
Academic Editor: José Luis Sánchez-

Lizaso

Received: 18 November 2024

Revised: 9 January 2025

Accepted: 10 January 2025

Published: 20 January 2025

Citation: Orfi, J.; Sherif, R.; AlFaleh,

M. Conventional and Emerging

Desalination Technologies: Review

and Comparative Study from a

Sustainability Perspective. Water 2025,

17, 279. https://doi.org/10.3390/

w17020279

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Conventional and Emerging Desalination Technologies: Review
and Comparative Study from a Sustainability Perspective
Jamel Orfi 1,* , Raed Sherif 2 and Musaad AlFaleh 2

1 Mechanical Engineering Department, College of Engineering, King Saud University,
Riyadh 11421, Saudi Arabia

2 Renewable Energy Sector, King Abdullah City for Atomic and Renewable Energy (K.A.CARE),
Riyadh 11451, Saudi Arabia; r.sherif@energy.gov.sa (R.S.); m.faleh@energy.gov.sa (M.A.)

* Correspondence: orfij@ksu.edu.sa

Abstract: This work develops a comprehensive review of the main conventional and emerg-
ing desalination processes. It presents the state of knowledge of the most known and
investigated techniques, highlights their advantages and drawbacks, and draws appro-
priate conclusions on their respective performances from various angles including their
energy consumption and efficiency, environmental impacts, reliability, and flexibility in
operations. This review reveals the recent large dominance and deployment of the re-
verse osmosis technology in the Gulf countries, mainly in Saudi Arabia; the importance
of hybridization; and the slow penetration of promising processes including membrane
distillation and forward osmosis into the industrial desalination market. In addition, this
work aims to develop some comparison exercises between these processes using specific
criteria. A cross approach allowing an easier comparison between various desalination
processes could help identify the advantages and drawbacks of each technology and select
the appropriate process. Therefore, various criteria allowing a clear picture to be drawn
of the performance and capabilities of the main conventional and emerging desalination
processes have been proposed in the frame of sustainable development. As an illustration
of this general approach from sustainability prospects and considering specific weights for
each proposed criterion for the case of Saudi Arabia, a comparison exercise reveals that the
superiority of reverse osmosis (RO) is confirmed. Multiple effect distillation (MED) and
membrane distillation (MD) processes are potentially competitive to RO while multi-stage
flash (MSF) comes last due to several drawbacks.

Keywords: desalination; sustainable development; metrics; performance indicators;
renewable energy; energy efficiency; water cost

1. Introduction
As a result of the rapid population growth, increase in industrial activities, pollution,

and global warming, water scarcity is projected to be more severe in the future in several re-
gions worldwide. Desalination has been considered a viable solution to provide the needed
fresh water despite its high energy requirements and associated environmental impacts.

The growth of the desalination industry, translated by an elevated overall capacity
and an increased number of installed and contracted plants, is fast worldwide, especially
in Saudi Arabia.

The contracted seawater/brackish water desalination capacity in the Gulf Cooperation
Council (GCC) countries is depicted in Figure 1 [1]. In the case of Saudi Arabia, the
contracted capacity has shown a notable increase between 2019 and 2022. The Saline Water
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Conversion Corporation (SWCC), which recently became the Saudi Water Authority (SWA),
has more than 33 operating seawater desalination plants constructed on the Red Sea and
Gulf Sea with a total daily capacity of 7.5 million cubic meters. Figure 2 shows that almost
half of this total amount is produced in the eastern region with large-capacity desalination
plants [2].
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Figure 2. Overall picture of the Saudi seawater desalination plants and capacities (the numbers
x/y refer to the number of plants in the region and the corresponding total daily capacity in m3,
respectively), (adapted from [2]).

There exist various types of desalination processes which can be based on phase
change, membranes, or others. There are different ways to classify these desalination
processes (Figure 3). They can be organized as:

✓ Thermal and non-thermal processes:

Thermal processes refer to evaporation methods including multi-stage flash (MSF),
multiple effect distillation (MED), thermal vapor compression (TVC), humidification-
dehumidification (HDH), and membrane distillation (MD).

Non-thermal processes incorporate a variety of processes including reverse osmosis
(RO), electrodialysis (ED), electrodialysis reversal (EDR), forward osmosis (FO), crystalliza-
tion (freezing and hydrates) and ion exchange (IX). It is worth mentioning that mechanical
vapor compression (MVC) is based on phase change, but it is electrically driven.
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✓ Separation mode of water or salts
• Water separation concerns processes by which water is removed from the feed solution.

This includes evaporation, crystallization, and membranes.
• Salt separation is the process by which salts are removed from the feed solution

including EDR, ED, and ion exchange.
✓ Conventional (mature and deployed at large scale) or non-conventional (lab scale or still

in research and development stage).

MSF, MED, RO, and ED are considered mature technologies. MD, HDH, and FO are
non-conventional methods.

✓ Another interesting way to classify the desalination processes is by referring to the
type of driving force. One can have four classes, namely thermal, mechanical, electrical,
and chemical. Desalination plants can also be classified based on their capacity as
highlighted in Table 1.

Table 1. Desalination plant capacity ranges (in m3/day) as reported by [3].

Small Medium Large x-Large Mega

<1000 1000–9999 10,000–49,999 50,000–250,000 >250,000

The number of bibliometric analyses on the state-of-the-art hotspots and outlooks
on conventional and new desalination processes has sharply increased over the last few
years [4–14]. Emerging desalination processes such as membrane distillation (MD), forward
osmosis (FO), and capacitive deionization (CDI) have been attracting real and increasing
interest during the last few years among the R&D community [6,8,10,11,13]. Integration of
renewable energy sources to drive desalination systems, brine discharge and management,
and mineral recovery are also important subjects with high interest [9,14]. Eke et al. [15]
compiled and analyzed desalinated data from over six decades to draw possible future
trends and conclusions. They highlighted the sharp increase in desalination capacities and
the large share of the capital cost of the specific cost of desalinated water. Recently, Politano
et al. [16] presented a roadmap on membrane desalination technology within the frame
of the water–energy nexus acknowledging the main challenges and opportunities and the
importance of process optimization and innovative material development. Important issues
such energy consumption, membrane degradation, and brine discharge were discussed.
Politano et al. [16] developed promising ideas on the concept of circular economy particu-
larly with respect to brine valorization in terms of the recovery of valuable minerals and
metals and the production of blue energy (salinity gradient power) as renewable energy.
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The breakthrough and development of emerging desalination processes have been
addressed by Ahmed et al. [17] who discussed the status, challenges, and trends of emerging
technologies and focused in particular on forward osmosis, membrane distillation and
electrochemical desalination techniques. Ahmed et al. [17] observed that the number of
pilot-scale studies is very few, and more efforts are required to increase the technological
development and readiness of these processes.

Ihsanullah et al. [18] pointed out that despite the enormous benefits of desalination,
including social, health, and economic ones, its environmental impacts (EIs) can result in
major concerns. The authors discussed mitigative measures to reduce these environmental
impacts and develop effective brine disposal and management methods.

Elsaid et al. [19] presented a clear picture on the various EIs of the main desalination
technologies from the source (intake) to the discharge (outfall). The development of new
processes and the improvement of existing ones, joined with the implementation of efficient
design selection and process optimization, can help reduce these EIs.

In their comparative study of desalination technologies, Youssef et al. [20] compiled
the main findings of previous results based on the following:

• The desalination technologies’ capabilities to treat concentrated waters and produce
high quality water.

• The amount of thermal and electrical energy consumed (STEC and SEEC).
• The amount of released CO2 in kg/m3 of produced water.
• The following Table 2 summarizes their compilations.

Table 2. Energy consumption, CO2 emission, and water cost information of main desalination
technologies (adapted from compiled results in Youssef et al. [20]).

Process/Criterion MSF MED MVC RO FO ED HDH

STEC (kWhth/m3) 19.4 16.4 0 0 0 0 120

SEEC (kWhel/m3) 5.2 3.8 11.1 8.2 5 5.5 3

CO2 release (kg of CO2/m3) 6.9 5.5 5.1 3.8 2.3 2.5 29.1

Water cost (USD/m3) 0.96 0.86 0.92 0.75 0.8 0.83 3.93

The results presented in Table 2, as compiled by Youssef et al. [20], did not take
into consideration the effects of important indicators such as the plant size and the feed
water salinity.

The comparative study of desalination technologies conducted by Chebli et al. [21]
was based on three important aspects, namely environmental, technical, and economic
ones. Each can be measured using specific indicators which are the gas emission rate, the
thermal and electrical energy consumption, and the total unit cost of water. The compiled
results showed that RO has the lowest CO2 emissions and total energy consumption. The
authors highlighted that using renewable energy sources in desalination increases the water
cost as compared to the case with fossil fuels. For instance, the unit water cost produced
using MED technology driven by concentrated solar power (CSP) ranges between 2.4
and 2.8 USD/m3. This picture is changing, however, since the solar collectors’ prices
are decreasing.

Naseer et al. [14] proposed a bibliometric study to map the history of desalination
research and unearth important and hot research topics. They employed the analytical
hierarchy process (AHP) to identify the desalination technique that was the most energy
efficient and with the lowest water cost. The consolidated results of the AHP revealed that
energy consumption is the highest priority parameter, followed by the unit water cost and
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the CO2 emissions. The authors considered the following parameters in the AHP analysis:
energy demand, CO2 emission, product water salinity, product water cost, feed salinity,
plant capacity, and operational temperature. Based on their analysis, RO ranks first as the
best available desalination technology followed by MSF and MED.

In another case, the bibliometric study of Naseer et al. [14] revealed that membrane
fouling, energy consumption, pre-treatment, water reuse, and scaling are the main chal-
lenges in membrane-based desalination techniques.

Altmann et al. [22] proposed to compare desalination technologies by evaluating their
primary energy consumption. Based on comparing about 50 different configurations of
electricity and water production, the study elucidated that the co-generation of electricity
and water technologies can be fairly compared from a common primary energy source.
The results showed that although RO is the lesser energy-intensive process, the energy
consumption gap between RO and thermal desalination technologies is reduced.

Thi et al. [23] presented a comprehensive comparison of desalination technologies
employing various approaches including life cycle analysis and multi-criteria decision
analysis. The authors discussed the impacts of MSF, MED, and RO on the ecosystem,
resources, and human health.

Therefore, the authors explained the importance of the political and legal aspects as
well as the social, economic, environmental, and technical ones. They discussed in detail the
impact of desalination on human health damage. It was found that the use of renewable and
nuclear energy as energy sources significantly reduces the impact on human health. The
compiled results clearly show that the renewable energy desalination is costly compared
to fossil-fueled desalination, thus recommending further focus on advancing technology
development of low-cost, clean energy systems and efficient integration with desalination.

The various studies comparing desalination technologies put forward the difficulty in
achieving unified and tangible conclusions allowing a systematic and direct comparison
and selection of those techniques. This is attributed to various factors including the
numerous parameters affecting these water–salt separation technologies and their complex
interconnection. Furthermore, the importance and weight of each of these influential
parameters are not known and have not been determined accurately.

Therefore, despite the high number of published works on desalination technologies,
the available results concern compiling important and useful information on specific as-
pects associated with desalination such as energy consumption, membrane development,
and environmental impacts. Sustainability and its requirements have become pervasive
in various technologies. Therefore, with the new and urgent constraints of sustainabil-
ity in energy and water technologies including desalination, it becomes imperative to
develop adequate approaches helping to assess the alignment of these technologies and
processes within the sustainability frame. Comparing various desalination processes from
sustainability perspectives becomes a primordial target and a challenging task. Therefore,
a cross approach allowing an easier comparison between various desalination processes
could help identify the advantages and drawbacks of each technology. Considering the re-
quirements of sustainability, proposing appropriate metrics allowing accurate comparison
of the desalination techniques is a central objective. Meanwhile, Saudi Arabia, which is
the largest desalinated water producer worldwide, has established impressive strategies
directed towards relying more and more on clean and sustainable energy sources in various
technologies, principally in power generation and desalination. The aim of this work is
also to assess the available and future desalination technologies in Saudi Arabia.

This work is organized as follows. A description is first presented of the main desali-
nation processes that can be conventional or emerging ones. Section 2 focuses on hybrid
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desalination, while the last section is dedicated to developing a step-by-step approach
aiming to appropriately compare various desalination technologies.

2. Description of the Main Desalination Processes
2.1. Thermal Desalination Technologies

Traditionally, conventional distillation techniques have been widely used, in particular,
in oil-producing countries where the fuel cost was very low. They showed a high level of
reliability and ensured performance under varied conditions [24]. MSF technologies, for
example, have shown themselves to be robust and reliable for achieving specific freshwater
quality requirements given the high salinity of Gulf seawater and its biological activity [25].
The situation has been reversed in the last two decades. RO technology has largely domi-
nated the desalination industry in this last period. More than 65% of the overall worldwide
desalination capacity is through RO technology [26]. RO has achieved high technological
development in various areas including the development of new advanced membranes
and their compact assembly in spiral-wound configurations [4]. Additionally, RO electrical
energy consumption has shown an impressive reduction to reach about 3 kWh/m3 of
fresh water produced. The situation in Saudi Arabia has shown a similar trend to the
global picture. For instance, the last decade has shown a sharp diminution of thermal
desalination in the Saudi market share, especially of MSF technology, as translated by the
fact that almost all constructed plants in the last 10 years are based on the RO process [2].
In fact, SWCC has recently implemented a strategic initiative that consists of decreasing
the reliance on thermal desalination processes, namely MSF and MED, in favor of RO
technology. Therefore, it is expected that the proportion of RO desalination plants will
reach 83% in 2026 [2].

It is worth noting that some recent studies on thermal desalination have been turned
to developing systematic experimental investigations on evaporation and condensation
enhancements for interfacial solar evaporation-based systems (ISES). The key components
around which solar interfacial evaporation is centered and based include a solar absorber
and converter to heat, floating evaporation mechanism for liquid supply to the heated
region, and a thermal insulation device [27,28]. Innovative concepts based, for example,
on better supplied heat management via heat localization and redistribution and use of
appropriate materials as effective solar absorbers can boost the development of the ISES.
However, these systems are still based on passive mechanisms which delay their industrial
scale development.

The basic principles of the main thermal desalination processes are given below.

2.1.1. Multiple Effect Distillation

The basic idea of MED is to make use of the steam generated in one evaporator to act
as the heating medium in a second evaporator, and so on. The second evaporator must
be at a lower pressure than the first. There are essentially four MED configurations based
on the feed arrangements. Those widely used in the desalination industry are the parallel
cross, parallel feed, and forward feed configurations. Figure 4 presents a schematic diagram
of a five-effect MED unit with a parallel feed configuration. The latter is employed among
others in the MED industry.
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The MED basic structure can be enhanced by various means. Preheaters have been
added between successive effects. The incorporation of thermal vapor compression (TVC)
into the MED has received much attention in research. It has a high impact on reducing the
overall specific energy consumption and reducing the total cost of desalinated water for
a fixed desalination capacity. Such modifications to the basic MED structure, particularly
adding the TVC, allowed a significant increase in the unit capacity as shown in Table 3. The
maximum capacity of a MED-TVC unit reached in 2018 was 20 MIGD, or 90,920 m3/day.
The number of effects can range between 5 and 20 effects in large MED plants [29]. Figure 5
shows schematically a parallel cross-MED unit with preheaters and a TVC system [9].

Table 3. MED unit capacity evolution between 1990 and 2018 [30–32] (1 MIDG = 4546 m3/day).

Unit Capacity (MIGD) 1 5 10 15 20

Year 1990 2000 2009 2012 2018
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Additionally, MED is designed in such a way that its top brine temperature (TBT)
ranges between 60 and 85 ◦C. Operating at higher TBT values would increase freshwater
production since more effects could be considered in the unit. However, this is not prefer-
able since it results in a higher potential for corrosion and scaling on the external surfaces
of the evaporator tubes and other unit components [30].

The MED process is known to be more energy efficient than MSF, thus requiring less
energy for the same product capacity and quality [9,25]. Another important feature of MED
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is related to its ability to be driven by low-grate heat (low source temperature) and the fact
that it can be smoothly integrated with renewable energy sources including solar thermal.

2.1.2. Multi-Stage-Flash

Multi-stage flash desalination technology has been widely employed in the Kingdom
of Saudi Arabia and other oil-producing countries as a reliable technology to ensure high
freshwater production capacity. It exists under two major configurations: once-through
(MSF-OT), and brine recirculation (MSF-BR). Figure 6 gives a schematic of a once-through
MSF plant.
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Figure 6. A schematic diagram of a once-through MSF plant.

The seawater stream passes through heat exchangers where it recovers the heat of
condensation of the formed vapor by flashing in the lower part of the MSF chamber, which
results in increasing its temperature. The preheated feed water is then heated in the brine
heater to its predefined maximum temperature, known as the top brine temperature (TBT).
It enters the first vacuum chamber where sudden phase change or flashing occurs. By flash-
ing, the formed water vapor goes up through a demister and then condenses after its direct
contact with the external surfaces of the condenser tubes in which the feed water circulates.
The non-evaporated brine moves to the second chamber and similar steps take place. The
process is repeated in the subsequent stages. The overall efficiency of this distillation
process depends on various parameters including the top brine temperature, the cooling
water temperature, and the feed salinity. The configuration illustrated in Figure 6 concerns
the once-through MSF configuration. There are other, more complex configurations where
concentrated brine is recirculated. They are characterized by their large capacity, reliability,
and smooth integration with power plants in cogeneration modes [31,33,34]. Figure 7
depicts the principle of an MSF plant with brine recirculation (MSF-BR). A heat rejection
section composed of two or three flash stages is inserted. In MSF-BR structures, the number
of stages can reach 40 stages [35].

Even though MSF technology is the most energy-intensive among the conventional
desalination processes, it can be used in large cogeneration power plants where cheap
energy sources are available. Furthermore, thermal renewable energy sources such as solar
and geothermal energy can be explored and integrated with MSF-OT structures. The read-
ers can consult for further details [36–38]. Ali et al. [39] proposed and assessed advanced
hybrid MSF-based desalination configurations that can be driven by low-grade energy
such as geothermal and waste heat. Ali et al. [34] proposed a novel MSF configuration that
consists of reversing the brine circulation path as compared to conventional MSF structures.
In addition, process enhancement through conducting rigorous optimization studies can
contribute to substantial improvements of the MSF plants’ performance [40].
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2.1.3. Vapor Compression (VC)

When a gas is compressed, its temperature increases too. Therefore, the basic idea of
VC is to heat the vapor by compressing it using a mechanical vapor compressor (MVC) or
a thermal vapor compressor (TVC). An ejector is commonly used as TVC. The VC process
can be described schematically using Figure 8. The feed water (seawater or brackish water)
after a preheating step is converted to vapor and compressed mechanically by MVC or
thermally using an ejector. The compressed vapor with a higher temperature circulates
inside the heat exchanger tubes and condenses because of the heat transfer with the colder
sprayed feed water.
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Vapor compression systems can be used for desalination alone but are more effective
when integrated with other desalination processes, mainly the MED process. MED-TVC
integration has been proven to be effective and viable from energy efficiency and economic
points of view [26,41]. Recently, multiple attempts have been made to develop advanced
systems integrating mechanical vapor compression (MVC). MVC and related systems are
independent of steam generation sources [42]. They are known to be robust and reliable and
can treat highly concentrated waters [43], which recommends their potential applications
in zero liquid discharge (ZLD) strategies. MVC-based desalination systems have been
known to suffer from low water production capacity due particularly to the low capacity of
available compressors [44]. They are frequently considered as an option for low- to medium-
scale (100–5000 m3/day) concentrated water desalination [45]. Recent developments in
evaporator and compressor designs present MVC systems as competitive alternatives in
the desalination industry [42,43].

2.2. Membrane Desalination Processes
2.2.1. Reverse Osmosis Process

Reverse osmosis (RO) has dominated the desalination industry worldwide in the last
two decades. In 2016, RO technology represented about 65% of the global installed capacity,
while MSF came second with about 20% and MED with 7% [46]. This picture has slightly
changed in favor of RO. In 2022, the contribution of RO to the global market was about
69% while the contribution of MSF slightly declined to 18% and MED kept constant at
7% [47]. RO is a pressure-driven, membrane-based desalination in which the pore size
varies between 10−4–10−3 µm (Figure 9) [48]. Its purpose is to remove from the feed saline
solution all colloidal matter and dissolved solids.
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The principle of the RO process is based on applying pressure higher than the osmotic
pressure to force a reverse flow of water from a high salt concentration (saline solution) to
a lower one (fresh water). The applied pressure is typically double the osmotic pressure.
Therefore, it rises with salinity. High-pressure pumps operating at 15–27 bar for brackish
water desalination (BWRO) and 50–80 bar for seawater desalination (SWRO) are used [48].
This is to highlight that desalinating concentrated water using RO is highly electric energy-
intensive in addition to associated problems such as fouling and scaling that may result in
operational limitations and shortening of the membrane life.

A typical SWRO is presented in Figure 10 [49], showing its main components such as
the intake and outfall structures and the prefiltration and posttreatment systems as well as
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various hydraulic devices such as the high-pressure pumps (HPP), the booster pump (BP),
and the energy recovery device (ERD).
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Figure 10. Illustration of a typical SWRO desalination plant showing its main components (BP: Booster
pump; HPP: high-pressure pump; ERD: Energy recovery device) [49].

The use of ERD in a SWRO plant has become almost mandatory in the desalination
industry since it recovers the mechanical energy of the rejected brine and converts it into
electrical power, reducing the overall electricity consumption of the entire plant. ERD,
which is almost exclusively a pressure exchanger that transfers the brine pressure to the
feed stream with an efficiency ranging between 95% and 97%, can contribute to reducing the
RO-specific energy consumption by about 60% as compared to the case without a recovery
system [50]. Figure 11 illustrates the seawater, brine, and permeate streams in a typical
spiral-wound RO configuration. Permeate water crosses the pores of the semi-permeable
membrane while impurities cannot.
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The RO process is known to be modular, which is a central advantage over the other
conventional desalination processes. Therefore, upscaling of an RO plant’s capacity is not a
limitation. Large-scale operating RO units can have a capacity of 500,000 m3/day (Magtaa
plant, Algeria) [51]. A larger RO desalination capacity of 600,000 m3/day was reported in
2022 [52]. An RO desalination plant is composed of one or more trains. To the knowledge
of the authors, the maximum train capacity is 8 MIGD (36,368 m3/day) [53].
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The power consumption repartition across the different steps of a SWRO plant is
estimated to be 68% for an RO system, 15% for the intake structure and devices, 8% for the
pre-filtration, and 7% for the distribution, while just 1% for the permeate treatment [54].

The membrane behavior in harsh feed waters and critical operating conditions and the
energy consumption of RO plants remain major frames to increase the overall performance
and reduce the total cost of produced water. Alnajdi et al. [55] collected comprehensive
data from more than 60 RO facilities and conducted analyses on various aspects including
membrane permeability, energy efficiency, and mass transfer. They highlighted particularly
the importance of improving the membrane spacers and adopting RO batch structures with
higher efficiency. RO, which has emerged in the last decades as the standard water desali-
nation technology, still has challenges to address. These include the mitigation of fouling
and mineral scaling as well as the reduction in total cost (Cohen et al. [56]). Improvements
in the RO process can include developing advanced configurations with multi-staging
and concentrate recirculation, and more efficient membrane element design. To increase
the membrane lifetime and reduce the plant footprint, Cohen et al. [56] recommended
developing membranes with higher permeability, low fouling potential, and high resistance
to disinfectants. Similarly, batch RO systems have gained real interest as innovative RO con-
figurations with potentially minimized specific energy consumption (SEC) at high recovery,
as reported by Davies et al. [57,58]. Werber et al. [59] developed analytical and numerical
models to evaluate the energetics of time variant RO processes (batch and semi-batch).
Promising configurations with notable energy savings have been proposed.

Therefore, and despite the numerous RO advantages over other conventional desalina-
tion technologies including its equipment compactness, lower electric energy consumption,
and lower operating costs, it suffers from several limitations, some of which are critical:

• Membrane fouling.
• Lower recovery ratio, mainly for seawater, which results in damping large amounts of

concentrated brine back to the natural body.
• The use of high-grade energy (electric power), even at low rates.

2.2.2. Electrodialysis (ED)

ED is a voltage-driven membrane process that removes salt ions from the feed solution
compartment. The feed water is purified by using suitable membranes located at the
positively and negatively charged electrodes. ED is essentially used for brackish water
desalination and is limited to a salt concentration level of less than 10,000 ppm [24]. Its
deployment on an industrial scale is limited as compared to RO. Figure 12 illustrates the
principle of ED [60].
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2.3. Other Desalination Methods
2.3.1. Humidification-Dehumidification (HDH)

The humidification–dehumidification (HDH) process is based on the idea that fresh
water can be collected by condensing the air humidity. It consists of inducing water
evaporation at atmospheric pressure into the air as a gas carrier and then condensing
the formed vapor. The humidifier, a kind of wet cooling tower, and the dehumidifier are
core components of the HDH process (Figure 13) [61]. Despite a real interest from the
research community in the last two decades, which has been translated by a good number
of publications, the process has limited penetration at the industry level. This is associated
with its limited performance compared to conventional thermal desalination technologies
such as MED and MSF.
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Major HDH features can be summarized as follows:

• Simple design, robust under high salt concentration, membrane-free.
• It can be integrated with solar thermal and geothermal energy.
• Air flow required is very high for few produced distillate rates.
• The required energy consumption is high.
• Upscaling is very difficult. Therefore, it can be intended for small-scale units.

2.3.2. Freezing Desalination (FD)

The FD process consists of freezing water and removing it from saline solution as ice
crystals. The major advantage of FD is, a priori, the low energy required for separating
water and salts. The energy needed is around one seventh of the evaporation latent heat
of the distillation processes. Operating at low temperatures results in fewer scaling and
corrosion problems and enables the use of low-cost materials such as plastics. However, the
process is still far from commercial implementation despite the efforts and attention of the
last decades. The main drawbacks of FD are its high operating and capital cost during the
ice separation and washing steps, low rejection rates, and the various complex operations
related to the freezing process. The FD process has two main stages: ice crystallization,
and separation and melting. Figure 14 illustrates the main FD steps and main components.
Further details on FD can be found in [62,63].
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2.3.3. Capacitive Deionization (CDI)

Capacitive deionization (CDI) is based on ion electro-sorption and consists of remov-
ing dissolved, charged ionic species from aqueous solutions. It removes ions from the
saline solution at atmospheric pressure using direct current electric power (Figure 15).
It is also used for water softening and wastewater remediation [64]. It is considered a
promising desalination process mainly for low salinity feed waters such as brackish waters.
Additionally, the process operates at low voltage levels making it a less energy-intensive
and a low-cost technique [65]. Further advanced studies on all CDI aspects including
process intensification and material properties are required. Exhibiting high electrical
conductivity, a good wettability to water, and chemical stability are important criteria
of the electrode material properties for CDI development and larger deployment [66,67].
Ahmed and Tewari [66] reviewed the main studies up to 2017 on CDI and focused on the
process and internal mechanisms, materials used, and state of the technology. Improving
electrode characteristics and process optimization were identified as major parameters for
future directions and development prospects. Wang et al. [67] have identified the poor
cycling stability of CDI as a critical issue limiting the technological progress of the process.
They analyzed several inherent side reactions occurring during long-term operation and
proposed various ideas to boost the separation process stability. For further readings on
various vital aspects of CDI, references [68–70] are recommended.
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2.3.4. Membrane Distillation (MD)

Membrane distillation (MD) is essentially based on an elementary distillation system
but with the use of a membrane (Figure 16) [71]. MD can be considered a hybrid thermal-
membrane desalination process that produces pure water from a hot saline solution using a
hydrophobic membrane. The separation process is driven by a vapor pressure differential
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between the feed saline solution and the permeate side, which causes the feed stream to
evaporate on the hot side of the membrane, and then the generated vapor moves across the
hydrophobic membrane to the permeate side.

Water 2025, 17, x FOR PEER REVIEW 16 of 38 
 

 

membrane desalination process that produces pure water from a hot saline solution using 
a hydrophobic membrane. The separation process is driven by a vapor pressure differen-
tial between the feed saline solution and the permeate side, which causes the feed stream 
to evaporate on the hot side of the membrane, and then the generated vapor moves across 
the hydrophobic membrane to the permeate side. 

 
(a) (b) 

Figure 16. (a) Basic distillation system and (b) Membrane distillation system [71]. 

MD is a promising desalination method known for its attractive attributes. For exam-
ple, MD can run under atmospheric pressure and modest temperature (40~80 °C), scores 
about 100% salt rejection factor, and can be driven by low-grade energy sources [71,72]. 
Moreover, it can treat highly concentrated water solutions [73]. Therefore, MD technology 
smoothly penetrates the desalination market via specific applications that include brine 
concentration and crystallization, solar-powered small-scale units for remote and rural 
regions, and integrating with conventional processes such as MED or RO [16,71]. 

As compared to the RO process and despite its low energetic efficiency translated by 
its high energy consumption rates, MD has the advantage of being driven by low-grade 
energy and low temperature and pressure levels. Additionally, MD can treat high saline 
waters without being limited by the osmotic phenomenon or by the concentration polari-
zation. On the other hand, MD is known for its substantial specific thermal energy con-
sumption [25]. Previous studies on MD design and operation have shown that energy 
recovery devices can be smoothly implemented internally or externally into the MD core 
module, contributing to considerably enhancing the overall energy efficiency of the pro-
cess [16,73]. Therefore, contributing to developing ways to reduce the energy consump-
tion of MD is a pivotal objective. Possible ways to improve the membrane distillation pro-
cess are summarized in Figure 17. These ways are related to several aspects including 
energy consumption and management, development of new types of membranes, and 
hybridization with other desalination processes. 

MD can be operated under various configurations. The widely used and basic ones 
are direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), 
sweeping gas membrane distillation (SGMD), and vacuum membrane distillation (VMD) 
[74]. Figure 18 shows schematically the difference between these basic configurations. Sev-
eral derived MD configurations from those basic ones have been proposed and tested. 
Schwantes et al. [75] experimentally evaluated the performance of a novel plate and frame 
MD called Feed Gap Air Gap MD (FGAGMD), intended to be used for concentrated 
brines. Results on energy efficiency show similar trends to those of a spiral-wound air gap 
membrane distillation (AGMD) module while a sharp increase in the recovery ratio was 
obtained. 

MD modules can be used under various arrangements including tubular, plate and 
frame, hollow fiber, and spiral-wound. Figure 19 illustrates the plate-frame and spiral-

Figure 16. (a) Basic distillation system and (b) Membrane distillation system [71].

MD is a promising desalination method known for its attractive attributes. For exam-
ple, MD can run under atmospheric pressure and modest temperature (40~80 ◦C), scores
about 100% salt rejection factor, and can be driven by low-grade energy sources [71,72].
Moreover, it can treat highly concentrated water solutions [73]. Therefore, MD technology
smoothly penetrates the desalination market via specific applications that include brine
concentration and crystallization, solar-powered small-scale units for remote and rural
regions, and integrating with conventional processes such as MED or RO [16,71].

As compared to the RO process and despite its low energetic efficiency translated by its
high energy consumption rates, MD has the advantage of being driven by low-grade energy
and low temperature and pressure levels. Additionally, MD can treat high saline waters
without being limited by the osmotic phenomenon or by the concentration polarization. On
the other hand, MD is known for its substantial specific thermal energy consumption [25].
Previous studies on MD design and operation have shown that energy recovery devices can
be smoothly implemented internally or externally into the MD core module, contributing
to considerably enhancing the overall energy efficiency of the process [16,73]. Therefore,
contributing to developing ways to reduce the energy consumption of MD is a pivotal
objective. Possible ways to improve the membrane distillation process are summarized
in Figure 17. These ways are related to several aspects including energy consumption
and management, development of new types of membranes, and hybridization with other
desalination processes.

MD can be operated under various configurations. The widely used and basic
ones are direct contact membrane distillation (DCMD), air gap membrane distillation
(AGMD), sweeping gas membrane distillation (SGMD), and vacuum membrane distillation
(VMD) [74]. Figure 18 shows schematically the difference between these basic configura-
tions. Several derived MD configurations from those basic ones have been proposed and
tested. Schwantes et al. [75] experimentally evaluated the performance of a novel plate and
frame MD called Feed Gap Air Gap MD (FGAGMD), intended to be used for concentrated
brines. Results on energy efficiency show similar trends to those of a spiral-wound air
gap membrane distillation (AGMD) module while a sharp increase in the recovery ratio
was obtained.
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MD modules can be used under various arrangements including tubular, plate and
frame, hollow fiber, and spiral-wound. Figure 19 illustrates the plate-frame and spiral-
wound modules [74]. An interesting illustration on the performance of some pilot scale
MD variants expressed in terms of gain output ratio and trans-membrane permeate flux
is depicted in Figure 20 [16]. Figure 20 refers to extensive experimental tests at the pilot
scale of a hybrid AGMD and VMD called vacuum-enhanced air gap MD. Two commercial
spiral-wound modules with membrane areas of 7.2 and 25.9 m2 were used. The obtained
results show the benefits of using vacuum in the AGMD as compared with the original
versions of VMD or AGMD. The conducted tests which cover a wide range of feed salinities
resulted in encouraging and promising findings on the performance of this vacuumed air
gap membrane distillation configuration. The data reported that the specific thermal energy
consumption of this enhanced MD system is about 50 kWh/m3, which is considered low
as compared to other MD basic configurations.
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On the other hand, it is of interest to mention that the reported permeate flux values
were limited to about 10 L/m2h, which is still far below the mass fluxes in RO process.

2.3.5. Forward Osmosis (FO)

Forward osmosis (FO) relies on the osmotic phenomenon with a semi-permeable
membrane. Unlike RO, it does not use applied pressure to achieve separation of water from
dissolved solutes like ions, molecules, and larger particles. In fact, the driving force of this
process of the solute’s separation from water is the osmotic pressure difference between a
high concentration (high osmotic pressure) draw solution and a low concentration (low
osmotic pressure) feed solution [76]. Therefore, one of the main advantages of FO over RO
can be its low energy consumption. In addition to and for regeneration of the draw solution,
the process can use low grade thermal energy. However, the theoretical evaluation of the
energy consumption and efficiency of the FO process conducted by McGovern et al. [77]
showed that RO is much more energy efficient than FO for seawater purification. They
recommended using FO in other possible applications. This finding, which highlighted that
RO was more energy efficient than FO, was based on a comparative exercise illustrating
that the total energy consumed was 3.58 and 3 kWh/m3 when FO and two-pass RO were
used, respectively [77]. However, several studies including [78] have shown that FO when
combined with RO outperforms the standalone RO in terms of energy efficiency and
recovery rate. Therefore, and despite the numerous advantages of the FO process reported
in the literature, there exist several drawbacks hampering its successful implementation and
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development. Examples of these limitations concern the lack of appropriate membranes
suitable specifically for the FO process as well as lack of suitable draw solution and its
efficient regeneration [79].

FO can be employed in a varied range of applications including seawater desalination,
wastewater treatment, dewatering and concentration in the food sector, and removal of
dissolved metals [76,79]. The main sub-systems of a forward osmosis unit are given in
Figure 21.
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However, FO faces several challenges. McGovern et al. [77] highlighted that the
final product of the FO is a dilute draw solution and not fresh water like in most other
water desalination technologies. This fact is well illustrated in Figure 22. Therefore, FO
would need to be integrated with another desalination process to produce fresh water. For
instance, FO and RO have been combined in various studies. Furthermore, various types
of improvements of the FO process are needed, such as in increasing its very low permeate
fluxes, enhancing its membranes properties, and developing suitable draw solutions.
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Lee et al. [79] have conducted a comprehensive review of fouling in the two emerging
desalination processes of FO and MD. FO is osmotically driven while MD is a thermally
driven process. Both processes are some of the most studied technologies due to the
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intrinsic advantages of FO compared to RO and the cost-effective potential of MD as
a thermally driven process, mainly when driven by waste heat or thermal RE sources.
Figure 23 compares the working principles of FO and MD.
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2.4. Hybrid Desalination

Despite the various advantages of the thermal desalination processes, they are known
for their high energy consumption and low water recovery [25]. Additionally, and more re-
cently, several seawater reverse osmosis (SWRO) plants have been installed in the Arabian
Gulf, but they are facing several operational challenges due to the low performance of the
pre-treatment process, especially during red tide events where some SWRO plants have
been forced to shut down for several weeks [80]. Moreover, the major non-conventional
processes including MD and FO show several limitations. Attempts to enhance the perfor-
mance of desalination processes such as developing new types of RO membranes, efficient
utilization of the supplied energy, and appropriate management of the discharged brine
should not stop and should be encouraged. Other paths of process improvement such as
hybridization of two or more desalination processes have drawn the attention among the
research and industrial desalination communities [81]. Compared to standalone desalina-
tion plants, hybrid plants can have more flexibility in operation, larger capacities, better
energy management and utilization, smaller intake and outfall structures, and better water
and power matching in cogeneration modes [25,82].

Various hybrid configurations have been generated and their performance assessed.
The main conclusions of such hybridization studies can be summarized as follows:

• Hybridization, by focusing on the strengths and reducing the limitations of the con-
sidered technologies, has led, in general, to improved overall performance of the
integrated structures.

• Hybridizing two different types of processes seems to lead to promising findings.
Integration of MED-MD, RO-MD and MED-RO are just a few examples of successful
hybrid systems [82].

• Membrane distillation and forward osmosis have been considered in numerous inves-
tigations of hybrid desalination systems. For instance, MD can treat the concentrate
brine leaving MSF, MED, or RO plants.
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• The cost and sustainability aspects are not included in all studies. The majority focus
on the technical key performance indicators. Therefore, comprehensive studies on
hybrid desalination combining techno-economic and environmental aspects need to
be conducted.

Gonzalez-Bravo et al. [83] proposed an optimization approach to investigate integrated
desalination systems driven by waste heat sources. The results of case studies on hybrid
systems highlight the capabilities of the membrane distillation process to be integrated with
other processes and that MED-MD shows the best economic and environmental benefits.
Figure 24 depicts the total annual profit for 5 MD-based configurations [83].
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The hybridization of thermally driven desalination techniques such as MED and
adsorption desalination (AD) can lead to higher performance and a jump in production rate
for the same energy inputs. Adsorption desalination uses adsorbent materials to attract and
retain dissolved ions from water, producing fresh water. The AD process is based on two
main processes: adsorption-assisted evaporation and desorption-activated condensation.
Details on AD can be found in [84,85].

Combining MED with AD allows operating within a larger temperature range covering
lower levels which avoids scales formation on tube surfaces and accommodates increasing
the system effects [86]. Figure 25 illustrates the benefits of coupling MED and AD units.
The performance of the integrated MED-AD (or MEDAD) system has been theoretically
and experimentally investigated. Promising results in producing more water and lowering
the specific energy consumption have been obtained. Figure 26 shows the increase in the
water production when MED is coupled with AD [86].

Similarly, combining thermal desalination with absorption cooling has shown notable
benefits to boost the production of fresh water and overall energy efficiency [87,88].

At industrial large scale, there are several hybrid conventional desalination plants
integrating thermal and reverse osmosis (RO) processes. The AlFujairah-2 (UAE) and Ras
Alkhair-1 (KSA) plants are two examples.

• The AlFujairah-2 plant has a total capacity of 591,000 m3/day. It is composed of
100 MIGD MED-TVC and a 30 MIGD SWRO [89].

• The Ras Alkhair-1 plant has a total capacity of about 1.036 million m3/day, with the
MSF’s capacity being 727,203 m3/day and the RO capacity 309,061 m3/day. The
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hybrid plant is composed of 8 MSF units with 20 MIGD capacity each and 17 RO trains
with 4 MIGD each [86,89].

An interesting illustration of the benefits of hybridization was presented by Al Bloushi
et al. [82] who considered options to improve the performance of the existing MSF desali-
nation plant of Al Taweelah A2 (UAE). The plant is composed of four distillers with a
capacity of 56,750 m3/day each. The study considered two possible scenarios: replace the
MSF plant with an RO plant or consider a hybrid scheme in which an RO unit is integrated
with the MSF while maintaining a unit (MSF/RO) capacity of 56,750 m3/day. Simulations
revealed that the hybridization option results in a notable reduction of about 72% in energy
consumption, 53% in specific water production, and 72% in annual gas emission [82].
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3. Other Important Aspects of Desalination
3.1. Energy, Environment and Desalination

To purify saline water using a desalination process, energy, which can be electrical,
thermal, or another energy form, is required. Energy consumption represents a major cost
of desalination. Specifically, almost 50% of the operating cost is spent on energy (in thermal
and electrical forms). In 2014, desalination was the most energy-intensive water treatment
process consuming 75.2 TWh of energy per year [90]. Therefore, energy consumption
indicators in desalination appear to be central keys limiting the expansion and growth of
this industry.

It is worth clarifying that the evaluation of the energy consumption of a desalination
process should be performed using appropriate energy performance metrics that should
not be limited to the total amount of energy required for the process, but should include
also the type of energy used (for example thermal, electrical or both), the embedded
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energy in materials and chemicals, and the degree to which alternative energy sources are
utilized [90].

Reducing the energy consumption of a desalination process remains a central target
to lower the total cost of produced water. The theoretical minimum energy needed for
separating pure water from a saline solution can be considered as one of the energy
efficiency metrics of the process. The actual energy consumed in an operating desalination
plant can be manyfold the theoretical minimum energy required. Based on data compiled by
Antonian [91] corresponding to various medium-sized MSF and MED desalination plants,
the average equivalent electric energy consumption is 17.1 kWh/m3 and 11.9 kWh/m3

for MSF and MED, respectively. For Saudi MSF desalination plants, the specific energy
consumption rates are on average around 16.3 kWh/m3 [2]. It is worth mentioning that
Ihm et al. [89] obtained low values ranging between 6.1 and 6.9 kWh/m3 for power and
desalination cogeneration plants based on combined power cycle and MED-TVC systems.
For seawater RO plants, the specific energy consumptions are much lower, approaching
3 kWh/m3. SWCC’s Shuaiba RO-4 commercial plant achieved a very low specific energy
consumption rate of 2.7 kWh/m3 [2].

One of the critical drawbacks of the desalination industry is its reliance on fossil fuels.
Therefore, conventional desalination technologies still have two major environmental concerns:

• A large amount of concentrated brine is damped back to the natural body at daily
rates of about 50–70% of the total capacity of a typical SWRO and much more for
MSF and MED. Effluents are at a higher temperature than the seawater temperature
for thermal desalination processes (the excess can reach 15 ◦C). They can contain
heavy metals and chemical residues such as anti-scalants, chlorine, and anti-foaming
or anti-corrosion agents (Shahzad et al. [84]). All these discharges can have drastic
impacts on marine life.

• Air pollution resulting from the emission of various gases from fossil fuel combustion
systems is the second major environmental impact of desalination. Air pollutants
including CO2 emissions, NOx, and SO2 are released into the atmosphere at different
rates depending especially on the desalination type.

Lienhard et al. [86] reported that direct greenhouse gas emissions are about 2.1 to
3.6 kg of CO2 for each m3 of fresh water produced using the RO process depending on
the type of fuel and conversion technology used to generate the required electricity. Much
higher values reaching 8 to 20 kg of CO2 can be found for thermal desalination processes.

Renewable energy (RE) sources can be integrated with desalination processes in
different ways depending on various criteria that include the type of energy needed by the
desalination process, the maturity of the technology, the plant water production capacity,
etc. Figure 27 depicts a clear picture of the RE and desalination technologies and the
worldwide share of each renewable energy source integrated with desalination. It is noted
that RO coupled with wind or PV comes first with more than 50% of the market share
(Ahmadi et al. [92]). This is because electric-based RE sources, i.e., solar PV and wind,
have gained interest as relatively low-cost and reliable technologies to be coupled with
desalination techniques. It is worth mentioning that thermal desalination driven by solar
energy has low importance in the global market which is attributed to the difficulty of
scaling down some mature distillation technologies. The modular RO character is a major
parameter in the successful development and deployment of integrated RE-RO systems.
Further details on RE desalination systems can be found in [2,5].
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3.2. Performance Indicators of a Typical Desalination Plant

The overall process of desalination is composed of a series of operations that can be
broadly organized into three main steps: pre-treatment, desalination, and post-treatment.
It is important to note that the performance of any desalination plant, including its energy
efficiency, is a function of several factors. The main ones are listed below:

• The desalination process type itself.
• Plant capacity.
• Required energy type.
• Feed water type.
• Pre-treatment method.
• Post-treatment method.
• Brine concentration limit.

The commonly used performance indicators in thermal desalination are as follows:

• The recovery ratio.
• The energy efficiency indicators (the performance ratio, PR, the grain output ratio,

GOR, and the specific energy consumption, SEC). It can be demonstrated that SEC,
PR, and GOR give essentially the same information and are dependent.

• The specific cooling water mass flow rate (Rcw), defined as the cooling water mass
flow to the distillate mass flow rate ratio.

For membrane-based desalination processes, the quality of the product is measured
using the salt rejection rate.

4. Comparison Between Desalination Processes
In the above section, the main features of the most used and employed desalination

processes and emerging ones have been presented and explained. The benefits of combining
two types of desalination processes were also highlighted.

Comparing desalination processes is not a straightforward task. It requires, first, to
establish a clear frame in which:

• Enough reliable data and information on the various technologies should be available.
• Realistic and independent indicators should be clearly defined. They should be easy

to apply so accurate and reliable results can be drawn.
• A systematic and rigorous methodology of comparison should be established. To

avoid qualitative comparison, a scoring method such as a scoring matrix with weights
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could be defined. In addition, when using a specific criterion, the comparison must
be handled from the same angle. The type of energy used needs to be included in
the comparison as explained by Lienhard [93] in his paper entitled “Energy efficiency,
primary energy, and apples vs. oranges.”

Therefore, we have established a step-by-step approach that could help in comparing
desalination processes and selecting the best ones. This approach can be broadly described
as follows:

• Step 1: we can start with a first level comparison based on basic principles and broad
information on each desalination process. Table 4 can illustrate this first step.

• Step 2: As given in Table 5, the main advantages and disadvantages of each process
are given and discussed. It is clear that comparisons highlighted in Tables 4 and 5 are
based on broad information and in some cases on qualitative information.

• Step 3: As shown in Table 6, more quantitative details based on data and numerical
values can be used.

• Step 4: A general approach that merges qualitative and quantitative details is used.
Appropriate indicators (metrics) are first selected and then implemented with the
support of scoring and weighting techniques.

In the next pages, some attempts to compare various conventional and new desali-
nation technologies are presented based on data and information gathered from various
sources from the literature reflecting the state of the art of the knowledge and innovation in
this fast-growing sector of water desalination.

Table 4 presents the basic principles of the main desalination technologies as well as
their main specific maturity and technological development status. These technologies are
divided into three categories:

• Mature, which includes conventional processes, namely MSF, MED, VC, RO, and ED.
• Promising processes or those under development including MD, FO, and AD. AD is

classified as promising due it is potential to be integrated with thermal desalination by
lowering the bottom brine temperature of the process and hence increasing the water
production yield.

• Minor, such as CDI and processes that have stagnated development including HDH
and FD.

Table 5 exposes the features of the main desalination processes highlighting their
corresponding advantages and drawbacks. It is obvious that each technology has its
strengths and weaknesses, making the comparison between the processes not easy. Table 6
provides further details with more quantitative information on the main conventional
desalination processes. The major highlighted criteria are the reliability of the process,
potential of scaling and fouling, operating temperature and pressure ranges, product
quality, water recovery, energy consumption, and total water cost.

A high performance of a specific configuration should have the highest scores based
on various criteria/metrics. Skuse et al. [50] selected the following criteria:

• Low SEC;
• Low water cost;
• Ease of integration with RE;
• Ease of pre-treatment;
• High water recovery.

These criteria can be interpreted respectively as the following:

• An energy efficiency indicator;
• An economic viability indicator;
• A flexibility indicator;
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• An autonomy indicator;
• A conversion/separation efficiency indicator.

Skuse et al. [50] have proposed a qualitative comparison of various membrane-based
desalination processes, namely RO, FO, MD, CDI, and their hybrids. The comparison is
based on a scale between 0 and 1 (preferred) with equal importance for all criteria. Some
general conclusions can be highlighted based on Figure 28:

Table 4. Basic principles of main desalination processes.

Technology Principle Status

Multi-stage flash (MSF)
Involves boiling seawater by flashing in a
series of chambers under progressively
lower pressures.

Aging

Multiple effect distillation (MED)

A cascading process where seawater is
progressively evaporated and condensed
in effects at decreasing pressure and
temperature, producing freshwater while
efficiently utilizing energy.

Mature

Reverse osmosis (RO)
Removes salt impurities from saline
water by forcing it using high pressure
through a semi-permeable membrane.

Mature

Vapor compression (MVC or TVC)

Consists of heating the vapor by
compressing it using a mechanical vapor
compressor (MVC) or a thermal vapor
compressor (TVC).

Mature
New interests in R & D

Electrodialysis (ED)
Uses ion-selective membranes and an
electric field to remove ion salts
from water.

Mature

Membrane distillation (MD)

Utilizes a hydrophobic membrane to
separate freshwater from saline solution
through vapor transport in the membrane
and condensing it outside the membrane.

Promising, still in development.
Commercial in the food industry.

Forward Osmosis (FO)
Uses a semi-permeable membrane and a
concentrated solution to draw freshwater
through osmosis.

Still in development,
Some applications.

Adsorption desalination (AD)
Utilizes adsorbent materials to attract and
retain dissolved ions from water resulting
in fresh water.

In development.

Humidification-dehumidification (HDH)

Operates by heating saline water using
low-grade thermal energy, evaporating
the heated water in a humidifier, and
condensing the formed vapor in
a dehumidifier.

In development.
Limited use and applications.

Freezing desalination (FD)
Saltwater is frozen, and the ice is
separated from the concentrated brine,
leaving behind freshwater.

Stagnant development.

Capacitive deionization (CDI)

Consists of removing dissolved, charged
ionic species from aqueous solutions at
atmospheric pressure using direct current
electric power.

New,
Promising.

Ion Exchange (IX): Employs ion exchange resins to remove
dissolved ions from water. New.
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Table 5. Main features of most known desalination processes.

Process Main Advantages Main Limitations

MSF

- High water quality.
- MSF-OT has a flexible structure, potential coupling

with sustainable energy sources (solar, geothermal,
and waste heat) or other desalination processes.

- High energy consumption.
- High total cost.
- MSF-BR (brine recirculation) structure is rigid.

MED

- High water quality.
- Energy efficient when coupled with TVC
- Potential coupling with other systems (sustainable

energy sources).

- Scaling problems.

MVC
- High water quality.
- Robust.
- Can treat highly concentrated waters.

- SEC still high.
- Low unit capacity.

RO

- Flexible in construction and operation thanks to its
modular structure.

- Low SEC.
- Has the potential to be integrated with RE sources
- Can be easily hybridized.
- Scalable: Can be used for small- and large-scale

applications.

- Dependent on the feed quality and pretreatment.
- Low water quality (first stage).
- Fouling potential which requires membrane

replacement and additional prefiltration and
chemicals.

ED

- Operates at low pressures.
- Low energy consumption
- Can be used in junction with renewable energy

resources

- High capital cost.
- Limited salt rejection rates
- Limited to brackish waters

MD

- Low operating pressure and operating temperature.
- Can be driven by low-grade heat (solar, geothermal,

waste heat).
- High impurities rejection rate (100%).
- Can treat highly concentrated waters.
- Can be easily hybridized.

- Fouling issues.
- SEC high (even if required energy is low-grade heat).

FO
- Based intrinsically on a natural process (osmosis)
- Can be easily hybridized
- Low SEC

- Low water quality
- Draw solution recovery

HDH

- Robust
- Not sensitive to the feed quality.
- Low operating temperature and pressure.
- Simple operation.
- Simple construction and available materials.

- Requires high air flow rates.
- -High SEC.
- Upscaling is not simple.

FD

- Theoretically, more energy efficient than distillation
processes.

- Less corrosion and fouling risk thanks to operating
at low temperatures

- Using low-cost materials such as plastics.

- High operating and capital costs in the ice
separation and washing steps.

- Low rejection rates.
- Various complex operations related to the freezing

process and ice removal.

CDI
- Low voltage and minimal electrical safety

requirements.
- Low SEC

- Limited to low-salinity feed solutions.
- Further studies are needed for long-term

performance.
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Table 6. Comparison of the main desalination processes based on plant size, reliability, pre-treatment, scaling, fouling, temperature range, pressure, product quality,
and water recovery, specific energy consumption and unit water cost.

Criterion/
Technology

Maximum
Capacity
(MIGD)

Reliability Pretreatment Scaling Fouling Temperature
Range (◦C) Pressure (Bar) Product Water

Quality (ppm) Recovery Ratio
Specific Energy
Consumption,

SEC, (kWh/m3)

Unit Water Cost
(USD/m3)

BWRO ---
Depends on feed

water and
pretreatment

Critical Low High Max 45 [94] Can reach 27 [95] 200–500 [9] 70–90% [96] 1.5–2.5 [97] 0.26–1.33 [9]

SWRO 8/train [53]
Depends on feed

water and
pretreatment

Critical Low High Max 45 [94] can reach 80 [95] 400–500 [9]
(<50 with 2 pass) 40–55% [96] 3–9 [97] 0.45–1.72 [9]

MSF 20/unit [86] Highest Low High Low
90–110 [98]

Can reach 117
[99]

Low <25 10–25% [100] 12.5–28 [90, 97] 0.56–1.75 [9]

MED
MED-TVC

-
20/unit [32] High Low High Low 60–85 [101]

Low
3 [26]

Can be 6 or more
<25 23–41% [100] 7.7–21 [97] 0.52–1.5 [9]

0.87–0.95 [9]
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• Hybrid structures tend to present better performance than corresponding standalone
systems.

• RO-FO and RO-MD show attractiveness based on more than one performance indicator.
• RO and MD standalone systems each show overall good performance.

Water 2025, 17, x FOR PEER REVIEW 29 of 38 
 

 

 

 

Figure 28. Comparison of standalone and hybrid membrane-based systems (Skuse et al. [50]). 

Table 7. Comparison based on a scale between 0 and 1 (preferred) with equal importance for all 
criteria of standalone and hybrid membrane-based processes (adapted from [50]). 

Indicator RO FO MD CDI RO-FO RO-MD RO-CDI 
Low energy consumption 0.8 0.4 0.4 0.2 1 0.8 0.6 
Ease of integration with RE 0.2 0.4 1 0.2 0.4 0.6 0.2 
Ease of pretreatment 0.4 0.6 0.6 0.6 1 0.4 0.4 
High recovery rate 0.4 0.4 0.6 - 0.4 1 0.4 
Low water cost 1 0.6 0.6 0.2 0.8 0.6 0.2 

It is worth noting that some other performance indicators could be added such as 
those on the environmental impacts and the plant size. This is just to highlight that these 
findings from Figure 28 give some kind of guideline rather than concise and final conclu-
sions. 

Figure 29 proposes seven metrics that can be used to compare desalination processes 
based on sustainable requirements. For illustration, Table 8 summarizes the results of a 
comparison exercise of six main desalination technologies (four conventional, while MD 
and FO are still in development) based on the metrics highlighted in Figure 29. 

These metrics have been retained after a concise and critical literature survey as men-
tioned above and considering an important frame which is sustainability. They have been 
selected as an attempt to develop a unified method allowing the comparison of current 
and future desalination processes, particularly as related to sustainability. It is worth not-
ing that other criteria could be added to this list, such as reliability and availability. How-
ever, we believe that the proposed criteria cover the main metrics characterizing sustain-
able desalination processes in which technological, economic, social, and environmental 
factors are well represented. Other aspects such as strategic and political or legal could be 
added; however, it is believed that their specific weights are marginal and limited. Addi-
tionally, human health damage risk due to desalination would appear to have limited 
impact if the mentioned metrics were applied. The recovery ratio is known to be an 

Figure 28. Comparison of standalone and hybrid membrane-based systems (Skuse et al. [50]).

As given in Skuse et al. [50], Table 7 explains better how Figure 28 was developed.

Table 7. Comparison based on a scale between 0 and 1 (preferred) with equal importance for all
criteria of standalone and hybrid membrane-based processes (adapted from [50]).

Indicator RO FO MD CDI RO-FO RO-MD RO-CDI

Low energy consumption 0.8 0.4 0.4 0.2 1 0.8 0.6

Ease of integration with RE 0.2 0.4 1 0.2 0.4 0.6 0.2

Ease of pretreatment 0.4 0.6 0.6 0.6 1 0.4 0.4

High recovery rate 0.4 0.4 0.6 - 0.4 1 0.4

Low water cost 1 0.6 0.6 0.2 0.8 0.6 0.2

Figure 28 shows that:

• Single RO has a lower cost, and single MD is characterized by its easy integration with
renewable energy sources.

• The hybrid RO-FO structure has efficient pre-treatment and low energy consumption.
• Hybrid RO-MD exhibits high water recovery.

It is worth noting that some other performance indicators could be added such as those
on the environmental impacts and the plant size. This is just to highlight that these findings
from Figure 28 give some kind of guideline rather than concise and final conclusions.

Figure 29 proposes seven metrics that can be used to compare desalination processes
based on sustainable requirements. For illustration, Table 8 summarizes the results of a
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comparison exercise of six main desalination technologies (four conventional, while MD
and FO are still in development) based on the metrics highlighted in Figure 29.
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Table 8. Comparison of the main conventional and promising desalination technologies based on
various metrics.

Metric
Process

Energy
Efficiency

(#1)

Scalability
(#2)

Can Treat High Feed
Concentration

(#3)

Integration with
Clean Energy Sources

(#4)

Rejection of
Non-Volatile, HM

and Others
(#5)

Pre-Treatment,
Fouling/Scaling

Potential
(#6)

Total Water
Cost
(#7)

RO 8 9 2 8 2 3 7

MED 5 5 5 6 6 6 6

MSF 3 2 4 4 6 5 4

MVC 4 3 7 7 6 6 3

MD 3 5 8 8 8 7 2

FO 6 5 6 5 4 3 2

These metrics have been retained after a concise and critical literature survey as
mentioned above and considering an important frame which is sustainability. They have
been selected as an attempt to develop a unified method allowing the comparison of current
and future desalination processes, particularly as related to sustainability. It is worth noting
that other criteria could be added to this list, such as reliability and availability. However,
we believe that the proposed criteria cover the main metrics characterizing sustainable
desalination processes in which technological, economic, social, and environmental factors
are well represented. Other aspects such as strategic and political or legal could be added;
however, it is believed that their specific weights are marginal and limited. Additionally,
human health damage risk due to desalination would appear to have limited impact if
the mentioned metrics were applied. The recovery ratio is known to be an important
parameter translating the separation/conversion efficiency of the process. This parameter
is not considered here since it is believed that it is captured in other criteria such as the
ability of the process to treat highly concentrated waters. In addition, some criteria such
as energy efficiency and water cost can be measured based on reported values from the
literature which make the scoring easier to understand. Other criteria such as the ability
of the process to be integrated with clean energy sources seem to be more qualitative and
more difficult to evaluate. Some specific observations on each metric are given below:
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• Energy efficiency is a central criterion to be considered [95,97,101]. It can be clearly
measured using the specific energy consumption (SEC) rate, expressed in kWh/m3.
Even though a certain confusion persists about the accurate SEC values reflecting a
common form of energy consumed for each technology, it is established that about
30% of the total water cost is related to energy. Bouma et al. [102] reported that the
energy cost in desalination can account for between 25% and 40% of the total water
cost. This may suggest that an energy efficiency metric can have an important weight
in comparing and selecting desalination technologies [14,85,90,99,101,102].

• Scalability is also selected as an important metric. The ability to enlarge and up-scale
desalination technology is crucial, especially when putting forward its integration with
clean energy sources. For instance, despite the technological development and matu-
rity of MSF as a large-capacity production technique, its integration with solar thermal
and geothermal collection systems is known to be one of its limitations [98,100,101].
On the other hand, some new techniques are still in the early stage of development.
Increasing their unit capacity is one of their main challenges.

• The ability to treat concentrated feed waters and brines appears important in a frame of
achieving high recovery ratios and approaching minimum liquid discharge limits [16].
Sabour and Ghorashi [103] conducted a comparative study on major desalination
techniques with a focus on their potential for valuable mineral extraction.

• In addition, the ability of the water purification process to be easily coupled with clean
energy sources including renewable energy ones is identified as a pivotal criterion for
sustainable development [23,104].

• High rejection of salts and particularly the ability to reject heavy metals, non-volatile
components, and other components is an important criterion that should be considered
for sustainable desalination processes.

• Pre-treatment and the ability to control fouling and scaling potential are related to en-
suring a smooth and reliable operation of the desalination plants. For instance, scaling
and fouling are major weaknesses in MED and RO technologies, respectively [2,30,94].

• The unit cost of produced water is a criterion that is obviously of particular impor-
tance and is, therefore, commonly used in making a choice between the different
desalination technologies. This parameter is composed of capital and operating costs.
Energy consumption, maintenance, pre-treatment and post-treatment chemicals, and
membrane replacement form a major part of the operating cost. One may argue that
membrane replacement, for example, depends on fouling problems, and energy cost is
essentially decided by the level of energy consumption; therefore, this criterion could
be considered as included in other criteria, and there would then be no need to include
it in the selected criteria. However, the capital cost of each desalination technology
which represents the larger part of the total water cost should still be accounted for as
one important parameter by itself.

Adopting a scale to compare the desalination techniques using numbers is a widely
used approach. It is proposed in this work to consider the following scale from 1 to 9 where
1 refers to poor and 9 to good. Scores 3 and 5 refer to medium-poor and fair while 7 and 9
to medium-good and good. The scores 2, 4, 6, and 8 are intermediate values.

The results shown in Table 8 can help the selection of suitable technology given some
inputs related, for example, to the size, the feed quality, the permeate quality, etc. These
findings can be explained using the available knowledge on the process’s behavior based
on the considered criteria. For illustration, we can remind of and highlight the following:

• As reported in Table 6 and based on [53,90,97], the specific energy consumption for RO,
MED, and MSF can range between 3 and 9, 7.7 to 21, and 12.5 to 28 kWh/m3, respec-
tively. RO has a low SEC but one that is still far from the minimum thermodynamic
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value of about 1 kWh/m3 for seawater desalination. Therefore, it becomes reasonable
to allocate the scores 8, 5, and 3 to RO, MED, and MSF, respectively, for the energy
efficiency criterion. It is reported that the FO process requires low energy, essentially
representing the energy needed to regenerate the draw solution. Even though the MD
process requires low-grade thermal energy, several studies revealed that its SEC is still
too high and substantial efforts are needed for better energy recovery and management
in general. Values between 40 and 100 kWh/m3 from low-grade energy sources such
as solar and geothermal energy have been reported [16,73].

• RO is modular, thus scalable. MED driven by fossil fuel is mature and widely de-
ployed. However, smaller MED units that could be integrated with RE sources, for
example, are not yet employed at a larger scale, which affects the corresponding
total water cost. MSF is known to have a rigid structure, in particular for the brine
recirculation configuration which has been successfully operating for decades in a
cogeneration mode [2,22,89]. Although the MSF once-through (OT) configuration
shows more flexibility and ability to be coupled with non-conventional energy sources,
MSF technology in general has less flexibility than MED or RO to be downscaled.
Therefore, and as shown in Table 8, scores of 9, 5, and 2 are proposed for RO, MED,
and MSF, respectively, for the scalability metric.

• RO suffers from being sensitive to highly concentrated waters which affects its energy
consumption and drastically reduces the recovery ratio. Not all non-volatile compo-
nents and heavy metals are removed. This is considered one of the major limitations
of RO.

• MVC is known for its ability to treat brines and can be smoothly driven by wind
and solar PV systems. Since it is a phase change process (evaporation/condensation),
the non-volatile components can be rejected. In general, thermal based desalination
processes are known to have higher rejection rates [33,82]. In particular, MD has
shown a promising ability to treat highly concentrated waters and have high rejection
rates. This is reflected in the scores provided to RO (2), MED (5), MSF (4), MVC (7),
and MD (8).

• The ability to be coupled with clean energy sources is also a central criterion from a
sustainable development perspective. Given the modular characteristics of RO, RO
modules can be smoothly coupled with solar PV panels. Successful deployment of
PV-RO has been observed for the last two decades. In addition, MVC, which requires
electricity to operate, can be driven by solar PV and wind energy. Conventional
thermal desalination, essentially MSF, has experienced less success. More efforts are
needed to develop optimized, reliable, and low-cost renewable thermal desalination
plants. The MD process, however, shows promising potential that should be confirmed
through larger scale solar or geothermal MD units [16,86,105]. These comments are
intended to justify the proposed scores of 8, 6, 4, 7, and 8 for the RO, MED, MSF, MVC,
and MD processes, respectively. These findings emphasize the need to advance the
energy supply and desalination technologies and better master their operation and
related problems.

Water cost depends on several factors including the desalination process itself, the
plant size, and feed water salinity. Based on available data [2,97], RO has the lowest
water cost; MSF suffers from its high capital cost. The water cost corresponding to minor
techniques, namely MVC, MD, and FO, is inherently linked to the unit capacity which is still
low. This makes the RE desalination less cost-effective as compared to fossil fuel-powered
desalination [13,106,107].

On the other hand, and in order to have a clear and concise picture of the outcomes
of this comparative exercise on desalination technologies, weights corresponding to the
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proposed metrics can be provided based on available data and information from the
literature. These weights can vary depending on the specific case considered. For example,
in locations where energy cost is high, more weight should be assigned to energy efficiency.
Similarly, in locations where renewable resources such as solar and wind are limited,
integration with clean energy sources will have lower weight. Strategic and planning
aspects are also important and differ from one country to another.

We give here an example that could be more related to the specific case of Saudi
Arabia and some neighboring countries in which energy efficiency and total cost are the
most important criteria. The respective weight for each criterion is proposed as 25% (#1),
15% (#2), 10% (#3), 15% (#4), 5% (#5), 10% (#6), and 20% (#7). This scheme results in the
following scores: 6.55, 5.50, 3.65, 4.70, 5.20, and 4.50 for RO, MED, MSF, MVC, MD, and FO,
respectively. Based on this illustration, the superiority of RO is confirmed. The MED and
MD processes show their importance as potential competition to RO while MSF comes last
due to the several drawbacks mentioned above in the frame of sustainable desalination
technologies. It should be noted that the above weights can be changed, and different
findings will be obtained.

5. Conclusions
This work presents a comprehensive overview of the conventional and emerging

desalination processes and highlights their respective advantages and drawbacks using
updated data and information from various sources, including from industry. The capabili-
ties and limitations of each process have been discussed and their potential for growth and
further development were highlighted. RO-based desalination techniques are spreading
not only worldwide but also in the Gulf countries, especially in Saudi Arabia. However,
thermal processes can still have space for use in hybridization and cogeneration configu-
rations. Membrane distillation and mechanical vapor compression have attracted recent
interest for desalination of concentrated brines.

Several comparisons between the main desalination processes have been presented us-
ing specific indicators to underline the superiority of one process over the others. However,
any comparison is not a straightforward task due to the numerous factors and variables
involved in the desalination process and the difficulty of clearly defining the most im-
portant key performance indicators. Reducing energy consumption and the total cost of
desalination are strategic aims. Measures of developing sustainable energy–desalination
integration are needed.

Important metrics to compare the performance and capability of desalination technolo-
gies have been proposed in the frame of sustainability in which environmental, technical,
economic, and social factors are considered. An illustrative example based on specific crite-
ria weights shows that the RO process remains the most important sustainable desalination
technology while MSF faces real limitations.
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