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Abstract

Water scarcity becomes more severe and there will need to be a concerted effort to ensure that water supply remains secure. To

mitigate the danger of water scarcity using an energy efficient method for water desalination is crucial. This review objectively

compares the most practical thermal and reverse osmosis desalination technologies and the latest energy recovery opportunities

for each process. This analysis reveals that thermal and reverse osmosis desalination should not be considered as a competitor

since (mostly) the feed water quality and the final permeate water standards are the main parameters that impose choosing either

of the most appropriate desalination method or hybridization of both approaches. Desalination of seawater using improved

thermal desalination in which pre-heated helium gas instead of air is used to increase evaporation efficiency up to 3 times,

is a promising technique that could make this sub-boiling thermal desalination approach the future of thermal desalination.

The effect of Renewable energy resources, BCE, multiple stage units and optimizing liquid height in the dehumidifier were

particularly evaluated in the HDH process which could perfectly handle the sub-boiling thermal desalination approach. Results

of this comprehensive review can aid decision-makers by manifesting the main developments in desalination techniques to a

reasonable degree of accuracy.
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Desalination; a comprehensive and practical assessment on challenges and
opportunities ahead

Abstract

Water scarcity becomes more severe and there will need to be a concerted effort to ensure that
water supply remains secure. To mitigate the danger of water scarcity using an energy efficient
method for water desalination is crucial.  This review objectively compares the most practical
thermal  and  reverse  osmosis  desalination  technologies  and  the  latest  energy  recovery
opportunities  for  each  process.  This  analysis  reveals  that  thermal  and  reverse  osmosis
desalination should not be considered as a competitor since (mostly) the feed water quality and
the final permeate water standards are the main parameters that impose choosing either of the
most  appropriate  desalination  method  or  hybridization  of  both  approaches.  Desalination  of
seawater using improved thermal desalination in which pre-heated helium gas instead of air is
used to increase evaporation efficiency up to 3 times, is a promising technique that could make
this sub-boiling thermal desalination approach the future of thermal desalination. The effect of
Renewable  energy resources,  BCE,  multiple  stage  units  and  optimizing  liquid  height  in  the
dehumidifier were particularly evaluated in the HDH process which could perfectly handle the
sub-boiling  thermal  desalination  approach.  Results  of  this  comprehensive  review  can  aid
decision-makers  by  manifesting  the  main  developments  in  desalination  techniques  to  a
reasonable degree of accuracy.
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BCE, Bubble Column Evaporators; BCH, Bubble Column Humidifiers; CCGT, Combined Cycle
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Aeronautics  and  Space  Administration;  NF,  Nano  Filtration;  ORC,  Organic  Rankine  Cycle;
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1. Introduction

Water  scarcity  is  a  significant  global  challenge  that  affects  human  beings’  life  profoundly.
Economic, social,  and demographic development has globally led to an increased demand for
water, consequently forcing some countries to face the shortage of water resources (Dadmand et
al., 2020, p. 123812). The global water consumption has been increasing dramatically as a result
of the growing world population. By 2030, the world water scarcity is anticipated to reach 2700



billion m3/year (Shahzad et al.,  2014, p. 293) and the population that will suffer from water
deficit will surpass 1.6 billion (Ferroukhi et al., 2015). The surface water resources scarcity and
rising demands for potable water led to the improvement  of desalination technologies  which
generate fresh water from seawater (Woo et al., 2019).

Desalination is the process in which salts and other minerals are removed from a fluid (U.S.
Department of Energy, 2019). The aim of this process is to produce industrial scale potable water
mainly from seawater or brackish water.  Desalination techniques  can be categorized into the
thermal and membrane-based separation technologies. Reverse osmosis (RO), multi-stage flash
(MSF), and multi-effect distillation (MED) are the main commercial desalination technologies,
with  RO being the  fastest  growing,  MSF being historically  the  most  popular  in  the  Middle
Eastern  region,  and  recently  MED  gaining  popularity  over  MSF  due  to  technological
advancements (Fritzmann et al., 2007, p. 48).

The key challenges and recent advances in desalination are directly, or indirectly, related to the
high energy cost  of  desalination  (Ghobeity  & Mitsos,  2014,  p.  65).  Energy efficiency often
serves in favor of reducing the final cost (Ahmadvand et al., 2019, p. 696). There are several
approaches  to  improve  desalination  energy  efficiency.  ''Co-production  approaches''  and
''performance improvement'' which are mentioned in sections 2.2.1 and 2.2.2 aim to evaluate the
latest measurements to enhance desalination energy efficiency. As the power costs continue to
increase globally, using energy recovery devices (ERDs) has turned to be a necessary part of the
RO plants.  ERDs have been the largest  contributor  and breakthrough to reduce  the  specific
energy consumption since the last three decades. Technically to reduce energy consumption of
desalination plants, ERDs harness the concentrate stream energy of the system and transfer it to
the feed side using several methods (Kadaj & Bosleman, 2018, p. 438).

In this review, the most important thermal desalination technologies i.e. MSF, MED, VCD and
HDH as the main competitors for Reverse Osmosis are assessed and the main developments in
each technique are discussed. Herein, the focus is on assessing the latest condition of different
desalination methods and in particular more recent advances resulting from new findings and
optimization opportunities. Since thermal desalination techniques are more efficient in terms of
desalination of very salty water than the membrane technologies  (Antonyan, 2019, pp. 1–3),
producing less GHG (Skuse et al., 2021, p. 114844) and chemicals-containing brine, the question
is what can be done to bring the cost of thermal energy closer to RO? The manuscript framework
is around these opportunities/ challenges.

2. Literature review

By 2050, up to 5.7 billion people could be living in areas where water is scarce for at least one
month  a  year.  With  seawater  making  up  97.5% of  the  world's  water  resource,  low energy
desalination solutions will be a vital component of providing sufficient levels of good-quality
drinking water for a growing population (CORDIS, 2020). Physical process of separating soluble
salt  from different  water  resources  such as  brackish,  seawater  or  any other  water-based salt
solution  for  collecting  desalinated  water,  that  could  be  suitable  for  industrial,  municipal,
pharmaceutical  and  drinking  consumption  called  desalination.  Desalination  Cost  could  be



dependent on many factors such as intake and outfall techniques, the location of the plant, local
electricity  price,  desalination  technology,  energy  recovery  techniques,  product  water  quality
requirements, post-treatment methods, storage, distribution and environmental regulations. For
example, the cost of desalination is more loss-making than the very amount of natural water to
be transported from short distances. However, either pumping of fresh water or transportation
from remote areas, could be more costly compared to setting up a new desalination plant nearby
(Belessiotis  et  al.,  2016,  p.  10).  Advances  in  technology  and  equipment  have  resulted  in  a
reduction of 80 percent of the energy used for water production over the last 20 years. Today, the
energy needed to produce fresh water from seawater for one household per year (2,000 kW/yr.)
is less than that used by the household’s refrigerator (Voutchkov et al., 2016). Saudi Arabia, the
United Arab Emirates, and the U.S. are the top three desalination producers of drinking water by
capacity in the world, followed by Australia, China, and Kuwait (Nicholas, 2019).

2.1 Desalination methods

It  is  predicted  that  by  2025,  about  14%  of  the  world’s  population  will  have  to  consume
desalinated water (Chandrashekara & Yadav, 2017, p. 1319). Desalination methods are divided
into two general groups i.e., thermal and nonthermal (membrane) processes. Almost 95 percent
of the installed desalination capacity today is either thermal (35 percent) or membrane based (60
percent)  technology (Ghaffour  et  al.,  2013, p.  206).  The energy required for unit  freshwater
product is expressed as 'Specific  Energy Consumption'  (SEC) with units of kWh m−3 (Gude,
2011, p. 251). 

2.1.1 Thermal desalination

The thermal desalination technique utilizes energy to evaporate saline water and subsequently
condense it again to the form of distilled water. Thermal desalination is an effective and suitable
solution when there is attainable surplus heat or electricity from adjacent refineries and power
plants (IDE Technologies,  2020).  To treat large volumes of highly saline water,  in locations
where energy costs low or when a waste heat source is available, thermal desalination is still the
most  practical  technique.  High  energy  consumption  and  CO2 production  are  two  major
downsides of this approach (Ahmadvand et al., 2019, p. 696). At the moment, about 75% of
thermal desalination sites are installed in Arab countries, and half of them are active in Saudi
Arabia (Esmaeilion, 2020, p. 1). The most important thermal desalination technologies mainly
include MSF, MED, VCD and HDH.

Multi Stage Flash distillation (MSF)

Multi-stage flash (MSF) units are widely used in the Middle East such that it accounts for 34%
of the world’s seawater desalination (Morin, 2020, pp. 1–3). Multi-stage flash distillation (MSF)
is a desalting water technique that distills salinity by flashing a fraction of the water into vapor in
multiple stages that are necessarily forms of countercurrent heat exchangers. Nearly 26% of all
desalinated water in the world are generated by MSF units but currently most of the new built
desalination units utilize RO due to its much lower energy consumption (Ghaffour et al., 2013, p.
198). The MSF method is most appropriate when the feedwater conditions (temperature, salinity,
insoluble matters and high percentages of contaminations) are unfavorable. The typical energy



consumption of MSF units is 250–330 kJ/kg of freshwater, and the amount of electricity required
for processing is in the range of 3–5 kWh/m3 (Esmaeilion, 2020, p. 1). Large MSF units are often
combined with gas or steam power plants. The generated steam at high temperature and high
pressure is first expanded in the turbine of the power plant to generate electricity, and then, the
intermediate to low-pressure steam leaves the turbine to be used in the thermal desalination unit.
MSF units are usually located at the bottom of steam power plants with a temperature range of
90–120 °C to be used to heat the saline water in the unit. In this combined system by using heat
loss as an energy resource in the desalination process, the requirement for condensers in these
power plants is eliminated due to the use of turbine exhaust steam for desalination (El-Ghonemy,
2012, p. 6592).

Since  the  1960s,  the  cost  for  Multi-Stage  Flash  Distillation  (MSF)  to  desalinate  water  has
decreased approximately by a factor of 10 (Advisian, 2017). Most installations of MSF plants are
operated  in  cogeneration  with  a  power  plant.  MSF  plants  can  be  combined  with  other
desalination technologies such as Nano filtration and Reverse osmosis (RO) in new installation.
(El-Ghonemy, 2018, p. 2402). Also, results of the research from El-Ghonemy shows that (2018,
p. 2402), running the thermal desalination MSF plant in cold regions is more economic than hot
regions for energy saving from pumping power. This is to be considered in future large-scale
plants.

Multi Effect Distillation (MED)

Similar to the MSF-method the MED-method relies on the separation of salinity and fresh water
with the help of thermal distillation. MED process is applied in various industries such as sugar,
paper production, dairy industry and desalination (Esmaeilion, 2020, p. 1). MED units may have
horizontal or vertical tubes in which vapor is condensed on one side and heat transfer occurs to
the salt water on the other side. Pressure is reduced in each stage (effect) as the temperature
declines and additional heat is provided (Water Technology, 2016). In MED processes, using
oval shaped corrugated tubes have increased the heat transfer coefficients by 70% in comparison
to flat surface round tubes (Desportes et al., 2019, p. 38). The major challenge for the pumps
used  in  MED desalination  process  is  low NPSH available.  To  overcome  this  problem,  end
suction, low NPSH pumps are normally used. Moreover, for larger capacities axial split casing
pumps are also applied (SULZER, 2020).

Vapor Compression Distillation (VCD)

VCD units work by compressing water steam that is applied to change the boiling point of water.
Compressing water steam use as an evaporating heat source. Recycling crew members' urine in
the International Space Station (ISS) is a good example of using VCD technology. According to
the data from NASA (2020), VCD is used as plan B for the Water Recovery System (WRS) for
NASA astronauts. In case of an unexpected accident for WRS, VCD comes to operation.  To
generate water steam, the pre-treated urine evaporates at a low pressure and then is compressed
to elevate its condensation pressure and temperature. The produced compressed vapor will be
directed to the condenser subsequently. 

HDH



Humidification-dehumidification  (HDH)  system  consists  of  a  heater,  a  humidifier,  a
dehumidifier,  and  the  pumps  and  piping  necessary  to  move  fluid  between  components.
Desalination using the HDH process is an encouraging technology to settle water shortage in
rural areas.  However,  this  process suffers from low efficiency of humidifier.  Bubble column
humidifier (BCH) is a turning point for the HDH process, as it supplies strengthened heat and
mass transfer as well as having low maintenance demands (Eder & Preißinger, 2020, p. 110063).
In  research  from Abdelmoez  et  al. (2013,  p.  4635),  under  one  type  of  classification,  HDH
systems are based on the form of energy used such as solar,  thermal,  geothermal,  or hybrid
systems.  This  classification  brings  out  the  most  promising  merit  of  the  HDH  concept:  the
promise of water production by use of low-grade energy, especially from renewable resources.
Another classification of the HDH systems is based on the type of heating used: water- or air-
heating systems. The performance of the system depends greatly on whether the air or water is
heated.

In HDH process, the superheated gas is injected into the liquid phase through submerged orifices
of a distribution system. The gas forms bubbles that grow at the orifices until reaching a critical
volume, at which point they detach. After the formation stage, the bubbles ascend in the liquid
column. Transferring Heat and mass occurs during both stages. Part of the exchanged energy is
used to vaporize the liquid and the other portion is used to heat the liquid phase. The vapor is
removed from the system by the bubbles that reach the top of the liquid column (Campos &
Lage, 2001, p. 285). The performance of the system is mainly influenced by the dehumidifier
effectiveness.  In  research  from  Tow  and  Lienhard  V  (2013,  pp.  1–3),  for  efficiency
enhancement, capital cost reduction and higher energy recovery in dehumidifier performance,
the height of liquid should be minimized as the efficiency is not dependant on liquid height for
covering the single loop coil.

Figure 2.1. Schematic diagram of a typical humidification dehumidification desalination cycle 

Source: (Lienhard Research Group, 2016)

Traditional thermal desalination methods are easy to operate and effective but requiring heat to
the  boiling  point  for  collecting  water  vapor  is  an  energy  consuming  process. In  research
from Schmack et  al. (2015,  p.  77),  to  improve the  energy efficiency  of  the thermal  method,
bubble column evaporators (BCE) could be introduced, as a piece of equipment which has a
simpler working mechanism, low construction costs, reduced scaling deposit issues and operates



under sub-boiling conditions. BCE works via a process that continuously generates fine bubbles
in  a  column filled  with seawater.  The bubbles  produce by pumping heated  dry gas  through
specific  porous  sinters  under  the  column.  The  BCE  process  offers  an  improved,  more
controllable,  non-boiling  method  for  thermal  desalination,  and  is  able  to  perform  excellent
desalination efficiency at high salt concentrations (Wei & Pashley, 2020, p. 8).

Interesting results from Wei and Pashley (2020, p. 3) shows that, pre-heated helium inlet gases
can facilitate the evaporation process. The increased evaporation efficiency of about 3.1 times
with 75 °C heated Helium inlet illustrates its potential for future seawater desalination because of
its relatively low energy consumption compared with other commercial desalination methods.
The  Helium  carrier  gas  can  be  recycled  during  the  condensation  process  to  reduce  the
commercial cost.

2.1.2 Membrane desalination

The  pressure-driven  membrane  separation  is  divided  into  four  main  categories  including
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). Reverse
osmosis (RO) and nanofiltration (NF) that are classified as high-pressure membrane processes,
typically  include  a  relatively  smaller  membrane  pore  size  in  comparison  with  low-pressure
membrane  i.e.  microfiltration  (MF)  and  ultrafiltration  (UF).  Moreover,  membranes  can  be
generally  classified  into three  groups:  inorganic,  polymeric,  or  biological  membranes.  These
three types of membranes differ significantly in their structure and functionality (El-Gendi, 2015,
p.  58).  Over  the  past  three  decades,  consumption  of  energy  in  membrane  desalination
technologies has decreased remarkably. The main reason for this includes enhancement of high-
performance membranes  with higher flux and improvement  of salt  rejection  capabilities  that
automatically decrease high-pressure requirements. Improving membrane characteristics has also
led to utilizing more efficient fouling-resistant membranes.

Reverse Osmosis

Using mechanical energy in the pressure form, make RO being able to separate salts from water.
Unlike thermal desalination, RO process does not need thermal energy and all processes could be
done using merely electricity. In a typical seawater reverse osmosis plant, 3 to 10 kWh of electric
energy is required to produce one cubic meter of freshwater (Dashtpour & N. Al-Zubaidy, 2012,
p. 340). The pretreatment in the RO process known as a crucial stage in which fouling caused
impurities are removed to protect the system membranes (Shevah, 2017, p. 243). 

During  past  decades,  while  membrane  cost  has  decreased  significantly,  at  the  same  time,
membrane  life  has  risen,  mainly  owing  to  development  of  pretreatment  processes  and  also
increasing  knowledge  for  operating  RO  systems.  The  amount  of  freshwater  that  could  be
obtained  from  a  sea  water  ranges  between  30  and  75% of  the  volume  of  the  feed  water,
depending on the initial water quality, the quality of the product needed, and the technology and
the membranes that is applied (Cipollina et al., 2014, p. 3). Seawater reverse osmosis process
(SWRO) requires about 3 kWhe m−3 for the Mediterranean Sea, Atlantic and Pacific oceans, and
4 kWhe m−3 for the Persian Gulf including pre- and post-treatment. Brackish water desalination
processes (for salinity in the range of 5000-20000 ppm) require 1.5- 2.5 kWhe m−3 (Hanshik et



al.,  2016, p. 685). Theoretical minimum energy requirement for desalination as a function of
percent recovery has been shown in the Figure 2.2. However, it should be noted that the actual
energy consumption is  larger  in practice  and additional  energy is  spent because desalination
systems  are  finite  and  do  not  operate  as  a  reversible  thermodynamic  process  (Elimelech  &
Phillip, 2011, p. 713).

Desalination of saline water via reverse osmosis (RO) could also be driven by Organic Rankine
cycle  (ORC)  engines,  exploiting  readily  available  low-grade  heat  (e.g  solar  or  waste  heat).
However,  the specific  energy consumption (SEC) of conventional  ORC-RO systems is  quite
high while its efficiency is significantly low at low temperatures (Igobo & Davies, 2018, p. 741).
RO suffers from three fundamental issues: (1) it is very sensitive to high-salinity water, (2) it is
not suitable for zero liquid discharge and is therefore environmentally challenging, and (3) it is
not compatible with low-grade energy (Ahmadvand et al., 2019, p. 696).

Figure 2.2. Theoretical minimum energy for desalination as a function of percent recovery. 

Source: (Elimelech & Phillip, 2011)

2.2 Desalination energy efficiency opportunities

There  are  several  approaches  to  improve  desalination  energy  efficiency.  ''Co-production
approaches'' and ''performance improvement'' which are mentioned in sections  2.2.1 and  2.2.2,
look into the opportunities for increasing energy efficiency of a desalination plant.

2.2.1 Co-production approaches

Desalination plants are often built close to thermal power plants since large quantities of heat are
needed to evaporate the seawater. Waste heat produced as a byproduct during the generation of
electricity  can therefore  be recovered by the desalination  plant  (Planète  Energies,  2019).  As



mentioned  by  Lee  and  Younos  (2019),  from  a  water-energy  nexus  point  of  view  and  for
providing  chances  for  energy  consumption  efficiency  in  desalination  plants,  three  attitudes
including co-located plants, cogeneration plants and hybrid plants could be utilized to improve
desalination  process.  In  the  co-located  approach,  a desalination  facility  is  co-located  with  a
power plant usually in a coastal area in which the power plant uses seawater as its cooling water.
In  fact,  power  plant  cooling  water  is  used  as  feed  water  for  desalination  that  subsequently
requires less energy for heating. Co-located desalination plants with power generation stations
may  yield  measurable  improvement  in  the  economics  of  seawater  and  brackish  water
desalination and offer cost-reduction advantages as a result of use of shared intake and discharge
facilities,  and  reduced  desalination  power  costs  (Voutchkov,  2007).  In  the  cogeneration
approach,  high temperature steam which is  normally  considered as the power plant  waste  is
utilized  as  an  additional  source  of  energy  during the  desalination  process.  In  research  from
Shahzad et  al.  (2019, p. 1),  the co-generation of electricity,  steam and desalinated water via
improved combined cycle gas turbines (CCGTs) have recorded high energy efficiency. General
Electric (GE) with the partnership of ENGIE (formerly known as Electricity De France or EDF)
set a world record by achieving a 62% efficiency of the most advanced CCGT power plant
operating in Japan. In the third approach i.e. hybrid plants, for enabling the plant to optimize
performance  and  energy  reuse,  a  combination  of  treatment  technologies  is  applied.  Hybrid
desalination  processes  that  are  resulted  by  combining  membrane  filtration  and  thermal
desalination  technologies,  help  reduce  energy  consumption  expenses  as  well  as  the  carbon
footprint emission of the project impressively. For some special cases, reducing these unwanted
items had been reported to be up to $400 million per annum (Awerbuch, 2014).

2.2.2 Performance improvement potentials

There are several approaches to enhance desalination technologies, and in particular to decrease
the desalination energy cost. According to the research from Wei and Pashley (2020, p. 4), the
bubble  column  evaporator  (BCE)  process  is  a  promising  method  for  thermal  seawater
desalination with improved evaporation efficiency. Using pre-heated helium gas instead of air
can increase evaporation efficiency up to 3 times. This dramatically low energy consumption
could make this sub-boiling thermal desalination technique as future of seawater desalination
compared with other commercial desalination techniques. In MED processes, using oval shaped
corrugated tubes increases the heat transfer coefficients by 70% in comparison to flat surface
round tubes (Desportes et al., 2019, p. 38). In the MED process, low NPSH is the major problem
for the pumps. To overcome this problem, end suction pumps with lower NPSH are usually
utilized.  Moreover,  axial  split  case  pumps  are  applied  for  higher  production  capacities
(SULZER, 2020).

According to LennTech (2020), the concentrate effluent has relatively high pressure as it only
lost 1.5-2 bar of its initial pressure due to passing through membranes. This pressure drop is
relevant to the number of membranes in each pressure vessel. Energy Recovery Device (ERD)
enables reusing the energy from the concentrate flow. The concentrate is directed to the ERD
where  it  directly  transfers  its  energy  to  part  of  the  incoming  feed  water.  Energy  Recovery
Turbine (ERT) and Pressure Exchanger (PX) are two main energy recovery systems. ERT and



PX provide up to 30-40% and 50-60% energy saving respectively.  Energy Recovery devices
have reached high development to the extent that the latest devices gained up to 97% efficiency
that let some desalination facilities achieve specific energy consumption of 3 kWh m−3 (Schunke
et al., 2020, p. 3).

Time-variable operation is another approach for improving performance of the RO process. As
energy costs comprise the major operating costs of a RO process so that could be considered as a
main  reason  for  moving  toward  time-variable  operation  of  RO.  Most  of  the  early  work  on
optimization  of  RO,  assume  constant  operation  and  constant  electricity  costs  (Ghobeity  &
Mitsos, 2014, p. 65). Using the variable operation approach for increasing efficiency of RO has
led to  valuable  results.  The optimization results  show that winter  operation requests  the RO
process  to  utilize  more  membrane  modules  than  in  summer.  On  the  other  hand,  summer
operation requires less pressure compared to that in winter season to meet the variable demand of
freshwater leading to lower power consumption (Sassi & Mujtaba, 2013, p. 107).

3. Discussion

Abundant seawater and brackish water sources as well as fast-developing desalination techniques
and researches will provide significant opportunities to address current and future water scarcity
problems (Lee & Younos,  2019).  In many arid parts  of the world such as the Middle East,
Australia, Northern Africa and Southern California, the population concentration along the coast
exceeds 75 percent. Seawater desalination provides a logical solution for the sustainable, long-
term management of growing water demand (Voutchkov et al., 2016).

Thermal methods are more expensive than membrane ones because of the large quantities of fuel
required to vaporize salt water. However, they are more efficient in terms of desalination of very
salty water than the membrane technologies (Antonyan, 2019, pp. 1–3). Thermal desalination
technologies  rely  on  both  electricity  and  heat  for  separation  of  salt  from  water  while
conventional  membrane  desalination  technologies  need  electrical  energy  to  be  converted  to
mechanical energy for separating freshwater from saline water. Thermal energy, especially when
obtained by solar and waste heat sources, should be considered as an important component in
reducing water desalination costs (Omar et al., 2020, p. 109609). If there is a thermal power
plant  nearby,  building  a  thermal  desalination  plant  such as  MSF could  be more  efficient  in
comparison with a Reverse Osmosis one.  However,  one major barrier  that hinders the wider
application of MED and MSF is  the high initial  plant  cost,  which limits  them to large-scale
operations (Chen et al., 2020, p. 1). Using the SWRO method is very economical in terms of
operating costs (0.47 USD/m3) followed by the MED (0.54 USD/m3). The cost of using the MSF
method is 0.65 USD/m3 that puts it at the bottom of the selection queue, and this will make
many obstacles to construct new units (El-Ghonemy, 2012, p. 6592). While the final costs of
desalination  by  the  thermal  methods  are  higher  than  reverse  osmosis,  it  requires  much less
preparation and preprocessing in which the obtained water has a higher quality and does not
require  post-treatment  processes  such  as  boron,  chloride  or  bromide  removal.  The  reverse
osmosis membrane is sensitive to changes in pH, oxidizers, a wide range of organic matter, algae
and  bacteria,  as  well  as  other  particles  and  sediments.  Moreover,  in  mining  industries  and
refineries such as alumina refineries, thermal desalination processes such as MED and MSF are



more suitable than RO processes, which cannot handle the process streams because of significant
fouling (Rahimi & Chua, 2017, p. 5). Therefore, there are several precautions to prevent extra
charges  in  a  RO  system  performance  (Esmaeilion,  2020,  p.  1).  In  comparison  with  MSF
desalination, Reverse Osmosis needs more maintenance and seawater pretreatment procedures.
MSF can run with cheaper and low-grade waste heat which makes it a win card against RO. In
research  from El-Ghonemy (2018,  p.  2411),  new MSF plants  are  recommended,  where large
amounts of cheap or waste energy are available. 

In research from Rahimi and Chua (2017, p. 4), the main difference between MED and MSF is
related  to  the  difference  between  boiling  and  flashing  evaporation  phenomena.  Flashing
technique (MSF process) requires much more feed water and pressure difference compared to
the boiling technique (MED process) for producing the same amount of vapor. This means that
the flashing technique consumes much more pumping power. The other difference is related to
the top brine temperature (TBT) and scaling issue. Because of the design of MED processes,
some cleaning procedures that can be applied to MSF cannot be used in MED, thus, the best way
to manage scaling is to keep the TBT to around 65-70 C. Also, in comparison with the MED
process, MSF has higher resistance against scaling but it has a disadvantage of lower recovery
ratio. MSF and MED processes consume both thermal and electrical energy. For typical MSF
plants with the maximum live steam (as heat source) temperature of 120 C, the thermal energy
consumption is around 12 kWh/m3 of produced freshwater, while it is around 6 kWh/m3 for an
MED plant, which operates at lower temperatures of less than 70 C (Lattemann & Höpner, 2008,
p. 6). In contrast, RO processes only consume electrical energy in a range between 3 and 7 kWh/
m3 for seawater application. Thus, the overall energy consumption of RO processes is closer to
the  minimum  theoretical  consumption  threshold  compared  to  MED  and  MSF  processes.
However,  it  does  not  mean  that  the  RO’s  unit  product  cost  is  necessarily  cheaper  than  the
thermal processes. As it mentioned earlier, in addition to energy consumption, there are many
other issues that can influence the product costs (Rahimi & Chua, 2017, p. 5).

Humidification-dehumidification (HDH) is suitable for small-scale operation (Chen et al., 2020,
p. 1). However, the productivity of HDH is limited by the small vapor-carrying capability of air,
and the footprint size is relatively large due to small heat and mass coefficients between wet air
and condenser surface (Chen et al., 2018, p. 1004). Cost of water production using HDH cycles
is still high. However, this high cost could be lessened to a more suitable level by applying a
renewable source of energy for water and air heating. Also, for more heat recovery having the
right choice between single or multiple stages in which the air before the humidifier is heated is
quite effective. The results of an experiment performed by Zamen et al. (2014, p. 2) showed that
a two-stage desalination unit had 20% more production than a similar single-stage unit and the
improvement was negligible when more than two stages were used. Considering the cost of unit
production, the results suggest the best choice would be a two-stage unit. Assessing the latest
research related to thermal desalination also shows, minimizing liquid height in the dehumidifier
is  also  influential  for  energy  recovery  of  the  HDH system.  The  most  important,  novel  and
promising  improvement  technique  that  could  work  for  all  thermal  desalination  processes  in
which water vaporizing is applied, is utilizing pre-heated helium inlet gas that could increase
evaporation efficiency up to about 3 times. Unlike its counterpart RO, the feed solution in the



BCE process can be highly contaminated without pre-treatment because the water-air interface is
the natural membrane (Wei & Pashley, 2020, p. 8). The HDH system advantages become more
highlighted for smaller scale decentralized water production systems that include much simpler
pretreatment  of  brine,  disposal  requirements  and  simplified  maintenance  and  operation
(Abdelmoez et al., 2013, p. 4626). In this regard, this could be similar to VCD technique where it
is  mostly  used for  small-  to  medium-scale  desalination  plants  (Al-Karaghouli  & Kazmerski,
2011, p. 183). VCD technique often used in industries where freshwater is not readily available
(Buros et al., 1999, pp. 1–3).

Energy recovery is  a main challenge for all  desalination techniques  as they consume a high
amount  of  energy.  Although the  energy recovery  tactics  are  different,  all  of  them pursue  a
common  goal  which  is  total  energy  reduction  of  the  system. RO  is  the  fastest  growing
desalination  process  compared  to  other  desalination  technologies  due  to  the  reduction  in
membrane costs and developments of energy recovery devices (Ghobeity & Mitsos, 2014, p. 63).
Energy  Recovery  Devices  (ERDs)  enable  reusing  the  energy  from  the  concentrate  flow.
Applying ERDs do not  necessarily  mean energy recovery  for  all  the systems.  For  example,
Model calculations revealed that FO–RO is more energy efficient than RO when no ERD was
employed (Altaee et al.,  2016, p. 80). Time-variable operation is another promising approach
toward  increasing  efficiency  of  RO  technology.  optimization  of  time-variable  operation  in
desalination can offer significant advantages,  particularly in cogeneration concepts.  However,
there are multiple challenges with the time-variable operation of desalination systems, including
the  increased  potential  in  membrane  fouling,  the  need  for  back-washing,  sensitivity  of
membranes to frequent start-stops and membrane degradation (Ghobeity & Mitsos, 2014, p. 65). 

It must be mentioned that one of the main disadvantages of ROs is not having the compatibility
with  low-grade energy.  For  overcoming  this  issue many endeavors  including applying ORC
engines for using low-grade heat have been made. However, the specific energy consumption of
conventional  ORC-RO systems is  quite  high  while  its  efficiency is  significantly  low at  low
temperatures. Cogeneration scheme has enabled low-cost energy input to desalination processes
and the overall economics are significantly favorable compared to stand-alone desalination and
power generation units (Gude & Fthenakis, 2020). Also, Hybridization of different thermal and
membrane processes has also been considered for energy utilization.  These include MSF-RO
combination and MSF-MED-RO configuration among others (Gude & Fthenakis,  2020). The
largest hybrid MED-RO plant which is constructed by SIDEM and Veolia is the second phase of
UAE’s Fujairah  project,  capable  of  generating  2000 MW of electricity  and 591,000 m3/d of
freshwater. 

5. Conclusion

Desalination  of  seawater  is  an  attractive  choice  for  producing  fresh  water  mainly  for  those
regions  where there  is  no adequate  water  supply alternative.  As desalination  procedures  are
energy consuming, there have been tremendous endeavors to improve energy efficiency of the
desalination units.



This  review  shows  that  Reverse  Osmosis  and  Multi-Effect  Distillation  technologies  are  the
leading  techniques  in  the  desalination  market.  Using  either  thermal  or  Reverse  Osmosis
desalination  methods  is  depending  on many  factors.  When  there  is  waste  heat  or  sufficient
electricity available, as is often the case with refineries and power plants, thermal desalination is
an efficient and viable solution. As reverse osmosis technology is very sensitive to high-salinity
water, thermal desalination is more efficient in terms of desalination of very salty water than the
membrane  technologies.  In  MED processes,  using  oval  shaped  corrugated  tubes  as  well  as
utilizing low NPSH pumps increases system efficiency dramatically. However, Reverse osmosis
is the most extensively applied desalination technique now. Today energy-recovery devices that
use pressure drop over the RO membranes recover up to 97% of the waste energy released in the
time of depressurization of the brine. Even so, Reverse Osmosis raises environmental fears over
production of substantial amounts of chemicals-containing brine as well as the high greenhouse
emissions.

Thermal  and  reverse  osmosis  desalination  should  not  be  considered  as  a  competitor  since
(mostly) the feed water quality and the needed permeate water standards impose choosing either
of the most appropriate desalination method or hybridization of both approaches. Desalination of
seawater using improved thermal desalination in which bubble column evaporator (BCE) process
is applied to generate fresh water, is a promising technique that consumes less energy to boil
water compared to traditional thermal desalination process. Using pre-heated helium gas instead
of  air  can  increase  evaporation  efficiency  up  to  3  times.  This  dramatically  low  energy
consumption, could make this sub-boiling thermal desalination technique the future of seawater
desalination  compared  with  other  commercial  desalination  techniques.  Bubble  column
humidifiers (BCH) are favorable for HDH, as they provide enhanced heat and mass transfer as
well  as  having low maintenance  requirements.  However,  the cost  of  water  production  using
HDH cycles  is  still  high  but  this  could  be  reduced  to  a  more  suitable  level  by  applying  a
renewable source of energy for water and air heating, using a two-stage desalination unit and
minimizing liquid height in the dehumidifier. Now, knowing the fact that pre-heated helium gas
bubble column is dramatically reduce energy consumption of thermal desalination is one thing,
and industrializing it is another. Therefore, more research strongly needed to be done for the
industrialization of this process.
This review confirms that applying a suitable hybrid system for desalination is a trusted option
that increases efficiency as well  as reducing investment  costs. Cogeneration approach allows
water  desalination by use of low-grade energy that  save operation costs  in comparison with
stand-alone  desalination  units.  Also,  Co-located  power  generation  stations  and  desalination
plants improve desalination efficiency remarkably as well as cost reduction due to shared intake
and discharge facilities. Time-variable operation is another approach for improving performance
particularly for the RO process. Although it still faces some challenges, optimization of time-
variable operation in desalination can offer significant advantages, specifically in cogeneration
concepts.
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