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Abstract: Water scarcity poses significant challenges in arid regions like the Middle East and North
Africa (MENA) due to constant population growth, considering the effects of climate change and
water management aspects. The desalination technologies face problems like high energy consump-
tion, high investment costs, and significant environmental impacts by brine discharge. This paper
researches the relationships among water scarcity, energy-intensive desalination, and the develop-
ment of renewable energy in MENA, with a particular focus on the Gulf Cooperation Council (GCC)
countries. It examines innovations in solar-powered desalination, considering both solar photovoltaic
(PV) and solar thermal technologies, in combination with traditional thermal desalination methods
such as multi-effect distillation (MED) and multi-stage flash (MSF). The environmental impacts asso-
ciated with desalination by brine discharge are also discussed, analyzing innovative technological
solutions and avoidance strategies. Utilizing bibliometrics, this report provides a comprehensive
analysis of scientific literature for the assessment of the research landscape in order to recognize
trends in desalination technologies in the MENA region, providing valuable insights into emerging
technologies and research priorities. Despite challenges such as high initial investment costs, technical
complexities, and limited funding for research and development, the convergence of water scarcity
and renewable energy presents significant opportunities for integrated desalination systems in GCC
countries. Summarizing, this paper emphasizes the importance of interdisciplinary approaches and
international collaboration by addressing the complex challenges of water scarcity and energy sus-
tainability in the MENA region. By leveraging renewable energy sources and advancing desalination
technologies, the region can achieve water security while mitigating environmental impacts and

promoting economic development.

Keywords: MENA; GCC; reverse osmosis; water resource; renewable energy; solar energy; water
sustainability; solar thermal; high energy consumption; membrane fouling; environmental challenges

1. Introduction

Water, a fundamental resource for human life, constitutes approximately 70% of the
Earth’s surface. Despite this abundance, just 0.015% exists in rivers and lakes, while
96.5% resides in seas and oceans. The worldwide water demand, currently at 4600 km?
annually, is projected to surge to 5500-6000 km?® annually by 2050 because of escalating
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population growth [1,2]. However, this demand is met with challenges such as water
scarcity, mismanagement, contamination, and over-extraction, resulting in around 3% of
the world’s freshwater [3]. Climate change further compounds these issues, leading to
extreme weather events that contaminate freshwater resources, disrupt infrastructure, and
diminish available water. Approximately 74% of water-related disasters occurred between
2001 and 2018, a trend expected to intensify with climate change [4].

In the MENA region, encompassing a diverse array of countries, water scarcity has
already emerged as a pressing issue. The MENA region’s unique topography, characterized
by deserts, mountains, and coastal regions, contributes to a predominantly arid and semi-
arid climate. Annual rainfall in most parts oscillates between 100 and 250 mm, with
high variability and low predictability, exacerbating water scarcity [5,6]. Agriculture,
the predominant sector consuming water resources, poses a significant challenge to the
region’s water security. Countries like Syria and Yemen utilize up to 90% and 95% of
their water for agriculture, respectively, highlighting the strain on water resources [4,7].
Rapid urbanization and economic expansion further escalate water demands, necessitating
strategic interventions to address these challenges [4,8].

The MENA region primarily relies on limited conventional water resources derived
from surface and groundwater. Surface water sources, including rivers and dams, face
unreliability and scarcity due to the arid climate. Groundwater, accessed through wells, is
crucial for irrigation and drinking water but confronts challenges such as over-exploitation,
depletion of aquifers, and increased salinity. This situation is clearly shown in the Gulf
Cooperation Council countries, Djibouti, Libya, and Jordan, where both surface and ground-
water resources are scarce, as shown in Figure 1. As the MENA region grapples with these
multi-faceted water challenges, addressing issues of scarcity, pollution, and over-extraction
becomes imperative for sustainable water management [9-11].
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Figure 1. Groundwater and surface water resources in the Middle East and North Africa [9-11].

A decision at UNFCCC COP28 urges all parties of the Paris Agreement to increase
adaptation action and support in order to reach a number of climate-resilience targets. The
very first of these targets calls for the significant reduction in climate-induced water scarcity,
the implementation of a climate-resilient water supply, and ultimately safe and affordable
water for all.
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Achieving water sustainability demands a multi-faceted approach, encompassing a
reliable water supply, sustainable energy sources, and efficient water utilization across
domestic, industrial, and agricultural sectors [12,13]. An integral aspect of this strategy is
water desalination, presenting itself as a potential solution to augment freshwater resources.
The process holds promise in addressing water scarcity concerns, especially in regions
like the MENA area, which is abundant in brackish water [12]. Efforts to enhance water
sustainability must not only focus on sourcing additional water but also on optimizing
the usage of existing resources to ensure resilience in the face of escalating demands and
environmental challenges.

The International Desalination Association (IDA) highlights leading contributors to
desalinated water production, including some Arabic Gulf countries and the United States.
The MENA region holds a substantial 47.5% of global desalination capacity, with 62.3%
allocated to municipal applications and 35% for industrial purposes [14,15]. Globally, the
installed desalination capacity has reached 97.2 million m® annually from 16,876 plants,
contributing to a cumulative capacity of 114.9 million m® from 20,971 projects [14].

Desalination, a pivotal process for addressing water scarcity, is energy-intensive, con-
suming an average of 75 TWh yearly and constituting nearly 0.4% of global electrical
energy consumption [16]. This energy intensity leads to significant environmental impacts,
producing approximately 76 Mt-CO, annually, projected to rise to 218 Mt-CO, annually
by 2040 due to the increased desalination capacities [16]. The intricate relationship be-
tween water, energy, and the environment nexus underscores the need for sustainable
solutions. Renewable energy (RE), especially solar energy, emerges as a viable tool to
reduce the environmental footprint of desalination processes by minimizing fossil energy
dependency [17,18].

Desalination processes fall into categories such as thermal, mechanical, electrical, and
other processes based on their driving forces and working principles. Thermal processes,
like multi-stage flash distillation (MSF), multi-effect distillation (MED), single-effect vapor
compression, humidification-dehumidification (HDH) desalination, membrane distilla-
tion (MD), solar distillation, and freezing use solar thermal energy for evaporation and
condensation, mimic the natural water cycle. Mechanically driven processes, such as RO,
nanofiltration (NF), and pressure-assisted osmosis (PAO), use pressure and semi-permeable
membranes to separate water molecules from ions. Electrically driven processes, like
capacitive deionization (CDI) and electrodialysis (ED), focus on ion separation in saline
water [19-21]. The following Table 1 gives an overview of desalination processes and its
driving forces.

Table 1. Desalination processes and driving force [19-22].

Desalination Process Driving Force Working Principle

MSF Thermal energy EZ?LE ‘;anti:; f?}(jcf;)ndensation,
MED Thermal energy i‘fllt)i;lizﬁs?:gzzd condensation in
HDH Thermal energy Evaporation and condensation in

separate chambers

Transfer of vapor molecules
MD Thermal energy through a microporous
hydrophobic membrane

Evaporation and condensation,

Solar Distillation Solar thermal energy relying on natural solar radiation

Freezing and separation of water

Freezin Thermal ener . . .
cezing € energy from salt in saline solutions
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Table 1. Cont.

Desalination Process Driving Force Working Principle
Separation of water molecules from
RO Mechanical (pressure) salts through semi-permeable
membranes
Similar to RO but with slightly
NF Mechanical (pressure) larger pore sizes in the membrane

for partial salt removal

Separation of water from salts
across a semi-permeable membrane
using osmotic pressure

Mechanical (pressure

PAO difference)

Attraction and removal of ions from
CDI Electrical (potential difference) saline water using
electrical potential

Electrical (ion-selective Separation of ions from saline water

ED : X . .
membranes) using electrical potential gradients

Notably, RO dominates both the global and MENA desalination markets, constituting
69% of desalination capacity and 84.5% of the overall plants [14,23]. Figure 2 illustrates the
prevalence of RO technologies, depicting their respective capacities measured in Mm3/day
across various countries in the MENA region. Furthermore, Figure 3 highlights the trends
in desalination technologies, presenting (a) the total number and capacity of desalination
units alongside their operational counterparts, and (b) the operational capacity distributed
across different desalination technologies [14].
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Figure 2. RO capacity in different countries in the MENA region [23,24].

The MENA region’s desalination landscape primarily features RO, MSF, and MED
technologies. While thermal processes like MSF and MED are suitable for large capacities,
RO plants offer flexibility and modularity [24]. RO, being cost-effective compared to
technologies like MSF and multiple-effect evaporation (MEE), has become the preferred
choice, constituting 85% of operational desalination plants and 91% of under-construction
plants worldwide [4]. The Middle East, representing 39% of global desalination capacity,
heavily relies on fossil fuel-based thermal desalination, especially in the Persian Gulf
region [20]. However, the MENA region’s solar and wind energy potential, particularly
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solar energy, presents opportunities for sustainable water production through solar-assisted
desalination [4].
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Figure 3. Global desalination trends: analysis of facility numbers, capacities, and technology operational-
ities: (a) the total number and capacity of desalination units alongside their operational counterparts,
and (b) the operational capacity distributed across different desalination technologies [14].

Integrating solar energy into desalination processes offers a promising solution to
address both water scarcity and environmental concerns. Direct and indirect solar desalina-
tion methods, utilizing PV and concentrated solar power (CSP), emerge as attractive energy
sources. PV-solar-based desalination, which provides electricity for membrane-based de-
salination processes, is suitable for treating brackish water. In contrast, CSP, offering backup
energy and extended working hours, is connected with RO systems. While PV has no
limitations and is suitable for densely populated areas, CSP’s ability to operate after sunset
makes it an advantageous choice [4,25].

Traditional desalination methods such as RO, MED, and MSF require significant
amounts of energy, mostly from fossil fuels. This reliance results in higher operating costs
and increased environmental impact due to carbon emissions. For instance, desalinating
seawater using RO consumes about 2.5 to 4 kWh/m?3 of energy, with production costs
ranging from 0.5 to 3 USD/m? [26]. In comparison, MSF and MED methods have even
higher energy consumption, with MSF varying from 13.5 to 25.5 kWh/m? and MED from
6.5 to 28 kWh/m?, with associated costs ranging from 0.84 to 1.56 USD/m? [27]. Incorpo-
rating solar power into desalination technologies offers the benefit of reducing reliance on
fossil fuels and minimizing greenhouse gas emissions, leading to a smaller environmental
impact. Solar-powered desalination processes also tend to have lower operational costs due
to minimal energy input requirements once the solar infrastructure is installed. However,
the initial capital investment for solar panels and related equipment can be substantial, and
the efficiency of solar-powered systems can be influenced by geographical and climatic
conditions. For example, when using PVRO for seawater desalination, the energy demand
ranges between 2.5 and 6.6 kWh/m?, with costs ranging from 0.89 to 1.8 USD/m? [28].
Therefore, the choice between solar-powered desalination and traditional methods de-
pends on various factors, including the specific regional energy landscape, environmental
priorities, and economic considerations.

With the MENA region hosting approximately half of the global desalination capacity,
the adoption of solar-powered desalination technologies is gaining traction, particularly
in countries like Saudi Arabia, the UAE, and Qatar. Investments in solar desalination,
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despite higher initial costs, indicate a shift toward sustainable practices. For example, the
construction of the world’s largest PV-RO plant in Saudi Arabia and plans for a signif-
icant PV-RO project in the UAE underscore the region’s commitment to solar-powered
desalination [29,30].

Although challenges such as brine disposal and high upfront costs persist, advance-
ments in solar-driven desalination technologies and the increasing demand for water in the
MENA region suggest a promising future for sustainable desalination practices. Ongoing
research aims to optimize reverse osmosis plants, coupled with renewable energy sources,
to improve the efficiency and economic viability of these processes. The integration of solar
energy into RO desalination not only addresses water scarcity but also aligns with global
efforts to transition toward sustainable and eco-friendly solutions. This paper delves into
the feasibility and potential of implementing solar-driven reverse osmosis (RO) desalina-
tion plants within the MENA region. It offers a comprehensive examination of the reverse
osmosis membrane process, detailing the fundamental processes within RO plants, while
also addressing the challenges inherent to RO technology. These challenges encompass high
energy consumption, membrane fouling, environmental challenges, and boron removal.
Furthermore, the paper delves into the realm of renewable energies, particularly focusing
on solar photovoltaics and solar thermal energy, and their abundant presence within the
MENA region. By highlighting the solar energy potential in this region, the discussion
extends to advancements in the deployment of solar energy-driven RO technology. Both
solar photovoltaic-powered and solar thermal-powered RO systems are explored, showcas-
ing the strides made in integrating renewable energy sources into desalination processes.
Through a comprehensive review, this paper sheds light on the current landscape of solar-
powered RO desalination, emphasizing the ongoing endeavors aimed at surmounting
technical barriers and commercializing these sustainable technologies. Ultimately, the
overarching aim is to foster the development of economically viable and ecologically sound
RO desalination systems, capable of mitigating the escalating water scarcity challenges
prevalent in the MENA region.

2. Background
2.1. Overview of Membrane-Based Processes

Membrane separation technology, a cornerstone for various fluid separations, offers
advantages such as low running energy requirements, easy upscaling, simplicity, and
no need for additional chemicals. The classification of membrane technology processes
is organized based on different driving forces, including pressure, electrical, thermal, and
concentration-driven processes. Figure 4 displays different types of pressure-driven membrane
processes, which are categorized based on the pore size, applied pressure, and removing
target [31]. Microfiltration (MF) membranes, which have the largest pores (0.1-1 pm), operate
at low pressures (below 1 bar) to remove larger particles. Ultrafiltration (UF) membranes
have smaller pores (2-100 nm) and slightly higher pressures (1-6 bars), which help to
eliminate suspended solids and macromolecules. Nanofiltration (NF) membranes have
even tighter pores (below 1 nm) and operate at moderate pressures (5-15 bars) to separate
smaller molecules and multi-valent ions. Reverse osmosis (RO) membranes have a dense
structure and operate under high pressure up to 70 bars for seawater desalination.

Reverse osmosis is a water purification method employing a semi-permeable mem-
brane to remove ions, molecules, and larger particles, producing clean drinking water. In
the RO process, applied pressure overcomes osmotic pressure, a collative property driven
by the chemical potential difference between the solute and solvent. This technique, widely
used for water treatment, effectively eliminates dissolved and suspended species, including
bacteria, from water in both industrial and potable water production applications. During
reverse osmosis, the pressurized membrane retains solutes on one side, allowing only the
pure solvent to pass through. Mass transport across RO membranes is believed to adhere to
a solution—diffusion mechanism [32]. This implies that water dissolves on the feed surface,
moves through the active layer via diffusion, and then releases from the surface on the
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permeate side. The process involves the solvent moving from a region with lower solute
concentration to a higher concentrated solute region, driven by a decrease in the free energy
of the system. Reverse osmosis essentially reverses this natural solvent flow by applying
external pressure [33].

Pore size (nm) 100 -1000 2-100 Dense Freshwater
Applied pressure (bar) <1 1-6 5-15 up to 75
Removing target Particles ~ Colloids ~ Multivalent Monovalent
ions ions

Figure 4. Main pressure-driven membrane technologies.

The present market for RO membranes is primarily dominated by thin-film composite
(TFC) polyamide membranes characterized by a three-layer structure. This design com-
prises a robust polyester support layer (120-150 um) that provides essential mechanical
stability. A middle microporous layer (~40 um) acts as a bridge between the support and
the top layer. Finally, an ultrathin top barrier layer (~0.2 um) selectively allows water
molecules to pass through, making it the central part of the desalination process [34]. The
spiral-wound membrane module configuration is the famous type used in RO desalination,
mainly because of its many advantages. This configuration provides a large specific mem-
brane surface area, making it easy to scale up. It also allows for interchangeability, and
the cost of replacing the modules is low. Additionally, it is the most cost-effective module
configuration when using flat-sheet TFC membrane material [34].

RO, recognized by the IDA as the fastest-growing technology, has witnessed increasing
adoption in the MENA region, outpacing traditional thermal desalination methods. This
shift is attributed to lower energy needs and advancements in membrane technologies,
rendering RO suitable for high-salinity feed waters. The specific energy consumption
(SEC) of SWRO has significantly decreased from 20 kWh/m?3 in the 1980s to less than
3-4 kWh/m? in recent years [35].

RO processes are divided into two main categories based on the quality of the input
water. Brackish water RO plants (BWRO) handle water with salinity levels ranging from
1g/Lto 10 g/L [36], while seawater RO plants (SWRO) are designed for water with salinity
levels ranging from 25 g/L to 45 g/L [37]. The efficiency of the reverse osmosis process is
dependent on a range of operational parameters, the selection of the membrane, and the
characteristics of the feed water. The BWRO process is capable of achieving 70-90% water
recovery at pressures of 15-25 bar, while the SWRO process achieves 40-55% recovery at
pressures of 55-70 bar and 2-4 kWh/m?3 of specific energy consumption [2,37,38].

In addressing the global water scarcity crisis, RO systems play a crucial role in pro-
viding clean drinking water. The advantages of employing RO systems include ease of
design, lower maintenance needs, modularity, removal of contaminants, lower energy
requirements, reclamation and recycling of waste process streams, operation at ambient
temperatures, modular structure for increased flexibility, lower specific energy require-
ments, and a significant decrease in waste stream volume, resulting in more efficient and
cost-effective water treatment.

However, despite their advantages, RO systems also face some challenges, especially
when it comes to handling the concentrated brine produced during SWRO. The quantity
and concentration of the brine depend on the desalination recovery rate. When operating at
a 50% recovery rate, the brine concentration can become twice as high as the feed seawater.
This highlights the importance of implementing responsible brine management strategies.
Furthermore, RO systems strip away most of the minerals from water, resulting in an
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acidic pH, which some may view as undesirable due to the removal of essential minerals.
Additionally, the initial cost of installing RO systems is high, and they necessitate regular
filter replacements and maintenance. Moreover, they consume energy, emit greenhouse
gases, and encounter limitations such as restricted recovery rates, membrane fouling,
and the production of waste brine. The process is also slow, particularly for household
purposes, as it operates under very low pressure. Finally, RO systems are ineffective at
removing dissolved molecules of similar size to water molecules, potentially leading to
system clogging [39].

2.2. Components of Seawater Desalination with RO Process

The SWRO desalination process typically includes three main stages: pre-treatment,
the RO desalination unit, and post-treatment. The process starts with seawater intake,
which is a significant aspect of desalination plants. The intake aims to maintain a consistent
and ample supply of high-quality feed water throughout the plant’s operational lifespan
while mitigating environmental impacts. There are two common types of seawater intakes:
open water intakes and subsurface intakes. After the intake, seawater is conveyed through
intake pumps for pre-treatment. Pre-treatment of the feed water is important to reduce
turbidity and concentrations of microorganisms, colloids, and total dissolved solids (TDS).
It also minimizes the silt density index (SDI) to acceptable levels for subsequent processing.
This is achieved through screening, disinfection, coagulation—flocculation, filtration, dichlo-
rination, pH adjustment, and antiscalant addition to solving fouling and scaling issues.
The choice of pre-treatment process relies on feed water quality, space availability, and RO
membrane requirements.

The RO unit typically consists of high-pressure pumps (HPP), energy recovery devices
(ERD), and RO membranes. HPPs are used to pump the pre-treated water and forcing
it to pass through the membrane. The required pressure depends on the type of feed
water being treated. ERDs are used to recover energy from the high-pressure reject brine
generated during the desalination process [40]. This process involves transferring hydraulic
pressure from the concentrated brine stream to the incoming feed water, thereby reducing
the overall energy consumption of the desalination plant. Membrane unit, the crux of the
RO-based separation process, involves a semi-permeable membrane that selectively allows
pure water to pass while rejecting salts, ions, and organic molecules present in the feed
water. Commonly employed membrane module configurations for large-scale applications
include spiral wound and hollow fiber modules.

Post-treatment follows membrane separation, wherein the permeated water undergoes
stabilization and preparation for distribution. The post-treatment strategy depends on the
intended application of the product water. Although the membrane effectively removes
most dissolved solids from the feed water, a small percentage of salt may permeate through,
necessitating post-treatment. This stage involves pH adjustment, degasification of carbon
dioxide, lime addition, disinfection using sodium hypochlorite, and remineralization [41—43].

2.3. Challenges Associated with the RO Process
2.3.1. High Energy Consumption

Desalination is a promising technology for producing freshwater as there is an abun-
dance of seawater available. Although the RO process consumes less energy compared to
thermal-based technologies, it still has a relatively high energy demand, highlighting the
need for further reductions. Over the past decades, the energy required for desalination in
SWRO plants has sharply decreased, owing to continuous advancements in technology,
such as more efficient pumps, energy recovery devices, high-performance membranes,
and membrane module designs. However, there is still potential for reducing the energy
demand in the SWRO process. The theoretical minimum energy requirement (SECth) for
desalinating seawater with a salinity of 35 g/L is approximately 1.06 kWh/m?3 at a recovery
rate of 50% [44]. The specific energy consumption (SEC) of the SWRO has significantly
decreased from 8.5 kWh/m? in 1990 to below 3 kWh/m3 by 2009 [45]. However, the
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SEC is much higher than SECth due to non-reversible thermodynamic processes, pump
constraints, and system losses.

Despite the recent advancements in SWRO desalination, its energy consumption
(3 kWh/m?) remains relatively high compared to conventional sources of drinking wa-
ter supply, such as surface or groundwater treatment (<0.5 kWh/m?). Consequently,
this higher energy demand contributes to increased operational expenditures and greater
dependency on fossil fuels, resulting in adverse environmental impacts. Moreover, the sub-
stantial energy demand of SWRO systems can also lead to the emission of greenhouse gases,
thereby exacerbating the effects of climate change [16]. The estimated energy consumption
of SWRO plants is 100 TWh/year, leading to 60-100 Mt-CO, emissions annually [29]. As
SWRO is a highly energy-intensive technology, reducing energy demand would have a
tremendous impact. Moreover, the current global energy crisis has made low-energy seawa-
ter desalination a pressing issue. To address this challenge, researchers and engineers are
actively seeking innovative methods to decrease the energy demand of SWRO desalination.

The energy consumption breakdown in SWRO plants, estimated by [46], is shown in
Figure 5. The total energy demand is estimated to be 3.57 kWh/m?, constituting 25 to 40%
of the water production cost. The RO system consumes the highest amount of energy at
71.15% (2.54 kWh/m3) of the entire RO plant. The remaining energy is distributed across
pre-treatment (0.39 kWh/ m?, 10.8%), seawater intake (0.19 kWh/m3, 5.3%), post-treatment,
and freshwater distribution (0.18 kWh/m?3, 5%), and other facilities like storage and brine
disposal (0.19 kWh/m?, 5.3%). This breakdown highlights the pivotal role of the RO system
in the overall energy consumption of SWRO plants, emphasizing the need for continuous
development of energy-efficient technologies throughout the entire desalination process.

Seawater intake
(0.19 kWh/m?3)

Other facilities
(0.27 KkWh/m?3)

Pre-treatment

Post-treatment & (0.39 kWh/m?)

water delivery
(0.18 KWh/m?3)

RO unit
(2.54kWh/m?3)

Figure 5. Distribution of energy consumption in SWRO desalination plants.

2.3.2. Membrane Fouling

The RO process faces a significant challenge associated with fouling, which leads
to a decline in membrane performance and an increase in operational costs. Fouling
occurs due to the accumulation of suspended or dissolved substances on the external
surfaces of the membrane, at the pore openings, or within the pores. It can result in
reduced water permeation, salt rejection, and membrane lifespan, and increased energy
consumption, and the need for more frequent membrane cleaning, replacement, and pre-
treatment [47,48]. Fouling can be either reversible or irreversible, with the latter resulting
in a long-term reduction in the flow rate [49,50]. It is classified into organic (from organic
matter accumulation such as humic substances), inorganic (inorganic substances such as
from mineral scales), colloidal (deposition of colloids or fine suspended particles), and



Water 2024, 16, 1877

10 of 31

biofouling (resulting from microbial attachment), each of which can be mitigated to some
extent through pre-treatment processes [48,49,51].

Furthermore, the occurrence of fouling mechanisms can give rise to the formation of
scale, cake, and biofilm, thereby adversely affecting membrane performance. Colloidal
matter, whether organic, inorganic, or biological, contributes to the formation of cake,
while scaling occurs due to the heterogeneous crystallization of soluble mineral salts on the
membrane surface. Biofilm formation is a consequence of the colonization of deposited
microorganisms. To address these challenges, a clear understanding of fouling mechanisms,
types, and factors affecting fouling is crucial [52-55].

The occurrence of different types of fouling may be simultaneous, while fouling
mechanisms may be initiated in different phases of the operational process. For instance,
scaling and silica fouling typically occur in the final membrane stage, whereas colloidal
fouling deposits at an early phase when drag forces are elevated [53,54]. Furthermore,
surface fouling is more common in RO membranes due to their non-porous structure,
but it can be controlled by manipulating the hydrodynamics or performing chemical
cleaning [52].

To prevent membrane fouling, it is essential to consider factors such as membrane
selection, system design, and regular cleaning routines. Membrane fouling can lead to a
decrease in production, increased energy consumption, and even damage to the membranes.
Therefore, implementing preventative measures and understanding the causes and types
of fouling are crucial for maintaining the efficiency of the RO process [56].

2.3.3. Environmental Challenges

Although SWRO desalination is an effective solution to water scarcity in coastal
areas, it also poses several environmental challenges. The process of desalination has
significant interactions with various environmental subsystems, which include the wa-
ter (hydrosphere), land (geosphere), living organisms (biosphere), air (atmosphere), and
human-made processes (technosphere) [57]. The desalination process requires substantial
energy consumption, which is often generated from fossil fuels and results in air pollution
and greenhouse gas emissions that contribute to climate change. The extraction and process-
ing of materials for desalination infrastructure can also worsen environmental degradation.
The extensive land footprint of desalination plants may impact local ecosystems and land
use patterns. Additionally, the intake of seawater and discharge of concentrated brine can
disrupt coastal habitats and affect the biodiversity of marine life within the biosphere.

Brine disposal, a concentrated saline by-product generated during desalination pro-
cesses, poses significant challenges and environmental concerns. One of the most critical
environmental issues associated with desalination is the intake of seawater and the dis-
charge of concentrated brine, which can disrupt coastal habitats and affect the biodiversity
of marine life within the biosphere. Intake systems can cause marine species such as fish,
plankton, algae, and seagrass to become trapped against suction racks, resulting in injury
or death [58]. The harmful effects of brine on the environment are attributed to its salinity,
turbidity, temperature, and chemical composition. The salinity of brine is 1.6-2 times higher
than that of seawater, and its temperature depends on the desalination process employed.
Various chemicals employed in pre-treatment and membrane cleaning, including copper,
ferrous, nickel, molybdenum, and chromium further contribute to the potential environ-
mental impact [59]. Studies have shown that even a slight increase in salinity can disrupt
the osmotic balance of marine species, leading to irreversible dehydration of their cells and
potential extinction in the long term. While brine from a single desalination plant may not
cause significant harm, the cumulative effects of brine from multiple plants operating in the
same area over an extended period could adversely affect marine life [60-62]. Therefore,
careful management practices and innovative solutions are essential to minimize the envi-
ronmental impacts of brine disposal. Besides ongoing research to limit the environmental
effects of brine discharge, full scale plants implemented various process optimizations in
new installations. Careful engineering of mixing and diffusion in brine discharge locations
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helps to limit the local effect of salinity. Alternative pre-treatments like ultrafiltration
(UF) [63] lower the amount of chemicals added in the process. And effective heat recovery
in thermal desalination systems limits the temperature change in receiving waters while it
improves the overall and economic efficiency of the system.

The increasing public awareness of the adverse environmental impacts of brine dis-
posal has led to the development of stricter regulations, potentially limiting conventional
disposal methods. In response to these challenges, minimal and zero-liquid discharge
(MLD and ZLD) has gained attention. MLD/ZLD systems aim to recover high-quality
freshwater with the near complete elimination of liquid waste from desalination plants,
achieving water recovery rates of more than 95%. The compressed solid waste gener-
ated can be disposed of in an eco-friendly manner or repurposed as high-value-added
compounds [64,65].

ZLD/MLD systems comprise a pre-concentration stage (membrane-based technolo-
gies) and successive evaporation and crystallization stages (thermal-based technologies),
exhibiting variations in design, arrangement, and operation. As shown in Figure 6,
membrane-based technologies encompass reverse osmosis (RO), high-pressure reverse
osmosis (HPRO), forward osmosis (FO), osmotically assisted reverse osmosis (OARO),
nanofiltration (NF), membrane distillation (MD), membrane crystallization (MCr), elec-
trodialysis (ED) and electrodialysis reversal (EDR), and electrodialysis metathesis (EDM).
In contrast, thermal-based technologies include multi-stage flash distillation (MSF) and
multi-effect distillation (MED), brine concentration (BC), crystallizer (BCr), spray dry-
ing (SD), eutectic freeze crystallization (EFC), and wind-aided intensified evaporation
(WALIV) [66,67].
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Figure 6. Main technologies used for the treatment and valorization of desalination brine.

Recently, numerous studies have addressed the challenge of managing brines from
SWRO with innovative methods aimed at reducing environmental impacts and enhancing
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resource recovery. C. Morgante et al. [68] proposed a novel MLD system that includes
a nanofiltration (NF), crystallizer, and MED hybrid process. Their findings demonstrate
that this MLD system not only helps alleviate environmental concerns but also produces
high-purity minerals and salts at lower costs compared to current market prices. Similarly,
J. Zuo [69] focused on treating real SWRO brines using a hybrid BC and MD process.
They achieved a water recovery rate exceeding 95% and generated salt slurries with
around 10-20% moisture from the crystallizer. This approach highlights the potential of the
proposed system to achieve ZLD, providing an eco-friendly solution to brine management
by maximizing water recovery and generating economically valuable salt by-products.

2.3.4. Boron Removal

Boron removal remains a major challenge in SWRO desalination. The World Health
Organization (WHO) recommends a maximum boron concentration of 2.4 mg/L in drinking
water [70]. However, seawater naturally contains a much higher concentration of boron
(between 4.5-9 mg/L) mainly in the form of uncharged boric acid (B(OH)3). The small
size of boric acid molecules allows them to pass through RO membranes due to size
exclusion limitations. Furthermore, the absence of electrostatic interactions between the
non-dissociated boric acid and the membrane surface facilitates their passage. As a result,
boron rejection rates generally range from 40% to 60% within a pH range of 5 to 9 in a
single-pass RO system [71]. However, at higher pH levels (pH > 9), borate anions (B(OH)4 ™)
are formed, which have a negative charge that improves their rejection by RO membranes
through size exclusion and Donnan repulsion mechanisms. This leads to rejection rates of
up to 99%.

Recent advancements have led to new methods to enhance boron removal from sea-
water under neutral pH conditions. One of the most effective methods is the double-pass
RO system, where a portion of the initial permeate water undergoes a second pass through
RO without requiring any pH adjustment [72]. However, this method may increase energy
consumption and require additional infrastructure. Other less conventional approaches
involve adjusting the pH above 9 to convert boric acid into more readily rejected borate
ions. One promising strategy for enhancing boron removal involves surface modification
techniques. These modifications can target either steric hindrance or adjust the surface
chemistry to optimize the affinity between membrane materials and boric acid [73]. Var-
ious technologies and integrated processes are being explored to improve the efficiency
of boron removal in RO systems, including electrochemical methods [74], using cellulose
fiber-carbon nanotube nanocomposite polyamide membranes [75], combining RO pro-
cesses with other techniques such as adsorption, coagulation, and complexing membrane
filtration [72,74], using ion exchange methods with boron-selective resins (BSRs) [76], and
hybrid processes based on adsorption membrane filtration and the chemical oxidation
precipitation (COP) method [72,76,77]. Emerging membrane-based technologies such as
membrane distillation (MD) [70], forward osmosis (FO) [78], and capacitive deionization
(CDI) [79] are also being explored either integrated with RO or as standalone solutions.
Optimizing these strategies is essential to produce high-quality drinking water with limited
boron concentration that meets WHO guidelines.

3. Reverse Osmosis Technology Dominance in the MENA Region

Reverse osmosis technology has emerged as the primary method for desalination in the
MENA region, commanding over 90% of total desalinated water production, as reported by
Desal Data [80]. This shift marks a significant departure from traditional thermal methods
such as MSF and MED, which now contribute less than 10% to the region’s desalination
output. Notably, countries like Syria, Morocco, Djibouti, and Palestine have embraced RO
exclusively for their desalination needs [81].

MENA’s pivotal role in global desalination is underscored by contributions from
nations like Saudi Arabia and the UAE, which boast some of the largest desalination
plants worldwide. Recent trends point to a definitive transition toward RO-based plants,
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exemplified by the decommissioning of thermal capacity in key locations such as Jeddah,
Oman, and Abu Dhabi. Plans by the UAE’s Department of Energy to replace thermal
capacity with large-scale seawater reverse osmosis (SWRO) plants further emphasize this
shift [82].

Despite RO’s dominance, significant disparities exist in desalination capacities among
MENA countries, primarily influenced by capital costs and ongoing operational expenses.
Saudi Arabia and the UAE lead in capacity, with noteworthy projects like Algeria’s Magtaa
plant demonstrating relatively low costs per cubic meter of water produced. Table 2
illustrates the prevalence of RO technology across the region, reflecting its efficiency and
cost-effectiveness.

Table 2. Major planned RO plants in the MENA: focus on KSA and the UAE [81].

Location Capacity (m3/d)  Feedwater Operation Year  Cost (USD)
Umm al Quwain

WP, UAE 681,900 Seawater 2020 250 M
Rabigh 3 IWP,

KSA 600,000 Seawater 2021 -
Khobar 2

replacement SWRO, 600,000 Seawater 2021 650 M
KSA

Taweelah IWF, 909,200 Seawater 2022 8405 M
UAE

Rabigh, KSA 600,000 Seawater 2022 -
Jubail 3b IWP,

KSA 600,000 Seawater 2022 3bn
Jubail 3a IWP,

KSA 600,000 Seawater 2022 3bn
Shoaiba 6 IWP,

KSA 600,000 Seawater 2029 -
Hassyan 545,520 Seawater Planned -
SWRO, UAE / cawate ¢

Haradh BWRO, Brackish water

KSA 800,000 or inland water Planned )

However, widespread adoption of desalination, particularly RO, presents energy
challenges in MENA. The International Energy Agency (IEA) estimates desalination’s sub-
stantial energy consumption, ranging from 2.4% in Algeria to a staggering 30% in Bahrain.
This reliance on energy, predominantly from fossil fuels, raises sustainability concerns,
notably in countries like Saudi Arabia, where desalination and electricity generation heavily
rely on crude oil.

In GCC countries, RO is gradually supplanting thermal methods, with Saudi Arabia,
Oman, and Bahrain leading this transition. Conversely, North African countries predom-
inantly utilize RO for desalination, except for Libya, where MED technology remains
prevalent. Algeria boasts the region’s largest desalination capacity.

Desalination in MENA primarily caters to domestic (municipal) needs, especially in
GCC countries, where reliance on desalinated water is paramount due to limited alternative
sources. Cities such as Muscat, Doha, and Dubai rely entirely on desalination for municipal
supply. Moreover, desalinated water finds application across various sectors, including
industry, tourism, power generation, military, and agriculture, albeit to a lesser extent
compared to municipal use [81].
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4. Contribution of MENA Countries to Solar-Driven RO Desalination Research

To gain a deeper understanding of the research landscape in the MENA region con-
cerning solar-powered desalination, a bibliometric analysis was conducted. This method
provides valuable insights into publication trends, prominent countries, institutions, re-
searchers, and collaborations in this important field. To conduct this study, data were
collected from the Web of Science (WoS) core collection, a comprehensive database for
scholarly publications. An advanced search function was employed to identify relevant
articles using the search query: Topic: (desalination AND (solar OR photovoltaic OR “re-
newable energ*”)). This ensured that the retrieved articles included these terms within
their title, abstract, and keywords. Only articles and reviews published in English were
considered for analysis to maintain consistency and accessibility within the global research
community. The analysis covered the period from 2004 to 2024 (data collection completed
on 11 June 2024). To ensure a regional focus, the search query limited the retrieved pub-
lications to those affiliated with research institutions located within the MENA region.
The recorded data were analyzed using VOSviewer software (version 1.6.20), which is
specifically designed for bibliometric mapping and visualization.

The analysis revealed a significant contribution from the MENA region to the field of
solar-powered desalination. Notably, 391 out of 1262 articles identified globally originated
from institutions within the MENA region. This translates to a percentage contribution of
30.1%. Furthermore, co-authorship analysis identified strong collaborative relationships
among MENA region countries. Figure 7 visually depicts these collaborations, with larger
nodes representing more productive countries (in terms of publication output) and the
thickness and length of connecting lines indicating the strength of cooperation. The analysis
identified Egypt as the leading contributor within the MENA region, with 144 published
documents and a total link strength of 122. This is followed by Saudi Arabia with 129 doc-
uments and a total link strength of 173. Tunisia ranks third with 45 documents and a
total link strength of 32. Jordan and the United Arab Emirates also emerged as significant
contributors, with 32 and 31 documents and total link strengths of 36 and 38, respectively.
These findings highlight the MENA region’s expertise and commitment to addressing
water scarcity challenges. The strong publication output and collaborative research efforts
demonstrate their active involvement and substantial contributions to advancements in
solar-driven reverse osmosis desalination technology.

The bibliometric analysis not only revealed the substantial contribution of the MENA
region to research on solar-powered desalination but also shed light on collaboration pat-
terns. Figure 8 focuses on the countries of the corresponding authors to visualize these
patterns. It differentiates between articles with a single corresponding author affiliated
with a MENA country (single country publications—SCP) and those with corresponding
authors from multiple countries (multiple country publications—MCP). The analysis iden-
tified Saudi Arabia as a leader in international collaboration within the MENA region.
Notably, 42 out of 69 articles with a corresponding author affiliated with a Saudi institution
involved collaboration with researchers from other countries. This translates to a significant
percentage (60.1%) of their research output involving international partnerships. This is
followed by Egypt with 29 MCPs out of 93 articles and the United Arab Emirates with
15 MCPs out of 22 articles. These findings highlight that MENA countries can position
themselves at the forefront of solar-powered desalination advancements, contributing to a
more secure and sustainable water future for the region.
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Figure 7. The collaboration map of country co-authorship regarding solar-driven RO desalination.
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Overlay analysis is an effective bibliometric technique for tracking the evolution of

research topics and identifying emerging trends over time. By examining the occurrences
and average publication years (APY) of keywords, we can gain insights into the current
focus and predict future directions in the field of solar-powered desalination. To capture
the most recent advancements, we focused on the period between 2016 and 2023. Figure 9
depicts these temporal trends using an overlay visualization, where keywords are color-
coded by publication year: navy blue indicates earlier appearances, while yellow highlights
the most recent publications. Based on the overlay analysis, several promising trends in
solar-powered desalination in the MENA region can be anticipated:

Advancements in materials: Keywords such as “nanofluid” (4 occurrences, APY =
2021.25) and “phase change materials” (6 occurrences, APY = 2021.33) indicate ongoing
research aimed at enhancing thermal efficiency and energy storage capabilities. This
could lead to more viable and cost-effective solar desalination systems.

Integration of CSP and solar chimney: Keywords like “concentrated solar power”
(5 occurrences, APY = 2021.4) and “solar chimney” (4 occurrences, APY = 2021.5)
suggest that these technologies will likely see increased integration into desalination
systems. These technologies efficiently convert solar energy into thermal energy,
thereby improving overall system efficiency.

Increased use of artificial intelligence (AI): Keywords such as “artificial intelligence”
(5 occurrences, APY = 2023) and “decision making” (4 occurrences, APY = 2021) indi-
cate a growing focus on developing intelligent systems for predictive maintenance,
process optimization, and real-time decision-making in solar-powered desalination
plants. For example, Al could optimize energy consumption based on variable so-
lar irradiance.
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5. Potential for Renewable Energies and Resources in the MENA Region

Renewable energies have gained significant attention globally as alternatives to con-
ventional fossil energy sources due to their efficiency, environmental friendliness, emission-
free nature, local availability, and recent cost-effectiveness. This shift is reflected in the
steady rise of the global energy supply sourced from REs, nearly doubling from 1.125 to
1.976 gigatons of oil equivalent (Gtoe) over the past thirty years. The MENA region, rich
in fossil energy resources, has traditionally relied on conventional fuels. However, with
growing environmental and economic concerns, several countries in the region are now
embracing ambitious plans to expand their renewable energy capacity [83].

Solar energy harnessed through PV and solar thermal energy technologies, stands
out as a prominent renewable resource in the MENA region. The region benefits from
abundant sunlight, making it an ideal candidate for large-scale solar power projects. The
study conducted by the International Renewable Energy Agency (IRENA) illustrates the
evolution of REs electricity capacity worldwide and in the MENA area from 2000 to 2021.
During this period, the capacity increased almost four times, with solar and wind REs
dominating the growth, accounting for 60% of global RE capacity in 2021 [84].

The MENA region receives 22-26% of the planet’s solar rays, and the achieved solar
energy is equivalent to 1-2 million barrels of oil, a source that can supply half of the
world’s electrical consumption [85]. Despite this potential, the utilization of solar energy
in the MENA region has been relatively low, with around 1% of the global renewable
electricity capacity being dominated by solar energy [85]. This can be attributed to the
region’s historically low-cost access to fossil energy resources. However, recognizing the
environmental and economic benefits, many countries in the MENA area have set ambitious
goals to increase their REs capacity [86].

For instance, Saudi Arabia, as part of its 2030 vision, aims to meet 50% of the kingdom's
local energy demand through REs, displacing approximately 1 million barrels of liquid
fuel per day and reducing carbon emissions by 175 million tons/year. The UAE’s “Energy
Strategy 2050” aims to raise the share of renewable energies to 50% of the energy mix,
up from 7% in 2020, while enhancing energy efficiency by 40% and reducing the carbon
footprint by 70% [87,88]. Egypt has outlined plans for renewable energies to meet 20%
and 42% of its electricity demand by 2022 and 2035, respectively, compared to 10% in
2020 [87,88].

In the MENA region, several renewable energy resources like solar, wind, hydro and
tidal power, geothermal, and biomass present viable substitutes to conventional fossil fuels.
However, these resources are not yet fully established as primary energy sources, with
fossil fuels still dominating the power supply [83,89]. However, the region’s strategies
to diversifying its energy mix and reducing carbon emissions indicates a promising shift
toward harnessing the untapped potential of solar and other renewable resources. As
these nations continue to implement their renewable energy plans, the MENA region is
poised to play a crucial role in the global transition toward sustainable and eco-friendly
energy solutions.

5.1. Solar Photovoltaics

The integration of renewable energy with desalination presents a significant challenge
due to the disparity between the steady-state operation of desalination technologies and
the intermittent nature of renewable energy sources. While renewable energy genera-
tion requires adjustments for continuous supply through energy storage, desalination
technologies can adapt to variable operations.

Moreover, the implementation of renewable desalination solutions is further com-
plicated by challenges related to land cost and size. Nevertheless, there is considerable
potential for the advancement of solar desalination technologies, particularly in regions
like the MENA, where solar energy is abundant and the cost of PV systems is declining.

Previously deemed less cost-competitive compared to conventionally powered meth-
ods, PV-powered desalination has experienced a shift in perception due to the decreasing
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costs of PV technology in recent years, as shown in Figure 10. Solar photovoltaic technolo-
gies, commonly known as solar panels, are instrumental in harnessing sunlight to generate
electricity.
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Figure 10. Evolution of crystalline silicon PV module prices: 1977-2015 (USD/Watt) [81].

The U.S. Department of Energy (DOE) is actively involved in efforts to enhance the
competitiveness of solar energy by reducing its levelized cost, targeting a goal of $0.02 per
kilowatt-hour for utility-scale solar projects [90].

The efficiency of PV cells varies based on the semi-conductor material employed, with
silicon being the most commonly used material. However, alternative technologies, such as
thin-film solar cells, also contribute to the diversity of solar PV systems. PV cells exhibit
efficiencies ranging from 15% for commercial panels to as high as 25% for state-of-the-art
modules [91].

PV systems can be configured by connecting multiple solar cells to form modules or
panels. These modules, in turn, can be grouped into larger arrays, ranging from small-scale
applications like calculators to utility-scale electricity generation. The flexibility of PV
systems allows them to function in various environments, including remote areas where
conventional electricity distribution infrastructure is unavailable [92,93].

Solar PV technology employs P-N junctions to directly convert solar energy into
electrical energy in the form of direct current (DC). Since its inception in 1954, solar PV
technology has undergone significant advancements in terms of efficiency and applications.
The efficiency of different PV technologies has improved from 2-22% in the 1975-2020
period to recent achievements of up to 48% [89,94,95].

The DC power from PV panels can be utilized in several ways, including storage in
batteries for future use, direct powering of DC loads, or conversion to AC power using
inverters to supply electricity to AC loads. Additionally, solar PV systems can drive RO
system for desalination [89].

In the context of the MENA region, which boasts abundant solar irradiance resources,
solar PV is considered as a promising technology for sustainable energy generation. The
geographic advantage of MENA countries, with their high solar irradiance, positions solar
PV as a valuable primary energy source. This solar potential can be harnessed for power
generation, addressing the energy needs of the region. Countries like Algeria, Egypt, Libya,
Saudi Arabia, and Yemen exhibit significant photovoltaic potential, as indicated by specific
yields in the range of 4.6 to 5.4 kWh/kWp/day and 1680 to 1972 kWh/kWp/year. This
underscores the potential of solar PV as a key player in the sustainable energy landscape of
the MENA region [96].
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Studies have extensively explored the optimization of PV-RO systems, demonstrating
that adjustments in flow rate and pressure can enhance recovery ratios. The integration
of buffer tanks has been shown to substantially boost productivity. Furthermore, the eco-
nomic viability of PV-powered RO systems for various applications, including agriculture
and small-scale usage, has been analyzed in regions such as Jordan and Iran. Larger sys-
tems employing low-energy membranes and grid-powered setups were found to be more
economically viable, with on-grid PV systems proving more cost-effective than off-grid
alternatives [30,97-100].

PV-RO desalination plants have exhibited cost-effectiveness and environmental sus-
tainability compared to conventional grid-powered systems in various contexts. From
small-scale units in Beirut to large-scale plants in Morocco and the Jordan Valley, PV-
powered RO systems have demonstrated promise as viable alternatives. Additionally,
standalone hybrid systems combining renewable systems and RO technologies have been
identified as cost-effective solutions, particularly in regions like Iran [101-105]. The integra-
tion of photovoltaic and reverse osmosis systems for water desalination is becoming an
increasingly sustainable approach to mitigate water scarcity issues.

Despite the efficiency challenges encountered by PV systems, innovations such as
water evaporation cooling aim to enhance performance. Comparisons with other solar
technologies like CSP underscore the cost-effectiveness of PV for desalination. System con-
figurations and energy recovery mechanisms, in addition to economic analyses, contribute
to improving overall efficiency and viability.

The PV-RO technology integration presents a promising approach for sustainable water
desalination. However, ongoing efforts are important to optimize the system, evaluate its
economic feasibility, and modify its design to fully solve its potential across various settings.

5.2. Solar Thermal Energy

Solar thermal energy harnesses the power of solar irradiance to generate usable
energy, primarily in the form of heat. This renewable energy technology capitalizes on
the sun’s radiant energy by absorbing it through various solar collector designs, including
concentrating, flat-plate, and evacuated collectors. These collectors facilitate the absorption
of solar irradiance, converting it into thermal energy, typically using water as a heat transfer
fluid. Vapor is produced by heating water to drive the steam turbine, leading an electrical
generator as an application [106,107]. Concentrated solar power emerges as an appealing
choice for sustainable and renewable energy, gaining traction for desalination applications.
A key distinction between the two prevalent systems, the steam cycle and organic Rankine
cycle (ORC), lies in their respective working fluids: water for the steam cycle and organic
fluids for ORC. The primary aim of the ORC is to power the RO unit and to pre-heat the
input water for the RO system utilizing the condensation heat of the working fluid in the
condenser [108].

One notable application of solar thermal energy involves its integration into desalina-
tion processes. Two distinct methods can be employed for this purpose. The first method
involves utilizing the work produced by the turbine to generate electricity. This electric-
ity, in turn, powers an electrically driven desalination process, exemplified by the solar
thermal-RO desalination plant. The second method entails using thermal energy directly
as a heat source for thermal-driven desalination processes, such as MED and MSF [24,109].

Moving on to the evaluation of solar thermal systems, there are two main types.
The first type absorbs all incident radiations, irrespective of their direction (horizontal
or vertical), exemplified by flat-plate solar collectors. The global horizontal irradiance
(GHI) is a crucial parameter to assess a location’s suitability for such systems. GHI, a
measure of solar potential, is used to compare different locations. Observations across the
MENA region reveal that GHI increases for regions closer to the equator, particularly in the
southern parts of the MENA region [96,110].

The second type of solar thermal technology focuses on absorbing only the direct
normal irradiance (DNI)—the solar irradiance coming directly from the sun. Concentrated
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solar power (CSP) technology is an example designed specifically for this purpose. The
MENA region exhibits varying DNI values, with countries like Algeria, Egypt, Jordan,
Libya, Morocco, Saudi Arabia, Syria, and Yemen displaying the highest DNI values [24,96].

Numerous studies have explored the optimization of CSP systems integrated with RO
desalination, focusing on environmental impacts and cost-effectiveness. These investiga-
tions have revealed promising outcomes, such as a 27.6% reduction in CO, emissions and
the identification of the most cost-effective design when combining RO with solar energy.
Additionally, ORC-SWRO designs have been highlighted as superior for medium-range
capacities, while dish concentrators paired with microgas turbines show viability in rural
areas with low freshwater demand. For intermediate water production, systems like RO
with parabolic trough collectors (PTC) or linear Fresnel collectors (LFC) combined with
ORC have been identified as preferred options [2,111]. In their study published in 2010,
Delgado-Torres and Garcia-Rodriguez examined the operational characteristics of solar
ORC-powered seawater (SWRO) and brackish water (BWRO) systems. They observed
variations in production per square meter of aperture area, depending on collector type and
working fluid. Linear concentrators like PTC or LFC were recommended for maximum
overall efficiency due to their high temperatures [112].

There is an increasing interest in the utilization of renewable energy sources for
desalination. A variety of technologies, including those utilizing renewable energy and
internal combustion engines, are currently under investigation. These studies have explored
a variety of factors, including the choice of working fluids, the availability of heat sources,
the necessity for pre-heating and cooling, and the tracking of the process, with the objective
of enhancing the cost-effectiveness and overall performance of desalination systems.

Overall, coupling renewable energy sources with desalination processes has shown
the potential to significantly reduce environmental impact and freshwater production costs.
However, further research is necessary to optimize these systems, improve their efficiency,
and minimize exergy destruction to enhance their competitiveness against traditional
desalination technologies [2,113,114].

6. Advancements in Solar Energy-Driven RO Technology Deployment in the
MENA Region

The MENA region has long been recognized for its abundant solar resources and
increasing water scarcity, making it a prime candidate for the deployment of solar energy-
driven RO technology. In recent years, significant advancements have been made in
harnessing solar power to drive RO systems, revolutionizing the desalination and water
purification industries in the region. These advancements not only offer a sustainable
solution to the pressing water challenges but also contribute to the region’s commitment to
renewable energy adoption and reducing dependence on fossil fuels. Nearly one-third of
the total installed capacity of renewable energy-driven desalination systems worldwide is
attributed to solar PV-RO, with abundant solar resources present in all MENA countries,
particularly Egypt, Jordan, Libya, Saudi Arabia, and Yemen. Additionally, solar thermal
technology also holds promise, with its abundance in MENA countries [110,115]. The low
energy consumption of the RO desalination, coupled with both solar electrical and solar
thermal resources, enables their efficient utilization in driving the desalination process,
further enhancing the region’s sustainable development goals.

6.1. Solar Photovoltaic-Powered RO Systems

Advancements in PV-RO systems in the MENA region have demonstrated their
potential to provide sustainable and cost-effective water solutions. The unstable nature of
solar radiation presents challenges for PV-RO plants, which can be addressed by coupling
PV systems with energy storage systems or by directly connecting to the power grid. Grid-
tied PV-RO systems require fewer PV panels and eliminate the need for batteries, reducing
capital and operating costs [116].
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Morocco has been a leader in adopting PV-RE desalination plants, with the Khenifra
plant producing 36,290 m3/day of freshwater. RO systems using solar energy have been
reported as the best alternative, as they are low-cost and sustainable for treating brackish
water [116]. RO systems powered by PV are more cost-effective than wind-powered
vapor compression systems, with water costs of 1 USD/m3 in Morocco. In Morocco,
where water scarcity is a pressing issue, the adoption of membrane-based desalination
systems, particularly RO, has gained momentum. Studies by [117-119] have highlighted
the effectiveness of solar-powered RO plants in treating brackish water, offering a low-cost
and sustainable solution to meet freshwater demands. Furthermore, the integration of PV
renewable energy sources in desalination plants, as observed in the works of [118], has
contributed to reducing energy costs and carbon emissions in the region.

The pioneering work of [120] in Saudi Arabia set the stage for PV-RO integration,
with the commissioning of the first commercial PV-RO pilot plant in Jeddah in 1981. This
pilot plant, powered by an 8 kWp PV system, demonstrated the feasibility of coupling
PV technology with RO for freshwater production. Subsequent studies, such as those
by [121] in the UAE and Abdallah et al. [122] in Jordan, have further validated the viability
of PV-RO systems across the MENA region. However, more studies, economic analyses,
and a review of the country’s policy regarding renewables are required to fully assess
the economic and technical feasibility of the PV-RO systems. Al Suleimani and Nair
studied a PV-BWRO system in Oman with a 3.25 kWp PV module and a 200 Ah battery.
With a 20-year lifespan and 5 m3/day output, it costs 25% less than diesel-powered RO
systems. Their findings highlight the economic benefits of PV-RO systems in remote
areas [123]. A number of alternative storage solutions for PV-RO systems, including fuel
cells (FCs), are available. Research conducted on a PV-RO/FC system with a 150 m3/ day
capacity indicated that the system is economically viable with a reasonable cost of electricity
(COE) [124]. The implementation of PV-RO systems in the MENA region has demonstrated
their capacity to provide sustainable and cost-effective solutions to water management
challenges. These systems exhibit clear economic and technical viability through the
integration of high-efficiency PV power generation with the low-energy demands of the
RO desalination process.

6.2. Solar Thermal-Powered RO Systems

The MENA region stands out for its abundant direct solar radiation, making it a prime
location for CSP technology. Trieb et al. [125] noted that the Middle East alone receives solar
energy equivalent to 1.5 billion barrels of crude oil annually. They emphasized the potential
of CSP-powered desalination as a promising alternative to traditional methods, providing
a sustainable and dependable freshwater supply. Furthermore, CSP desalination plants
can both generate electricity and produce freshwater at competitive prices [126,127]. Shatat
et al. [128] explored the global opportunities and challenges of solar seawater desalination,
concluding that harnessing solar energy in the MENA region could significantly alleviate
water scarcity.

In the United Arab Emirates, particularly in Abu Dhabi, there is a notable adoption of
solar thermal-powered RO systems. Palenzuela et al. [129] conducted thorough simulations
and assessments of various CSP configurations for desalination plants in Abu Dhabi.
Among these configurations, coupling a parabolic trough collector (PTC) field with RO
systems employing MED and low-temperature MED (LT-MED) emerged prominently.
Their findings highlighted the thermodynamic superiority of the LT-MED configuration
over CSP-RO setups, requiring smaller solar field footprints while maintaining comparable
power and water yields [129].

In Saudi Arabia, cities like Yanbu, Al Jubail, and Jeddah host large-scale RO desalina-
tion plants boasting substantial production capacities ranging from 56,800 to 128,000 cubic
meters per day. Although many of these plants currently rely on conventional energy
sources, there is a growing inclination toward integrating solar thermal technology to
curtail operational expenses and environmental impact [130].



Water 2024, 16, 1877

22 of 31

Moreover, research endeavors have concentrated on augmenting the efficiency and
cost-effectiveness of solar thermal-powered RO systems through innovative methodologies
such as hybrid ORC-RO systems. Manolakos et al.’s (2009) pioneering experimental work
on a low-temperature solar ORC system coupled with RO desalination demonstrated con-
tinuous operation despite fluctuating solar inputs [131]. Despite initial efficiency hurdles,
such hybrid systems present promising prospects for leveraging low-grade thermal energy
to economically and sustainably produce freshwater [132].

Advancements in membrane technology and system optimization have further propelled
the performance of solar thermal-powered RO units. Studies by Nafey and Sharaf [133] as
well as Li et al. [134] delved into energy and exergy analyses of large-scale solar desalination
systems under varying operating conditions, aiming to enhance overall system efficiency.
Furthermore, efforts to optimize system design and operation for part-load performance have
been pursued to accurately predict water production under diverse conditions.

The application of solar thermal energy for desalination in MENA and GCC countries
often involves integrating an ORC with seawater reverse osmosis (ORC-RO) systems.
This configuration capitalizes on seawater’s role as a heat sink for the ORC condenser,
simultaneously pre-heating the seawater to enhance RO membrane permeability and reduce
power consumption. The research underscores the socio-economic and environmental
advantages of solar PV and solar ORC-operated RO units over diesel generator-operated
units [111,133].

While solar thermal-powered RO systems offer promising solutions to address water
scarcity, challenges such as intermittency and system efficiency persist. Further research
and development endeavors are imperative to optimize these systems, enhancing their
scalability and cost-effectiveness.

7. Solar Desalination Challenges and Opportunities in MENA

The MENA region faces a critical water scarcity predicament, necessitating innovative
solutions for sustainable freshwater provision. Solar-powered RO desalination plants
emerge as a promising avenue to address this pressing challenge. However, while these
plants offer considerable potential, they also encounter formidable hurdles that demand
strategic navigation and proactive measures. This comprehensive review delves into the
multi-faceted landscape of solar-powered RO desalination in MENA, analyzing both the
challenges encountered and the opportunities ripe for exploration.

7.1. Challenges in Solar-Powered RO Desalination in MENA
7.1.1. High Initial Investment Cost

Solar-powered RO desalination plants are a sustainable solution to the freshwater
scarcity problem in the MENA region. However, the high initial investment costs of these
plants pose a significant challenge.

While the investment can be significantly higher in contrast to desalination with
conventional energy supplies, site specific factors, like distance to the grid, can make
solar-powered systems more economically feasible. At the same time, the permanent
cost of conventional energy supply is high and strongly market dependent. To lower
these operational expenditures, Morocco and other MENA countries adopt solar-powered
desalination systems.

Desalination with RO and PV is considered the best non-conventional solution in
Morocco. It is widely deployed as a relatively inexpensive and sustainable solution for
brackish water desalination [135]. The cost of water at 1 USD per cubic meter is still double
the average for an RO-produced cubic meter in the MENA region, but again site and
application specific factors are important. It still is competitive with the average price per
cubic meter produced by MED or MSF [135,136].

The most extensive plants in the MENA region are situated in Saudi Arabia, with
the United Arab Emirates following closely. The primary facility, Al Shuaiba, boasts a
notably low water cost of 0.56/m?3, surpassing even the largest Moroccan plant, the Chtouka
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desalination plant, which incurs a cost of 1 USD/m?>. However, Al Shuaiba’s cost aligns
closely with that of the Magtaa plant in Algeria [135,136].

Most important for the economics of a solar-powered desalination system is the scale
of the plant. Research indicates that solar MED systems become competitive for capacities
above 1.000 m®/day [30]. For smaller systems, PV-RO has the advantage of better scalability
and therefore higher cost saving potentials. This is accompanied by the constant decrease in
investment cost for PV modules through the wide adoption of PV systems in recent decades.
The flexibility of the PV-RO approach and the decreasing cost for PV modules and RO
membranes, initial investments become less prohibitive than a decade ago. Additionally,
the site-specific integration of different energy sources for desalination can further increase
the overall energy efficiency and lower the cost of investments and operations [4,30].
Leveraging these developments and approaches, desalination with renewable energy, the
MENA region, with its high average solar potential, has unique opportunities to widely
adopt technologies for sustainable water supply.

7.1.2. Technical Complexities

Integrating solar power with desalination technologies presents several technical
complexities that necessitate expertise in both domains. These challenges include the
following considerations:

e  Optimizing energy capture and utilization: Developing systems capable of efficiently
converting solar energy into electricity for desalination purposes is essential.

e  Energy storage solutions: Implementing robust and efficient energy storage methods
is critical for addressing fluctuations in solar radiation and meeting peak demand
during periods of low sunlight.

e  Reliability and durability: Equipment must be designed to function reliably and
maintain its integrity under harsh environmental conditions, including extreme tem-
peratures, humidity, dust, and salt corrosion.

e  Variability in solar irradiance and weather patterns: System design and operation
must account for variations in solar radiation levels and weather patterns, which
influence the availability and intensity of solar energy.

In Morocco, the complexity of constructing high-voltage transmission lines from
the desert for CSP contributes to increased costs compared to PV energy, rendering PV
more financially practical and affordable [104,137]. In contrast, countries like Jordan
face challenges due to heavily subsidized water tariffs of up to 80%, which decrease the
economic feasibility of solar-powered RO plants [125,138]. If subsidies were removed,
solar-powered RO installations could become more economically viable and encourage
wider adoption.

7.1.3. Limited Funding for Research and Development

Limited funding for research and development poses challenges for solar-powered
reverse osmosis desalination plants in the MENA region. This limitation hinders the
advancement of technology and innovation in this field, impacting the efficiency and
sustainability of such plants. One example illustrating this challenge is the Al Khafji solar
seawater reverse osmosis desalination plant in Saudi Arabia [24]. Despite the potential of
solar-powered desalination as a sustainable solution, the high costs associated with research
and development hinder widespread adoption in the region. Countries like Egypt, Morocco,
and Tunisia have initiated projects to harness solar energy for desalination, showcasing
efforts to overcome these challenges [139]. These endeavors highlight the importance of
addressing limited funding to drive innovation and enhance the viability of solar-powered
reverse osmosis desalination plants in the MENA region.

7.1.4. Lack of Expertise

Developing and operating solar-powered RO desalination plants necessitates special-
ized expertise encompassing solar energy systems, desalination technology, and system
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integration. However, there may be a scarcity of qualified professionals possessing the
requisite skills and knowledge in the MENA region, potentially hindering the widespread
adoption of solar-powered desalination. Countries with established proficiency in renew-
able energy technologies, such as solar power, may enjoy a comparative advantage in
executing solar-powered desalination projects.

For instance, in the UAE, substantial investments have been made in renewable energy
infrastructure and expertise, potentially resulting in a larger pool of skilled professionals
available for such projects compared to other regional countries. Additionally, Egypt,
Morocco, and Tunisia have initiated significant projects involving CSP plants. Moreover, in
Qatar, the Monson Group has announced a new, low-energy-consumption, automated, re-
newable energy-powered desalination plant [24,135,139]. These endeavors underscore the
region’s growing commitment to investing in sustainable desalination solutions, notwith-
standing challenges related to expertise and operational stability.

7.2. Opportunities for Navigating the Challenges of RO Desalination Plants in the MENA Region
7.2.1. Technology Optimization and Innovation

Encourage research and development initiatives focused on optimizing solar energy
capture and utilization, energy storage solutions, and improving the reliability and dura-
bility of equipment. Investing in innovation can lead to advancements that enhance the
efficiency and cost-effectiveness of solar-powered desalination plants.

On the other hand, exploring small-scale technologies offers potential solutions to
water scarcity challenges in remote areas or for individual households. These include small-
scale desalination systems such as small-scale RO, as well as emerging technologies like
adsorption desalination (AD) and humidification—-dehumidification (HDH) desalination
systems. Unlike traditional thermal and membrane-based technologies, AD can utilize
renewable energy sources such as solar, geothermal, or low-grade waste heat [140]. HDH
desalination systems can use a variety of energy sources, including geothermal, solar,
wind, waste heat, and biomass [141]. Both AD and HDH have demonstrated reliability,
energy efficiency, and sustainability in producing freshwater for decentralized and small-
scale applications.

Research efforts should focus on improving the energy efficiency, cost-effectiveness,
and scalability of these small-scale technologies. Developing advanced materials and
innovative designs can further enhance their performance and broaden their applicability.
By addressing these aspects, small-scale RO and emerging thermal desalination systems
can become viable options to complement large-scale desalination efforts, contributing
significantly to alleviating water scarcity in the MENA region and beyond.

7.2.2. Government Support, Financial Incentives, and Investment

Develop comprehensive regulatory frameworks and policies that support the deploy-
ment of solar-powered desalination plants. This may include setting targets for renewable
energy usage in desalination projects, streamlining permitting processes, and establishing
standards for environmental sustainability and performance.

Implement financial incentives and investment schemes to mitigate the high initial
investment costs associated with solar-powered RO desalination plants. This could include
subsidies, tax breaks, or financing options to encourage private sector involvement and
reduce the burden on governments.

7.2.3. Regional Collaboration and Knowledge Sharing

Facilitate regional collaboration and knowledge exchange through initiatives such
as the proposed regional observatory for desalination technologies. This platform can
promote best practices, facilitate technology transfer, and provide advisory support to
governments and stakeholders in the MENA region.



Water 2024, 16, 1877

25 of 31

7.2.4. Investment in Education, Training, and Capacity Building

Expand technical and vocational training programs in desalination and renewable
energy technologies to address the lack of expertise in the region. This could involve
partnerships with educational institutions, industry associations, and international organi-
zations to develop specialized curricula and certification programs tailored to the needs of
the desalination sector.

Foster public—private partnerships to leverage expertise from both sectors in address-
ing technical complexities and expanding the pool of qualified professionals. This could
involve joint research projects, training programs, and knowledge transfer initiatives aimed
at building local capacity in solar energy and desalination technologies.

7.2.5. Promotion of Local Manufacturing and Innovation

Encourage local manufacturing of critical components for desalination plants through
incentives and support for domestic businesses. This can contribute to economic sustain-
ability, create employment opportunities, and foster innovation in the region.

Despite formidable challenges, solar-powered RO desalination systems hold immense
promise for addressing water scarcity in the MENA region. By capitalizing on the outlined
opportunities and implementing proactive measures, stakeholders can navigate the complexi-
ties and unlock the full potential of these sustainable water solutions. Through collaborative
efforts, strategic investments, and policy support, MENA countries can chart a path toward
water security and sustainable development in the face of mounting challenges.

8. Conclusions

The pursuit of sustainable solutions for water scarcity in the MENA region demands a
multi-faceted approach that integrates renewable energy sources with innovative desalina-
tion technologies. As highlighted throughout this paper, solar-powered reverse osmosis
(RO) desalination plants offer a promising pathway toward addressing the pressing water
challenges faced by the region. When local policies implement a stronger focus on sus-
tainable plant operations, for example, with suitable key performance indicators (KPI) in
public tenders, a self-accelerating trend toward renewable energy desalination seems to
be achievable.

The MENA region’s abundant solar resources, coupled with advancements in solar
photovoltaic (PV) and solar thermal technologies, emphasize the transformative potential
of solar energy-driven RO desalination systems. Despite initial challenges such as high in-
vestment costs and technical complexities, concerted efforts toward research, development,
and capacity building are underway to overcome these hurdles. Notably, the last 10 years
solved many challenges of membrane and PV technology alike. These advances allow for
better integrated plant performance, reduced environmental challenges, and longer plant
life at considerably lower investment cost.

Strategic investments in renewable energy infrastructure and expertise, coupled with
collaborative partnerships between governments, private sectors, and international enti-
ties, are crucial for realizing the full benefits of solar energy in addressing water scarcity
challenges. Initiatives such as the construction of large-scale PV-RO plants in countries
like Saudi Arabia and the UAE signify a paradigm shift toward sustainable desalination
practices in the region. The best practice examples of these technology leaders can serve as
a baseline for policy makers in other MENA countries.

Furthermore, ongoing research endeavors aim to optimize the efficiency and economic
viability of solar-powered RO desalination systems while addressing challenges such
as high energy consumption, membrane fouling, environmental challenges, and boron
removal. By leveraging renewable energy sources, the MENA region can not only meet
its growing water demands but also contribute to global efforts to transition toward
environmentally friendly and resilient water management practices. At the same time,
timely design of action plans for a systematic, economically feasible transition will help
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to avoid overspending, when the demand or supply of energy and water is impacted by
disruptive events like extended droughts, political tensions, or humanitarian crises.

In essence, by embracing solar-powered RO desalination as a cornerstone of water
sustainability strategies, the MENA region can lead the way toward a future characterized
by clean, sustainable, and accessible water resources for generations to come. Through
continued innovation, collaboration, and strategic planning, the vision of a water-secure
MENA region powered by renewable energy can be realized, offering hope and resilience
in the face of mounting environmental challenges.
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