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Abstract: Solar distillation emerges as a viable remedy for addressing water scarcity in both remote
and urban locales. However, its operational efficiency remains a limiting factor. Consequently,
this study undertakes a comprehensive approach by introducing design modifications to enhance
a distiller’s overall productivity. The pivotal adjustment involves configuring the distiller into a
three-tiered structure, thus designating it as a multi-stage solar still (MSSS). Notably, the solar stills
are crafted entirely from glass to optimize consistent solar tracking, eschewing the conventional sun-
tracking rotation mechanism. Furthermore, the three-stage distiller undergoes refinement through
the incorporation of a thermo-storing material (PCM) comprising paraffin infused with graphene
nanocomposites at the base of the solar still (SS). Subsequent to these design enhancements, a
comprehensive evaluation encompassing exergy, economic viability, environmental impact, and
thermal considerations is conducted for both the conventional solar still (CSS) and MSSS. The
outcomes elucidate that the upper stage of the MSSS outperforms its counterparts, producing superior
results. Comparative analysis indicates a remarkable 160% enhancement in productivity for the MSSS
over the CSS. Cumulative water productivities for the CSS and MSSS with PCM are recorded at 2840
and 7980 mL/m2 during the daytime, reflecting an improvement of 181%. The energy efficiency
metrics reveal values of 31%, 49.8%, and 53% for the CSS, MSSS, and MSSS with PCM, respectively.
Moreover, the MSSS with PCM demonstrates an exergy efficiency of 5.8%. The environmental
implications are quantified at 12 tons of CO2 emissions per year for the MSSS with PCM. Finally, the
cost considerations illustrate a reduction in the cost of freshwater for the MSSS with PCM (0.10 $/L)
and the MSSS (0.13 $/L), as compared to the conventional SS (0.24 $/L).

Keywords: phase-change storing material; multi-stage solar still; graphene nanoparticles; productivity
enhancement of distiller; conventional solar still

1. Introduction

Energy and water are two relevant topics that occupy the thinking of decision makers
for any country [1–3]. This is because they (energy and water) are considered lifeblood:
water is the most important aspect for the survival of living organisms, while energy is
essential to the progress of nations and the continuation and improvement of civiliza-
tions [4–8]. Commercial desalination processes, such as reverse osmosis and multiple-effect
distillation, are crucial for large-scale water treatment and supply. These technologies play
a vital role in providing fresh water in regions facing water scarcity. However, for house-
hold use, technologies like humidification–dehumidification and distillers are employed.
These smaller-scale systems are designed to meet the water needs of individual households,
offering a decentralized approach to water production and treatment. The development
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and adoption of such water treatment processes are essential for ensuring sustainable access
to clean water and mitigating the environmental impact of traditional energy sources. As
advancements continue, the goal is to create more efficient, cost-effective, and environ-
mentally friendly solutions to address the pressing issues of water scarcity and energy
consumption [9–16]. The disadvantages of distillers include their low efficiency (~30%) and
low output productivity (~3 L/day) [17–19]. As a result, numerous types of distillers have
been suggested in an attempt to overcome the disadvantages of traditional SSs [20,21]. As a
result of this, there are several designs of stills in the literature, like drum [22], stepped [23],
tubular [24], and pyramid SSs [25,26]. Furthermore, numerous changes have been made to
improve the operation of solar stills.

Absolutely, enhancing the vaporization process within a solar still is a key factor in
improving productivity. The efficiency of a solar still depends on the rate at which water
vaporizes from the saline water and then condenses to form distilled water. Nanomaterials
have been explored and utilized in distillation structures to improve this vaporization
process. Nanomaterials, due to their unique properties at the nanoscale, can enhance heat
absorption, increase surface area, and facilitate more efficient energy transfer, all of which
contribute to improved vaporization [27–30]. In order to boost the output of a distiller,
a revolving black burlap belt was employed in both vertical and horizontal orientations.
It was claimed that employing nanofluids and operating the wick belt for 5 min before
pausing it for 30 min increased production by 315% [22,31,32]. The wick ropes were also
utilized in a pyramidal-shaped distiller equipped with mirrors and a coolant system. The
efficiency increased by 53%, while the productivity increased by 195%. Additionally, it
was reported that the distiller cone surfaces greatly increased their production [33,34]. In
addition, a tubular still with a spinning cylinder was suggested to lessen the basin water
depth. It was discovered that a speed of 0.05 rpm produced the best distiller performance
when using wicks, increasing productivity by 175% and thermal efficiency to 56.4%.

Employing phase-change materials (PCMs) and thermal ponds in desalination pro-
cesses has also demonstrated their positive effects on system effectiveness [35–39]. Abdel-
gaied et al. placed a PCM beneath the absorber of a tubular solar still [40] to enhance its
functionality. When the distillation achieved 7.89 L/m2/day, the distiller output increased
by 90.1%. Additionally, a pyramidal distiller with basin stages was suggested by Beik
et al. [41]. The output of the distiller increased by 13%, according to their findings. Essa
et al. [42] examined how using curved and corrugated absorbers with nano-PCM affects
the operation of stepped SSs. Solar still productivity was improved by around 170%. A
study by Saleh et al. [43] focused on distiller efficiency using conic surfaces, and they
reported a substantial increase in output by 95%, along with an efficiency boost of 62.4%.
This suggests that the introduction of conic surfaces had a positive impact on the overall
performance of the distillation system. Additionally, improvements suggested for tray
stills included the incorporation of mirrors, tray cracks, nano-coatings, and phase-change
materials. Among these enhancements, the combination of phase-change materials and
mirrors resulted in the most significant increase in production, with a maximum thermal
efficiency of 108% and 51.5%. This highlights the effectiveness of these modifications in
enhancing both the quantity of distilled water produced and the overall thermal efficiency
of the tray still system.

The primary objective of the current research is to enhance the operation of the solar
distiller through design modifications. This involves the construction of a distiller with
three stages stacked on top of each other. To ensure a fair comparison of their performances,
two distillers are tested concurrently: a conventional solar still and a multi-stage solar
still (MSSS). Both distillers are made entirely of glass to facilitate steady solar tracking
without the need for rotational adjustments. In addition to the three-stage design, the
performance of the MSSS is further improved by incorporating a thermo-storing material
(PCM) at the base of the solar still. This PCM consists of paraffin mixed with graphene
nanocomposites, aiming to enhance heat retention and overall efficiency. The evaluation
of the distillers includes assessments on economic, exergy, thermal, and environmental



Processes 2023, 11, 3337 3 of 17

aspects to provide a comprehensive understanding of the performance and sustainability
of both the conventional solar still and the MSSS.

2. Methodology
2.1. Manufacturing and Assembly of Solar Stills

Figure 1 provides a visual representation of the experimental setup, showcasing the
testing rig utilized for both the conventional solar still (CSS) and the multi-stage solar
still (MSSS). Meanwhile, Figure 2 presents a three-dimensional schematic representation
specifically detailing the MSSS configuration.
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The CSS, with a projected area of 0.5 m2, featured base dimensions measuring
100 cm × 50 cm, with a maximum wall height of 43 cm and a minimum wall height
of 15 cm. The entire solar distiller was constructed from 5 mm thick glass sheets, with
the floor and back surfaces coated in black paint. Furthermore, thermal insulation was
applied to the bottom and rear using a 50 mm thick fiberglass wool blanket. The glass cover
was inclined horizontally at an angle of 30◦, aligned with the latitude of Kafrelsheikh City,
Egypt. To prevent any seepage from the interior basins to the external environment, silicon
was employed to seal all contiguous borders. Additionally, the CSS received water from a
raised saline water tank through a controlled valve to regulate the feed flow rate.
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The multi-stage solar still (MSSS) was composed of three vertical stages, each with
distinct components and functionalities, as illustrated in Figures 1 and 2. The projected
area of the MSSS was the same as that of the CSS (0.5 m2) and featured base dimensions
measuring 100 cm × 50 cm. The MSSS configuration involved three graded distillate flasks,
four controlling valves, and three drain valves, with each stage having one feed tap, one
distillate tap, and one drain tap. The following is a breakdown of the MSSS design:

Lower Stage (First Stage):
Traditional solar still design.
One barrier with a height of 2.5 cm to form the distiller shape.
No collecting troughs, except for the contact edge of the tilting glass cover with the

glass base.
The collected distillate is directed to the outside graded flask, as shown in

Figures 1 and 2.
Intermediate (Second) and Upper (Third) Stages:
Each stage has four barriers or stops, each with a height of 5 cm.
These barriers create five basin sections in each stage.
The stops work to store the basin water in each section with horizontal water surfaces.
This multi-stage configuration allows for precise control and optimization of the

distillation process, utilizing different stages to enhance overall performance.

2.2. Measuring Instruments

To really be capable of determining how well the distiller was operating, all necessary
measurement sensors were integrated into the MSSS. In this regard, the sun’s irradiation
levels were measured using a solarimeter (pyranometer). The numeric data of temperatures
were quantified using a combined system of sensors and an Arduino microcontroller. An
anemometer was used to estimate the airspeed. In addition, the relative humidity was
measured via a capacitive humidity sensor. The quantity of freshwater was reported using
graded flasks. Table 1 contains the characteristics and specifics of the measuring devices.
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Table 1. The characteristics and specifics of the measuring devices.

Measuring Tool Parameter Resolution Error Range

Pyranometer Solar radiation 0.1 W/m2 ±1 W/m2 0–5000 W/m2

Temperature sensor Temperature 0.1 ◦C ±0.5 ◦C −55–150 ◦C

Capacitive humidity sensor Air relative humidity 1% RH ±2% RH 0% to 100% RH

Anemometer Air velocity 0.01 m/s ±0.1 m/s 0–30 m/s

Water flask Productivity 0.1 mL 0.2 mL 0–2500 mL

2.3. Uncertainty Analyses

By following the method mentioned in Ref. [44], the error of experimental results
is evaluated. Consider a collection of observations in which each measurement’s error
can be stated using the same probabilities. The requested outcome of the tests is then
calculated using these data. After that, based on the errors in the main measurements, the
uncertainties in the derived output can be approximated. The output R is a productivity
formula of the independent parameters x1, x2, x3,. . . , xn. Thus,

R = R(x1, x2, x3, . . . , xn) (1)

Assuming that the different independent parameters have uncertainty of W1, W2,
W3,. . ., Wn. Then, the error created in the result will be:

WR =

√√√√[( ∂R
∂X1

W1

)2
+

(
∂R
∂X2

W2

)2
+ . . . +

(
∂R
∂Xn

Wn

)2
]

(2)

The monitoring apparatus errors are listed in Table 1. As a result, the efficiency error is:

Wηth =

√√√√[(∂ηth
∂m

Wm

)2
+

(
∂ηth
∂IR

WI(t)

)2
]

(3)

The resolution of an instrument refers to the smallest incremental change in a measured
quantity that the instrument can detect or display. The reading error in Table 1 is the
discrepancy between the observed or measured value that a user reads from an instrument
and the true or actual value of the quantity being measured. Then, minimizing reading
errors is essential for better operation and evaluation of performance. Regarding these
relations, the thermal efficiency has an error of around ±2.3.

2.4. Steps to Conduct the Experiments

The experimental testing was performed under the weather conditions of Kafrelsheikh
City (31.1107◦ N, 30.9388◦ E), Egypt, within the period from June 2022 to July 2022. The
parameters mentioned in Sections 2.2 and 2.3 were measured using suitable equipment
during the daytime, from 09:00 to 17:00. As a result, the sun radiation, wind velocity, water
temperatures, ambient and glass temperatures, and quantity of distillate were quantitated
every hour. The total cumulative productivity was determined by adding the distillate
quantity for each hour over 24 h. Moreover, each tested case was replicated twice, and the
results presented in the findings section represent the averaged data to ensure accuracy
and reliability. The subsequent phases included experimental testing as follows:

1. The thermal performances of the CSS and MSSS were evaluated and compared to
obtain the differences between both distillers.

2. The operation of the MSSS was tested when employing the thermo-storing material
(PCM). The PCM was placed under the base of the absorber in the first stage. The
PCM was combined with graphene nanocomposites using paraffin wax. Paraffin wax,
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a hydrocarbon wax, finds widespread application in various contexts, notably as a
phase-change material for thermal energy storage. Paraffin wax typically exhibits
a melting point within the range of 46–68 ◦C. Also, the specific heat capacity of
paraffin wax is approximately 2.1–2.5 J/g ◦C, indicating its ability to absorb and
release thermal energy efficiently. Paraffin wax is characterized by a relatively low
thermal conductivity, typically falling within the range of 0.2–0.3 W/m ◦C.

3. Finally, the economic, exergy, thermal, and environmental prospects for the CSS and
MSSS are evaluated.

3. Results
3.1. Thermal Performance of Solar Distillers (CSS and MSSS)

The weather conditions, like the wind velocity, sun irradiation, air humidity, and
ambient air temperature, were measured and recorded hourly. As a result, Figure 3 depicts
the hourly behaviors of these parameters. It can be observed in Figure 3 that the sun’s
irradiation rises from a low point in the morning to a peak at noon (11:00–13:00). The
solar irradiation then drops to zero as the sun begins to set. At 12:00, the maximum sun
radiation was around 910 W/m2. Furthermore, Figure 3 shows that increasing the sun’s
radiation raises the temperature of ambient air and vice versa. So, at 09:00, the temperature
of ambient air was around 27 ◦C, and it rose to a maximum of 34.5 ◦C at 12:00. The air
temperature was then reduced to 25.5 ◦C at 17:00 (Figure 3). Furthermore, the influence
of air speed on the thermal efficiency of the distiller was minor. This was concluded
because, despite the large shift in air speed, the influence on water, glass temperatures, and
production productivity appeared to be minimal, as shown in Figures 4–6. As shown in
Figure 3, the air speed changed from 1.2 to 4.8 m/s at 09:00 and 14:00, and after that, at
17:00, it changed to 4 m/s. Furthermore, as indicated in Figure 3, the ambient air’s average
humidity ratio was about 60%.
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Figure 4 depicts the water temperature of both the CSS and the three stages of MSSS.
The behavior of the water temperature is comparable to that of sun irradiation. So, the water
temperature of the CSS was elevated from 32.5 to 64 ◦C at 09:00 and 12:00 and decreased
again to 35 ◦C (Figure 4) at 17:00. The MSSS had three water temperatures: one temperature
for the water in every stage. For instance, the water temperature of the third stage (the
upper stage) is higher than that of the second (intermediate) stage, which was more than
that of the first (lower) stage, as depicted in Figure 4. Then, the water temperatures of
the third, second, and first stages were 34, 33, and 32 ◦C at 09:00, respectively. Also, the
water temperatures of the third, second, and first stages were raised to 67, 63.5, and 60 ◦C,
respectively, at 12:00 (Figure 4). In the afternoon, the water temperatures of the third,
second, and first stages declined to 41, 34.5, and 31 ◦C at 17:00 (Figure 4). Therefore, the
CSS daily average water temperature was about 51.5 ◦C compared to 54.3 ◦C, 50.8 ◦C, and
46.3 ◦C for the third, second, and first stages of the MSSS. As a result of this, the third
stage’s water temperature was greater than the second stage’s, which was almost the same
as for the CSS. This results in more improved water vaporization for the higher achieved
water temperature. The main reason for the elevated water temperature inside the MSSS
during the third stage in comparison to the CSS may be the geometrical shape of the water
within the MSSS, which almost forms a triangle. The triangle shape has a gradual increase
in water temperature from zero until the water reaches the edge of the standing barrier
inside the first stage. The second stage has a lower water temperature than the upper stage
because the upper stage receives solar radiation from all directions of the MSSS (upper
glass cover + three vertical basin walls of south, west, and east directions), while the second
(intermediate) stage receives sun irradiation from only the three vertical basin walls of
south direction, west direction, and east direction in addition to the heat losses from the
glass base of the upper stage.

Figure 5 depicts the glass temperature of both the CSS and the three stages of the MSSS.
The behavior of the glass temperature for both solar stills was similar to sun irradiation and
the temperatures of saline water. So, the temperature of the glass of the CSS increased from
28 to 46 ◦C at 09:00 and 12:00 and decreased again at 17:00 to 26 ◦C, as shown in Figure 5.

The MSSS had three glass temperatures: one temperature for each glass cover in
every stage. For example, the glass temperature of the second (intermediate) stage of the
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MSSS was higher than that of the first (lower) stage, which was higher than that of the
third (upper) stage, as shown in Figure 5. Additionally, the lowest temperature of the
glass was indicated for the cover of the glass of the CSS compared to that of the stages
of the MSSS, as shown in Figure 5. The glass temperatures of the second, first, and third
stages were 31, 30, and 29 ◦C at 09:00, respectively. Then, the glass temperatures of the
second, first, and third stages increased to 59, 56, and 48 ◦C at 12:00 (Figure 5). The
temperatures of glass in the second, first, and third stages decreased to 32, 30, and 27 ◦C
at 17:00 in the afternoon (Figure 5). As a consequence, the CSS had an average daily glass
temperature of approximately 35.5 ◦C compared to 45.8 ◦C, 42.9 ◦C, and 37.6 ◦C for the
second, first, and third stages of the MSSS. As a result of this, the difference in temperature
between water and glass for the CSS was about 15 ◦C, compared to around 17 ◦C for
the temperature difference between the water and glass for the third stage of the MSSS.
The temperature difference between the glass and water for the second and first stages
of the MSSS was around 5 ◦C and 3 ◦C, respectively. As is well known, the greater the
difference in temperature between the glass and water, the higher the productivity due to
the higher condensation rate obtained. The elevation in the temperature of the glass in the
intermediate stage is attributable to the fact that the upper glass is subjected to ambient
atmospheric air. It is inherent that exposure to atmospheric conditions leads to a reduction
in temperature. Conversely, the glass in the intermediate stage is exposed to the elevated
temperature of the water at its base and is concurrently influenced by the temperature of
the steam generated from the lower stage. Consequently, both the steam emanating from
the base of the glass and the water above it contribute to an elevation in the temperature of
the glass in the intermediate stage. In contrast, the lower stage experiences a decrease in
temperature with increasing depth, as the water progressively dissipates a portion of its
thermal energy. Consequently, the temperature of the glass in the lower stage is inherently
lower than that of the intermediate stage.

Figure 6 shows the hourly productivity of the CSS and the three stages of the MSSS
as well as the accumulated production of the CSS and MSSS. The production of the MSSS
was greater than that of the conventional SS. Also, the hourly productivity shows the
same behavior as the sun irradiation and the temperatures of glass and water. So, the
production begins from zero at 09:00 and progressively increases to a maximum at noon
(from 12:00 to 14:00); then, it begins to fall until it reaches its lowest at sunset (about 17:00),
as illustrated in Figure 6. Additionally, the hourly production achieved from the third
stage of the MSSS was only higher than that of the conventional SS, as shown in Figure 6.
Moreover, the productivity obtained from the third stage of the MSSS was greater than
that of the second stage, which was more than that of the first stage. Thus, the higher the
temperature of the water–glass variation, the greater the hourly distillate produced by the
same distiller. This result is confirmed by the data presented in Figure 6 when compared
with those presented in Figures 4 and 5. As the water–glass temperature variation for
the third stage of the MSSS was more than that of the CSS, the second stage of the MSSS,
and the first stage of the MSSS, the hourly distillate obtained from the third stage of the
MSSS was greater than the CSS, the second stage of the MSSS, and the first stage of the
MSSS (Figure 6). The CSS hourly production had a maximal value of 350 mL/m2 at 13:00
compared to 400, 300, and 200 mL/m2 at 13:00 as the maximal values for the third, second,
and first stages of MSSS, respectively, as shown in Figure 6. Afterward, the production of
the conventional SS reached 150 mL/m2 at 17:00 compared to 220, 120, and 80 mL/m2 at
17:00 as the minimal values for the third, second, and first stages of the MSSS, respectively,
as depicted in Figure 6. Moreover, the cumulative daytime productivity of the CSS was
1750 compared to 4550 mL/m2 for the MSSS. As a result of this, MSSS production was
increased by about 160%.

3.2. Influence of Using PCM on MSSS Performance

The operation of the MSSS was tested when employing the thermo-storing material
(PCM) of paraffin co-mixed with graphene nanocomposites. The PCM was placed under
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the base of the absorber of the first stage. To prevent the repetition of figures, the authors
favored only displaying the data of the hourly and total productivities of distillers. Addi-
tionally, it can be deduced that the PCM heats up while sun irradiation increases. Water
served as a heat supplier, and the PCM served as a heat sink throughout this operation
(loading). The heat of the PCM increased. The PCM, however, tends to discharge as soon
as the sun intensity starts to decline. Additionally, while phase changing was seen during
dissolving, the heating processes resulted in a detectable temperature difference. PCM’s
temperature noticeably increased through the pre- and post-heating operations. This is
consequently referred to as perceptible heat. PCM changes from a solid to a liquid phase
during dissolving.

Figure 7 shows the cumulative production and hourly output of the CSS and MSSS
with PCM. The productivity of the MSSS was greater than that of the traditional SS. The
hourly production of the CSS reached a maximal value of 600 mL/m2 at 13:00 compared to
1325 mL/m2 at 13:00 for the MSSS with PCM, as shown in Figure 7. Following that, the
productivity of the conventional SS reached a minimal value of 120 mL/m2 at 17:00 com-
pared to 750 mL/m2 at 17:00 for the MSSS with PCM, as depicted in Figure 7. Furthermore,
the CSS’s cumulative daytime production was stated to be 2840 compared to 7980 mL/m2

for the MSSS with PCM. Therefore, the productivity of the MSSS with PCM was increased
by around 181%.
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3.3. Thermal Efficiency of Investigated Solar Distillers

The execution of a distiller relies mainly on its energy efficiency as follows [45,46].

ηd(%) =
∑

.
m(productivity, kg/s)× hfg(vaporization latent heat at water temperature, J/kg)

3600×∑ A(area, m2)× I(sun irradiation, W/m2)
(4)

The daily productivity, production increase, and thermal efficiency of solar distillers
are tabulated in Table 2. The thermal operation of the MSSS is better than that of the CSS.
The energy efficiency of the CSS was around 31%, while the energy efficiency of the MSS
reached 49.8% when the productivity increased by 160%. In addition, the efficiency of the
MSSS with PCM was approximately 53% and the productivity increase was 181%. Therefore,
the thermal efficiency had a growing behavior similar to that of the daily productivity
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increase, as shown in Table 2. The greater the increase in daily productivity, the greater the
increase in energy efficiency.

Table 2. The energy efficiency, production increase, and distillate of tested SSs.

No Case Daytime Distillate Productivity Increase Efficiency

1 CSS 2180 mL/m2 Reference still 31%

2 MSSS
1750 mL/m2 for CSS

160% 49.8%
4550 mL/m2 for MSSS

3 MSSS + PCM
2840 mL/m2 for CSS

181% 53%
7980 mL/m2 for MSSS + PCM

3.4. Exergy Analyses

To evaluate the energy quality for thermal arrangements, exergy analyses may be
employed. The proportion of exergy inputs to exergy outputs is known as exergy efficiency
(ηex) [47,48].

ηex =
Exergy output
Exergy input

=

( .
m × h f g

3600

)
×
[
1−

(
Ta+273
Tw+273

)]
A× I(t)

[
1−

(
4
3

)
×
(

Ta+273
Tsun

)
+
(

1
3

)(
Ta+273

Tsun

)4
] × 100 (5)

where the system area (m2), sun intensity (W/m2), temperature of air (K), and sun temper-
ature (6000 K) are presented as A, I(t), Ta, and Tsun, respectively.

Based on the relationships mentioned previously, the MSSS with PCM has an exergy
efficiency of 5.8%.

3.5. Environmental Analysis

The environmental studies of the current proposal are assessed in this section, as
environmental investigations of ecosystems have received a lot of attention in order to
elucidate the influence of greenhouse gas emissions, particularly CO2, as well as offer life
cycle evaluations.

This piqued the interest of the authors since using carbon fuels results in natural
catastrophes and hazards, like the release of greenhouse gas emissions into the atmosphere.
To achieve sustainability goals, scholars have employed renewable energies for devices,
rather than carbon fuels. The recommended equations for CO2 emissions and reduction by
solar energy (annually and throughout a device’s lifetime) are as follows:

The yearly generated distiller energy (kW·h/year) is

Eout =
365× .

m× hfg

3600
(6)

The average CO2 equivalent intensity for power produced from fossil-fuel-based
power plants is roughly 2 Kg CO2 per kW·h, [49,50]. Additionally, Sahota et al. [51] showed
that the average CO2 equivalent intensity for electricity generation from coal is about 2 kg
CO2/kW·h.

CO2, emitted =
2× Ein(embodied energy o f components)

n
(7)

where n is the lifespan of the solar still and Ein is the embodied energy of the distillation
unit. Embodied energy Ein is defined as energy consumed throughout the production
process of distiller components, and it is computed by multiplying the energy density of
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each section of solar still with their corresponding mass [49]. Subsequently, the total carbon
dioxide emissions during the device’s lifespan are determined.

CO2,emitted,li f e = 2× Ein (8)

The annual CO2 mitigation of the solar still (kg of CO2) equals Eout × 2, where Eout
represents the annual energy yield gained from the solar still [51]. So, the quantity of
carbon dioxide that is decreased in kg/year is

CO2,mitigated = 2× Eout (9)

Likewise, the quantity of CO2 reduced in kilograms over the device’s life cycle is

CO2,mitigated,life = 2× Eout × n (10)

The following shows how the environmental variables (φCO2 and Z′) are derived:

φCO2 =
2× ((Eout × n)− Ein)

1000
(11)

And,
Z′ = zCO2 × φCO2 (12)

where (zCO2 ) is the price of carbon on global markets (14.5 $ per ton).
Table 3 shows the embodied energies of individual elements when the above corre-

lations are taken into account. Table 4 includes the environmental and enviroeconomic
parameters. As a result, the environmental impact of the MSSS with PCM was 12 tons of
CO2 per year.

Table 3. Embodied energies of individual components.

Component Made from Energy Density,
kW·h/kg

Embodied Energy,
Ein (kW·h)

Coating Black paint 25 3.2

Basin Glass 13.8 140

Tapes Brass 17.22 4.1

Cover Glass 4.16 40

Total 187.3

Table 4. Environmental and enviroeconomic parameters.

MSSS with PCM Embodied
Energy = Ein

Eout Yearly Eout for Lifetime Enviroeconomic
Parameter, Z’

Environmental
Parameter, φCO2

187.3 (kW·h) 220 (kW·h) 4400 (kW·h) 174 12

3.6. Economic Analyses

To ensure the viability of the suggested system, the framework was evaluated from
the standpoint of financial research. The total fixed costs for the MSSS, MSSS with PCM,
and conventional SS were 170, 180, and 120 $. Tables 5 and 6 show the planned financial
literature inputs and statistical connections.
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Table 5. Inputs for financial analysis proposed.

No. Parameter Description Amount

1. n Lifetime of device 20 years

2. i Interest rate 18%

3. N Annual working days 340 days

4. F Total fixed expenses

120$ for CSS

170$ for MSSS

180$ for MSSS with PCM

5. M Annual productivity

18,000 L/m2·year for CSS

46,850 L/m2·year for MSSS

51,600 L/m2·year for MSSS with PCM

Table 6. Statistical relationships for financial analyses [52].

No. Relation Description

1. CRF =
i (1+ i)n

(1+ i)n − 1
Capital recovery factor

2. FAC = F (CRF) Annual fixed costs

3. SFF = i
(1+ i)n − 1

Sinking fund factor

4. S = 0.2 F Salvage value

5. ASV = S(SFF) Annual salvage value

6. AMC = 0.15(FAC) Annual maintenance costs

7. TAC = FAC + AMC−ASV Annual total cost

8. CPL = TAC/M Price of distillate

The price of water for the CSS, MSSS, and MSSS with PCM, based on the aforemen-
tioned relationships, was 0.24, 0.13, and 0.10 $/L. In light of the financial evaluation, the
suggested system is, therefore, practicable.

4. Conclusions

This research focused on enhancing the productivity of a solar still by introducing
design modifications. These adjustments involved creating a three-stage solar still, referred
to as the multi-stage solar still (MSSS), and comparing it to a conventional solar still,
designated as the CSS. Unlike the CSS, which rotates to track the sun, the MSSS was
constructed with three glass stages stacked on top of each other to maximize steady solar
tracking. Moreover, to further improve the performance of the MSSS, a thermo-storing
material (PCM) was incorporated at the base of the still. This study evaluated the economic,
exergy, thermal, and environmental aspects of both the CSS and MSSS. The results indicated
that the water temperature in the MSSS varied across its three stages, with the third stage
(upper stage) having the highest temperature, followed by the second (intermediate) stage
and the first (lower) stage. Specifically, the average daily water temperature of the CSS
was approximately 51.5 ◦C, compared to 54.3 ◦C, 50.8 ◦C, and 46.3 ◦C for the third, second,
and first stages of the MSSS, respectively. Additionally, the glass temperature in the MSSS
also exhibited variation among its stages, with the second stage (intermediate) having the
highest temperature, followed by the first (lower) stage and the third (upper) stage. The
average daily glass temperature of the CSS was around 35.5 ◦C, while it was 45.8 ◦C, 42.9 ◦C,
and 37.6 ◦C for the second, first, and third stages of the MSSS, respectively. These findings
highlight the temperature variations within the MSSS stages and the potential impact on
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overall performance. The most important findings of this study can be summarized in the
following points:

1. The upper stage was better than that of the other stages of the MSSS.
2. Furthermore, the cumulative day production of the CSS was reported to be 1750

compared to 4550 mL/m2 for the MSSS. Therefore, the productivity of the MSSS was
increased by about 160%.

3. The cumulative daytime outputs of the CSS and MSSS with PCM were 2840 and
7980 mL/m2, respectively, with an improvement of 181%.

4. The energy efficiencies of the CSS, MSSS, and MSSS with PCM were 31%, 49.8%, and
53%, respectively. The MSSS with PCM had an exergy efficiency of 5.8%.

5. The MSSS with PCM had an environmental impact of 12 tons of carbon dioxide
per year.

6. The costs of freshwater for the conventional SS, MSSS, and MSSS with PCM were 0.24,
0.13, and 0.10 $/L, respectively.
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Nomenclature

hfg Vaporization latent heat at water temperature, J/kg
.

m Productivity, kg/s
ηd Daily efficiency, %
Ta Air temperature, K
Tsun Sun temperature, K
Tw Water temperature, K
zCO2 Price of carbon on the global markets, $/ton
ηex Exergy efficiency, %
φCO2 and Z′ Environmental variables
A Area, m2

CO2 Carbon dioxide
CSS Conventional solar still
I Sun irradiation, W/m2

MSSS Multi-stage solar still
PCM Phase-change material
AMC Annual maintenance costs, $
ASV Annual salvage value, $
CPL Price of distillate, $/L
CRF Capital recovery factor
E Energy, kW.h
F Total fixed expenses, $
FAC Annual fixed costs, $
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M Annual productivity, L/m2·year
N Annual working days, day
S Salvage value, $
SFF Sinking fund factor
TAC Annual total cost, $
i Interest rate, %
n Lifespan of solar still, year
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