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Abstract: Many attempts are made worldwide to create cheap, efficient, and eco-friendly water
desalination systems. Passive solar stills (SS) are considered to be such. This paper presents the
results of the experimental and theoretical investigation of the effects of using phase-change materials
(PCM) on the performance of SS. The experiments were conducted for two paraffin waxes, as PCM and
1.0, 2.5, and 5.0 kg of PCM were used. The results of the experimental studies were used to validate
a mathematical model, which was based on the energy balance ordinary differential equations.
The equations were solved numerically since the approximate solutions obtained numerically are
sufficient and relatively simple as compared to the exact analytical solutions. A theoretical analysis
was then carried out and a novel and detailed dependence on the water evaporation rate as a function
of water temperature and the difference between water and cover temperature was determined.
It was also found that the productivity of the SS with PCM strongly depends on the operating
conditions. For uniform initial temperatures of the SS, its productivity decreases with an increasing
PCM-to-water mass ratio, and the maximum decrease is 10.8%. If the SS is not thermally insulated,
the PCM can take the role of a thermal insulator and increase productivity by 1.1%, but there is
an optimal PCM-to-water mass ratio. The greatest increase in productivity, by up to 47.1%, can be
obtained when the PCM is heated outside the SS and inserted into the SS when the water temperature
starts to decrease. In this case, the productivity increases with the increasing PCM-to-water mass
ratio. These outcomes fill a knowledge gap caused by a lack of justification for why in some cases,
the application of PCM fails to improve the productivity of SS.

Keywords: desalination; distillation; paraffin wax; phase-change materials; solar still

1. Introduction

Probably no one needs convincing how important drinking water and free access to it
is for humanity. Drinking impure and saline water can lead to various medical problems,
including cholera, polio [1], increased risk of hypertension, as well as skin and diarrheal
diseases [2]. The World Health Organization estimates that by 2025, 50% of the population
will be living in water-stressed areas [1]. This is the result of an increasing population, the
uneven distribution of water resources, and the fact that approximately 97% of the Earth’s
water resources are saline water [3]. Therefore, water desalination is necessary and the
number of water desalination plants has been growing since the 1960s to reach the number
of 15,906 in 2018 [4].

Existing water desalination plants are based mostly on reverse osmosis (RO) and
multi-stage flash (MSF) distillation. Generally, RO and MSF desalination plants are large-
scale and high-capacity units that require large capital expenditure. Nevertheless, building
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large-scale desalination plants or delivering water by pipelines or trucks in some areas may
be uneconomical and challenging. Therefore, the use of solar stills to desalinate water in
such cases appears to be a reasonable alternative.

Passive SS are devices of simple construction with a lack of moving parts and addi-
tional energy sources, and they do not require significant capital expenditure [5]. The water
obtained in the SS is free of salt and other non-volatile compounds [6]. However, the main
drawback of SS is low productivity, usually less than 5 L/m2/day [7]. Therefore, there is a
lot of effort spent on improving the productivity of SS.

The main driving force behind the water evaporation process, and hence SS pro-
ductivity, is the temperature difference between water and cover ∆T [8], and the water
temperature, Tw [9]. Tsilingiris [10] reported that as the ∆T increases from 5 to 10 ◦C,
the productivity increases by a factor of 2.6, while for a fixed ∆T, an increase of the SS
temperature by 20 ◦C leads to productivity improvement by a factor of 3.2. Therefore, the
methods of increasing the productivity of SS can be divided into two groups: increasing
the temperature of the water and decreasing the temperature of the cover [11]. The first
way includes, for example: implementing the internal [12] or external [13] reflectors to
increase the incident solar irradiance on the water and absorber, or coating the absorber
with TiO2 nanoparticles to increase its absorptivity [14]. On the other hand, decreasing the
temperature of the cover can be realized by using the flow of cold water over the cover [15],
applying radiative cooling [16], or using an additional external condenser [17].

Based on the above reflections, it appears that desalinating water in SS would be more
effective, in terms of productivity, if it was conducted at night when the temperature of
the ambient air is low. Therefore, thermal energy storage materials have been proposed to
be used in SS to store the excess heat during the day and release it during the night [18].
Among the group of thermal-energy storage materials, phase change materials (PCM) are
of great interest for use in SS [19,20]. PCM are materials that undergo reversible phase
transitions, most commonly solid-liquid, during which the PCM stores thermal energy in
the form of latent heat.

Yousef and Hassan [21] reported that using paraffin wax as PCM can increase the
SS daily productivity by 9.5%. Chaichan and Kazem [22] investigated experimentally
the performance of SS without PCM (paraffin wax), with pure paraffin wax, and with
paraffin wax doped with Al2O3 nanoparticles. It was found that the daily productivity
of SS with pure paraffin wax and with paraffin wax doped with Al2O3 was greater than
the productivity of SS without PCM, by 14.3%, and 60.5%, respectively. A similar finding
was reported by Kabeel et al. [23], who used pure paraffin wax and paraffin wax with
different mass fractions of graphite nanoparticles in the SS. The results showed that the
productivity of SS with pure paraffin wax, and with paraffin wax doped with graphite
nanoparticles (20% mass fraction) increased by 62.6%, and 94.5%, respectively, compared
to the SS without paraffin wax. Furthermore, it was concluded that the productivity of
SS increased with the increasing mass fraction of graphite nanoparticles in the paraffin
wax. The addition of high thermal conductive nanoparticles into the PCM increases the
thermal-conductivity of the latter and intensifies the heat transfer, leading to faster melting
and solidification [24].

In the works cited in the above paragraph, the researchers investigated only one
PCM-to-water mass ratio. However, the PCM-to-water mass ratio in SS is an issue that
has been investigated by several researchers. Shalaby et al. [25] tested the SS without, and
with 18 kg of paraffin wax as PCM. The PCM-to-water mass ratio was changed by using
25, and 35 kg of water. The daily productivity of SS without PCM and with 25 kg of water
was 3.36 kg/m2/day, while the productivity of the SS with PCM and 25, and 35 kg of
water was 3.76, and 2.22 kg/m2/day, respectively. A similar experimental and theoretical
investigation, using the Dunkle model, was conducted by Sonker et al. [26], who used
1.3 kg of lauric acid, stearic acid, and paraffin wax as PCM. The depth of water in the SS
was changed from 1 to 5 cm. It was reported that the productivity of the SS with paraffin
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wax was greater than when the lauric and stearic acids were used. Additionally, the daily
productivity decreased with the decreasing PCM-to-water mass ratio.

As can be seen, one way to investigate the PCM-to-water mass ratio is by changing
the mass of water, and, in such cases, the productivity of SS increases with the increasing
PCM-to-water mass ratio. On the other hand, Mousa et al. [27] used tricosane as PCM
in their research, and the PCM-to-water mass ratio was 0.17, 0.24, and 0.51. The PCM-
to-water mass ratio was set by varying the mass of the PCM while keeping the mass of
water constant. The results showed that the daily productivity of the SS was 627, 630,
545, and 550 mL for the SS with 0 (without PCM), 0.17, 0.35, and 0.51 PCM-to-water mass
ratios, respectively. Thus, only in one case (0.17 mass ratio) was the application of PCM
advantageous, in terms of improving productivity by 0.5%. The authors justified this result
by the fact that as a large amount of PCM is present in the SS, a lot of energy is used to heat
and melt the PCM. Consequently, the temperature of the water, as well as the productivity,
decreases. On the other hand, Al-Harahsheh et al. [28] investigated the SS coupled with
solar collector, cover cooling, and different masses of PCM. The maximum productivity
improvement was obtained for the maximum investigated PCM-to-water mass ratio of
0.38, and the improvement was 19.0%, compared to the SS without PCM.

Mousa and Gujarathi [29] investigated theoretically, using the Dunkle model, the
effects of PCM mass on the productivity of the SS. As the mass of the PCM increased, more
heat from the solar radiation was used to raise the PCM temperature and melt it, at the
expense of reducing the energy input to the water and increasing the water temperature. As
a result, the productivity of the SS decreased with an increasing mass of the PCM. Kateshia
and Lakhera [30] investigated the influence of both the water mass and PCM mass on the
performance of SS. It was reported that the productivity increased with decreasing water
mass and increasing PCM mass.

Another interesting finding was reported by Tabrizi et al. [31] and Sarhaddi et al. [32],
who concluded that using the PCM in SS is more beneficial during cloudy than sunny
days. Tabrizi et al. [31] reported an increase of 61.9% in productivity when the PCM was
used on a cloudy day, but a decrease of 5.6% was observed after applying the PCM on a
sunny day. This finding was confirmed further in the theoretical analysis carried out by
Sarhaddi et al. [32]. They observed a productivity improvement of 28.6% after applying
the PCM during a cloudy day and a productivity reduction of 6.0% after applying the PCM
during a sunny day.

Based on the literature review presented above, it can be concluded that:

• PCM can improve the productivity of SS from 0.5% to nearly 100%, but a productivity
reduction was also reported in some works, which was also confirmed in the recent
review paper by Fu et al. [33];

• The PCM-to-water mass ratio impacts the performance of SS;
• The productivity of SS increases with an increasing Tw and ∆T.

However, there are still some knowledge gaps that need to be filled:

• The conditions under which the PCM improve and under which they reduce the
productivity of SS, have not yet been established;

• The optimal PCM-to-water mass ratio remains unclear;
• The water evaporation rate in the function of Tw and ∆T has not been dealt with

in depth.

Therefore, this paper aims at filling the abovementioned research gaps by:

• Investigating the impact of the PCM-to-water mass ratio on the performance of the
passive SS, depending on the operating conditions;

• Determining the conditions that must be met for PCM to improve the productivity
of SS;

• Establishing the evaporation rate of water in the function of Tw and ∆T in the entire
range of operating temperatures of the SS.
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This paper presents the results of the experimental and theoretical studies on the
performance of passive single-slope SS with two different PCM, a variable PCM-to-water
mass ratio, and in four operating conditions. Moreover, a comprehensive analysis of
the impact of Tw and ∆T on the water-evaporation rate is conducted. Additionally, the
following aspects make this paper original, compared to the previously published papers:

• The experiments were conducted in laboratory conditions, which allowed the mini-
mization of the influence of atmospheric conditions on the measurement results;

• The heat- and mass-transfer phenomena occurring in the SS were described by a
mathematical model that has not been widely used so far;

• The PCM were placed in flexible plastic bags, which, according to the best of the
authors’ knowledge, has not been done before in the field of solar stills;

• This is the first time that the SS has been investigated in Poland.

2. Materials and Methods
2.1. Experimental Setup

The effects of using PCM on the performance of the SS were investigated at the
experimental setup located at the AGH University of Science and Technology in Kraków,
Poland. The experimental setup consisted of a passive single-slope SS equipped with
appropriate measuring devices. A detailed description of the experimental setup can be
found in the authors’ previous paper [34].

The SS, 1.0 m long and 0.5 m wide, was made of a stainless steel sheet and a cover with
a glass lid. For the experiments without PCM, four electric heaters were placed directly
on the absorber to simulate the solar radiation, as the experiments were conducted under
laboratory conditions. However, in the case of using PCM, the bags filled with PCM were
placed on the absorber, and then the heaters were placed on the PCM, as shown in Figure 1.
Two different commercially available paraffin-waxes were used as PCM. The paraffin
waxes were selected due to their appropriate melting temperature and high latent-heat of
fusion. Additionally, paraffin waxes are considered to be non-toxic, have good thermal and
chemical stability, little supercooling, and are reasonably priced [35].

Figure 1. Bags (Type 1) filled with the phase-change materials and placed in the solar still under the
electric heaters.

Depending on the mass of PCM used in the experiments, two types of PCM bags
were used, namely, Type 1, and Type 2. Each Type 1 bag was filled with 0.50 kg of PCM
and its dimensions were 0.23 × 0.18 × 0.017 m. The dimensions of Type 2 bags were
0.145 × 0.040 × 0.017 m and each bag contained 0.05 kg of PCM. Type 2 bags were used
during the measurements with 1.0 kg of PCM in the SS, while Type 1 bags were used
during the measurements with 2.5 kg and 5.0 kg of PCM in the SS. The authors decided
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to use smaller bags in the case of tests with 1.0 kg of PCM to better allocate the PCM on
the surface of the absorber and to increase the heat transfer surface area between the water
and PCM.

2.2. Measuring Devices

Resistance temperature detectors (RTDs) Pt1000 were used to measure the temper-
atures of PCM (2 RTDs) and fluids, i.e., water (7 RTDs), humid air in the SS (2 RTDs),
ambient air (1 RTD), feedwater (1 RTD), and distilled water (1 RTD). Four Pt100 RTD were
used to measure the temperature of surfaces, i.e., absorber (2 RTDs), inner glass-cover
(1 RTD), and outer glass-cover (1 RTD). The locations of the temperature sensors are shown
in Figure 2a, while the top view and 3-D view of the experimental setup are shown in
Figure 2b,c, respectively. The float liquid-level-sensor was used to measure the volume of
the distilled water, and a pump was used to pump the distilled water out of the distillate
tank if the condensate volume exceeded 2035 mL. The power of the electric heaters was
measured by a wattmeter and controlled by using an electric power-controller. The data
from all measuring devices were saved every 1 s on the personal computer. The range and
measuring uncertainties of the measuring devices are shown in Table 1.
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Figure 2. (a) Diagram of the solar still with the locations of the temperature sensors; (b) top view
of the solar still; (c) 3-D model of the solar still. 1—feedwater tank; 2—pipe system; 3—shut-off
valve; 4—three-way valve; 5—glass cover; 6—distillate trough; 7—distillate channel; 8—electric
heater; 9—PCM; 10—thermal insulation; 11—distillate tank; 12—water level sensor; T—temperature.
Subscripts: air—ambient air; b—absorber; dw—distilled water; f1, f2—humid air; fw—feedwater;
gi—inner glass cover; go—outer glass cover; PCM—phase-change material; w—water.

Table 1. Technical parameters of the measuring devices.

Parameter Device Range Uncertainty

Temperature of fluid RTD Pt1000 0 to +150 ◦C ±0.3 ◦C
Temperature of surface RTD Pt100 −30 to +200 ◦C ±(0.1 ◦C + 0.1%·|T|) ◦C

Electric power Wattmeter 0 to 2880 W ±0.5%
Volume of distilled water Float liquid-level-sensor 0 to 2365 mL ±30 mL

As mentioned at the beginning of this section, the temperatures of the water, absorber,
PCM, and humid air (air–water-vapor mixture in the SS) were measured in two or more
locations. Thus, throughout this paper, the temperature of the water, absorber, PCM, and
humid air will stand for the average temperature of the respective elements.

2.3. Experimental Procedure

The experiments were conducted to investigate the effects of type and mass of PCM
on the performance of the passive single-slope SS. All experiments were conducted under
laboratory conditions, to limit the influence of the variability of weather conditions on
the results. Thus, the electric heaters, the power of which changed every hour as shown
in Figure 3, were used to simulate solar irradiance. The heaters’ power was set based on
the solar-irradiance data for the typical meteorological year for Kraków [36]. The incident
solar irradiance on a 30◦ sloped surface with an azimuth angle of 0◦ from May 23 was
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chosen. The selected solar irradiance was converted from watts per square meter to watts
according to the area of the absorber, and was then implemented into the electric power-
controller without any further modifications. The SS was thoroughly cleaned before each
experiment, and 10 kg of water was poured into the SS. Then, in the case of SS without
PCM, the cover was closed, and the experiment started. In the case of SS with PCM, the
appropriate number of PCM bags were placed in the SS, and then the cover was closed,
and the experiment started. The experiments were conducted for two different PCM and
three different masses of PCM, i.e., 1.0, 2.5, and 5.0 kg. Each experiment lasted 24 h, and
additionally, each experiment was repeated twice to check the repeatability of the results.
Thus, two experiments without PCM and twelve with PCM were carried out, as presented
in Table 2.
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Table 2. Experimental conditions.

Experiment Type of PCM Mass of PCM, (kg) PCM-to-Water Mass Ratio, (-) Type of PCM Bag

1 - 0 0 -
2 - 0 0 -
3 PCM 1 1.0 0.10 Type 2
4 PCM 1 1.0 0.10 Type 2
5 PCM 1 2.5 0.25 Type 1
6 PCM 1 2.5 0.25 Type 1
7 PCM 1 5.0 0.50 Type 1
8 PCM 1 5.0 0.50 Type 1
9 PCM 2 1.0 0.10 Type 2

10 PCM 2 1.0 0.10 Type 2
11 PCM 2 2.5 0.25 Type 1
12 PCM 2 2.5 0.25 Type 1
13 PCM 2 5.0 0.50 Type 1
14 PCM 2 5.0 0.50 Type 1

2.4. PCM Characterization

Two different paraffin waxes were used as PCM during the experiments. Their phase-
change temperatures and the latent heat of fusion were determined using DSC (DSC1
from Mettler-Toledo International Inc., Switzerland). The specific heat capacity of the PCM
was investigated using temperature modulated TOPEM DSC (DSC1 from Mettler-Toledo
International Inc., Zurich, Switzerland). The DSC measurements were carried out with a
heating rate of 5 ◦C/min from −50 ◦C to 100 ◦C in a nitrogen atmosphere (30 mL/min) in
closed and pierced aluminium pans. The TOPEM DSC measurements were conducted with
a heating rate of 2 ◦C/min, from 0 ◦C to 100 ◦C, switching time of 15–36 s, and amplitude
of 1 K. The mass of PCM 1 and PCM 2 samples was 5.0 mg and 5.5 mg, respectively.

The thermal conductivity of the PCM was measured at the Wydziałowe Laboratorium
Badań Termofizycznych Wydziału IMIC AGH (Laboratory of Thermophysical Research at
the Faculty of Materials Science and Ceramics at the AGH UST). The thermal conductiv-
ity was measured via the transient-line-heat source method using Isomet 2114 (Applied
Precision Ltd., Bratislava, Slovakia) with a measurement uncertainty of 5% of reading
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+0.001 W/(m·K). The measurements of thermal conductivity were carried out with a
needle probe, type IPN 1100, at the temperature of 25 ◦C.

2.5. Simulations Procedure

After validating the mathematical model, the SS performance was investigated by
carrying out simulations. Four series of simulations were conducted, and the simulations
were aimed to identify conditions at which the PCM can improve the productivity of the
SS. In the first series of simulations, referred to as Case 1, it was assumed that the initial
temperatures of the absorber, water, cover, and PCM were equal to the initial temperature
of the ambient air. In Case 2, the initial temperature of the water and PCM was assumed to
be 50 ◦C, while the initial temperature of the absorber and glass cover was 15 ◦C. In Case 3,
the initial temperature of each component of the SS was 15 ◦C. However, in contrast to
Cases 1 and 2, the PCM was heated to 63 ◦C (maximum temperature of the water) outside
of the SS, and placed inside the SS after 6.5 h, when the power of the heaters and ambient
air-temperature began to decrease. In the last case, i.e., Case 4, it was assumed that the
initial temperature of the absorber, water, cover, and PCM was 25 ◦C and that the bottom
and side walls of the SS were not insulated. For all cases, the power of the electric heaters
(simulating solar irradiance) and the temperature of the ambient air was set as shown in
Figure 4. The mass of PCM varied from 1.0 to 10.0 kg, and its latent heat of fusion, melting
onset and endset temperatures, specific heat capacity, and thermal conductivity were
assumed to be 190 J/g, 58.5 ◦C and 61.5 ◦C, 2.3 J/(g·K), and 0.25 W/(m·K), respectively.
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In order to compare the performance of the SS, three performance indicators were
used: the water temperature, Tw, the temperature difference between water and glass cover,
∆T, and the cumulative productivity, V. The cumulative productivity is the total amount of
the distilled water produced in the SS over time. The cumulative productivity in 24 h is
referred as to the daily productivity.

3. Mathematical Modeling

A mathematical model of the SS was established, to predict the performance of the SS
without and with PCM. Thus, the energy-balance equations for the absorber, water, inner
and outer glass-cover, as well as PCM in the case of SS with PCM, were created and solved
using MATLAB software, version 9.8 (R2020a, the MathWorks, Inc., Natick, MA, USA). The
mathematical model based on the energy-balance equations for individual elements of the
SS is a commonly used method of modeling for this type of system, and has been used
by numerous researchers [37–39]. To simplify the model, the following assumptions were
made [34]:

• There was no temperature gradient in the water;
• The mass of water was constant, as the feedwater tank supplied the freshwater to

the SS;
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• The thermophysical properties of water and humid air were variable in the function
of temperature, while the thermophysical properties of the absorber and glass cover
were assumed to be constant;

• The specific heat capacity of the insulating material was neglected;
• Heat conduction from the absorber to the side walls above the free surface of the water

was neglected;
• The SS was assumed to be a lumped system, and worked in quasi-steady-state condi-

tions with a 60 s time step, ∆t;
• The glass cover was divided into two parts, inner and outer, with equal masses, and

the temperature gradient between them was taken into account;
• The water and inner-glass-cover surfaces were assumed to be parallel and the view

factors between them were assumed to be 1;
• The humid air in the SS did not affect or participate in the radiation heat transfer;
• The relative humidity of the humid air in the SS was 100%, and its total pressure, pt,

was 101,300 Pa;
• There was no temperature gradient and no natural convection in the PCM;
• The density and thermal conductivity of the PCM were assumed to be constant.

3.1. Solar Still without PCM

The energy-balance equations for the components, i.e., the absorber, water, inner, and
outer glass-cover of the SS without PCM, can be written as [34]:

• Absorber:

mb·cpb·
dTb
dt

= ah−b·Qh − Ab·hb−air·(Tb − Tair)− Aw·hc,b−w·(Tb − Tw) (1)

• Water:

mw·cpw(Tw)· dTw
dt = Aw·hc,b−w·(Tb − Tw) + (1− ah−b)·Qh − Aw·hr,w−gi·(

Tw − Tgi
)
− Aw·hc,w−gi·

(
Tw − Tgi

)
− .

mw−gi·rw −
.

mw,loss·rw
(2)

• Inner glass-cover:

mgi·cpg·
dTgi
dt = Aw·hr,w−gi·

(
Tw − Tgi

)
+ Aw·hc,w−gi·

(
Tw − Tgi

)
+

.
mw−gi·rw −

λg
eg
·

Ag·
(
Tgi − Tgo

) (3)

• Outer glass cover:

mgo·cpg·
dTgo

dt =
λg
eg
·Ag·

(
Tgi − Tgo

)
− Ag·hr,go−sky·

(
Tgo − Tsky

)
− Ag·hc,go−air·(

Tgo − Tair
) (4)

where a, A, cp, e, h, m,
.

m, Q, r, t, T, and λ are the ratio coefficient, surface area (m2),
specific heat capacity (J/(kg·K)), thickness (m), heat transfer coefficient (W/(m2·K)), mass
(kg), mass flow rate (kg/s), heat transfer rate (W), heat of vaporization (J/kg), time (s),
temperature (◦C), and thermal conductivity (W/(m·K)), respectively. The subscripts air, b,
c, g, gi, go, h, loss, r, sky, and w stand for ambient air, absorber, convective, glass cover, inner
glass-cover, outer glass-cover, electric heater, loss to ambient, radiative, sky, and water,
respectively. The heat transfer rate from the electric heaters, Qh, changed every hour, as
shown in Figure 3, while the temperature of sky, Tsky, was assumed to be equal to the Tair
because the experiments were conducted under laboratory conditions. The heat transfer
coefficients were calculated as [40–44]:

hb−air =

[
eins
λins

+
1

5.7 + 3.8·v

]−1
(5)
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hc,b−w =
Nuw·λw

Lc,b−w
(6)

hr,w−gi =
1

1
εw

+ 1
εg
− 1
·σ·
[
(Tw + 273)2 +

(
Tgi + 273

)2
]
·
(
Tw + Tgi + 546

)
(7)

hc,w−gi =



1·Ra0
f ·
(

λ f
Lc,w−gi

)
f or Gr f < 2.5·103

0.07477·Ra0.36
f ·

(
λ f

Lc,w−gi

)
f or 2.5·103 ≤ Gr f < 1·104

0.21·Ra0.25
f ·

(
λ f

Lc,w−gi

)
f or 1·104 ≤ Gr f < 3.25 ·105

0.04836·Ra0.37
f ·

(
λ f

Lc,w−gi

)
f or 3.25·105 ≤ Gr f

(8)

hr,go−sky = εg·σ·
[(

Tgo + 273
)2

+
(

Tsky + 273
)2
]
·
(

Tgo + Tsky + 546
)

(9)

hc,go−air =


9.482· (Tgo−Tair)

1
3

7.238−|cosθ| f or Tgo > Tair

1.810· (Tair−Tgo)
1
3

1.382+|cosθ| f or Tgo < Tair

(10)

where Gr, Lc, Nu, Ra, v, ε, and θ are the Grashof number, characteristic length (m), Nusselt
number, Rayleigh number, wind velocity (m/s), emissivity, and inclination angle of the
cover (◦), respectively. The subscripts ins and f stand for insulation and humid air (air–
water-vapor mixture in the SS), respectively. The Nusselt number for the water, Nuw, was
calculated as follows [41,42]:

Nuw =


0.54·Ra0.25

w f or Tb > Tw and Raw < 107

0.15·Ra0.33
w f or Tb > Tw and Raw ≥ 107

0.27·Ra0.25
w f or Tb < Tw

(11)

where the Rayleigh number for water Raw is:

Raw = Grw·Prw =
g·βw·L3

c,b−w·ρ
2
w·(Tb − Tw)

µ2
w

·Prw (12)

where g, Pr, β, µ, and ρ are the gravitational acceleration (m/s2), Prandtl number, coefficient
of thermal expansion (1/K), dynamic viscosity (Pa·s), and density (kg/m3), respectively.
The thermophysical properties of water were taken from [45]. The Rayleigh number, Raf,
for the humid air in the SS (Equation (8)) was calculated as [41,42]:

Ra f = Gr f ·Pr f =
L3

c,w−gi·g·
(

ρ f ,Tgi
− ρ f ,Tw

)
·ρ f

µ2
f

·
µ f ·cp f

λ f
(13)

The properties of the humid air were calculated from the correlations given by Tsilin-
giris [46,47].

The total evaporation rate of the water in the SS is calculated using the Dunkle model
in the majority of papers published in the open literature. However, in this work, the
Chilton–Colburn analogy was used to calculate the evaporation rate of water, and it was
assumed that the water vapor is an ideal gas [41]:

.
mw =

hc,w−gi

ρ f ·cp f ·
(

λ f
ρ f ·cp f ·Dwa

) 2
3
·Aw·

Mw

R

(
pw

Tw + 273
−

pgi

Tgi + 273

)
(14)

where Dwa, Mw, p, and R are the binary diffusion coefficient of water vapor in air (m2/s),
molar mass of water vapor (kg/mol), partial water-vapor-pressure (Pa), and universal gas
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constant (J/(mol·K)), respectively. The Dwa, pw, and pgi can be calculated as presented in
Equations (15), (16), and (17), respectively [40,41]:

Dwa = 1.87·10−10·

(
Tf + 273

)2.072

pt/101325
(15)

pw = exp
[

25.317−
(

5144
Tw + 273

)]
(16)

pgi = exp

[
25.317−

(
5144

Tgi + 273

)]
(17)

However, the mass flow rate of water vapor condensed on the cover,
.

mw−gi, is less
than the total evaporation rate,

.
mw, due to the following reasons:

• Water vapor condenses partially on the side walls of the SS;
• Some of the water droplets do not flow down the cover;
• Slight vapor-leakage from the SS can occur;
• Some of the water vapor is used to raise and maintain the 100% relative humidity

inside the SS.

Therefore,
.

mw−gi and
.

mw,loss were assumed to be 75% and 25% of the
.

mw, respectively.
In the field of solar stills, the most widely used model for calculating the convective

and evaporative heat-transfer-coefficients, and thus the productivity of the SS, is the Dunkle
model. However, that model has some limitations, which include [40]:

• The characteristic length between water and cover is not taken into account;
• The equivalent temperature difference between water and cover is 17 ◦C;
• The thermophysical properties of humid air are calculated for the water at the temper-

ature of 50 ◦C.

Therefore, in this paper, another relationship (see Equations (8) and (13)) was used to
calculate the convective heat-transfer-coefficient. In addition, the Chilton–Colburn analogy
was used to calculate the evaporation rate of water. This allowed the above-mentioned
limitations of the Dunkle model to be overcome.

3.2. Solar Still with PCM

The energy-balance equations for the absorber, water, inner and outer glass-cover, and
PCM can be written as follows:

• Absorber:

mb·cpb· dTb
dt = Ab−w·hc,b−w·(Tw − Tb) +

λPCM
ePCM
·Ab−PCM·(TPCM − Tb)− Ab·

hb−air·(Tb − Tair)
(18)

• Water:

mw·cpw(Tw)· dTw
dt = Qh − Aw·hr,w−gi·

(
Tw − Tgi

)
− Aw·hc,w−gi·

(
Tw − Tgi

)
−

.
mw−gi·rw −

.
mw,loss·rw − Ab−w·hc,b−w·(Tw − Tb)− Aw−PCM·hc,w−PCM·

(Tw − TPCM)

(19)

• Inner glass-cover:

mgi·cpg·
dTgi
dt = Aw·hr,w−gi·

(
Tw − Tgi

)
+ Aw·hc,w−gi·

(
Tw − Tgi

)
+

.
mw−gi·

rw −
λg
eg
·Ag·

(
Tgi − Tgo

) (20)
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• Outer glass-cover:

mgo·cpg·
dTgo

dt =
λg
eg
·Ag·

(
Tgi − Tgo

)
− Ag·hr,go−sky·

(
Tgo − Tsky

)
− Ag·

hc,go−air·
(
Tgo − Tair

) (21)

• PCM:

mPCM·cPCM· dTPCM
dt = Aw−PCM·hc,w−PCM·(Tw − TPCM)− λPCM

ePCM
·Ab−PCM·

(TPCM − Tb)
(22)

where cPCM is the effective heat capacity of the PCM, and can be calculated as [48]:

cPCM =


cs(TPCM) f or TPCM ≤ Tonset
cs,avg+cl,avg

2 + L
Tendset−Tonset

f or Tonset < TPCM < Tendset

cl(TPCM) f or TPCM ≥ Tendset

(23)

Subscripts avg, endset, l, onset, and s stand for average, endset, liquid, onset, and solid,
respectively, and L is the latentheat of fusion (J/kg). Furthermore, the convective heat-
transfer-coefficient, hc,w-PCM was calculated similarly to hc,b-w,(Equations (6), (11) and (12)),
but with the other characteristic length and changing Tb with TPCM.

The productivity V (mL/m2) of the SS in the time step:

V =
1000000· .

mw−gi·∆t
Aw·ρw

(24)

The equations presented in Sections 3.1 and 3.2 were implemented into the MATLAB
software (version 9.8, R2020a) and Equations (1)–(4) and (18)–(22) were solved using the
ode45 function. The calculated temperatures of the absorber, water, inner and outer cover,
and PCM were used to calculate the appropriate heat-transfer-coefficients in the next
time-step. The measured power of the electric heaters, ambient air temperature, initial
temperatures of the absorber, water, inner and outer glass-cover, and PCM were taken as
the main input parameters during modeling in MATLAB. The values of the rest of the
inputs for the mathematical model are summarized in Table 3. It is worth noting that
some of the input parameters depended on the mass of the PCM, and these parameters are
summarized in Table 4.

Table 3. Input parameters for the mathematical modeling—independent of the mass of PCM.

Parameter Value Parameter Value

Ag 0.63 m2 mw 10 kg
ah-b 0.5 Mw 0.018016 kg/mol
Aw 0.50 m2 pt 101,300 Pa
cpb 460 J/(kg·K) [49] R 8.314 J/(mol·K)
cpg 880 J/(kg·K) [50] v 0 m/s
eg 0.004 m εg 0.9

eins 0.05 m εw 0.96
ePCM 0.017 m θ 30◦

g 9.81 m/s2 λg 0.937 W/(m·K)
mgi 3.18 kg λins 0.04 W/(m·K)
mgo 3.18 kg σ 5.67 × 10−8 W/(m2·K4)
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Table 4. Input parameters for the mathematical modeling—dependent on the mass of PCM.

Parameter
Mass of PCM, (kg)

0 1.0 2.5 5.0

Ab 0.56 m2 0.57 m2 0.58 m2 0.60 m2

Ab-PCM - 0.12 m2 0.21 m2 0.41 m2

Ab-w - 0.38 m2 0.29 m2 0.09 m2

Aw-PCM - 0.24 m2 0.28 m2 0.55 m2

mb 3.45 kg 3.52 kg 3.58 kg 3.71 kg
Lc,b-w 0.17 m 0.04 m 0.04 m 0.01 m
Lc,w-gi 0.22 m 0.22 m 0.22 m 0.21 m

4. Results
4.1. PCM Thermal Properties

The DSC curves and the specific heat capacity of the PCM are presented in Figure 5a,b,
respectively. At the DSC curve of PCM 1, two endothermic and two exothermic peaks are
visible. The first one, around 38–40 ◦C, is probably related to the solid–solid phase transition
from the orthorhombic phase to the hexagonal phase [51]. The second endothermic peak
is related to the melting, while the exothermic peak corresponds to the solidification.
Similarly, for PCM 2, the endothermic and exothermic peaks are related to the melting and
solidification processes, respectively. The latent heat of fusion of the PCM was calculated
by numerical integration of the area under the endothermic peaks. The results of the PCM
characterization are summarized in Table 5.
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Table 5. Thermal properties of the investigated PCMs.

Melting Solidification Solid State

Sample Tonset, (◦C) Tpeak, (◦C) Tendset, (◦C) L, (J/g) Tonset, (◦C) Tpeak, (◦C) Tendset, (◦C) L, (J/g) λ, (W/(m·K))

PCM 1 49.3 55.8 57.6 190.7 54.8 53.3 47.7 192.7 0.251
PCM 2 45.8 59.9 63.3 182.7 61.3 58.6 43.6 181.5 0.267

4.2. Model Validation

14 experiments were conducted without PCM and with different types and masses of
PCM (see Table 2). The results of the experiments were used to validate the mathematical
model presented in Section 3. The authors decided to perform as many as 14 experiments
to check the repeatability of the results and verify if the model is applicable for different
PCM and variable PCM-to-water mass ratios.

4.2.1. Temperature Changes

Although 14 experiments were conducted, the authors decided to present the water-
temperature changes over time only for experiments number 1, 3, 5, 7, 9, 11, and 13.
Presenting the results from all of the experiments would make the graphs unreadable,
while taking the average from the relevant experiments could distort the results because
the SS performance is also affected by the initial temperature of water and temperature of
ambient air, which were not the same during each experiment.

Figure 6a–g present the temperature of water and ambient air (Tair) over time for
the experiments and simulations number 1, 3, 5, 7, 9, 11, and 13. The temperature of
ambient air is presented in order to show that the air temperature was different during
the experiments, which affected the SS’s productivity. Figure 7a–d show a comparison of
the water temperature changes depending on the PCM type and mass. As can be seen,
the results of the simulations are in reasonably good agreement with the results of the
experiments. Furthermore, the root-mean-square error (RMSE) and the maximum deviation
(MD) between the simulation and the experiments was calculated for each experiment, to
check the correctness of the mathematical model:

RMSE =

√
∑N

i=1
(
Tsim − Texp

)2

N
(25)

MD = max
(
Tsim − Texp

)
(26)

where N, Texp, and Tsim are the number of measurements, temperature obtained in ex-
periments, and temperature obtained in simulations, respectively. The RMSE and MD of
the temperatures of the absorber, water, inner glass-cover, outer glass-cover, PCM, and
∆T are summarized in Table 6. As can be seen, the RMSE does not exceed 5.1 ◦C, which
suggests that the model is in good agreement with the experimental results. The MD
varies between 1.5 ◦C and 12.4 ◦C, which can be considered as a confirmation of the cor-
rectness of the mathematical model. Furthermore, no correlations were found between
the types of PCM, its mass, and the value of RMSE and MD. Any deviations between the
experimental and simulation results may be caused by the assumed simplifications of the
mathematical model.
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Table 6. The root-mean-square error (RMSE) and maximum deviation of temperatures.

Experiment Root-Mean-Square Error RMSE, (◦C) Maximum Deviation MD, (◦C)

Tb Tw Tgi Tgo TPCM ∆T Tb Tw Tgi Tgo TPCM ∆T

1 3.1 2.5 0.7 2.6 - 2.1 5.7 4.4 2.0 4.9 - 3.6
2 3.4 2.6 1.2 2.9 - 1.9 6.1 4.8 2.6 5.5 - 3.2
3 2.2 2.5 0.9 2.1 2.5 2.4 4.7 4.3 1.5 4.3 5.6 4.3
4 2.6 2.5 0.8 2.5 3.0 2.1 5.5 4.8 2.4 5.1 5.9 3.8
5 4.0 3.2 1.8 2.3 2.2 2.8 12.3 7.3 4.1 5.0 4.5 4.5
6 4.1 2.8 1.2 2.5 2.3 2.3 12.4 6.1 3.5 4.5 4.7 3.9
7 5.1 3.1 1.4 2.7 2.6 2.5 10.6 5.5 3.1 5.0 5.3 4.2
8 4.9 3.1 1.3 2.5 2.5 2.7 9.8 5.6 2.8 4.9 4.7 4.4
9 2.8 2.7 1.3 3.1 3.5 1.8 6.2 5.6 3.8 6.9 8.4 3.7

10 2.6 2.5 0.7 2.6 2.8 2.1 4.9 4.5 1.7 4.8 6.6 3.6
11 4.6 2.9 1.2 2.9 3.1 2.3 11.0 6.6 4.2 7.2 6.8 4.1
12 4.3 2.7 0.9 2.9 3.0 1.9 8.6 5.2 2.7 5.9 6.9 3.2
13 4.7 2.9 1.3 2.5 2.6 2.6 9.5 5.4 2.6 5.4 4.9 4.4
14 4.7 2.6 1.0 2.5 2.4 2.3 9.4 4.7 2.0 5.3 4.8 3.7

As explained in the Introduction, the temperature difference between the water and
cover, (∆T), is one of the main factors affecting the productivity of the SS. The changes in
∆T over time for the experiments and simulations are shown in Figure 8a–d. The results of
simulations agree fairly well with the results of the experiments, which is confirmed by a
low RMSE and MD (see Table 6).
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PCM and PCM 1—simulation results; (c) No PCM and PCM 2—experimental results; (d) No PCM
and PCM 2—simulation results.

4.2.2. Productivity

The daily productivity, both experimental and from simulations, of the SS with and
without PCM is presented in Figure 9. As can be seen, the daily productivity varies from
8304 to 9116 mL/m2/day, and the PCM did not affect the productivity notably. Such small
differences between the results with and without PCM can be attributed to the discrepancies
in the operating conditions, i.e., ambient air temperature and initial temperature of the
water. Additionally, these results confirm the correctness of the model used for simulations.
The maximum percentage difference between the theoretical and experimental productivity
is −3.9%. This difference was calculated as:

δ =
Vsim −Vexp

Vexp
·100% (27)

where δ, Vsim, and Vexp are the percentage difference between the results of simulations
and experiments, the productivity obtained in simulations, and the productivity obtained
in experiments, respectively. The differences between the results of the experiments and
theoretical calculations can be attributed to the simplifying assumptions of the model,
which are pointed out in Section 3.
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4.3. Simulation Results
4.3.1. Water-Evaporation Rate

As presented in the Introduction, the productivity of SS depends on the Tw and ∆T,
however, the open literature lacks a detailed relationship between the productivity, Tw,
and ∆T.

Based on Equation (14), the evaporation rate of water in the SS depends on the con-
vective heat-transfer-coefficient, the partial water-vapor-pressure, and the thermophysical
properties of humid air. The above parameters, in turn, depend on the temperature of
the water and cover, or in other words, on the temperature of the water, Tw, and the tem-
perature difference between water and cover, ∆T. Thus, the evaporation rate of water in
the function of Tw and ∆T can be calculated from the mathematical model presented in
Section 3, and the results of these calculations are shown in Figure 10 and Table 7.

Table 7. The evaporation rate of water (mg/s/m2) in the function of the temperature of the water
and the temperature difference between water and cover.

Tw, (◦C)

∆T, (◦C) 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

1 0.9 1.1 1.5 1.9 2.4 3.1 4.0 5.1 6.6 8.4 10.6 13.4 17.0 21.4 27.1
2 2.2 2.8 3.7 4.8 6.1 7.9 10.1 13.0 16.6 21.1 26.8 33.9 42.9 54.2 68.4
3 3.7 4.8 6.3 8.1 10.4 13.4 17.2 22.1 28.2 35.9 45.6 57.8 73.0 92.2 116.4
4 5.4 7.0 9.1 11.7 15.1 19.4 24.9 31.9 40.8 52.0 66.1 83.7 105.9 133.7 168.7
5 7.1 9.3 12.0 15.5 20.0 25.7 33.0 42.3 54.1 68.9 87.6 111.0 140.4 177.3 223.8
6 8.9 11.6 15.0 19.4 25.0 32.2 41.4 53.1 67.8 86.4 109.9 139.3 176.2 222.5 280.8
7 10.8 14.0 18.1 23.4 30.2 38.9 49.9 64.0 81.8 104.3 132.6 168.1 212.7 268.7 339.1
8 12.6 16.4 21.2 27.4 35.4 45.5 58.5 75.0 95.9 122.3 155.6 197.3 249.7 315.3 398.0
9 14.5 18.8 24.3 31.5 40.6 52.3 67.2 86.1 110.1 140.5 178.6 226.6 286.8 362.3 457.2
10 16.3 21.2 27.4 35.5 45.8 58.9 75.8 97.2 124.3 158.5 201.7 255.9 323.9 409.2 516.4
11 18.1 23.6 30.5 39.5 50.9 65.6 84.3 108.1 138.4 176.5 224.6 285.1 360.8 455.9 575.4
12 19.9 25.9 33.6 43.4 56.0 72.2 92.8 119.0 152.3 194.4 247.4 314.0 397.5 502.3 633.9
13 21.7 28.3 36.6 47.3 61.1 78.7 101.2 129.8 166.1 212.0 269.8 342.5 433.8 548.1 691.8
14 23.5 30.6 39.6 51.2 66.1 85.1 109.4 140.4 179.7 229.4 292.0 370.7 469.5 593.4 748.9
15 25.2 32.8 42.5 55.0 71.0 91.4 117.5 150.8 193.0 246.4 313.8 398.5 504.7 637.9 805.1



Energies 2023, 16, 1188 19 of 29
Energies 2023, 16, x FOR PEER REVIEW 19 of 30 
 

 

 

Figure 10. Water-evaporation rate in the function of the water temperature and the temperature 

difference between water and glass cover. 

Table 7. The evaporation rate of water (mg/s/m2) in the function of the temperature of the water and 

the temperature difference between water and cover. 

 Tw, (°C) 

ΔT, (°C) 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 

1 0.9 1.1 1.5 1.9 2.4 3.1 4.0 5.1 6.6 8.4 10.6 13.4 17.0 21.4 27.1 

2 2.2 2.8 3.7 4.8 6.1 7.9 10.1 13.0 16.6 21.1 26.8 33.9 42.9 54.2 68.4 

3 3.7 4.8 6.3 8.1 10.4 13.4 17.2 22.1 28.2 35.9 45.6 57.8 73.0 92.2 116.4 

4 5.4 7.0 9.1 11.7 15.1 19.4 24.9 31.9 40.8 52.0 66.1 83.7 105.9 133.7 168.7 

5 7.1 9.3 12.0 15.5 20.0 25.7 33.0 42.3 54.1 68.9 87.6 111.0 140.4 177.3 223.8 

6 8.9 11.6 15.0 19.4 25.0 32.2 41.4 53.1 67.8 86.4 109.9 139.3 176.2 222.5 280.8 

7 10.8 14.0 18.1 23.4 30.2 38.9 49.9 64.0 81.8 104.3 132.6 168.1 212.7 268.7 339.1 

8 12.6 16.4 21.2 27.4 35.4 45.5 58.5 75.0 95.9 122.3 155.6 197.3 249.7 315.3 398.0 

9 14.5 18.8 24.3 31.5 40.6 52.3 67.2 86.1 110.1 140.5 178.6 226.6 286.8 362.3 457.2 

10 16.3 21.2 27.4 35.5 45.8 58.9 75.8 97.2 124.3 158.5 201.7 255.9 323.9 409.2 516.4 

11 18.1 23.6 30.5 39.5 50.9 65.6 84.3 108.1 138.4 176.5 224.6 285.1 360.8 455.9 575.4 

12 19.9 25.9 33.6 43.4 56.0 72.2 92.8 119.0 152.3 194.4 247.4 314.0 397.5 502.3 633.9 

13 21.7 28.3 36.6 47.3 61.1 78.7 101.2 129.8 166.1 212.0 269.8 342.5 433.8 548.1 691.8 

14 23.5 30.6 39.6 51.2 66.1 85.1 109.4 140.4 179.7 229.4 292.0 370.7 469.5 593.4 748.9 

15 25.2 32.8 42.5 55.0 71.0 91.4 117.5 150.8 193.0 246.4 313.8 398.5 504.7 637.9 805.1 

Knowing the evaporation rate of water as a function of Tw and ΔT, the authors car-

ried out four series of simulations, described in Section 2.5. The results of these simula-

tions are discussed in detail in Sections 4.3.2.–4.3.5., while the daily productivity in each 

case is summarized in Table 8. 

4.3.2. Results of Case 1 

In the first case, it was assumed that the initial temperatures of the absorber, water, 

cover, and PCM were equal to the initial temperature of the ambient air. The obtained 

water-temperature changes are presented in Figure 11. In the case of SS with PCM, some 

energy supplied to the system is used to heat and melt the PCM, and hence the Tw does 

not increase so much, compared to the case without PCM. As the mass of PCM increases, 

the maximum water-temperature decreases. However, as the PCM solidifies, it releases 

and transfers heat to the water, and thus, the Tw remains higher for a longer time. This 

finding is consistent with the results reported by Yousef and Hassan [21], who concluded 

that the PCM lowers the maximum water temperature but keeps the water warmer for a 

longer period. 

Figure 10. Water-evaporation rate in the function of the water temperature and the temperature
difference between water and glass cover.

As can be seen from Figure 10 and Table 7, the evaporation rate of water increases with
an increasing Tw and ∆T, which is a confirmation of Tsilingiris’ [10] finding. The growth
rate of water-evaporation rate is approximately constant with increasing Tw, e.g., when
Tw increases from 20 ◦C to 25 ◦C, the evaporation rate increases by 22.2%, and when Tw
increases from 85 ◦C to 90 ◦C, the evaporation rate increases by 26.6%. In contrast, the
growth rate of water evaporation decreases with increasing ∆T, e.g., when ∆T increases
from 1 ◦C to 2 ◦C, the evaporation rate rises by 144.4% but when ∆T increases from 14 ◦C to
15 ◦C, the evaporation rate rises by 7.2%. Therefore, from the standpoint of maximizing the
productivity of SS, it is more advantageous to run the evaporation at the highest possible
Tw, even at the expense of lowering the ∆T.

Knowing the evaporation rate of water as a function of Tw and ∆T, the authors carried
out four series of simulations, described in Section 2.5. The results of these simulations are
discussed in detail in Section 4.3.2, Section 4.3.3, Section 4.3.4, Section 4.3.5., while the daily
productivity in each case is summarized in Table 8.

4.3.2. Results of Case 1

In the first case, it was assumed that the initial temperatures of the absorber, water,
cover, and PCM were equal to the initial temperature of the ambient air. The obtained
water-temperature changes are presented in Figure 11. In the case of SS with PCM, some
energy supplied to the system is used to heat and melt the PCM, and hence the Tw does
not increase so much, compared to the case without PCM. As the mass of PCM increases,
the maximum water-temperature decreases. However, as the PCM solidifies, it releases
and transfers heat to the water, and thus, the Tw remains higher for a longer time. This
finding is consistent with the results reported by Yousef and Hassan [21], who concluded
that the PCM lowers the maximum water temperature but keeps the water warmer for a
longer period.
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Figure 12 shows the temperature difference between water and cover, ∆T. As can be
observed, during the first 8 h, the maximum ∆T was maintained for the SS without PCM,
and as the mass of PCM increased, the ∆T decreased. However, by using PCM, a large ∆T
was maintained after approximately 8 h, which is when the power of the heaters and the
temperature of the ambient air began to decrease.
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Figure 12. The temperature difference between water and inner glass cover in the SS with different
masses of PCM—Case 1.

The large ∆T after 8 h from the beginning, for the SS with PCM, was supposed to
improve the productivity. Nevertheless, the improvement did not occur, which is shown in
Figure 13. Furthermore, as the mass of PCM increased, productivity decreased. This sup-
ports the finding of Mousa and Gujarathi [29], who reported that PCM negatively affects the
productivity of SS. Such a result can be attributed to the fact that, as discussed in Section 4.3.1,
the evaporation rate of water depends on Tw and ∆T. The maximum Tw for the SS without
PCM is approximately 63 ◦C, and then ∆T is approximately 8–9 ◦C (see Figures 11 and 12).
Consequently, the evaporation rate is then approximately 110–130 mg/s/m2. On the other
hand, analyzing the SS with, e.g., 5 kg of PCM, the maximum Tw is approximately 57 ◦C and
∆T is then approximately 9 ◦C. Therefore, the evaporation rate for the SS with 5 kg of PCM
is then approximately 85–95 mg/s/m2. Going further, and analyzing the temperatures
at, for example, the fifteenth h, it can be seen that the evaporation rate for the SS without
PCM, and with 5 kg of PCM, is approximately 6 and 11 mg/s/m2, respectively. Therefore,
high Tw and ∆T for the SS with PCM after approximately 8 h from the beginning do not
compensate for low Tw during the initial stage of the process. Consequently, when the
initial temperature of the absorber, water, cover, and PCM is equal to the initial temperature
of the ambient air, the PCM negatively affects the productivity of the SS, and the maximum
reduction in productivity (10.8%) is obtained for 10.0 kg of PCM, as compared to the SS
without PCM.
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On the other hand, most of the research indicates that the PCM improves the produc-
tivity of SS. Thus, the question arises as to what these discrepancies are due to. A plausible
explanation of why in some cases PCM improve the performance of SS and in others they
do not, is the fact of the design differences, e.g., a lack of thermal insulation at the side walls
and the fact that the entire SS is made of other material, e.g., glass [21]. Furthermore, in
the majority of papers, the research is conducted under real conditions, often over several
consecutive days. For example, SS without PCM is investigated one day, and SS with PCM
the next day, as in, for example, the paper in [25]. Consequently, it cannot be excluded
that in such cases the improvement of productivity after PCM application is due to more
favorable atmospheric conditions, i.e., solar irradiance, ambient air temperature, and wind
speed, rather than the PCM itself.

4.3.3. Results of Case 2

In the second case, it was assumed that the initial temperature of the water and PCM
was 50 ◦C, and the initial temperature of the absorber and cover was 15 ◦C.

The water temperature changes for Case 2 are shown in Figure 14. As can be seen, for
the SS without PCM, Tw decreases from 50 ◦C to approximately 45 ◦C during the first hour,
and then increases to approximately 63 ◦C. At the same time, the decrease in Tw in the SS
with PCM is much lower. After approximately the third hour, the temperature changes are
similar to those in Case 1.
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The ∆T changes for Case 2 are presented in Figure 15. A sudden drop of ∆T is reported
during the first 15 min. This drop is a result of rapid water-evaporation and condensation
on the cover, caused by a large initial Tw and ∆T. Then, the ∆T remains fairly stable, in
the range of approximately 9–10 ◦C, until approximately the eighth h for the SS without
PCM and until approximately the ninth h for the SS with 10 kg of PCM. As a result, the
productivity of the SS (see Figure 16) with PCM is greater for the first four h and then
from approximately the fifteenth h, compared to the SS without PCM. Consequently, the
daily productivity of the SS increases, up to 2.4%, with the increasing mass of the PCM
(see Table 8).
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Table 8. The productivity of the SS with and without PCM for different cases.

Case Mass of PCM, (kg) Productivity, (mL/m2/day)
Percentage Improvement (+) or

decline (−) *, (%)

1 0 2434 -
1 1.0 2401 −1.4
1 2.5 2363 −2.9
1 5.0 2299 −5.5
1 7.5 2240 −8.0
1 10.0 2172 −10.8
2 0 3093 -
2 1.0 3091 −0.1
2 2.5 3100 +0.2
2 5.0 3118 +0.8
2 7.5 3149 +1.8
2 10.0 3167 +2.4
3 0 2434 -
3 1.0 2559 +5.1
3 2.5 2738 +12.5
3 5.0 3022 +24.2
3 7.5 3300 +35.6
3 10.0 3580 +47.1
4 0 1491 -
4 1.0 1507 +1.1
4 2.5 1492 +0.1
4 5.0 1478 −0.9
4 7.5 1437 −3.6
4 10.0 1396 −6.4

* Compared to the same case but without PCM.

4.3.4. Results of Case 3

In the third case, the initial temperature of each component of the SS was 15 ◦C. How-
ever, as opposed to Cases 1 and 2, the PCM was heated to 63 ◦C (maximum temperature of
the water) outside of the SS, and placed inside the SS after 6.5 h, when the power of the
heaters and ambient air temperature began to decrease.

The Tw in the function of time for Case 3 is shown in Figure 17. In Case 3, the entire
energy supplied to the SS is used to heat only water and the absorber. After 6.5 h, the
temperature of water for the SS without PCM decreases in the same way as in Case 1.
However, in the case of SS with PCM, the high Tw and ∆T (see Figure 18) are maintained
longer, because PCM releases its heat. Thus, in Case 3, the productivity of the SS with
PCM can be improved by up to 47.1%, compared to the SS without PCM, as presented
in Figure 19.
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4.3.5. Results of Case 4

The fourth case assumes that the initial temperature of the absorber, water, cover, and
PCM was 25 ◦C, and that the bottom and side walls of the SS were not insulated.

The Tw for Case 4 is shown in Figure 20. When comparing the maximum Tw for Case
1 and Case 4, it can be stated that as the mass of PCM increases, the difference between the
maximum Tw for Case 1 and Case 4 decreases. A possible reason for such a phenomenon is
that in the absence of thermal insulation of the absorber and side walls, PCM may take over
the role of thermal insulation. In addition, as indicated by Khalifa and Hamood [52], the
productivity of SS with thermal insulation is greater than that without thermal insulation.
Nevertheless, the high mass of PCM causes the Tw, and hence the ∆T (Figure 21), to be
lower for the SS with PCM compared to the SS without PCM during the first 7–8 h. As a
result, for Case 4, a slight improvement in productivity (Figure 22) after the application of
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PCM is obtained only for the SS with 1.0, and 2.5 kg of PCM. The productivity improvement
is 1.1% and 0.1% for 1.0 kg, and 2.5 kg of PCM, respectively.
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Table 9 summarizes the most important results of this work and of the selected
previous papers available in the open literature. Percentage improvement or decline in
Table 9 refers to the daily productivity, and was calculated as:

P =
VwithPCM −VwithoutPCM

VwithoutPCM
·100% (28)

where P is the percentage improvement or decline after PCM application into the SS (%),
V is the daily productivity (mL/m2/day), and the subscripts withPCM and withoutPCM
refer to the SS with PCM and without PCM, respectively. Therefore, the P indicator shows
the impact of PCM on the performance of SS obtained by individual research teams. For
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example, in the case of Yousef and Hassan [21], P is +9.5%, which means that the daily
productivity of SS with PCM (paraffin wax) investigated by Yousef and Hassan [21] is
9.5% greater than the productivity of the SS without PCM investigated by Yousef and
Hassan [21].

Table 9. Comparison of the results.

Reference Location mPCM/mw
Percentage Improvement (+) or

Decline (−) *, (%) Remark

Yousef and Hassan [21] Egypt 1.13 +9.5 Paraffin wax

Chaichan and Kazem [22]
Iraq n.a. +14.3 Paraffin wax

+60.5 Paraffin wax + Al2O3 (3 wt.%)

Kabeel et al. [23]

Egypt 1.46 +62.6 Paraffin wax

+94.5
Paraffin wax + graphite
nanoparticles (20% mass

fraction)

Shalaby et al. [25] Egypt 0.75 +12.0 Paraffin wax
0.51

Sonker et al. [26]
India 0.23 +70.2 Lauric acid

+76.8 Stearic acid
+91.2 Paraffin wax

Mousa et al. [27]
Oman 0.17 +0.5 Tricosane

0.35 −13.1
0.51 −12.3

Al-Harahsheh et al. [28]

Jordan 0.11 +4.5 Sodium thiosulfate
pentahydrate

0.13 +7.1
0.18 +16.8
0.25 +15.6
0.38 + 19.0

Kateshia and Lakhera [30]
India 0.75 +2.6 Palmitic acid

1.50 +15.8
2.24 +29.0

Tabrizi et al. [31]
Iran n.a. −5.6 Sunny day

+61.9 Cloudy day
Paraffin wax

Sarhaddi et al. [32]
Iran n.a. −6.0 Sunny day

+28.6 Cloudy day
Paraffin wax

This work—max. increase

Poland 0.1 +4.0 Experiment, max. increase
0.5 −5.3 Experiment, max. decrease

1.0 +47.1 Simulation—Case 3, max.
increase

1.0 −10.8 Simulation—Case 1, max.
decrease

* Compared to the same case but without PCM.

5. Conclusions

This paper presents the results of the experimental and theoretical investigation of
the effects of using PCM on the performance of the passive single-slope solar still. The
experimental data were used to validate the mathematical model describing the heat and
mass transfer inside the SS. The ordinary differential equations from the model were solved
numerically, and the approximate solutions of the temperatures were obtained. Then,
through the mathematical modeling, a detailed relationship between the water-evaporation
rate, Tw, and ∆T was determined. Furthermore, the influence of the PCM-to-water mass
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ratio on the productivity of SS, depending on the operating conditions, was established.
These novel findings fill a knowledge gap representing the lack of explanation as to why
PCM does not improve the productivity of SS in certain cases.

When the initial temperatures of the absorber, water, cover, and PCM are the same, and
they are at least 15 ◦C lower than the maximum temperature of the water, the productivity
of the SS with PCM is lower by up to 10.8%, compared to the SS without PCM. However,
when the initial temperatures of the water and PCM are 50 ◦C, the PCM can improve the
productivity of the SS by up to 2.4%. Furthermore, if the PCM were heated up outside of
the SS and put into the SS when the temperature of the water starts decreasing, it could
improve productivity by up to 47.1%. In the case of a lack of thermal insulation of the SS,
the PCM can take over the role of an insulator and improve productivity, by up to 1.1%.

This paper undoubtedly provides a valuable new contribution to the field of solar stills.
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Nomenclature

Ab absorber surface-area, m2

Ab-PCM heat-transfer surface-area between absorber and PCM, m2

Ab-w heat-transfer surface-area between absorber and water, m2

Ag glass-cover surface area, m2

ah-b ratio of the heat supplied to the absorber to the total power of the electric heaters
Aw water surface area, m2

cl specific heat capacity of liquid PCM, J/(kg·K)
cl,avg average specific-heat-capacity of liquid PCM, J/(kg·K)
cpb absorber specific-heat-capacity, J/(kg·K)
cPCM effective specific-heat-capacity of PCM, J/(kg·K)
cpf humid air (air–water-vapor mixture) specific heat capacity, J/(kg·K)
cpg glass specific-heat-capacity, J/(kg·K)
cpw water specific-heat-capacity, J/(kg·K)
cs specific heat capacity of solid PCM, J/(kg·K)
cs,avg average specific-heat-capacity of solid PCM, J/(kg·K)
Dwa binary diffusion coefficient of water vapor in air, m2/s
eg glass-cover thickness, m
eins insulation thickness, m
ePCM PCM thickness, m
g gravitational acceleration, m/s2

Grf Grashof number for humid air (air–water-vapor mixture)
Grw Grashof number for water
hb-air overall heat-transfer-coefficient between absorber and ambient air, W/(m2·K)
hc,b-w convective heat-transfer-coefficient between absorber and water, W/(m2·K)
hc,go-air convective heat-transfer-coefficient between outer glass cover and ambient air, W/(m2·K)
hc,w-gi convective heat-transfer-coefficient between water and inner glass-cover, W/(m2·K)
hc,w-PCM convective heat-transfer-coefficient between water and PCM, W/(m2·K)
hmass mass transfer coefficient, m/s
hr,go-sky radiation heat-transfer-coefficient between outer glass-cover and sky, W/(m2·K)
hr,w-gi radiation heat-transfer-coefficient between water and inner glass-cover, W/(m2·K)
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L latent heat of fusion, J/kg
Lc,b-w characteristic length of convective heat transfer between absorber and water, m
Lc,w-gi characteristic length of the solar still, m
mb mass of the absorber, kg
mgi mass of the inner glass-cover, kg
mgo mass of the outer glass-cover, kg
mw mass of the water, kg
Mw molas mass of water vapor, kg/mol
.

mw total mass-flow-rate of evaporated water, kg/s
.

mw,loss lost mass-flow-rate of condensate, kg/s
.

mw−gi mass flow rate of condensate on the glass cover, kg/s
N number of measurements
Nuw Nusselt number for water
pgi partial water-vapor-pressure at the inner glass-cover temperature, Pa
Prf Prandtl number for humid air (air–water-vapor mixture)
Prw Prandtl number for water
pt total pressure of humid air (air–water-vapor mixture), Pa
pw partial water-vapor-pressure at the water temperature, Pa
Qh power of the electric heaters, W
R universal gas constant, J/(mol·K)
Raf Rayleigh number for humid air (air–water-vapor mixture)
Raw Rayleigh number for water
rw latent heat of evaporation, J/kg
t time, s
Tair ambient air temperature, ◦C
Tb absorber temperature, ◦C
Tendset endset temperature of the PCM phase transition, ◦C
Texp temperature obtained in experiments, ◦C
Tf humid air temperature, ◦C
Tgi inner glass-cover temperature, ◦C
Tgo outer glass-cover temperature, ◦C
Tonset onset temperature of the PCM phase transition, ◦C
TPCM PCM temperature, ◦C
Tsim temperature obtained in simulations, ◦C
Tsky sky temperature, ◦C
Tw water temperature, ◦C
v wind speed, m/s
V productivity, mL/m2

Vexp daily productivity obtained in experiments, mL/m2/day
Vsim daily productivity obtained in simulations, mL/m2/day
βw coefficient of thermal expansion of water, 1/K
∆T temperature difference between water and glass cover, ◦C
δ percentage difference between the results of simulations and experiments, %
εg glass emissivity
εw water emissivity
θ inclination angle of the glass cover, ◦

λf thermal conductivity of humid air (air–water-vapor mixture), W/(m·K)
λg thermal conductivity of glass, W/(m·K)
λins thermal conductivity of insulation, W/(m·K)
λPCM thermal conductivity of PCM, W/(m·K)
λw thermal conductivity of water, W/(m·K)
µf dynamic viscosity of humid air (air–water-vapor mixture), Pa·s
µw dynamic viscosity of water, Pa·s
ρf density of humid air (air–water-vapor mixture), kg/m3

ρf,Tgi density of humid air (air–water-vapor mixture) at the inner glass-cover temperature, kg/m3

ρf,Tw density of humid air (air–water-vapor mixture) at the water temperature, kg/m3

ρw density of water, kg/m3

σ Stefan–Boltzmann constant, W/(m2·K4)
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