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d Escuela Politécnica Superior, Universidad Francisco de Vitoria, Ctra. Pozuelo-Majadahonda Km 1.800, 28223 Pozuelo de Alarcón, Madrid, Spain
e Savaria Institute of Technology, Faculty of Informatics, ELTE Eötvös Loránd University, Budapest 1117, Hungary
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A B S T R A C T

Solar still systems often include organic phase change materials (PCMs) because of their remarkable thermo
physical characteristics. Numerous innovative PCMs have been developed and subsequently incorporated into 
solar still applications, resulting in improved distillate yields in these systems. This enhancement has been 
extensively analyzed and discussed. An enhancement of 143.78% in distillate yield was reported for the active 
solar still that utilized lauric acid. On the other hand, the passive solar still saw an increase in distillate pro
duction of 124.74% when using soy wax and 109.3% when using beeswax. The selection of PCM necessitates 
meticulous evaluation, considering aspects like cost, compatibility with the container, and its environmental 
implications, all of which have been comprehensively examined. The analysis centers on solar distillation sys
tems, exploring a range of modifications and their incorporation with various PCMs. In light of the findings, it is 
prudent to consider modifications to the solar still and the meticulous selection of appropriate PCM for future 
studies.

1. Introduction

As the global community endeavours to mitigate greenhouse gas 
emissions, it is imperative to create state-of-the-art technology to 
transform renewable energy sources into usable energy [1]. Achieving 
this requires thoroughly understanding renewable energy sources and 
advocating for their broad adoption. This enables a perpetual upgrade of 
the existing technology that could lead to a sustainable environment and 
progress in the world [2]. Every upgrade in technology directly or 
indirectly relates to some form of energy; one of the most important is 
heat [3]. Storage and transfer of heat for any system or subsystem is 
crucial; for an efficient execution of any system, the role of heat storage 
and heat transfer is of utmost importance [4]. One such heat transfer 
application can be seen in solar stills, which began in the late 18th 
century to purify impure water. Since then, it has been viewed as an 
alternative to the existing water purifying system, which consumes en
ergy input as solar radiation. The significant advantage of solar still over 

existing water purifying systems is its ability to harness the sun’s lim
itless power. However, the rate at which solar still delivers freshwater 
yield is debatable and hence not preferred in many practical applications 
[5]. Several methods have been adopted to improve the distillate yield 
of solar still, but the most effective one has been the utilization of phase 
change material (PCM) [6]. For decades, freshwater availability has 
always remained an utmost concern. According to a report published by 
World Resources Institute [7], countries like India, Pakistan, the Gulf 
States, and those at the developing stage face immense challenges 
(greater than 80 %) in providing fresh water to their populations. A list 
of countries with their respective freshwater production challenge is 
depicted in Fig. 1 [7].

Solar still is a beneficial technique in converting impure water into 
drinkable water, especially in arid areas [8]. It can also be adopted in 
different circumstances where water treatment is necessary and can 
undergo various modifications, thus making it suitable for small to 
medium-sized families. Solar still represents a cost-effective and eco- 

* Corresponding authors.
E-mail addresses: rohit.khargotra@ufv.es (R. Khargotra), sht@inf.elte.hu (T. Singh). 

1 Joint first author(s).

Contents lists available at ScienceDirect

Energy Conversion and Management: X

journal homepage: www.sciencedirect.com/journal/energy-conversion-and-management-x

https://doi.org/10.1016/j.ecmx.2025.100984
Received 15 December 2024; Received in revised form 17 March 2025; Accepted 17 March 2025  

Energy Conversion and Management: X 26 (2025) 100984 

Available online 20 March 2025 
2590-1745/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0003-2316-4107
https://orcid.org/0000-0003-2316-4107
mailto:rohit.khargotra@ufv.es
mailto:sht@inf.elte.hu
www.sciencedirect.com/science/journal/25901745
https://www.sciencedirect.com/journal/energy-conversion-and-management-x
https://doi.org/10.1016/j.ecmx.2025.100984
https://doi.org/10.1016/j.ecmx.2025.100984
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecmx.2025.100984&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


friendly method that relies on solar energy for its operation. Since the 
energy input is solar energy, its distillate yield fluctuates depending on 
solar availability. The distribution of solar energy within the solar 
distillation system is critically important and must be optimized to 
ensure maximum energy utility with minimal losses. As illustrated in 
Fig. 2, some amount of solar energy is utilized directly for evaporation, 
while some percentage is lost through convection. The incorporation of 
PCM can effectively reduce these convection losses. Losses occurring 
from the bottom and side walls can be managed by integrating insu
lation from the outer surface [9]. The remaining losses occur at the glass 
surface, which is influenced by the characteristics of the glass material 
and its surface properties.

Therefore, the present study provides a comprehensive analysis of 
the influence of various organic PCMs, including paraffin and non- 
paraffin types, and different integration methods on the performance 
of various solar still designs. Although the use of PCMs in solar desali
nation has been examined in earlier publications, these evaluations 
often concentrate on certain PCM types or a small number of solar still 
designs. In contrast, the present study adopts a systematic approach, 
examining PCM classification, selection, compatibility, and their impact 
on distillate yield across different solar still designs. This study also 
provides an economic analysis of active and passive solar stills inte
grated with PCMs to broaden the viability across different solar still 
configurations. The environmental analysis, crucial for the sustainable 

application of PCM, has been conducted to assess its effects following the 
integration of the solar still. By considering these factors collectively, 
this review provides deeper insights into optimizing PCM selection and 
integration for various solar still applications. Lastly, a well-structured 
discussion is presented, followed by conclusions and key recommenda
tions for future research directions.

2. Working principle of PCM

The initiation of utilizing PCM in solar still was started in the late 90 
s. Since then, the vitality of PCM has been explored by several re
searchers worldwide [10]. PCMs can absorb heat during peak solar in
tensity load, and they can release heat when the fluctuation of heat 
prevails due to unfavourable weather conditions [11]. This heat sup
plied by PCM can overcome the fluctuation of the energy provided to 
saline water and enable continuous evaporation in solar still [12]. The 
schematic diagram of the solar still integrated with PCM is illustrated in 
Fig. 3a. The PCMs are positioned beneath the water basin to capture heat 
and transfer it to the water when sunlight is unavailable. Considering the 
requirement of the mechanism, the transfer and storage of heat by the 
PCM contributes to the overall increase in the efficiency of solar still. 
The valuable property of PCMs is their ability to undergo phase transi
tions (solid–liquid-gas), which occur isothermally during energy 
absorbed or released [13]. The working mechanism of PCMs, where they 
change phase from one state to another and concurrently exchange heat 
with the system, can be understood from Fig. 3b. Hence, it can also act as 
a thermal reservoir during the execution of thermal cycles [14]. 
Therefore, its ability to store thermal energy is among many solutions 
for the prevailing energy storage challenges in solar still [15].

PCMs operate based on the principle of expansion and contraction 
resulting from variations in the heat they absorb. The relationship be
tween the energy storage capacity of PCM and its volume is inversely 
proportional; as one increase, the other decreases. In order to finalize a 
thermal cycle, a standard PCM exhibits a volume change of under 5 % 
[16]. PCM undergoes two processes simultaneously: sensible and latent. 
The sensible heat is retained in the PCM without undergoing any phase 
transition, as can be calculated using Eq. (1). The energy accumulated 
during a phase transition, specifically the energy stored during a phase 
change, is directly related to the mass of the material and the constant 
latent heat enthalpy. The calculation can be performed using Eq. (2)
[17]. 

Q(sensible) = mCpΔT (1) 

Q(latent) = mL (2) 

The system’s total energy consists of sensible heat (before phase change) 
and latent heat (after phase change), represented in Fig. 4, and can be 
calculated using Eq. (3). 

Q(LHS) = mCpΔT+mL+mCpΔT (3) 

Where ‘Q’ denotes the amount of heat stored by the material, ‘m’ de
notes the mass (kg), and ‘L’ represents the enthalpy (kJ/kg) during the 
period of phase change in PCM [18].

3. PCM selection criteria

Apart from solar still, PCMs are utilized in various other applications, 
such as solar water heating, space heating and cooling, solar cooker and 
many more.

For instance, Palanikumar et al. [19] developed and evaluated three 
types of solar box cooker (SBC): with PCM, nano PCM, and without PCM. 
The blend of waste cooking oil and C4H4O3 was utilized to prepare the 
novel PCM. The nano PCM-integrated SBC, using MgAl2O4/Ni/Fe2O3 
nanoparticles, achieved a thermal performance enhancement of 11 % 
and efficiency up to 56.21 %. Under solar radiation of 1037 W/m2, it 

Fig. 1. Countries with a shortage of freshwater.

Fig. 2. Distribution of energy within solar still [9].
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reached a maximum internal temperature of 164.12 ◦C, demonstrating 
superior performance compared to the other SBC. Furthermore, studies 
[20,21] enhanced the thermal energy efficiency of the solar cooker by 
incorporating nanoparticles for better performance. However, the 
criteria for identifying an appropriate PCM for the application remain 
unclear. Notwithstanding the ascertained fact, many essential properties 
must be examined to determine whether a certain PCM should be used. 
The parameters mentioned include physical, thermal, kinetic, and 
chemical properties, as seen in Fig. 5. From a physical standpoint, a PCM 
should possess a low vapour pressure and high density and demonstrate 
minor volume alteration throughout solidification and melting. From a 
thermal perspective, the material should have a broad spectrum of 
melting and freezing temperatures, a high specific heat, a substantial 
capacity for storing latent heat, and efficient thermal conductivity. 
Chemically, the kinetic energy within the molecules of PCM is also 
considered an essential factor: whether molecules are stable or not at 
different ranges of operating temperatures, not toxic to the environment, 
non-flammable, and it must be non-corrosive. The PCM should possess a 
high nucleation rate, phenomena of sudden cooling must be absent, and 
an adequate rate for crystallization [22].

4. Classification of PCM

PCMs have a long history of utilization in solar still due to their 
various favourable properties. It possesses all the characteristics 
required for enhancing solar still yield during the day and night [23]. 

Broadly, PCMs are classified into four categories: solid–liquid, liquid
–gas, solid–solid, and solid–gas, as represented in Fig. 6. Regarding solar 
still, utilization of solid–solid and solid–gas PCMs is usually not 
preferred due to the deficient latent heat of enthalpy and poor 
compatibility [24]. Due to sudden expansion in liquid–gas PCMs, 
equipment damage can be encountered if utilized in solar still, as re
ported earlier [25]. The most appropriate PCM for solar still is solid
–liquid type due to its ability to store high energy, attributed to its highly 
stable chemical structure [26], also classified in Fig. 7.

The solid–liquid PCM can be categorized into the following: organic, 
inorganic, and eutectics, as represented in Fig. 7. It can be observed in 
Fig. 7 that eutectic PCMs are high in cost and exhibit high melting and 
solidification temperatures (unfavourable to solar still). In addition, the 
issue of leakage during the phase transition of eutectic PCMs is prevalent 
and hence unsuitable in solar still applications [27]. On the other hand, 
inorganic PCMs are susceptible to corrosion and can deteriorate the 
metal surface of the water basin, leading to periodic damage to the solar 
still container surface. Although inorganic PCMs are cost-effective and 
can store high heat, their inclusion in solar panels is still avoided due to 
their low compatibility with the storing material [28]. What fascinates is 
the organic PCM, particularly paraffin, which fulfils almost all the re
quirements that qualify it for its utilization in solar still. It is cheap, 
nontoxic, has high compatibility, can be melted at low temperatures (a 
prime requirement for PCM during the operation of solar still), and has 

Fig. 3. Schematic layout (a) Working of single slope solar still (SSSS) with PCM (b) Inside view of the working of PCM.

Fig. 4. PCMs store energy during charging and discharging.
Fig. 5. Critical selection criteria of thermal energy storage materials based on 
physical, thermal, kinetic, and chemical properties.
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good compatibility with a wide range of materials [29]. Regarding non- 
paraffin, it has high thermal conductivity and low vapor pressure, which 
are favourable for improving solar still performance. However, due to its 
high affinity towards air and moisture, it shows corrosive characteristics 
and hence is not recommended for solar still operations [30].

Organic PCMs consist of carbon-hydrogen chains ranging from 14 to 
40 carbons. It can be derived from nature in the form of waxes, oils, fatty 
acids, and poly-glycols and offers various advantages such as non- 
corrosive, low super-cooling, better nucleation rate, thermally and 

chemically stability, and adjustable phase transition zone as per the 
desired application [31]. Additionally, certain traits of organic PCMs, 
including low melting heat, fewer thermal cycles, reduced density, and 
low thermal conductivity, may not be advantageous for solar stills but 
are beneficial for other uses such as building construction, trans
portation, and heat storage [32]. An inorganic PCM, especially salt hy
drate, undergoes phase change during the dehydration reaction, which 
is undesirable in solar still applications because it can severely affect the 
evaporation rate. The inorganic PCM is non-flammable and has several 

Fig. 6. Types of PCMs.

Fig. 7. Typical properties of solid–liquid PCM.
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positive attributes, such as high thermal conductivity, high enthalpy, 
and low volume changes during phase transition [33]. However, the 
undesirable melting of the inorganic PCMs may result in phase segre
gation and lead to poor performance due to the inability to undergo 
complete thermal cycles [34]. Furthermore, the inorganic PCMs have 
poor nucleating properties, which results in super-cooling of the liquid 
phase before crystallization. Adding to this, the inorganic PCMs have a 
corrosive nature, which decreases their compatibility with the materials, 
and their high cost does not justify their utilization in solar still [35]. 
When organic and inorganic PCMs are combined, the resultant thus 
formed is eutectic PCM. It is a homogeneous mixture of two or more 
PCMs to obtain desirable properties. Various types of PCMs have a wide 
range of applications [36]. Long-term stability, high phase change sta
bility, high chemical stability, and surface tension are characteristics of 
eutectic PCM. However, it is not applied in trivial industries due to its 
high cost. Table 1 presents a comprehensive overview of the various 
essential characteristics of different types of PCM. Broadly, PCMs are 
classified into two groups: organic and inorganic. Organic PCMs are 
further classified into three subgroups called: (a) paraffin, (b) fatty acids 
and (c) natural. After carefully examining Table 1, it is evident that 
paraffin exhibits the broadest operating temperature range among all 
the tabulated PCMs, an essential property for PCMs to be utilized for 
solar distillation applications.

Table 1 reveals that paraffin exhibits the highest latent heat of 
enthalpy at 351.7 kJ/kg, closely followed by barium hydroxide octa 
hydrate at 332 kJ/kg. In conclusion, a high latent heat enthalpy results 
in a significant capacity for energy storage, making it ideal for a wide 
range of heat exchange system applications. The density of PCM plays a 
crucial role in operating a heat exchange system. A higher-density PCM 
requires a reduced surface area for efficient heat transfer. In these sit
uations, utilizing PCM with higher density, mainly inorganic PCM is 
advantageous as it minimizes transportation costs. Comparison of 
thermal conductivity among various types of PCMs is presented in 
Table 1. It is noteworthy that the average thermal conductivity of 
inorganic PCMs significantly exceeds that of organic PCMs, thereby 
expanding its potential applications in heat exchange systems. However, 
when comparing the affinity of inorganic PCM for oxidation, it is 
observed to be greater, which is quite undesirable due to the increased 
likelihood of corrosion resulting in material degradation.

The preceding discussion indicates that solar stills utilizing organic 
PCMs tend to provide specific benefits compared to those employing 
inorganic PCMs or alternative thermal storage options. Organic PCMs 
exhibit superior thermal stability, reduced corrosion risks, and a more 
uniform phase change temperature when contrasted with inorganic 
PCMs, which may encounter challenges such as supercooling or degra
dation over time. Organic PCMs frequently exhibit a greater latent heat 
capacity, enabling them to store and release increased amounts of 
thermal energy, which enhances their effectiveness in stabilizing tem
perature amidst varying solar radiation. In contrast, inorganic PCMs 
may exhibit superior thermal conductivity, which could facilitate 
quicker heat transfer; however, they might necessitate more meticulous 
oversight owing to their potential instability and reduced safety 
margins.

Choosing the right PCM is essential for achieving optimal perfor
mance in solar distillation. The PCM must exhibit a transition temper
ature range from 40 ◦C to 80 ◦C, which is consistent with the operational 
parameters of a solar still. To enhance the absorption and storage of peak 
thermal energy, it is essential for the PCM to have a high latent heat 
storage capacity. Furthermore, possessing a high thermal conductivity is 
crucial for improving the heat transfer rate in the basin water, thereby 
facilitating effective energy distribution. An elevated specific heat ca
pacity is advantageous, as it aids in managing the charging and dis
charging rates of the solar still, resulting in enhanced thermal efficiency 
and overall performance. Additionally, the PCM should not leave any 
harmful traces to the environment during discharge.

5. Compatibility of PCM with storing container

Metals have low corrosion resistance, which results in progressive 
deterioration of their structure, diminished performance, and increased 
safety risks. To tackle this problem, industry standards have established 
norms for acceptable corrosion rates (measured in mm/year or mg/cm2. 
year) within materials [137]. The corrosion rate is calculated using Eq. 
(4). According to literature, the long-term use is strongly encouraged for 
materials with corrosion rates below 10 mg/cm2.year, whereas mate
rials with rates between 10 mg/cm2.year and 49 mg/cm2.year might be 
used cautiously in some applications. Solar stills should not be con
structed using very corrosive materials, defined as having a corrosion 
rate of 50 mg/cm2.year or above. Experimental studies suggested that a 
container made of copper shows the development of pitting when 
immersed in a solution of salt-hydrated PCM with PlusICE (E17) and 
ClimSel (C18) [138]. In addition, the formation of a copper oxide layer 
was also noticed at the surface of copper. On the other hand, when 
aluminium is immersed in the same solution, corrosion occurs in the 
form of galvanic pitting [139]. The aluminium surface was adorned with 
fissures of varying sizes, both large and small. The average pit size was 
20–160 µm upon microscopic examination, with a maximal pit size of 
650 µm [140]. According to recent reports, grain boundaries provide a 
protective barrier for copper material containers used with paraffin wax 
PCM, reducing the corrosion rate with time. Corrosion rates of 26.65 
mg/cm2.year, 13.08 mg/cm2.year, and 7.95 mg/cm2.year were recor
ded after 10, 30, and 60 days of testing at 80 ◦C, respectively [141]. 

Corrosion rate =
Specimen initial mass (mg) − Specimen final mass (mg)

Test time frame (year) × Specimen area (cm2)
(4) 

It is crucial to thoroughly assess its corrosion resistance qualities while 
selecting a PCM for a particular application [142]. Materials with a low 
tendency to corrode are more desirable because they provide increased 
durability and a longer lifespan [143]. Therefore, it becomes mandatory 
to consider many elements, such as the surrounding environment, 
temperature fluctuations, chemical exposure, and mechanical strains 
[144]. Storing PCMs within a container increases the likelihood of long- 
term deterioration because of chemical and electrochemical processes 
between the container surface and the PCM [145,146]. Corrosion of 
metals by PCMs may primarily appear in three distinct ways [147]: 

• Metal oxidation: oxidation of metals occurs when PCM gradually 
corrodes the porous outer layer of the container, resulting in even 
and consistent perforation. This is characteristic of materials such as 
mild steel.

• Pitting: Corrosion begins at a particular location, becomes more se
vere, and forms deep “pits.” This phenomenon is often found in 
metals that have been coated, such as pinholes, stainless steel, and 
aluminium.

• Stress crack corrosion: Corrosion develops in regions experiencing 
stress, causing sudden failure. This is prevalent in stainless steel 
materials.

The effect of corrosion on the container surface must be mitigated. 
Thus, it is imperative to thoroughly understand the mechanisms of 
corrosion and its controlling factors [148]. Thermal stability of the 
material, surface roughness, and applied coatings are essential factors 
that decide the compatibility between the PCMs and the container ma
terials [34,149]. Materials such as aluminium, copper, brass, and 
stainless-steel are viable alternatives to conventional container mate
rials used with PCMs because of their utility for thermal energy storage 
and longer service life [150].
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Table 1 
Properties of solid–liquid PCMs.

Group Compound Chemical formula Phase change 
temperature (◦C)

Latent heat (kJ/ 
kg)

Density (kg/ 
m3)

Thermal 
conductivity 
(W/m-K)

Specific heat 
(KJ/kg-K)

Ref. Applications

Organic PCM- 
Paraffin 
CH3–(CH2)n-CH3

n-Dodecane C12H26 − 11.85 216 863 (S), 736 (L) 0.21 (S) − [37,38] Constructions, solar thermal energy 
storage, electronics cooling, 
transportation industry, medical and 
pharmaceutical cold chain.

n-Tridecane C13H28 − 5.85 160 756 (L) 0.21 − [37]
n-Tetradecane C14H30 6.15 230 884 (S), 758 (L) 0.21 (S) − [37,38]
n-Pentadecane C15H32 10.15 207 861 (S), 769 (L) 0.17 − [37,38]
n-Hexadecane C16H34 18.15 238 864 (S), 773 (L) 0.21 (S) − [37,38]
n-Heptadecane CH3(CH2)15CH3 18.35–––22.15 215–240 778 0.39 2.233 [37,39]
n-Octadecane C18H38 27–28.5 243.5–245 855 (S), 

777–860 (L)
0.35 (S), 0.15 
(L)

1.91–2.14 (S), 
2.66 (L)

[37,38,40]

RT-21 ​ 21 155 880 (S), 770 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT22HC ​ 22 190 760 (S), 700 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT24 ​ 24 160 880 (S), 770 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT-25 ​ 25 170–230 880 (S), 760 (L) 0.2 2 [42,43]
RT-25HC ​ 25 230 880 (S), 770 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT-28HC ​ 28 250 880 (S), 770 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT-31 ​ 31 165 830 (L, S) 0.2 (L, S) 2 (L, S) [40,41]
RT35 ​ 35 160–220 860 (S), 770 (L) 0.166, 0.2 (L, S) 2 (L, S), 2.1 [40,41,44]
RT35HC ​ 35 240 880 (S), 770 (L) 0.2 (L, S) 2 (L, S) [40,41]
RT-27 ​ 25–28 179 800 (@15 ◦C) 0.2 2 [45,46]
RT-42 ​ 38–43 174 880 (S), 760 (L) 0.2 2 [47]
RT44HC ​ 41–44 250 800 (@25 ◦C) 0.2 2 [46,48]
RT-50 ​ 45–53 160–182 880 (S), 760 (L) 0.2–0.3 2.01 [49,50]
RT54HC ​ 53–54 200 850 (@25 ◦C) 0.2 2 [46,47]
RT-82 ​ 77–85 176 950 (S), 770 (L) 0.2 2 [51,52]
Paraffin wax CnH2n+2 32–67 81.81–351.7 920–930 (S), 

770–870 (L)
0.51 (S), 0.22 
(L)

1.92–2.967 
(S), 3.26 (L)

[41,53–55]

A32 ​ 32 130 845 0.21 2.2 [56]
A39 ​ 39 105 900 0.22 2.22 [56]
A42 ​ 42 105 905 0.21 2.22 [56]
A48 ​ 48 234 810 0.18 2.85 [56,57]
A53 ​ 53 130 910 0.22 2.22 [56]
A55 ​ 55 135 905 0.22 2.22 [56]
A58 ​ 58 132 910 0.22 2.22 [56]
A62 ​ 62 145 910 0.22 2.2 [56]
Petroleum jelly ​ 36–60 220 849.9 0.18 2.96 [58,289]
Vaseline ​ 25–39 196 879 (S), 822 (L) 0.205 2.05 (S), 2.1 

(L)
[59,180]

Organic PCM- 
Fatty Acids 
CH3–(CH2)n- 
COOH

Lauric acid C12H24O2 41–44 178–222.3 1007 (S), 880 
(L)

0.45 (S), 0.15 
(L)

1.6–2.34 (S), 
2.17–2.53 (L)

[60,62,106,206,265] Food packaging, refrigeration and air 
conditioning, energy storage, building 
materials, Thermal energy storage, solar 
energy applications, electronic cooling, 
automotive thermal management.

Myristic acid C14H28O2 45.71–56 173.46–252.92 990 (S), 862.2 
(L)

0.15–0.2 1.7–2.8 (S), 
2.4–2.75 (L)

[60,63–65,263,265,274]

Capric acid C10H20O2 32 152.7 1004 (S), 878 
(L)

0.37 (S), 0.14 
(L)

1.9 (S), 2.1 (L) [41,65]

Stearic acid C18H36O2 59.88–70.12 170–259 965 (S), 848 (L) 0.172–0.341 1.6–2.53 (S), 
2.2 (L)

[61,65–68,216]

Palmitic acid C16H32O2 54–64 185.4–241 989 (S), 850 (L) 0.162–0.28 2.1–2.2 (S), 
1.9–2.56 (L)

[61,65,68,207,264,265]

Palmityl palmitate ​ 57.21 259.19 858 0.3432 − [69,70]
Methyl palmitate ​ 27.39 243 857.10 0.28 − [71,72]
Capric-Stearic acid ​ 28.75 165 − 0.231 − [73]
Lauric-Stearic acid ​ 29.78–43.77 121.8–193.7 − 0.211–0.2879 1.92 (S), 2.10 

(L)
[74–77]

(continued on next page)
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Table 1 (continued )

Group Compound Chemical formula Phase change 
temperature (◦C) 

Latent heat (kJ/ 
kg) 

Density (kg/ 
m3) 

Thermal 
conductivity 
(W/m-K) 

Specific heat 
(KJ/kg-K) 

Ref. Applications

Myristic-Capric 
acid

​ 18.15–24.63 139.8–168.37 − 0.27 1.97 (S), 2.31 
(L)

[78,79]

Palmitic-Stearic 
acid

​ 53.37–54.24 183–194.46 845 (S) 0.205, 0.26 2.40 (S), 2.50 
(L)

[78,80,81,208]

Lauric-Capric acid ​ 18–28.3 133.7–142.2 900 (S), 894.9 
(L)

0.139 (S), 
0.143–0.271 (L)

2.24 (S), 1.97 
(L)

[82–84]

Capric-Palmitic 
acid

​ 22.4–27.48 127.8–195 870 (S), 790 (L) 0.143–0.22 2 (S), 2.3–2.4 
(L)

[56,84–87]

Lauric-Myristic 
acid

​ 32.04–34.34 158.88–177.65 − − 2.54 (S), 2.40 
(L)

[78,88]

Palmitic-Lauric 
acid

​ 35.95–39.57 171.65–182.54 1050 0.18–0.24 2.03 [89,90]

Myristic-Stearic 
acid

​ 45.62–47.13 153.3–196.21 − 0.24 − [207,266]

Myristic-Palmitic 
acid

​ 45.25–59.89 127.94–190.99 − 0.225 − [91,92]

Lauric-Palmitic- 
Myristic acid

​ 28.27–32.24 160.41–177.43 − 0.2528 − [88,93]

Capric-Myristic- 
Palmitic acid

​ 17.7 148.7 − 0.149 − [94]

Myristic-Palmitic- 
Stearic acid

​ 41.72 163.5 − 0.25 − [95]

Lauric-Palmitic- 
Stearic acid

​ 32.1 151.6 − 0.21 − [96]

Capric-Palmitic- 
Stearic acid

​ 18.90 147.2 850.9 0.3407 − [97]

Organic PCM- 
Natural

Bees wax ​ 51–62.28 145.62–214 (S), 
141.49 (L)

819.75–970 (S), 
789.47–811 (L)

0.231–0.25 2.081 [98–100] Antimicrobial activity, thermal energy 
storage, electronic cooling, building and 
construction, automobile l application, 
solar thermal application.

Shellac wax ​ 51.1–81.5 148–203.2 945–965 (S), 
813.3 (L)

0.29–0.33 (S), 
0.3–0.31 (L)

1.9–2.1 (S), 
2.1–2.3 (L)

[100,101]

Carnauba wax ​ 80–88 168.3–206 970–998 0.12–0.3403 (S) 1.98 (S) [100,102,103]
Coccerin wax ​ 85.78 193.2 − − − [104]
Insect white wax ​ 84.82 180.7 − − − [104]
Candelilla-wax ​ 69–73 149 − − − [105]
Ricebran-wax ​ 78–82 180 − − − [105]
Berrywax ​ 50–54 99 − − − [105]
Sunflower wax ​ 74–78 192 − − − [105]
Soy wax ​ 30.9–54.2 67.6–117.60 900–1156 (S), 

825–1146 (L)
0.324 (S), 
0.1573 (L)

4.96 (S), 2.06 
(L)

[106,107,180]

Palm wax ​ 56.96 149.1721 1155 (S), 1145 
(L)

0.1550 (S), 
0.1565 (L)

2.02 (S), 
2.892 (L)

[108,109]

Sheep fat ​ 48.2 183 916 (S), 828 (L) 0.325 2.06 (S), 2.06 
(L)

[110]

Inorganic Calcium chloride 
tetrahydrate

CaCl2⋅4H2O 39–44.2 99.6–158 1566.6–1830 − 1.34 [109,111] High-temperature thermal energy 
storage, heat transfer fluids, building 
applications, thermal barrier coatings.  Calcium chloride 

hexahydrate
CaCl2⋅6H2O 20–31.2 154.7–201 1710–1800 (S), 

1496–1530 (L)
1.09 (S), 
0.54–0.6016 (L)

1.40–2.18 (S), 
2.20–3.25 (L)

[40,112–114]

Calcium nitrate 
tetrahydrate

Ca(NO3)2⋅4H2O 42.3–47 131–153 1820 (S) 0.5749 1.46 (S) [115–117]

Lithium nitrate 
triydrate

LiNO3⋅3H2O 29.6–31.9 283–296 1575–2140(S), 
1425  
(L)

0.58–1.32 1.73–2.77 [115,118,119]

(continued on next page)
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6. PCM in solar still

6.1. Solar distillation

The availability of fresh water for the commoner has remained 
challenging for most developed countries. As a result of increased 
globalization and population, the demand for fresh water at the end of 
2050 is expected to rise by more than half of the total present demand 
[151]. Fresh water resources are limited and vary in quantity, depending 
on the climatic and geographic conditions. On the contrary, ocean water 
is infinite but not feasible for drinking, but it can be processed and 
converted into fresh water [152]. To do this, several techniques are 
available to treat ocean water, such as adsorption [153], flotation [154], 
nano-filtration [155], electro-coagulation [156], electro-oxidation 
[157], reverse osmosis [158], and solar distillation [159,160]. The in
formation on the various water treatment methods is tabulated in 
Table 2. It outlines the operational concept, advantages, disadvantages, 
and the cost per liter of treated water. The said techniques have recently 
undergone various necessary developments to obtain higher yields. A 
graphical representation is shown in Fig. 8 which contains number of 
articles related to various water treatment techniques published in 
reputed journals sourced from science direct. Fig. 8 suggests that be
tween 2018 and 2024 research carried out was highest in electro
oxidation i.e., 48.6 % share of total available publications followed by 
reverse osmosis (32.2 %). Solar distillation articles account for 8.85 % of 
total published articles in the same duration.

Additionally, it includes remarks based on insights from previous 
literature. It can be observed that solar distillation has a simple opera
tional principle compared to other techniques. However, different 
methods can desalinate a higher amount of water compared to solar 
distillation. Yet, water wastage and the high initial and operating costs 
of these techniques are uneconomical compared to solar distillation for 
domestic purposes. Thus, solar distillation is more practical in desali
nating water than other methods. It is simple, practical, low cost, 
environment friendly, and works on the principle of evaporation and 
condensation [161]. However, its demerit is low productivity or even 
zero at midnight. Perhaps, the day-night productivity of the solar still 
can be enhanced by modifying the design of the solar still, e.g., single 
slope solar still (SSSS) [162], double slope solar still (DSSS) [163], 
pyramid solar still (PSS) [164], triangular pyramid solar still (TPSS) 
[165], stepped solar still (SSS) [166], tubular solar still (TSS) [167,168], 
hemispherical solar still (HSS) [169], tilted wick solar still (TWSS) [170] 
and also with the help of external attachments such as flat plate collector 
(FPC) [171], evacuated tube collector (ETC) [172], parabolic trough 
collector (PTC) [173], heat exchanger (HE) [174], photovoltaic thermal 
(PVT) [175], condenser [176], reflectors [177], tracking sun axis [178] 
and so on. Shanmugan et al. [179] studied the effect of chemical po
tential behavior of temperature component on PSS. The authors propose 
the Gibbs free energy equation to determine the energy shift between 
the evaporating and condensing phases in a steady state. Furthermore, 
they indicated a daily average efficiency of 38.135 % with an output of 
4.28 l/m2.The performance of the pyramid stepped basin solar distiller 
was found to exceed that of the conventional basin solar distiller. The 
difference in chemical potential between the two phases during the daily 
working hours, measured every 30 min, is less than 0.060 J/kg. This 
means that the solar distiller being studied works in a saturated mode. 
Ghandourah et al. [180] studied the effect of lanthanum cobalt oxide 
nanoparticle coated jute wick in DSSS. The experimental results were 
later validated with Dunkle’s correlation. Author reported a significant 
improvement in distillate yield at lower mass flow rate of saline water 
over the wick surface. Additionally, the daily productivity of the pro
posed DSSS coated with and without 20 wt% lanthanum cobalt oxide/ 
black paint was reported 5.40 and 3.85 kg/m2.day, respectively, at sa
line water flow rate of 0.05 kg/min. Recently, Kumar et al. [181] blends 
TiO2/jackfruit peel composite with the silver balls. The nanoparticle was 
varied at the concentration of 0.1–0.3 wt% with the system. The author Ta
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reports highest yield of 8.790 l/m2 at 0.3 wt% nanoparticle concentra
tion blended steel ball composite, revealing the best suitable modifica
tion in terms of yield and enviroeconomic analysis. Furthermore, 
Sangeetha et al. [182], reported highest yield of 14.92 l/m2.day with 
daily efficiency of 38.73 % for double slope U shaped basin solar still 
coated with ZMC (Z = ZnO, M =Mangifera Indica, C=Celostia Argentea) 
nanoparticles blended with black paint. The author recommended 
design due to a significant improvement in yield compared to conven
tional design. Apart from this, solar stills often experience significant 
heat transfer losses, which can be mitigated by incorporating PCM 
[183–187].

6.2. Role of PCMs in solar distillation

Due to high heat loss in solar stills and limited availability of solar 
radiation, the distillate output produced by solar stills often observed to 
be reduced by a significant margin. According to the study, a small 
amount of energy is used by solar still, and the rest is rejected in the form 
of various losses, as shown in Fig. 2 [9]. Recent findings suggest that the 
losses occurred in solar still can be minimized up to a to a certain level by 
providing low thermal conductivity insulating materials at the bottom of 
solar still or using large energy storing capable PCMs. Eventually, 
encapsulating PCMs in solar stills is more beneficial than insulating 
materials. Utilization of PCM in solar still applications is not new in fact; 
it has substantial contribution in the enhancement of productivity or 
yield of solar still. From the evidences obtained from recent published 
data it has been learned that utilising PCM in solar still can bring about 
half of increase in total desalination output. PCMs ensures the contin
uous working of solar still even after the presence of sunlight. Having 
been reported in the recent studies, several types of PCMs have been 
developed and employed in solar still application to achieve improved 
output. Besides, incorporating PCM in solar still is beneficial in reducing 
the cost of desalination of impure water. Also, utilization of PCM can 
significantly mitigate the carbon foots. Therefore, a comprehensive ex
amination of various types of PCM utilised in solar still has become 
inevitable that would be helpful to establish an understanding of PCM 
influence on solar still.

6.3. Non-paraffin (organic PCM) with various solar stills

Fatty acids are obtained from animals and vegetables as triglycerides 
and hydrates of acids of triglycerides [188]. Several techniques are 
available to process and refine organic PCM, e.g., fractionation and 
transesterification, hydrogenation and transesterification, isomeriza
tion, and transesterification processes [189]. Its utilization in thermal 
energy storage applications is pretty advantageous. Sari et al. [190] 
investigated and confirmed that organic PCM, such as palmitic acid and 
muriatic acid, were compatible with stainless steel and aluminium made 
storage containers for solar thermal applications [191]. The thermal 
characteristics do not allow inorganic PCM to be used in solar still ap
plications due to significant changes in volume in the fatty acid state 

Table 2 
Waste/saline water treatment methods.

Saline water 
treatment process

Working principle Merits Demerits Treated 
water cost

Remarks

Floatation [154] Gas bubbles play an essential role in 
the removal of impurities

Removal of total suspended 
solids

High cost, sludge 
formation, the high initial 
cost.

− High maintenance and initial 
cost limit its usage for domestic 
purposes.

Nanofiltration [155] The impure water is passed through an 
organic materials-based membrane 
made of polycarbonate and polyimide.

Reduce heavy metals, 
nitrates, and salts.

High energy 
consumption, required 
water pre-treatment, and 
a high initial cost.

− High initial cost and high 
membrane cost limit its utility.

Electrocoagulation 
[156]

The impure water is treated by 
providing an electrical current. The 
wastewater meets a cathode pair; it 
neutralizes the waste by forming 
hydroxides.

No chemicals are added, and 
the Cost of operation is low.

Requires electrodes to 
feed current, regular 
cleaning, high 
maintenance cost

− High energy consumption and 
not suitable for domestic use.

Electrooxidation 
[157]

The impure water is treated by a 
highly reactive agent such as hydroxyl 
radical.

Various electrodes can be 
used; they are cheap and 
effective in oxidizing 
pollutants.

Some electrodes, such as 
PbO2, are corrosive and 
have a short life span.

− Poor efficiency and complex 
processes make it suitable for 
industrial purposes.

Reverse Osmosis 
[158]

Impure water is passed through a semi- 
permeable membrane

Energy efficient, highly 
effective

High maintenance cost, 
removal of minerals, High 
wastewater

0.024–0.12 
$/L

It removes minerals from the 
treated water that can create 
significant health problems. 
Wastewater rejection is high.

Solar Distillation 
[159,160]

Evaporation and Condensation Non-polluting, simple 
working, use sun as an 
energy source, and 98 % of 
brine water can be treated 
cheaply.

Low productivity 0.012–0.059 
$/L

Simple construction to treat 
impure water for small families.

Fig. 8. Share (%) of various researches published for saline water treatment in 
the past six years (2018–2024) (.
Source: from Science Direct)
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(palmitic, capric, and caprylic acids) that lead to a lowering in density by 
a margin of 8–14 % [192,193].

6.3.1. Lauric acid as PCM in solar still
Lauric acid, a naturally derived material from fatty acid, can be 

utilized as PCM for energy storage applications. It is chemically stable 
with a melting point that falls in the range of 45 ◦C-50 ◦C. It is compa
rably denser and can store higher energy [194]. In solar distillation 
systems, using lauric acid improves the distillation yield. For instance, 
Kateshia and Lakhera [195] conducted experiments considering four 
different cases such as (a) conventional solar still (CSS), (b) solar still 
with palmitic acid (SSPA), (c) solar still with lauric acid (SSLA), and (d) 
solar still with stearic acid (SSSA), as shown in Fig. 9a.

The study found that in January, when the solar distillation system 
was separately tested with stearic acid, lauric acid, and palmitic acid, the 
system using lauric acid produced the highest distillate yield, as shown 
in Fig. 9b, particularly when solar intensity was at its peak. In contrast, 
during the same experiment conducted in May under similar conditions 
with the same PCMs, the highest distillate yield was achieved with 
stearic acid, as presented in Fig. 9b. This variation can be attributed to 
the differences in the thermal properties of the PCMs. Lauric acid out
performs in winter due to its higher thermal conductivity, specific heat 
capacity, and lower phase change transition temperature, which are 
advantageous under lower ambient temperatures. However, in summer, 
stearic acid delivers better performance because of its higher latent heat 
enthalpy and higher phase transition temperature, making it particu
larly well-suited for high-temperature conditions during summer 

season. It has been learned from the study that a low melting point of 
PCM was suitable for the winter season, while a higher melting point of 
PCM shows better distillate output during summer. Besides, the relation 
between water depth and distillate yield has been observed to be more 
significant since higher thermal energy was required to increase the 
temperature for large basin water mass. However, during the night, the 
sensible heat stored within the water during the daytime and additional 
thermal energy from PCM help augment the distillate yield. The distil
late yield for day and night was increased by 30 % and 127 %, respec
tively, and the overall distillate yield was improved by 30 %, containing 
30 kg of PCM [196]. The study by Chauhan and Shukla [197] focuses on 
the influence of quantum dot and lauric acid as PCM on conventional 
and prism-shaped solar stills. With quantum dot and lauric acid PCM, 
yield improved by 100.1 % in the case of prism-shaped solar still and 
83.13 % in the case of conventional solar still compared to without 
quantum dot and lauric acid PCM. The study by Pandey and Naresh 
[198] explores the use of a novel PSS in Indian arid regions for desali
nation. Three experimental setups were designed and fabricated: con
ventional PSS (case-1), solar still with PCM, and fins (case-2), and solar 
still with PCM, fins, and ultrasonic fogger (case-3). In comparison to 
case-1, case-3 showed significant improvements in productivity (143.78 
%), energy efficiency (57 %), and exergy efficiency (89.67 %). The cost 
per liter of freshwater and payback period for case-3 was reduced by 
47.36 % and 44.37 %, respectively, compared to case-1.

6.3.2. Stearic acid as PCM in solar still
Stearic acid is derived from fatty acids in vegetable oils such as 

Fig. 9. (a) Schematic of solar still with pin fins and PCM; (b) Hourly productivity variation [195] (Adopted with permission, License number: 5970460609373).
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coconut and petroleum [199]. Its ability to store and release thermal 
energy while exhibiting phase change makes it a suitable material for 
thermal energy storage. It has a high melting point and heat of fusion 
working as a PCM has several merits, such as high latent heat of fusion, 
low cost, and ease of availability [200]. However, it has disadvantages, 
like low thermal conductivity and a tendency to super cool at a slight 
temperature difference. Abed and Hachim [201] investigated the effect 
of stearic acid and paraffin wax on the distillate yield of TSS. Authors 
claimed that the daily TSS (with PCM) productions for fresh water 
increased by 9.5 % and 14.39 %, respectively, compared to the daily TSS 
(without PCM) productions, while using 40 mm thick stearic acid and 
paraffin wax, respectively. Kumar et al. [202] performed an experi
mental study on weir-type cascade solar still with three different PCMs, 
i.e., stearic acid, beeswax, and palmitic acid. Results revealed that high 
latent heat storage of palmitic acid enhances productivity by 33.69 %, 
the highest among all investigated PCMs. Kabeel et al. [56] performed a 
comparative study on the effect of inorganic and organic PCM on solar 
still. The results revealed the use of stearic acid increases productivity by 
65 %. However, among all PCMs, capric-palmitic and A48 show signif
icant improvement in distillate by more than 90 % and reported the 
environmental effect of inorganic PCMs, which may be restricted in 
various applications. Toosi et al. [203] performed an experimental study 
on SSS to increase the distillate yield of solar still. To study the combined 
effect of the condenser and stearic acid as PCM, the performance of SSSS 

was investigated using various arrangements such as SSSS (Case I), SSS 
with an external condenser (Case II), SSS with stearic acid as PCM (Case 
III), and SSS with external condenser and PCM (Case IV). The schematic 
diagram of the system is represented in Fig. 10a and the variation in the 
overall yield throughout the day can be seen in Fig. 10b. It can be clearly 
observed that during peak hour the simultaneous addition of PCM and 
condenser resulted in 104 % distillate yield augmentation for Case (IV) 
compared to conventional one.

6.3.3. Myristic acid and palmitic acid as a PCM in solar still
Myristic acid is a saturated fatty acid with a 14-carbon atoms chain 

[204]. It is commonly found in various natural sources such as palm oil, 
coconut oil, kernel oil, etc. Myristic acid has shown its potential as a 
PCM for energy storage due to the high latent heat of fusion and an 
adequate melting point [205]. The low thermal conductivity limits its 
usability even though the energy efficiency of SSSS with myristic acid 
was found to be 34.4 %, including a 42 % boost in distillate yield [206]. 
The study by Gupta and Solanki [207] investigates the enhancement of 
water yield in DSSS by embedding eutectic PCM (mixture of stearic acid 
and myristic acid). In comparison to CSS, the study finds that the 
addition of PCM to DSSS improved exergy efficiency, energy efficiency, 
and total cumulative yield, by 72 %, 37 %, and 35.1 %, respectively. 
Palmitic acid is the most common saturated fatty acid found in plants, 
animals, and many microorganisms. Palmitic acid is a 16-carbon 

Fig. 10. (a) Schematic of SSS with PCM and external condenser, (b) Distillate yield for various investigated cases [203]. (Adopted with permission, License number: 
5970450762679).
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saturated fatty acid denoted as n-hexadecanoic acid. It has a melting 
point of 54–64 ◦C and latent heat in range of 185.4–214.7 kJ/kg. Major 
sources of palmitic acid are palm oil, palm kernel oil, coconut oil, and 
milk fat [208]. Palmitic acid is utilized in solar stills because of its 
thermophysical properties; however, it has also been noted for its toxic 
characteristics [267]. In order to compare the efficacy of using palmitic 
acid as PCM and pin fins in solar stills to a traditional still, Kateshia and 
Lakhera [209] carried out an experiment. According to their results, the 
application of PCM and pin fins led to a notable 30 % boost in freshwater 
production. In another study, Kateshia and Lakhera [210] performed 
experiment on the solar still with palmitic acid as PCM. According to the 
findings, using palmitic acid as PCM increased the productivity by 54 % 
compared to conventional solar still without PCM. The study by Agrawal 
and Singh [211] focuses on the use of steel wool fibre and binary 
eutectic (mixture of stearic acid and palmitic acid) PCM in solar still. The 
total cumulative yield and average energy efficiency for the steel wool 
and PCM used solar still were 86 %, and 41 %, higher than conventional 
solar still.

6.3.4. Other organic PCM including natural waxes used in solar still
The study by Sharma and Birla [58] reported that the use of petro

leum jelly as PCM in solar still showed an improvement of 35.3 % in 
daily productivity and 20 % increase in heat transfer rates compared to 
simple solar still. Sharshir et al. [110] investigated the influence of sheep 
fat as PCM on the performance of solar still. The study claimed that using 
sheep fat as PCM, the daily productivity and thermal efficiency of the 
solar still increased by 39.6 % and 45 %, respectively. The study by 
Amim et al. [174] suggests integrating metallic thermal transfer con
stituents and beeswax PCM into tubular solar still. The study claimed 
that the system’s efficiency and productivity increased by 54.04 % and 
66.18 %, respectively. Tan et al. [183] showed that solar still with pe
troleum jelly as PCM increases productivity by 39.2 % and efficiency by 
42.5 % compared to the still with no PCM. Bisu et al. [212] investigated 
the effects of beeswax as PCM in solar still performance. Two stills were 
used, one without a PCM and the other with beeswax as a PCM. The 
results showed that the experimental still with beeswax as PCM had a 
109.30 % improved thermal efficiency compared to the control still 
without a PCM. The study by Saad et al. [184] investigates the impact of 
vaseline and soy wax as PCMs on the productivity of solar still. The 

results showed that using 1.8 kg of PCM in addition to the internal 
reflector increased total production for vaseline by 110.68 % and 45.72 
%, 124.74 % and 51.91 % for soy wax in spring and summer, respec
tively. Soy wax has the benefits of being both inexpensive and very 
productive. The distillate enhancement of solar still with various non- 
paraffin organic PCMs can be seen in Fig. 11. It is evident that lauric 
acid, beeswax, petroleum wax, and soy wax have garnered significant 
attention in recent studies for solar distillation application, primarily 
due to their widespread availability, cost-effectiveness, and lower 
environmental impact.

6.3.5. Paraffin (organic PCM) with various solar stills
Paraffin wax is the most used PCM for thermal energy storage despite 

low thermal conductivity. Paraffin waxes are a type of hydrocarbon with 
a long-structured chain (CnH2n+2), primarily consisting of alkanes. The 
Properties of these alkanes, which are made up of carbon and hydrogen 
atoms, are influenced by the molecular arrangement found within the 
paraffin structure, particularly in their role as PCMs. These compounds 
are part of the alkane family (CH3–(CH2)–CH3), characterized by hy
drocarbon chains that are interconnected through van der Waals forces 
[213,214]. These forces are relatively lower than covalent bonds, 
allowing the paraffin molecules to move fast and easily. The ability of 
paraffin wax to efficiently store energy is mainly due to its high latent 
heat of fusion, which is the amount of energy released or absorbed 
during the phase change process [52,215]. The latent heat mechanism 
allows paraffin wax to store substantial energy in a relatively small 
volume, making it an attractive choice for various thermal energy 
storage applications [216,217].

6.4. Passive solar still loaded with paraffin wax

Passive solar still serves as a crucial apparatus capable of generating 
increased distillate without additional alterations. Furthermore, modi
fications are made to the equipment to improve the overall distillate 
yield. Passive solar stills represent the simplest and most cost-effective 
choice; however, their distillate output falls significantly short 
compared to active solar stills. Therefore, several researchers used 
paraffin as PCM to boost the still’s total distillate yield. A summary of a 
few recent research papers with comparable aims follows. For instance, 

Fig. 11. Distillate yield improvement (%) with organic PCMs.
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Satyamurthy et al. [218] conducted an experimental investigation on 
PSS; for the study, paraffin wax was used as PCM under the still basin. 
The experiment was carried out with and without PCM. Results show an 
increment of 20 % in the daily distillate of PSS with PCM compared to 
PSS without PCM. The paraffin wax provides extra heat to basin water 
without solar radiation, improving the PSS’s distillate output. Satya
murthy et al. [219] carried out an experiment with similar sight on TPSS 
for the climatic condition of Chennai. The experiment setup was loaded 
with paraffin wax for the study. The finding revealed a 35 % improve
ment in the overall daily distillate of modified TPSS compared to normal 
TPSS. Also, the absorber plate temperature seemed approximately equal 
to the basin temperature for the morning hour. Furthermore, the 
paraffin temperature remains constant during the mid-noon due to 
latent heat transfer. Shalaby et al. [220] investigated the effect of 
paraffin wax and wick on SBSS, as shown in Fig. 12a. The basin of the 
still was made of copper and had a v-corrugated shape. The results 
showed that the still loaded with 25 kg of paraffin wax and wick had 
better distillate output than 35 kg due to better climatic conditions. The 
results also revealed that the day productivity of the still was low 
compared to CSS. In contrast, night productivity was increased due to 
the heat stored and capillary action provided by the wick, which 
decreased the evaporation time of the MSS. The overall yield obtained 
by the system can be seen in Fig. 12b.

In a similar study, the SSSS was modified with three different PCMs 
(lauric acid, stearic acid, and paraffin wax) filled in six copper cylinders 
with 1.3 kg PCM each for all the cases. The experiment was conducted at 
five different water depths, 1–5 cm. The finding revealed that the 
paraffin wax shows better distillate output by 8.14 % and 12.3 % 
compared to stearic and lauric acid due to high latent heat storage ca
pacity at lower water depth. Furthermore, cylindrical containers for 
PCMs increase surface area and produce more distillate output than 

spherical-shaped containers [221]. Moreover, a similar study was per
formed to improve the distillate output of the CSS. The CSS was modified 
with square hollow fins attached to the basin liner and paraffin wax as 
PCM. Results revealed that including fins and paraffin wax is a heat 
storage material and increases daily productivity by 95 % compared to 
CSS. Also, the productivity of the MSS was approximately doubled at 
night compared to CSS due to extra attachments provided to the still 
[222]. Moreover, Kabeel et al. [223] investigated the effect of paraffin 
wax and hollow circular fins on PSS’s cumulative daily distillate yield, as 
shown in Fig. 13a. It was revealed that the productivity of the MSS 
increased by 101.5 % compared to CSS, as shown in Fig. 13b. In addi
tion, it has also seemed that the PCM decreases the losses from the 
bottom and sides and acts as a heat storage medium, thus helping to 
augment cumulative yield.

Jahanpanh et al. [224] used 3 kg and 6 kg of PCM28/315 to increase 
the daily distillate productivity of the SSSS. The used PCM28/315 con
sists of inorganic salt hydrates, water, and additives. The PCM-loaded 
pouch was placed beneath the stainless-steel material basin. The PCM 
seems to undergo only one cycle of melting and solidification daily. The 
PCM melts after 1:00 pm and solidifies after 6:00 pm as the water 
temperature decreases. Moreover, the results revealed that productivity 
also depends on the quantity of the PCM used up to a specific limit. Also, 
an augmentation of 30.3 % in productivity was found for SSSS with 6 kg 
of PCM compared to reference solar still. Mohammed et al. [225] used 
three different quantities (2 kg, 4 kg, and 6 kg) of PCM (RT-42) beneath 
the basin of the SSSS. The maximum distillate was found for 4 kg of PCM 
due to increased water temperature compared to 6 kg of PCM. Moreover, 
as the amount of PCM increases, the basin water temperature during 
daytime decreases as the heat from basin water is transferred and stored 
by PCM. The results revealed a 39.9 % increment in overall daily pro
ductivity of the MSS with 4 kg of PCM compared to the conventional 

Fig. 12. (a) Schematic layout and photographic view of the paraffin wax incorporated solar still (b) Accumulated productivity [220]. (Adopted with permission, 
License number: 5970450372904).
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one. Radomska et al. [226] validated a theoretical study on the variation 
of paraffin (PCM) mass with the help of an experimental study. The 
results revealed that the maximum basin water temperature decreases as 
PCM increases. Still, it remained high longer than the lesser amount of 
PCM. Moreover, the distillate yield was increased by 47.1 % when the 
PCM was heated outside and placed into the still as the basin water 
temperature decreased. Distillate improvement of various passive solar 
stills with paraffin wax as a PCM is shown in Fig. 14.

6.5. Active solar still loaded with paraffin wax

In active solar stills, the external attachments are integrated into the 
passive system to increase the system’s overall performance in distillate 
yield. These attachments include condensers, collectors, fins, water 
heaters, heat exchangers, etc. [268]. Tuly et al. [230] used fins, an 
external condenser, a black cotton cloth (wick), and paraffin (PCM) in 
DSSS. The results show a 24.7 % improvement in accumulated yield 
compared to the reference still. It has been reported that if the basin 
temperature goes below PCM temperature, the PCM transfers its latent 
heat to basin water, and fins increase heat transfer from PCM to the 
basin [230]. Another experiment was performed by integrating FPC and 
paraffin wax to solar still for three different water depths (1 cm, 2 cm, 
and 3 cm). It has been deemed from the observations that FPC preheats 
the incoming basin water, and paraffin wax increases basin water tem
perature during off-sunshine hours. The results revealed that the 
simultaneous use of FPC and paraffin wax can improve the productivity 
and efficiency of solar still [231]. Aly et al. [232] used paraffin wax and 
water sprinkler to augment the distillate output of the investigated solar 
still. The experiments were performed by varying basin water depth by 
0.5 cm to 2 cm. The basin water temperature reached about 70 ◦C with 
PCM, which was 7.14 % higher than without PCM. The study’s results 
disclosed a 32.48 % increment in cumulative yield of solar still with PCM 
and water sprinkler compared to conventional one. A similar improve
ment of 48 % and 54 % was noted with solar concentrated still and solar 
still coupled to the parabolic dish and paraffin wax [233,234]. 
Furthermore, the double-pass solar air collector was connected to a 
paraffin wax-enriched solar still. The study shows a 108 % improvement 
in distillate yield compared to conventional one [235]. Chaichan et al. 
[236] reported a 783 % improvement in distillate yield by integrating 
conical solar still with a concentrating unit and paraffin wax. Zarei et al. 
[269] examines the effects of incorporating modified solar water pre
heater, paraffin PCM, and copper fins into a zigzag cascade solar still. 

Fig. 13. (a) Schematic representation of the MSS, (b) Temperature and hourly yield variation of the MSS [223]. (Adopted with permission, License number: 
5970451126013).

Fig. 14. Distillate yield improvement (%) of passive solar still with paraffin 
wax PCMs [53,179,223,225–229].
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The modified solar stills incorporating solar water preheaters, PCM, and 
fins achieved a peak thermal efficiency of 42.65 %. The summary of the 
distillate yield improvement (%) of active solar still is represented in 
Fig. 15.

The above section includes a deep literature review on passive and 
active solar stills with and without PCM. Based on the theoretical study, 
it was learned that the distillate yield of passive solar still fluctuates in 
some cases with and without PCM compared to active solar stills. The 
design of solar stills and many more operational and climatic factors can 
be considered significant parameters for influencing the productivity of 
the solar still and enhancement in distillate output in reference solar still 
compared to the modified one. However, from the literature review, it 
has also seemed that organic PCMs like paraffin have shallow thermal 
properties compared to salt hydrates, which were observed to be 
deciding factors in selecting the best PCM for solar still. Furthermore, 
there is a broad scope in increasing paraffin wax’s thermal and physical 
properties by adding various micro and nanoparticles.

6.6. Economic analysis of PCMs incorporated solar still

Economic analysis is the most important criterion to evaluate when 
considering a system. To do so, cost per liter of distilled water (CDW) is 
assessed by considering the various costs such as fabrication, operating, 
salvage value, and maintenance. Here the cost of PCM is quite important 
as it significantly affects the CDW obtained during operating period. 
Therefore, various theoretical calculations such as capital recovery 
factor (CRF), sinking fund factor (SFF), fixed annual cost (FAC), annual 
salvage value (ASV), annual cost (AC), cost per liter of distilled water 
(CDW), and net payback period (PBP) are considered to check the eco
nomic feasibility of the PCM incorporated solar distillation system. All 
the factors related to economic analysis calculated using following 
equations [243]. 

CRF =
ir(ir + 1)n

(ir + 1)n
− 1

(5) 

Where, n = number of years and ir = interest rate. 

FAC = CRF × systeminitialcost (6) 

SFF =
ir

(ir + 1)n
− 1

(7) 

ASV = SFF × 0.2 × SCinitial (8) 

WhereSCinitial = system initial cost. 

AC = 1.15FAC − ASV (9) 

Where; FAC= fixed annual cost. 

CDW =
AC
AY

(10) 

Where; AY= Annual yield of solar still. 

PBP =
ln[ AY×Sellingprice

AY×Sellingprice− (SCinitial − ir)]

ln(1 + ir)
(11) 

Generally the cost of PCM varied based on their utility. For instance, the 
cost of raw PCM will be much lower compared to refined PCM. However, 
the properties of refined PCM will be much higher compared to a raw 
PCM. The cost of PCM i.e., used for solar distillation ranges from 1.2 to 
8.2 $/kg as per their utility. The cost of myristic acid, paraffin wax and 
organic natural PCM is quite low compared to other PCMs especially (A) 
series making it more economical. Therefore, cost and thermal proper
ties should be balanced out to check the performance of the solar still. 
For instance, Nian et al. [244] performed experimental and simulation 
studies over the active and passive solar still with and without PCM 
(paraffin wax). Fig. 16a and b show the schematic diagram and pictorial 
view of the solar stills. The experiments were carried out for three cases 
viz: (1) CSS, (2) CSS with shape-stabilized PCM, and (3) CSS with shape- 
stabilized PCM and solar collectors. The studies were later compared for 
best distillate yield output and economic analysis. The solar stills’ total 
annual cost and pay-back period can be seen in Fig. 16c and Fig. 16d.

It was reported that the PCM-based conventional solar still was 
efficient in terms of “TAC,” which was reported at 0.017 $/liter, while 
the highest obtained for only CSS was 0.019 $/liter. The thermal con
ductivity of the PCM material is an important parameter that affects the 
cost per liter of water. An experiment was performed with similar sight 

Fig. 15. Distillate yield improvement (%) of active solar still with paraffin wax PCMs [110,180,230,232,237–242].
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to obtain clear vision. The author used two different materials (galva
nized iron and acrylic) for the basin surface with and without PCM. The 
results were compared to conventional solar still with no modification. 
The cost obtained per liter of distilled water was found to be economical. 
However, the cost of modification increases the cost of obtaining water. 
For CSS, GI + PCMSS, and ABSS + PCMSS, the price of the obtained liter 
was found to be 0.67, 1.09, and 0.015 $/liter, respectively [245]. The 
list of summaries of the economic analysis is tabulated in Table 3.

6.7. Energy matrices of PCM embedded solar still

6.7.1. Exergo-economic analysis
The system’s viability cannot be assessed without exergy analysis. 

Exergy is directly related to the economy of the system. The higher the 
exergy, the higher the systems running cost. The exergo-economic 
analysis approach includes analyzing helpful work and its respective 
incurred cost, based on the principles of energy and exergy. This method 
involves an annual evaluation of energy, using Eq. (12) and (13), 
ensuring that the annual cost (AC) remains constant to optimize system 
performance. The primary goal is to assess the costs associated with 
achieving optimal values and to develop cost-effective systems. This 
approach aids technologists in identifying alternative solutions for 
improving the overall cost efficiency of devices. These parameters can 
be evaluated based on energy and exergy, as represented in equations 
(5) and (6). In a recent study, Yousef et al. [255] modified CSS sepa
rately with PCM (seen in Fig. 17a), PCM + pin fin (PF), steel wool fiber 
+ PCM, and steel wool fiber alone. The variation in energy and exergy 
output for the respected cases has been shown in Fig. 17b and Fig. 17c 
respectively. It was observed that the monthly exergy output was 
increased by 9.4 %, 7.4 %, and 4.6 % for the solar still employed with 

PCM + SWF, followed by PCM + PF and PCM alone, respectively. 

∅energy =
Eenergy− out− annual

AC
(12) 

∅exergy =
Eexergy− out− annual

AC
(13) 

6.7.2. Enviro-economic analysis
The environmental effect caused during the system’s operation is 

estimated as CO2 emission. The cost analysis related to CO2 emissions is 
conducted to promote the adoption of non-conventional energy sources, 
such as renewable energy systems, within existing frameworks. The aim 
is to increase the maximum utilization of carbon-free energy. It has been 
reported that the release of CO2 into the environment is approximately 
0.96 kg/kWh. However, accounting for transmission losses (20 %) and 
distribution losses (40 %), the actual CO2 emission rises about 2 kg/ 
kWh. The mitigation of CO2 emissions per year can be calculated using 
equations (14) and (15), which are based on energy and exergy princi
ples. Abdel-Aziz et al. [241] modified a CSS with paraffin wax and an 
electric heater to improve the system’s overall efficacy. The temperature 
of the heater was varied from 58 ◦C to 65 ◦C. Exergo-economic and 
enviro-economic studies were conducted to check the feasibility of the 
system. It was observed that integrating paraffin wax and heater oper
ating at 65 ◦C can mitigate 166.4 tons of CO2 during the life span, which 
was reported to be 479.38 % higher than CSS. The list of the previously 
published literature focusing on exergoconomic and enviroeconomic 
analysis is tabulated in Table 4. 

φCO2 =
Eenergy− out− annual

103 ×
φCO2

0.38
(14) 

Fig. 16. (a) Schematic Diagram of CSS (b) Pictorial view of working solar stills (c) Total annual cost of operating solar stills (d) Pay Back Period of operating solar 
stills [244]. (Adopted with permission, License number: 5970451312638).
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Table 3 
Cost of obtained distillate yield along with PBP for various solar stills.

Reference Solar still 
type 

Solar still design PCM Modification Distillate 
yield 
(ml/m2.day)

CDW 
($)

PBP 
(days)

​ Paraffin based passive solar still ​ ​ ​ ​
[50] Passive SSSS RT50 PCM + silver particles + plant extract 8106 0.014 −

[56] Passive SSSS A48 PCM + Conventional still 6500 0.014 ~132
[57] Passive SSSS A48 PCM + natural fiber − 0.018 ~106
[183] passive SSSS Paraffin wax PCM + aluminium nanoparticles 342 0.0107 −

[183] passive SSSS Paraffin wax PCM + scrap aluminium 304 0.0115 −

[184] Passive SSSS Paraffin wax Internal reflector 4950 0.044 −

[221] Passive SSSS Paraffin wax PCM filled in copper cylinder 1202 − −

[247] Passive SSSS Paraffin wax Composite bed 3270 0.0019 −

[252] Passive CSS Paraffin wax PCM + sand + soil − ~0.027 ~56
[253] Passive Single basin semi- 

cylindrical still
Paraffin wax PCM + 1 cm, basin water depth 3860 0.0145 112

[253] Passive Single basin semi- 
cylindrical still

Paraffin wax PCM + 2 cm, basin water depth 3556 0.0159 125

[253] Passive Single basin semi- 
cylindrical still

Paraffin wax PCM + 3 cm, basin water depth 3172 0.0183 145

[253] Passive Stepped basin semi- 
cylindrical still

Paraffin wax PCM + 1 cm, basin water depth 4251 0.0132 103

[253] Passive Stepped basin semi- 
cylindrical still

Paraffin wax PCM + 2 cm, basin water depth 3889 0.0157 123

[253] Passive Stepped basin semi- 
cylindrical still

Paraffin wax PCM + 3 cm, basin water depth 3345 0.0181 143

[275] Passive SSSS Paraffin wax Corrugated absorber 4500 0.0035 −

[280] Passive HSS Paraffin wax PCM filled in 4 soda cans 4880 0.0111 −

[280] Passive HSS Paraffin wax PCM filled in 3 soda cans 5630 0.0128 −

[284] Passive SSSS MgCl2⋅6H2O PCM + potassium chloride + parabolic collector +
nanoparticles

3261 0.012 129

[284] Passive SSSS Paraffin wax PCM + potassium chloride + parabolic collector +
nanoparticles

~2682 0.014 156

​ Non-paraffin based passive solar still ​ ​ ​ ​
[56] Passive SSSS Stearic acid PCM + Conventional still ~5571 0.015 ~146
[56] Passive SSSS Capric +

palmitic
PCM + Conventional still ~6800 0.0125 ~120

[56] Passive SSSS CaCl2⋅6H2O PCM + Conventional still ~2788 0.0225 200
[58] Passive SSSS Petroleum jelly PCM 2958 0.037 205
[184] Passive SSSS Vaseline Internal reflector 5100 0.044 −

[184] Passive SSSS Soy wax Internal reflector 5400 0.0419 −

[207] Passive DSSS Myristic +
stearic

PCM 2440 0.014 −

[207] Passive DSSS Myristic +
stearic

PCM + steel wool fiber 3400 0.013 −

[209] Passive CSS Palmitic acid PCM 4900 0.019 97
[221] Passive SSSS Stearic acid PCM filled in copper cylinder 1015 − −

[221] Passive SSSS Lauric acid PCM filled in copper cylinder 930 − −

[248] Passive CSS Stearic acid Wax filled rods 3195 0.014 −

[254] Passive SSSS SP42 2.5 kg PCM in autumn 1715 0.075 −

[254] Passive SSSS SP42 3 kg PCM in summer 3195 0.040 −

[289] Passive SSSS Petroleum jelly PCM in copper cylinder 2945 0.038 −

[289] Passive SSSS Petroleum jelly PCM + nanoparticles in copper cylinder 4075 0.031 −

​ Non-paraffin based active solar still ​ ​ ​ ​
[195] Active SSSS Palmitic acid PCM + pin fin − 0.018 81
[195] Active SSSS Lauric acid PCM + pin fin − 0.02 87
[195] Active SSSS Stearic acid PCM + pin fin − 0.016 72
[198] Active PSS Lauric acid PCM + fin 6071 0.014 123
[198] Active PSS Lauric acid PCM + fin + fogger 4451 0.010 94
[174] Active TSS Bees wax Heat exchanger + PCM 8060 − −

[203] Active SSS Stearic acid PCM 910 − −

[203] Active SSS Stearic acid PCM + condenser 1300 − −

[209] Active CSS Palmitic acid PCM + pin fin 5400 0.0176 89
[276] Active SSSS Na2S2O3⋅5H2O Solar collector + PCM + double glass cover + heat 

exchanger + glass cover cooling
4300 − −

[278] Active SSSS − PCM + heating coil + condenser + nano silver 6550 0.024 −

[298] Active Traditional solar still Stearic acid PCM 2200 0.033 −

[298] Active Traditional solar still Stearic acid PCM + evacuated solar collector 6270 0.036 −

​ Paraffin based active solar still ​ ​ ​ ​
[229] Active Modified solar still Paraffin wax PCM + pulsating heat pipes + condenser 6793 0.0093 −

[242] Active SSSS Paraffin wax Thermosyphon heat pipe + 0.9 m PCM − 0.0469 −

[242] Active SSSS Paraffin wax Thermosyphon heat pipe + 1.8 m PCM − 0.0456 −

[242] Active SSSS Paraffin wax Pulsating heat pipe + 0.9 m PCM − 0.0483 −

[242] Active SSSS Paraffin wax Pulsating heat pipe + 1.8 m PCM − 0.0458 −

[246] Active SSSS Paraffin wax Hollow fin absorber 4085 0.032 192
[246] Active SSSS Paraffin wax Solid fin absorber 3485 0.034 207

(continued on next page)
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φCO2 =
Eexergy− out− annual

103 × φCO2 (15) 

Based on the previous studies, CO2 mitigation within a year and during 

the complete life span has been provided for better knowledge. Table 4
compares energy-economic parameters based on energy and exergy on 
various solar stills, including several modifications. Additionally, the 
total CO2 mitigated during the operation period of the particular 

Table 3 (continued )

Reference Solar still 
type  

Solar still design PCM Modification Distillate 
yield 
(ml/m2.day) 

CDW 
($) 

PBP 
(days)

[249] Active PSS Paraffin wax PCM + fin 3440 0.031 169
[249] Active PSS Paraffin wax PCM + fin + gravels 4800 0.020 124
[250] Active Trays solar still Paraffin wax PCM + reflectors + heating coils 8450 0.021 98
[251] Active DSSS Paraffin wax PCM + fin + transmission oil 3780 0.022 ~158
[269] Active zigzag cascade solar still Paraffin wax PCM + solar water preheater + fin 3806 0.0617 −

[270] Active Modified DSSS Paraffin wax PCM 1510 0.0204 283
[270] Active Modified DSSS Paraffin wax PCM + nanomaterial 1835 0.0199 258
[277] Active TSS Paraffin wax Heat exchanger + PCM + convex absorber + black jute 

wick
13,580 0.0056 −

[279] Active PSS Paraffin wax PCM 3330 0.030 175
[279] Active PSS Paraffin wax PCM + black cotton cloth 3690 0.027 160
[279] Active PSS Paraffin wax PCM + black cotton cloth + jute cloth 3370 0.030 174
[281] Active CSS Paraffin wax PCM + parabolic trough collector 6150 0.050 −

[282] Active TSS Paraffin wax PCM tubes + parabolic solar concentrator 5550 0.00782 −

[283] Active CSS Paraffin wax PCM + heating coils ~6849 0.017 −

[285] Active TSS Paraffin wax PCM + parabolic solar concentrator + nanoparticles 
coated rotating cylinder

9540 0.024 180

[286] Active PSS Paraffin wax PCM + turbulator + nano-paint + thermoelectric 
cooling module

604 0.023 −

[286] Active PSS Paraffin wax PCM + turbulator + nano-paint + thermoelectric 
heating module

1080 0.0127 −

[287] Active CSS Paraffin wax PCM + fins + nanoparticles + crushed stone 2400 0.0228 135
[287] Active CSS Paraffin wax PCM + fins + nanoparticles + black sand 3200 0.0192 126
[288] Active Corrugated drum solar 

still
Paraffin wax PCM + nanoparticles 7600 0.039 −

[297] Active SSSS Paraffin wax PCM + finned absorber + nanoparticles − 0.014 ~137

Fig. 17. (a) Layout of the solar still (b) Variation in energy output (c) Variation in exergy output [255] (Adopted with permission, License number: 5970451501762).
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Table 4 
Highlights the recently published articles on energo-economic and exergo-economic analysis and total CO2 mitigated during the operational period.

Author/Ref. Application Modification Location Energo- 
economic 
(Energy) kWh/ 
$

Exergo- 
economic 
(Exergy) kWh/ 
$

Total CO2 

mitigation/year 
(Tonnes)

Total CO2 

mitigation during 
life span (Tonnes)

Abdel-Aziz et al. 
[241]

Water 
purification

CSS Egypt − − 1.414 28.28

Abdel-Aziz et al. 
[241]

Water 
purification

CSS + PCM Egypt − − 4.33 86.615

Abdel-Aziz et al. 
[241]

Water 
purification

CSS + PCM + electric heater (58 ◦C) Egypt − − 4.39 87.84

Abdel-Aziz et al. 
[241]

Water 
purification

CSS + PCM + electric heater (60 ◦C) Egypt − − 5.24 104.87

Abdel-Aziz et al. 
[241]

Water 
purification

CSS + PCM + electric heater (65 ◦C) Egypt − − 7.9895 159.79

Hemmatian et al. 
[242]

Water 
purification

Thermosyphon heat pipe + 0.9 m 
PCM

Iran 28.22 1.64 − ~18.20

Hemmatian et al. 
[242]

Water 
purification

Thermosyphon heat pipe + 1.8 m 
PCM

Iran 29.99 1.75 − ~19

Hemmatian et al. 
[242]

Water 
purification

Pulsating heat pipe + 0.9 m PCM Iran 28.30 1.65 − ~18.15

Hemmatian et al. 
[242]

Water 
purification

Pulsating heat pipe + 1.8 m PCM Iran 30.76 1.79 − 19.53

Mahala and 
Sharma [249]

Water 
purification

PSS + PCM + fin India − − − 13.89

Mahala and 
Sharma [249]

Water 
purification

PSS + PCM + fin + gravels India − − − 19.14

Alqsair [250] Water 
purification

Trays solar still + paraffin wax +
nanoparticles

Saudi 
Arabia

− − 34.2 684

Mustafa et al. 
[254]

Water 
purification

SSSS + 1 kg PCM Egypt − − − 5.12

Mustafa et al. 
[254]

Water 
purification

SSSS + 1.5 kg PCM Egypt − − − 6.51

Mustafa et al. 
[254]

Water 
purification

SSSS + 2 kg PCM Egypt − − − 8.42

Yousef et al. 
[255]

Water 
purification

CSS Egypt 2.2834 0.1461 33.02 990.6

Yousef et al. 
[255]

Water 
purification

CSS + PCM Egypt 2.5004 0.1528 35.88 1076.4

Yousef et al. 
[255]

Water 
purification

CSS + PCM + Pin fin Egypt 2.66658 0.1569 38.26 1147.8

Yousef et al. 
[255]

Water 
purification

CSS + PCM + Steel wool fiber Egypt 2.5795 0.1598 37.05 1111.5

Yousef et al. 
[255]

Water 
purification

CSS + steel wool fiber Egypt 2.856 0.1869 41.6 1248

Yousef et al. 
[255]

Water 
purification

CSS + pin fin Egypt 2.646 0.1683 38.35 1150.5

Yousef et al. 
[256]

Water 
purification

PCM Egypt − 8.5 1.06 28.83

Hassan et al. 
[257]

Water 
purification

MSS + PTC Egypt − 4.95 3.87 38.73

Hassan et al. 
[257]

Water 
purification

MSS + Porous media Egypt − 3.87 2.27 22.77

Hassan et al. 
[257]

Water 
purification

MSS + sand inside the basin + PTC Egypt − 5.92 4.4 44.01

Elfadl et al. 
[258]

Water 
purification

Corrugated aluminium sheet heat 
sink condenser

Egypt 4.309 − 1.69 15.83

Elfadl et al. 
[258]

Water 
purification

Corrugated aluminium sheet heat 
sink condenser + vertical 
rectangular fins

Egypt 3.93 − 1.57 14.7

Elfadl et al. 
[258]

Water 
purification

Aluminium sheet heat sink 
condenser + pin fins

Egypt 4.369 − 1.82 17.15

Elfadl et al. 
[258]

Water 
purification

Aluminium sheet heat sink 
condenser + pin fins

Egypt 2.865 − 1.49 13.68

Piyush et al. 
[259]

Water 
purification

Jute wick India − 2.35 7.97 385.8

Piyush et al. 
[259]

Water 
purification

Black cotton wick India − 2.97 7.37 355.85

Sahota et al. 
[260]

Water 
purification

Aluminium oxide nanoparticles India − 0.74 7.72 376.2

Sahota et al. 
[260]

Water 
purification

Titanium dioxide nanoparticles India − 0.57 7.26 353.26

Sahota et al. 
[260]

Water 
purification

Copper oxide nanoparticles India − 0.39 6.86 333.24

Sahota et al. 
[260]

Water 
purification

CSS India − 3.07 6.07 293.9

(continued on next page)

A. Negi et al.                                                                                                                                                                                                                                     Energy Conversion and Management: X 26 (2025) 100984 

19 



Table 4 (continued )

Author/Ref. Application Modification Location Energo- 
economic 
(Energy) kWh/ 
$ 

Exergo- 
economic 
(Exergy) kWh/ 
$ 

Total CO2 

mitigation/year 
(Tonnes) 

Total CO2 

mitigation during 
life span (Tonnes)

Rastegar et al. 
[261]

Water 
purification

CSS Iran − 0.32 3.76 75.2

Rastegar et al. 
[261]

Water 
purification

CSS + heat pipe heat exchanger Iran − 0.25 7.74 154.8

Shatar et al. 
[262]

Water 
purification

CSS + partially coated condensing 
cover + thermoelectric cooling 
capacity

Malaysia 4.64 1.33 2.97 74.25

Tuly et al. [270] Water 
purification

Modified DSSS + PCM Bangladesh 28.37 2.16 − 3.04

Tuly et al. [270] Water 
purification

Modified DSSS + PCM +
nanomaterial

Bangladesh 30.07 2.57 − 3.65

Attia et al. [271] Water 
purification

HSS + three cylindrical magnets Algeria 11.37 0.50 − 3.49

Attia et al. [271] Water 
purification

HSS + four cylindrical magnets Algeria 11.90 0.62 − 3.93

Aftiss et al. [272] Water 
purification

CSS + static PCM Morocco 730.06 63.17 − 21.44

Aftiss et al. [272] Water 
purification

CSS + dynamic PCM Morocco 878.46 87.30 − 27.4

Abdel-Aziz and 
Attia [273]

Water 
purification

CSS + white transparent broken 
glass

Algeria 37.341 2.851 − 1.7331

Abdel-Aziz and 
Attia [273]

Water 
purification

CSS + blue broken glass Algeria 39.448 3.281 − 1.8436

Abdel-Aziz and 
Attia [273]

Water 
purification

CSS + brown broken glass Algeria 43.919 4.396 − 2.078

Abdel-Aziz and 
Attia [273]

Water 
purification

CSS + green broken glass Algeria 41.558 3.575 − 1.954

Mahala and 
Sharma [279]

Water 
purification

Paraffin wax India − − 0.651 9.76

Mahala and 
Sharma [279]

Water 
purification

Paraffin wax + black cotton cloth India − − 0.731 10.97

Mahala and 
Sharma [279]

Water 
purification

Paraffin wax + black cotton cloth +
jute cloth

India − − 0.669 10.03

Kannan et al. 
[280]

Water 
purification

HSS with paraffin wax in aluminium 
4 soda cans

India − − 1.54 15.4

Kannan et al. 
[280]

Water 
purification

HSS with paraffin wax in aluminium 
3 soda cans

India − − 1.34 13.4

Parsa et al. [286] Water 
purification

Paraffin wax + turbulator + nano- 
paint + thermoelectric cooling 
module

Iran − − ~0.77 9.237

Parsa et al. [286] Water 
purification

Paraffin wax + turbulator + nano- 
paint + thermoelectric heating 
module

Iran − − 1.671 20.052

Saeed et al. 
[287]

Water 
purification

Corrugated drum solar still Paraffin 
wax + nanoparticles

Egypt − − − 14

Anika et al. 
[288]

Water 
purification

Paraffin wax + fins + nanoparticles 
+ crushed stone

Bangladesh − 7.375 0.4952 −

Anika et al. 
[288]

Water 
purification

Paraffin wax + fins + nanoparticles 
+ black sand

Bangladesh − 7.3865 0.565 −

Pandey and 
Naresh [290]

Water 
purification

Conventional PSS India − 3.43 ~0.92 13.75

Pandey and 
Naresh [290]

Water 
purification

Modified PSS with pulsating heat 
pipe

India − 4.06 ~1.253 18.79

Attia et al. [291] Water 
purification

HSS + copper tubes Algeria 14.88 0.70 0.26 3.85

Attia et al. [291] Water 
purification

HSS + copper tubes + nanoparticles Algeria 17.12 0.91 0.32 4.76

Elbar et al. [292] Water 
purification

CSS Egypt 43.3243 2.5753 19.38 387.6

Elbar et al. [292] Water 
purification

CSS + PV panel + DC heater + DC 
Battary

Egypt 45.3848 2.008 35.832 716.64

Suraparaju et al. 
[293]

Water 
purification

SSSS India − − 0.704 7.04

Suraparaju et al. 
[293]

Water 
purification

SSSS + engine oil + paraffin wax India − − 0.1132 11.32

Mankai et al. 
[294]

Water 
purification

CSS + hollow bricks Tunisia − − − 94.26

Elamy et al. 
[295]

Water 
purification

cylindrical still + paraffin wax +
nanoparticles + absorber +
parabolic solar concentrator +
condenser

Egypt − − 30.8 616

Subramanian 
et al. [296]

Water 
purification

SSSS + paraffin wax India − − 0.554 11.08

(continued on next page)
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desalination system within a year and its life span are also mentioned. 
The CSS modified with PCM can mitigate 1076.4 tons of CO2 during its 
complete operating life span of 30 years [255].

7. Importance of parameters in PCM selection

The consideration of various thermophysical, chemical, and eco
nomic properties for the selection of optimal PCM is highly critical 
before subjecting it to heat transfer applications [299,300]. Properties 
that require essential examination include high latent heat, high specific 
heat, high density, high thermal conductivity, the melting point within 
the intended operating temperature range, non-flammability, non- 
toxicity, compatibility with container materials, no sub-cooling, ease of 
availability and low cost [300,301]. Organic PCMs, such as paraffin wax 
and fatty acids, have significant potential for thermal energy storage 
applications due to their high latent heat capacity, low sub-cooling, low 
cost, and chemical stability [301,302]. Organic PCM reportedly dem
onstrates low thermal conductivity, a crucial attribute for enhancing 
heat transfer. Hybrid PCMs are developed to resolve this issue by 
incorporating high-conductivity nanoparticles or employing composite 
structures, substantially enhancing thermal conductivity [137,303]. 
Several findings have been reported regarding thermal conductivity 
enhancement using composite PCMs. For instance, Leong et al. [304] 
incorporated 0.06 wt% multi-wall carbon nanotubes into paraffin wax 
and observed a 48 % enhancement in thermal conductivity. A 41.56 % 
improvement in thermal conductivity has been shown in paraffin wax 
when using a 2 % mass fraction of aluminium oxide and zinc oxide 
nanoparticles by Kibria et al. [305]. Yan et al. [306] developed copper 
oxide and titanium dioxide nanoparticles filled palmitic acid/stearic 
acid/boron nitride composites PCM and reported that thermal conduc
tivity increased by 1.249 and 1.769 times. Gür et al. [63] reported that 
including Yttrium oxide nanoparticles in myristic acid led to improve
ments of 43.125 % in thermal conductivity and 7 % in specific heat 
capacity of the final nanocomposite PCM. Contrary to increased thermal 
conductivity and specific heat capacity of nanoparticles embedded in 
organic PCM, other essential properties, such as latent heat, are reported 
to decrease. For instance, Yu et al. [307] reported a 33.765 % increase in 
the thermal conductivity of lauric acid with a 6.86 % loading of copper 
oxide nanoparticles with a 17.57 % decrease in melting enthalpy. 
Including 0.15 % of silica and 0.2 % of copper oxide nanoparticles also 
increased the thermal conductivity of stearic acid and lauric acid-based 
composite PCM by 13.2 % and 30 %, respectively. The improvement in 
thermal conductivities was compromised with reductions in the latent 
heat of melting by 1.95 % and 5.91 % for silica and copper oxide 
nanoparticles loaded composite PCM [76].

While considering PCM for heat transfer applications, particularly 
when the involvement of humans becomes essential, it becomes 
mandatory to study its toxic behaviour. The toxicity of the PCM is 
determined by its effect on people via direct or indirect contact. Organic 
PCM based on paraffin and fatty acids might be harmful if not properly 
handled. Furthermore, incorrect disposal of organic PCMs may signifi
cantly affect human health and the environment [308]. The most 

researched PCM is paraffin wax because of its low toxicity, chemical 
modification ease, and broad transition temperature range [302]. Ac
cording to Chandel and Agarwal [301], the US Food and Drug Admin
istration have certified paraffin-based food-grade candles for use in 
medical, food, and cosmetics applications since they are non-toxic. In 
contrast, volatile compounds, including vinyl chloride and formalde
hyde, have been identified in commercial-grade paraffin wax. Prolonged 
exposure to these chemical fumes may pose significant health risks, as 
they contain toluene and benzene, which are known carcinogens. It has 
been deemed that naturally derived PCMs, either from plants or oils such 
as beeswax, sheep fat and soy wax PCMs, are considered to be much 
safer for humans and the environment [106,107,110,309]. In a recent 
study, Kamrani et al. [310] recommended petroleum jelly for acne 
treatment. However, the paraffin family organic PCMs are difficult to 
dispose of compared to natural waxes. Fatty acids-based PCM were re
ported for variable toxicity [301,302]. The review article by Ameena 
et al. [311] highlights that lauric acid possesses various promising 
biomedical applications, such as antibacterial properties, antitumor ef
fects, tissue engineering scaffolds, and drug delivery. Stearic acid is 
characterized by its non-toxic nature and cost-effectiveness [312], 
whereas myristic acid is noted for its low toxicity and cost [313]. Stearic 
and myristic acids have been noted for their potential use as food ad
ditives [312–314]. Park et al. [267] reported a detrimental effect of 
palmitic acid on human Chang liver cells following exposure to this fatty 
acid. Pascual et al. [315] demonstrated that dietary exposure to palmitic 
acid facilitated the development of tumorous cells in mice. These studies 
provide substantial evidence indicating that palmitic acid is highly toxic.

According to the discussion’s conclusion, adding nanoparticles has 
been shown to increase the thermal conductivity of organic PCMs 
significantly, but it may also reduce heat capacity. Finding a balance or 
negotiating trade-offs among these properties is critical to selecting the 
most appropriate organic PCM based on thermal, physical, chemical, 
and economic characteristics, which may often conflict. This may be 
achieved by implementing a multi-criteria decision-making analysis, 
which is an intriguing topic for further investigation.

8. Discussion and challenges

PCMs are gaining much attention in systems where heat exchange 
phenomena prevail but are extensively utilized in solar thermal appli
cations. Indeed, integrating PCM with solar desalination systems has a 
wide range of benefits, as we have learned in the above-detailed 
discourse of dialogue.

PCM allows solar still to function without interruption due to its 
ability to supply heat during odd times and maintain the thermal bal
ance in the system to enable continuous evaporation of water. PCM with 
high thermal conductivity and high latent heat capacity is usually 
preferred for performing the solar still process. Studies suggested that 
paraffin wax, lauric acid, capric acid, and beeswax exhibit high thermal 
conductivity and have produced promising results in yield and pro
ductivity when integrated with different types of solar stills. High sta
bility and durability in a PCM are essential due to the extended 

Table 4 (continued )

Author/Ref. Application Modification Location Energo- 
economic 
(Energy) kWh/ 
$ 

Exergo- 
economic 
(Exergy) kWh/ 
$ 

Total CO2 

mitigation/year 
(Tonnes) 

Total CO2 

mitigation during 
life span (Tonnes)

Subramanian 
et al. [296]

Water 
purification

SSSS + paraffin wax + nano coated 
copper pipes

India − − 0.571 11.42

Subramanian 
et al. [296]

Water 
purification

SSSS + paraffin wax + nano coated 
copper pipes + copper oxide 
nanoparticles

India − − ~0.70 13.91

Subramanian 
et al. [296]

Water 
purification

SSSS + paraffin wax + nano coated 
copper pipes + aluminium nitride 
nanoparticles

India − − 0.67 13.41
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operational lifespan when incorporated with a solar still. In light of this, 
advanced hybrid PCMs or composite PCMs are currently being devel
oped and employed in conjunction with various solar stills. Eutectic 
PCMs are state-of-the-art PCMs, also known as hybrid PCMs, have been 
in use with solar stills and have shown high potential for a wide range of 
thermal applications. Essentially, PCM should be non-toxic during its life 
span. It has been learned that some PCMs cause harmful effects on 
humans as well as an environment that can even lead to cancer (in the 
worst possible case). Therefore, before subjecting it to solar still appli
cations, in vivo and in vitro test are essential. Various PCMs have an 
affinity towards metal and cause corrosion, consequently resulting in the 
degradation of metal containers. Hence, non-corrosive properties are 
highly desirable. For instance, beeswax, paraffin wax, and soy wax have 
been highly recommended due to their non-corrosive properties.

The cost of PCM is a significant factor in its selection for use in solar 
stills. Selecting a PCM that provides sufficient latent heat and excellent 
thermal conductivity, even at increased cost, may be justified if it 
significantly reduces the payback time of the solar still. To lower the 
production cost of PCM, it is possible to leverage renewable resources for 
its manufacturing. Ultimately, solar still would demonstrate greater 
sustainability and environmental friendliness. With the view of obtain
ing higher yield in solar still, several modifications have been adopted. 
These modifications are majorly performed in the design and material. 
For instance, new designs such as DSSS, PSS, TPSS, SSS, TSS, HSS, and 
TWSS have been proposed. However, among these, PSS has shown the 
highest yield due to the large surface area exposed to sunlight. In 
addition to improving the yield of the solar still, external attachments 
such as FPC, ETC, PVT and PTC have been integrated. Moreover, the 
vitality of the basin material is of utmost importance. Most of the basin 
materials utilized in solar still are made of aluminium, stainless steel, 
and copper, which play an essential role in significantly improving basin 
water temperature.

One of the main challenges of PCMs is their degradation over time 
due to repeated thermal cycling related to the recyclability and lifespan 
of organic PCMs in solar still. Organic PCMs are generally stable, but 
their performance can diminish after prolonged exposure to high tem
peratures, especially if they undergo many phase transitions, leading to 
changes in their melting points or reduced latent heat capacity. This 
degradation may affect solar stills’ efficiency, requiring periodic PCM 
replacement. Another challenge is their recyclability; although organic 
PCMs are typically biodegradable and derived from renewable sources; 
the complex nature of some organic compounds makes large-scale 
recycling difficult. Additionally, impurities and environmental 
contamination during usage may affect their ability to be reused effec
tively. These factors combined can increase the maintenance costs and 
reduce the long-term sustainability of using organic PCMs in solar stills, 
making it essential to find solutions that enhance their durability and 
recycling processes to ensure their viability in sustainable applications.

9. Conclusions and future scopes

Energy storage usage in various applications has gained researchers’ 
attention due to its versatility, ease of use, working range, etc. This re
view covers the research conducted over the last few years, i.e., (1) 
Phase change materials (PCMs), their selection and classification 
criteria, (2) Compatibility of PCMs with container materials, (3) appli
cation in solar distillation and solar still, (4) Role of organic PCMs in 
solar distillation (paraffin and non-paraffin). Organic PCMs are consid
ered for solar thermal applications due to their high reliability and 
compatibility with container materials. Paraffin wax is widely used 
around the globe due to its ease of availability, wide range operating 
temperature, and compatibility with the materials. Due to their 
corrosion-resistant properties, aluminium, copper, brass, and stainless 
steel are reported as viable and sustainable material containers. Organic 
PCMs are readily accessible and exhibit exceptional properties, 
including non-corrosiveness, low supercooling, superior nucleation 

rates, and thermal and chemical stability. In contrast, inorganic PCMs 
are seldom employed due to their high corrosiveness, susceptibility to 
supercooling, and inherent instability. The highest distillate yield of 
more than 100 % was reported among non-paraffin organic PCMs for 
lauric and stearic acid compared to reference solar still due to their 
excellent thermal conductivity. However, their environmental effect 
restricts their widespread application for thermal energy storage. Using 
eco-friendly and cost-effective soy wax and beeswax as PCM have 
demonstrated the potential to increase the productivity of solar stills by 
over 100 %. It has been evident that the cylindrical shape of the PCM 
container is more effective than the spherical one. The cylindrical- 
shaped container for PCMs increases surface area and produces a 
higher distillate yield than other shapes. The PCM modified solar still 
can be beneficial in mitigating tons of carbon during its operation. 
Hence, PCM-modified solar still is way more efficient than several other 
modifications.

Eutectics PCMs are much more capable than conventional PCMs in 
performing effectively at various operating temperatures due to their 
wide range of thermophysical properties. Therefore, novel combinations 
must be investigated to unlock more possibilities that are beneficial in 
enhancing the productivity of the solar still. The latest water treatment 
techniques can be integrated with PCM to enhance affordability within 
the system. More accessibility can be achieved by carrying out research 
in PCM, such as salt hydrates and organic compounds-based water 
distillation systems. The placement of PCMs is a crucial parameter for 
improving yield. Researchers now lack in-depth details on the behav
ioural pattern at various placements of the PCM inside the solar still. 
Additionally, work can be carried out on the life cycle assessment of 
PCM in solar distillation systems and its compatibility with container 
material. The bulkiness of solar distillation systems is a considerable 
concern that must be addressed and resolved by making a compact and 
efficient design. Furthermore, multi-criteria decision-making tech
niques, statistical tools, and neural networks can be used in future 
studies to determine and optimize the concentrations of PCMs in 
different operational scenarios of solar stills.
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[37] Paul A, Baumhögger E, Dewerth MO, Dindar IH, Sonnenrein G, Vrabec J. Thermal 
conductivity of solid paraffins and several n-docosane compounds with graphite. 
J Therm Anal Calorim 2023;148:5687–94.

[38] Wang G, Ha DS, Wang KG. Harvesting environmental thermal energy using solid/ 
liquid phase change materials. J Intell Mater Syst Struct 2018;29:1632–48.
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