
ultimate salt recovery from the multiple-effect distilla-
tion (MED) brine effluent, accordingly contributing to
the production of salt, adding one more valuable out-
put to the entire system and enhancing the economics
and the environmental performance of an MED
desalination plant [38]. Assiry [12] noted that solar
evaporation ponds are particularly appropriate to dis-
pose of rejected brine from inland desalination plants
in arid and semi-arid areas owing to the abundance of
solar energy. Farahbod et al. [39] stated that the ZLD
desalination process is the most promising technology
to prevent salinity and thermal shocks to the ecosys-
tem through effluent streams of desalination unit
drained into the sea. Generally short, solar stills have
many advantages: simplicity of design, low installation
cost, independent water production, and easy mainte-
nance [22]. Furthermore, they can be employed as one
solar desalination unit in near-ZLD or ZLD desalina-
tion process. Assiry [12] applied the ohmic heating
technique to approach near-ZLD. The study revealed
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that applying the ohmic heating technique can
approach recovery, but in cost or energy where the
ranges of the recovery rate and specific energy were
81–93.5% and 4,550–5,071 kJ/kg, respectively. From
this standpoint, we can realize that reaching near-ZLD
requires high energy and high cost, and this will cer-
tainly vanish if we use solar energy as an energy
source. In this study, a solar still/panel (F Cubed. Ltd.,
Carocell Solar Panel. Australia) was used in the experi-
ments. This system has been used for desalination in
different locations in the world such as Australia,
Bangladesh, Indonesia, Philippines, Vietnam, India,
and Myanmar (F Cubed. Ltd., Australia), but has not
been investigated, tested, and evaluated to reach near-
ZLD under hyper arid environment. Therefore, the
objective of this study was to investigate the perfor-
mance and capacity of the solar desalination system
using three different types of quality water inputs to
reach near ZLD under hyper arid environment.

2. Materials and methods

2.1. Experiment setup, instrumentation, and measurements

The experiments were conducted at the agricul-
tural research and experiment station at the Depart-
ment of Agricultural Engineering, King Saud
University, Riyadh, Saudi Arabia (24˚44´10.90´´N,
46˚37´13.77´´E) between February and November 2013.
The weather data were obtained from a weather sta-
tion (model: Vantage Pro2, manufacturer: Davis, USA)
close by the experimental site (24˚44´12.15´´N, 46˚37´
14.97´´E). The solar still system used in the experi-
ments was constructed from a 6 m2 single stage C6000
panel (F Cubed. Ltd., Carocell Solar Panel. Australia).
The solar-still panel was manufactured using modern,
cost-effective materials such as coated polycarbonate
plastic. When heated, the panel distilled a film of
water that flowed over the absorber mat of the panel.
The panel was fixed at an angle of 29o from the hori-
zontal plane. The basic construction materials are
galvanized steel legs, aluminum frame, and polycar-
bonate covers. The transparent polycarbonate was
coated on the inside with a special material to prevent
fogging (patent for F Cubed- Australia). Front and
cross-sectional views of the solar still are presented in
Fig. 1. The water was fed to the panel using a centrifu-
gal pump (model: PKm 60, 0.5 HP, Pedrollo, Italy)
with a constant flow rate of 10.74 L/h. The fed water
was supplied by eight drippers/ nozzles, creating a
film of water that flowed over the absorbent mat.
Underneath the absorbent mat, there was an alu-
minum screen that helped to distribute the water
across the mat. Beneath the aluminum screen was an

aluminum plate. Aluminum was chosen for its hydro-
philic properties, to assist in the even distribution of
the sprayed water. Water flowed through and over
the absorbent mat, where solar energy was absorbed
and partially collected inside the panel; as a result, the
water was heated and evaporated as the hot air circu-
lated naturally within the panel. The hot air carrying
the vapor flowed toward the top of the panel, then
reversed its direction to approach the bottom of the
panel. During this process of circulation, the humid
air touched the cold surfaces of the transparent poly-
carbonate cover and the bottom polycarbonate layer,
so that the vapor condensed. The condensed water flo-
wed down on the cover of the panel and was collected
in the form of a distilled stream.

Three feed-water sources were used as inputs to
the system: SW, groundwater (GW), and agricultural
drainage water (DW). Raw SW was obtained from the
Gulf, Dammam, in eastern Saudi Arabia (26˚26´24.19´´
N, 50˚10´20.38´´ E). Raw groundwater, a reject product
of groundwater treatment plants, was obtained from
Bouwaib Station, east of Riyadh, the capital of Saudi
Arabia (25˚ 6´58.36´´N, 46˚50´28.49´´E). Raw agricul-
tural DW was obtained from Al-Oyun City, Al-Ahsa,
in eastern Saudi Arabia (25˚35´7.02´´N, 49˚35´48.17´´E).
The initial concentrations of total dissolved solids
(TDS) in the three types of water, along with their pH,
density (ρ), and electrical conductivity (EC), are listed
in Table 1. The three inputs were fed separately to the
panel using the pump described above. The residence
time—the time taken for the water to pass through the
panel—was approximately 20 min. Consequently,
samples of feedwater, distilled water, and brine water
were taken every 20 min. The flow rate for feedwater,
distilled water, and brine water were measured every
20 min. Moreover, the temperatures at the geometric
center of the feedwater inlet, brine water outlet, and
distilled water outlet were continuously measured. A
simple sketch of the solar desalination system is
displayed in Fig. 2.

The temperatures of the feedwater (TF), brine water
(TB), and distilled water (TD) were measured with a
calibrated T-Type copper constant, Teflon coated
thermocouple, ±1.5˚C accuracy (Omega Instrument).
Temperature data for the feed, brine, and distilled
water were recorded on a data logger (model: 177-T4,
Testo, Inc., UK) at 1 min intervals. The amount of
feedwater measured by calibrated digital flow meter
was mounted on the feedwater line (micro-flo, Blue-
White, USA). The amounts of brine water and distilled
water were measured by graduated cylinder. Special
quality parameters were measured for the feed, brine,
and distilled streams such as The TDS, EC, power of
hydrogen (pH), density (ρ), and Color components
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(L*, a* and b*). The TDS and EC of feed, brine, and dis-
tilled water were checked using calibrated TDS meter
(Cole-Parmer Instrument, Vernon Hills, USA). A pH

meter, (model: 3510 pH meter, Jenway, UK) was used
to measure pH of the samples. A digital-density meter
(model: DMA 35 N, Anton Paar, USA) was used to
measure ρ. Color components were measured using
Colorflex (HunterLab-ColorFlex, Hunter Associates
Laboratory, Inc.-Reston, US). A sample of 27 ml was
poured into the sample cup and then the cup was cov-
ered and inserted into the measuring chamber. Color
components were measured where L* is the lightness
or darkness, (black, L* = 0; white, L* = 100), +a* is red-
ness, −a* is greenness, +b* is yellowness, and –b* is
blueness. This instrument was calibrated with standard
calibration plates provided by the manufacturer.

3m

Drippers/Nozzles

(a) 2m Not to Scale (b)

(c)

Evaporation

Brine Water 
Outlet

Distilled Water Outlet

Condensation
Feed Pipe/ Water inlet

Transparent 
plastic cover

Plastic sheet

Air natural circulation

Aluminum 
mesh

absorber
black mat 

Thin aluminum 
plate

Fig. 1. Solar still panel: front section (a), picture of the panel (b), and cross-sectional view of the solar still panel (c).

Table 1
Some properties of the SW, GW, and agricultural DW used
for desalination process

Property SW GW DW

TDS (PPT) 41.1 7.45 4.71
pH 8.02 8.1 8.1
ρ (g cm−3) 1.04 1.01 1.001
EC (mS cm−1) 66.34 11.93 7.54
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The weather data, such as air temperature (To),
relative humidity (RH), wind speed (U), solar radia-
tion (Rs), and ultra violet index (UVI), were obtained
from a weather station mentioned above. The produc-
tivity capacity or the amount of distilled water pro-
duced by the system in a given time, was obtained by
collecting and measuring the amount of water
cumulatively produced over time. The operational
recovery ratio (ORR) is defined as the mass ratio of
the distilled water produced per unit mass of feedwa-
ter using the following equation [40]:

ORR ¼ MD

MF
� 100 (1)

where MD: is the mass of distilled water collected
during a certain period, kg, MF: is the mass of
feedwater during the same period, kg The instanta-
neous thermal efficiency (gth) of the system during a
certain period can be calculated using the following
equation [41]:

gth ¼
MD� L

RS � A
� 100 (2)

where, MD is the mass flow rate of distilled water col-
lected during this period, kg/s L: Latent heat of
vaporization = 2275 kJ/kg, Rs: Solar radiation on tilted
surface, kW/m2A: Area of solar still, m2.

All statistical analysis and data processing in this
research were carried out using IBM’s Statistical

Package for the Social Sciences Statistics 21 (SPSS Inc.,
Chicago, IL, USA). In the experiment, there were three
dependent variables (the MD, ORR, and ηth of solar-
desalination system) and nine independent variables
(To, RH, U, Rs, UVI,TDSF, TDSB,TF, and TB). MD,
ORR, and ηth were predicted using models obtained
from the regression analysis (stepwise method) of
solar-desalination experiments using meteorological
and operational parameters.

3. Results and discussion

3.1. Solar desalination system performance

For SW, the system was operated during the period
from 23/02/2013 to 23/04/2013, the data obtained can
be averaged on an hourly basis. A sample of the mete-
orological and operational data was shown in Table 2.
Generally, the range of To, RH, U, Rs, UVI, TF, TB,
TDSF, and TDSB were 17.7–32.9 (˚C), 13.00–67.25 (%),
0.05–12.09 (km/h), 144.22–905.35 (W/m2), 0.11–5.83,
24.32–42.23 (˚C), 32.76–67.87 (˚C), 41.60–129.73 (PPT),
and 47.13–132.57 (PPT), respectively. The hourly
ranges of MD, ORR, and ηth were 0.15–0.94 (L/m2/h),
7.13–65.77 (%), and 20.65–80.88 (%), respectively. His-
tograms for the minimum, average and maximum MD,
ORR, and ηth for the SW desalination process were
showed in Fig. 3. From this figure, the overall averages
during the whole days were 0.53 L/m2/h, 30.09, and
53.53% for MD, ORR, and ηth, respectively. Moreover,
it was cleared from the figure that the efficiency
decreased on the last day of the operation, which may
be due to the presence of clouds. Furthermore, by
correlating meteorological and operational parameters
with MD, ORR, and ηth, it was found that MD and
ORR were the most affected by Rs and UVI where, the
correlation coefficient (R) ≥ 0.70, whereas ηth was
mainly dependent on TDSF, as indicated in the correla-
tion Table 3. Also, a typical example of the most
affected parameters of the independent variables, with
R ≥ 0.70 during one day of operation with SW was pre-
sented in Fig. 4, which shows the relationship between
the dependent parameters and the independent
parameters with the highest R. In this figure, the
change of Rs, UVI, and MD during one day of opera-
tion was illustrated. It was evident that the MD
increased as the Rs and UVI increased and the maxi-
mum MD ≥ 0.8 L/m2/h occurred in the mid of the
day, where the Rs and UVI were around 700 W/m2

and 4.5, respectively. In Fig. 4, the highest ORR was
35.15% occurred around the mid of the day (from 10 to
12:30) when the Rs was 717.62 W/m2 and UVI was
4.30. The change of the ηth and the TDSF was presented
in Fig. 4. The highest ηth during this particular day was

Fig. 2. Simple sketch of the experiment setup.
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71.49%, reached at about 10 AM The TDSF increased
from 47 (PPT) to above 54 (PPT) by the end of the
operation at 3 PM. Overall with SW, the desalination
water system was able to approach a total recovery
ratio of 68%, beyond this ratio, a mixing between the
distilled stream and the brine stream occurred. This
mixing problem might be due to salt crystal formation;
so, a modification of the system design is necessary to
approach near ZLD.

Furthermore, for GW, the system was run during
the period from 31/05/2013 to 20/09/2013, the data
obtained was averaged based on an hourly basis. A
sample of the meteorological and operational data was
shown in Table 2. Through the entire period of the
experiment, the ranges of To, RH, U, Rs, UVI, TF, TB,
TDSF, and TDSB were 35.24–43.36 (˚C), 2.57– 11.52 (%),
0.00–7.20 (km/h), 339.57–899.49 (W/m2), 1.09–7.27,
40.80–51.05 (˚C), 42.42–63.41(˚C), 7.48–107.38 (PPT),
and 8.27–108.34 (PPT), respectively. Also, the range of
MD, ORR, and ηth were 0.15–0.89 (L/m2/h), 11.75–
64.61 (%), and 23.70–61.69 (%), respectively. The his-
tograms in Fig. 5 represent MD, ORR, and ηth at their
minimum, average, and maximum values. From this
figure, the general averages during the total days were
0.59 L/m2/h, 43.08, and 49.64% for MD, ORR, and ηth,

respectively. By correlating weather and operational
parameters with MD, ORR, and ηth, it was found that
MD, ORR and ηth were dependent on Rs and UVI as
illustrated in the correlation Table 3 with R ≥ 0.90. A
typical example of one day operation can be seen in
Fig. 6. From this figure, the averages of Rs and UVI
were 770.93 W/m2 and 5.33, respectively. Additionally,
it is noted that the increase in Rs and UVI increases
each of MD, ORR, and ηth. Also, ηth values were close
to a large extent throughout the day. However, the
solar still system with GW was able to approach final
recovery ratio of 93%, beyond this ratio, a mixing
between the distilled stream and the brine stream
occurred. This mixing problem might be because of the
formation of salt crystals. Thus, it is recommended to
modify the still system design to overcome this
problem.

Moreover, for DW, the system was run during
the period from 05/10/2013 to 01/11/2013. The
obtained data were averaged based on one hour
operation. Also, a sample of the meteorological and
operational data was presented in Table 2. The
ranges of To, RH, U, Rs, and UVI were 26.21–38.98
(˚C), 8.03–29.30 (%), 0.08–7.83 (km/h), 345.06–799.11
(W/m2), 1.13–5.44, respectively. The ranges of the

Table 2
Sample of weather and operational parameters of the desalination process for one day

Date Time
To

(˚C)
RH
(%)

U
(km/h)

Rs

(W/m2)
UVI
(–)

TF

(˚C)
TB

(˚C)
TDSF
(PPT)

TDSB
(PPT)

ORR
(%)

ηth
(%)

MD
(L/m2/h)

SW
24/02/

2013
9 AM 22.00 18.57 5.28 528.33 2.40 33.83 44.88 48.20 59.40 24.63 68.75 0.58
10 AM 23.58 17.21 6.57 656.94 3.60 35.56 47.73 48.87 64.93 32.20 71.49 0.75
11 AM 24.86 16.08 7.18 717.62 4.30 36.87 49.65 49.90 69.50 35.15 70.95 0.81
12 PM 26.25 13.25 7.14 713.95 4.19 37.86 49.61 51.13 70.67 34.19 68.51 0.78
1 PM 26.79 13.00 6.33 632.75 3.30 38.56 48.52 52.30 68.13 28.10 63.35 0.64
2 PM 26.93 13.46 4.91 490.68 1.98 38.38 44.96 53.47 63.60 19.51 55.81 0.44
3 PM 26.45 14.00 3.12 311.57 0.88 37.18 38.82 54.27 58.83 9.58 43.04 0.21

GW
31/05/

2013
9 AM 35.91 8.53 7.21 720.55 4.54 43.27 52.52 7.48 10.74 44.91 58.95 0.68
10 AM 37.34 7.02 8.44 843.79 6.29 44.96 56.36 7.61 12.91 56.63 61.43 0.83
11 AM 38.28 6.35 8.99 899.49 7.27 46.30 56.78 7.73 14.71 61.34 61.69 0.89
12 PM 39.66 5.49 8.96 896.25 7.13 47.58 56.77 7.84 14.79 58.78 59.34 0.85
1 PM 40.91 4.94 8.28 828.16 5.90 49.24 56.80 8.07 13.94 53.28 57.26 0.76
2 PM 41.63 4.29 6.97 696.79 4.03 50.44 53.03 8.21 12.05 42.31 53.15 0.59
3 PM 41.16 4.44 5.11 511.44 2.19 49.19 48.77 8.27 9.76 23.16 36.95 0.31

DW
08/10/

2013
9 AM 29.26 16.62 4.88 488.48 2.16 33.86 45.96 13.90 11.01 25.34 40.32 0.31
10 AM 26.21 17.32 7.19 719.44 4.13 34.55 48.69 18.38 26.50 44.02 54.45 0.63
11 AM 27.75 14.78 7.83 783.02 4.83 36.00 49.77 19.07 30.23 47.64 54.58 0.68
12 PM 29.34 12.98 7.71 771.17 4.56 36.97 50.99 19.96 31.87 45.42 52.82 0.65
1 PM 30.33 12.27 6.86 686.22 3.44 37.69 49.61 21.23 31.80 36.67 47.66 0.52
2 PM 30.76 11.98 5.37 536.68 2.06 37.26 47.24 22.37 30.04 25.69 41.70 0.36
3 PM 38.98 9.51 3.45 345.06 1.13 41.89 45.95 22.90 29.57 18.00 38.00 0.20
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process variables, namely TF, TB, TDSF, and TDSB
were 33.86–42.59 (˚C), 45.95–53.60 (˚C), 4.74–96.47
(PPT), and 7.80–107.45 (PPT), respectively. Further-
more, the hourly ranges of MD, ORR, and ηth were
0.26–0.86 (L/m2/h), 18.00–72.63 (%), and 34.00–68.09
(%), respectively. The histograms in Fig. 7 showed
the minimum, average, and maximum values of the
MD, ORR, and ηth. It was noted from this figure that
the averages of MD, ORR, and ηth during the opera-
tion days were 0.54 L/m2/h, 39.95, and 52.87%,
respectively. Also, by the same way as with the
previous two types of water, the weather and opera-
tional parameters were correlated with MD, ORR,

and ηth. It was found that MD, ORR were dependent
on Rs and UVI as showed in the correlation Table 3.
On the other hand, ηth was dependent on TB. Addi-
tionally, a typical example of the most affected
parameters by the independent variables with R ≥ 0.
70 during one day of operation were presented in
Fig. 8. Moreover, the solar desalination system with
DW was capable of approach total recovery ratio
95.6%, beyond this ratio, a mixing between the dis-
tilled stream and the brine stream occurred. This
mixing problem might be due to the formation of
salt crystals. Hence, a modification of the system
design is necessary to get over this problem.
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Table 3
The correlation values (R) between dependent parameters MD, ORR, and ηth and independent parameters

Parameter To (˚C)
RH U RS UVI TF TB TDSF TDSB
(%) (km/h) (W/m2) (–) (˚C) (˚C) (PPT) (PPT)

SW
MD (L/m2/h) −0.08 0.01 −0.31 0.72 0.73 −0.07 0.37 −0.42 −0.17
ORR (%) −0.38 0.55 −0.13 0.82 0.83 −0.42 0.61 0.03 0.35
ηth (%) −0.04 −0.10 −0.57 0.28 0.29 −0.06 −0.06 −0.77 −0.58

GW
MD (L/m2/h) −0.45 0.13 −0.02 0.98 0.97 −0.29 0.63 −0.40 −0.27
ORR (%) −0.40 0.05 0.04 0.98 0.97 −0.27 0.58 −0.41 −0.28
ηth (%) −0.51 0.15 −0.05 0.94 0.90 −0.33 0.68 −0.45 −0.31

DW
MD (L/m2/h) 0.07 0.08 −0.11 0.90 0.93 0.11 0.62 0.04 0.13
ORR (%) 0.20 0.10 −0.23 0.83 0.89 0.21 0.57 −0.01 0.06
ηth (%) 0.29 0.27 −0.42 0.49 0.57 0.26 0.71 0.38 0.41
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3.2. Total system performance

The overall performance of the solar-desalination
system was as follows. The average MD for the three
types of water was 0.55 L/m2/h (5 L/m2/d). This is
consistent with the findings of Kabeel et al. [42] and
Radhwan [43]. The average ORR and ηth were 37.1 and
52%, respectively. Fig. 9 displays the hourly average of
MD, ORR, and ηth for each operation day for each type
of water. It was obvious from the figure that the perfor-
mance in the middle of the day was higher than that in

the beginning and the end of the day. Also, it was found
that the average overall performance with GW type was
greater than that with other water types. This may be
due to the run-time which was at the end of spring and
the end of the summer. This time of the year enjoys
good climatic conditions and abundant solar radiation
which equal to 730 W/m2 as an average. A fluctuation
in efficiency was a result of changing weather condi-
tions throughout the day. Moreover, the average final
recovery ratio for the three types of water was 86%.
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3.3. Statistical Analysis of the parameters of the solar
desalination process

The effect of the To (˚C), RH (%), U (km/h), Rs

(W/m2), UVI, TF (˚C), TB (˚C), TDSF (PPT), TDSB
(PPT), and their interactions on the MD (L/m2/h),
ORR (%), and ηth (%), were statistically analyzed. The
nonlinear regression analysis (stepwise method) was
applied to find a reasonable set of empirical equations
with significant constants. With SW, the obtained
models were shown in Eqs. (3)–(5) with R2 equal to
0.91, 0.94, and 0.88 for MD, ORR, and ηth, respectively.

MD ¼ 0:126þ 0:243ðUVIÞ � 2:2� 10�5ðTDSFÞ2
� 0:018ðUVIÞ2 � 0:003ðU �UVIÞ (3)

ORR ¼� 4:433þ 0:119ðRH:UVIÞ þ 0:044ðRSÞ
� 0:010ðU � TDSFÞ

(4)

gth ¼ 13:992� 0:007ðTDS2FÞ þ 20:99ðUVIÞ
� 0:017ðRs �UVIÞ þ 0:82ðTDSFÞ � 0:002ðRH� TDSFÞ

(5)

where the applicability of these equations were limited
within the following ranges of the independent vari-
ables: RH: 12.90–70%; U: 0–12.65 km/h; Rs: 75.10–
920.69 W/m2; UVI: 0–6 and TDSF: 41.4–130 PPT. These
models have shown the significance of all individual
parameters, interactions, and high orders at significant
level of 5%. The models have demonstrated the
importance of the Rs, UVI, U, RH, and TDSF.
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Moreover, it was revealed that UVI was the dominant
parameter where the MD, ORR, and ηth were
increased as the UVI increased. Probably, that was
owing to the fact that increasing UVI resulted in an
increase in TB, which in turn increases the rate of
evaporation, leading to an increase in MD, ORR, and
ηth. The productivity of the system at high UVI trend
to decrease that might be because of the formation of
more fog in the solar still which reduces the condensa-
tion process of water vapor. According to the predic-
tion model in Eq. (3), the predicted MD was plotted
as a function of the measured MD. Fig. 10(a) shows a
graph of 45˚ (1:1) for the predicted and measured data

of the MD, where R2 was 0.91. Eq. (4) shows that ORR
increases as U decreases, which might be due to a
decrease in the convective heat transfer coefficient (h).
As the U decreases around the desalination system,
less heat was lost to the surrounding and ORR
increased. This agrees with the findings of Kalogirou
[1], where he stated that the h mostly depends on the
U. The interaction between RH and UVI had a posi-
tive effect on the recovery ratio, whereas the interac-
tion with TDSF had a negative effect on the ηth but
was relatively small and appears at high concentra-
tions. Additionally, Fig. 10(b) illustrated the good fit
of the predicted and real values of ORR, where R2
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was 0.939. Also, it should be noted that as the salt
concentration of the feed (TDSF) increased, productiv-
ity decreased. In general, ηth increased as TDSF
decreased and the reverse is true. It is clear that with
low TDSF, the rate of evaporation was higher, which
might be attributed weak ionic bonds in the low con-
centration of salts compared to the medium or high
concentration of salts in feedwater. The predicted and
real ηth were illustrated in Fig. 10(c) to show goodness
of fit.

For GW, the obtained models were displayed in
Eqs. (6)–(8), with R2 equal to 0.95, 0.96, and 0.95 for
MD, ORR, and ηth, respectively.

MD ¼ 0:030þ 10:494� 10�7 ðRSÞ2 (6)

ORR ¼ 2:514þ 7:560� 10�5ðRSÞ2 (7)

gth ¼ 23:4þ 0:117ðRSÞ � 5:67� 10�5ðRSÞ2
þ 0:007ðTDSF � TDSBÞ � 0:847ðTDSFÞ � 1:316ðToÞ
þ 0:016ðTo � TBÞ

(8)

Where the applicability of these equations was limited
to the following ranges of the independent variables:
Rs: 271.52–909.81 W/m2; To: 34.72–43.75˚C; TB: 41.83–
63.84˚C; RH: 2.14–12%; TDSF: 7.45–108.8 PPT and
TDSB: 6.71–108.87 PPT. The models showed the signifi-
cance of the parameters as Rs, TDSF, TDSB, To, and TB.
The models revealed that Rs was the dominant
parameter, either individual or in high orders, where
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MD, ORR, and ηth increased as Rs increased. Perhaps
that was because of the fact that increasing Rs resulted
in an increase in the rate of evaporation, which in turn
increases MD, ORR, and ηth. Manokar et al. [23]
reported that the evaporation rate essentially depends
on Rs. In accordance with the prediction model in Eq.
(6), predicted MD was plotted as a function of mea-
sured MD. Fig. 11(a) shows the predicted and real
data for MD; The R2 was 0.95 which showed excellent
agreement. Based on Eq. (7), ORR was predicted.
Fig. 11(b) shows the relation between real and pre-
dicted data for ORR data from the statistical model.
ORR showed the same trend as MD but with the high-
est R2 at 0.96. Eq. (8) showed that Rs was the most
important parameter that influenced ηth. This was con-
sistent with Mohamed and El-Minshawy [44], who
mentioned that the ηth value increases with the
increase of Rs until it reaches a maximum value and
then declines. Also, increasing TDSF resulted in lower
productivity. Overall, ηth decreased as TDSF increased.

It was clear that with decreasing TDSF, the rate of
evaporation increased, which as mentioned before it
could be attributed to the weakness of ionic bonds for
low concentrations of salts as compared to higher
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concentrations of salts in feed stream. The interaction
between TDSF and TDSB had a positive effect on ηth
while the interaction between To and TB had a positive

effect on the ηth. The RS
2, TDSF, and To had a negative

effect on ηth but it was relatively small. Fig. 11(c) pre-
sents the relation between real and predicted ηth data
from the statistical model as indicated in Eq. (8) where
the R2 was 0.95.

For DW, the nonlinear regression analysis was
utilized to find a reasonable set of empirical equations
with significant constants that were presented in Eqs.
(9)–(11) with R2 equal to 0.91, 0.93, and 0.90 for MD,
ORR, and ηth, respectively.

MD ¼ 0:141þ 0:003ðUVI� TFÞ (9)

ORR ¼ 8:703þ 0:294ðTo �UVIÞ (10)

gth ¼ 43:242þ 0:128ðTo �UVIÞ þ 0:009ðTDS2FÞ
� 1:248ðTDSFÞ þ 0:468ðTDSBÞ (11)

Where the applicability of these equations was in the
following ranges of the independent variables: To:
24.30–39.36˚C;TF: 29.39–42.75˚C;UVI: 0.48–5.53;TDSF:
4.71–99.43 PPT, and TDSB: 7.3–108.3 PPT. The signifi-
cance of all individual parameters, interactions, and
high orders at a significant level of 5% has shown by
the above models. The models have shown the impor-
tance of the parameters as the UVI, TF, To, TDSF, and
TDSB. From the models, UVI was the most in effect
where the MD, ORR, and ηth were increased as the
UVI increased. That was maybe owing to the fact that
increasing UVI, leads to the increases in the rate of
evaporation, thus MD, ORR, and ηth increase too. The
predicted MD was plotted vs. the real MD as indi-
cated in Fig. 12(a). In Eq. (9), it was cleared that the
interaction between UVI and TF had a positive effect
on the MD. This is logical whereas increase each of
UVI and TF, the evaporation was increased which
leads to the increased productivity. The predicted MD
was validated well with that measured during the
experimental period by the R2 which was 0.91.
According to the empirical equation Eq. (10), the
interaction between UVI and TO had a significant
effect on the ORR. The relationship between the pre-
dicted values based on Eq. (10) and the real values
was presented in Fig. 12(b) where R2 was 0.93. In the
case of the ηth, it can be predicted by the statistical
model in Eq. (11). Additionally, in Fig. 11, the
relationship between the predicted and real of ηth
values (R2 = 0.90) was showed.

3.4. Physicochemical properties of the different water

During near-ZLD desalination of SW, GW, and
DW, it is very important to know some of the
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values for GW.
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physicochemical properties of the system streams,
especially final brine water concentration and waste
salt sludge, for proper handling and disposal. The
average values and standard deviations of measured
physicochemical properties (TDS, EC, pH, ρ, and color

components) of the system streams were listed in
Table 4.

The TDS and EC values of the raw SW before the
desalination process were 41.40 PPT and 66.25 mS/cm,
respectively. Because of the evaporation of water and
the increase in the concentration during the process, the
TDS and EC of the brine significantly increased and
reached 131.1 PPT and 207.69 mS/cm, respectively, at
the end of the process. The ρ of the raw SW before
the desalination process was 1.0346 g/cm3. The ρ of the
final brine water was affected significantly by the
increasing of TDS which was equal to 1.21350 g/cm3 at
the end of the process. The raw SW pH was 8.02, while
the final brine pH was significantly less at 6.69. The
drop in the pH of the brine was 16.6% compared with
the pH of the raw SW. The color of the brine water was
affected by the desalination process, with major
changes in color occurring in the lightness component
(L*) where the changes in the other two components of
color were limited. Persisting with the desalination pro-
cess to reach the highest possible TDS resulted in a dar-
ker brine, where the L* decreased as presented in
Table 4.

On the other hand, for GW, TDS, and EC before the
desalination process were 7.54 PPT and 11.93 mS/cm,
respectively. Owing to the evaporation of water and
increase in the concentration during the process, the
TDS and EC of the brine significantly increased and
reached 108.87 PPT and 174.19 mS/cm, respectively, at
the end of the process. The ρ of the raw GW before the
desalination process was 1.0065 g/cm3. The ρ of
the final brine water was affected significantly by the
increasing of TDS, which equal to 1.21031 g/cm3 at the
end of the process. The pH of raw GW was 8.094,
while the pH of final brine was significantly less at
6.89. The drop in the pH of the brine was 14.8% com-
pared with the pH of the raw SW. The color of the
brine water was affected by the desalination process,
with color changes occurring in all components. Con-
tinuing the desalination process to reach the highest
possible TDS resulted in a darker brine, where the L*
decreased as indicated in Table 4. The color component
a* (redness) increased as concentration increased. Fur-
thermore, there was a noticeable increase in the values
of the color component b* toward yellowish.

Furthermore, for DW, TDS and EC before the
desalination process were 4.71 PPT and 7.54 mS/cm,
respectively. Due to the evaporation of water and
increasing the concentration during the process, the
TDS and EC of the brine were significantly increased
and reached 108.30 PPT and 173.28 mS/cm, respec-
tively, at the end of the process. The ρ of the raw DW
before the desalination process was 1.0013 g/cm3. The
ρ of the final brine water was affected significantly by
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the increasing of TDS where it was 1.13732 g/cm3 at
the end of the process. The pH of DW was 8.087,
while the pH of the final brine was 7.37. The brine pH
was significantly less than the pH of the raw DW. The
drop in the pH of the brine was 8.87% compared with
the pH of the raw DW. Also, as with SW and GW, the
color of the brine water was affected by the desalina-
tion process. The changes in color occurred in all
components. Persisting with the desalination process
to reach the highest possible TDS resulted in darker
brine, where the L* decreased as shown in Table 4.
The a* increased by raising the concentration. More-
over, there was an obvious increase in the value of the
b*. According to WHO [45] and from the experimental
results presented in Table 4 for the three types of
water, the distilled water quality lies in the acceptable
range. Additionally, it is considered excellent which
makes it suitable for use in greenhouses, either in
irrigation or in evaporative cooling.

3.5. Cost estimation

The total cost = Fixed cost + Variable cost, the fixed
cost of solar still one meter is about 150 USD. As
mentioned by Buongiorno et al. [46], variable cost

equals 0.3 of a fixed cost per year. The anticipated
solar still life is 10 years. Hence, the total cost = 150 +
(0.3 × 150 × 10) = 600 USD. The average daily produc-
tivity is equal to about 5 L/m2/d. Assume solar still
operates 335 d/year. The total productivity through-
out the solar still lifetime = 5 × 10 × 335 = 16,750 L.
Consequently, the cost of one liter = 600/16,750 =
0.04 USD.

4. Conclusion

Solar energy can be used for desalination as an
environmentally friendly, clean source of energy. Solar
desalination of low quality water can contribute to
meeting the increasing demand for water . This study
shows that solar energy can be applied through solar
stills to desalinate SW, groundwater, and agricultural
DW. However, more investigation is necessary to
determine how to optimize the process, especially in
terms of distilled water productivity, recovery ratio,
and thermal efficiency. The main outcome of this study
is the evaluation of the application of solar energy to
the desalination of water of different feedwater quality
levels for near ZLD. The performance data associated
with the solar still will bring new insights to system

Table 4
The TDS, EC, pH, density (ρ), and color components (L*, a*, b*) of the system streams

Property Fresh feedwater Final brine water Distilled water

SW
TDS [PPT] 41.40 ± 0.10 131.1 ± 0.26 0.083 ± 0.06
EC [mS/cm] 66.25 ± 0.01 207.69 ± 0.01 0.1288 ± 0.05
pH 8.02 ± 0.03 6.69 ± 0.01 6.73 ± 0.16
ρ [g/cm3] 1.0346 ± 0.00 1.2135 ± 0.00 0.9971 ± 0.00
L* 69.85 ± 0.06 65.58 ± 0.01 70.28 ± 0.05
a* −0.690 ± 0.00 −0.697 ± 0.006 −0.700 ± 0.00
b* 1.18 ± 0.01 1.19 ± 0.02 1.32 ± 0.01

GW
TDS [PPT] 7.45 ± 0.01 108.87 ± 0.23 0.0174 ± 0.07
EC [mS/cm] 11.93 ± 0.01 174.19 ± 0.01 0.0278 ± 0.01
pH 8.094 ± 0.003 6.89 ± 0.01 7.07 ± 0.16
ρ [g/cm3] 1.0065 ± 0.00 1.2103 ± 0.00 0.99740 ± 0.00
L* 69.94 ± 0.02 34.36 ± 0.05 70.17 ± 0.02
a* −0.623 ± 0.01 17.22 ± 0.021 −0.643 ± 0.01
b* 1.28 ± 0.03 47.04 ± 0.02 1.02 ± 0.01

DW
TDS [PPT] 4.71 ± 0.01 108.30 ± 0.00 0.101 ± 0.00
EC [mS/cm] 7.54 ± 0.01 173.28 ± 0.01 0.041 ± 0.01
pH 8.09 ± 0.02 7.37 ± 0.01 7.69 ± 0.08
ρ [g/cm3] 1.0013 ± 0.00 1.13732 ± 0.00 0.99680 ± 0.00
L* 69.44 ± 0.03 53.23 ± 0.01 73.44 ± 0.48
a* −0.92 ± 0.01 8.74 ± 0.01 −0.84 ± 0.02
b* 3.12 ± 0.04 51.74 ± 0.02 1.07 ± 0.01
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analysis, design, and modeling and to the evaluation
of the potential applications of the solar desalination to
different types of low quality water in coastal and
remote areas. Before the economic benefits of the solar
desalination process can be evaluated, additional
analyses and development are necessary. The data will
assist in the scale up of the process to facilitate produc-
tive exploitation in the water supply field. A possible
conclusion is that the solar desalination system’s per-
formance depends to a great extent on solar radiation,
ultraviolet, and the TDS concentration of feedwater.
The mathematical models of the performance parame-
ters can be used to make accurate forecasts within the
ranges specified in this study. More research work and
a variety of emphases are recommended in order to
investigate the quality of the product of the process
(distillate water) and its utility for drinking, crop
irrigation, and the greenhouse cooling process. This
study gave preliminary indications of the effectiveness
of the solar desalination of low quality water in achiev-
ing near-ZLD. Last of all, the desalination of high con-
centrations resulted in the problem of partial mixing
between the brine stream and the distilled water. It
will be necessary to modify the system’s design to
overcome this problem.
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