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Abstract: In regions with a restricted availability of drinkable water, solar stills offer a solution for a
passive solar desalination method. In this study, three designs for solar stills are examined: the
conventional solar still (CSS), the hemispheric solar still (HSS), and the pyramidal solar still (PSS).
The experimental investigations were conducted over three consecutive days, thereby varying the total
dissolved solids (TDS) concentrations in the basin water at 1000, 2000, and 3000 ppm. A comparative
analysis focused on the performance of the various solar stills and the impact of TDS variation. The
results revealed that the PSS consistently outperformed the CSS and HSS across all TDS levels.
Notably, the PSS exhibited superior daily energy and exergy efficiencies. Furthermore, the daily
productivity and energy efficiencies displayed an inverse relationship with the TDS concentration. A cost
analysis indicated that the PSS achieved the lowest distilled water price, reaching a value of 0.0151 $/L.
Specifically, the PSS exhibited a 17.3% and 3.5% higher accumulated daily productivity compared to
CSS and HSS, respectively, at TDS = 1000. However, at TDS = 3000, the daily productivity of the
PSS decreased by 3.5% and 7.5% compared to TDS = 2000 and 1000, respectively. Similarly, the
energy efficiency of the PSS decreased by 5.27% and 8.67% as the TDS increased from 1000 to 3000.
Notably, across all solar still types, the lowest cost values were consistently associated with the lowest
TDS concentrations, with the PSS yielding the lowest cost overall.
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1. Introduction

Freshwater is vital for the continuation of life on Earth, whether for human, plant, or animal
environments. Humans can survive for several weeks without food, but only a few days without water.
The world is facing a water crisis, as just 3% of the Earth water is potable, two-thirds of which is stored
in rivers or glacial mountains, and what remains is small and insufficient [1]. Accordingly,
governments worldwide are concerned about a number of issues, including the scarcity of drinkable
water. The possible reasons for the shortage of freshwater resources are industrialization and the rapid
population expansion in the world; thereby, it has led scientists to look for a different approach to
satisfy this need [2].

The US Geological Survey classifies salt water into three categories according to its concentration.
The first type is the brackish type, where the salt concentration ranges from 1,000-3,000 ppm. The
second is the medium-salinity class, where the salt concentration ranges from 3,000-10,000 ppm. The
third is the highly salty type, where the salt concentration ranges from 10,000-35,000 ppm [3]. The
process of turning this saline water into drinkable water is called desalination. However, this process
is known for its high energy consumption. On the other hand, solar energy is a clean energy source
that has the potential to grow into a reliable energy source without the need for highly specialized and
sophisticated equipment for its widespread use. Furthermore, its use doesn't seem to have any
noticeable contaminating impacts. When Austrian Guntur created a solar furnace using mirrors in 1885,
a scientific study into the use of sun energy began [4]. Accordingly, solar stills (SSs) have been
introduced in order to offer a solution for a passive solar desalination process.

Over the past few years, many modifications have been made to SSs designs. It includes the single
slope SS [5], double-slope SS [6], single and double effect SS [7], inclined SS [8], vertical SS [9],
triangular SS [10], stepped SS [11], stepped with vertical wick SS [12], corrugated absorber SS [13],
tubular SS [14], conical SS [15], spherical SS [16], rotating wick SS [17], corrugated wick SS [18],
trapezoidal SS [19], and prism-shaped SS [20]. Other modifications have been conducted to the internal
constituents' parts of the SS and some additives. It includes using a sliced absorber plate with a new
design of glass cover [21], using an external condenser [22], using the glass cover cooling technique [23],
using a thermoelectric cooling system [24], using a PCM (Phase Change Material) [25,26] and a
nano-based PCM [22], using sensible heat storage (SHS) materials [5], using an energy storage
biomaterial [27], using boulders and fines in biodegradable organic materials [28], using different
basin materials [29], using an evacuated flat-plate collector [30], using reflectors [26], using parabolic
concentrators [31], using a nano-coated absorber [32], using fins [8] and wick finned absorber [33],
using floating porous absorber with different shapes [34], using different materials of the transparent
covers [24], using different materials of the absorber plate [35], using industrial wastewater as a basin
feed water [36], using geothermal energy [37], and using Fe3Os, graphene oxide, and paraffin as
nanofluids [38]. Mandev et al. [39] investigated the effect of using a Peltier cooling unit as well as
using cellulose papers in the form of hemp and high absorber papers with dark colors on the
productivity of the solar still. 1t was shown that using high-absorbent papers in upright columns
patterns improved the daily productivity and the thermal efficiency of the solar still by 60% and 45%,
respectively, which were more than that obtained from the conventional solar still. Kose et al. [40]
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investigated a horizontal solar still with a plastic transparent cover using a corrugated absorber
plate (basin liner), hemp rope, and a cooling-plastic cover mechanism by a water spraying technique.
It was outlined that the modified solar still obtained a maximum thermal efficiency of about 4.9% and
a maximum instantaneous efficiency of about 10.6%.

A hemispheric solar still (HSS) is a type of SS that is characterized by an almost high efficiency as a
result of the hemispherical shape giving a larger condensing area; at the same time, it only occupies a small
volume in the experimental field. Elsawy et al. [41] investigated the effect of adding charcoal (CHL)
produced from carbonized corncobs and the wood of the guava tree (CCC), and both were treated with
activators of HCI and NaOH to the basin water of the HSS. The HSS that used CCC treated with HCI
floated in the basin water (lake water) gave the best performance and provided a daily productivity of
about 41% more than the conventional CSS. Dahab et al. [42] examined an evacuated tube solar
collector integrated to an HSS and tested the impact of the basin water depth, the number of evacuated
tubes, and its distribution. It was revealed that the daily productivity of the HSS with 16-evacuated
tubes (distributed in all direction of the basin perimeter) and a water thickness of 10 mm gave the
highest improvement of 551% over the conventional HSS. Attia et al. [43] investigated an HSS with
different cases: with Al foil and P granules, with a Zn sheet and P granules, and with a Cu sheet and P
granules. It was concluded that the Cu sheet and P granules showed the best performance, where it
gave the better daily productivity improvement of about 62% compared to the conventional HSS.
Aluminum waste can be used inside the basin water of an HSS to boost the absorption rate of solar energy
and then increase the heat gained by the basin water due to the high conductivity of aluminum [44].
Additionally, aluminum waste is a sensible thermal storage medium to recover heat during the low
intensity of solar insolation. Beggas et al. [44] outlined that using aluminum waste within the basin water
of the HSS improved the daily yield by about 48.2% over the conventional HSS. Sharshir et al. [45]
investigated the V-corrugated-wick basin HSS using two different phase change materials (PCMs):
paraffin wax and sheep fat. They proved that using sheep fat as a PCM beneath the corrugated basin
covered with a cotton wick elevated the daily yield of the modified HSS by about 40% more than the
conventional HSS with a flat absorber.

The use of a corrugated absorber integrated to the pyramidal solar still (PSS) was investigated,
and the results showed that the daily yield increased by about 52.5% in contrast to the conventional
solar still (CSS) [46]. A CFD (Computational Fluid Dynamics ) model was used to analyze the thermal
metrics of the PSS [47]. The outcomes showed that the experimental and CFD modeling results agreed
rather well. It can be concluded that the CFD model can be employed to forecast the thermal
performance of the PSS with a good accuracy. Different types of wick materials (silk, plush, cotton,
and jute) have been used within the basin water of the PSS by Abdullah et al. [48]. In addition to the
sun, three electric heaters using solar panels were also used to raise the PSS basin water's temperature
even further. It was indicated that using jute was the best choice of wick materials with an improvement
of 125%, followed by cotton with an improvement of 115%, followed by plush with an improvement
of 88%, and finally followed by silk with an improvement of 60% over the PSS without using wick
materials. A new design of trapezoidal PSS with a trapezoidal pyramidal wick was explored by
Sharshir et al. [49]. It was concluded that the daily output of the trapezoidal PSS using a trapezoidal wick,
cover cooling, reflectors, and copper-oxide based nanofluid was improved by 147.3%. Omara et al. [50]
announced that the average daily productivity of the convex dish-shape absorber PSS using jute clothes
and Ag-based nano-coating to the absorber was improved by 78% more than that of the PSS without
any enhancers.
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Sharshir et al. [51] investigated the PSS with 5 cases of operation and compared it with the CSS.
The effect of using a wick, reflector, cover cooling, and nanofluid with TiO2 additives on the thermal
performance of the pyramidal SS (case 5) was investigated. It was reported that the daily productivity
of the PSS with a wick, reflector, cover cooling, and nanoparticle fluid was higher than the daily output of
the CSS by 127.3%. Besides, the energy efficiency of the PSS (case 5) was developed by about 121.3% over
the CSS. Modi and Gamit [52] investigated the square PSS utilizing energy storage materials (aluminum
oxide Al203 and sodium nitrate NaNOs) as nanoparticles added to the basin water. They proved that
using NaNOs improved the daily yield of the square PSS 5.5% better than using Al2Os. Additionally,
aluminum oxide Al20s, magnesium oxide AgO, and graphene oxide GO have been used as
nanoparticles within the basin water of the PSS [53]. It was shown that using MgO-based nanofluid in
the PSS is better than using Al203-based nanofluid by about 10.4% according to the daily productivity
as compared to the conventional PSS. An attempt to enhance the daily yield of the PSS has been
conducted using different types of sensible heat storage materials such as quartz rock (0.25-inch
and 0.75-inch), mild steel pieces, and sieved red bricks (1-0.25 inch) [54]. In order to improve the
thermal performance of the PSS, solid clay pots were utilized as a sensible storage medium [55]. The
daily productivity of the PSS using 36 clay pots was improved by 72.44% over the PSS that didn’t use
clay pots. Analyzing the distillate water quality obtained a total dissolved solids (TDS) of 28 mg/I and
a pH of 7.02. These results proved that the distillate water was suitable for human consumption because
it met the World Health Organization (WHO) criteria. It was discovered that the PSS's daily yield
using 1-0.25 inch red bricks as a sensible storage medium was enhanced by 30% compared to the CSS.
Asadabadi and Sheikholeslami [56] investigated the effect of using copper fins integrated to the basin
of the PSS as a modified PSS in an attempt to boost the heat transfer rates. The improved PSS's thermal
performance was contrasted with the traditional PSS's. It was found that the use of hollow circular
copper fins improved the daily productivity by 62.5%. In an attempt to enhance the evaporation rate,
Alshgirate et al. [57] inserted palmately leaf as a natural fiber and as a sensible storage medium within
the basin water of the PSS. It was outlined that using palmately leaf as a natural fiber increased the
daily output of the PSS by 44.5% over the conventional PSS.

Ahmed et al. [58] declared that using cylindrical encapsulated PCM (paraffin wax) fins (4 cm height)
integrated to the PSS improved the daily productivity by 44.4% over the CSS. Sudhakar et al. [59] used
a paraffin wax as a PCM below the basin of the triangular PSS and double-slope SS. It was found that
the daily outputs of the triangular PSS and of the double slope SS were increased by 15.9% and 8.1%,
respectively, in contrast to the conventional double slope SS. A comparison between pentagonal PSS
and tubular SS with and without crude wax as a PCM has been performed by Bhoopathi et al. [60]. It
was confirmed that, without PCM, the tubular SS had a daily yield that was approximately 13.5%
higher than the pentagonal PSS's. Furthermore, the daily distillate output of the PCM-maodified tubular
SS was enhanced by about 7.1% in contrast to the standalone tubular SS without PCM. Using pistachio
shell powder (bio-waste) as a sensible storage medium to augment the performance of the tubular SS
was covered by Noman and Manokar [61]. It was found that the tubular SS with pistachio shell powder
has a daily productivity higher than the conventional tubular SS by about 46.3%. Prasad et al. [62]
investigated the square PSS with paraffin as a PCM, and an improvement of about 21.11% was
achieved compared to the square PSS without the PCM.

In this work, three different configurations of SSs are created, manufactured, and tested in
accordance with Kafrelsheikh City weather conditions. As far as the authors of this work know, there
are very few papers that investigated the influence of the TDS within the basin water on the thermal
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performance of the solar-driven desalination systems under consideration. Hence, the experimental
investigations are conducted over three several days, thereby varying the TDS concentrations in the
basin water as 1000, 2000, and 3000 ppm. Furthermore, a comparative analysis is conducted that
focuses on the various SSs performance and the impact of TDS variation based on the daily output,
cost, energy, and energetic efficiency.

2. Test-rig description and experimental investigation

The three considered SSs (CSS, HSS and PSS) are provided with saline water at the same TDS
for each experiment, as seen in Figure 1. The water is fed via a supplying tank insulated with 5 cm
thick fiberglass. The experiments were performed within Kafrelsheikh City (30.57 °E, 31.07 °N). The
work investigates the effect of various values of TDS of the supplying water on the thermal
performance of the considered SSs.

| Conventional solar still | | Hemispheric solar still | | Pyramid solar still |

Thermocouples

Conventional solar still Hemispheric solar still Pyramid solar still

Freshwater Freshwater Freshwater

Temperature
sensors

Figure 1. Test-rig representation.
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2.1. Conventional solar still (CSS)

The CSS consists of a black painted metallic basin of square area (50 cm x 50 cm) made of
a 0.15 cm GI (Galvanized Iron) sheet. The long side is 0.45 m tall and the short side is 0.16 m; thus,
the tilt angle of the glass cover (3.5 mm thickness ordinary glass) is approximately 30° with respect to
the horizontal. The system is insulated from the back and sides with 0.05 m thickness of glass wool.
At the front end of the cover, there is a collecting channel to gather the distillate and then flow it out
to a bottle through a hose.

2.2. Hemispheric solar still (HSS)

The HSS consists of 0.15 cm thick steel basin with a circular-shaped base of diameter of 0.5 m
(0.20 m? area). The inner surface of the metallic basin is painted with ordinary black matt to maximize
the absorbed solar radiation. The basin is totally insulated with a good insulator rubber of 1.2 mm thick
to minimize the heat loss to the surroundings. The transparent cover as a condenser is a hemispherical
dome fabricated from acrylic with a circular-shaped base of diameter 0.5 m. The distilled water is
collected via a channel built in the acrylic cover. A port of diameter 1 cm is drilled in the transparent
cover to feed the basin with saline water.

2.3. Pyramidal solar still (PSS)

The pyramidal solar still (PSS) consists of a black-coated basin of a square-shaped base-area
of 80 cm x 80 cm made of 0.15 cm thick steel. The basin has an equal height of all sides of 0.15 m and
the exterior is insulated with 0.05 m of glass wool. The condensing glass cover is composed of four
glass plates of a triangle shape to form a pyramidal shape. The three SSs—CSS, PSS, and HSS—
underwent a 24-hour leakage test to ensure zero water or vapor leakage.

2.4. Experimental procedures and uncertainty

The experiments took place on three closed days during the summer of 2023. On the first day, the
three SSs (CSS, HSS and PSS) were tested, where the three SSs contained the same mass of basin
water as TDS = 1000. On the second day, TDS = 2000, while on the third day, TDS = 3000. During
the experiments, a group of variables were measured, and readings were captured hourly from 9 am
to 6 pm. The cover's temperature, basin water temperature, sun radiation, ambient temperature, and
absorb plate temperature were all recorded. Every hour, the volume of distilled water was measured
using the calibrated flask. The characteristics of the measurement tools are presented in Table 1, where
the uncertainty (u) is measured according to the following formula [63]:

)

u =

I
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Table 1. Measurement tools and its properties.

Instrument Property Unit Model Range (R)  Accuracy (a) Uncertainty (u)
Calibrated flask Water volume ml - 0-2000 2 1.155
Thermocouple Temperature °C Type-K —20-120 0.1 0.06

Solar Radiation Solar radiation ~ W/m?  TES-1333R  0-5000 +10 5.77

Meter

Anemometer Wind speed m/s GM816 0.4-30 +0.1 0.06
Measuring tape Dimensions m - 0-5 0.1 0.06

3. Thermal analysis

The thermal analysis was performed to the SSs using the collected measured data for each solar
still during the experimental period. The concept “thermal performance” represents the thermal
behavior of the solar still, whether in positive or negative manner, and it is expressed in terms of
energy (thermal) and exergetic efficiency.

3.1. Energy efficiency

The energy efficiency of SS is the quantity of water produced per unit area for a certain value of
solar insolation. Since the amount of distilled water and solar insolation change hourly throughout the
day, the hourly energy efficiency (n,_.,) must be calculated; then, the value is collected to become
the daily energy efficiency (n4-.)- The hourly energy efficiency can be calculated as follows [51,64]:

_ PpXLey 2
Nh—en (I, xA]x3600 )

L., = (2501900) — (2407.06 X T,,) + (1.192217 x T2) — (0.015863 X T3) ?)

where Tw denotes the water temperature

The hourly productivity (Pn), measured in kg/hr, represents the hourly productivity. The latent
heat of vaporization (Lev) is typically measured in J/kg. The hourly value of solar insolation (In)
quantifies the amount of energy received per unit area within an hour and is commonly expressed in W/m?.
The area (A) denotes the total area covered by water in a basin and is typically measured in m?,

The daily productivity (P;) of a solar still is calculated as follows:

Py =X Py 4)
Then, the daily energy efficiency (n4_.n) is as follows [65,66]:

_ 2(PpXLey)
Na—en = S (1, xa1x3600) ()

3.2. Exergy efficiency

Exergetic efficiency determines how effectively a system utilizes its available energy to perform
useful work; in other words, is defines the system closeness to the ideality. The hourly exergy
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efficiency (n,,—.,) and daily exergy efficiency (n,_.), based on the entire day's working hours, are
determined as follow [65-67]:

Ex; = [Ith]x[l—gx(;—‘:)+§x(;—‘s‘)4] (6)
Ex, = % X ( - ;—;) (7
Mheex = 5r ®)
Mamex = S0 ©)

The hourly exergy input (Exi) and output (Exo) represent the energy supplied to and produced by
a system within an hour, respectively, and are measured in joules. The ambient air temperature (Ta) is
measured in kelvin and indicates the surrounding temperature, while the sun-surface temperature (Ts),
which is often assumed to be 6000 kelvins, serves as a source temperature for systems exposed to
solar radiation.

3.3. Cost estimation

It is important in the SS design to take the lowest cost with the highest efficiency and daily
productivity of distilled water into account so that the cost per liter of distilled water is as low as
possible. In the following cost analysis model, it was considered that the number of off-days is
about 45 days; therefore, the number of annual operating days is about 320 days. The maintenance
process includes repainting, checking the insulation and leakage, removing the deposited salt at the
basin, cleaning the still from dust, etc.... The scrap value represents the device's worth at the end of its
useful life. The subsequent variables that impact the SSs' cost analysis are stated as follows [68,69]:

SFF =i/[(1+ )" —1] (10)
CRF = (SFF) X (1 + i)" (11)
FAC = FC x (CRF) (12)
SV =02 x FC (13)
ASV = (SFF) x SV (14)
AMC = 0.15 x FAC (15)
AC = FAC + AMC — ASV (16)
AY =P, x N 17)
CPL = AC/AY (18)

where the sinking fund factor (SFF) is a dimensionless parameter used in financial calculations. The
yearly interest (i) is taken as 12% per year. The useful life (n) is taken as 10 years. FAC represents the
fixed annual cost, while fc denotes the total fixed cost. SV stands for salvage value, and ASV is the
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annual worth of the salvage value. AMC refers to the yearly maintenance fee, and AC represents the
annual expenses. CPL signifies the water price in ($/L), while AY represents the annual yield in liters.
N denotes the annual operating days, which is assumed to be 320 days.

4. Results and discussion
4.1. Analyzing ambient conditions and temperature distribution

Figure 2 represents the surrounding circumstances (temperature and solar radiation) for the
experiment days. As the experiment was held on closed days, minor deflections were observed.
Reflecting this, the average daily solar radiation varied between 669 and 679 W/m?, with a standard
deviation of 5.63 W/m2. In the same way, the ambient temperature exhibited a daily average value
between 33.1 and 34.3 °C at a standard deviation of 0.69 °C.

Figures 3(a,b), and c display the cover and the water temperature for the CSS, HSS, and PSS.
When TDS = 1000 on June 25, 2023, it is found that the various temperature distributions follow the
hourly distribution of the incident sun radiation all day long, where the highest value of solar radiation
was at 1 pm. Additionally, it was noticed that the average water temperature was 53, 55, and 56 °C for
the CSS, HSS, and PSS, respectively, whereas the average water temperature was 53.7, 54, and 56 °C
for the CSS, HSS, and PSS, respectively, when the TDS = 2000 on June 28, 2023. The average basin
water temperature was 53, 53, and 56 °C for the CSS, HSS, and PSS, respectively, when the TDS = 3000
on July 2, 2023. It can be concluded that the PSS’s water temperature was always higher than that of
the CSS and HSS in the three cases of TDS, which indicates that the PSS performs better than the CSS
and HSS. Furthermore, the glass temperature rapidly declined for the PSS and HSS compared to the CSS
due to the larger cover area, which provides a larger heat transfer area.

1100 52
| Solar radiation Ambient temperature
1000 - —&— 25 June, TDS = 1000 ——25 June, TDS = 1000
—&— 28 June, TDS = 2000 —/—28 June, TDS = 2000 |48
| —&— 02 July, TDS = 30004 —C— 02 July, TDS = 3000
900 ~
— o
« 144 °_
= 800} 51
= E
- 440 =
= T00F =
©
= 600} w2
..g 36 =
- | =
3 so0f 2
u% L 32 E
400 +
| 428
300
200 L 1 L 1 L 1 L 1 L 1 " 1 n 1 L 1 n 1 " 1 i 24
8 9 10 11 12 13 14 15 16 17 18 19

Time, (h)

Figure 2. The ambient conditions (temperature and solar insulation) during the experiment days.
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(HSS), and pyramidal (PSS) SSs during the experiment days.
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4.2. Effect of TDS on accumulated daily productivity

In an attempt to ascertain the superiority of the particular type of SSs tested, the hourly
propagation of the accumulated daily yield of the three SSs (CSS, HSS and PSS) are plotted when the
TDS was 1000, 2000, and 3000, as shown in Figure 4. It can be inferred that the accumulated yield in
the case of the PSS was higher than the CSS’s and HSS’s in all three cases. The accumulated yield of
the PSS was higher than the CSS’s and HSS’s by about 17.3% and 3.5%, respectively, when the TDS
is 1000. The increment in the accumulated daily productivity of the PSS was about 16.6% and 3.3%
compared to the CSS and the HSS, respectively, when the TDS is 2000. When the TDS is 3000, the
accumulated daily productivity of the PSS was found to be higher than the CSS’s and HSS’s by
about 14.9% and 4.7%, respectively. From the analyzed results presented above, it is concluded that
the PSS was better than the CSS and HSS in all cases of the investigated TDS.

On the other hand, the accumulated productivity decreases with increasing the TDS values. The
daily output linearly decreases when the TDS is raised. The daily productivity of the PSS when the
TDS = 3000 decreased by about 3.5% and 7.5% compared to the daily productivity at TDS = 2000
and 1000, respectively. These results are justified by the fact that the more salt or any other solvent
added to the water, the higher the boiling point. That is, increasing the dissolved salts in the water
delays the evaporation of water depending on the amounts of dissolved salts. Therefore, it can be
summarized that the daily productivity is inversely proportional to the TDS, and using lower values of
TDS is better to achieve a higher distilled water productivity of a SS. Table 2 presents the hourly and
daily productivities of the SSs at the different values of the TDS.

Table 2. Hourly (Pn) and daily (Pd) productivities of the investigated solar stills at different
values of TDS.

TDS =1000 TDS = 2000 TDS = 3000

P (kg/m?) P (kg/m?) Pn (kg/m?)
Time (h) CSS HSS PSS CSS HSS PSS CSS HSS PSS
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 0.14 0.24 0.25 0.16 0.22 0.24 0.15 0.20 0.22
11 0.26 0.33 0.32 0.28 0.30 0.30 0.28 0.28 0.30
12 0.33 0.46 0.48 0.40 0.45 0.46 0.38 0.44 0.44
13 0.41 0.64 0.65 0.56 0.62 0.64 0.53 0.58 0.62
14 0.61 0.57 0.58 0.49 0.56 0.55 0.48 0.56 0.52
15 0.51 0.42 0.45 0.38 0.42 0.42 0.40 0.40 0.42
16 0.4 0.36 0.38 0.32 0.36 0.37 0.30 0.34 0.36
17 0.23 0.26 0.28 0.20 0.22 0.26 0.20 0.20 0.24
18 0.17 0.19 0.20 0.16 0.18 0.20 0.17 0.17 0.20
Pd 3.06 3.47 3.59 2.95 3.33 3.44 2.89 3.17 3.32
Total solar 7365 W/m? 7359 W/m? 6790 W/m?

radiation
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Figure 4. The hourly propagation of the accumulated daily yield of the three SSs (CSS,
HSS and PSS) during the experiment days.
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4.3. Effect of TDS on energy and exergetic efficiency

The term of energy or exergy efficiencies is an important parameter which shows how far the
solar distiller is a good choice. Figure 5a displays the variations of the daily energy efficiency values
for the CSS, HSS, and PSS when the TDS values are 1000, 2000, and 3000. Obviously, the daily energy
efficiency values increase starting from the CSS, passing through the HSS, and ending with the PSS
at the different values of TDS (1000, 2000 and 3000). The PSS has the highest daily energy efficiency

value compared to the CSS and HSS with an increment ratio of 16.01% on average compared to the
CSS and 3.63% on average compared to the HSS.
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Figure 5. Variations of the (a) daily energy and (b) daily exergetic efficiency of the
different solar stills with when TDS = 1000, 2000 and 3000.
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Moreover, the variations of the daily exergetic efficiency as a function of the type of SS at
different values of TDS are plotted in Figure 5b. The daily exergy efficiency increases in a similar
manner, starting with the CSS, passing through the HSS, and ending with the PSS. The highest daily
exergy efficiency occurred with the PSS in contrast to the other SSs. The daily exergy efficiency of the PSS
is higher by about 25.33% on average than that of the CSS, whereas it exceeds the HSS by about 10.16%
on average for all cases of the TDS. It can be concluded that the PSS obtains a better performance in
contrast to the performance of the CSS and HSS for all investigated values of the TDS. It is obviously
shown that the n4_.,, and n,_., linearly decreases with increasing TDS. The n,_.,, of the PSS when the
TDS = 3000 decreases by about 5.27% and 8.67% compared to that when the TDS = 2000 and 1000,
respectively. The reduction ratio of n4_., is 6.74% and 12.33% when the TDS decreases from 3000
to 2000 and 1000, respectively. Thus, it can be said that the n,_.,, and n,_., of the PSS are inversely
proportional to the TDS.

4.4. Economic analysis

In order to compare the distilled water prices for each of the investigated SSs, the above
model (Eqs 10-18) is applied using the Excel program and the obtained results and the annual
productivities are given in Table 3. The lowest CPL is obtained at the lowest TDS values for all the three
investigated SSs. It should be noted from Table 4 that the lowest value for the CPL yielded from the PSS
was about 0.0151 $/L at the TDS = 1000, followed by 0.0156 $/L for the HSS at the TDS = 1000.

Finally, Table 4 offers a comparative analysis of three types of SSs: CSS, HSS, and PSS. Each
type was assessed at various TDS levels, thus providing insights into the daily yield, energy efficiency,
exergetic efficiency, and CPL. Notably, the PSS emerges as the top performer across all metrics. For
instance, at a TDS level of 1000, the PSS achieves an impressive daily output of 3.59 L/m2,
accompanied by energy and exergetic efficiency of 39.58% and 3.00%, respectively. Remarkably,
despite its superior performance, the PSS also exhibits the lowest CPL, priced at 0.0151 $/L. In contrast,
the HSS yields 3.47 L/m2 with a thermal efficiency of 38.29% and an exergetic efficiency of 2.83%,
albeit at a slightly higher cost of 0.0156 $/L. Meanwhile, the CSS lags behind both the PSS and HSS
in the performance metrics, resulting in the highest cost per liter at 0.0177 $/L due to its lower daily
output of 3.06 L/m?2 and thermal efficiency of 33.82%.

Table 3. Comparison of cost analysis for the various the various investigated solar stills.

Parameter TDS Ccss HSS PSS
FC ($) 90 90 90
FAC ($) 15.93 15.93 15.93
AMC ($) 2.389 2.389 2.389
ASV ($) 1.03 1.03 1.03
AC (3) 17.29 17.29 17.29
AY (L) 1000 979.2 1110.4 1148.8
2000 944.0 1065.6 1100.8
3000 924.8 1014.4 1062.4
CPL ($/L) 1000 0.0177 0.0156 0.0151
2000 0.0183 0.0162 0.0157
3000 0.0187 0.0170 0.0163
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Table 4. Comparative analysis of CSS, HSS, and PSS solar stills at different TDS levels.

Type TDS Daily output, (L/m?)  Energy efficiency, (%)  Exergy efficiency, (%) Cost, ($/L)
1000 3.06 33.82 2.38 0.0177
CSs 2000 2.95 32.79 2.26 0.0183
3000 2.89 31.54 211 0.0187
1000 3.47 38.29 2.83 0.0156
HSS 2000 3.33 37.01 2.56 0.0162
3000 3.17 34.60 2.30 0.017
1000 3.59 39.58 3.00 0.0151
PSS 2000 3.44 38.16 2.82 0.0157
3000 3.32 36.15 2.63 0.0163

5. Conclusions and future work

In this paper, three types of SSs were tested: the CSS, HSS, and PSS. The three systems were
tested by conducting experiments over three closed days in the summer, where the TDS values
were 1000, 2000, and 3000. The systems were assessed based on the daily output, cost, energy, and
exergetic efficiency. From analyzing the results, a set of important conclusions were obtained as follows.
e  The best value of the accumulated daily productivity was obtained for the PSS, and it was higher

than the CSS’s and the HSS's by about 17.3% and 3.5%, respectively, at the TDS = 1000.

e The daily productivity of the PSS when the TDS = 3000 decreased by about 3.5% and 7.5%
compared to the daily productivity at the TDS = 2000 and 1000, respectively.

e The energy efficiency of the PSS when the TDS = 3000 decreased by about 5.27% and 8.67%
compared to that at the TDS = 2000 and 1000, respectively.

e  The reduction ratio of exergy efficiency was 6.74% and 12.33% when the TDS decreased from 3000
to 2000 and 1000, respectively.

e  The lowest value of the CPL of distilled water was obtained at the lowest values of the TDS for
all CSS, HSS, and PSS. The lowest value ever for the CPL was yielded from the PSS and was
about 0.0151 $/L.

Through the results obtained in this work, it can be confirmed that these results are correct and
achieved within the limitations of climatic conditions of Kafr EI-Sheikh city in Egypt, and it is possible
to obtain better results in other places in the world under other different climatic conditions. For the
future, it is recommended to use the PSS because of its higher thermal performance compared to the
HSS and CSS studied in this work. Moreover, the present study could be completed in the future but
over a larger range of TDS values to demonstrate and draw more comprehensive conclusions.
Additionally, one should study the system’s performance throughout the year to determine the impact
of different weather factors on the proposed system.
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