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ARTICLE INFO ABSTRACT

Keywords: Storage of the thermal energy of solar intensity has a significant effect on the efficiency of desalination systems at
Solar still nighttime, when solar intensity is not available. Solar energy provides the potential to facilitate the freshwater
Nanomaterials

needs of small communities, where access to potable water is commonly limited. However, freshwater generation
formation via solar stills remains low when compared to other desalination methods. Hence, multiple innovative
materials for efficient water production by solar stills have been invetsigated in the literature, where this is
addressed on a wide scale in this comprehensive review. This includes a focus on innovative materials including
nanomaterials, nanofluids, nanoparticles-based phase change materials (PCMs), composite PCMs, PCMs with
porous materials and PCMs with heat pipes. The review’s outcomes identify that advanced energy storage ma-
terials substantially influence the enhancement of solar still productivity as compared to conventional solar stills.
The results indicate that the application of thermosyphon heat pipes with PCM more than doubles the perfor-
mance of solar still water productivity. The productivity of solar desalination can also be improved by utilizing
PCM/porous materials, with results indicating solar still water productivity to be enhanced by between 40 and
70%. A cost analysis as well as an environmental evaluation of PCM-based solar desalination is also compiled in
this review. A summary of the current status, leading groups, journals, and countries related to advanced energy
storage materials in solar desalination is presented. Lastly, recommendations related to advanced energy storage
materials in solar desalination are noted, assisting researchers to explore efficient water treatment methods.

Phase change materials
Porous materials

Heat pipes

Direct solar desalination

installed in remote areas as each desalination technology has specific
operating conditions. Hence, due to the high cost of conventional
desalination methods, several other methods have been considered in
order to obtain freshwater. Accoridngly, solar desalination has recently
emerged as a promising candidate for freshwater production utilizing
solar energy. Solar stills are cost-effective and environment-friendly
desalination systems in which evaporation and condensation processes
occur for freshwater generation. Various authors have investigated
different types of solar stills for generating distilled water. Sathyamur-
thy et al. [3] have assessed experiments using tabular solar still, both
with fins as well as without fins, concluding that the freshwater gener-
ation of this setup using fins was higher than without fins. This was due
to the larger surface area in the setup with fins. Similarly, Dhivagar et al.
[4] have investigated the performance of solar stills using conch shells as
an energy storage biomaterial, in addition to porous media, in the cli-
matic conditions of Ongole, India. Their results showed that the modi-
fied solar still outperformed conventional solar stills in terms of both

1. Introduction

Water scarcity is a major challenge in many parts of the world.
Although there are abundant water resources on earth, their unequal
distribution has lead to limited water resource availability in many parts
of the world. In the last few decades, limitations of fresh water supply in
developing countries has become a foremost concern, where in response,
numerous technologies have been adopted to treat saline water. Desa-
lination processes can separate salt from seawater [1] via various con-
ventional methods including membrane process and thermal process, as
summarized in Fig. 1. Often these methods are energy intensive, which
makes them very costly in terms of energy consumption.

Although water produced by conventional desalination techniques
remains the main source of water for millions of people around the
world, these methods are expensive, where power consumption is very
high in these processes. Moreover, these systems often cannot be
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Nomenclature

Abbreviations

ASV Annual savage value ($/year)
CRF Capital recovery factor

CPC Compound parabolic collector
CPL Cost per liter ($)

FAC Fixed annual cost ($/year)

GO Graphene oxide

HP Heat pipe

HT Heat transfer

PCM Phase change material

PV Photovoltaic module

M Average annual productivity (L/m?year)
MWCNTs Multi-walled carbon nanotubes
MSF Multi-stage flashing

MED Multi-effect distillation

NPs Nanoparticles

SFF Sinking fund factor

STCM Solar thermal conversion materials
TEC Thermo-electric cooler

Symbols

A Surface area (m?)

Ein Embodied energy (kWh)

(Een)ow  Energy production (W)

(Exn)oy  Exergy production (W)

Geo, Environmental parameter (ton co;)

Gexco, Exergoennvironmental parameter (ton co,)

h Convective heat transfer (W/m?2.K)

I Solar radiation (W/m?)

he, Latent heat of water, (J.kg™!.K™1)

K Thermal conductivity (W/mK)

Pw Partial Pressure of the vapor at water temperature (Pa)
Py Partial Pressure of the vapor at glass temperature (Pa)
q Heat transfer rate (W/m.K)

T Temperature (°C)

T; Mean operating temperature (°C)

Greek Letters

€ Emissivity
Subscripts

Ev Evaporative
Ex Exergy

En Energy

C Convective
B Basin

F Water film cooling
A Air

G Glass

w Water

energy and exergy efficiency by 10.3% and 9%, respectively. In their
study, the cost per liter and CO2 emissions were lessened by 11.1% and
10.9% respectively, as compared to conventional cases. Vaithilingam
et al. [5] have conducted detailed exergy and energy analysis of acrylic
solar stills, both with and without copper fins. Their daily yield of acrylic
solar stills both with and without fins was 5.08 kg and 3.75 kg,
respectively. Further, the energy and exergy effectiveness of solar stills
equipped with copper fins were found to be 32% and 2.81% respec-
tively, and without copper fins at 24.93%, 1.69%, respectively. Negi
et al. [6] have experimentally analyzed horizontal and inclined wick
types of single basin solar stills with a flat plate solar collector. In their

Major Processes

Desalination
Processes

study, the overall efficiency and day efficiency of inclined wick type
solar stills with a flat plate solar collector was 22.1% and 16.3%
respectively, higher than a horizontal wick solar still system. Further the
inclined wick type’s maximum daily yield was 3.997 kg/ m?-day, higher
than both the horizontal wick type and conventional solar still systems.

Modi and Gamit [7] have evaluated the impact of aluminum oxide
Al203 based nanofluid and energy storage material sodium nitrate
(NaNO3) on water generation of pyramid solar desalination. Their re-
sults indicate that generated water and thermal efficiency of modified
solar desalination were 2.15% and 3.2% higher than the conventional
case, respectively. In addition to this, in their study theoretical models

_| Multi-Stage Flash
Distillation

Multi-Effect

Thermal Processes |~ .
Evaporation

—{ Co-generation

Reverse Osmosis

Alternative
Processes

Membrane .
— Electrolysis
Processes
Ersasli | Membrane
& Distillation

lon Exchange

Fig. 1. Major types of desalination process [2].
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were developed and compared with experimental results. Further,
Mevda et al. [8] have evaluated the influence of energy storage material
on the performance of solar still systems. Their outcomes exhibited that
the distilled water generation of a conventional system and a system
using energy storage material was 1.4 kg/m2 and 2.5 kg/m2, respec-
tively. Additionally, the exergy efficiency and daily efficiency of the
modified solar still were increased by 12.55% and 72.6%, respectively.

Saxena et al. [9] have reviewed studies on solar stills and addressed
research gaps for future studies focused on both the design of solar stills
and their heat transfer mechanisms. Moreover, solar still performance
evaluation parameters, such as: design, cost, energy and exergy effi-
ciency, productivity, portability, reliability and sustainability were
explored. Techniques to improve the performance of solar stills were
also examined, along with economic analysis and feasibility. El-Agouz
et al. [10] have presented a detailed theoretical model of a direct con-
tact membrane distillation system powered by solar heat pipe collectors
using MATLAB software. They conducted a thorough parametric anal-
ysis to determine the effect of design parameters on system performance,
with results showing that the number of solar collectors, feed seawater
flow rate and cooling water flow rate were the most sensitive parameters
impacting the performance of the system. More specifically, they noted
that increasing the number of heat pipe solar collectors and the feed
seawater flow rate, while decreasing cooling water flow rate, improved
the freshwater yield of the distillation system.

El-Agouz et al. [11] further reviewed solar-powered membrane
distillation technology, and the various solar thermal feed preheating
systems that can be used with it. They critically analyzed solar thermal
feed preheating systems including: solar flat plate collectors, evacuated
tube collectors, hybrid photovoltaic/thermal collectors,
high-concentrating solar collectors, salt-gradient solar ponds and solar
distillers. Within their study, these authors noted that additional
research is required to enhance the performance of solar-powered
membrane distillation by boosting the solar thermal source and
improving heat recovery systems. Aboelmaaref et al. [12] have con-
ducted a numerical analysis of an adsorption-based distillation system
powered by a solar dish/Stirling engine, with a system designed to
produce both electricity and fresh water. These authors evaluated the
system performance by analyzing various parameters, such as net elec-
tric power, electrical efficiency, specific distilled freshwater productiv-
ity, specific cooling power and gained output ratio. According to their
findings, the proposed system offered an electrical power output of
approximately 23.42 kW, with a solar to electricity efficiency of 23.40%.
The system also yielded specific daily freshwater production of
approximately 11.53 m® per ton of silica gel, 320 W/kg of silica gel
specific cooling power and a gained output ratio of 0.62.

Many studies [13-19]have been conducted in the literature to pro-
duce distilled water from solar stills. However, the amount of freshwater
generated by solar stills remins very low, where this can be improved by
using different techniques including: heat pipe/pulsating heat pipes,
external condensers, solar collectors, photovoltaic modules, glass cover
cooling, phase change materials (PCM), nano powders, nano/PCMs,
porous media, as well as some energy storage material/biomaterials.
Different energy storage materials have been applied in recent studies to
raise the productivity of freshwater by solar stills. Advanced energy
storage materials, such as nanoparticles, nano-enhanced phase change
materials and phase change materials, can enhance the freshwater
productivity of solar desalination. To date, most related research has
been performed to enhance water productivity using energy storage
materials. Fig. 2 depicts publications related to advanced energy storage
materials in desalination, showing an increase in the number of publi-
cations during the last five years as data has been taken from “Web of
Science”. Accordingly, the current review focuses on varied materials
and methods that can be deemed effective for enhancing water gener-
ation by utilizing solar stills. The review covers various related latent
heat storage materials, nano enhanced storage materials, PCM with
porous materials as well as heat pipes, all of which are summarized and
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Fig. 2. Number of publications during (2018-2022) having keywords “advance
energy storage materials” in “desalination” in Web of Science.

compared for the first time in this manuscript. This review provides a
unique study for researchers, exploring new materials to enhance water
production by forming sustainable desalination. The review includes
considerations of costs as well as exergoeconomic and CO, mitigation
analysis of various types of solar desalination using energy storage
materials.

2. Principle of solar still desalination
2.1. Process description

The solar still desalination principle relies on evaporation and
condensation, through which impure water is purified [20]. The process
of water treatment in a solar still is very simple, as incident solar irra-
diation heats the absorber surface and enhances the temperature of the
basin area of the solar still. Heat is conducted between the basin and the
saline water, which leads to the rise of water temperature that assists
water vapor. The vapor of water is then condensed on the cover of the
solar still and the distilled water is produced. Solar still desalination
applications are classified as either active or passive, according to how
they work. Within the passive technique, such as using fins, cover glass
cooling, shading and others [21], no external equipment or source of
energy is used during water production, while in the active technique,
external systems are implemented to enhance water production, which
may include solar collectors, solar panels (PV/T), thermoelectric
heaters, electrical heates and/or panels [22,23]. Various solar still
desalination systems, as based on varied categories, are summarized in
Fig. 3.

2.2. Advanced energy storage material used in solar desalination

Several studies to date have utilized energy storage materials to
improve solar energy applications. Advanced energy storage materials
including nanotechnology and PCMs have been shown to improve the
generated freshwater of solar desalination systems. Accordingly: adding
nano powders in phase change materials as a nano-enhanced PCM;
mixing the nanoparticles in black dye or nano-coating the condensation
area; and dispersing the nanoparticles in fluid as a nanofluid can all have
a high effect on the productivity of solar desalination systems. The
mixing of nanopowders in PCM leads to decreasing time of heat transfer
rate, and increases the thermal conductivity of a nano-enhanced PCM
compared to a regular PCM. The phase change material receives the
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Fig. 3. Various types of solar still desalination [24].

thermal energy of the solar radiation and releases it to the solar desa-
lination when needed. In this present study, a focus on energy materials
including nanomaterials, nanofluids, nanoparticles-based phase change
materials (PCMs), composite PCMs, PCMs with porous materials, and
PCMs with heat pipes have been investigated with regard to their ability
to improve solar desalination systems. Fig. 4 indicates the charging and
discharging process of the energy storage materials in a typical solar still
desalination system.

2.3. Mathematical background of solar desalination

The design of a system can assist in predicting the water output and
thermal performance of a system. To design a solar still, thermal heat
balance for each element including absorber area, glass cover and saline
water should be obtained. Therefore, the mathematical background of
each element of the system is discussed below.

2.3.1. Absorber area

The thermal energy of the sun passes through glass and hits the
surface of an absorber area, which causes an increase in its temperature.
For obtaining balanced energy of the absorber area, the inlet energy of
the absorber area is thermal solar energy (solar intensity), whereby
outlet energy is the heat loss to ambient and HT by natural convention
into the water. The governing Eq. for this relation is as follows [25]:

Qep-a + Geb—w = ToIs (DA (@)
where

Qep—w =hepw(Th — Ty) (2)
Qepo =hp(Ty — Ta) 3

The coefficient of convective HT from absorber area to water is
achieved by Ref. [26]:

k
heyw = 0.54(Gr.Pr)"* (4)
where L and k present the water height and thermal conductivity.
Moreover, Pr and Gr show the dimensionless parameters of Prandtl and
Grashof numbers. The HT coefficient from absorber to ambient is ach-

ieved by Ref. [26]:

hy=;—7F— )

2.3.2. Saline water

In the passive system, solar irradiation is the main source for pro-
ducing heat, utilized in order to increase saline water temperature. The
inlet thermal heat of saline water in the system is equal to the outlet
thermal heat of the absorber area to the water, as well as solar intensity,
whereby the thermal heat outlet of the water is equal to total HT from
water to the glass. In active solar desalination, the term of another en-
ergy source into the water should be considered in deriving the thermal
balance of water. Energy relation in saline water is obtained by
Ref. [25]:

dT,,
L(t)twAb +Gepw + Q=0qgy_ + (MC)WW ©
where Q presents the thermal heat from other sources such as heat pipe/
pulsating heat pipe, thermoelectric module and advanced material

(PCM and nano/PCM during the night).
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Fig. 4. Charging and discharging process of the energy storage material in a
typical solar desalination during a) day and b) night.

2.3.3. Glass plate

The cover area is the condensation part of the solar still. By
enhancing the temperature of cover and evaporation surface, the water
generation of the device increases. The inlet thermal heat input of the
glass is solar energy (can be negligible in low thickness), total HT from
water to cover, and the outlet thermal heat of glass is specified to glass
cooling. The thermal energy relation to the cover is calculated by
Ref. [25]:

Qoutet.cooling = 10eAg + Qcw—g T Qrw_g T Devw—g 7
The evaporation HT from water to glass is given as [27]:

Qev.w—g = hev.w—gAg (Tw — Tg) ®)

where coefficient of evaporative HT from the Dunkle equation is ob-
tained by Ref. [28]:

l)w - pg
hey =0.016273 X he g X m 9
where the h.,_, presents coefficient of convection HT from glass to
water, and is calculated by Ref. [29]:

hey_, =0.884 x (AT)} (10
/ (Pw - P )(Tw)
AT = | (Ty —Ty) + ——— 20— 11
{( :) 72689 x 10° P, an
P, =exp (25.317 - 5;“) 12)
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5144) a13)

P, =exp (25.317 - T,

where p, and p,, depict the partial pressure of vapor on glass and water,

respectively. The cumulative HT from water to glass is given by
Ref. [25]:

htotal,w—g = hev.w—g + hc.w—g + hr.w—g (14)
[ ——— (Tf,, + Tg) (Ty +T,) (15)

where e illustrates the effective propagation and is obtained by
Ref. [26]:

Eefr = (8i+1*1) (16)

w &g

The produced water by solar still is given by Ref. [30]:

ilhourty = 3600 x % X Ay a7
fg

where h¢, shows the latent heat and is achieved by Ref. [30]:

hy, =2.4935 x 10°(1 - 9.4779 x 10 *(T; — 273) +1.3132
x 1077 (T; — 273)* — 4.7947 x 10~°(T; — 273)*) 18)

where T is calculated as following relation:

7TW+Tg

T;
2

19

3. Advanced energy storage materials for potable water

The major climate factors affecting solar still performance are solar
irradiance, ambient temperature and wind velocity [31]. Different pa-
rameters that impact the efficiency of solar stills include: mass flow rate
of feed water; solar still surface area; basin water depth; usage of PCM
materials; use of materials that help water evaporation i.e., porous
surfaces; nanoparticles; use of fins; and external solar collectors [32,33].
Advanced energy storage materials are gaining popularity as passive
cooling techniques for thermal management purposes [34]. The utili-
zation of these materials, including phase change materials (PCMs) and
nanomaterials for water generation in solar stills, has a significant
impact on water production. As the thermal value of nanomaterials is
high, more energy can be saved, which results in reducing the time
required for producing water. Nanomaterials can be synthesized in
required shapes and sizes depending on the application, such as nano-
platelets, nanotubes, nanoparticles, nanowires and others. The disper-
sion of solid particles in water has significant potential in HT.
Nanomaterials are used to raise HT rate by increasing “h” due to an
increase in “k” [35]. Hence, the overall productivity of potable water is
increased by using these materials under the effects of solar radiation.

3.1. Nanomaterials for solar desalination

Solar energy for clean freshwater production has been utilized in
recent times as a result of: its low-cost, the availability of renewable
energy sources, its unlimited sources of energy, zero pollution, and it
being environmentally friendly. To date, there has been an absence of
research regarding the cleaning of water utilizing nano powders in base
fluid. Accordingly, the notion of utilizing nanoparticles (NPs) for the
efficient thermal performance of fresh water is presented in this paper,
whereby the amount of “k” of these nanomaterials is significantly
higher. In this way, particles suspended in base water have better
thermal performance. Three methods have been discussed here that
improve water productivity by solar desalination including nano-coated,
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nanofluid and nano/PCM methods.

3.1.1. Nano-coated materials in solar desalination

The nano-coated technique can be considered for increasing evapo-
ration and condensation rates of solar desalination. Adding nano-
particles with black dye to cover the absorber area increases the
absorption of solar irradiation, which in turn increases natural convec-
tion. Thakur et al. [36] have assessed the efficiency of solar stills using
Al,03 nano powders mixed with black dye coated on the absorber sur-
face area, where it is also mixed with water. Both these techniques can
cause an increase in the production of water. Results indicate that in
both experimented cases, water productivity increased by 24.3% in
comparison with the conventional system. Sharshir et al. [37] have
reviewed the performance of solar stills using nano-coated, wick media
and water-cooling layers on the efficiency of tubular solar stills.
Accordingly, cobalt oxide nano powders were mixed in order to cover
the wick material, as means to increase HT rate between the absorber
surface and the water. The outcomes of their study showed that these
modifications can improve the productivity of water, whereby the pro-
ductivity of water enhanced by 82.5%. Thermal and exergy performance
improved by 68.14% and 119.1% respectively, while maximum cost
saving in the freshwater price was 39.14%. Kabeel et al. [38] have
explored the influence of water height and titanium oxide/black paint
nano-coatings on solar still water productivity. The height of the water
varied from 0.01 m to 0.035 m. Further, the results indicated that the
water productivity of this device using nano-coated materials increased
by about 6.1% compared to a system without nano-coated materials.

Zanganeh et al. [39] have assessed the effect of silicone nano-coating
on condensation surfaces of solar still productivity, whereby the authors
considered nano-coated materials to change condensation from film to
dropwise mechanism. According to their results, the productivity of
solar stills with film condensation was 4828 ml/ m?, while the produc-
tivity in the case of dropwise condensation was 5807 ml/ m2. Thakur
et al. [40] have changed the glass cover wettability by spraying
nano-coated materials to increase the distilled water generation of solar
stills. A silicon nano-coating was utilized on the glass cover, whereby
results depicted that the water output of the device increased by 15.6%
as compared to traditional glass cover. Gangavathi et al. [41] have
designed, constructed and experimented a solar still using nano-coated
material to raise the condensation rate. Fumed silica nanopowder was
used to prepare the nano-coated material. The authors illustrated that
the new configuration enhanced water productivity by 28.53% in
comparison to the conventional form. Thakur et al. [42] have concluded
that the efficiency of solar stills could be increased by a combination of
nano-coated materials sprayed on the condensation area of cover with
silicon nanoparticles and nano-coated dispersed in black paint in the
evaporation area of absorber plate with graphene oxide NPs. It was then
concluded that the proposed configuration produced freshwater of 3410
ml/day. Results revealed that the viability of nano-coated materials used
on the glass cover and absorber plates improved condensation and
evaporation, respectively. In addition to this new configuration pro-
ducing 3410 ml/day of freshwater, as noted above, the configuration
also enhanced the energy and exergy efficiency of solar stills by 37% and
112%, respectively.

In recent decades, direct solar steam generation has been investi-
gated as a means to produce fresh water at a high evaporation rate,
resulting in higher efficiency compared to conventional techniques [43,
44]. Studies have shown that these types of systems are 90 % effective
for this purpose [45-48]. Solar steam generation is a portable, efficient
and environmentally friendly device [49,50], where NPs can be
dispersed in water to absorb solar energy and produce vapors. Further,
small-scale NPs have a high value of “k”, which results in an enhanced
rate of evaporation. These NPs, when dispersed, create nucleation sites
that enhance vaporization, as depicted in Fig. 5. The radiations incident
on the surface is then converted into thermal energy, which in turn

Renewable and Sustainable Energy Reviews 186 (2023) 113663
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Fig. 5. Various positions of solar thermal conversion materials (STCM) in
water [51].

enhances the evaporation of water.

The rate of evaporation is a vital factor during experimentation, used
to estimate how much water can be produced from a solar simulator.
The evaporation rate largely depends upon the amount of solar radiation
incidents and how much energy is stored in energy-storing materials. In
this way, more water can be produced if more nucleation sites are
created. All these factors should be considered during the preparation of
setup for potable water production.

3.1.2. Nanofluid in solar desalination

In this paper, a mixture of nanoparticles and base fluids have been
considered to raise freshwater production in solar stills. Nanofluids alter
the thermal characteristics of the fluid and enhance HT and absorption
capacity of solar still systems. Nazari et al. [52] have assessed the in-
fluence of CuO-water nanofluids instead of water, and cover cooling on
the water generation of a solar still. The ambient air temperature de-
creases by thermoelectric cooler (TEC) and flows on the cover via a fan.
The results of the paper noted above displayed that water productivity,
energy and exergy efficiencies were enhanced by 81%, 80.6%, and
112.5%, respectively. In addition, the optimum productivity of the
modified system was $0.0218/L. Sharshir et al. [53] have presented a
comparison study of solar desalination by graphite and copper oxide
nanofluids with traditional solar desalination. Further, the tests were
conducted for water cover cooling rates from 1 to 12 kg/h. The results
showed that the freshwater output of the modified solar desalination
was enhanced by 47.8% and 57.6% respectively, as compared with
traditional modes. Shoeibi et al. [54] have experimentally and theo-
retically evaluated the influence of different nanofluids and TEC on the
efficiency of solar stills. Aluminium oxide/water, titanium oxide/water,
MWCNT (Multiwalled carbon nanotube)/water and copper oxide/water
nanofluids were considered to raise solar still productivity. The results
implied that the highest increase in productivity of the system was
11.57% which occurred in the MWCNT-water nanofluid. Elmaadawy
et al. [55] have assessed the impact of carbon black/water nanofluid,
wick and gravel, as well as cover cooling on the freshwater output of
solar desalination. Various modifications of the system were considered,
such as a system by gravel and nanofluid, a system by gravel and wick
material and a system with gravel, wick and nanofluids. Their outcomes
displayed that the highest freshwater output, energy and exergy effi-
ciencies were raised by 68%, 50.6% and 146.3%, respectively. Nazari
et al. [56] have investigated the freshwater output of a solar still by TEC
and copper oxide/water nanofluid. In their study, the vapor of water
goes to the channel, in which the thermoelectric cooler was installed and
then flows to the water heater tank. The results indicate that freshwater
output, exergy and energy efficiencies of the modified system was raised
by 38.5%, 38.9% and 31.2%, respectively. Further, by mixing a con-
centration of 0.08% of CuO/water nanofluid, the water output was
enhanced by 82.4%. Parsa et al. [57] have assessed the efficiency of
various configurations of solar desalination, such as: a system using TEC;
a system using TEC and Ag/water nanofluid; and a system using
Ag/water nanofluid and TEC with an external condenser. The temper-
ature of one side of the external condenser decreased by water flow rate,



F. Jamil et al.

whereby another was reduced with a thermoelectric cooler. The re-
searchers indicated that the freshwater output and thermal efficiency of
the system using nanofluids and external condensers enhanced by
100.5% and 26.7%, respectively. The impact of a thermoelectric cooler,
nanofluids, and vibration movement on the water output of solar
desalination was assessed by Dawood et al. [58]. In their study, the
copper oxide nano powders were dispersed in saline water with a vol-
ume fraction of 0.5%, 1%, and 1.5%, respectively. The direct current
motor was installed under the springs, and was considered to shake the
solar desalination enclosure. The TEC was installed on the cover to
reduce the cover temperature. On the one hand, the results indicated
that the productivity of the system using shaking and cover cooling, and
the system using shaking without cover cooling at a volume fraction of
1.5%, raised results by 212.2% and 47.9%, respectively.

On the other hand, other studies have investigated the reduction of
glass cover cooling via nanofluids. Shoeibi et al. [59] have performed a
comparative study of double slope, hemispherical and tubular solar stills
using aluminum oxide/water nanofluid cover cooling to improve the
condensation rate. Aluminum oxide nano powder at a volume fraction of
0.1% was mixed with water flowing over the glass cover at a velocity of
0.1 m/s. The results depicted that the water output of the double-slope
system was improved by 2.8% and 4.8% respectively, as compared to
hemispherical and tubular systems. Shoeibi et al. [13] have numerically
explored the use of hybrid nanofluid to reduce the cover temperature of
double slope solar stills, thereby increasing the temperature difference
between the evaporation and condensation areas. The combination of
aluminum oxide/titanium oxide/water with a volume fraction of 0.4%
was considered as hybrid nanofluid, where the optimal concentration of
nanoparticles was gauged as 0.45%, whereby the water output and en-
ergy efficiency of the solar still was enhanced by 11.09% and 28.21%,
respectively.

3.1.3. Nano-PCM in solar desalination

Phase change materials (PCMs) act as heat storage materials in solar
energy applications, where by raising their thermal properties, the
performance of solar energy applications during low solar radiation
increases. A nano-PCM stores the thermal energy taken by solar energy
during the day, where it is removed at low solar radiation, which in turn
increases the distilled water of the solar desalination. Nano powder
mixing in base PCM improves the speed of taking and removing heat
energy. Chamkha et al. [60] have assessed the influence of
MWCNT/paraffin composite as a nano-phase change material on the
freshwater output of solar desalination. The thermal properties of the
composite material in the study were improved by adding the MWCNTs
in the paraffin. The results indicate that the water yield of the device
using MWCNT/paraffin and paraffin improved by 24% and 19.6%,
respectively. Rajasekhar and Eswaramoorthy [61] have increased the
efficiency of solar stills by mixing aluminum oxide into paraffin wax.
The effective absorber sheet area of the solar desalination was measured
at 1 m2 The researchers displayed that the thermal efficiency of the
device by PCM and nano/PCM was 40% and 45%, respectively. Kabeel
et al. [62] have conducted the influence of tubular solar desalination
system by a combination of PCM and nanoparticles. Accordingly, the
graphene oxide NPs were mixed in paraffin wax to improve its perfor-
mance. Their results illustrated that no significant increase in the ther-
mal properties of graphene oxide/paraffin at a concentration under
0.3% was achieved. Further, the freshwater generation of the systems
using PCM and nano/PCM increased by 29.3% and 216.9%, respec-
tively. The daily efficiencies of solar still types of conventional, PCM and
nano PCM were 23.48, 30.31 and 50.85%, respectively.

Goshayeshi et al. [63] have assessed the influence of nano/PCM on
the distillation output of solar stills. The mixing of graphene oxide NPs at
various concentrations with paraffin was considered to keep the water
temperature high inside the system. The authors showed that the
generated water of the device by this configuration was improved.
Kumar et al. [64] increased solar desalination productivity by adding
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silica nano powders into the paraffin wax. The silica nano powders were
mixed in 10 kg of paraffin wax with a volume fraction of 0.5% to raise
the energy efficiency of the device. The researchers showed that the
water generation of the systems with nano/PCM and PCM raised by
67.07% and 51.22%, respectively. Rufuss et al. [65] have studied the
freshwater generation of a solar still by nano/PCM, where CuO nano-
particles at a volume fraction of 0.3% were mixed in paraffin to develop
a nano/PCM composite as an energy storage material. The absorber
sheet area of the basin was 0.5 m?, whereby a storage enclosure with a
depth of 0.02 was manufactured to fill the nano/PCM. The results
showed that the freshwater output of the solar still by nano/PCM was
increased by 35% compared to the system using PCM. The influence of
the composition of paraffin and different volume fraction of copper
oxide nanoparticles on the productivity of solar still was evaluated by
Behura et al. [66]. The time speed of receiving and releasing the heat
energy of CuO/paraffin was decreased in comparison to PCM. The
outcomes indicate that freshwater generation of the system by
nano/PCM at weight concentrations of 0.1, 0.2, and 0.3% were 1.76,
1.82, and 2.04 L/m? day, respectively.

Abdullah et al. [67] have investigated tray solar stills modified with a
wick fin absorber, nano/PCM and reflector mirrors. In their study, three
electric heaters were used to heat the water basin and to power a
photovoltaic cell, which was placed behind the solar still. According to
the results, the modified tray solar enhanced the water productivity by
166% and 136% respectively, when using heaters and nano/PCM, as
compared to the conventional case. The daily yield was enhanced by
196% when both the heater and nano PCM were used, as compared to
the simple case.

Sonker et al. [68] have analyzed solar stilsl with PCM, nano/PCM
thermal energy storage mediums filled in copper cylinders. Their results
indicated that the yield of solar still increased by 43.5% when nano-PCM
was used in comparison with the conventional case, where its yield
increased by 32.90% when PCM was used compared with simple case. A
cost reduction of 40% was observed, where the payback period was
determined to be 4.3 years. Selimefendigil et al. [69] have evaluated the
performance of single slope solar still by enhancing it with PCM, CuO
nano PCM and a CuO nano-enhanced absorber coating. Their results
indicated that the use of nano PCM and nano-enhanced coating
enhanced the yield by 26.77% as compared to the conventional case.
Abdelaziz et al. [70] have improved the performance of tubular solar
still using nano-enhanced PCM, where their experimental setup is
depicted in Fig. 6. The cases that were under consideration in their study
were a V-corrugated aluminum basin, a wick with a V-corrugated
aluminum basin, adding carbon black to the wick material in a
v-corrugated aluminum basin, and PCM with a v-corrugated aluminum
basin. It was concluded in their study that the productivity of water
increased to 88.84 %, with the highest occurring in the case of the PCM
combination.

Kandeal et al. [71] have utilized copper chips along CuO nano-
particles in water, together with PCM, for performance improvement of
double-slope solar stills. CuO nanoparticles were added to water in 1.5
wt% and added to PCM in 15 wt%. Their results showed that the use of a
water nanofluid, nano PCM and copper chips submerged in a water
nanofluid resulted in yield, energy efficiency and exergy efficiency
enhancement of 113%, 112.5%, and 190% respectively, in comparison
to traditional forms. Abdullah et al. [72] have experimentally studied
novel convex-shaped solar stills and utilized nano black paint,
nano-enhanced PCM, various wick materials, and various convex
heights. By using a convex solar still, nano black paint and
nano-enhanced PCM, water productivity was enhanced by 54%, 18%,
and 40%, respectively, in comparison to traditional cases.

3.2. PCM based solar still desalination systems

Utilizing PCM in solar desalination has been applied by many re-
searchers in recent years, whereby a range researchers [73-77] have
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Fig. 6. Experimental setup proposed by Abdelaziz et al. [70].

used various types of PCMs to enhance the freshwater generation of
solar desalination. Compared with traditional water storage, PCM media
have some major advantages. The major benefits of PCM materials
include their high heat energy storage capacity, and receiving and
removing thermal process at a close temperature. PCMs can be catego-
rized into inorganic, organic and eutectic, with varied thermal charac-
teristics [78].

3.2.1. PCM based passive solar stills

Passive solar stills do not require solar collectors or external sources
for pre-heating water. This kind of solar still is easy to build and main-
tain, where direct solar radiation is used for water production. Passive
solar desalination can be classified into either single or multi-slope solar
stills, with the latter having more than one slope. These systems can be
further improved by using PCMs. Accoridngly, the PCMs absorb the heat
energy of solar intensity in the daytime and utilize this heat when solar
energy is not available, such as during nighttime or cloudy weather
conditions. The first passive solar still utilizing PCM was investigated by
Naim and Kawi [79], in which paraffin wax, water and paraffin oil were
used. Their multi-basin solar still produced a maximum water output of
4530 mL/ m? for a duration of 6 h.

Many researchers have illustrated that integrating PCM into solar
stills enhances the productivity of water [80-84]. The major advantage
of using PCM is that its energy is stored during the day, where it can later
be used in the production of water during the night. Utilizing PCMs in
solar desalination studies have been completed by Mousa et al. [85].,
exploring the utilization of candle wax (tricosane) PCMs in solar desa-
lination systems. In their study, the fraction of PCM to water was varied
as 0, 0.17, 0.35 and 0.51, where PCM was filled in copper tubes sub-
merged in water. The authors concluded that PCM had a negative impact
on water yield during the daytime, while during night-time the water
production was directly proportional to the amount of PCM. The effi-
ciency of fin-type solar desalination as an energy storage material has
been investigated by Sarhaddi et al. [86], evaluating the effects of
different variables including atmospheric temperature, wind speed, and
irradiations on the performance of solar desalination. According to their
results, on a semi-cloudy day, the maximum exergy and energy effi-
ciencies for a system using PCM were 8.59% and 74.35%, respectively.
Attia et al. [87] have evaluated the influence of PCM and a wick convex
basin on the performance of hemispherical solar desalination systems.

The findings of their experiments showed that generated freshwater,
energy and exergy efficiencies of the system using the energy storage
material were enhanced by 87%, 85.6% and 128.2%, respectively.

Farhan et al. [88] have also enhanced the performance of solar still
for water productivity by using PCM. They used a paired basin as well as
four-lateral glass face solar stills to increase the generation of water.
Their tests were performed in the climate of Karbala city in Iraq in
October and November. Their results concluded that an hourly increase
in water production of approximately 25-40 % was observed. Sam-
pathkumar and Natarajan [89] have increased the production of water
of a single slope solar still by applying agar-agar fibre in the basin’s
surface using a micro PCM. Varied weights of 5, 10, 20, 30 and 40 g of
agar-agar fibre were used in the absorber basin for these experiments.
Their results concluded that PCM with 20g weight of agar-agar fibre has
a better value of “k” than single PCM. The maximum thermal efficiency
was improved by 44 % by using PCM with agar-agar fibre as compared
to a conventional one. In another study, Abdelgaied et al. [90], have
experimentally and theoretically explored the thermo-economic per-
formance of hemispherical solar desalination systems using CuO-water
nanofluid and PCMs. Their outcomes revealed that the generated
water productivity of the solar desalination system using CuO-water
nanofluid and PCM was 80.2% higher than the conventional solar
desalination, whereby the cost of freshwater yield was lowered by 75%.
Hammad et al. [91] have investigated the use of a v-corrugated basin,
PCMs, and longitudinal copper fins embedded inside the PCM container
to improve the performance of a solar desalination system. According to
their findings, the modified solar still produced 63.57% more freshwater
than the conventional system, with an energy efficiency of 72.70%, and
a cost reduction of 23.10%.

Kabeel et al. [92] have designed and analyzed the performance of
solar stills with a v-corrugated basin integrated with a reversed solar
collector in the same outdoor conditions of El-Oued, Algeria. Their re-
sults indicated that the daily production of the modified solar still was
68.82% higher than the traditional forms. Moreover, the daily energy
efficiency of modified and traditional solar still was 59.70% and
35.52%, respectively. The modified solar collector reduced the cost of
water production by 27.12% compared to conventional solar still.

Kateshia and Lakhera [93] have further measured the performance
of solar stills using various PCMs like fatty acid, lauric acid, palmitic acid
and stearic acid with pin-fins, and compared them to conventional solar
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stills. Four varied cases were studied, including a traditional system, a
system using lauric acid with pin-fins, a system using palmitic acid with
pin-fins, and a system using stearic acid with pin-fins. The whole process
is shown in Fig. 7, where experiments were performed and maximum
accumulated water output was observed in the case of the system with
stearic acid with pin-fins, measured at 5.74 L/ m?/day with an energy
efficiency of 56.2 %.

An increase in the condensation area of a solar still enhances
generated water of solar stills. This can be raised by using double glass
solar stills, triangular solar stills, pyramid solar stills or cascade solar
stills [94-96]. The enhancement in the condensation area of solar stills
reduces the condensate layer thickness; thus, improving the HT rate,
which in turn raises water productivity. Benhammou and Sahli [97]
have numerically studied a solar desalination system integrated with
double-glazing latent heat storage media, whereby their transient model
was developed for performance estimation of solar stills in Algerian
Saharan climatic conditions. Their results revealed that PCM provided
heat to solar desalination throughout the night for a period of 20 h. The
increase in yield during day-time, night-time and at a daily level were
44%, 35% and 63% respectively, compared to the traditional system. It
was indicated that an increase in the mass of PCM negatively influenced
useful energy. Further, the optimum slope angle in the summer season
was found to be 15°. Alshammari et al. [98] have applied multi-effect
tubular solar desalination to measure water productivity, where a sec-
ondary effect was generated to minimize heat loss by using a tube. The
researchers also investigated double, triple, and quadrilateral tubular
solar stills, concluding that they can enhance water productivity by 60.5
%, 97.8 %, and 122.4 %, respectively. Sathyamurthy et al. [99] have
performed experiments on triangular pyramid solar still with paraffin
wax as PCM, whereby they carried out different tests and noticed that
the absorber temperature was nearly equal to PCM temperature in the
morning, which then increased during the afternoon, and remained
constant after that. Saline water with a mass of 20 kg was used, where
thermal efficiency and freshwater output were enhanced by 35 % and
100 %, respectively. Abdelgaid et al. [100] have completed experiments
to increase the efficiency of tubular solar stills using hollow and circular
fins along with PCM. They conducted two tests, in which one test was
done with only a hollow and circular section with a tubular solar still,
and the other was done along with PCM. The schematic drawing of both
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setups is displayed in Fig. 8, where the results concluded that PCMs
using hollow circular fins enhanced the total water output to 7.89 L/
m?/day, and showed a 90.1 % increment in performance of the modified
solar still.

Kannan et al. [101] have studied hemi-spherical solar stills with PCM
encapsulated in aluminium cans of both triangular and square patterns.
Their results illustrated that solar still generation of water was enhanced
by 92.8% and 67.12% respectively, when using square and triangular
patterns of PCM cans as compared to the traditional case. Ajdari et al.
[102] have explored an inclined stepped solar still with baffles, PCM,
and nanofluid for enhancing yield. The nanoparticles that they used
were CuO and GO, in concentrations of 0.01, 0.02 and 0.03% weight
fraction, whereby the flow rate of the nanofluid varied. The outcomes
indicated that 0.03 wt% of CuO and GO of NPs enhanced water pro-
duction by 48.12% and 81.59%, respectively. Further, the inclusion of
PCM increased water generation by 32.8%. Subramanian et al. [103]
have further recorded tests on pyramid-shape solar desalination with
PCM, whereby their experimental setup is illustrated in Fig. 9. Their
design was completed on this setup, with results showing that the
generated water of the conventional solar still was 1610 mL/day,
whereas it was 2250 mL/day with the modified device. Accordingly,
productivity was raised by 50 % using this newly designed solar still.

A summary of works completed by various authors with regard to
PCM-based passive solar desalination is summarized in Table 1. Authors
have investigated varied solar stills with the aid of PCMs as well as NPs,
leading to improved water productivity. The results suggest that the
maximum water generation of solar desalination using PCM can be
achieved in pyramid solar desalination system paraffin wax, at a level of
approximately 8.1 L/m?/day.

3.2.2. PCM-based active solar stills

Various solar applications, such as flat plate solar collectors, evacu-
ated tube solar collectors, PV/Ts, electrical heaters, solar cookers, and
heat pipe/pulsating heat systems have been widely used in recent years
in solar desalination applications. However, the performance of these
solar systems has been very low, wherbey this can be raised by using
different materials, including PCMs, nano-enhanced PCM, nano-
materials and energy storage material/biomaterials. In this way, a flat
plate solar collector that possesses operating fluid in its tubes can be
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Fig. 9. Real experimental setup of pyramid shape solar still [103].

utilized for absorbing solar energy. A flat plate solar collector using PCM
has been considered by various researchers [119].

Abu-Arabi et al. [120] have performed theoretical modelling of solar
stills coupled with glass cooling, flat plate solar collector and PCM. The
effect of various parameters, such as hot water flow rate, cooling water
flow rate, PCM mass, solar irradiation, wind speed and ambient tem-
perature have been explored. The optimal mass ratio of water to PCM
was found to be 2:1, whereby a high melting point and high latent heat
of fusion was recommended as the best choice. The productivity of water
was shown to be significantly enhanced by varying the
under-consideration parameter, whereby for enhanced solar stills, pro-
ductivity was 2.3 times higher than for conventional solar stills.

Harahsheh et al. [121] have studied self-powered solar stills with an
external solar collector and PCM. In their study, black-painted stain-
less-steel tubes filled with PCM were installed under the solar still,
whereby performance was explored using parameters of hot water flow
rate, solar intensity, surrounding temperature and wind velocity. Ac-
cording to their findings, adding PCM enhanced the water output of the
solar still by 50%, whereas usage of an external solar collector improved
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the water output of the system by 350%. Toosi et al. [122] have explored
stepped solar desalination by an external condenser and PCM for
improving water productivity, whereby an diagram of their setup is
displayed in Fig. 10 (a, b). A fan was attached at the top of the solar still
for transferring the water vapor to the condenser, with results showing
that the combined use of PCM and external condenser enhanced water
productivity by 104%.

Tuly et al. [123] have used a combination of PCM, fins, wick, and
auxiliary condensers to analyze the productivity of solar stills, exhibiting
a maximum attained water output of 3.07 L/ m?, as compared to a
traditional system of 2.46 L/ m2. Their improved solar desalination with
and without an external condenser provided 39.74% and 30% efficiency
respectively, indicating the benefit of using an auxiliary condenser. Essa
et al. [124] have utilized PCM, nanoparticle coatings, a parabolic solar
concentrator and a rotating cylinder to raise the water output of a
tubular solar desalination system. Nanoparticle coatings on the surfaces
of the drum and solar still basin were applied to enhance the conden-
sation to dropwise mechanism. According to the study’s findings, a
highest thermal efficiency of 63.8% was attained by a solar still with a
parabolic solar collector, nanoparticle coatings and PCM, with a pro-
duction enhancement of 218 %. Hafs et al. [125] have numerically
studied active and passive single basin solar stills by employing PCM
filled-in corrugated surfaces of different shapes and a parabolic trough
collector. They displayed that a conventional system with a corrugated
area of rectangular protrusions enhanced freshwater yield by 109% and
42% respectively, as compared to conventional and flat surface cases.
Further, the solar still with an active case, i.e., with a parabolic trough
collector and rectangular absorber, provided a yield of 15.39 kg/
m?/day as compared to the passive measurement of 2.37 kg/ m?/day.
Sathish et al. [126] have explored hemispherical solar stills by
employing PCM, dual reflectors and an insulator cover on the top sur-
face, as depicted in Fig. 11 (a, b). The tilt angle of the reflectors was
optimized, wherbey PCM thermal performance was enhanced by
embedding aluminum powder. Their results showed that the suggested
system enhanced yield and energy efficiency by 115% and 100%,
respectively. Moreover, the cost of freshwater per liter and the payback
period were reduced by 18% and 19%, respectively.

Elashmawy et al. [127] have conducted a study on a tubular solar
still integrated with a parabolic solar concentrator and with novel
PCM-filled aluminum tubes, as shown in Fig. 12. Copper rods were
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Table 1
Various studies were performed on PCM-based passive solar desalination.
Type of Location PCM material Water References
solar still productivity
Single Iraq Paraffin wax 4.0 kg/ m?/day [104]
effect with alumina
solar still NPs
Single India Paraffin wax 3.2 L/ m? /day [105]
effect
solar still
Single Egypt Paraffin wax Water [106]
effect productivity was
solar still in the range of
3.262-4.08 kg/
m2
Pyramid Egypt Paraffin wax 8.1 L/ m?/day [107]
type solar
still
Pyramid China Shaped 3.41 L/ m? [108]
solar still stabilized
PCM
Finned Bangladesh Paraffin Wax 2.28 L/ m? [109]
solar still
Singleslope  India Paraffin Wax 4.08 L/ m?/day [110]
solar still
Single Pakistan Paraffin Wax 4.5 L/day [111]
effect
solar still
Singleslope  Nigeria Pure Paraffin - [112]
double Wax
effect
Inclined India Paraffin Wax 5.62 L/day [113]
single
basin
solar still
Single India black color 1.4 kg/ m? [114]
effect glass
solar still
Single India Various Fatty 4.43 L/ m? [114]
effect acids
solar still
Single India Paraffin Wax 3.25L/ m2/day [115]
effect with fins
solar still
Single- Tehran, Iran Salt hydrate 456 g/day [116]
slope
solar still
Tubular Coimbatore, Paraffin wax 5.71 kg/ m2 /day [117]
solar still India. with candle
soot derived
carbon NPs
Singleslope  Meknes city, Paraffin wax 4.08 kg/ m?/day [118]
single Morocco
basin

solar still

implanted inside the PCM to augment the thermal performance of the
PCM. Moreover, the tubes were painted black in order to achieve high
absorption efficiency. The authors showed that the yield and efficiency
of the solar still improved by 40.51% and 38.25% respectively, as
compared to a device without PCM.

Mariduri et al. [128] have performed a study based on the use of
PCM in solar stills integrated with a solar collector. Their experiments
were performed using different depths of water, set at 0.01, 0.02 and
0.03 m, with double slope basins. A solar collector with paraffin wax was
used during the tests, with results depicting that water generation was
more at lower depths, whereby solar still productivity was increased to
22 %. Al-harahsheh et al. [129] have conducted experiments to measure
the impact of a solar collector with phase change materials, whereby
different flow rates were used to check the effect of condensing glass.
The results concluded that when using this configuration, water pro-
duction was at 4.3 L/ m?/day. A summary of different studies conducted
by various researchers related to PCM-based active solar desalination is
displayed in Table 2. Different authors have investigated varying solar
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stills with the aid of PCM as well as NPs and improved water produc-
tivity. As observed, the use of paraffin wax with a combination of
nanoparticles faciltates an important improvement on generated fresh-
water of solar stills. This is due to the reduction in time speed of storage
and in removing the thermal energy of solar radiation.

3.3. PCM-porous materials for solar still desalination

The productivity of solar still desalination can be increased by using
porous materials along with energy storage materials. This type of
combination has also been shown to be efficient, and to improve solar
still water productivity. Shoeibi et al. [142] have investigated solar stills
utilizing an anthracite porous bed, nano/PCMs and nano-coating on
pipes, as shown in Fig. 13 (a, b). Their reason for using an anthracite bed
was to raise the absorption of solar energy, with NPs used to enhance the
thermal properties of PCM in addition to black paint. Nano-PCMs were
filled in 12 copper pipes, with nano-paint applied to these pipes. The
results showed that by using NPs of CuO and Al,O3 at 0.3 wt% with a
CuO nano-coating, this improved solar still performance by 55.8% and
49.5%, respectively.

Shoeibi et al. [143] have also used nano-PCM along with porous
media for solar desalination. Anthracite material and CuO-PCM as a
nano/PCM were investigated in their study, with configurations shown
in Fig. 14 (a, b, ¢, d). In their study, improvement in water output was
enhanced by 41.94% using this comfiguration, as compared to a con-
ventional system.

Abdullah et al. [144] have undertaken a study to enhance the per-
formance of tray solar desalination with wick and nano-PCM. They used
a corrugated tray solar still with wick material to cover the corrugations.
CuO-PCM-based nano/PCM was also used to enhance performance of
solar stills. The results showed that the total water production of the
modified solar still was increased by 180% compared to the traditional
system.

3.4. PCM-heat pipe-based solar desalination systems

Heat pipe (HP) is another very efficient method for increasing the
rate of evaporation in solar desalination. As temperature rises in a HP
evaporation section, the operating fluid evaporates and condenses on
other side, by excahanging heat, whereby this cycle is repeated [145].
The thermal energy of the equipment increases the evaporation section
temperature, and leads to evaporation of the working fluid in it, which is
then transferred to the condenser section of the HP. Rastegar et al. [146]
have utilized heat from a chimney, which was then supplied to solar
desalination via a HP. In their study, a thermosyphon HP was applied to
transfer the energy, where related photos and a sketch diagram are
displayed in Fig. 15 (a, b). The efficiency with the HP configuration led
to a 41% increment as compared to without the HP configuration.

Faegh and Shafii [147] have performed experiments with a solar still
including PCM and a thermosyphon HP. On one side of their HP basin,
water was used, whilst the other side was filled with PCM, as depicted in
Fig. 16. The heat was transferred during the day by PCM and then during
the night it was transferred using the HP. The authors concluded that
water production was improved by 86% using this configuration in
comparison to without the PCM and HP.

Behnam and Shafii [148] have conducted a study to measure the
efficiency of HPs in an evacuated tube-based solar desalination system.
A HP condenser was used to increase the water temperature, with results
showing that performance was improved by 65%. Patel et al. [149]
further measured the efficiency of triple basin solar stills by using an
evacuated HP and energy storage material. Accordingly, the production
of water using the evacuated tube HP and storage material was shown to
be enhanced by 169%. Khalilmoghadam et al. [150] have used PCM
with pulsating HPs in order to verify the output of a solar still. PCM was
utilized during the day and energy was transferred to water during the
night using the pulsating HP, as depicted in Fig. 17. Their results
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Fig. 10. (a) Sketch diagram of proposed setup (b) Real experimental setup [122].

concluded that the production of water was 6.3 kg/ m?/day using this
novel configuration.

Various studies on PCM-HP-based solar desalination, as carried out
by varied authors, are summarized in Table 3. Different authors have
investigated various solar stills using HP with the aid of PCM, whereby
they have improved water productivity. As is evident from viewing the
table, a combination of heat pipe and phase change material has a
positive influence on water generation by solar still.

4. Cost analysis of PCM-based solar desalination

Different factors should be taken into consideration when producing
water using solar desalination. Manufacturing costs, running costs,
capital recovery factor, and average annual water output are included
factors, along with maintenance costs during running operations [154].
Capital recovery factor (CRF), fixed annual cost (FAC), sinking fund
factor (SFF), annual salvage value (ASV), average annual water output
(M), annual cost (AC), and S (Salvage value) are cost factors. Annual
maintenance cost (AMC) and cost of distilled water per liter (CPL (Cost
Per Liter)) can also be included in calculations as [155]:

12

CRF=i(1 +i)"/[(1 +iy ] (20)
SFF:i/[(1 i @D
ASC = (SFF) S (22)
Where
S=0.2P (23)
AC =FAC + AMC -ASV @29
FAC =P(CRF) (25)
AMC =0.15 FAC (26)
CPL =AC/M (27)

where P = present capital cost of unit; i = interest per year; and n =
years.
Kabeel et al. [156] have conducted a numerical study to compare
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various PCMs, with a focus on productivity, return period and economic
analysis. Eight organic and three inorganic PCMs were utilized in the
study, where the solar still lifetime was 10 and 40 years, with an interest
rate of 16%. Their results showed that A48 organic PCM incurred a
minimum productivity cost with the highest water output, as illustrated
in Fig. 18 (a, b). The capric-palmitic based PCM indicated the lowest cost
among all used PCMs, as depicted in Fig. 18 (c, d).

A summary of various studies completed on cost analysis using PCM-
based solar stills is summarized in Table 4. Different authors have
investigated various solar stills with the aid of PCM and measured water
productivity costs. The obtained outcomes of these studies show that the
lowest CPL of the solar desalination system can be achieved by tubular

13

solar desalination using nano/PCM, costing apprxoimatelt $/L 0.0165.

5. 5 Environmental evaluation of PCM-based solar desalination
based on energy

Environmental assessments, such as COy emission mitigation based
on energy and exergy, play a significant role on the design of solar
desalination. To maximise CO, emission mitigation, a high water pro-
duction rate is required. The annual energy and exergy production for
this system can be derived by Ref. [158]:
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still having parabolic concentrator solar

~ M x hy,
(Een)oul - 3600 (28)
M x h, T,
(Bed)ou = 3600 (1 - ﬁ) (29)

where M is the annual water generation by solar desalination using
PCM.

5.1. CO, removal

The annual CO3 emission mitigation in a solar still is approximately
(Een)ou % 2 [161]. Therefore, CO, emission removal during the lifespan
of the system can be calculated by (E.,),, x 2 x n [161]. The net content
of CO, emission removal during a device’s lifespan is the lifespan energy
generation by the system excluding the embodied energy, which is
calculated by Ref. [162]:
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where E;, shows the embodied energy (the energy needed for the pro-
duction of the components).

5.2. Exergoenvironmental analysis

Whilst freshwater generation requires energy consumption using
fossil fuels that pollute the environment, solar-sourced energy can
decrease this pollution. Accordingly, exergoenvironmental analysis is
considered to reduce CO, removal based on exergy generation by the
system. The exergoenvironmental parameter is calculated by Ref. [163]:

2 ((Bex)ou x 1 — Ein)

1000 @b

Gex,coz =

The cumulative CO, emission removal of a solar desalination system
can be obtained by the sum of CO, emission removal based on exergy
and energy and is given by Ref. [164]:

Gtolal = Gex.co; + Gcog (32)

The advanced energy material assists to enhance the production of
water using PCMs by storing thermal energy during the day, and uti-
lizing it during the night. By selecting the lowest energy production for
components in solar desalination, a system can achieve high CO,
removal. Table 5 presents the total carbon dioxide removal of a solar
desalination system using thermal storage media. The results indicate
that by increasing generated freshwater of the device, total CO, removal
by the system increases, which in turn assists to decrease pollution of the
environment. Moreover, the total CO, removal of solar desalination
using CuO nano-PCM and nano-coated techniques decreases carbon di-
oxide by about 12.03 tons during its lifespan [54].

5.3. Energy analysis

The thermal efficiency of a system is defined by the ratio of pro-
duction rate (outlet energy) to the sum of inlet energy from solar irra-
diance and other used energy in solar desalination. The daily thermal
efficiency of a solar still can be calculated by Ref. [168]:

rhevhl'g
PR —— A S 33
Geo, = w (30) ndally LAy + WEquipment ( )
N 1000
Table 2
Various studies done on PCM-based active solar desalination.
Type of study Type of solar still Location PCM material PCM Maximum References
enhancement yield
Experimental Solar still with CPC Tanta, Egypt Paraffin wax Graphite NPs 9.81 L/ [130]
m?/day
Experimental Stepped solar still with evacuated tube Tanta University Paraffin Graphite plates 13.62L/ [131]
collector Egypt m?/day
Experimental Solar still integrated with solar collector Borg Al-Arab city, black steel wool fibers - 3.534 kg/ [132]
Egypt. m?/day
Experimental and Double slope solar still with solar collector ~ Hefei, China Shape stabilized PCM of - 1000 L/ [133]
Numerical paraffin wax polyethylene m?/year
Experimental double slope solar still with internal Rajshahi, Paraffin wax Al203 1853 mL/day [134]
sidewall reflector and circular fins Bangladesh nanoparticle
Experimental Solar still with parabolic dish concentrator ~ Jodhpur, India Paraffin wax - 7.12 L/day [135]
and condensing unit
Numerical Multi-stage desalination unit with flat plate ~ Yazd, Iran Stearic acid - 379.6 kg/ [136]
solar collectors m?/day
Experimental Heat pump assisted regenerative solar still Coimbatore, India Slack wax - 16.5 kg/ m? in [137]
12h
Experimental Solar still coupled with evacuated solar Alexandria, Egypt Paraffin wax - 7.4kg/ m?/day [138]
collector and ultrasonic humidifier
Experimental heat pump water heater assisted Coimbatore city, Paraffin wax - 16.1 kg/ [139]
regenerative solar still India m?/day
Experimental Solar still coupled with two parabolic Ismailia, Egypt Paraffin wax - 11.1 L/ m? day [140]
concentrators
Numerical Double-slope solar still equipped with Zahedan, Iran Paraffin wax - 6.5 kg/ m?/h [141]

photovoltaic thermal collector
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where WEquipmem presents the power consumption of other sources of
energy, where in conventional solar stills this is equal to zero.

5.4. Exergy analysis

The exergy efficiency is specified by dividing the exergy generated
by a system to the total inlet exergy to solar desalination, and is obtained
by Ref. [169]:

_ EXPmducl

- (34)
Exinput

r]Ex

The inlet exergy and exergy generated by solar desalination are given
by Ref. [170]:

4T, 1/T.\'] ..
EXin = ItAh x 1= 3T: + §<f) :| + WEquipment (35)
ey T
EXproduct = ﬁ x hyg X (1 - T_w) (36)

5.5. Energy payback time

The energy payback time is defined by the value of time that energy
or exergy produced by solar desalination takes to attain the energy
utilized to generate the goods of a solar still, and is obtained by
Ref. [171]:

E:
EPBTg, = ——— (37)
. (Een )out
E.
EPBTg = —— (38)
. (Eex )out

where Ejy, (Eex ), and (Een),, Present embodied energy, yearly energy
and exergy produced by a system, respectively.

5.6. Energy product factor
Energy efficiency factor is specified as the ratio of yearly energy and

exergy generated by a system to the embodied energy of solar desali-
nation, and is calculated by following formula [172,173]:

Conventional solar still

Flange
.
~Distilled water
a)
PCM and Porous surface absorber solar still
Flange

Q‘

——Distilled water

Copper

Porous surface absorber tube/PCM

c)

Fig. 14. Different solar still having (a) Conventional (b) Porous absorber (¢) PCM with porous media (d) Nano-PCM with porous media [143].
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Fig. 15. (a) Experimental setup with heat pipe (b) Schematic diagram of setup [146].

EPF,, — (FenJou 39)
Ein
EPFg, =—(Eg)°“‘ (40)

5.7. Exergoeconomic analysis

Exergoeconomic evaluation is the couple of cost and exergy assess-
ment at the same time considered for the cost effective design of a sys-
tem. Exergoeconomic evaluation is defined as the ratio of yearly energy
and exergy generated to uniform yearly cost of solar desalination, and is
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calculated by Refs. [174,175]:

_ (EeX)out

Rex="gAC (41)
— (Ee“)out

Ren ="GaC (42)

Table 6 depicts exergoeconomic, energy payback time and energy
production factor parameters based on energy and exergy of a solar
desalination system using advanced energy media. The results show
exergoeconomic parameters based on energy to always be more than
exergoeconomic energy based on exergy, due to highest energy output
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compared to exergy output of a system. Further, energy payback time
based on energy of solar desalination using CuO and TiOy nanofluids
was about 1.10 and 1.043 years, respectively. Moreover, it could be seen
that the use of nano-enhanced PCM had a direct effect on energy
payback time and exergoeconomic parameters of solar desalination.
Tables 1-3 represent studies that have been conducted to illustrate

water productivity using different absorber materials in solar desalina-
tion. The investigated energy storage materials are paraffin wax, salt
hydrates, various fatty acids, shape-stabilized phase change materials, as
well as steric acid used in different types of solar stills.

A comparison chart showing various energy storage materials used
by different authors in their experimental studies, and their amount of
water production, is represented in Fig. 19. Most of the studies’ results
indicate water production to be between 4 and 8 L/m?/day. A pyramid
solar still with paraffin wax as its phase change material produced 8.1 L/
m?/day. Therefore, the efficiency of solar stills using energy storage
materials can be increased, which can enhance water productivity.

The evaporation rate of a solar still is a vital factor that indicates the
amount of water production produced by a solar still. The evaporation
rate largely depends upon the geometry of the solar still, which may
enhance its amount of water production. The more nucleation sites on
the water surface, the more water will be produced in terms of evapo-
ration rate. Factors including incident solar radiation on the surface of a
solar still, energy storage material and geometry of a solar still can help
in determining the amount of water production. Energy storage mate-
rials indicate how much energy can be stored in them, which can later
help in creating more volume of water. As evident in the graph in Fig. 20
below, authors have used solar stills integrated with CPC with paraffin
as its energy storage material, resulting in a high amount of water
production. Measeurments indicated a maximum of 11.1 L/m?/day and
the average evaporation rate in the case of an active solar still was
around 3.5-6.5 L/m2/day. The type of solar system integrated with solar
still largely affect the amount of water produced by a solar still.

The rate of evaporation also depends upon the type of porous ma-
terials or heat pipe used along with PCMs in a solar still. As evident in
Tables 3 and it is clear that the use of HPs along with energy storage
materials can further enhance water productivity of a solar still. The
maximum amount of water was produced by thermosyphon HP, having

Table 3
Various studies done on PCM and heat pipe on solar desalination.
Type of solar still Type of Heat pipe PCM material Water Results References
productivity
Solar still Thermosyphon heat pipe based Paraffin wax kg® Water production was improved by 86% compared to [147]
evacuated solar collector 6.555 m /day the system having no PCM.
Triple-basin solar still Evacuated HP solar collector Pebbles, granite kg Water production by evacuated tube HP along storage [149]
gravel 19 m /day media was enhanced by 169%.
Novel designed single Pulsating HP Paraffin wax kg The increase in efficiency was from 23.7% to 48.5% in [150]
effect solar still 6.3 m /day the case of current configuration.
Single effect solar still Evacuated tube based thermosyphon None kg? Results indicated that efficiency using this system was [151]
HP 1027 /h 22.9%.
Pyramid solar still Thermosyphon HP having solar None mL>? System performance having ethanol in HP was increased [152]
6970 — /day
collector m by 26%.
Solar still Evacuated tube HP solar collector None Water production using an evacuated tube HP was 2.13  [153]

LZ
1190 —
90m /year

times higher than conventional one.
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Table 4
Various studies done on PCM-based solar desalination with respect to CPL.
Type of solar PCM material Freshwater Maximum References
still cost ($/liter) yield (L/
m?/day)

Tubular solar Paraffin wax 0.0164 - [70]
still using with carbon
nano black NPs
enhanced
PCM

Double-slope Paraffin wax 0.013 - [142]
solar still with copper
having Nano- and alumina
PCM NPs

Solar still Palmitic acid 0.019 4.9 [157]
having PCM

Solar still Paraffin wax 3.78 0.0416 [158]
having PCM,
fins

Solar still Paraffin wax 4.08 0.0343 [158]
having PCM,
steel fins

Solar still None 0.023 2.81 [159]
having fins

Solar still Paraffin wax 0.03 - [160]
having PCM

a solar collector combined with solar stills, measured at 6.9 L/m?/day.

Various authors have compiled studies on PCM-based solar desali-
nation with respect to CO4 mitigation, as depicted in Table 4. Accord-
ingly, various energy storage materials have been applied by various
authors, whereby time span and CO, mitigation were determined. These
were in the range of 10-30 years and 3.05-28.83 ton/lifespan respec-
tively, as shown in Fig. 21. It can be concluded from this figure that PCM
based solar stills have the maximum CO» mitigations as compared to
other solar stills using different materials. Therefore, it can be concluded
that PCM based solar stills have a higher life span and better COy
mitigation.
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6. Thermal modelling and sensitivity analysis for solar still by
incorporating energy storage materials

6.1. Thermal modelling

Thermodynamic analysis can reduce construction costs and optimize
the generated water of solar desalination systems using energy storage
materials. One of the significant problems of using energy storage ma-
terials to increase desalination efficiency is the lower time for receiving
maximum thermal energy from the sun during the day. In. this way,
energy storage materials absorb the thermal energy of the sun and
transfer it to a system when it is needed, acting like a thermal battery.
The higher the amount of energy storage media, the more heat is stores
during the day, which in turn decreases the thermal efficiency of the
system. The lower amount of energy storage media, leads to lower en-
ergy storage in the system, whereby the performance of solar desalina-
tion reduces significantly at the required time. Therefore, the optimal
amount of energy storage materials posses has a great impact on water
output in a solar desalination system. Various authors have conducted
thermal modelling of solar stills using energy storage materials within
the literature. Tuly et al. [109] have conducted an experimental study
on double slope solar stills that consist of fins, PCM, external condenser,
and wick material for performing energy, exergy, economic,
exergo-economic, exergo-environmental, and sustainability analysis.
The results revealed that the solar still with all the above mentioned
modifications gained the highest efficiency of 32.46%, with daily water
productivity of 2.28 L/m2 Agwal and Singh [181] have used organic
PCMs and performed experimental and computational modelling of
double slope solar stills. ANSYS FLUENT 19.2 workbench was used to
create a multiphase 3-D CFD model of the solar still. The results of
combining two organic PCMs increased thermo-physical properties of
PCM and improved the overall performance of the system.

Soner et al. [68] have used an artificial neural network model to
measure thermal efficiency and water yield of tubular solar stills. The
modified solar still was evaluated based on energy and exergy efficiency.
The results concluded that performance was optimized using an artifi-
cial neural network. Sonware et al. [182] have studied a single slope
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Table 5
Different studies performed on PCM-based solar desalination with respect to CO, mitigation.
Energy storage material Location Maximum yield (L/ Lifespan Total CO2 removal References
mzday) (years) (Ton/lifespan)
Sensible heat storage (Water depth of 1 cm) Coimbatore, 842 10 8.27 [68]
India
Sensible heat storage (Water depth of 3 cm) Coimbatore, 602 10 5.75 [68]
India
Phase change material Alexandria, 722 30 28.83 [69]
Egypt
Conventional solar desalination with porous media Tehran, Iran 368 20 9.49 [142]
Solar still with PCM Tehran, Iran 395 20 9.06 [142]
Solar still with PCM and nano-coated (10 wt% CuO nano powders added in Tehran, Iran 407 20 9.39 [142]
black paint)
Solar still with nano/PCM (0.1 wt% CuO) and nano-coated (10 wt% CuO Tehran, Iran 462 20 10.95 [142]
nano powders added in black paint)
Solar desalination with nano/PCM (0.3 wt% CuO) and nano-coated (10 wt% Tehran, Iran 505 20 12.03 [142]
CuO nano powders added in black paint)
Solar desalination with nano/PCM (0.1 wt% Al,03) and nano-coated (10 wt ~ Tehran, Iran 446 20 10.5 [142]
% CuO nano powders added in black paint)
Solar desalination with nano/PCM (0.1 wt% Al,03) and nano-coated (10 wt ~ Tehran, Iran 484 20 11.57 [142]
% CuO nano powders added in black paint)
Solar still by PCM thermoelectric heater Tehran, Iran 10.8 20 11.87 [165]
Solar still by PCM thermoelectric heater Tehran, Iran 10.8 30 20.05 [165]
Solar still by PCM thermoelectric cooler Tehran, Iran 6.04 20 4.66 [165]
Solar still by PCM thermoelectric cooler Tehran, Iran 6.04 30 9.23 [165]
Drum solar still using paraffin-Ag nano/PCM Kafrelsheikh, 2.85 20 14 [166]
Egypt
Double slope solar still using reflector, fin and PCM Bangladesh 615 20 3.04 [167]
Double slope solar still using reflector, fin and nano/PCM Bangladesh 704 20 3.65 [167]

solar desalination unit using computational fluid dynamics via COMSOL
Multiphysics software, whereby the absorptivity of water using
absorbing materials was investigated. The results indicated that exergy,
evaporation, and heat transfer coefficient increased by 10.52%, 13.68%
and 5.37%, respectively. Modi et al. [183] have enhanced the produc-
tivity of a single-basin dual-slope solar still by adding hollow-fins and
wick-segments. Enhancements of 5.20% and 9.39% in efficiency was
obtained from the solar stills with partially submerged hollow-fins and
wick-segments, respectively. Sharshir et al. [184] have used wick solar
stills using an artificial neural network integrated with tree-seed algo-
rithm to determine freshwater production. The results concluded that
the productivity of water increased by about 50% compared to the
conventional wick solar still when using this configuration.

Negi et al. [185] have explored the utilization of PCMs in both active
and passive solar stills for enhancing thermal efficiency and productiv-
ity. Their study involved the evaluation of experimental studies utilizing
PCMs, including an analysis of exergy performance of solar stills. The
authors noted that the choice of PCMs was affected by factors such as
location, availability and thermophysical features. Additionally, the
author recommended the use of a solar still equipped with a parabolic
concentrator type collector, with spiral tubes as a means of augmenting
the overall productivity of the solar still. Chhabra et al. [186] have
discussed a variety of solar still shapes, including double slope, tubular,
pyramid and weir-type cascade, along with design modifications such as
the inclusion of parabolic concentrators, evacuated tubular collectors,
v-corrugated absorber plates and corrugated wicks in solar stills. The use
of PCMs and nanofluids for enhancing the efficiency of solar stills were
also considered. The evacuated tube collector-based solar still was noted
to yield notable outcomes, whereby the utilization of PCMs facilitated
the yield during off sunshine periods, and multiple nanoparticles
exhibited their potential to enhance productivity of solar stills.

Purnachandrakumar et al. [187] have conducted an extensive review
of the significance of utilizing CFD tools for analyzing, gauging perfor-
mance and optimizing the design of solar stills. The authors discussed
various modeling techniques, their underlying assumptions and the
governing equations for each approach. CFD simulations may provided
accurate predictions solely based on the input of prevailing atmospheric
conditions and solar radiations. The important results from the CFD
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studies were summarized, and the studies were sorted into groups based
on configurations, computational domains, operational parametric
ranges and geometrical parametric ranges. Singh et al. [188] have
reviewed the exergoeconomic and enviroeconomic parameters associ-
ated with a basin-type single slope solar still incorporating nanofluids.
The performance of a single slope solar still improved with the addition
of a water-based nanofluid. Furthermore, it was recommended to use an
active double slope solar still instead of a passive single slope solar still
for better water productivity. Patel et al. [189] have conducted a critical
study of different shapes of basin liners, including solar stills with fins,
corrugated wick, hemispherical basin, cascaded, and stepped stills. The
findings showed that the corrugated wick solar still yielded the highest
output due to its increased evaporation surface area. Solar stills with
semicircular corrugated wicks offered a higher yield than flat corrugated
wicks, while solar still with hollow fins a circular cross-section out-
performed square cross-section fins. The yield of cascade solar stills was
varied by water flow, as the yield of such solar stills decreased as the
flow of water increased and vice versa.

Singh et al. [190] have examined the impact of nanofluid addition on
the thermal efficiency of various types of solar collector based solar
stills. The investigation focused on the use of nanofluids containing
carbon, aluminum oxides, titanium oxide, silver, copper oxide and other
similar materials. The findings of various research studies have shown
that the incorporation of nanofluids in solar stills caused a notable
enhancement in thermal output. This can be attributed to the height-
ened heat transfer rate of nanofluids in comparison to pristine fluids.
Singh et al. [191] have completed a review of a double slope solar still
with a basin type design, with and without the use of nanofluid. Their
analysis was focused on exergoeconomic and enviroeconomic parame-
ters. The study revealed that the incorporation of nanofluids had a
positive impact on the operational efficacy of a solar still. Furthermore,
it was suggested that a active solar still presented superior efficiency
when compared to a passive solar still.

Singh et al. [192] have explored the thermal modeling of solar stills
packed with and without nanofluids. The integration of nanofluids
within a solar still system led to a significant increase of a system’s
output. Additionally, an active single slope solar still with nanofluid
base fluid induced better performance than conventional solar stills. The
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Table 6
Various studies performed on advance energy-based solar desalination with respect to exergoeconomic, EPBT and EPF.
Energy storage material Location Exergoeconomic based on Exergoeconomic based on EPBT EPF References
energy (kWh/$) exergy (kWh/$)
Paraffin wax as a PCM Alexandria, 96.9 5.6 1.6 (based on [176]
Egypt energy)
27.9 (based on
exergy)
Jute wick in basin (Water depth of 1 Allahabad, 2.35 0.692 (based on 1.44 (based on [177]
cm) India energy) energy)
13.24 (based on 0.075 (based on
exergy) energy)
Black cotton wick in basin (Water Allahabad, 2.97 0.637 (based on  1.56 (based on [177]
depth of 1 cm) India energy) energy)
10.6 (based on 0.094 (based on
exergy) energy)
Al,03/Water nanofluid Pune, India 0.74 0.982 (based on 10.17 (based on [177]
energy) energy)
12.11 (based on 0.825 (based on
exergy) exergy)
TiO,/Water nanofluid Pune, India 0.57 1.043 (based on 9.59 (based on [178]
energy) energy)
13.28 (based on  0.752 (based on
exergy) exergy)
CuO/Water nanofluid Pune, India 0.39 1.103 (based on 9.066 (based on [178]
energy) energy)
14.89 (based on  0.067 (based on
exergy) exergy)
PV/T(With heat exchanger)- Al,O3 New Delhi, 3.43 2.35 (based on 4.7 (based on [179]
nanofluid India energy) energy)
12.9 (based on 0.6 (based on
exergy) exergy
PV/T(With heat exchanger)- TiO, New Delhi, 2.63 2.20 (based on 4.6 (based on [179]
nanofluid India energy) energy)
11.9 (based on 0.55 (based on
exergy) exergy
PV/T(With heat exchanger)- CuO New Delhi, 2.36 2.1 (based on 4.8 (based on [179]
nanofluid India energy) energy)
10.6 (based on 0.65 (based on
exergy) exergy
Tubular solar desalination with Al,O3 Iran 16.85 0.98 [180]
nanofluid cover cooling
Paraffin wax Iran 5.82 0.64 1.39 (based on [180]
energy)
12.65 (based on
exergy)
Nano-enhanced PCM (Paraffin/0.2% Iran 6.52 0.72 1.24 (based on [143]
CuO) energy)

11.3 (based on
exergy)

use of film cooling in a solar still yielded better outcomes when
compared to the implementation of flood cooling. The enhanced per-
formance of solar stills can be attributed to the compatibility and opti-
mum concentration of nanoparticles.

Dharamveer et al. [193] have reviewed the utilization of nanofluids
in both active and passive solar stills. The integration of a heat
exchanger and nanofluid in an active solar still provided better perfor-
mance compared to an active single slope solar still with an external
condenser. The usage of nanofluid resulted in an increase in water yield,
owing to the enhanced thermal conductivity and absorptivity of the
nanofluid. Moreover, internal paint color influenced the heat absorption
and; hence, affected solar still performance. The employment of film
cooling was noted to be a more favorable choice in comparison to flood
cooling. Singh et al. [194] have conducted a comprehensive analysis on
the application of nanofluids in solar desalination systems. Research
findings showed that incorporating nanofluid into solar stills effectively
enhanced productivity due to their favorable thermo-physical and op-
tical properties. The addition of flake nanoparticles, phase change ma-
terial (PCM), and film cooling in an active solar still resulted in superior
performance compared to an active single slope solar still equipped with
an external condenser. Additionally, the employment of black-colored
still basins and film cooling were recommended for enhancing the
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efficiency of a solar still.

6.2. Sensitivity analysis

Sensitivity analysis has been widely used to optimize the perfor-
mance of solar desalination systems [195-198]. The sensitivity analysis
of performance parameters in a single-slope solar desalination system
was numerically examined by Mohsenzadeh et al. [186]. The aspect
ratio of the evaporation rate in the enclosure, the heat energy inertia of
each component, and the concentration of saline water were considered
in the model of the system. The range of 10% of solar irradiation, wind
velocity and surrounding temperature parameters were assessed. The
results indicated that the daily water generation and energy efficiency of
the solar desalination were about 2.52 L/m? and 19.2%, respectively.
Chen and Xie [199] evaluated the performance of tubular solar desali-
nation by vacuum pump and solar collector. The vacuum was applied in
different stages of the solar desalination system, and water was recycled
between the first stage of the solar desalination and solar collector. The
outcomes revealed that the highest water generation of solar desalina-
tion was obtained at a working pressure of 48 kPa, which was about 19%
more than solar still with nominal pressure. In another other study,
Raturi et al. [200] have assessed the effects of N-evacuated tube solar
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collector on the performance of solar still by sensitivity analysis. The
outcomes implied that the exergy gain was to be the most sensitive with
regards to N having mean sensitivity figure amounts as 0.74 and 1.31, in
that order. The sensitivity analysis can be used in numerical studies for
finding the highest water productivity and thermal efficiency of the solar
desalination system by future researchers.

7. Current status of solar desalination with energy storage
materials

Advanced energy storage materials possess much better properties in
terms of transfer of heat as compared to conventional materials. Hence,
investigations in this area have grown considerably, as indicated by the
number of studies in the last five years (2018-2022), as presented in
Fig. 22, which have been taken from “Web of Science”, using keywords
of “advanced energy storage materials” and “desalination”. The fore-
most researcher was “Ravish Ankar”, who compiled studies on advanced
energy storage materials in desalination. The second most prominent
was “Abd Elnaby Kabeel” who has published several articles related to
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this area. China is the number one country engaging in this form of
research, while Malaysia is last, as shown in statistics in Fig. 22. The
foremost journal that has published the highest number of articles in this
area is “Journal of Energy Storage”. Following this is the “Solar Energy
Materials and Solar Cells” journal, which has published papers in this
field. Therefore, it can be concluded that researchers globally are
continuously seeking to further investigate and present findings in the
area of solar desalination using advanced energy storage materials.

8. Discussion of future scope

Combining energy storage materials with solar desalination can in-
crease the water production rate in solar desalination. The energy
storage materials receive the thermal energy of the system and release it
to the solar desalination when the water temperature is decreased dur-
ing the night. The potential of thermal energy storage materials can lead
to combination with different thermal energy devices and receive their
waste heat energy, which then transfers the thermal energy into the
saline water of the solar desalination. In some previous research, the
cold side of the thermoelectric module was considered to reduce the
glass cover of the solar desalination and the thermal energy of the hot
sides of thermoelectric module was lost. In other energy applications,
such as solar panels, it is better to cool down the photovoltaic surface for
improving the power generation of the system. The receiving waste
thermal energy of the PV on energy storage materials can store a high
amount of thermal energy on it. Coupling energy storage materials with
energy applications for storing the waste thermal energy can increase
the water productivity of the solar desalination system. Therefore, one of
the significant roles of the energy storage material is storing the waste
heat energy and releasing it to a solar desalination unit. Further, to
reduce the cost of water productivity and also increase the COy miti-
gation of the solar desalination system, various energy storage bio-
materials or low costs energy storage materials can be selected.
Moreover, the mixing of the nanoparticles in the phase change materials
to produce the nano-enhanced PCM causes the reduction of the time
speed of removing and receiving the thermal energy to the system. It is
better to utilize the low cost of PCM with a suitable melting point related
to the solar desalination system and the low cost of the nanoparticles
with high thermal properties to increase the high generated water and
lowest CPL of the system.
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9. Conclusions

Many people suffer from a lack of access to fresh water in remote
areas. In these remote areas, where transport and pipelines are expen-
sive, portable devices like solar stills are useful for the generation of
water. Whilst water desalination plants do operate around the world,
they are costly and may not fulfil all demands for fresh water. Accord-
ingly, the efficient availability of fresh water is a demanding challenge
that can be fulfilled by solar stills. Some of the major concluded points
from this review are.

e The quantity of water produced by solar still is very low, but it can be
improved by using nano materials for high productivity of water.

e The use of absorbing heat materials enhance solar still water pro-
ductivity. Various advanced energy storage materials have been used
to enhance the absorption of radiation in solar stills.

22

Different nano PCMs and composite PCMs with fins can be utilized to
increase the productivity of water. These advanced energy-storing
materials are proven to improve water productivity of solar stills.
The exergoeconomic parameter based on energy was always more
than exergoeconomic based on exergy, due to the highest energy
output compared to the exergy output of the system

The current study also covers several types of active solar stills that
include reflectors, solar parabolic concentrators, and photovoltaics
with PCM. These types of solar stills have been shown to drastically
increase the production of water.

The productivity of solar stills can also be enhanced by utilizing
PCM/porous materials, with results indicating solar still water pro-
ductivity to be enhanced by 40-70 % via this combination.

The energy payback time based on the energy of solar desalination
using CuO and TiOz nanofluid was about 1.10 and 1.043 years,
respectively.
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e The use of thermosyphon heat pipes along with PCM enhance the
water generation of solar stills, which increase water productivity by
more than two times that of traditional solar stills.

Cost analysis of PCM-based solar desalination shows that the per-

formance of solar stills is much better. Also, the overall cost of water
produced per liter is less than the conventional solar stills.

By increasing the generated freshwater of the device, total CO;

removal by the system increases and assists to decrease environ-
mental pollution.

Total CO, removal of the solar desalination using CuO nano/PCM

and nano-coated decrease the carbon dioxide by about 12.03 tons
during its lifespan.

The use of nano-enhanced PCM had a direct effect on energy payback

time and exergoeconomic parameters of solar desalination.

10. Recommendations for future work

Whilst the current review shows that many studies have been
completed to increase the performance of solar desalination using
advanced energy storage materials, further work should be completed in
order to achieve improved results. Some future recommendations are.

e The combination of hybrid nanomaterials and fins with conventional
solar still can be the subject of future studies as this is more efficient
for water productivity. The same trend is applied to energy storage
materials for improved solar still performance.

The use of different and low-cost NPs on porous absorbers can

improve the water output of solar stills.

The combination of photovoltaic/thermal and heat pipes as waste

heat of solar panels can be used for enhancement of water temper-
ature in solar desalination. NPs can also be introduced for further
enhancement in performance.

In all the above discussions, only natural convection cases have been

studied, where forced convection could be a new direction for future
research into solar desalination.

Economic and environmental analysis of low-price porous materials,

as well as heat pipes, should be considered in future works as a means
of ultimately decreasing the cost per liter of solar stills.

Comparative study on the influence of the different energy storage

materials on generated water of the various geometry of the solar
desalination system.
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