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Global water scarcity continues to pose a critical challenge, driving the need for
sustainable water purification solutions. Solar desalination has emerged as a
promising approach due to its reliance on renewable solar energy and minimal
environmental impact. This study systematically reviews and synthesizes findings

Multi-Effect Distillation

from a comprehensive set of 100 peer-reviewed articles to evaluate advancements
in solar desalination technologies, including solar stills, photovoltaic-powered
reverse osmosis (PV-RO) systems, hybrid solar desalination, and the application
of nanotechnology. The review highlights significant progress in improving the
efficiency, scalability, and cost-effectiveness of these systems, particularly
through innovations such as multi-stage designs, advanced membrane materials,
energy recovery devices, and the integration of phase change materials (PCMs)
for thermal storage. Additionally, the incorporation of nanomaterials has proven
effective in enhancing thermal conductivity and reducing fouling, thereby
optimizing water output and system longevity. Findings also reveal the
substantial environmental benefits of solar desalination, which can reduce the
carbon footprint of water production by up to 70%, aligning with the United
Nations Sustainable Development Goals (SDGs) related to clean water access
and climate action. However, challenges remain, particularly concerning the
initial capital costs and the need for further technological advancements to
achieve widespread adoption. This review underscores the critical role of
continued research, innovation, and supportive policies in scaling solar

desalination technologies as a sustainable solution to global water scarcity.

1 INTRODUCTION

Water scarcity is an escalating global issue, exacerbated
by rapid population growth, industrialization, and
climate change (Ge et al., 2005). According to the
United Nations (2022), approximately 2.3 billion
people live in water-stressed regions, with predictions
indicating that by 2050, nearly half of the global
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population may face severe water shortages.
Conventional water sources, such as groundwater and
freshwater reserves, are increasingly becoming
insufficient to meet the rising demand (Boffa et al.,
2019). In this context, desalination, the process of
removing salts and impurities from seawater or brackish
water, has emerged as a vital technology to augment
water supplies, especially in arid and coastal regions.
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However, traditional desalination techniques, such as
reverse osmosis and thermal distillation, are energy-
intensive and often rely on non-renewable fossil fuels,
which contribute to greenhouse gas emissions and
environmental degradation (Singh & Singh, 2016). As
a sustainable alternative, solar-based desalination
systems offer a promising solution by leveraging
renewable solar energy for water purification (Lee etal.,
2022).

Solar desalination utilizes the abundant solar radiation
available in many regions, converting it into thermal or
electrical energy to drive desalination processes
(McGuigan et al.,, 2012). Various solar desalination
techniques, including solar stills, solar-powered reverse
osmosis, and solar-assisted multi-effect distillation,
have been developed and optimized over the past
decade (Chu et al., 2019). These methods not only
reduce dependency on fossil fuels but also minimize the
operational  costs associated with traditional
desalination systems (McGuigan et al., 1999). Recent
advancements in material science and thermal energy
storage have further improved the efficiency of solar
desalination technologies, making them more viable for
large-scale implementation (Rainey & Harding, 2005).
By utilizing solar energy, these systems can operate
independently in remote and off-grid locations, making

them particularly suitable for regions with limited
access to conventional energy sources (Muller et al.,
2017). Despite the potential benefits, solar desalination
faces several challenges that hinder its widespread
adoption. Key issues include the intermittency of solar
radiation, which affects the continuous operation of
desalination systems, and the relatively high initial
capital costs compared to conventional methods
(Ericsson et al., 2001). Moreover, achieving efficient
thermal management in solar stills and hybrid systems
remains a significant technical hurdle (Ishaku et al.,
2011). However, recent research indicates that
integrating solar desalination with energy storage
systems and hybridizing it with other renewable energy
sources can enhance its performance and reliability
(Tang et al., 2018). For instance, hybrid solar
desalination systems that combine photovoltaic panels
with thermal collectors have shown promising results in
increasing water output while reducing energy
consumption (Yuan et al., 2021).

Research in the field of solar desalination is
increasingly focused on optimizing system design,
improving thermal efficiency, and developing advanced
materials to reduce heat loss (Karami et al., 2020).
Innovative approaches, such as the wuse of
nanomaterials, phase change materials, and multi-stage

Figure 1:Innovative Membrane-Based Separation Processes for Sustainable Water Management
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evaporation techniques, have demonstrated significant
improvements in desalination efficiency (Aboulella et
al., 2022). Additionally, the integration of artificial
intelligence and machine learning algorithms for real-
time monitoring and control of desalination processes is
gaining traction as a means to optimize system
performance and reduce maintenance costs (Song et al.,
2016). By leveraging these  technological
advancements, solar desalination could play a pivotal
role in addressing global water shortages while
contributing to sustainable development goals. The
importance of solar desalination extends beyond
providing potable water; it also aligns with the global
transition towards cleaner energy and sustainable
resource management (Zhang et al., 2008). Countries
with high solar irradiance, such as those in the Middle
East, North Africa, and South Asia, are particularly
well-positioned to benefit from solar-based desalination
systems (Bao et al., 2018). Studies have shown that
solar desalination can be a cost-effective solution for
rural and island communities where centralized water
treatment facilities are either unavailable or impractical
(Karami et al., 2020). As water scarcity continues to
intensify, there is a pressing need to advance research
and policy frameworks that support the adoption of
solar desalination technologies (Biscardi & Duranceau,
2016). The primary objective of this review is to

critically analyze the current state of solar-based
desalination techniques, with a focus on identifying
advancements, challenges, and opportunities for future
development. This review aims to provide a
comprehensive understanding of how solar-powered
desalination systems can be optimized to address the
pressing issue of water scarcity in a sustainable manner.
By synthesizing findings from recent studies, the paper
seeks to evaluate various solar desalination methods—
such as solar stills, solar-assisted multi-effect
distillation, and solar-powered reverse osmosis—and
their potential applications in both urban and rural
contexts. Additionally, the review intends to highlight
key technological innovations that have enhanced the
efficiency and cost-effectiveness of these systems while
also identifying existing barriers to their large-scale
deployment. Ultimately, this review endeavors to
contribute to the ongoing discourse on sustainable water
management by offering insights into how solar
desalination can be integrated into global water supply
strategies, particularly in regions facing acute water
shortages.

2 LITERATURE REVIEW

Solar-based desalination has emerged as a critical area
of research in response to the increasing demand for

Figure 2:Addressing Global Challenges Through Sustainable Development

Global ethics

Transnational organized

® 0
/

crime
Status of women @

Peace and conflict

Sustainable development

and climate change

Science and l“\
technology @ / .l

Capacity of decide

@ Clean water
@ Population and resources

Democratization

@ Long-term perspectives

@ Global convergence of IT
@ Rich-poor gap

Health issues

Source: Issaoui et al (2022).

6l|Page


https://journal.aimintlllc.com/index.php/ITEJ

Frontiers in Applied Engineering and Technology

Page No: 59-83

sustainable  water  purification  solutions. As
conventional desalination technologies are heavily
reliant on fossil fuels, which are both costly and
environmentally detrimental, the transition to solar-
powered systems is seen as a promising alternative
(Montgomery & Elimelech, 2007). This section delves
into the existing literature to explore various solar
desalination techniques, their efficiencies,
technological advancements, and the associated
challenges. The review synthesizes recent findings from
both theoretical and empirical studies to provide a
holistic understanding of the potential and limitations of
solar desalination technologies. By examining factors
such as system design, energy conversion efficiency,
material innovations, and economic viability, this
literature review aims to present a thorough evaluation
of the current state of solar desalination research. The
insights gathered from this analysis will serve as a
foundation for identifying areas where further research
and technological development are required.

2.1  Solar Desalination Technologies

Photovoltaic-driven desalination systems, particularly
those that utilize solar-powered reverse osmosis (PV-
RO), have gained traction as an effective method to
desalinate seawater, especially in regions with abundant
sunlight (Manikandan et al., 2021). Unlike solar stills,
PV-RO systems convert solar energy directly into
electricity, which is used to power high-pressure pumps
to drive the desalination process (Ahmad et al., 2020).

Recent advancements in membrane technology, such as
the development of energy-efficient and durable
membranes, have significantly increased the efficiency
of PV-RO systems (Lin & Valsaraj, 2005). Moreover,
hybrid systems that combine solar thermal energy with
photovoltaic power have demonstrated increased
desalination rates and reduced energy consumption
(Huh et al., 2020). These hybrid approaches leverage
the strengths of both thermal and photovoltaic
technologies, making them particularly effective in
maximizing water output in diverse environmental
conditions (Fan et al., 2017). Several landmark projects
have paved the way for the current advancements in
solar  desalination. For instance, large-scale
implementations in the Middle East and North Africa
have demonstrated the potential of solar-powered
desalination to supply potable water to arid regions
(Ahmad et al., 2020). Research initiatives, such as those
conducted in Saudi Arabia, have focused on integrating
solar desalination with thermal energy storage to extend
operation during periods of low solar irradiance
(Sharma & Bhattacharya, 2016). Additionally, studies
in Australia and India have explored decentralized solar
desalination systems to provide clean water in off-grid
rural areas (Zhang et al., 2015). These projects highlight
the feasibility of solar desalination as a sustainable
solution for water scarcity and demonstrate the
importance of continued research and innovation in this
field. As a result, solar desalination remains a critical

Figure 3: Solar Still Design for Efficient Water Desalination
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focus area for achieving sustainable water management
in the context of increasing global water stress (Scaratti
etal., 2020).

2.2 Fundamentals of Solar Energy Utilization in
Desalination

The application of solar energy in desalination
leverages the natural conversion of solar radiation into
usable forms of energy to drive water purification
processes. Fundamentally, solar desalination systems
are classified into three primary categories: thermal,
photovoltaic, and hybrid methods (Rainey & Harding,
2005). Thermal methods utilize solar heat to evaporate
water, which is then condensed into purified water, as
seen in technologies like solar stills and multi-effect
distillation (Samaei et al., 2018;Shamim, 2022). In
contrast, photovoltaic systems directly convert solar
energy into electricity using solar panels, which then
powers desalination units, such as reverse 0smosis
systems (Shang et al., 2017). Recent research has
focused on hybrid systems that combine both thermal
and photovoltaic components to optimize energy usage,
improve efficiency, and enhance the overall
desalination rate (Asif & Zhang, 2021). These hybrid
systems are particularly advantageous in regions with
fluctuating solar irradiance, where combining energy
sources can ensure continuous operation (Zhang et al.,
2021). Moreover, direct and indirect solar desalination
systems differ in how they utilize solar energy for water
purification. Direct solar desalination involves

capturing sunlight directly on the water source, using
solar stills or concentrated solar collectors to heat water
and induce evaporation (Garmsiri et al., 2017). This
method, while simple, is often constrained by lower
efficiency due to heat losses and limited surface area for
solar absorption (Song et al., 2022). Conversely,
indirect solar desalination systems, such as
photovoltaic-powered reverse osmosis (PV-RO),
employ solar panels to generate electricity, which is
then used to power desalination processes (Manikandan
etal., 2021). Indirect systems tend to be more efficient,
particularly in large-scale applications, due to their
ability to store electrical energy and operate
independently of solar radiation availability (Ahmad et
al., 2020). Studies have shown that indirect methods can
achieve higher water output rates, making them more
suitable for industrial-scale desalination (Ahmad et al.,
2020; Nielsen et al., 2022).

The efficiency of solar desalination systems is typically
measured using various performance indicators, such as
water production rate, specific energy consumption, and
thermal efficiency (Zhang et al., 2019). For thermal
desalination systems, the key metric is the gain output
ratio (GOR), which indicates the amount of fresh water
produced per unit of energy consumed (Nielsen et al.,
2022). In photovoltaic-based systems, metrics like
energy conversion efficiency and system performance
ratio are used to evaluate the effectiveness of solar
panels in generating sufficient power for desalination

Figure 4: Enhancing Solar Desalination Efficiency
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processes (Ahmad et al., 2020). Additionally, the
integration of thermal storage materials, such as phase
change materials (PCMs), has been shown to enhance
the efficiency of solar desalination by extending
operational hours beyond peak sunlight periods (Lin &
Valsaraj, 2005). These advancements are critical for
optimizing desalination efficiency, particularly in off-
grid and remote locations where energy resources are
limited (Ge et al., 2005). Despite these advancements,
achieving high efficiency in solar desalination systems
remains a significant challenge due to the variability in
solar energy availability (Sun et al., 2021). For instance,
hybrid systems have been developed to overcome the
limitations of single-method approaches by combining
thermal collectors with photovoltaic panels to maximize
energy utilization (Gao & Xu, 2019). Such systems
have demonstrated improved performance in diverse
climatic conditions, where both direct and diffuse solar
radiation can be effectively harnessed (Stauber et al.,
2006). Further, integrating artificial intelligence and
predictive algorithms for optimizing the operation of
solar desalination systems is gaining attention in recent
research, as it offers a pathway to increase system
reliability and reduce energy consumption (Nielsen et
al., 2022). These innovations are pivotal in enhancing
the scalability and economic feasibility of solar
desalination technologies.

2.3 Solar Still Technologies: Design, Efficiency,
and Improvements

Solar stills, one of the earliest forms of solar
desalination technologies, have been widely studied for
their simplicity and cost-effectiveness in producing
potable water (Nielsen et al., 2022). Traditional solar
stills operate by capturing solar radiation to heat water,

causing it to evaporate and then condense on a cooler
surface, where it is collected as purified water
(Athanasekou et al., 2015). While the fundamental
design of solar stills has remained largely unchanged,
their low water output and efficiency have been
significant limitations (Gao & Xu, 2019). Research has
shown that the efficiency of traditional solar stills is
largely constrained by heat losses and the limited
surface area available for evaporation (Cai et al., 2020).
Despite these challenges, solar stills are still widely
used in remote and off-grid regions where other forms
of desalination are not economically feasible (Lin &
Valsaraj, 2005). To enhance the efficiency of solar
stills, recent innovations have focused on improving
their design and incorporating advanced materials. One
of the most effective modifications is the development
of multi-stage solar stills, which increase the water
production rate by using multiple evaporation and
condensation stages within a single system (Fehri et al.,
2019). Studies have demonstrated that multi-stage stills
can significantly enhance water yield compared to
single-stage designs by reusing latent heat (Sharma &
Bhattacharya, 2016). Additionally, the integration of
phase change materials (PCMs) into solar stills has
gained attention for its ability to store thermal energy
and release it during non-sunlight hours, thereby
extending operational efficiency beyond daylight
periods (Tai et al., 2020). These advancements not only
improve water output but also reduce the dependency
on continuous solar irradiance, making the systems
more reliable in varying climatic conditions (Huh et al.,
2020).

Material selection plays a crucial role in the efficiency
of solar stills, with recent research exploring the use of
advanced materials to improve thermal insulation and

Figure 5: Enahancements in Solar Still Technologies
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reduce heat losses (Fan et al., 2017). For instance,
nanomaterial coatings on the interior surfaces of stills
have been shown to enhance solar absorption and
reduce thermal radiation losses (Kim et al., 2008).
Moreover, the use of transparent insulation materials,
such as double-glazed glass covers, helps to trap more
solar energy, increasing the evaporation rate (Zhang et
al., 2019). Studies have also investigated the impact of
basin materials on water productivity, finding that
black-painted basins or absorptive materials can
significantly boost the evaporation process (Suresh &
Pugazhenthi, 2017). These design optimizations have
contributed to making solar stills more efficient and
viable for large-scale desalination projects.Moreover,
several factors influence the overall performance of
solar stills, including insulation quality, evaporation
surface area, and water depth in the basin (Tai et al.,
2020). For example, reducing the water depth has been
found to increase the surface area for evaporation,
thereby enhancing productivity (Fan et al., 2017).
Insulation improvements, such as the use of reflective
coatings and thermal barriers, have also been shown to
reduce heat losses and maintain higher temperatures
within the still, which is critical for efficient water vapor
generation (Kim et al., 2008). Additionally, optimizing
the angle of the glass cover to maximize solar incidence
can further improve water output, especially in regions
with high solar irradiance (Xing et al., 2020). As a result
of these enhancements, solar still technology is
gradually becoming more efficient, making it a viable
option for sustainable water production in resource-
constrained environments.

2.4  Solar-Assisted
(MED) Systems

Multi-effect distillation (MED) systems are widely
recognized for their efficiency in desalinating seawater
by utilizing multiple stages of evaporation and
condensation to maximize water production (Fan et al.,
2017). The basic working principle involves heating
saline water to generate steam, which is then condensed
to produce fresh water in successive stages, utilizing the
latent heat from previous stages to increase overall
efficiency (Xing et al., 2020). This cascading effect
reduces the amount of thermal energy required, making
MED systems more energy-efficient compared to
single-stage distillation methods (Manikandan et al.,
2021). Traditionally, MED systems have relied on fossil
fuels, but with the increasing focus on sustainability,
solar energy has been integrated into these systems to
reduce their environmental impact (Zhang et al., 2015).
This integration has enabled the use of solar thermal
energy as a heat source, making MED systems a viable
solution for water desalination in regions with abundant
sunlight (Ge et al., 2005).

Recent advancements have focused on integrating solar
thermal collectors with MED systems to enhance
energy efficiency and reduce operational costs
(Alkhalidi et al., 2021). By using solar thermal
collectors, the systems can harness solar radiation to
generate the necessary heat for the distillation process,
significantly reducing reliance on non-renewable
energy sources (Cai et al., 2020; Chen et al., 2016).
Studies have demonstrated that flat-plate and parabolic
trough solar collectors are particularly effective in
supplying the consistent heat required for MED

Multi-Effect Distillation
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Additionally, innovative designs that incorporate
thermal energy storage systems, such as phase change
materials (PCMs), allow for continuous operation
during periods of low solar irradiance (Ge et al., 2005).
This has proven essential for increasing the reliability
of solar-assisted MED systems in regions with variable
weather  conditions, thereby extending their
applicability beyond areas with high solar insolation
(Jamalludin et al., 2020).

The integration of solar thermal energy with MED
systems has also contributed to improvements in
scalability and cost-effectiveness. Research indicates
that large-scale solar-assisted MED systems can be
deployed to meet the water demands of both industrial
and municipal applications (Huihui et al., 2020). For
instance, the combination of solar power with multi-
effect distillation not only reduces the overall energy
consumption but also enhances the scalability of these
systems, making them suitable for deployment in water-
scarce regions (Cai et al., 2020). The scalability of MED
systems is further supported by advancements in heat
exchanger designs, which improve heat transfer
efficiency and reduce thermal losses (Sundar, 2023).
These developments have positioned solar-assisted
MED as a competitive alternative to conventional
desalination technologies, particularly in coastal
regions with high water demand and limited access to
fresh water sources (Singh & Singh, 2016). Despite the
promising potential of solar-assisted MED systems,
challenges remain in terms of optimizing energy
efficiency and reducing costs (Jamalludin et al., 2020).
One of the primary issues is the high initial capital
investment required for solar thermal collectors and
thermal storage units (Huihui et al., 2020). However,
ongoing research is focused on developing more cost-
effective materials and innovative designs to improve
the economic feasibility of these systems (Sundar,
2023). For example, recent studies have explored the
use of nanofluids and advanced coatings to enhance the
thermal conductivity of solar collectors, thereby
increasing the efficiency of heat absorption (Sharma &
Bhattacharya, 2016). Additionally, hybrid systems that
combine MED with other renewable energy sources,
such as wind or geothermal energy, are being
investigated to further optimize performance and reduce
costs (Laxman et al., 2015). These advancements are
crucial for expanding the adoption of solar-assisted

MED systems in water-scarce regions, contributing to
sustainable water resource management.

2.5 Photovoltaic-Powered  Reverse  Osmosis:
Opportunities and Challenges
Photovoltaic-powered reverse osmosis (PV-RO)

systems have emerged as a promising solution for
desalination, especially in regions with high solar
irradiance and limited access to traditional energy
sources (Montazeri & Kolliopoulos, 2022). These
systems leverage solar panels to generate electricity,
which powers high-pressure pumps to force saline
water through semi-permeable membranes, removing
salts and impurities to produce fresh water (Xu et al.,
2020). Unlike thermal desalination processes, PV-RO
systems are highly efficient in terms of energy
consumption and do not rely on thermal energy, making
them ideal for decentralized and off-grid applications
(Sajid & Bicer, 2022). The adoption of PV-RO has
grown due to its scalability and adaptability, enabling
small to large-scale installations depending on the
specific water needs of the community (Zhang et al.,
2013). These systems have been successfully deployed
in remote areas where the availability of fresh water is
scarce, demonstrating their potential to improve water
accessibility in developing regions (Hu et al., 2015).

Advancements in membrane technology and energy
recovery devices have played a critical role in
enhancing the efficiency of PV-RO systems. Recent
developments in thin-film composite membranes have
significantly improved the salt rejection rates and
reduced the energy required for desalination (Sharma &
Bhattacharya, 2016). Additionally, the use of advanced
energy recovery devices, such as pressure exchangers,
has led to a reduction in the energy footprint of PV-RO
systems by up to 60% (Gao et al., 2022). These devices
work by recycling the pressure from the brine stream to
reduce the overall energy needed to drive the process,
making the systems more energy-efficient (Alkhalidi et
al., 2021). The integration of nanomaterials in
membrane manufacturing has further enhanced the
permeability and fouling resistance of RO membranes,
thereby increasing the longevity and reducing
maintenance costs of PV-RO systems (Sundar, 2023).
Such technological improvements are essential for
optimizing the performance of PV-RO systems,
especially in regions where consistent maintenance is
challenging (Gao et al., 2022). Moreover, economic
feasibility remains a critical factor influencing the
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widespread adoption of PV-RO systems, particularly in
low-income and remote communities (Chen et al.,
2016). While the initial capital investment for installing
photovoltaic panels and RO units is relatively high, the
long-term operational costs are significantly lower
compared to traditional desalination systems that rely
on fossil fuels (Pauzan et al., 2021). Studies have shown
that the levelized cost of water (LCOW) for PV-RO
systems can be competitive in regions with high solar
insolation, making them an attractive option for
sustainable water supply (Lee et al., 2022). For instance,
projects in North Africa and the Middle East have
demonstrated the economic viability of PV-RO in
providing affordable drinking water to rural populations
(Sundar, 2023). Additionally, the decreasing cost of
solar photovoltaic panels over the past decade has
further improved the economic outlook for PV-RO
systems, enabling broader adoption (Pauzan et al.,
2021). Numerous case studies highlight the successful
implementation of PV-RO systems in off-grid and
remote areas, showcasing their potential to address
water scarcity sustainably (Huihui et al., 2020). For
example, a project in the Maldives utilized PV-RO to
supply fresh water to island communities, significantly
reducing their dependence on diesel-powered
desalination (Gu et al., 2019). Similarly, in sub-Saharan
Africa, PV-RO systems have been deployed to provide
potable water in rural villages, where access to
freshwater sources is limited (Chang et al., 2019). These
systems not only improve water security but also
contribute to reducing the carbon footprint associated
with conventional desalination processes (Lu et al.,
2016). As the technology continues to advance, the

integration of artificial intelligence for real-time
monitoring and optimization of PV-RO systems is
being explored to further enhance their efficiency and
reliability in diverse operating conditions (Doménech et
al., 2022).

2.6 Hybrid Solar Desalination  Systems:
Combining Technologies for Enhanced
Performance

Hybrid solar desalination systems have emerged as a
strategic approach to overcoming the limitations of
conventional desalination technologies by integrating
multiple renewable energy (Smieja, 2011). These
systems typically combine solar thermal and
photovoltaic (PV) technologies to enhance energy
efficiency and maximize water production (Montazeri
& Kolliopoulos, 2022). The integration of different
energy sources allows hybrid systems to harness the
benefits of both solar heat and electricity, optimizing the
desalination process by enabling continuous operation
even in varying climatic conditions (Pauzan et al.,
2021). For instance, solar thermal energy can be used
for heating and evaporation, while photovoltaic power
drives auxiliary systems, such as pumps, in reverse
osmosis (RO) setups (Gu et al., 2019). By utilizing a
hybrid approach, these systems can adapt to diverse
environmental conditions, making them particularly
effective in remote or off-grid locations where water
scarcity is prevalent (Montazeri & Kolliopoulos, 2022).
The benefits of hybrid solar desalination systems extend
beyond increased water output; they also significantly
reduce energy consumption and improve overall system
efficiency (Lee et al., 2022). One of the main
advantages is that these systems can store excess

Figure 7: Hybrid Solar Desalination Systems
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thermal energy using phase change materials (PCMs) or
other storage technologies, enabling continuous
desalination during periods of low solar irradiance (Gu
et al., 2019). Hybrid systems are also capable of
utilizing waste heat from other processes, further
enhancing energy efficiency and reducing the overall
operational cost (Smieja, 2011). This integration not
only ensures a more stable freshwater output but also
contributes to reducing the carbon footprint associated
with traditional desalination technologies that depend
on fossil fuels (Lu et al., 2016). The optimization of
water output and energy use has made hybrid systems a
promising solution for sustainable desalination,
particularly in areas where conventional energy sources
are limited or costly (Pauzan et al., 2021).

Numerous case studies demonstrate the success of
hybrid solar desalination systems in real-world
applications, showcasing their potential to meet the
growing demand for potable water in arid regions (Lee
etal., 2022; Pauzan et al., 2021). For example, a project
in Saudi Arabia combined concentrated solar power
(CSP) with reverse osmosis, achieving a significant
reduction in energy consumption while maintaining
high water output (Salhi et al., 2022). Another notable
application in Australia utilized a hybrid system that
integrated solar thermal collectors with PV modules to
desalinate seawater, resulting in increased efficiency
and reduced environmental impact (Smieja, 2011).
These projects highlight the wversatility of hybrid
systems in adapting to local conditions, ensuring water
security while leveraging renewable energy sources
(Song et al., 2016). Additionally, studies in the
Mediterranean region have explored the use of wind
energy as a supplementary source in hybrid
desalination, further demonstrating the flexibility of
these systems in harnessing multiple renewable
resources (Xu et al., 2020). Despite their advantages,
hybrid solar desalination systems still face challenges in
terms of initial capital costs and system complexity
(Smieja, 2011). However, advancements in material
science and system design are making these
technologies more cost-effective and accessible for
broader adoption (Song et al., 2016). Innovations in
smart grid integration and artificial intelligence are
being explored to optimize the operation of hybrid
systems, ensuring efficient energy use and reducing
maintenance requirements (Lu et al.,, 2016). The
successful deployment of hybrid solar desalination in

various regions has demonstrated its potential to
provide a sustainable and resilient solution to water
scarcity, particularly in areas with limited access to
conventional energy sources (Song et al., 2016). As
technology continues to advance, hybrid systems are
poised to play a crucial role in the future of sustainable
desalination.

2.7 Materials and Nanotechnology in Solar
Desalination

Nanomaterials have become a focal point in advancing
solar desalination technologies due to their ability to
enhance thermal conductivity and minimize heat losses
(Chenetal., 2022; Sultana & Aktar, 2024; Uddin, 2024;
Uddin & Hossan, 2024). These materials, with their
high surface area-to-volume ratios, can significantly
improve heat transfer rates, thereby boosting the
efficiency of solar desalination systems (Shanmugan et
al., 2018). For instance, incorporating nanoparticles like
graphene and carbon nanotubes into solar collectors has
been shown to increase solar absorption and thermal
conductivity (Chen et al., 2022). Studies have
demonstrated that the addition of nanofluids to water
can enhance the evaporation rate, thereby increasing the
water output in solar stills and multi-effect distillation
(MED) systems (Sharshir et al., 2017; Shorna et al.,
2024; Shorna et al., 2024; Sohel et al., 2024). By
optimizing the heat transfer properties, nanomaterials
reduce energy losses and enhance the overall
performance of solar desalination units, especially in
fluctuating environmental conditions (Al-Harahsheh et
al., 2022).

In addition to nanomaterials, advanced coatings and
phase change materials (PCMs) play a crucial role in
enhancing the efficiency of solar desalination systems
(Alawee et al., 2022). Coatings with high absorptivity
and low emissivity, such as black oxide or selective
solar absorbers, are used to maximize the capture of
solar radiation while minimizing heat losses through
radiation (Rahman, 2024; Rahman et al., 2024; Rahman
et al., 2024; Shamsuzzaman et al., 2024; Zeidman et al.,
2020). PCMs, on the other hand, are integrated into
desalination systems to store excess thermal energy
during peak sunlight hours and release it when solar
intensity is low (Algsair et al., 2022). This thermal
storage capability ensures that desalination processes
can continue during cloudy periods or at night, thus
improving water production rates (Kandeal et al., 2021).
Research has shown that the combination of advanced
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coatings and PCMs can significantly reduce the energy
consumption of solar stills and enhance their reliability
in diverse climatic conditions (Rahman, 2024; Shatar et
al., 2023). Morteover, solar absorbers designed with
nanomaterials are another innovative approach to
improving the efficiency of solar desalination
(Shanmugan et al., 2018). These absorbers are often
engineered to have high absorption coefficients while
maintaining low thermal conductivity, allowing them to
efficiently convert solar energy into heat (Lim et al.,
2018). The use of nanostructured coatings, such as
titanium dioxide and silica-based layers, enhances the
light absorption capabilities of solar panels, reducing
reflection losses (Sharshir et al., 2017). Additionally,
porous materials like aerogels have been explored for
their insulating properties, which help retain heat within
desalination systems (Kandeal et al., 2021,
Mosleuzzaman et al., 2024; Mosleuzzaman et al., 2024;
Nandi et al., 2024). The integration of these materials
into hybrid solar desalination units not only improves
water output but also extends the operational lifespan of
the systems by reducing wear and tear due to high
temperatures (Ray et al., 2020). Moreover, emerging
trends in material science are continuously pushing the
boundaries of what is possible in solar desalination
applications (Chen et al., 2022; Mazumder et al., 2024;
Alam, 2024; Mosleuzzaman et al., 2024). Innovations
such as photothermal nanomaterials, which convert
light into heat with high efficiency, are being explored
to further enhance the performance of solar stills and
reverse osmosis systems (Ray et al., 2020). Moreover,
self-cleaning coatings that utilize nanotechnology to
prevent fouling and scaling on solar collectors are being
developed to reduce maintenance needs (Alam et al.,
2024; Hasan et al., 2024; Islam et al., 2024; Zeidman et
al., 2020). Researchers are also investigating the use of
bio-inspired materials, such as hydrogels and
superhydrophobic surfaces, to improve water collection
efficiency in solar desalination (Algsair et al., 2022).
These advancements highlight the potential of materials
science to revolutionize solar desalination, making it a
more sustainable and cost-effective solution for
addressing global water scarcity (Sathish et al., 2022).

2.8  Sustainable Development and Environmental
Impact of Solar Desalination

Solar desalination presents a significant opportunity for
sustainable water management, particularly in regions
facing acute water scarcity and environmental

challenges (Singh & Singh, 2016). By harnessing
renewable solar energy, these systems reduce
dependence on fossil fuel-powered desalination
technologies, which are known to produce greenhouse
gases and exacerbate climate change (Shanmugan et al.,
2018). The environmental benefits of solar desalination
include a lower carbon footprint, as it primarily relies
on clean energy sources with minimal emissions (Ray
et al., 2020). Unlike conventional methods, solar-
powered systems do not release harmful by-products or
consume large quantities of non-renewable energy
resources, thus aligning with global efforts to mitigate
the effects of climate change (Zeidman et al., 2020).
These benefits are crucial in addressing both water
scarcity and environmental degradation, particularly in
developing countries where access to sustainable water
solutions is limited (Ray et al., 2020).

Transitioning to solar desalination can also play a vital
role in reducing the carbon footprint associated with
freshwater production (Algsair et al., 2022). Traditional
desalination methods, such as reverse osmosis and
multi-effect distillation, are energy-intensive and often
powered by fossil fuels, contributing to high levels of
carbon dioxide emissions (Singh & Singh, 2016). Solar
desalination systems, on the other hand, leverage
abundant solar radiation to produce freshwater,
reducing the need for energy derived from carbon-
intensive sources (Shatar et al., 2023). Studies have
shown that integrating solar energy into desalination
can cut emissions by up to 70% compared to
conventional systems (Shanmugan et al., 2018).
Additionally, innovations like hybrid systems that
combine solar power with other renewable sources,

Figure 8: Solar Desalination Benefirs and Challenges
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such as wind energy, can further optimize energy use
and minimize environmental impact (Zeidman et al.,
2020).

The potential of solar desalination extends beyond
environmental benefits, as it also supports several of the
United Nations Sustainable Development Goals
(SDGs) (Ray et al., 2020). Specifically, solar
desalination aligns with SDG 6, which focuses on
ensuring access to clean water and sanitation for all
(United Nations, 2022). By providing a sustainable and
decentralized solution for water purification, solar
desalination can improve water access in remote and
underserved communities, thus contributing to poverty
alleviation (Lim et al.,, 2018). Moreover, solar
desalination supports SDG 13, which calls for urgent
action to combat climate change by reducing
greenhouse gas emissions (Zeidman et al., 2020). The
use of solar energy for water desalination not only
addresses water scarcity but also promotes the
responsible use of resources, thereby contributing to
sustainable economic growth in line with SDG 12 (Al-
Harahsheh et al., 2022). Despite its numerous benefits,
the large-scale implementation of solar desalination
systems still faces several challenges, such as high
initial capital costs and the need for technological
advancements to increase efficiency (Siegel, 1993).
However, with continued research and policy support,
solar desalination has the potential to become a
cornerstone of sustainable water management strategies
(Algsair et al., 2022). As governments and
organizations work towards achieving the UN’s 2030
Agenda, investments in renewable energy technologies,
such as solar desalination, will be crucial in driving
progress toward a sustainable future (Zhu et al., 2016).
The positive environmental impact of solar
desalination, combined with its alignment with global
sustainability goals, underscores its potential to
contribute  significantly to water security and
environmental conservation.

3 METHOD

This study adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines to ensure a structured, transparent, and
rigorous review process. By following PRISMA, we
aimed to minimize bias, enhance reproducibility, and
provide a comprehensive synthesis of current literature
on solar desalination technologies, focusing on areas

such as solar stills, hybrid systems, and the integration
of advanced materials.

3.1 Defining the Research Scope and Objectives

The first step in the systematic review process involved
clearly defining the scope and objectives of the study.
The primary objective was to evaluate the current
advancements in solar desalination technologies, with a
specific focus on solar still designs, photovoltaic-
powered systems, hybrid systems, and the use of
nanomaterials. We sought to identify key challenges,
opportunities, and areas for further research. This step
was essential to establish clear inclusion and exclusion
criteria, which guided the subsequent search and
selection of relevant studies.

3.2 Literature Search Strategy
To gather a comprehensive set of articles, a systematic
search was conducted across several academic
databases, including IEEE Xplore, ScienceDirect,
SpringerLink, and Google Scholar. The search was
performed using a combination of keywords such as

Figure 9: PRISMA Method adapted for this study
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“solar desalination,” “solar stills,” “photovoltaic
reverse osmosis,” “hybrid desalination systems,”
“nanomaterials in desalination,” and ‘“‘sustainable water
management.” The search covered studies published
between 2010 and 2024 to capture the most recent
advancements in the field. Articles in languages other
than English were excluded. This extensive search

yielded a total of 1,200 articles.
3.3 Screening and Eligibility Assessment

After the initial search, the articles were subjected to a
two-stage screening process. In the first stage, titles and
abstracts were reviewed to eliminate studies that were
irrelevant to the research objectives. This step reduced
the pool of articles to 450. In the second stage, the full
text of each article was assessed against predefined
inclusion criteria, such as relevance to solar desalination
technologies, the use of experimental or empirical
methods, and the presence of quantitative data. Articles
that were review-based without new empirical findings
or that lacked methodological rigor were excluded,
resulting in a final selection of 100 articles for in-depth
analysis.

3.4 Final Inclusion

To systematically extract data from the 100 selected
articles, a comprehensive data extraction form was
developed. This form captured key details, including
author(s), year of publication, type of solar desalination
technology studied, research methodology, key
findings, and noted challenges or innovations. The data
extraction process was conducted independently by two
reviewers to ensure accuracy and consistency across the
dataset. Any discrepancies between the reviewers were
resolved through thorough discussion and consensus.
Once extracted, the data were synthesized into thematic
categories, focusing on advancements in solar stills,
hybrid solar desalination systems, and the application of
nanomaterials for enhancing desalination efficiency.
This structured approach enabled a thorough and
reliable analysis of the literature, identifying critical
trends and innovations across the field.

3.5 Quality Assessment of Included Studies

The methodological quality of the selected articles was
assessed using a quality appraisal checklist based on
criteria such as clarity of objectives, methodological
rigor, validity of results, and contributions to the field.
Studies with methodological limitations, such as small
sample sizes or lack of control groups, were noted, but

not excluded, to provide a holistic view of the current
state of research. This quality assessment ensured that
the findings presented in this review are grounded in
reliable and well-executed research.

3.6 Data Analysis and Reporting

Following data extraction and synthesis, a narrative
synthesis approach was employed to summarize the key
findings. This approach allowed for the integration of
diverse study designs and methodologies, providing a
comprehensive overview of the current advancements
in solar desalination technologies. The results were
organized into thematic sections corresponding to the
different types of technologies and innovations
identified in the literature. The findings were then used
to develop evidence-based recommendations for future
research, with the aim of promoting the development of
more sustainable and efficient desalination solutions.

4 FINDINGS

The review of the literature revealed that solar
desalination technologies have made significant
progress in recent years, particularly in enhancing the
efficiency and scalability of solar stills. Out of the 100
articles reviewed, 45 focused on improvements in solar
still designs, with 30 articles specifically exploring
innovations such as multi-stage stills and the integration
of phase change materials (PCMs). These studies,
which collectively received over 3,200 citations,
demonstrated that optimizing the design of solar stills
can increase water output by up to 50% compared to
traditional single-stage designs. Additionally, the use of
advanced materials, such as nanocoatings and heat-
absorptive layers, was shown to significantly reduce
heat losses, allowing for more efficient use of solar
energy. This suggests that with continued refinement,
solar stills could be a more viable solution for
decentralized water desalination, particularly in rural or
off-grid areas.

In the area of photovoltaic-powered reverse 0smosis
(PV-RO) systems, 25 of the reviewed studies, with a
combined citation count of 2,500, highlighted
advancements in membrane technology and energy
recovery devices. These articles indicated that recent
improvements in membrane materials, such as the use
of thin-film composites, have increased the salt
rejection rates while reducing energy consumption by
up to 30%. Additionally, the integration of energy
recovery systems, which capture and reuse the pressure
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from the brine stream, has further optimized the energy
efficiency of PV-RO systems. Among the studies
reviewed, more than half reported that these
advancements have made PV-RO systems not only
more cost-effective but also suitable for large-scale
applications, especially in remote coastal areas where
access to freshwater is limited.

The review also uncovered that hybrid solar
desalination systems, which combine solar thermal and
photovoltaic technologies, are gaining traction due to
their ability to maximize energy utilization. Of the 100
studies, 20 focused specifically on hybrid systems, with

these articles amassing over 1,800 citations. The
findings revealed that hybrid systems can enhance
water production rates by combining the thermal energy
for evaporation with photovoltaic power for pumping
and auxiliary operations. By integrating multiple
renewable sources, such as wind and geothermal
energy, these systems demonstrated a 40% increase in
efficiency compared to single-method desalination
systems. This suggests that hybrid approaches are
particularly well-suited for regions with variable solar
irradiance, providing a more consistent and reliable
source of freshwater.

Figure 10: Focus Areas in Solar Desalination Technologies
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Significant findings also emerged in the application of
nanotechnology in solar desalination. Out of the 100
articles, 35 focused on the use of nanomaterials, with
these studies collectively cited over 3,500 times. The
review showed that incorporating nanoparticles, such as
graphene and carbon nanotubes, into solar absorbers
and heat exchangers can improve the thermal
conductivity of desalination systems by as much as
60%. Moreover, the use of self-cleaning nanocoatings
and anti-fouling materials has reduced the maintenance
requirements of solar desalination units, extending their
operational lifespan. These innovations not only
enhance efficiency but also lower the overall cost of
solar desalination systems, making them a more feasible

option for sustainable water management in developing
regions.

Lastly, the environmental benefits of solar desalination
were underscored by the analysis of 15 studies, which
collectively accumulated around 1,200 citations. The
findings highlighted that transitioning to solar
desalination can reduce the carbon footprint of water
production by up to 70% compared to conventional
fossil fuel-based systems. The review also identified
that solar desalination aligns with global sustainability
goals by reducing greenhouse gas emissions and
supporting water security. In particular, studies
emphasized that solar-powered desalination systems are
ideally suited for small island developing states and arid
regions, where traditional water sources are either
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scarce or heavily reliant on imported fuels. This
highlights the potential of solar desalination as a key

component in achieving sustainable development and
addressing water scarcity challenges globally.
viable for decentralized water production, especially in

Figure 11: Citations of Studies in Solar Desalination Technologies
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5 DISCUSSION

The findings of this review indicate significant
advancements in solar desalination technologies,
aligning with the broader trends identified in earlier
studies. Traditional solar stills have long been criticized
for their low efficiency and limited scalability (Algsair
et al., 2022). However, the current review highlights
that recent innovations, such as multi-stage designs and
the incorporation of phase change materials (PCMs),
have led to a substantial increase in water output. For
example, this review identified that the use of PCMs
and advanced nanocoatings can enhance thermal
storage and reduce heat loss, resulting in up to a 50%
increase in water production. These findings are
consistent with studies by Chen et al. (2022), who
demonstrated similar improvements in solar still
performance by optimizing thermal management. The
growing body of research suggests that, with further
enhancements in design, solar stills could become more

off-grid and rural areas, a conclusion that aligns with
earlier projections by Jiang et al., (2020).

Photovoltaic-powered reverse osmosis (PV-RO)
systems continue to demonstrate significant potential,
particularly in regions with abundant sunlight but
limited access to freshwater. Earlier studies, such as
those by Jafaripour et al. (2023), emphasized the
challenges of high energy consumption in traditional
reverse 0smosis processes. The current review,
however, reveals that advancements in membrane
technology and energy recovery devices have reduced
energy requirements by up to 30%, making PV-RO
systems more cost-effective and sustainable. This
review's findings are in line with Shatar et al., (2023),
who highlighted the impact of improved membrane
materials on reducing operational costs. The integration
of energy recovery systems has been shown to optimize
energy efficiency, which was not fully explored in
earlier reviews. This suggests a positive trend toward
the economic feasibility of PV-RO systems, especially

73|Page


https://journal.aimintlllc.com/index.php/ITEJ

Frontiers in Applied Engineering and Technology

Page No: 59-83

in remote coastal regions, confirming the potential
noted by Wan et al., (2017).

Hybrid solar desalination systems have emerged as a
promising approach to overcoming the limitations of
single-method  desalination  technologies.  The
integration of solar thermal and photovoltaic
technologies, as discussed in the current review,
significantly improves system efficiency and water
output. This aligns with earlier studies by Shatar et al.
(2023) and Lim et al. (2018), which emphasized the
benefits of hybrid systems in optimizing energy
utilization. However, this review goes further by
highlighting the additional advantage of integrating
other renewable sources, such as wind and geothermal
energy, which can enhance the consistency of water
production, especially in regions with variable solar
irradiance. These findings expand on previous research
by Zeidman et al. (2020), suggesting that hybrid
systems not only improve efficiency but also provide
resilience against fluctuations in renewable energy
availability.

Nanotechnology has been identified as a game-changer
in enhancing the efficiency of solar desalination
systems. Earlier studies by Zhu et al. (2016) and Sathish
et al. (2022) acknowledged the potential of
nanomaterials to improve thermal conductivity and
reduce fouling in desalination systems. The current
review adds to this understanding by demonstrating that
the incorporation of nanoparticles like graphene and
carbon nanotubes can increase thermal efficiency by as
much as 60%. These findings align with the research of
Shatar et al. (2023), who also reported improved
performance in solar stills using nanotechnology.
However, this review further highlights the benefits of
self-cleaning nanocoatings, which were not extensively
covered in earlier literature. This innovation reduces
maintenance needs and extends the lifespan of
desalination units, making them more economically
viable for long-term use in remote areas.

The environmental benefits of transitioning to solar
desalination were emphasized in this review, supporting
the findings of previous studies on sustainable water
management (Algsair et al., 2022; Sharshir et al., 2017).
The current analysis reveals that solar desalination can
reduce the carbon footprint of water production by up
to 70%, a significant improvement over traditional
fossil fuel-based systems. This aligns with the earlier
work of Singh and Singh (2016), who emphasized the

need for greener desalination technologies.
Furthermore, the findings confirm the role of solar
desalination in achieving the United Nations
Sustainable Development Goals (SDGS), particularly in
promoting access to clean water and combating climate
change (Zhu et al., 2016). The review provides evidence
that solar desalination systems are particularly effective
in small island developing states and arid regions,
supporting earlier calls by Shatar et al. (2023) for
sustainable solutions in water-scarce environments.
These insights highlight the critical role of solar
desalination in the global push for sustainability and
resource conservation.

6 CONCLUSION

This review has demonstrated that solar desalination
technologies have made significant strides in addressing
the growing global water scarcity crisis, offering a
sustainable and environmentally friendly solution.
Advances in solar still designs, photovoltaic-powered
reverse osmosis systems, and hybrid solar desalination
technologies have significantly improved efficiency,
scalability, and cost-effectiveness, making them more
viable for large-scale deployment, especially in water-
scarce and off-grid regions. The integration of advanced
materials, such as nanomaterials and phase change
materials, has further enhanced system performance by
increasing thermal efficiency and reducing maintenance
costs. Additionally, the shift toward solar-powered
systems offers substantial environmental benefits,
notably a reduction in carbon emissions, aligning with
global sustainability goals and the United Nations’
Sustainable Development Goals (SDGs). While
challenges such as high initial costs and the need for
continuous technological advancements remain, the
evidence suggests that solar desalination is increasingly
becoming a critical component of sustainable water
management strategies. Moving forward, a continued
focus on research, innovation, and supportive policies
will be essential to fully harness the potential of solar
desalination and contribute to a more sustainable and
water-secure future.
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