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Abstract: The aim of this work was to study different desalination technologies as alternatives to
conventional reverse osmosis (RO) through a systematic literature review. An expert panel evaluated
thermal and membrane processes considering their possible implementation at a pilot plant scale
(100 m3 /d of purified water) starting from seawater at 20 ◦ C with an average salinity of 34,000 ppm.
The desalination plant would be located in the Atacama Region (Chile), where the high solar radiation
level justifies an off-grid installation using photovoltaic panels. We classified the collected information
about conventional and emerging technologies for seawater desalination, and then an expert panel
evaluated these technologies considering five categories: (1) technical characteristics, (2) scale-up
potential, (3) temperature effect, (4) electrical supply options, and (5) economic viability. Further, the
potential inclusion of graphene oxide and aquaporin-based biomimetic membranes in the desalinization processes was analyzed. The comparative analysis lets us conclude that nanomembranes
represent a technically and economically competitive alternative versus RO membranes. Therefore, a
profitable desalination process should consider nanomembranes, use of an energy recovery system,
and mixed energy supply (non-conventional renewable energy + electrical network). This document
presents an up-to-date overview of the impact of emerging technologies on desalinated quality water,
process costs, productivity, renewable energy use, and separation efficiency.
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1. Introduction
Desalination is a separation process intended to increase water availability in structurally water-deficient countries that suffer recurrent periods of drought. Recently, the
International Desalination Association (IDA) [1] reported that 150 countries apply desalination, based on daily activities of more than 300 million people worldwide. Between 2016
and 2019, the number of desalination plants and the daily water production increased by
12.4% and 41.2%, respectively, proving the accelerated growth of this technology [1,2].
Saudi Arabia has the largest water-production installed capacity, with 12 Mm3 /d,
representing 9.81% of the worldwide capacity, followed by the United Arab Emirates,
the United States of America, Spain, and China, at 7.5, 4.7, 3.6, and 3.0%, respectively.
Installation of desalination plants is mostly preferred when there is no simple alternative to obtain fresh water, low-cost energy is feasible, and high standards of living allow
it [3]. After World War II, the commercial exploitation of desalination focused on technologies based on thermal processes that use phase change to separate volatile solvent
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desalinization as a drinking water production process applicable only in areas of water
scarcity [20,21].
This article presents different desalination technologies as alternatives to conventional
reverse osmosis through current state-of-the-art desalination processes considering the
existing conventional and emerging technologies and a technical economic comparison
between them. Further, this document offers evaluated thermal and membrane processes
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considering their possible implementation at a pilot plant scale (100 m3 /d of purified
water) starting from seawater at 20 ◦ C and average salinity of 34,000 ppm.
1.1. Conventional and Emerging Technologies for Desalination
Desalination technologies are classified as conventional or emerging, depending on the
scientific and technical development level, and their presence in the market. According to
the definition proposed by Day et al. [22], emerging desalination technologies are “scientific
innovations that generate incentives to make investments in the desalination process. These
innovations are based on evolved technologies that improve desalination process (that
is reduce energy consumption, minimize rejection and improve water quality)”. Further,
a sustainability desalination industry should consider minimizing the effect of the local
increase in sea salinity due to the reject stream as an important challenge.
Conventional and emerging technologies are also classified according to the type
of gradient applied (pressure, electric, chemical, and thermal) and the physicochemical
process involved (Table 1). Said gradient allows the separation of saline solutes from a
liquid solution, through the described phenomenon.
Table 1. Summary of conventional and emerging technologies for desalination according to physicochemical process and
external gradient.
Technology

External Gradient

Physicochemical Process

Multi-stage flash distillation (MSF)
Multi-effect distillation (MED)
Mechanical vapor compression (MVC)
Freezing

Thermal

Phase change

Reverse osmosis (RO)
Conventional

Total pressure

Nanofiltration (NF)
Electrodialysis (ED)

Physical,
without phase change

Electric

Electric,
without phase change

Ion exchange (IE)

Chemical

Chemical,
without phase change

Solar distillation (SD)
Solar thermal with RO
Solar photovoltaic with RO
Geothermal desalination

Thermal

Phase change

Nanomembranes (NMs)

Chemical

Physical, membrane properties improved

Membrane distillation (MD)

Thermal

Phase change

Forward osmosis (FO)

Osmotic pressure

Emerging

Chemical,
with phase change

Reverse electrodialysis (RED)

Electric

Shock electrodialysis (SED)
Biomimetics (aquaporins)

Electric
without phase change

Chemical

Chemical

Graphene membrane (GM)

1.1.1. Conventional Thermal Technologies
Figure 2 shows the main characteristics and types of conventional thermal desalination
technologies. These processes are based on phase changes. Particularly, processes based on
freezing are scarce in the market because of high investment and operation costs associated
with the relevant energy demand, retention of unpleasant aromas eventually present in the
feed seawater, and intensive use of refrigerants [23]. Evaporation-based processes allow
obtaining a distilled, purified water, with salinity below 10 ppm. The equipment operates
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associated with the relevant energy demand, retention of unpleasant aromas eventually
present in the feed seawater, and intensive use of refrigerants [23]. Evaporation-based
processes allow obtaining a distilled, purified water, with salinity below 10 ppm. The
equipment operates in stationary phase and is arranged in multiple stages in order to inin stationary phase and is arranged in multiple stages in order to increase energy efficiency,
crease energy efficiency, profitability of the process, and avoid fouling (caused by carprofitability of the process, and avoid fouling (caused by carbonates, sulfates, silica, and
bonates, sulfates, silica, and other inorganic compounds) [24–26]. The main conventional
other inorganic compounds) [24–26]. The main conventional thermal technologies are
thermal technologies are multi-stage flash distillation (MSF), multi-effect distillation
multi-stage flash distillation (MSF), multi-effect distillation (MED), and mechanical vapor
(MED), and mechanical vapor compression (MVC) (see Figure 2).
compression (MVC) (see Figure 2).

Figure 2. Conceptual diagram of the conventional thermal desalination technologies (Mentioned references [3,24,27–36]).
Figure 2. Conceptual diagram of the conventional thermal desalination technologies (Mentioned references [3,24,27–36]).

The main difference between the MED and MSF processes is that while vapor is
created in an MSF system through flashing, evaporation of feed water in MED is achieved
through heat transfer from the steam in condenser tubes into the source water sprayed
onto these tubes. This heat transfer at the same time results in vapor condensation to
freshwater [29]. MVC and MED work based on similar principles. However, in MVC, the
steam generated from the evaporation of new source water sprayed on the outer surface of
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the heat exchanger tubes is recirculated by the vapor compressor and introduced into the
inner side of the same heat exchanger tubes in which it condenses to form a distillate [29].
Seawater (intake) generates more steam when sprayed on the hot side.
1.1.2. Conventional Membrane Technologies
Figure 3 shows the main characteristics and types of conventional membrane technology used for desalination. Industrial membrane processes are designed to operate continuously. However, there are transient phenomena owing to membrane fouling that force
periodic cleaning routines and lead to the slow but progressive deterioration of the polymers that compose the membranes. This is an irreversible phenomenon, which ends with
the replacement of the damaged membrane. For this reason, several authors investigated
methods to eliminate (or avoid) fouling (and/or scaling). For example, Mangal et al. [37]
investigated if antiscalants, without acid addition, can prevent calcium phosphate scaling
in RO systems. The available antiscalants, tested in the study, did not provide acceptable
inhibition of calcium phosphate scaling in RO applications. Landsman et al. [38] investigated the use of a hybrid electrodialysis–nanofiltration/reverse osmosis (ED-NF/RO)
system to reduce fouling from calcite precipitation and calcium polysaccharide sorption
to NF/RO membranes. ED pretreatment reduced calcite oversaturation and reduced flux
decline during NF/RO. Low alginate concentrations (25 mg/L) limited NF/RO fouling,
but high concentrations (100 mg/L) appeared to promote calcite scaling. Dhakal et al. [39]
developed and demonstrated the applicability of the flow cytometry (FCM)-based bacterial
growth potential (BGP) method to assess the biofouling potential in seawater (SW) RO
systems using a natural microbial consortium. Sperle et al. [40] reported the potential of
UVC irradiation using the recently developed UV-LEDs as an in situ pretreatment strategy
for biofouling control in RO or NF systems. In contrast to UV studies carried out previously,
they tested if low fluences are sufficient to not only delay the biofilm formation but further
lead to a reduced hydraulic resistance of the biofilm while approaching a severe biofouling
state. On the other hand, the development of ceramic membranes for membrane distillation desalination is developing, gradually replacing their polymeric counterparts due to
superior properties in terms of thermal, chemical, and mechanical stabilities, as well as
potentially longer service terms [41]. Bandar et al. [42] used economically and eco-friendly
Saudi red clay, tetraethyl orthosilicate, ammonia, and sodium alginate powder as a binder
to fabricate a ceramic membrane for membrane distillation using an extrusion technique.
The prepared membrane was tested using a vacuum membrane distillation process and
showed promising permeate flux and salt rejection results.
RO is the most energy-efficient technology for desalination, with much lower energy
consumption than other technologies (SEC < 3.1 kWh/m3 ) [43–45]. Typical installed
capacities fluctuate between 1000 and 600,000 m3 /d [19,46]. External pressure required in
an RO process must exceed the osmotic pressure of the aqueous feed. Since membranes
offer high salt rejection levels (>99.5%), in sea water desalination operations, pressure may
even double the feed osmotic pressure [47]. On the other hand, comparing nanofiltration
(NF) with RO, it arises that NF technology allows partial desalination of monovalent
salts such as NaCl and KCl (up to 50–60% rejection) and efficiently removes divalent ions
such as sulfates and carbonates. For this reason, NF operates at lower pressures than RO
due to the lower osmotic pressure gradient between the feed flow and permeate flow.
Reprocessing the permeate or using consecutive desalination NF-RO stages improves the
selectivity of the process. Typical NF installed capacities are found between 1000 and
100,000 m3 /d [48,49].
Electrodialysis (ED) is a membrane-based desalination technology that operates due
to an electric gradient, used for many years on brackish water (salinity < 3000 mg/L).
Typical installed capacities range between 5000 and 425,000 m3 /d [50–52].
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diffusion-limited current [106]. Actually, SED operates at small scales, so it holds promise
as a decentralized, point-of-use desalination system. SED could be incorporated as a
predesalination stage in the RO process, increasing water recovery, decreasing energy
consumption, and providing an affordable cost. Alkhadra et al. [112] removed from 70 to
99% of ions of artificial seawater (37,685 ppm) using SED.
1.1.5. Emerging Membrane Processes
Two processes based on polymeric porous media are currently in development and deserve to be considered: graphene oxide membranes (GMs) and aquaporin-based biomimetic
membranes (ABMs). On the other hand, hybrid and integrated systems (FO-MD, RO-MD,
RO-PRO, etc.) are considered emerging.
Graphene Oxide Membrane (GM)
Graphene oxide (GO), among various forms of nanomaterials, provides tremendous
opportunities for rational design and tailoring for solar evaporation and film filtration
because of its high absorption, porous structure, high chemical stability, hydrophilicity,
and excellent anti-fouling properties [113,114]. To date, GO has been used as an absorber
in solar desalination and as a filtration film in membrane desalination [115–118]. In GMs,
there is usually a trade-off between salt rejection and water flux. However, this trade-off
can be broken using intercalation, changing the deposition method of GO film or utilizing
electrostatic interaction between GO and ions. Currently, GMs are being studied on a
laboratory scale [119]. Freire and Pacheco [120] determined that the energy consumption
of GMs is less than that of a commercial membrane, since they required lower operating
pressures and the coefficient of water mass transport was higher, obtaining permeates with
total dissolved solids lower than and equal to 500 ppm.
Aquaporin-Based Biomimetic Membrane (ABM)
Aquaporins (AQPs) are pore-forming proteins in biological cells. These are composed of a bundle of six transmembrane α-helices embedded in the cell membrane. The
amino and carboxyl ends face the inside of the cell, whereas the halves resemble each
other, apparently repeating a pattern of nucleotides [121–123]. Under the right conditions,
AQP forms a water channel that selectively transports the water molecules across while
excluding ionic species or other polar molecules. This novel property makes AQP a perfect
model for the formulation of a low-energy water purification system in seawater desalination [124]. Amy et al. [7] reported that ABMs are being developed as ultrahigh permeability
(UHP) RO membranes; with impregnation of AQP (or vesicles) into a polymeric matrix,
AQP can provide water channeling/gating, leading to controlled water permeability and
ion selectivity.
The major obstacle for ABMs is the scaling up for industry applications, since only
small-area membranes have been synthesized due to the highly specialized synthesis
techniques. The ABM developed by Zhao et al. [125] had good mechanical stability for
periods of weeks to months with stable flux and rejection. Additionally, its permeability
was ~40% higher than commercial brackish water RO membrane (BW30) and an order of
magnitude higher than seawater RO membrane (SW30HR), which clearly demonstrated
the great potential of ABMs for desalination application [124]. ABMs have the potential to
reduce energy costs for water treatments [126]. However, these membranes are still at the
bench scale and more advancements are necessary to improve their chemical resistance
and mechanical strength [127].
Hybrid and Integrated Systems
In recent years, hybrid membrane processes have allowed the achievement of better
indicators of the desalination process. For example, Ghaffour et al. [128] presents the state
of the art of MD hybrids with different separation processes including RO, PRO, FO, MVC,
electrocoagulation, ED, MSF, MED, crystallization, and adsorption with a focus on water
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•

There is abundant solar radiation [133,134] to justify an off-grid installation using photovoltaic panels, or a hybrid arrangement with photovoltaic panels plus accumulation
of electrical energy in batteries or with partial supply of electrical energy from the
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•

•

•

•

•

network. Osorio-Aravena et al. [135] reported that, in Chile, renewable electricity will
mainly come from solar PV and wind energy technologies. Solar PV and wind energy
installed capacities across all sectors would increase from 1.1 GW and 0.8 GW in 2015
to 43.6 GW and 24.8 GW by 2050, respectively. As a consequence, the levelized cost of
energy will be reduced by about 25%.
Alvez et al. [20] reported that, in Chile, large volumes of water are used in water-scarce
regions where mining takes place, alongside agriculture and small communities. This
situation has driven a debate around policies to increase the use of seawater to satisfy
the water demand of the mining industry.
Fragkou and Budds [136] argued that, in Chile, desalination serves to disarticulate
drinking water from fresh water, with implications for economic growth, social development, and water policy. They show that desalination entails more than providing
additional water to alleviate shortages, and rather constitutes a strategy that permits
the reorganization of water sources so as to allow new forms of capital accumulation,
through both the water industry as well as the major industries that are threatened
by scarcity. They argue that this has three important implications: (1) replacing freshwater with desalinated water for human consumption changes the social relations of
control over water, by rendering consumers dependent on desalination plants and
their risks, (2) this disarticulation serves to liberate fresh water to sustain the same
industries that encroached on drinking water sources, and (3) as a supply-led solution,
desalination alleviates some of the water shortages that had been attributed to Chile’s
water market model, thereby reducing pressure for reform.
Spenceley [137] informed that, in northern Chile, technologically advanced desalination plants are built along the coast, and the desalinated water is moved through
an accompanying conveyance system—a complex system of pipelines and pumping
infrastructure—over long distances. The resulting brine is released back into the sea
through a sophisticated dispersion system designed to reduce brine concentrations
to ambient levels efficiently and over the shortest distances possible. Herrera-Leon
et al. [138] identified that eleven desalination plants at the industrial scale are operating in Chile (until 2018), producing 5868 l/s of desalinated water. Additionally, there
are ten desalination projects in different stages of evaluation, which will increase the
desalination capacity by 116.5% to reach a total of 12,706 l/s in the coming years.
Due to the high energy demand of desalination techniques, there is a great need for
alternatives to reduce the salinity from seawater [139]. In addition, secondary ions,
such as calcium and magnesium, in the SW cause scale problems in reverse osmosis
plants, mining, and others industries, such as cooling systems. These problems cause
increased costs and reduce the efficiency of these processes [140].
The use of brackish groundwater often brings risks and obligations to an agricultural system. The application of desalinated water for irrigation can promote soil
hydrological functions [141]. However, the disposal of RO concentrate from an inland desalination system can be problematic, and its sustainable management is a
major environmental challenge that restricts the widespread application of RO for
groundwater desalination [142].

Initially, the classification of information and definition of the technologies to be
compared were based on a systematic literature review. Subsequently, the comparative
analysis was divided into five categories:
(1)
(2)
(3)
(4)
(5)

Technical characteristics,
Scale-up potential,
Temperature effect,
Electrical supply options,
Economic viability.

Each category was discussed through an expert panel method [143–145], composed of
five professionals with ample experience in desalination processes. The participants were
selected on the basis of professional excellence, landmark publications, and significant
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teaching experience about desalination processes in Chile. The expert panel analyzed the
information from the systematic review and a score was agreed upon according to the
criteria shown in Tables 2 and 3.
Table 2. Criteria to analyze the most relevant characteristics of conventional and emerging technologies.
Criteria

Characteristic
Technological Development Level
Operation Mode

1

2

3

4

Incipient
Complex

Emerging
Moderately complex

Medium–high
Relatively easy

High
Easy

Characteristic

1

2

3

Feasibility of Operation with NCRE
Pretreatment Level
Ease of Industrial Scaling

low
demanding
Low*

medium
moderate
Medium*

high
simple
High*

Table 3. Criteria to analyze the industrial scale-up potential (category 2).
Parameter
Water quality according to regulations
Productivity, quality, and cost vs. RO
Innovations in the operation
Integration of renewable energy

Criteria
0

0.5

1

Low quality
Worst
Worst*
None

Medium quality
Equal
Equal*
Partial

High quality
Best
Best*
Yes

Table 2 shows the four criteria levels applied to technical characteristics (category 1):
technological development level, operation mode, feasibility of operation with Nonconventional renewable energies (NCRE), pretreatment level, and ease of industrial scaling.
The difference in score (1-4 and 1-3) is due to the fact that the expert panel decided to
give higher relevance to “technological development level” and “operation mode”. The
criteria mean:

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Incipient: technological development at theoretical and/or laboratory scale.
Emerging: technological development prototype at pilot scale.
Medium–high: technological development as commercial-scale equipment.
High: consolidated technological development and conventional technology, in continuous improvement.
Complex: unstable operation.
Moderately complex: stable operation.
Relatively easy: complicated operation and operation with automation.
Easy: very stable process operation and of easy automation.
low: the current context does not allow operation with NCRE.
medium: the future context does not allow operation with NCRE.
high: the current context allows operation with NCRE.
demanding: the pretreatment is very necessary to take care of the principal process.
moderate: a complex pretreatment is necessary to achieve the goal of the principal
process.
Simple: a simple pretreatment is necessary to achieve the goal of the principal process.
low*: the current context does not allow industrial scaling.
medium*: the future context does not allow industrial scaling.
high*: the current context allows industrial scaling.

The results of this first evaluation allowed us to determine the technologies with the
best characteristics to be applied in Chile and thus focus the analysis of the following
categories on those.
Four alternatives were analyzed in categories 2 and 3, based on the results of category 1:
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Alternative 1 (A1):
Alternative 2 (A2):
Alternative 3 (A3):
Alternative 4 (A4):

Nanofiltration;
Nanomembranes;
Forward Osmosis + Reverse Osmosis;
Solar Distillation.

In this research, a comparison between the different alternatives was made considering
a production level of 100 m3 /d of permeate, with continuous operation for 24 h per day.
Table 3 shows the parameters and criteria for the comparative analysis of the industrial
scale-up potential (category 2) for the four alternatives. The criteria mean:

•
•
•
•
•
•
•
•
•
•
•
•

Low quality: salt content reduced by 50%.
Medium quality: salt content reduced by 51–75%.
High quality: drinking water quality.
Worst: productivity, quality, and cost are lower than RO.
Equal: productivity, quality, and cost are similar to RO.
Best: productivity, quality, and cost are higher than RO.
Worst*: innovation is not better than the current condition.
Equal*: innovation equals current condition.
Best*: innovation improves the current condition.
None: the integration of renewable energy into the desalination process is not possible.
Partial: the integration of renewable energy into the desalination process is partially possible.
Yes: the integration of renewable energy into the desalination process is possible.

For water quality according to regulations, chloride content is a critical parameter and,
if water quality produced is lower than expected, then additional treatment is necessary.
The innovations in the operation are the introduction of a new technology to satisfy some
need of the desalination process, with science being knowledge, and technology its practice,
e.g., seawater feed at a higher temperature.
The temperature effect (category 3) was analyzed for thermal and membrane desalination. Membrane desalination was analyzed based on permeate flux density considering
the design equations based on the well-known solution diffusion model.
The alternative that obtained the best results in categories 1, 2, and 3 was analyzed in
category 4 (electrical supply options). The analyzed options were:
(O1) photovoltaic solar plant + electrical network,
(O2) photovoltaic solar plant + batteries,
(O3) wind turbine + electrical network.
These options were established to ensure an integrated operational system, constant
electricity supply, and utilization of NCRE. The electrical supply options were analyzed
based on costs associated with a membrane desalination plant that produces 100 m3 /d of
permeate and consumes 2.09 kWh/m3 (from pretreatment to posttreatment). This plant
must have a daily consumption of 188 kWh, i.e., 7.8 kW/h during the 24 h. The results of
the present value of cost (PVC)/m3 of water were analyzed considering an internal return
rate of 8% and a 20-year horizon.
Finally, analysis of category 5 (economic viability) applies to the best result obtained in
category 4. The economic viability (Capital expenditure (CAPEX) and Operating expenses
(OPEX)) of the electrical supply option with the lower associated costs was analyzed. We
considered a 20-year time horizon. Costs associated with adduction systems, water distribution to customers, and discharge of rejection into the sea were not considered. CAPEX
was determined based on the quotations provided by current suppliers in the market.
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3. Results and Discussions
3.1. Comparison of Technologies (Category 1)
Tables 4 and 5 show a summary of the technical and economic characteristics of
desalination processes. This information arose from a systematic literature review. The
data indicate that the emerging technology SD has an investment range equal or less than
NF, negligible electricity consumption, and a low negative environmental effect. The SD
shows the disadvantage of having a very high area-to-volume ratio. Currently, the active
layer of NMs has been modified, thus increasing their productivity and selectivity [146,147].
They offer the best technical and economic indicators. The incorporation of aquaporins as
an emerging process is the emerging lower-cost technology with the greatest potential for
seawater desalination.
Nowadays, MVC, MED, and MSF contribute 40% of desalinated water worldwide
(39 Mton/d) [1]. Current trends in RO are energy recovery from concentrated streams and
a better membrane permeability, whereas for NF, studies aim at improving the separation
efficiency to keep the energy consumption low [59]. On the other hand, FO operates
in close cycles with other desalination technologies, thus reducing energy consumption.
Finally, GO and ABMs are in the early phases of research, with the expectation that they
will achieve their technological maturity and therefore become commercially viable over a
10-year horizon.
The maintenance cost is similar for all technologies, while the technologies that
use lower streams presented lower investment and operating costs. This behavior is in
agreement with that reported in the literature [88,100].
All desalination technologies have the drawback of returning a concentrated solution
to the sea; therefore, the minimization of the effect of a local sea salinity increase due to the
reject flow is now the technological challenge.
Table 6 shows the evaluation of the technical characteristics performed by the expert
panel. The technologies inserted in the market comply with more than 70% of the technological characteristics. The data suggest that NF and NM have the highest score (after RO),
i.e., these technologies have favorable characteristics to stay in the membrane market. This
behavior agrees with that reported in the literature [49,85]. RO does not have maximum
score due to its demanding level of pretreatment.
Based on the previous results, the technologies chosen by the expert panel to be
studied in detail were: NF, NM, FO + RO, and SD. This is because: (1) the technologies
supplied with fossil fuel as an energy source were discarded, given the energy context in
Northern Chile, (2) SD is an emerging technology with great potential for development
in Northern Chile due to greater solar radiation in the area, (3) RO, NF, and NM were the
membrane processes that obtained the highest scores, and (4) RO + FO is an emerging
process that allows reducing the SEC of traditional RO.
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Table 4. Summary of desalination technology characteristics (part 1).
Energy
Source

Investment
(USD/m3 d)

Electricity Consumption
(kWh/m3 )

Fossil fuel
Fossil fuel
Fossil fuel
Solar
radiation

1000–1200
850–2000
900–2000

5.5–6.5
1.5–2.5
3.0–4.5

500–1000

0.05

Electricity

800–2500

2.5–3.5

Electricity

600–1000

1.0–2.0

Electricity

800–2000

2.0–3.0

Liquid–vapor equilibrium

Electricity

<800

Osmotic pressure

Electricity
Electricity,
chemical
Electricity,
chemical

<800

0.1 (DCMD)
1.0 (VMD)
0.15 for each recirculation

*

*

*

*

Technology

Process Type

Separation Gradient

Principal Equipment

Separation Mechanism

MVC
MED
MSF

Thermal/Traditional
Thermal/Traditional
Thermal/Traditional

Temperature
Temperature
Temperature

Thermal compressors
Heat exchanger (multi-effect)
Heat exchanger (flash)

Liquid–vapor equilibrium
Liquid–vapor equilibrium
Liquid–vapor equilibrium

SD

Thermal/Emerging

Temperature

Solar collectors

Liquid–vapor equilibrium

RO

Membrane/Traditional

Total pressure

Dense membrane

NF

Membrane/Traditional

Total pressure

Microporous membrane

NM

Membrane/Modified

Total pressure

Dense and modified membrane

Selective permeation. Solution diffusion model
Ions size vs. pore size
Donnan steric partition pore model (DSPM)
Selective permeation improved with
nanoparticles Solution diffusion model, share
adsorption–desorption

MD

Membrane/Emerging

FO

Membrane/Emerging

Partial pressure and
temperature
Concentration

GO

Membrane/Emerging

Total pressure

Biomembrane/Emerging

Concentration

Mesoporous–Macroporous
membrane
Dense membrane
Monolayer of graphite atoms
linked by covalent bond
Aquaporin water channels in
membrane

ABM

Molecular sieve + adsorption–desorption
Hydrogen bonds with cell membranes

* The incipient development of these technologies does not allow reporting information at the industrial level.

Membranes 2021, 11, 180

19 of 28

Table 5. Summary of desalination technology characteristics (part 2).
Technology

Indication with Regard to Energy
Consumption

Operation Cost (USD/m3 )

Maintenance Cost
(USD/m3 )

Desalinated Water
Quality (ppm)

Area/Volume

Effect on Environment

0.5–5.0

0.10

10

medium

CO2 emissions, local sea temperature increase

0.4–5.0

0.15

10

medium

CO2 emissions, local sea temperature increase

0.4–5.0

0.15

10

medium

CO2 emissions, local sea temperature increase

SD

a low enthalpy heat source allows a
competitive process
a low enthalpy heat source allows a
competitive process
a low enthalpy heat source allows a
competitive process
operation with minimal energy consumption

0.05–0.20

0.05–0.10

10

high

low effects

RO
NF
NM
MD
FO
GO
ABM

100% dependent on electrical supply
100% dependent on electrical supply
100% dependent on electrical supply
operation with low energy consumption
operation with low energy consumption
operation with low energy consumption
operation with low energy consumption

0.8–2.0
0.25–0.5
0.6–1.8
1.2–2.5
0.3
*
*

0.10
0.10
0.10
0.10
0.10
*
*

300–500
15,000 (1 stage)
200–350
<10
<10
<200
<200

low
low
low
high
medium
low
low

local sea salinity increase
local sea salinity increase
local sea salinity increase
local sea salinity minimal increase
local sea salinity minimal increase
local sea salinity increase
local sea salinity increase

MVC
MED
MSF

* The incipient development of these technologies does not allow reporting information at the industrial level.

Table 6. Results of the comparative evaluation of desalination technology characteristics.
Technology

Technological Development Level

Operation Mode

Feasibility of Operation with NCRE

Pretreatment Level

Ease of Industrial Scaling

Total

Compliance Percentage (%)

MVC
MED
MSF
SD

4
4
4
3

4
4
4
3

1
2
2
3

2
2
2
2

1
2
2
2

12
14
14
13

70.6
82.4
82.4
76.5

RO
NF
NM
MD
FO
GO
ABM

4
3
3
1
3
1
1

4
4
4
2
3
1
1

3
3
3
2
2
3
3

1
1
1
2
2
1
1

3
3
3
1
2
1
1

15
14
14
8
12
7
7

88.2
82.4
82.4
47.1
70.6
41.2
41.2
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3.2. Industrial Scale-Up Potential (Category 2)
Table 7 shows the evaluation criteria to define the industrial scale-up potential of
the four alternatives: NF, NM, FO+RO, and SD. NM achieved the highest score. This
evaluation considers that NF increases its productivity by increasing water temperature,
but without modifying the saline content of the product. This forces a reprocessing of the
permeate at several stages, increasing production cost. Instead, SD achieves high-quality
water and productivity, but costs are higher than RO. Finally, NM presents good prospects
for industrial scale-up. This technology uses electricity as an energy source; therefore, it
would be possible to incorporate renewable energy into its operation. NM is competitive
against traditional RO. This behavior agrees with that reported in the literature [146–148].
Table 7. Results of the comparative evaluation of the industrial scale-up potential for NF, NM, FO +
RO, and SD.
Technology

Parameter
Water Quality According to
Regulations
Productivity, Quality, and Cost vs. RO
Innovations in the Operation
Integration of Renewable Energy
Total Compliance Percentage (%)

NF

NM

FO + RO

SD

0

1

1

1

0
0.5
1

1
1
1

0.5
1
1

0.5
0.5
1

1.5
37.5

4
100

3.5
87.5

3
75

3.3. Temperature Effect on Membrane Productivity (Category 3)
Temperature is a variable that influences desalination processes. The SD process,
based on phase change, will increase its productivity (evaporation flow) by less than
5% if the operating temperature increases from 20 to 30 ◦ C. In contrast, NM and RO
processes, based on the mass transport through semi-permeable dense polymers, will
increase their productivity by around 20%, consistent with what the solution diffusion
model predicts [149,150].
3.4. Electrical Supply Options (Category 4)
The preceding results indicate that the best alternative is NM. O1 and O2 consider
the use of solar panels installed near the plant. The photovoltaic solar plant loses 20% of
its energy, therefore, 9.8 kWh for 24 h are required. These energy requirements are met
all year round for 7 h (10 a.m.–5 p.m.) due to solar radiation in Northern Chile. Instead,
O3 considers a 25 kW wind turbine. This equipment delivers the energy requirement to
the plant for 5 to 7 h (September to April). The conversion efficiency from wind energy to
electrical energy is 25–45%.
Table 8 shows the CAPEX calculated for each option (O1, O2, and O3), where O1
presents the lowest CAPEX (equipment).
These results suggest that O1 is the most favorable in the coastal zone of Northern
Chile, due to the great potential of solar energy and low investment and maintenance costs.
3.5. Economic Viability (Category 5)
All three options have the seawater desalination system in common, therefore the
options share the same economic analysis. Table 9 shows the CAPEX of the seawater
desalination plant installation and operation.
For the comparative analysis of the three options, the PVC was used, considering:
internal rate of return (IRR) equal to 8%, total evaluation period of 20 years, and operating
costs, such as: labor, chemicals, clean-in-place (CIP) cleaning, membrane replacement,
spare parts, and plant maintenance, resulting in 0.39 USD/m3 of purified water.
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Table 8. Capital expenditure (equipment) for O1, O2, and O3.
Option

Item

Quantity

Unit

USD

O1

Solar panel (310 W)
Inverter
Other components
Total (solar park)

80
4

un
un

15,856
4865
1719
22,440

80
4

un
un

O2

Solar panel (310 W)
Inverter
Storage batteries
Other components
Total (solar park)

25,369
4865
38,400
3093
65,541

O3

Wind turbine (25 kW)
Total

25

un

45,688
45,688

Table 9. Summary of CAPEX of the seawater desalination system.
Activity
Seawater desalination system with daily production of 100
40 ft container with thermal and acoustic insulation
Potabilization system
Supervision and assembly
Total

Cost (USD)
m3 /d,

and a

196,442
12,522
32,496
241,460

The relevant difference between the options is the cost associated with the type of
electrical energy. In this way, the PVC was calculated considering exclusively the item
energy, both in CAPEX and OPEX. This implies that O1, O2, and O3 have a PVC of USD
0.085/m3 , USD 0.15/m3 , and USD 0.115/m3 , respectively. In addition, if the plant operates
only with an electrical network, then its PVC is USD 0.42/m3 .
The results indicate that the use of NM together with a mixed energy supply system
(Alternative 2 + Option 1) is profitable. The cost of a seawater desalination system with a
daily production of 100 m3 /d, and a 40 ft container with thermal and acoustic insulation,
is 71–74% of the overall cost of the project. When incorporating the cost of a seawater
desalination system with a daily production of 100 m3 /d and total operating costs, in this
case, a PVC of USD 0.81/m3 is obtained, that is, between 32% and 35% lower compared to
the conventional reverse osmosis system, for a plant with a capacity of 100 m3 /d.
These results reinforce similar studies by some authors in other geographic locations.
For example, Mollahosseini et al. [151] analyzed Iran’s general water background and
its renewable energy status, in addition to the potential in renewable energy-assisted
desalination (RED). The research suggests that Iran’s potential in RED water production
is more than 28 billion m3 in the case where only wind and solar potentials are put into
practice. Thus, Iran becomes a prototype in the solutions for water scarcity in cases of
proper investment and planning. Jimenez [152] evaluated the feasibility of implementing
a desalination plant powered by photovoltaic solar energy in the Colombian Guajira
Region. This author determined that the use of renewable energy coupled to the reverse
osmosis system is the process that best adjusts to the climatic conditions of the area. Finally,
Villagran [153] studied the technical–economic feasibility of the reverse osmosis process
with the support of renewable wind and solar photovoltaic energy for a town in Northern
Chile. This author determined investments for said plant proportional to an SEC of 2.77,
2.89, and 3.06 kWh/m3 .
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4. Future Research
In this research, an innovative operational arrangement was identified within the
different seawater desalination technologies that can compete in regard to costs (industrial
scale) with conventional RO, through a feasibility evaluation of a pilot plant located in
Northern Chile. Therefore, the future implementation of the proposed pilot plant will
allow obtaining the experimental data.
5. Conclusions
Currently, membrane desalination processes that use energy recuperators have an SEC
50% lower than thermal desalination processes. NM technology exhibits the most favorable
technical characteristics and the best economic indexes to consolidate in the desalination
market. Even further, NM represents a competitive alternative versus conventional RO
process. A profitable desalination process must consider NM, use of energy recuperators,
and mixed energy supply. NM + photovoltaic solar plant + electrical network is the most
favorable option in the coastal zone of Northern Chile, due to the great potential of solar
energy and low investment and maintenance costs. The incorporation of aquaporins as
an emerging process is the emerging lower-cost technology with the greatest potential for
seawater desalination. A challenge for all desalination technologies is to minimize the effect
of local sea salinity increases due to reject streams. This document presents an up-to-date
overview of the impact of emerging technologies on desalinated water quality, process
costs, productivity, renewable energy use, and separation efficiency. Said information
shows that new desalination technologies are more efficient and competitive. NMs are
probably the technology that will be used in the future for desalination processes.
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Marecka-Migacz, A.; Mitkowski, P.T.; N˛edzarek, A.; Różański, J.; Szaferski, W. Effect of pH on Total Volume Membrane Charge
Density in the Nanofiltration of Aqueous Solutions of Nitrate Salts of Heavy Metals. Membranes 2020, 10, 235. [CrossRef]
[PubMed]
Zhang, H.; He, Q.; Luo, J.; Wan, Y.; Darling, S.B. Sharpening nanofiltration: Strategies for enhanced membrane selectivity. ACS
Appl. Mater. Inter. 2020, 12, 39948–39966. [CrossRef]
Zhou, X.; Wang, Z.; Epsztein, R.; Zhan, C.; Li, W.; Fortner, J.D.; Pham, T.A.; Kim, J.-H.; Elimelech, M. Intrapore energy barriers
govern ion transport and selectivity of desalination membranes. Sci. Adv. 2020, 6, eabd9045. [CrossRef] [PubMed]
Prajapati, M.; Shah, M.; Soni, B.; Parikh, S.; Sircar, A.; Balchandani, S.; Thakore, S.; Tala, M. Geothermal-solar integrated
groundwater desalination system: Current status and future perspective. Ground. Sustain. Dev. 2020, 100506. [CrossRef]
Gorjian, S.; Ghobadian, B. Solar desalination: A sustainable solution to water crisis in Iran. Renew. Sustain. Energy Rev. 2015, 48, 571–584.
[CrossRef]
Pandey, K.; Chaurasiya, R. A review on analysis and development of solar flat plate collector. Renew. Sustain. Energy Rev.
2017, 67, 641–650. [CrossRef]
Martinopoulos, G.; Ikonomopoulos, A.; Tsilingiridis, G. Initial evaluation of a phase changes solar collector for desalination
applications. Desalination 2016, 399, 165–170. [CrossRef]
Gude, V. Energy Storage for Desalination. In Renewable Energy Powered Desalination Handbook; Butterworth-Heinemann: Oxford,
UK, 2018; pp. 377–414. [CrossRef]
Razmi, A.; Soltani, M.; Tayefeh, M.; Torabi, M.; Dusseault, M. Thermodynamic analysis of compressed air energy storage (CAES)
hybridized with a multi-effect desalination (MED) system. Energy Convers. Manag. 2019, 199, 112047. [CrossRef]
Panchal, H. Use of thermal energy storage materials for enhancement in distillate output of solar still: A review. Renew. Sustain.
Energy Rev. 2016, 61, 86–96. [CrossRef]
Omar, A.; Nashed, A.; Li, Q.; Leslie, G.; Taylor, R.A. Pathways for integrated concentrated solar power-Desalination: A critical
review. Renew. Sustain. Energy Rev. 2020, 119, 109609. [CrossRef]
Palenzuela, P.; Alarcón-Padilla, D.; Zaragoza, G.; Blanco, J. Comparison between CSP + MED and CSP + RO in Mediterranean
area and MENA region: Techno-economic analysis. Energy Procedia 2015, 69, 1938–1947. [CrossRef]
Li, S.; Cai, Y.; Schäfer, A.; Richards, B. Renewable energy powered membrane technology: A review of the reliability of
photovoltaic-powered membrane system components for brackish water desalination. Appl. Energy 2019, 253, 113524. [CrossRef]
Alsarayreh, A.; Majdalawi, M.; Bhandari, R. Techno-Economic study of PV Powered Brackish Water Reverse Osmosis Desalination
Plant in the Jordan Valley. Int. J. Therm. Environ. Eng. 2017, 14, 83–88. [CrossRef]
Mehrabian-Nejad, H.; Farhangi, B.; Farhangi, S. Application of PV and Solar Energy in Water Desalination System. J. Sol. Energy
Res. 2017, 2, 13–18. Available online: https://jser.ut.ac.ir/article_62441_50a967809fe6d8e41937b9a68e828f42.pdf (accessed on
18 September 2020).
Majdi, H. Design and sizing of small–scale photovoltaic (PV) cells powered reverse osmosis (RO) desalination system for water
supply in remote locations. Iraqi J. Mech. Mater. Eng. 2016, 16, 350–365. Available online: https://www.iasj.net/iasj?func=
fulltext&aId=120423 (accessed on 18 September 2020).
Rezk, H.; Abdelkareem, M.; Ghenai, C. Performance evaluation and optimal design of stand-alone solar PV-battery system for
irrigation in isolated regions: A case study in Al Minya (Egypt). Sustain. Energy Technol. 2019, 36, 100556. [CrossRef]
Gökçek, M. Integration of hybrid power (wind-photovoltaic-diesel-battery) and seawater reverse osmosis systems for small-scale
desalination applications. Desalination 2018, 435, 210–220. [CrossRef]
Gude, V. Geothermal source potential for water desalination–Current status and future perspective. Renew. Sustain. Energy Rev.
2016, 57, 1038–1065. [CrossRef]
Assad, M.E.H.; AlShabi, M.; Sahlolbei, A.; Hmida, A.; Khuwaileh, B. Geothermal energy use in seawater desalination. Proc. SPIE
2020, 11387, 1138716. [CrossRef]
Ghaffour, N.; Lattemann, S.; Missimer, T.; Ng, K.C.; Sinha, S.; Amy, G. Renewable energy-driven innovative energy-efficient
desalination technologies. Appl. Energy 2014, 136, 1155–1165. [CrossRef]
Zhao, D.; Japip, S.; Zhang, Y.; Weber, M.; Maletzko, C.; Chung, T. Emerging thin-film nanocomposite (TFN) membranes for
reverse osmosis: A review. Water Res. 2020, 115557. [CrossRef] [PubMed]
Safarpour, M.; Khataee, A.; Vatanpour, V. Thin film nanocomposite reverse osmosis membrane modified by reduced graphene
oxide/TiO2 with improved desalination performance. J. Membrane Sci. 2015, 489, 43–54. [CrossRef]
Ganesan, J.; Gandhi, M.P.; Nagendran, M.; Li, B.; Nair, V.; Chellam, P.V. Functional Properties of Nanoporous Membranes for the
Desalination of Water. Environ. Nanotechnol. 2020, 4, 131–163. [CrossRef]
Voutchkov, N. Desalination Project Cost Estimating and Management; Taylor & Francis Group, CRC Press: Boca Raton, FL, USA,
2019; ISBN 978-0-8153-7414-5.
Khorshidi, B.; Biswas, I.; Ghosh, T.; Thundat, T.; Sadrzadeh, M. Robust fabrication of Thin Film Polyamide-TiO2 nanocomposite
membranes with enhanced thermal sand anti-biofouling propensity. Sci. Rep. 2018, 8, 784. [CrossRef]
Anvari, A.; Yancheshme, A.A.; Kekre, K.M.; Ronen, A. State-of-the-art methods for overcoming temperature polarization in
membrane distillation process: A review. J. Membrane Sci. 2020, 118413. [CrossRef]

Membranes 2021, 11, 180

88.
89.
90.
91.

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.

111.
112.
113.
114.
115.
116.

26 of 28

Gonzalez, D.; Amigo, J.; Suárez, F. Membrane distillation: Perspectives for sustainable and improved desalination. Renew. Sustain.
Energy Rev. 2017, 80, 238–259. [CrossRef]
Boubakri, A.; Elgharbi, S.; Bouguecha, S.A.T.; Hafiane, A. Energetic Performance and Permeate Flux Investigation of DirectContact Membrane Distillation for Seawater Desalination. Chem. Eng. Technol. 2020, 43, 2457–2468. [CrossRef]
Chen, Y.-H.; Hung, H.-G.; Ho, C.-D.; Chang, H. Economic Design of Solar-Driven Membrane Distillation Systems for Desalination.
Membranes 2021, 11, 15. [CrossRef]
Lisboa, K.M.; de Moraes, D.B.; Naveira-Cotta, C.P.; Cotta, R.M. Analysis of the membrane effects on the energy efficiency of water
desalination in a direct contact membrane distillation (DCMD) system with heat recovery. Appl. Therm. Eng. 2021, 182, 116063.
[CrossRef]
Ameen, N.A.M.; Ibrahim, S.S.; Alsalhy, Q.F.; Figoli, A. Highly Saline Water Desalination Using Direct Contact Membrane
Distillation (DCMD): Experimental and Simulation Study. Water 2020, 12, 1575. [CrossRef]
Donato, L.; Garofalo, A.; Drioli, E.; Alharbi, O.; Aljlil, S.A.; Criscuoli, A.; Algieri, C. Improved performance of vacuum membrane
distillation in desalination with zeolite membranes. Sep. Purif. Technol. 2020, 237, 116376. [CrossRef]
Kim, H.; Yun, T.; Hong, S.; Lee, S. Experimental and theoretical investigation of a high performance PTFE membrane for
vacuum-membrane distillation. J. Membrane Sci. 2020, 617, 118524. [CrossRef]
Cao, W.; Liu, Q.; Wang, Y.; Mujtaba, I. Modeling and simulation of VMD desalination process by ANN. Comput. Chem. Eng.
2016, 84, 96–103. [CrossRef]
Memsys. Membrane Distillation Technology. Available online: https://www.memsys.eu/ (accessed on 28 June 2020).
Goh, P.; Ismail, A.; Ng, B.; Abdullah, M. Recent Progresses of Forward Osmosis Membranes Formulation and Design for
Wastewater Treatment. Water 2019, 11, 2043. [CrossRef]
Suzaimi, N.D.; Goh, P.S.; Ismail, A.F.; Mamah, S.C.; Malek, N.A.N.N.; Lim, J.W.; Wong, K.C.; Hilal, N. Strategies in Forward
Osmosis Membrane Substrate Fabrication and Modification: A Review. Membranes 2020, 10, 332. [CrossRef]
Mohammadifakhr, M.; de Grooth, J.; Roesink, H.D.W.; Kemperman, A.J.B. Forward Osmosis: A Critical Review. Processes 2020, 8, 404.
[CrossRef]
Ibrahim, G.; Isloor, A.; Yuliwati, E. A Review: Desalination by Forward Osmosis. In Current Trends and Future Developments on
(Bio-)Membranes; Elsevier: Amsterdam, The Netherlands, 2019; pp. 199–214. [CrossRef]
Valladares, R.; Li, Z.; Abu-Ghdaib, M.; Wei, C.-H.; Amy, G.; Vrouwenvelder, J. Water harvesting from municipal wastewater via
osmotic gradient: An evaluation of process performance. J. Membrane Sci. 2013, 447, 50–56. [CrossRef]
Tiraferri, A. Forward osmosis for water treatment and desalination. In Current Trends and Future Developments on (Bio-)Membranes;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 53–81. [CrossRef]
Johnson, D.; Suwaileh, W.; Mohammed, A.; Hilal, N. Osmotic’s potential: An overview of draw solutes for forward osmosis.
Desalination 2018, 434, 100–120. [CrossRef]
Ray, S.; Chen, S.; Nguyen, N.; Nguyen, H.; Dan, N.; Thanh, B. Exploration of polyelectrolyte incorporated with Triton-X 114
surfactant based osmotic agent for forward osmosis desalination. J. Environ. Manag. 2018, 209, 346–353. [CrossRef]
Cheng, W.; Lu, X.; Yang, Y.; Jiang, J.; Ma, J. Influence of composition and concentration of saline water on cation exchange
behavior in forward osmosis desalination. Water Res. 2018, 137, 9–17. [CrossRef]
Nicoll, P. Forward osmosis as a pre-treatment to reverse osmosis. In The International Desalination Association World Congress on
Desalination and Water Reuse; International Desalination Association: Tianjin, China, 2013.
Xu, P.; Cath, T.; Robertson, A.; Reinhard, M.; Leckie, J.; Drewes, J. Critical review of desalination concentrate management,
treatment and beneficial use. Environ. Eng. Sci. 2013, 30, 502–514. [CrossRef]
Hanrahan, C.; Karimi, L.; Ghassemi, A.; Sharbat, A. High-recovery electrodialysis reversal for the desalination of inland brackish
waters. Desalin. Water Treat. 2016, 57, 11029–11039. [CrossRef]
Zoungrana, A.; Çakmakci, M. From non-renewable energy to renewable by harvesting salinity gradient power by reverse
electrodialysis: A review. Int. J. Energy Res. 2020. [CrossRef]
Tristán, C.; Rumayor, M.; Dominguez-Ramos, A.; Fallanza, M.; Ibáñez, R.; Ortiz, I. Life cycle assessment of salinity gradient energy
recovery by reverse electrodialysis in a seawater reverse osmosis desalination plant. Sustain. Energy Fuels 2020, 4, 4273–4284.
[CrossRef]
Deng, D.; Aouad, W.; Braff, W.; Schlumpberger, S.; Suss, M.; Bazant, M. Water purification by shock electrodialysis: Deionization,
filtration, separation, and disinfection. Desalination 2015, 357, 77–83. [CrossRef]
Alkhadra, M.; Gao, T.; Conforti, K.; Tian, H.; Bazant, M. Small-scale desalination of seawater by shock electrodialysis. Desalination
2020, 476, 114219. [CrossRef]
Johnson, D.J.; Hilal, N. Can graphene and graphene oxide materials revolutionize desalination processes? Desalination 2020, 114852.
[CrossRef]
Homaeigohar, S.; Elbahri, M. Graphene membranes for water desalination. NPG Asia Mater. 2017, 9, e427. [CrossRef]
Mao, Y.; Huang, Q.; Meng, B.; Zhou, K.; Liu, G.; Gugliuzza, A.; Drioli, E.; Jin, W. Roughness-enhanced hydrophobic graphene
oxide membrane for water desalination via membrane distillation. J. Membrane Sci. 2020, 611, 118364. [CrossRef]
Thakur, A.K.; Sathyamurthy, R.; Sharshir, S.W.; Ahmed, M.S.; Hwang, J.Y. A novel reduced graphene oxide based absorber for
augmenting the water yield and thermal performance of solar desalination unit. Mater. Lett. 2020, 286, 128867. [CrossRef]

Membranes 2021, 11, 180

27 of 28

117. Yang, Y.; Zhao, R.; Zhang, T.; Zhao, K.; Xiao, P.; Ma, Y.; Ajayan, P.; Shi, G.; Chen, Y. Graphene-based standalone solar energy
converter for water desalination and purification. ACS Nano 2018, 12, 829–835. [CrossRef] [PubMed]
118. Hong, S.; Constans, C.; Surmani-Martins, M.; Seow, Y.; Guevara-Carrió, J.; Garaj, S. Scalable graphene-based membranes for ionic
sieving with ultrahigh charge selectivity. Nano Lett. 2017, 17, 728–732. [CrossRef] [PubMed]
119. Li, X.; Zhu, B.; Zhu, J. Graphene oxide based materials for desalination. Carbon 2019, 146, 320–328. [CrossRef]
120. Freire, T.; Pacheco, C. Estudio del Consumo de Energía en el Proceso de Osmosis Inversa Utilizando un Filtro de Membrana de
Grafeno para la Desalinización del Agua del mar. Bachelor’s Thesis, UCE, Boca Raton, FL, USA, 2017; 125p. Available online:
http://www.dspace.uce.edu.ec/handle/25000/12918 (accessed on 7 October 2020).
121. Porter, C.J.; Werber, J.R.; Zhong, M.; Wilson, C.J.; Elimelech, M. Pathways and Challenges for Biomimetic Desalination Membranes
with Sub-Nanometer Channels. ACS Nano 2020, 14, 10894–10916. [CrossRef]
122. Fu, D.; Lu, M. The structural basis of water permeation and proton exclusion in aquaporins. Mol. Membr. Biol. 2007, 24, 366–374.
[CrossRef]
123. Gonen, T.; Walz, T. The structure of aquaporins. Q. Rev. Biophys. 2006, 39, 361–396. [CrossRef]
124. Teow, Y.; Mohammad, A. New generation nanomaterials for water desalination: A review. Desalination 2019, 451, 2–17. [CrossRef]
125. Zhao, Y.; Qiu, C.; Li, X.; Vararattanavech, A.; Shen, W.; Torres, J.; Hélix-Nielsen, C.; Wang, R.; Hu, X.; Fane, A.; et al. Synthesis of
robust and high-performance aquaporin-based biomimetic membranes by interfacial polymerization-membrane preparation and
RO performance characterization. J. Membrane Sci. 2012, 423, 422–428. [CrossRef]
126. Wang, R.; Fane, A. Aquaporins (AQP)-Based Biomimetic Membranes for Water Reuse and Desalination in “Advanced Membrane
Technology VII”. ECI Symposium Series. 2016. Available online: https://dc.engconfintl.org/membrane_technology_vii/40
(accessed on 7 October 2020).
127. Gude, V.; Fthenakis, V. Energy efficiency and renewable energy utilization in desalination systems. Prog. Energy 2020. [CrossRef]
128. Ghaffour, N.; Soukane, S.; Lee, J.G.; Kim, Y.; Alpatova, A. Membrane distillation hybrids for water production and energy
efficiency enhancement: A critical review. Appl. Energy 2019, 254, 113698. [CrossRef]
129. Kim, Y.; Li, S.; Francis, L.; Li, Z.; Linares, R.V.; Alsaadi, A.S.; Abu-Ghdaib, M.; Son, H.S.; Amy, G.; Ghaffour, N. Osmotically and
thermally isolated forward osmosis–membrane distillation (FO–MD) integrated module. Environ. Sci. Technol. 2019, 53, 3488–3498.
[CrossRef]
130. Urrea, S.; Reyes, F.; Suárez, B.; Juan, A. Technical review, evaluation and efficiency of energy recovery devices installed in the
Canary Islands desalination plants. Desalination 2019, 450, 54–63. [CrossRef]
131. Peñate, B.; García-Rodríguez, L. Energy optimization of existing SWRO (seawater reverse osmosis) plants with ERT (energy
recovery turbines): Technical and thermoeconomic assessment. Energy 2011, 36, 613–626. [CrossRef]
132. El-Emam, R.S.; Dincer, I. Thermodynamic and thermoeconomic analyses of seawater reverse osmosis desalination plant with
energy recovery. Energy 2014, 64, 154–163. [CrossRef]
133. Castillejo-Cuberos, A.; Escobar, R. Understanding solar resource variability: An in-depth analysis, using Chile as a case of study.
Renew. Sustain. Energy Rev. 2020, 120, 109664. [CrossRef]
134. Merino, I.; Herrera, I.; Valdés, H. Environmental Assessment of Energy Scenarios for a Low-Carbon Electrical Network in Chile.
Sustainability 2019, 11, 5066. [CrossRef]
135. Osorio-Aravena, J.C.; Aghahosseini, A.; Bogdanov, D.; Caldera, U.; Muñoz-Cerón, E.; Breyer, C. Transition toward a fully
renewable based energy system in Chile by 2050 across power, heat, transport and desalination sectors. Int. J. Sustain. Energy Plan
Manag. 2020, 25, 77–94. [CrossRef]
136. Fragkou, M.C.; Budds, J. Desalination and the disarticulation of water resources: Stabilising the neoliberal model in Chile.
T. I. Brit. Geogr. 2020, 45, 448–463. [CrossRef]
137. Spenceley, J. Sustainable Water Supply for Chile’s Copper Mines. Eng. Min. J. 2020, 221, 38–41. Available online:
https://search.proquest.com/scholarly-journals/sustainable-water-supply-chiles-copper-mines/docview/2351559852/se-2?
accountid=170518 (accessed on 20 January 2021).
138. Herrera-Leon, S.; Cruz, C.; Kraslawski, A.; Cisternas, L.A. Current situation and major challenges of desalination in Chile.
Desalin. Water Treat 2019, 171, 93–104. [CrossRef]
139. Karagiannis, I.C.; Soldatos, P.G. Water desalination cost literature: Review and assessment. Desalination 2008, 223, 448–456.
[CrossRef]
140. Arias, D.; Cisternas, L.A.; Rivas, M. Biomineralization of calcium and magnesium crystals from seawater by halotolerant bacteria
isolated from Atacama Salar (Chile). Desalination 2017, 405, 1–9. [CrossRef]
141. Assouline, S.; Russo, D.; Silber, A.; Or, D. Balancing water scarcity and quality for sustainable irrigated agriculture.
Water Resour. Res. 2015, 51, 3419–3436. [CrossRef]
142. Baath, G.S.; Shukla, M.; Bosland, P.W.; Walker, S.J.; Saini, R.K.; Shaw, R. Water Use and Yield Responses of Chile Pepper Cultivars
Irrigated with Brackish Groundwater and Reverse Osmosis Concentrate. Horticulturae 2020, 6, 27. [CrossRef]
143. Adamec, J.; Janoušková, S.; Hák, T. How to Measure Sustainable Housing: A Proposal for an Indicator-Based Assessment Tool.
Sustainability 2021, 13, 1152. [CrossRef]
144. Nind, M.; Lewthwaite, S. Methods that teach: Developing pedagogic research methods, developing pedagogy. Int. J. Res.
Method Educ. 2018, 41, 398–410. [CrossRef]

Membranes 2021, 11, 180

28 of 28

145. Valdés, H.; Correa, C.; Mellado, F. Proposed Model of Sustainable Construction Skills for Engineers in Chile. Sustainability
2018, 10, 3093. [CrossRef]
146. Manikandan, S.; Karmegam, N.; Subbaiya, R.; Devi, G.K.; Arulvel, R.; Ravindran, B.; Awasthi, M.K. Emerging nano-structured
innovative materials as adsorbents in wastewater treatment. Bioresour. Technol. 2020, 124394. [CrossRef] [PubMed]
147. Uddin, M.N.; Alamir, M.; Muppalla, H.; Rahman, M.M.; Asmatulu, R. Nanomembranes for sustainable fresh water production.
In Proceedings of the International Conference on Mechanical, Industrial and Energy Engineering, ICMIEE18-KN01, Khulna,
Bangladesh, 23–24 December 2018.
148. Rehman, F.; Thebo, K.H.; Aamir, M.; Akhtar, J. Nanomembranes for water treatment. In Nanotechnology in the Beverage Industry;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 207–240. [CrossRef]
149. Jouzdani, S.M.; Zerafat, M.M.; Arasteh, P.D.; Vagharfard, H. Evaluation of environmental indicators of RO seawater desalination:
Case study coastal strip of Hormozgan province, Iran. J. Water Supply Res. Technol.—AQUA 2020, 69, 694–703. [CrossRef]
150. Ruiz-García, A.; Nuez, I. Long-term intermittent operation of a full-scale BWRO desalination plant. Desalination 2020, 489, 114526.
[CrossRef]
151. Mollahosseini, A.; Abdelrasoul, A.; Sheibany, S.; Amini, M.; Salestan, S. Renewable energy-driven desalination opportunities—A
case study. J. Environ. Manag. 2019, 239, 187–197. [CrossRef] [PubMed]
152. Jimenez, H. Evaluación de la Viabilidad para la Implementación de Plantas Desalinizadoras Usando Energías Renovables
en la Región de la Guajira Colombiana (Monografía). Fundación Universidad de América. 2019. Available online: http:
//hdl.handle.net/20.500.11839/7253 (accessed on 19 December 2020).
153. Villagran, S. Factibilidad de Desalinización de Agua de mar para Pequeñas Comunidades del Norte de Chile. Bachelor’s Thesis,
Universidad de Chile, Santiago, Chile, 2017. Available online: http://repositorio.uchile.cl/handle/2250/145387 (accessed on
20 December 2020).

