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Abstract
Thiswork aimed to explore a new technique for improving the performance of solar stills (SSs) through utilizing three different types of
a new hybrid structure of heat localization materials (HSHLM) floating on the water surface to increase the evaporation rate as well as
water production and minimize heat losses. The three types were exfoliated graphite flakes with wick (type A), carbon foamwith wick
(type B), and exfoliated graphite flakes with wick and carbon foam (type C). These hybrid structures had good features such as high
absorption and hydrophilic capillary forces to interconnected pores for fluid flow through the structure. Two identical SSs were
designed, fabricated, and investigated to assess SSs’ performance with and without HSHLM (modified and conventional SSs). The
obtained results showed that the daily productivity was enhanced by 34.5, 28.6, and 51.8% for typeA, type B, and type C, respectively,
relative to the conventional one.Moreover, the efficiency of the SS reached about 37.6% for typeC; while, it reached about 27% for the
conventional SS. Contrary to conventional SSs, the use of HSHLM resulted in increasing the productivity proportional to water depth.
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Introduction

Fresh water is essential for urban expansion, human civilization,
and industrial development (Nisan and Benzarti 2008). Water
covers around 70% of the globe while most of this water is not
suitable for drinking because of salinity and water pollution (El-
Samadony and Kabeel 2014). So, the fresh water demand is

increasing, and the existing sources cannot be enough to meet
these increasing demands (Kabeel et al., 2017a). Good water
quality is needed to enhance the level of living.Water gets mainly
contaminated due to the industrial activities causing severe dis-
eases, which can affect our life. To solve this immense problem,
many advanced technologies have been employed, but they are
very expensive (Rodriguez-Narvaez et al. 2017; Salgot and Folch
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2018; T. C et al. 2018). Therefore, solar energy as a promising
abundant source of renewable energy has attracted the attention of
many researchers in the water desalination field (Abujazar et al.
2018; Elsheikh et al. 2018; Li et al. 2013; Zhang et al. 2018).

Solar stills (SSs) are one of the most promising solutions to
water purification especially in remote areas when a small amount
is needed (Ayoub and Malaeb 2014; Samuel Hansen and
Kalidasa Murugavel 2017; Sharshir et al. 2017a). The major dis-
advantage of SSs is the low rate of productivity, in spite of con-
tinued efforts done by many different researches to improve their
performance through different designs and modifications
(Balachandran et al. n.d. ; Elshamy and El-Said 2018; Shalaby
et al. 2016; Sharshir et al. 2016d). The parameters that significant-
ly affect SSs performance and efficiency are location, wind veloc-
ity, solar intensity, water depth, glass temperature, and ambient
temperature (Kabeel et al. 2019c). The main disadvantage of SSs
is that productivity is low. This low productivity is mainly due to
two reasons: the latent heat losses of water condensation and the
low insolation received by SS. Further developments of the SSs
have been done to enhance their performance such as using phase
change materials (PCM) to store energy during the daytime and
release it during the night (Kabeel et al. 2018; Kabeel et al. 2017b;
Mousa and Gujarathi 2016; Su et al. 2015). Recently the re-
searchers have extensively used micro-nano particles to improve
the SS performance (Balachandran et al. 2019; Elsheikh et al.
2019; Kabeel et al. 2019b; Rashidi et al. 2018; Sharshir et al.
2017c). Sharshir et al. (2017b) proposed the use of graphite flakes
and phase change material in the still basin integrated with film
cooling over the glass cover which improved water productivity
by about 73.80%. To enhance the water evaporation as well as
productivity, researchers have been investigated the using of phase
change material integrated with nanoparticles to exploit the ad-
vantages of both of them(DsilvaWinfred Rufuss et al. 2018), and
the use of porous absorber (Arunkumar et al. 2018; Madani and
Zaki 1995) to increase the evaporative surface area of the basin. In
addition, different heat storage materials have been considered for
improving the productivity such as cement-coated red bricks
(Kabeel et al. 2019a), solar evaporation using airing multifunc-
tional textile (Peng et al. 2020), v-corrugated absorber integrated
with wick and nanofluids (Sharshir et al. 2020), cotton hung pad
integrated with nanoparticles (Sharshir et al. 2019a), heat-
localization and thin-film evaporation (Peng et al. 2018) metal
chips pad and basin metals (Sharshir et al. 2019d), improving
solar still performance via water rejected from humidification-
dehumidification (Sharshir et al. 2016a, b, c), phase change ma-
terials (Sharshir et al. 2019b).

Khare et al. (2017) investigated the effect of using black rubber
and black gravel inside the still trough on SS productivity which
was enhanced by 20% and 19% for the former and the latter,
respectively. Hassan and Abo-Elfadl (2017) reported an increase
in SS productivity up to 35%when saturated sand, layers of black
steel fiber, and a mixture of both in the basin medium were used.
Moreover, mixing the sand with black steel fibers showed higher

productivity compared with sand only. Samuel Hansen and
Kalidasa Murugavel (2017) tested different types of absorber
plates (flat, grooved, and fined shaped). The distillate water pro-
ductivity and efficiency using fined shaped absorber were higher
than the standard flat absorber by 25.7% and 34.1%, respectively.

Heat localization as a new technique has been used to in-
crease water evaporation in open space showed great promises
in the desalination field. By localizing the solar energy on the
water surface using a different kinds of materials, the surface
of water gets heated effectively leading to generate vapor.
Wang et al. (2016) reported an increase in the evaporation rate
of water by localizing heat on the water surface using carbon
nanotubes. The evaporation efficiency in open air was 46.8%
under 10 kW/m2 of insolation. Later, Xue et al. (2017) used
flame treated wood as a low-cost material for localizing heat in
a steam generating device which showed thermal efficiency of
72% at under 1 kW/m2 of insolation in open space.

Considering low-cost materials, Xu et al. (2017) used nat-
ural and carbonized mushrooms as heat localization materials
to generate steam which showed efficiencies of 62% and 78%
under 1 kW/m2 of insolation, respectively. (Ghasemi et al.
2014) proposed a hydrophilic exfoliated structure for increas-
ing water evaporation 10 kW/m2 of insolation using a solar
simulator on an open environment. The results indicated that
the maximum efficiency was about 85%. Liu et al. (2017)
reported that 1.2 kg of salty water can be vaporized in 1 h
using dark met surface composed of nanoparticles with a
thickness of 200 mm, and the thermal efficiency was 87%
under 2.3 kW/m2 of insolation.

It has been observed from the literature that heat localiza-
tion techniques will be beneficial to the performance of SSs.
The present experimental works aim to develop a new ap-
proach and corresponding material structure that localizes
the heat at the surface, where evaporation occurs, and mini-
mize the heat losses leading to enhance the thermal perfor-
mance of the SSs. Three different types of HSHLMs, namely,
exfoliated graphite flakes with wick (type A), carbon foam
with wick (type B), and exfoliated graphite flakes with wick
and carbon foam (type C), were used to achieve the heat lo-
calization. Using these types of HSHLM forms hot spots by
concentrating the solar radiation on the water surface, hence it
reduces the heat loss leading to enhance thermal efficiency.
Furthermore, the effect of water depth on the productivity of
modified and conventional SSs was investigated.

Experimental setup, material structure,
and instrumentation

System description

The experimental set up consisted, mainly, of two geometri-
cally identical ordinary L-type SSs: one was a conventional
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SS and the other was the modified one (provided with
HSHLMs); as presented in schematic and photo in Figs. 1
and 2, respectively. Each SS was fabricated from 1.5-mm-
thick galvanized steel and had a basin of (1 × 0.5) m with
0.44 m back side height and 0.15 m front wall height. In
addition, for complete effective thermal performance, the

whole internal surface of the basin was black-painted to max-
imize its solar absorptivity. To eliminate heat losses to the
surrounding, the basin’s sides and bottom walls were thermal-
ly insulated by 20 mm-thick foam having a thermal conduc-
tivity of (0.03 W/m K) (Li et al., 2019). In addition, the upper
side facing the solar radiation was covered with 4-mm-thick

Fig. 1 Schematic diagram of the experimental set up

Fig. 2 Photo of the experimental
set up
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glass cover having emissivity and absorptivity of 0.88 and
0.05, respectively, and tilted at 30° to the horizontal plane
facing South. The saline water was being collected from the
Mediterranean Sea in a black-painted tank and being equally
fed to the system through pipeline fitted with control valves.

The experiments were conducted on the beach of the
Mediterranean Sea in Burullus city (latitude 31.58° N and
longitude 30.98° E), Kafrelsheikh province, Egypt. The SSs
were completely fabricated from locally available entities. The
measurements were conducted from 8:30 am to 5:30 pm dur-
ing sunny days.

Material structure

Three different materials were utilized to form the combina-
tions used in each case of study: exfoliated graphite, wick, and

carbon foam, with photos shown in Fig. 3 a, b, and c, respec-
tively. All these materials had densities lower than that of bulk
water, so, that guaranteed their suspension on the water sur-
face as desired; except for the wick material that required
using small hooks at the SS basin sides to suspend it on the
water surface.

The absorptivity (%) spectra of the utilized materials: carbon
foam, exfoliated graphite, wick, and bulk water; is shown in Fig.
3c that illustrates the spectra variationwith different wavelengths.
These variations were calculated through UV–V in the range
from 400 to 1100 nmwith a unity step. Through thewhole range,
carbon foam recorded the highest absorptivity at a stable average
value of 99.04% with maximum and minimum values of 99.18
and 98.99%, respectively. Also, exfoliated graphite showed a
stable absorptivity within the wavelengths range at an average
value of 94.87% oscillating between 95.11 and 94.14%.

Fig. 3 Characteristics of utilized
materials. a Photo of exfoliated
graphite, b photo of carbon foam,
c photo of wick, and d absorption
spectra of the different materials
and bulk water at different
wavelengths
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Whereas for a wick, it showed approximately the same absorp-
tivity of carbon foam till wavelength of 710 nm, then, its absorp-
tivity declined till a minimum value of 71.44% at 1081 nm, and
then semi-stabilized till the final wavelength. Finally, bulk water
had the lowest values of absorptivity of, approximately, on aver-
age, 10%, especially in low wavelengths, ranging from 400 to
750 nm. After that, bulk water absorptivity uplifted to the highest
value of 44% at 975 nm and then decreased to 24% at the final
wavelength.

For the proposed study, the effect of HSHLMs on the per-
formance and productivity of SS, combinations of the previ-
ously mentioned materials, formed three types of HSHLMs
that were utilized and involved in the system; as illustrated in
Fig. 4. These types are formed as follows:

& Type A: Exfoliated graphite flakes over the wick.
& Type B: Carbon foam sandwiched between two wick layers.
& Type C: Exfoliated graphite flakes over carbon foam

sandwiched between two wick layers.

Measuring devices and error analysis

The affecting parameters on the SSs’ performance were eval-
uated through accurately calibrated electronic instrumenta-
tions. For temperature measurement, ten LM 35 temperature
sensors with an accuracy of 0.1 °C were used with position
shown in Fig. 1. These sensors were calibrated using AD590

calibration sensor to minimize the overall error percentage.
For each SS, sensors were used to measure temperatures of
water, vapor, and the inner and outer surface of glass cover.
One sensor was used to measure temperature of HSHLM in
the modified SS, and another was used to measure ambient air
temperature. Moreover, a solar radiation sensor was posi-
tioned parallel to the glass cover to measure solar irradiance.
This sensor was calibrated by positioning it at 30° (SS glass
tilt angle) and changing its value according to the calibrated
device (pyranometer). Both radiation and temperature sensors
readouts were recorded to a memory card using Arduino
Mega (with 15 analog inputs and 53 digital I/O pins) that
was powered by a small PV-system consisting of PV panel,
battery, and charger. Wind speed was measured using vane-
type anemometer. The productivity was hourly collected in a
sealed flask.

The values of range, accuracy, and error of different instru-
mentations are illustrated in Table 1 in which the minimum
error is the ratio of least count to the minimum value of a
measured quantity (Srithar 2003). For daily efficiency and
productivity, the uncertainties were calculated according to
(Holman 2001) and the resulting errors were ± 1.19 and ±
0.6%, for daily productivity and efficiency respectively.

Results and discussion

The effect of the usage of HSHLMs on SSs (modified SSs)
performance was investigated and compared with a conventional

Fig. 4 Structure of the layers used
in the modified solar still
(HSHLM)
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SS performance operated at the same time. The actual data of
solar radiation, air temperature, glass temperature, water temper-
ature, and HSHLM temperature were displayed and recorded
during the day using Arduino Mega. The water depth in each
SS was kept constant with a value of 1 cm in each experiment.

Effect of exfoliated graphite flakes with wick

Figure 5 a depicts the variation of solar radiation, and temper-
atures of water, foam surfaces, and glass during the day of

testing HSHLM of type A. The air temperature on this day
had an average of 32 °C. The intensity of solar radiation
reached its maximum value of 950 W/m2 around 12:30 p.m.
and declined gradually till sunset. Figure 5 a also illustrates the
increase in exfoliated graphite surface temperature in the mod-
ified SS which reached a maximum value of 65.5 °C around
12:30 pm; while, the water temperature of the conventional SS
reaches a maximum value of 60 °C at the same time. This
difference in the maximum temperature is because of adding
exfoliated graphite flakes and wick to the water surface. The

Table 1 Instrumentations
uncertainty errors Device Range Accuracy Relative error (%)

Solar sensor with Arduino Mega 0–2000 W/m2 ± 1 W/m2 0.156

LM 35 temperature sensor with Arduino Mega 0–300 °C ± 0.1 °C 0.2

Vane anemometer ± 0.1 m/s 0.4–30 m/s 2.5

Calibrated flask 0–2 l ± 0.005 l 1.176

Fig. 5 Type A experiment. a Temperature and solar radiation variations. b Hourly productivity of SS with and without HSHLM. c Accumulated
productivity of SS with and without HSHLM (15 Oct 2017)
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difference between water temperature and glass temperature
ranged from 1 to 3 °C and from 6 to 15 °C in the case of
modified SS and conventional SS, respectively. As it is desir-
able to increase the temperature difference between the inner
surface of the glass cover and the water surface as soon as
possible to enhance the natural circulation inside the still as
well as the condensation rate, the use of exfoliated graphite
flakes has a beneficial effect to achieve this target.

Figure 5 a also shows that the water temperature of the
conventional SS is greater than the water surface temperature
of the modified one although the modified one had a greater
productivity; this is because the HSHLM acts as insulation
layer over water surface, and the water rises up by osmosis
characteristic, and evaporation happens in this layer where
the temperature is very high as there is no need to heating
bulk water but only its surface. The results show that surface
temperatures of the modified SS are higher than the conven-
tional SS by about 5 °C. This is mainly due to the adding
HSHLM on water surface which absorbed the heat and con-
centrated it on the water surface, which led to the rise in
surface temperature and consequently evaporation of water

was increased, which in turn increased the overall full-day
productivity. The hourly productivity of both modified and
conventional SSs is as shown in Fig. 5b. The hourly produc-
tivity was found to be 0.33 L and 0.24 L around 11:30 in the
case of modified and conventional SS, respectively, i.e., there
was an increase of 37.5% in hourly productivity of the mod-
ified SS over the conventional one. This percentage became
larger around 15:30 and reached 57.14%. The accumulated
productivity of both stills was recorded too as shown in Fig.
5c; it was 3.9 L/day and 2.9 L/day for the modified and
conventional SS, respectively, with an increase of 34.5% in
productivity during the day. Additionally, the efficiency was
36.9% and 26.8% for the modified and the conventional SS,
respectively.

Effect of carbon foam with wick

Figure 6 a demonstrates the hourly variations of temperature
and solar intensity when type B HSHLM was used. The aver-
age air temperature during the experiment was 25 °C. The
solar intensity reached its maximum value of 945 W/m2

Fig. 6 Type B experiment. a Temperature and solar radiation variations. b Hourly productivity of SS with and without HSHLM. c Accumulated
productivity of SS with and without HSHLM
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around 12:30. Foam surface temperature, where evaporation
takes place, rose until it reached a maximum value of 71 °C at
12:30 during the day due to the heat localization effect that
carbon foam has on temperature rise whereas water

temperature of the conventional SS reached a maximum value
of 65 °C. The glass temperature of the modified SS was small-
er than the conventional one at the beginning of the day, but it
became greater around 11:30.

Figure 6 b presents the hourly productivity of both modi-
fied and conventional SSs. The hourly productivity of modi-
fied SS is always greater than the conventional one during the
day because of adding HSHLM to the water surface. Figure 6
c shows the accumulated productivity of both SSs as accumu-
lated productivity of modified one was 3.6 L/day with an
increase of 28.6% with respect to conventional SS which
had productivity of 2.8 L/day. In addition, the efficiency of
modified was 34.8 compared with 27% for conventional.

Effect of exfoliated graphite flakes and carbon foam
with wick materials

Figure 7 a shows the variation of solar radiation, water tem-
perature, foam surface temperature, and glass temperature dur-
ing the day in the case of using type C HSHLM. During this
experiment, the solar radiation reached a maximum intensity

Fig. 7 Type C experiment. a Temperature and solar radiation variations. b Hourly productivity of SS with and without HSHLM. c Accumulated
productivity of SS with and without HSHLM

Fig. 8 The effect of the water depth on the SS accumulated productivity
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of 970W/m2 around 12:30 and then it declined during the day
until sunset. The average air temperature during the day of the
experiment was about 31 °C as shown in Fig. 7a. The water
surface temperature of the modified SS reached a maximum
value of 53.5 °C around 12:30 pm then it declined during the
rest of the day while it was 67 °C for the conventional one.
The exfoliated graphite and foam surface, where evaporation
takes place, reached a maximum value of 71 °C.

Figure 7 b shows the hourly productivity of the modified
SS with and without HSHLM of type C. The productivity of
the modified SS was always greater than the conventional SS
during the day. There was a considerable increase in produc-
tivity after combining exfoliated graphite flakes and carbon
foam as the accumulated productivity of the modified SS be-
came 4.25 L/day with an increase of 51.8% with respect to the
conventional that had the productivity of 2.8 L/day, as shown
in Fig. 7c. Additionally, the efficiency was about 37.4% and
25.4% for the modified and conventional SS, respectively.

Effect of changing water depth for modified
and conventional stills

Another experiment was done to study the effect of increasing
water depth on the process of heat localization in the modified
still with HSHLM type C, and the conventional one. The
results showed that increasing the water depth of the modified
SS has a positive effect on productivity in contrary to that in
the conventional one (Kalidasa Murugavel et al. 2010) as
shown in Fig. 8. When the water depth was 1 cm, the accu-
mulated productivity was 2.8 L/day and 4.25 L/day for con-
ventional and modified one type C, respectively. As the water
depth increases, the productivity increases too as the heat lo-
calization process does not need to heat the bulk water in the

Fig. 9 The percentage increase in the productivity and efficiency for the
modified SSs with three different HSHLM types compared with
conventional SSs
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still, but it concentrates the heat on the surface of the water
where the evaporation takes place.

Thermal performance

Daily efficiency ηd is used to assess the performance of the SS
under investigation. It is defined as the sum of hourly produc-
tivity mp multiplied by the latent heat Lw and divided by the
absorber area A and the sum of hourly solar radiation
I(t)(Dashtban and Tabrizi 2011; Kabeel et al. 2018):

ηd ¼
∑mp � Lw
∑A� I tð Þ ð1Þ

where the latent heat is calculated using the following equa-
tion (Dashtban and Tabrizi 2011; El-Dessouky and Ettouney
2002; Kabeel et al. 2018):

Lw ¼ 103 2501:9−2:40706Tw þ 1:192217� 10−3T 2
w−1:5863� 10−5T3

w

� �

ð2Þ
and Tw is the average temperature of basin water in conven-
tional SS and HSHLM in modified SS.

The accumulated productivity of the freshwater, the per-
centage of productivity increase, and daily efficiency for the
three types of HSHLM and conventional SS. The maximum
SS efficiency was obtained using the type C HSHLM (37.6%)
followed by type A (37%) and finally type B (34.8%); with an
increase in the efficiency by about (47.24%) for type C,
(37.68%) for type A, and (28.88%) for type B compared with
the corresponding conventional SSs as shown in Fig. 9. As
shown in Table 2, the average value of the accumulated pro-
ductivity was found to be 3.9 L/day, 3.6 L/ day, and 4.25 L/
day for type A, type B, type C SSs, respectively. While the
average accumulated productivity for the three corresponding

conventional SS ranges between 2.8 and 2.9 L/day. The max-
imum average increase in the accumulated productivity was
obtained using the type C HSHLM (51.3%) followed by type
A (32.8%) and finally type C (27.1%). It has been inferred
from the results that among the three investigated types of
HSHLM, type C has shown the best productivity and thermal
performance.

Compared with some other researchers’ studies, the system
showed good enhancement in both daily productivity and effi-
ciency. In addition, the in-shore study is in good agreement with
other inland ones as shown from Table 3. In other words, be-
cause of the rapprochement in the productivity of conventional
SS in both studies in land area(other studies), and at beach side
(current study), it can be considered that there is no significant
effect of meteorological parameters at beach side on the perfor-
mance of SS.. However, more intensive investigations should
be conducted in future works to ensure this suggestion.

Cost analysis and water quality

The average cost ($) per 1 l of produced distilled water can be
calculated regarding fixed installation (I), Table 4, annual var-
iable running (R) costs, and expected lifetime (n); as total cost
during operation lifetime (C) = I + (n × R)$. In addition, the
average total productivity during the operation lifetime (mn)-
= i × n ×m

d
, as i is operation days per year. According to

(Kabeel 2009), it can be assumed that n = 10 years, i =
340 day/year, and the values of R = 0.3 I. Hence, for example,
the total cost of type C modified SS can be calculated as
C = (95) + (0.3 × 10 × 95) = 380 $. Whereas, mn = 340 × 10 ×
4.25 = 14,484 L. Then, the cost per liter = 380/14,484 =
0.0262 $/L. In the same way, the cost per of conventional,
modified type A, and modified type B are 0.033, 0.027, and
0.0294 $/L, respectively.

Table 3 Comparison between different cases of present work and various conventional SSs

Reference Location Type of SS Average productivity
(L/m2 day)

Average
efficiency (%)

Present study Burullus city (latitude 31.58° N and longitude 30.98° E),
Kafrelsheikh province, Egypt.

Conventional
SS

2.83 26.5

Modified type
(A)

3.9 36.7

Modified type
(B)

3.6 34.8

Modified type
(C)

4.25 37.5

(Sharshir et al.
2019c)

Kafrelsheikh city (latitude 31.09° N and longitude 30. 95° E),
Kafrelsheikh province, Egypt.

Conventional
SS

3.2 30

(Omara et al.
2011)

Kafrelsheikh city (latitude 31.09° N and longitude 30. 95° E),
Kafrelsheikh province, Egypt.

Conventional
SS

3.07 34

(Omara et al.
2014)

Kafrelsheikh city (latitude 31.09° N and longitude 30. 95° E),
Kafrelsheikh province, Egypt.

Conventional
SS

3.1 Not given
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Additionally, saline and fresh water qualities were mea-
sured to ensure its values agree with the acceptable range. It
was found that the evaluated samples witnessed a drop in both
total dissolved solids (TDS) and the power of hydrogen (pH)
values. TDS values witnessed a sharp drop from 35,350 to
80 mg/L; before and after the desalination process, respective-
ly. Whereas, the pH values were 7.8 and 7.0 for saline and
fresh water, respectively. According to World Health
Organization (WHO) (Organization 2004), these values of
water quality is acceptable.

Conclusions

In the current experimental work, a new technique for improv-
ing the performance of solar stills (SSs) via utilizing three
different types of a hybrid structure of heat localization mate-
rials (HSHLM) was proposed. The three types were exfoliated
graphite flakes with wick (type A), carbon foam with wick
(type B), and exfoliated graphite flakes with wick and carbon
foam (type C). The effect of the three HSHLM types on the SS
performance was investigated as well as changing the water
depth on it. As the result, the followingmajor outcomes can be
concluded:

& The HSHLMs helped in localizing the heat at the water
surface; and hence, that led to an increase in the evapora-
tion rate and minimizes the heat losses. So, The hourly
productivity and accumulated productivity of themodified
SS were always greater than the conventional one.

& The maximum productivity achieved in case HSHLM
type C was 4.25 L/day (an increase of 51.8% compared
with conventional SS).

& The efficiency of the modified SS was found to be 37.4%,
36.9%, and 34.8%, when using type C, type A, and type
B, respectively.

& The productivity of the modified SS with HSHLM signif-
icantly increased when the water depth increases contrary
to conventional SSs.

Nomenclatures A, absorber area, (m2); C, total cost of solar still oper-
ation during its lifetime, ($); I, fixed installation cost, ($); I(t), hourly solar
radiation intensity (W/m2); i, number of annual operation days (day/yr);
Lw, latent heat of water (kJ/kg); md, average daily productivity (kg/ m2

day); mn, average total productivity during the operation lifetime (kg);

mp, hourly freshwater (L/m2 h); n, number of lifetime years (yr); R,
running variable cost ($/yr); Tw, verage temperature of basin water (°C)

Abbreviations ηd, daily efficiency; d, daily; HSLM, hybrid structure of
heat localizationmaterial; PCM, phase change material; PV, photovoltaic;
pH, power of hydrogen; a measure of hydrogen ion concentration evalu-
ating the acidity or alkalinity of a solution; P, productivity; SS, solar still;
TDS, total dissolved solids; w, water
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