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Abstract: Water is one of the most valuable and essential resources for human life, yet its scarcity has
become a pressing global issue exacerbated by climate change and population growth. To address
the increasing demand for water driven by urbanization, industrial expansion, tourism, and
agricultural needs, many countries are turning to desalination as a viable solution. This study
investigates the integration of renewable energy sources (RES) with desalination technologies to
enhance both sustainability and efficiency. A comprehensive review of major desalination methods
has been conducted, with a particular focus on the application of solar and wind energy.
Additionally, the challenges associated with renewable energy-powered desalination, including the
need for effective energy storage systems and the inherent volatility of power supply were explored.
Our findings indicate that coupling renewable energy with desalination not only significantly
reduces carbon emissions but also enhances the sustainability of water supply systems. The study
also emphasizes the importance of emerging technologies, such as hybrid energy storage systems
(HESS) and machine learning (ML), in optimizing RES powered desalination processes. Ultimately,
this study aims to guide future research and development initiatives, promoting the global adoption
of desalination systems powered by renewable energy.
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1. Introduction

The amount of freshwater available has drastically decreased due to rapid population growth,
industrialization, and recurring dry extremes. Merely 3% of freshwater comprises all of Earth’s water
resources, with saline water making up the other 97% [1]. One-fifth of the world’s population,
according to the World Health Organization (WHO), resides in nations where freshwater is scarce
[2]. Therefore, more attention is paid to alternatives to natural freshwater sources [3]. One of the
primary methods for potable water production is water desalination, which is the process of
extracting salts and minerals from brackish or salty water to create pure potable water. For this
reason, desalination of seawater (SW) or brackish water (BW) is one of the essential solutions to the
worldwide problem of water scarcity [4]. The process of desalination is quite effective approach for
potable water production [5,6].

According to [7] about 1% of the world’s drinking water comes from desalination, this amount
is rising annually. A new production capacity of 5.7x10¢ cubic meters per day would be added with
an anticipated US$10 billion investment over the following five years. By 2030, this capacity is
anticipated to double. Around 18,000 desalination facilities with a combined gross output of 86.55
million m?/day, or 22,870 million gallons per day (MGD), were in operation as of the end of 2015.
Since then, the total number of desalination units reached almost 21,000 in 2022 [8]. The total amount
of freshwater production from desalination plants worldwide is approximately 35x10° cubic meters
per year [9]. Approximately 44% of this capacity, or 37.32 million m?/day or 9,860 MGD, is found in
North Africa and the Middle East. The “hot spots” for faster desalination growth over the next ten
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years are anticipated to be Asia, the US, and Latin America, even if desalination within that region is
predicted to increase steadily at a pace of 7 to 9 percent annually.

The majority of EU desalination plants are found in the Mediterranean region, where demand
for them is expected to be highest in the future. However, the main barriers to the general adoption
of desalination systems are the substantial upfront technology costs and the large amount of energy
that is needed for the technological processes. The production of brine, a hyper-saline byproduct, and
the desalination process’s relatively high energy consumption are its principal downsides.
Furthermore, the emissions of greenhouse gases (GHGs) from fossil fuel-powered desalination plants
have a detrimental effect on the environment and contribute to global warming by emission of CO2.
As mentioned, among the main drawbacks of desalination is that it uses a lot of energy, which
contributes to global warming [10].

Renewable energy is a viable substitute for fossil fuels because it is clean and abundant, making
it a good option for running desalination plants. For this reason, addressing the water-energy linkage
is essential to moving towards a sustainable future. Consequently, it is crucial to incorporate
renewable energy sources (RES) into the desalination process. Integrating RES into desalination
systems can significantly improve sustainability. Renewable energy sources, such as solar, wind, and
geothermal, offer promising solutions to mitigate these challenges related to GHG emissions and
potentially can provide sustainable alternatives for desalination [11]. The transition to desalination
techniques that are both affordable and ecologically benign is being made easier by technological
advancements. The increasing demand for clean water around the world requires the use of
renewable energy. Over the past decade, renewable energy sources based desalination has primarily
been carried out in areas like the Middle East that are known for having significant wind power and
an abundance of sun radiation. However, there is now more interest in this area due to a combination
of recent price reductions and technological breakthroughs in renewable energy.

Solar energy stands out as a particularly effective resource for desalination. Technologies like
solar stills and solar-powered reverse osmosis systems harness sunlight to generate the heat or
electricity needed for the desalination process. For instance, solar stills use the natural evaporation of
water, which is then condensed and collected, effectively transforming seawater into potable water
with minimal carbon footprint [12,13]. Additionally, concentrated solar power (CSP) systems can
generate high temperatures necessary for thermal desalination processes, making them a viable
option in arid regions where sunlight is abundant [14]. Moreover, integrating renewable energy with
desalination technologies enhances resilience against fluctuating energy prices and supply
disruptions. By investing in renewable energy-powered desalination systems, countries can achieve
greater energy independence and ensure a stable supply of freshwater. The versatility of solar energy
in desalination extends beyond just traditional solar stills. Advanced technologies like photovoltaic
(PV) panels can power reverse osmosis systems, offering a more scalable solution to meet larger water
demands. Innovations such as solar-powered desalination plants have been successfully
implemented in various regions, demonstrating their effectiveness in providing potable water while
significantly reducing operational costs.

Wind energy is another renewable source that can significantly contribute to sustainable
desalination. Wind turbines can generate electricity to power desalination plants, reducing reliance
on fossil fuels [15,16]. In coastal areas where both wind and seawater are readily available, combining
wind energy with desalination technologies can create a synergistic approach to addressing
freshwater scarcity. This method not only lowers operational costs but also minimizes greenhouse
gas emissions associated with traditional energy sources [17]. Offshore and onshore wind farms can
generate substantial amounts of electricity, which can be directly utilized to power desalination
plants [18,19].

Geothermal energy, which utilizes heat from the Earth’s interior, can also be harnessed for
desalination. The ability to harness heat from deep within the Earth allows for efficient thermal
desalination processes that can operate at lower temperatures compared to conventional methods
[20,21]. This not only reduces energy consumption but also enhances the overall sustainability of the
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system. It offers a unique advantage for desalination, particularly in regions with significant
geothermal resources. In regions with substantial geothermal resources, this energy can be used in
various desalination processes, including multi-effect distillation (MED) and multi-stage flash (MSF)
distillation. These methods can operate efficiently at lower temperatures, making geothermal a
sustainable option for producing freshwater while leveraging local resources.

However, even though RES powered desalination plant systems are attractive options to address
the global freshwater deficit there are some challenges and obstacles that slow down the adoption of
the technology. In fact, these systems are mostly either part of the national power grid or should have
a reliable long-term energy storage system to guarantee a steady and uninterrupted supply of power.
Since the significant amount of electricity needed by the entire desalination plant comes from the
electrical power grid, under the grid connection scenario, these systems could overload the grid,
particularly in places with inadequate infrastructure for the delivery of electricity, at nighttime and
on cloudy days. Moreover, the intermittency of renewable energy sources like solar and wind can
pose operational challenges for desalination plants, affecting their efficiency and reliability.
Furthermore, integrating complex treatment for seawater, filtration, and wastewater treatment
technologies into RES powered desalination systems requires careful planning and innovative
engineering solutions. Several renewable energy sources, including solar, wind, and geothermal, are
combined with various desalination techniques in hybrid RES desalination systems. This is a growing
practice. These hybrid systems are designed to reduce the intermittent character of individual
renewable sources, increase reliability, and maximize energy efficiency [22].

The fluctuation of RES during electricity production poses a threat to the safety and reliability
of the power grid and can negatively impact the desalination process. Energy storage systems (ESS)
are becoming crucial for the broad integration of renewable energy sources into power generation,
preserving the electrical grid’s security, and facilitating the energy system’s transition to a more
environmentally friendly state [23]. Recent developments have incorporated advanced energy
storage technologies like batteries and thermal storage devices to address the unpredictability of RES.
By helping to keep the supply of energy for desalination processes stable, these systems ensure a
steady flow of water. Based on how a particular type of energy is used for storage, the different types
of ESS can be categorized. Mechanical technologies, such as flywheels (FESS), compressed air
(CAESS), hydro-pumped (HPESS), and thermal technologies, such as high-temperature storage
(HTESS) and latent heat storage (LHESS), are among the most utilized. One important part of energy
storage systems is battery storage systems or BESS. For instance, a battery energy storage system in
conjunction with RES can be a cost-effective solution for powering a desalination plant. According to
the Statista Research Department, 57 GW of battery energy storage devices will be constructed by
2030, only in Europe [24].

Another issue is that desalination systems need a lot of energy to operate. The energy-intensive
nature of desalination processes necessitates a focus on optimizing energy use, particularly when
integrating RES such as solar and wind power.

Numerous studies have examined the integration of renewable energy sources primarily
concentrating on specific energy sources or desalination methods. This has resulted in a fragmented
understanding of how various renewable energy technologies could be combined in a synergistic
way to improve desalination sustainability and efficiency. Furthermore, when adopting these
combined structures on a larger scale, most research studies usually omit a comprehensive analysis
of their advantages and disadvantages.

This paper aims to provide a comprehensive analysis of the current state of energy efficiency in
desalination systems, highlighting the importance of renewable energy sources hybridization. In
addition, this study offers a fresh perspective on desalination’s future, focusing on the use of diverse
renewable energy sources to improve economic viability, sustainability, and efficiency.

2. Overview of Desalination Technologies
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Depending on the separation method used, the technologies for water desalination can be
broadly divided into thermal and membrane desalination approaches, Figure 1. A heat source is used
to bring the supply seawater, to the proper temperature during thermal operations. Conventional
fossil fuels, nuclear electricity, and RES can all provide heat.

Desalination
Technology

-

A
Membrane
methods
Reverse
Osmosis (RO)
Nanofiltration
(NF)
Forward
Osmosis (FO)
Electrodialysis
(ED)

Figure 1. Commercial and emerging desalination processes.

2.1. Thermal-Based Methods

Multi-Stage Flash (MSF) desalination is a widely used thermal process that converts seawater
into fresh water through a series of stages. In MSF, seawater is preheated and then introduced into a
series of chambers, or stages, where the pressure is progressively reduced. This reduction in pressure
causes a portion of the seawater to “flash” or vaporize rapidly [25]. The vapor produced in each stage
is collected and condensed, resulting in freshwater. The remaining brine is then directed to the next
stage for further processing. One of the key advantages of MSF is its ability to produce large volumes
of freshwater, making it suitable for coastal regions with high water demand [26]. MSF plants are
often designed for high efficiency, utilizing waste heat from power generation or industrial processes
to minimize energy consumption. However, the initial capital investment and operational costs can
be significant. Additionally, MSF systems require careful management to handle scaling and
corrosion issues due to the saline environment. MSF remains a vital technology for addressing water
scarcity in arid regions and supporting agricultural and urban needs.

Multi-Effect Distillation (MED) is an efficient thermal desalination method that leverages the
principle of using vapor from one stage to heat the next. In this process, seawater is heated in a series
of evaporators known as “effects.” Each effect operates at a lower pressure than the previous one,
allowing the vapor generated from boiling seawater in one effect to be used to heat the incoming
seawater in the subsequent effect [27]. This cascading effect minimizes energy consumption and
maximizes the use of available heat. MED systems are known for their energy efficiency and lower
operational costs compared to other thermal desalination methods. They can be designed to operate
with both low-grade heat sources, such as waste heat from power plants, and renewable energy
sources. The modular design of MED units allows for scalability, making them suitable for various
applications, from small communities to large industrial operations [28]. Despite its advantages,
MED does have some limitations, such as sensitivity to scaling and fouling, which require regular
maintenance and monitoring. Nevertheless, MED continues to be an important option for sustainable
water production in many regions facing freshwater shortages.
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Vapor Compression (VC) is a desalination technique that utilizes mechanical or thermal energy
to compress vapor, raising its temperature and pressure for the purpose of producing fresh water. In
VC systems, seawater is heated to generate vapor, which is then compressed using either mechanical
compressors or steam ejectors. The compression process increases the temperature of the vapor,
allowing it to be condensed on a heat exchanger where it transforms back into liquid water [29,30].
This results in freshwater while leaving behind concentrated brine. One of the significant advantages
of VC technology is its high energy efficiency, particularly in smaller-scale desalination applications.
VC systems can operate effectively with lower energy inputs compared to traditional thermal
processes, making them suitable for regions with limited energy resources. Additionally, VC units
have a smaller footprint and can be easily integrated into existing facilities. Among the disadvantages
is that they may have higher initial capital costs due to the complexity of the equipment involved.
Despite these challenges, Vapor Compression remains a promising technology for providing potable
water in areas where conventional desalination methods may not be feasible.

Solar stills are simple yet effective devices that harness solar energy to desalinate seawater or
brackish water. The basic principle involves placing a shallow basin filled with saline water under a
transparent cover. As sunlight heats the water, it evaporates, creating vapor that rises and condenses
on the cooler underside of the cover [31,32]. The condensed droplets then collect and can be harvested
as fresh water. This passive method relies solely on solar energy, making it particularly suitable for
remote areas with abundant sunlight. The advantages of solar stills include low operational costs and
minimal environmental impact. They require no external power source and have low maintenance
needs, making them accessible for communities in developing countries facing water scarcity. While
solar stills are relatively easy to construct and operate, their production capacity tends to be lower
compared to other desalination technologies, limiting their use for larger populations or industrial
applications. Thanks to advancements in design and materials are improving their efficiency and
output. Solar stills represent a sustainable solution for addressing water shortages in arid regions.

For thermal-based desalination systems to support the evaporation and hydraulic conveyance
of several streams, both heat and electrical energy must be used. In comparison to membrane-based
techniques, thermal-based technologies offer a number of advantages. The dependability of thermal
methods is guaranteed by their widespread recognition and validation. Because of the improved
quality of the product, less strict observing.

A comparison table with some characteristics for various thermal-based desalination
technologies is given below, Table 1.

Table 1. Comparison of thermal-based desalination technologies.

MSF MED VvC Solar Still
Cost High Mode.rate to Moderate Low
High
E L
nergy' High Moderate ow to Very Low
consumption Moderate
Tech'nology Mature Mature Mature Emerging
Maturity Level
Water Qualit High High Moderate to Moderate
y 8 8 High
Environmental Moderate Moderate Low Very Low
Impact

2.2. Membrane-Based Methods

Reverse Osmosis (RO) is a widely used water purification technology that employs a
semipermeable membrane to remove impurities from water. While the trapped concentrated brine is
either released or processed for possible reuse, the water molecules that flow across the
semipermeable membrane are captured as freshwater. To meet certain water quality requirements,
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the freshwater generated by a RO system is subjected to further treatment. The process involves
applying pressure to overcome osmotic pressure, forcing water through the membrane while leaving
contaminants behind [33,34]. RO is effective in removing a variety of substances, including salts,
bacteria, viruses, and organic compounds, making it a popular choice for desalination and
wastewater treatment. The technology is particularly valuable in desalination, where it can convert
seawater into potable water. In desalination applications, RO systems provide several advantages.
These include lower energy and capital costs, less physical space needed, greater recovery ratios, and
less vulnerability to corrosion and scale, because the membrane can withstand microbial
contamination and operates at room temperature. Despite its effectiveness, RO has some limitations,
such as the need for pre-treatment to prevent membrane fouling and the generation of concentrated
waste streams. Additionally, RO systems can be energy-intensive due to the pressure required for
operation. RO is the most popular desalination technology at the moment for seawater desalination
because of its greater recovery rate, lower energy usage, and cheaper water production costs. Recent
advancements focus on improving membrane materials and configurations to enhance efficiency and
reduce costs.

Nanofiltration (NF) is a membrane filtration process that operates between microfiltration and
reverse osmosis, effectively removing divalent ions and larger organic molecules while allowing
monovalent ions to pass through. The NF membranes have pore sizes typically ranging from 1 to 10
nanometers, making them suitable for applications that require selective separation without the
energy-intensive processes associated with RO. NF is particularly effective in desalination and
softening hard water by removing calcium and magnesium ions, making it valuable in both
municipal water treatment and industrial processes [35,36]. It is also employed in wastewater
treatment to recover valuable resources and reduce environmental impact. One of the advantages of
NF over RO is its lower operational pressure requirement, which can lead to reduced energy
consumption. However, NF membranes are still susceptible to fouling, necessitating effective
cleaning protocols and pre-treatment methods. Overall, nanofiltration presents a versatile solution
for diverse separation challenges while contributing to sustainable water management practices.

Forward Osmosis (FO) is an emerging water treatment technology that utilizes the natural
osmotic pressure gradient between two solutions to draw water through a semipermeable
membrane. The FO system has a low osmotic pressure feed solution on one side and a high osmotic
pressure draw solution (DS) on the other. There is an osmotic pressure differential between the two
solutions because the solute concentration in the draw solution is significantly larger compared to
the one in the feed solution. Water molecules migrate over the FO membrane from the feed solution
to the draw solution due to this osmotic pressure differential. Unlike reverse osmosis, FO does not
require high pressure; instead, it relies on a more concentrated solution to pull water from a less
concentrated feed solution [37,38]. This characteristic makes FO an attractive option for applications
where energy efficiency is crucial. FO has garnered attention for its potential in desalination and
wastewater treatment. The process is advantageous because it minimizes fouling issues commonly
associated with other membrane technologies. Additionally, FO can operate under low hydraulic
pressures, reducing energy costs significantly compared to traditional methods like RO. There are
still challenges that remain regarding the selection of suitable draw solutions and the recovery of
clean water from the draw solution after processing. Research is ongoing to develop more effective
membranes and optimize operational parameters. As technology advances, forward osmosis holds
promise for sustainable water management solutions, particularly in regions facing water scarcity or
requiring innovative approaches to wastewater reuse.

Electrodialysis (ED) is an electrochemical separation process that uses an electric field to drive
the movement of ions through selective ion-exchange membranes. This technology is primarily
employed for desalination and the treatment of brackish water but can also be used for various
industrial applications, including the recovery of valuable byproducts from wastewater. In ED
systems, cation-exchange membranes allow positively charged ions (cations) to pass through while
blocking negatively charged ions (anions), and vice versa for anion-exchange membranes. This
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selective ion transport creates a flow of fresh water on one side while concentrating salts on the other.
One of the main advantages of electrodialysis is its lower energy consumption compared to reverse
osmosis, especially when treating low-salinity feedwater. Additionally, ED systems can be easily
scaled up or down depending on the specific application needs. A number of variables affect the
functioning of ED systems, such as the voltage curve, the electrolyte concentration, the feed seawater
concentration, and the particular working circumstances. Recent research has shown that raising the
voltage gradient, raising the concentration of the electrolyte and feed saltwater, and lowering the
system’s flow rate can all greatly improve the desalination functionality of the ED system. Among
the challenges are membrane fouling and the need for regular maintenance to ensure optimal
performance. Recent advancements focus on improving membrane materials and configurations to
enhance efficiency and longevity. Electrodialysis presents a promising alternative for sustainable
desalination and resource recovery efforts in various sectors.

There are several advantages to membrane-based desalination techniques. Since membrane-
based technologies do not lose energy through evaporation and condensation, they consume less
energy than thermal-based technologies. These include lower energy and capital costs, less physical
space needed, greater recovery ratios, less vulnerability to corrosion and scale because the membrane
operates at room temperature, and the membrane’s capacity to reject microbial contamination. The
total dissolved solids (TDS) concentration of brackish and saltwater can be treated using any of the
above-mentioned technologies. In addition, the maximum salinity of the feed water threshold for
membrane-based technologies is lower than that of thermal-based technologies. It is crucial to
establish pertinent criteria in order to select the best membrane-based desalination technique among
a variety of possibilities. Energy consumption is one important consideration when choosing a
desalination method. Among other important criteria are technology maturity level, fouling
potential, and water recovery rate. Because the sustainability of the desalination industry depends
on the environmental aspects it is necessary to improve membrane-based methods taking into
account environmental footprint, process integration, waste recycling, and integration of renewable
energy sources.

A comparison table with some characteristics for various membrane-based desalination
technologies is given below, Table 2.

Table 2. Comparison of membrane-based desalination technologies.

RO NF FO ED
Cost High Moderate Moderate Moderate
E
nergy High Moderate Low Moderate
consumption
Technology .
. Mature Mature Emerging Moderate
Maturity Level
Fouling Potential High Moderate Low Moderate
Water Recovery . Moderate to . .
Rate High High High Moderate to High

3. Application of Renewable Energy Sources in Desalination

Renewable energy sources steadily increase their role in the desalination industry, primarily due
to the increasing global demand for fresh water and the need for sustainable energy solutions.
Integrating RES into desalination can significantly mitigate negative environmental impacts caused
by the intense use of fossil fuels. The main renewable energy sources are shown in Figure 2. Some of
the RES can provide both thermal and electrical energy to supply thermal and membrane-based
desalination processes.
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Figure 2. Application of RES for desalination processes.

3.1. Solar Energy

Systems for solar energy are essentially designed to capture energy both directly and indirectly.
The basic direct technique for solar still uses evaporation and condensation to desalinate saltwater
water using sun energy. Thermal solar energy can be directly used for the distillation. Distillation
desalination technology is the most developed of the current desalination systems, offering a broad
range of uses and great safety. Thus, using solar thermal energy to heat seawater instead of more
conventional energy sources is a potential approach. At the moment, solar thermal-MED and solar
thermal-MFS are the most effective uses.

In [39] authors demonstrated that a relatively small area of solar collector was sufficient to
produce more than 0.5 cubic meters of potable water per day using brackish water with low salt
concentration. A desalination system that is completely powered by solar energy and is energy
independent was presented by authors in [40]. Using parabolic trough collectors, which have an
effective aperture area of approximately 1.5 square meters and a concentration ratio of almost 150
suns, sunlight is captured. The radiation is then converted to heat and electricity by a concentrator
photovoltaic thermal (CPV-T) hybrid absorber. The multi-effect distillation (MED) facility is powered
by this co-generated energy. This idea also makes use of the synergistic effects of optical components,
such as mirrors, which lowers the cost of solar cogeneration in comparison to the current state of the
art while simultaneously raising overall efficiency to about 75% (which consists of an associated
thermal efficiency and a power efficiency of 26.8%).

In [41] authors propose an improved parabolic system for solar thermal desalination. Because of
its affordability and sustainability, the system is a good option for desalinating water in places where
fresh water supplies are scarce. It uses very little energy and converts seawater to freshwater at a
high pace. With a median efficiency of approximately 81% along with improved efficiency ratings
which vary from 78% to 82%, the results show that the system makes good use of solar energy. In
areas with limited water supplies, this technology provides a practical way to meet the rising demand
for freshwater.

Silicon solar cells, which are specifically made to convert solar into electrical energy, make up
photovoltaic systems. The primary components of the PV system are the energy storage system,
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inverter, and PV arrays. In order to constantly track the sun and ensure that the cell is the focus point,
a computerized sun tracker is a crucial component of photovoltaic systems. The primary benefit of
PV is its extended operating time and ease of construction. Photovoltaic energy can be used to operate
a high-pressure pump for membrane-based desalination. In [42,43] authors investigate a developed
simulation approach to optimize the operation of PV powered pumping systems. The primary parts
of a photovoltaic pump system are the motor-pump set, battery storage, power converter unit, and
PV array. The two most popular motor-pump sets in photovoltaic pump applications are a three
phase alternative current (AC) electric motor with a centrifugal pump or a direct current (DC) motor
with a positive displacement pump. In addition to a maximum power point tracking (MPPT) and
energy storage system, a power electronics converter unit for these motor-pump sets needs to feature
a DC/AC inverter or a DC/DC converter. Figure 1 illustrates the basic structure of a solar water
pumping system [44].

Solar panel

Reservoir

| VZI 1

| Reservoir
I
I
Battery |
storage |
\ I
! I
VAL !
MPPT / Power Converter | | ] :
I
I
I
I
I
I
I

Pipeline

Motor-pump

Figure 3. Solar PV powered pumping system.

Using solar PV power generation to power the high-pressure pumping system helps to combine
solar energy and conventional seawater desalination technologies. As a result, a promising
technology is using solar PV power generation to power RO systems. In [45] authors conducted study
focusing on both economic and environmental factors, the study investigates the possibility of using
solar-powered desalination instead of grid-imported electricity as an affordable solution to water
scarcity. By creating a model that takes into account desalination capacity, input power prices, and
specific energy usage, they explored the economic feasibility of PV powered desalination. They
showed that the integration of photovoltaic generating systems to provide the electricity needed by
the RO desalination process could decrease the unit production costs of desalinated water by
approximately 33%, according to case studies conducted in Portugal.

3.2. Wind Energy

Another clean, renewable energy source with no effect on surrounding ecosystems is wind
energy. With commercial turbines available for a wide range of nominal power, it is a well-
established RES for power generation. Wind turbines can provide desalination facilities with
electricity [46]. The first wind-powered saltwater desalination system in Europe was opened in
France more than forty years ago in 1982. It used a 4 kW wind turbine to power a 0.5 m%h capacity
reverse osmosis equipment [47].

It is possible to classify wind power driven desalination plants into several main categories. In
[48] authors classified it into two different categories. Systems that connect wind farms and
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desalination plants with the traditional power grid make up the first group, whilst freestanding

microgrids (MG) or small-scale distribution networks that function separately from the traditional

grid make up the second group. There are two subcategories within the first group:

e  systems in which the desalination plant acts as an extra load for the traditional electrical system,
and all of the energy produced by wind turbines is immediately fed into the grid;

e linked MGs in which the desalination plant is mostly powered directly by the energy produced
by wind turbines linked in parallel to a traditional grid. Any excess energy is transferred into
the traditional grid, and the traditional system fills in any energy gaps;

For a second group:

e independent microgrids in which an energy storage system is used and the desalination facility
has a direct connection to the wind power generation system;

e standalone MGs without an energy storage system in which the desalination plant is directly
connected to the wind power generation system;

¢ standalone MGs that use ESS.

L IS
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~ water
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Wind DC/DC #n
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Figure 4. A layout of desalination RO plant powered by wind turbines.

In [49] authors showed that producing the precise hourly water demand within the face of
operational constraints, disruptions, and wind power intermittency is the goal of control. The
operational number of RO vessels and the RO feed pressure are the factors that are being changed.
Under normal circumstances and while the plant is experiencing disturbances, the control system
assisted in reducing the yearly water deficit by 20%. Furthermore, while the facility was operating
with less active windmills and RO vessels, the control system was able to reduce the annual water
shortage by 73%.

The impact of the primary factors on the levelized cost of desalinated water was examined in
[50]. These factors included plant capacity, operating conditions, design arrangement, wind turbine
nominal power, salt concentration of brackish or saltwater, climatic conditions, reverse osmosis
module costs, and wind turbine costs. The authors also investigated how competitive wind energy
was in comparison to traditional energy in reverse osmosis units. These findings are helpful for
system design, assessing the technology’s economic prospects, and quantifying the impact of the
parameter under study.

In [51] the authors studied how to use only standalone wind turbines to power the water
desalination plant in the Canary Islands. This island is already on the verge of being entirely
renewable energy powered, mostly because of a wind power plant that provided around 60% of the
island’s yearly electricity needs in 2018. Groundwater extraction, saltwater desalination, water
pumping, and distribution are all part of the island’s water cycle, which accounts for about 35% of its
yearly electricity use. The goal of the study was to look into the feasibility of using excess wind energy
to power the complete water cycle. Two scenarios have been devised and taken into consideration:
one is based on the current decentralized water cycle, and the second one with a system of centralized
water storage.
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4. Energy Storage Systems

However, despite the fact that RES powered desalination plant systems are attractive options to
address the global freshwater deficit there are some challenges and obstacles that slow down the
adoption of the technology. In fact, these systems are mostly either part of the electric power grid or
should have a reliable long-term energy storage system to guarantee a steady and uninterrupted
supply of power to a desalination plant. Since the significant amount of electricity needed by the
entire desalination plant comes from the conventional power grid, under the grid connection
scenario, these systems could overload the grid, particularly in places with inadequate infrastructure
for the delivery of electricity, at nighttime and on cloudy days [52]. Effective energy storage and
management systems are required to provide a consistent and reliable power supply and satisfy the
varying energy needs of desalination operations because solar and wind energy are discontinuous
[53]. Finding affordable and workable energy storage solutions for wastewater treatment facilities
remains a challenge in this respect, particularly for large-scale applications.

In addition to reducing power output variations, energy storage systems may also enhance
supply quality, adjust frequency, and provide voltage dependability. Power can be stored using a
variety of techniques, such as pumped hydro storage (PHS), compressed air energy storage (CAES),
and battery energy storage systems (BESS). When there is excess generating capacity, energy storage
devices are used to store the energy generated by renewable energy sources and release it to supply
peak load demands [54]. Another advantage of ESS is that it allows the power distribution system to
accommodate more RES [55,56]. The storage capacities of battery systems normally range from 1 to
30 kWh for home use to MWh for commercial battery systems [57]. The charging and discharging
operations also cause battery degradation, which shortens the battery’s lifespan. The battery
degradation process results in varying battery lifetimes, performance decreases, and cost losses under
different operating situations. Therefore, in order to assess battery performance, the health
prognostics must be examined. There are already many review papers available that cover different
facets of battery energy storage devices.

Stacks of cells that transform chemical energy into electrical energy makeup batteries. Different
chemistries and series and parallel cell connections are used to select desired properties. There is
currently a significant amount of study and investment in this area. The primary battery chemistries
utilized in battery energy storage systems are illustrated in Figure 5.

( Chemical batteries )
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Figure 5. Classification of electrochemical batteries for ESS.

The hybrid energy storage systems consisting of different electrochemically composed batteries
form hybrid energy storage systems (HESS). This type of ESS is one of the most promising energy
storage systems. It combines the benefits of various chemistry batteries because some batteries are
known for their high power density and rapid charging and discharging periods, but other batteries
provide a higher energy density and longer cycle life [58]. Therefore, for the high performance of
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desalination plants powered by renewable energy sources, a hybrid energy storage system that
combines several kinds of electrochemical batteries may be a better choice than regular ones. Authors
in [59] showed that to create a more dependable and effective energy storage solution, a hybrid
energy storage system that integrates multiple electrochemical energy storage technologies is a good
choice. Simultaneously, sophisticated control techniques are needed to integrate several energy
storage systems into a HESS in order to guarantee the system’s longevity and peak performance.
Among the main conclusions is that the utilization of machine learning methods like deep
reinforcement learning (DRL) or genetic algorithms (GA), as well as other recent advancements in
HESS control systems, are very perspective for hybrid energy storage systems for both small-scale
and large-scale desalination plants. Figure 6, shows how the different Li-ion battery technologies
such as Lithium-Titanium-Oxide (LTO) and Nickel Manganese Cobalt (NMC) can complement each
other in HESS.

e NMC

Energy Density
(100Wh/kg)
15

LTO

10

Temperature Range
(°q)

Power Density
(W/kg)

Charge Time (min) \\jzycle Life (N)

Figure 6. Comparison of NMC and LTO chemistries for HESS.

Hybrid energy storage systems are especially useful for large desalination facilities because
maintaining continuous operation requires the simultaneous long and short-term storage of energy
to overcome the intermittency of renewable energy sources. One of the main advantages of energy
storage in desalination is that it ensures that desalination plants will continue to run even in the event
that RES is not available, increasing their dependability. Optimizing energy utilization allows for
more efficient management of energy resources, which lowers operating costs and boosts system
performance overall. Application of HESS for desalination processes can help to lower carbon
emissions because they increase penetration of RES in the desalination sector thus lessening reliance
on fossil fuels.

Hydrogen generated by electrolysis is another promising energy carrier and storage option for
incorporating RES into the electrical grid that is presently being researched. Although it already has
a number of uses, it may also make it possible to create hydrogen-based energy storage systems that
consist mostly of fuel cells, electrolyzers, and hydrogen storage systems [60,61]. The technique of
electrolyzing water to produce hydrogen using excess power from renewable sources is known as
hydrogen storage. Hydrogen storage systems are emerging as a pivotal technology for enhancing the
efficiency and sustainability of RES powered desalination facilities helping to ensure a consistent
water supply in both island and grid-connected modes. By integrating hydrogen energy storage, it
becomes possible to produce hydrogen during periods of excess energy generation, which can then
be stored and converted back into electricity or used directly for desalination processes when
renewable output is low.

In grid-connected scenarios, hydrogen energy storage offers similar benefits by facilitating load
balancing and peak shaving. Desalination plants typically require substantial energy inputs, and
hydrogen energy storage systems can help smooth out demand fluctuations by storing surplus
energy during off-peak hours and releasing it during peak demand times [62]. This flexibility can
lead to lower operational costs and improved grid stability, making it easier to integrate higher shares
of renewables into the energy mix, Figure 7.
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Figure 7. Application of hydrogen energy storage system.

In [63] authors proposed a novel synchronized sizing model for a solar or wind powered reverse
osmosis desalination plant and used a follower-leader optimization framework to optimize the
design both with and without demand-side water management (DSWM). The system was made up
of PV panels and wind turbines to generate electricity, a battery bank to store extra power, an RO
unit to produce freshwater and desalinate saltwater, and freshwater storage tanks. As a long-term
storage solution, a hydrogen storage system was added to store extra electricity at the end of each
day. The RO system was mostly powered by PV and WT, with any extra energy being stored in a
battery-hydrogen storage (BHS) system.

5. Energy Efficient Operation of CPPs in Desalination

Centrifugal pumping plants (CPP) play a pivotal role in the desalination process, particularly in
systems utilizing membrane technologies such as reverse osmosis, nanofiltration, and forward
osmosis. CPPs are essential for ensuring that seawater or brackish water is effectively transported
and pressurized to facilitate the desalination process. In reverse osmosis desalination, high-pressure
centrifugal pumping plants are responsible for drawing water from its source and delivering it to the
membrane units at high pressures necessary for overcoming osmotic pressure. The efficiency of these
pumps directly influences the overall energy consumption of the desalination plant [64]. Given that
energy costs often represent a significant portion of operational expenses—sometimes accounting for
up to 60%, the importance of energy-efficient pumping solutions cannot be overstated.

Energy efficiency in CPPs is crucial not only for cost savings but also for environmental
sustainability. Traditional pumping systems can consume vast amounts of energy, contributing to
greenhouse gas emissions and increasing the carbon footprint of desalination operations. By utilizing
advanced pump designs, variable frequency drives (VFDs), and optimized control strategies,
desalination plant operators can enhance the energy efficiency of CPPs. For instance, VFDs allow for
real-time adjustments to pump speed based on demand, ensuring that energy is used only as needed.
Moreover, the integration of energy recovery devices (ERDs) within the RO systems can further
improve the overall energy efficiency of the desalination process. ERDs capture and reuse energy
from the pressurized brine stream, significantly reducing the energy required by the CPPs to
maintain optimal pressure levels. Energy efficiency, reliability, and maintenance of CPPs are critical
factors in ensuring the uninterrupted operation of desalination plants.

Enhancing centrifugal pumps’ energy efficiency and minimizing losses are essential for
determining the optimal operation of the desalination system powered by RES. A system should be
designed to be as productive as feasible in order to maximize its potential. Several researchers give
some optimization strategies below. The three primary optimization strategies are shown in Figure
8.
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Figure 8. Major optimization techniques for CPPs.

In [65] authors found out that certain high-speed centrifugal pumps show signs of instability in
their cavitation and hydraulic performance. Using the orthogonal experimental design approach, the
turbulence model was developed in order to examine the effects of these parameters on the net
positive suction head (NPSH). Rotating cavitation was observed at part-load in a visual high-speed
photography test setup. A numerical model that closely resembles the experimental cavitation
characteristics was developed by comparing the cavitation and pressure counters with high-speed
photographic photos. This simulation approach helps to identify the optimal sizing of the CPP to
avoid cavitation and increase the efficiency of the pumping unit.

In order to maximize the capacity sizes of various CPPs’ components employing water tank
storage, authors in [66] suggest an ideal sizing approach. The suggested model considers the
pumping system’s submodels and employs two optimization criteria: the life cycle cost (LCC) for the
economic assessment and the loss of power supply probability (LPSP) model for reliability. In [67] a
technique for figuring out the size of a PV array that supplies electricity to a drip irrigation pumping
system in a southwestern Spanish olive tree orchard is explained. The total yield of the photovoltaic-
pump-irrigation system is taken into consideration when calculating the peak photovoltaic power
needed for irrigation purposes.

A very important role in the energy efficiency of CPP plays the control approach. Most of the
centrifugal pump systems are driven by induction motors (IM). In RES powered pumping systems,
there are two primary methods for controlling the IM. Scalar control is the first, and vector control is
the second. The authors in [68] suggested using direct torque control (DTC) in conjunction with a
hybrid control algorithm that was developed for pressure maintenance, Figure 9. The suggested
hybrid method is used to operate the DTC-based control system using a programmable logic
controller.
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Figure 9. The direct torque control of CPP.

In [69] the perturb and observe (P&O) control method and the incremental conductance (INC)
maximum power point tracking (MPPT) control method with an automatically adjustable variable
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step size are compared. As an example, a PV powered centrifugal pumping system with an induction
motor in a stand-alone application without energy storage was taken. Studying these two methods
makes it easier to determine which one, may provide a system with less oscillation and higher
efficiency. This MPPT operates on the boost converter’s working duty cycle. The converter then
transforms DC electricity into AC power with the help of a voltage source inverter (VSI). The authors
also employed indirect field-oriented control (IFOC), which operates the centrifugal pump by
sequentially driving the three phases of an induction motor. The application of high-efficiency
electrical motors can help to achieve better performance and energy-efficiency as shown in [70]. The
author’s primary focus is on the productivity of pumping plants that are driven by two different
types of electrical machines called synchronous reluctance motors and induction motors. A
centrifugal pumping plant efficiency prediction simulation approach for flow regulation is
suggested. The Simulink/Matlab simulation method that has been proposed is quite useful for
confirming efficiency when it comes to pumping plants that are equipped with different kinds of
electrical machinery.

Another hybrid control approach was proposed in [71]. A model based on Simulink/DriveSize
is suggested for the hybrid throttle and speed operation of a CPP with a variable speed drive. Input
power estimation for speed control and mutual throttling is made possible by the model. With the
aid of a hybrid speed and throttle control technique, the proposed model enables the selection of the
most optimal valve position and pumping system rotational speed. The model is divided into two
primary sections: one for simulating speed control and the other for simulating throttle position.

As mentioned before, centrifugal pumps play a vital role in desalination processes, including
not only reverse osmosis but also multi-stage flash distillation, where they are responsible for
transporting seawater and brine. Accurate performance prediction of these pumps is essential for
optimizing system efficiency, reducing operational costs, and ensuring reliability. Various methods
exist for predicting pump performance, including empirical models, computational fluid dynamics
(CFD), and machine learning approaches. However, the effectiveness and applicability of these
methods can vary significantly based on factors such as pump design, operating conditions, and fluid
properties.

Table 3. Comparison of various performance prediction methods.

Accuracy Computational Ease of . e
Method (%) Time (hrs) Implementation Applicability Range
Empirical . o e .
Scaled Models 85-90 up to 0.5 High Limited to specific designs
CFD 90-95 10-20 Moderate Wide range of conditions
Machine
- 1- M High Data-
Learning (ML) 80-95 5 oderate to Hig ata-dependent
Analytical =7y o 0.1-05 Very High Basic designs onl
Methods o Y6 & Y

The application of Artificial Neural Networks (ANN) has started to play an important role in
recent periods for the performance prediction of CPPs. ANNs are a subset of machine learning
methods that employ the principles of neural organization. They are primarily composed of units or
nodes connected by edges that specify the connections between each node. Generally, mathematical
functions are used to calculate the various outputs, and all edges and nodes have a weight that is
modified as learning progresses, Figure 10.
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Figure 10. Structure of an ANN with the input, one hidden, and output layer.

The prediction of centrifugal pumps’ energy performance is crucial for the advancement of
pump design and energy efficiency. However, the performance forecast of centrifugal pumps is
always impacted by the intricate internal flow, especially when running at low flow rates. In [72]
authors propose a multi-condition performance prediction method for centrifugal pumps with
variable speeds is proposed, based on the data-fitting method. The prediction model is improved by
automatically meeting the performance constraints, and the performance relationship is integrated
into the particle swarm optimization algorithm. By adding performance restrictions, the performance
under various operating situations is accurately predicted in comparison to the experimental data.
The results show mean absolute relative error (MARE) for head, power, and efficiency is 0.85%,
1.53%, and 1.15 percent, respectively. In [73] authors suggest a single-objective optimization design
approach founded on the non-hierarchical response surface methodology (RSM) and the multi-island
genetic algorithm (MIGA) to enhance the operation performance of the multi-stage double-suction
centrifugal pump and lower the internal energy loss of the pump. Efficiency under design conditions
was the optimization goal, and nine parameters, including the blade outlet width and blade wrap
angle, were used as design variables. Using the Latin hypercube sampling method (LHS), 99 sets of
valid data were retrieved out of 149 pieces of data, with the associated efficiency and head criteria
set. Based on non-hierarchical RSM, a cross-validation study of the sieved data was conducted, and
the efficiency was globally optimized.

For the modeling of hydraulic transient phenomena that occur in pipe systems, the full set of
centrifugal pump characteristics is essential. However, pump manufacturers usually only provide
minimal information because of the work necessary to get these curves, especially when the pump is
operating normally. In [74] the authors propose a machine learning model to predict full, complete
Suter curves using a pump’s particular speed with the known parts of the Suter curve in order to
obtain the entire characteristic curves based on the manufacturer’s general performance curve. The
Suter curves that are available from lab tests serve as the model’s training data. In order to determine
the most accurate forecast in terms of the root mean, the suggested machine learning model then
integrates many regression model types.

Even though modern pumping systems are dependable, unplanned malfunctions could
endanger public safety or result in large financial losses. As a result, early defect diagnosis, detection,
and predictive monitoring systems are highly sought after. The majority of earlier research on
machine learning-based centrifugal pump failure detection relies on either simulations, synthetic
data, or data from test rigs operating under carefully monitored laboratory circumstances. In [75] the
authors worked with a specialized pump engineering business to gather data from actual functioning


https://doi.org/10.20944/preprints202412.2344.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2024 d0i:10.20944/preprints202412.2344.v1

17 of 23

pumps placed in several locations in an effort to identify centrifugal pump defects with the help of
convolutional neural network transfer learning.

6. Discussion

It is essential to develop new techniques and improve existing ones in order to address the issues
associated with desalination in a more sustainable way. In particular, the technologies need to tackle
the problems of fouling, corrosion, and scaling. From the energy supply point of view, it is necessary
to accelerate the transition from fossil fuels to green energy. Massive penetration of renewable energy
sources is among the possible solutions to drive the transition. On the other hand, among the most
pressing issues in RES powered desalination are reliability of power supply and energy-efficiency.
As was described in Section 3, the intermittent nature of renewable energy sources is one of the
challenges that needs to be addressed.

As shown in Section 4, the integration of hybrid battery storage systems technologies presents a
promising approach to overcoming the intermittent behavior of RES. For instance, solar and wind
resources are inherently intermittent, which can lead to periods of low energy availability when the
demand for desalination is high. By utilizing a hybrid battery system, excess energy generated during
peak production times can be stored and released during periods of low generation, ensuring a
continuous and reliable power supply for desalination processes. The application of a hybrid battery
storage system is more reliable and efficient than the application of a heterogeneous battery storage
system. Hybrid battery storage systems can combine different types of electrochemical batteries, such
as NMC and LTO, to optimize performance and enhance reliability. NMCs are the kind of batteries
that can efficiently power equipment of a desalination plant and have a respectable lifespan, high
specific energy values, and good thermal resistance. Among the disadvantages of the NMC packs of
batteries is that the batteries contain cobalt which raises environmental issues, and the technology is
quite expensive. LTO batteries can propose effective electrochemical performance. They offer a high
degree of thermal resistance and are safer than some other kinds of Li-ion batteries. They have a
respectable cycle life and can withstand full charges and discharges. Also, these batteries are
characterized by high power density compared to other batteries. By intelligently managing energy
storage and release cycles, these systems can minimize energy losses associated with traditional
desalination methods.

To improve the operation of membranes and some of the thermal based desalination
technologies it is important to pay attention to the operation of pumping units. As shown in Section
5, the selection of proper pumping units and system dimensioning are critical processes in
determining the initial expenditure and long-term performance of the entire desalination system.
Errors in CPPs’ sizing could lead to higher excessive initial expenditures and can compromise the
entire system’s efficiency when the system cannot pump enough water to meet the expected flow or
pressure level. Another possibility to decrease energy consumption and improve energy-efficiency is
the incorporation of ML technologies into energy management systems which can further enhance
operation reliability and energy efficiency. These technologies can analyze vast amounts of data in
real time, allowing for predictive modeling and optimization of energy consumption patterns. For
example, Al algorithms can forecast energy demand based on historical usage patterns and
environmental variables, enabling the system to adjust its operations proactively. By anticipating
fluctuations in both energy supply and freshwater demand, the ANN can facilitate more efficient
scheduling of desalination processes, leading to reduced operational costs and improved overall
performance.

7. Conclusions

A review of desalination systems driven by renewable energy sources is provided, outlining the
status of available and emerging technologies, study findings, and the use of both traditional and
innovative approaches in the desalination sector. Numerous studies were reviewed, with a particular
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empbhasis on the application of solar and wind energy. This analysis examined over seventy research
papers and articles devoted to the study of the performance and operation of desalination
technologies, renewable energy sources, energy storage technologies, and pumping systems that
were published between 1982 and 2024.

The primary conclusions of this study emphasize the advantages of the application of hybrid
energy storage systems, particularly hybrid battery storage systems, which offer a coordinated
approach to reduce the influence of the intermittent nature of renewable energy sources, maximize
desalination effectiveness, and reduce environmental impacts. The need to use cutting-edge
performance prediction control strategies is also emphasized in this paper. According to several
recent research publications, the pumping system can achieve improved controllability based on
energy management criteria and predictive control techniques. This contributes to the optimal
operation of the desalination plants. New developments and evaluations of control systems based on
artificial neural networks have been covered.

Finally, combining advanced desalination technologies with renewable energy is an essential
step toward achieving sustainable water management. By utilizing the combined potential of hybrid
energy storage systems with the advanced machine learning based energy management technology
for centrifugal pumping units, desalination systems can demonstrate improved energy efficiency,
environmental sustainability, and economic viability.
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Abbreviations
AC Alternative Current
ANN Artificial Neural Networks
BESS Battery Energy Storage System
BHS Battery Hydrogen Storage
BW Brackish Water
CAESS Compressed Energy Storage System
CFD Computational Fluid Dynamics
CPP Centrifugal Pumping Plant
CPV-T Concentrator Photovoltaic Thermal
CSP Concentrated Solar Power
DC Direct Current
DSWM Demand Side Water Management
DRL Deep Reinforcement Learning
DTC Direct Torque Control
ERD Energy Recovery Device
ESS Energy storage Systems
FESS Flywheel Energy Storage System
FO Forward Osmosis
GA Genetic Algorithms
IFOC Indirect Field-Oriented Control
M Induction Motor
INC Incremental Conductance

LHS Latin Hypercube Sampling
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LHESS Latent Heat Energy Storage System

LLC Life Cycle Cost

LTO Lithium Titanium Oxide

LPSP Loss of Power Supply Probability

MARE Mean Absolute Relative Error

MG Microgrid

MGD Million Gallons per Day

MIGA Multi-Island Genetic Algorithm

ML Machine Learning

MPPT Maximum Power Point Tracking

NF Nanofiltration

NMC Nickel Manganese Cobalt

NPSH Net Positive Suction Head

PEC Power Electronics Converter

PHS Pumped Hydro Storage

P&O Perturb and Observe

PV Photovoltaic

RO Reverse Osmosis

RSM Response Surface Methodology

SW Seawater

TC Thermal Collector

TDS Total Dissolved Solids

vC Vapor Compression

VED Variable Frequency Drives

VSI Voltage Source Inverter

WHO World Health Organization
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