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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ten emerging technologies for high- 
salinity desalination are critically 
reviewed. 

• ED and OMRO show most promise in 
achieving high energy efficiencies. 

• SED, HDH, FO, MD, and STD can be 
driven by low-grade heat. 

• SED, SCWD, and HDH can potentially 
sidestep scaling issues. 

• High-salinity brines are diverse and will 
require different desalination 
approaches.  
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A B S T R A C T   

Hypersaline brines are of growing environmental concern. While high-salinity desalination and zero liquid 
discharge (ZLD) are increasingly attractive treatment options, the high salt and scalant contents pose consid
erable technical difficulties to existing desalination techniques. In this review, we introduce sources of hyper
saline brines, examine factors driving high-salinity desalination, and present the thermodynamic minimum 
energy of hypersaline desalination and ZLD, highlighting effects of mineral precipitation and imperfect salt 
rejection. We then critically examine prospects and challenges of 10 alternative technologies for hypersaline 
desalination: electrodialysis, osmotically-mediated reverse osmosis, forward osmosis, membrane distillation, 
humidification-dehumidification, solvent extraction desalination, supercritical water desalination, freeze desa
lination, clathrate hydrate desalination, and solar thermal desalination. Although electrodialysis and 
osmotically-mediated reverse osmosis show promise of having competitive energy efficiencies, these membrane- 
based techniques are still constrained by concentrate salinity limits. Recovery and reuse of heat will be vital for 
competitiveness of thermally-driven approaches. Technologies that intrinsically precipitate salts in bulk solution, 
namely solvent extraction desalination, supercritical water desalination, and humidification-dehumidification, 
can advantageously avoid mineral scaling. Due to the highly heterogeneous nature of hypersaline streams and 

* Corresponding author at: Department of Earth and Environmental Engineering, Columbia University, New York, NY 10027-6623, United States. 
E-mail address: n.y.yip@columbia.edu (N.Y. Yip).   

1 K.M.S. and I.H.B. contributed equally to this work. 

Contents lists available at ScienceDirect 

Desalination 

journal homepage: www.elsevier.com/locate/desal 

https://doi.org/10.1016/j.desal.2022.115827 
Received 14 April 2022; Received in revised form 28 April 2022; Accepted 1 May 2022   

mailto:n.y.yip@columbia.edu
www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2022.115827
https://doi.org/10.1016/j.desal.2022.115827
https://doi.org/10.1016/j.desal.2022.115827
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2022.115827&domain=pdf


Desalination 538 (2022) 115827

2

the wide array of end-use goals, the high-salinity desalination market will ultimately be best served by a range of 
different technologies with distinctive capabilities.   

1. Introduction 

The management of hypersaline streams is a topic of growing envi
ronmental concern [1–4]. Prominent sources of such high-salinity 
streams include produced water from oil and gas extraction, inland 
desalination concentrate, landfill leachate, and wastewaters from coal- 
to-chemical, textile, mining, and leather tanning industries. Because of 
the very high total dissolved solids (TDS) content and co-presence of 
other pollutants, the brines cannot be discharged to the environment 
[1,5,6]. Desalinating these high-salinity streams can facilitate brine 
management by reducing the volume of the dewatered brine while 
producing freshwater to alleviate supply stress [7,8]. These potential 
benefits have, in recent years, spurred the research and development of 
better hypersaline desalination technologies [9–18]. 

The growing interest in hypersaline desalination is reflected in the 
number of review papers on the subject [2,19–23]. However, almost all 
of these articles are centered on a specific brine source (such as produced 
water) and most constrained the range of techniques (e.g., membrane- 
based only). Critical reviews that are both comprehensive in scope 
and rigorous in technical assessment can offer broad and harmonized 
perspectives on the current state of high-salinity desalination technol
ogies; however, such analyses are conspicuously absent. Additionally, a 
primer covering the key aspects of brine characteristics, desalination 
energy consumption, and existing desalination methods can serve as an 
informative guide for the scientific community. 

In this review, we critically examine the prospects and challenges of 
emerging technologies for hypersaline desalination. First, sources and 
primary characteristics of hypersaline streams are introduced. The in
adequacies of current brine management practices are detailed, and the 
motivations for desalination as a preferred treatment option are 
underscored. Next, we present a primer on the energy requirements of 
high-salinity desalination and zero liquid discharge. In particular, the 
impacts of mineral precipitation and fit-for-purpose desalination on 
energy consumption are analyzed. The implications of different energy 
inputs, namely, electricity, steam, and low-grade heat, are examined. 
Conventional desalination techniques are introduced and their limita
tions in desalinating hypersaline brines are highlighted. We then pro
vide a critical review of alternative and emerging technologies for 
hypersaline desalination. The appraised technologies are: electrodial
ysis, osmotically-mediated reverse osmosis, forward osmosis, membrane 
distillation, humidification-dehumidification, solvent extraction desali
nation, supercritical water desalination, freeze desalination, clathrate 
hydrate desalination, and solar thermal desalination. For each innova
tion, the working principles are briefly explained, state-of-the-art 
research and recent developments are discussed, and the prospects, 
challenges, and research priorities are assessed. Lastly, we share our 
outlook on high-salinity desalination. 

2. High-salinity streams 

2.1. Sources and primary characteristics of high-salinity streams 

There is no universal definition of hypersaline, or high-salinity, 
streams. Here, we define hypersalinity as concentrations of total dis
solved solids, TDS, greater than 70,000 ppm (approximately twice the 
salinity of seawater, corresponding to typical effluent TDS from 
seawater desalination) [24]. Brines can be inherently hypersaline to 
begin with, such as produced water from oil and gas extraction, or arise 
from the dewatering of low-salinity sources, as with concentrate from 
brackish water desalination. Environmentally relevant hypersaline 
streams are presented in Table 1, along with key characteristics (yearly 

volumetric production, TDS, hardness, and other constituents of 
concern). 

Produced water emitted from oil and gas wells during operation is an 
example of an inherently hypersaline brine that is particularly promi
nent in the United States. Produced water has extremely varied 
composition but typically contains high TDS and hardness together with 
other contaminants, including heavy metals, biocides, microbes, sur
factants, and naturally-occurring radioactive materials [2,26,50–52]. 
The production of potassium, lithium, magnesium, and boron involves 
the crystallization of salts from mineral-rich flows, resulting in high TDS 
effluents [53–56]. Textile manufacturing and leather tanning use high 
TDS salt solutions to set dyes in fabrics and to pickle hides, respectively 
[32,37,57]. Geological carbon sequestration is an emerging source of 
inherently hypersaline brines [58]. Roughly 40% of candidate aquifers 
for carbon sequestration have TDS greater than 85,000 ppm [38]. Like 
produced water, these brines consist of a complex mixture of ions and 
often have high hardness [38]. 

Besides brines with inherently high TDS, hypersalinity can also result 
from the dewatering and concentration of low-salinity streams. These 
streams will be referred to as hypersaline concentrates. The desalination 
of brackish water with 1,000–15,000 ppm TDS is a significant source of 
such concentrates, contributing ≈10,700 × 106 m3 per year [24]. Not all 
inland desalination concentrates exceed 70,000 ppm TDS (our definition 
of hypersalinity) since desalination may be halted at low recovery 
yields, primarily due to membrane fouling constraints [59,60]. How
ever, there is a growing push to operate brackish water desalination at 
higher recovery yields to lower the cost of concentrate disposal, which 
currently accounts for as much as one-third of total inland desalination 
expenditures [61–63]; as such, the volume of hypersaline concentrate is 
expected to increase in the coming years. Coal-to-chemicals plants are 
another emerging source of hypersaline concentrates. While wastewa
ters from these facilities are seldom initially hypersaline, they contain 
substantial levels of contaminants, including organic molecules, 
ammoniacal nitrogen, chalcogens, and metals, prompting the use of 
high-recovery desalination to enable water recycling [44,64]. For 
example, coal-to-chemical plants in China are currently required to 
operate with >95% water recycling, thus producing waste effluents of 
hypersaline concentrates [42]. Likewise, flue gas desulfurization 
wastewater, the byproduct of flue gas scrubbing using slurries of lime
stone or lime, has TDS as high as 45,000 ppm, high hardness, and sig
nificant levels of selenium, arsenic, and lead [45,46]. Programs 
incentivizing power plants to install water recovery systems by 2023 are 
anticipated to drive the flue gas desulfurization wastewaters into hy
persalinity [65]. Landfill leachates vary widely from low to high salin
ities (as much as 81,000 ppm TDS) and additionally have complex 
compositions that include heavy metals, bacteria, organic molecules, 
and other contaminants [48,66–69]. Even for low-salinity leachates, 
increasingly strict effluent regulations are compelling onsite dewatering, 
concentrating the streams into the hypersaline range [48]. 

The complex composition of hypersaline streams poses considerable 
technical difficulties for treatment. The high chloride content is corrosive 
for metals (the deleterious impact of corrosion is discussed later in Sec
tion 4) [70]. Many hypersaline streams also have high levels of hardness 
(sum of divalent cation concentrations, which are predominantly Mg2+

and Ca2+) or other sparingly soluble minerals; dewatering the brines 
causes oversaturation and precipitation of solid minerals [71]. We show 
in a later analysis that scaling can occur at relatively low recovery yields, 
well before the predominant salt (i.e., NaCl) reaches saturation. Even 
though the sparingly soluble solids are typically minority dissolved 
species, precipitation of the minerals can impair and even stall treatment 
processes. The occurrence and impacts of scaling will be discussed for the 
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different desalination technologies evaluated here. 
The presence of microorganisms can lead to biofouling on surfaces, 

such as membranes [72]. Similarly, organic molecules in hypersaline 
streams can complicate treatment and may need to be removed or 
degraded [26]. Other constituents of concern include toxic metals and 
metalloids (e.g., arsenic, selenium, lead, mercury, and chromium), acids 
or bases, and other foulants (e.g., colloidal silica, humic acids, proteins, 
and alginates) [65,73]. As water is removed from the recalcitrant brines 
during desalination, concentration of these problematic contaminants 
rises and the technical difficulties are amplified. Further compounding 
to the challenge is the highly diverse types and concentrations of fou
lants and pollutants found in hypersaline streams (for instance, impu
rities in brines from the same source, such as those listed in Table 1, can 
be dramatically heterogeneous). As different desalination approaches 
are affected by the disparate foulants to various extents and have dis
similar removals for different pollutants, the high-salinity market will 
likely be best served by a range of technologies. 

2.2. Drivers for hypersaline desalination 

Hypersaline stream management is increasingly shifting toward 
desalination, which offers both environmental and economic benefits 
compared to current approaches [74,75]. Due to the very high salt 
concentration and the almost ubiquitous presence of contaminants, 
direct discharge of high-salinity streams to surface waters will severely 
damage ecosystems and pollute drinking and agricultural water sources 
[1,6,65,76]. As such, proper management of hypersaline streams is 
mandated by state and federal regulations [2,4,6,77,78]. However, 
current management methods (Fig. 1) are inadequate, potentially 
deleterious to the environment, and costly [4,8,24,74]. Although hy
persaline streams are often discharged into sewer systems, publicly- 
owned treatment works do not actually remediate the high TDS con
tent, as they are designed to treat domestic sewage and have no desa
lination capabilities [1,4,75]. High-salinity streams can be injected into 
underground wells, but this practice is limited to specific geographic 
sites and can be costly, especially for deep wells [2,4,77]. Regulations 
around deep well injection are becoming increasingly strict due to 
concerns around seepage, contamination, and seismic activity [1,3,6]. 
High-salinity streams may be temporarily impounded in storage ponds 
prior to further treatment, though this is limited to small volumes and to 

areas with inexpensive land. These impoundment ponds are often un
lined and introduce environmental concerns associated with leakage 
[65,79,80]. Small amounts of hypersaline streams can be disposed of via 
land application, but this approach is restricted to streams with low 
contaminant levels and to very niche crops and soils [75,77]. When the 
brine or concentrate source and management option are not co-located, 
trucking the hypersaline streams can incur substantial transportation 
costs and increase the carbon footprint [75,81–83]. The tightening of 
regulations will further constrain the management options available and 
motivate alternative approaches to treat the hypersaline streams. 

Desalination is becoming an attractive treatment option for cost- 

Table 1 
Sources, annual volumes generated (where reported in literature), total dissolved solids range, hardness range, and other constituents of concern for prominent 
hypersaline streams. Bolded streams are inherently hypersaline, whereas non-bolded streams are low-salinity sources dewatered into hypersaline concentrates. “NDA” 
denotes “no data available”.  

Stream Volumetric 
production £106 m3/ 
y 

Total dissolved solids typical 
(low/high) parts per million 

Hardness typical (low/ 
high) parts per million 

Other constituents of concern 

Oil and gas produced water USA: 3,300 [25] 190,000 (5,000/400,000) [2] 2,200 (NDA/162,000)  
[26] 

Organic carbon [2], heavy metals [27], microbes  
[2], biocides [2], radioisotopes [27], surfactants  
[2] 

Brine and solution mining 
flows 

NDA 243,000 (223,000/270,000)  
[28] 

6,600 (1,990/24,200)  
[28] 

Radioisotopes [29], acids [30], metals [31] 

Textile wastewater NDA 60,000 (50,000/125,000) [32] NDA Organic carbon [33], dyes [34], acids and bases  
[33], metals [33] 

Leather tanning wastewater India: 18.2 [35] 67,000 (22,000/100,000) [36] NDA Microbes [36], acids [37], organic carbon [36] 
Geological carbon 

sequestration formation 
water 

NDA 85,000 (10,000/300,000]) [38] 40,000 (10,000/80,000)  
[38] 

Radioisotopes [39] 

Inland desalination concentrate World: 10,700 [24] 19,000 (10,000/35,000) [40] 2,100 (1,300/3,400) [40] Colloidal silica [3], antiscalants [41] 
Coal-to-chemicals wastewater China: 475 [42] 2,000 (NDA/NDA) [43] 1,100 (NDA/NDA) [43] Organic carbon [43,44], heavy metals [43], 

ammonia [44] 
Flue-gas desulfurization 

wastewater 
NDA NDA (4,740/44,600) [45] NDA (1,025/8,580) [45] Heavy metals [46] 

Landfill leachate Ireland: 1.1 [47,68] 7,000a (2,600/12,500) [48] 
52,000b (21,000/81,000) [48] 

NDA Organic carbon [48], heavy metals [48,49]  

a Landfills without ash from municipal solid waste incineration. 
b Landfills that accept ash from municipal solid waste incineration. 

Fig. 1. Schematic showing the main management and disposal practices of 
high-salinity streams: direct discharge to surface waters, mixing with municipal 
wastewater and conveyance to wastewater treatment plants, injection into 
underground wells, and temporary impoundment in storage ponds. Where 
disposal or management facility is offsite, trucking is required to transport the 
hypersaline streams. 
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effective and environmentally sustainable management of high-salinity 
streams [2,8,74,75]. Dewatering hypersaline streams reduces the liquid 
volume, facilitating subsequent disposal. Additionally, the desalinated 
product water can be beneficially reused, alleviating water scarcity and 
stress to enhance water security [2,7,26,84]. As the overarching objec
tive is brine management and not drinking water production, the 
desalinated product water generally does not need to meet potable water 
quality. End-uses permitting product waters with TDS concentrations 
above drinking water standards will allow for more affordable fit-for- 
purpose treatments [26,85]. 

2.3. Zero liquid discharge 

Zero liquid discharge, ZLD, is the wastewater treatment outcome in 
which liquid waste is completely eliminated, i.e., all the water is 
recovered from the saline feed stream, leaving solids as the only waste 
product [84,86,87]. ZLD is of particular interest for high-salinity stream 
management: virtually all the water can be reclaimed for reuse, the 
environmental impacts and pollution risks associated with hypersaline 
brine management are diminished, and the small volume of remaining 
solids can be disposed of in leach-proof landfills [88]. Alternatively, the 
solids can be further processed to recover mineral byproducts of value, 
potentially enhancing the overall economic feasibility of implementing 
ZLD [84]. Increasingly strict environmental regulations are stimulating 
the growth of the ZLD market globally [84]. The approach is actively 
being pursued across a broad range of applications, such as in the 
treatment of wastewater from power plants [89], oil and gas produced 
water [90], and liquid waste from the chemical industry [87,88,91]. 
Several studies have highlighted that advancing ZLD technologies will 
be pivotal to greater realization of inland desalination [3,75,88,92]. 

3. Energy of high-salinity desalination 

Desalination is inherently energy-intensive, and energy consumption 
is a significant contributor to overall cost and is also related to envi
ronmental impacts [5,93,94]. In this section, we examine the thermo
dynamic minimum energy to desalinate high-salinity streams up to zero 
liquid discharge and discuss the implications of different grades of en
ergy input to provide a framework for assessing the energy intensity of 
existing and emerging desalination technologies. 

3.1. Thermodynamic minimum energy of desalination 

The Gibbs free energy of separation is the theoretical minimum en
ergy required for desalination. To desalinate one mole of saline feed 
stream into the product of purified water and wastes of liquid concen
trate and, where applicable, solid minerals (depicted in Fig. S1 of the 
Supplementary Material), the molar Gibbs free energy of separation, 
ΔGsep, is the difference in total molar Gibbs free energies of the com
ponents before and after separation: 

ΔGsep = ϕPGP + ϕCGC + ϕMGM − GF (1)  

where ϕ is the moles of product water, concentrate, and mineral solid 
normalized by the moles of feed. Gibbs free energy is represented by G, 
with subscripts “P”, “C”, “M”, and “F” denoting the product water, 
concentrate, mineral solid, and saline feed streams, respectively. Note 
that when the concentrate is undersaturated in salt, there are no solid 
precipitates, and ϕM = 0. 

The Gibbs free energy of a real system is equivalent to the sum of the 
Gibbs free energy of an ideal system under the same conditions and the 

excess Gibbs free energy. The excess Gibbs free energy can be expressed 
using activity and osmotic coefficients of the electrolyte for aqueous 
solutions and the Gibbs free energy of formation for mineral solids and 
aqueous solutions (detailed in the Supplementary Material). In this 
analysis, NaCl is taken as the sole solute for representing the total dis
solved solids in the saline feed, and Eq. 1 can be restated as: 

Fig. 2. A) Specific minimum energy, Emin as a function of water recovery yield, 
Y, to desalinate feed streams of 35,000, 65,000, 175,000, and 204,000 ppm TDS 
with 10 mM Ca2+ and SO4

2− . Salt rejection of 100%, corresponding to pure 
water as product, is assumed. The shaded area indicates the precipitation of 
CaSO4 mineral solids. B) Emin as a function of water recovery yield, Y, needed to 
desalinate a 204,000 ppm TDS feed with salt rejections of 50%, 90%, 95%, and 
100% (i.e., 50%, 10%, 5%, and 0% of the salt in the initial feed ends up in the 
product stream, respectively). Y is defined as the ratio of water in the product 
stream to the saline feed; Y = 1 signifies zero liquid discharge (ZLD). Total 
dissolved solids are simulated by NaCl. Open and filled symbols denote un
dersaturated (i.e., no precipitation) and saturated (that is, with mineral pre
cipitation) concentrate streams, respectively. 
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where R is the ideal gas constant, T is the absolute temperature, ν is the 
number of ions each electrolyte molecule dissociates into (i.e., 2 for 
NaCl), xs is the mole fraction of sodium chloride, and m is the molality. 
The molar standard Gibbs free energy of formation of mineral solid NaCl 
is G∘

NaCl(s) , whereas G∘
Na+ and G∘

Cl− are the molar standard Gibbs free en
ergy of formation of sodium and chloride ions, respectively, in a one 
molal ideal aqueous solution. The activity and osmotic coefficients are 
γ± and φ, respectively, and account for nonideal behaviors arising from 
the interactions between solution components. In hypersaline streams, 
the coefficients deviate significantly from unity and need to be factored 
in for accuracy [95]. In this analysis, γ± and ϕ are calculated using the 
Pitzer model [96–98]. If the product water is pure water (i.e., xs,P = 0), 
then ϕP{νxs[ln(mγ±) − φ]}P in Eq. (2) vanishes. Further, for ZLD, there is 
no liquid concentrate stream and Eq. (2) simplifies to: 

ΔGZLD = xs,F

(
G∘

NaCl(s) − G∘
Na+ − G∘

Cl−

)
− νRTxs,F[ln(mγ±) − φ ]F (3)  

where xs,F is the mole fraction of dissolved salt in the feed stream. 

3.2. Mineral Precipitation Increases Energy Intensity in Desalination of 
Ultrahigh-Salinity Brines 

While ΔGsep quantifies the thermodynamic minimum energy 
required to desalinate one mole of feed, it is often more practically 
useful to normalize the energy by product water volume, yielding the 

specific minimum energy, Emin. Emin as a function of water recovery 
yield, Y, was determined using Eqs. (2) and (3) with molar volume 
conversions and shown in Fig. 2A (at temperature of 25 ◦C). Here, Y is 
defined as the ratio of water in the product stream to the saline feed. The 
analysis assumed complete salt removal, i.e., the product is pure water. 
Four characteristic feed salinities are presented: 35,000 ppm TDS sig
nifies seawater and 67,000 ppm TDS simulates concentrates exiting 
seawater desalination facilities [99], whereas 157,000 and 204,000 ppm 
TDS represent high salinities found in some of the industrial brines and 
concentrates introduced above (Table 1). As expected, the desalination 
of higher feed salinities is more energy-intensive. With increasing Y, 
more product water is separated out, leaving a saltier concentrate 
stream, and Emin rises. Beyond a certain Y, the remaining concentrate 
reaches saturation, and solid minerals precipitate out from solution 
(indicated by filled symbols in Fig. 2). At these ultrahigh salinities where 
salt precipitation occurs, Emin increases more rapidly with Y. For 
example, for Y = 0.5, increasing feed salinity 5.8× from 35,000 to 
204,000 ppm TDS disproportionally elevates Emin by a factor of 8.3, 
from 1.11 to 9.26 kWh/m3 (NaCl precipitation occurs for Y > 0.89 and 
0.20, respectively). This is because the change in Gibbs free energy 
associated with precipitation, G∘

NaCl(s) − G∘
Na+ − G∘

Cl− (9.1 kJ/mol or 0.16 
kWh/kg for NaCl at 25 ◦C), imposes an additional energy demand, pri
marily to overcome the entropic penalty of ordering free Na+ and Cl−

ions in aqueous solution into a solid crystal lattice. Since saltier feeds 
reach saturation with less water removal, the energy toll of precipitation 

Fig. 3. A) Specific energy consumption of conventional membrane-based and evaporative methods in desalinating feed streams of different salinities. Electrodialysis 
(ED, light blue pentagons) and reverse osmosis (RO, dark blue circles) are membrane-based, whereas multi-stage flash (MSF, pink diamonds), multiple effect 
distillation (MED, maroon triangles), brine concentrators (BCo, orange squares), and brine crystallizers (BCr, gray hexagons) are evaporative techniques. Filled, 
dotted, and open symbols denote data from industrial operations, bench- and pilot-scale experiments, and modeling studies, respectively [8,74,99,107–134]. The 
specific minimum energy, Emin, for recovery yields, Y, of 0.5 and 1 are represented by dashed and dotted black lines, respectively. RO typically operates close to Y =
0.5, while BCo and BCr operate at high water recoveries that approach 0.9. Seawater salinity (35,000 ppm TDS) and our threshold for hypersalinity (70,000 ppm 
TDS) are marked by gray vertical dash-dot lines. Colored ellipses are intended as visual guides to indicate the general SEC and feed salinity ranges of each technology. 
B) Energy demand expressed as standard primary energy, SPE, one of the proposed methods to account for both quality and quantity of energy consumed [106], as 
the chief energy input for MSF and MED is heat in the form of steam, whereas the other technologies are mainly powered by electricity. Data on SECs, SPEs, feed and 
concentrate salinities, and the reference sources are detailed in Table S1 in the Supplementary Material. 

ΔGsep

RT
= ϕP{νxs[ln(mγ±) − φ ] }P + ϕC{νxs[ln(mγ±) − φ ] }C +

ϕM

RT

(
G∘

NaCl(s) − G∘
Na+ − G∘

Cl−

)

M
− {νxs[ln(mγ±) − φ ] }F (2)   
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impacts higher TDS feeds at lower Y. 
The minimum energy of seawater desalination, which is considered 

one of the most costly methods to produce drinking water, is 1.11 kWh/ 
m3 (at a typical Y of 0.5) [100]. The desalination of hypersaline streams, 
especially at high recovery yields, is comparatively even more energy- 
intensive. The ZLD treatment of ultrahigh-salinity feeds is, therefore, 
an exceedingly energy-demanding operation; Emin for ZLD desalination 
of a 204,000 ppm TDS feed is 10.4 kWh/m3, 9.3× seawater desalination. 
Depending on the end use, some applications can tolerate residual 
salinity in the product water, i.e., fit-for-purpose reuse [26,85]. If salt 
rejection is incomplete, i.e., product is not pure water, the thermody
namic minimum energy requirement decreases (Fig. 2B). For example, 
with a feed stream of 204,000 ppm TDS and Y = 0.50, lowering the salt 
rejection from 100% to 90% (i.e., 10% of the salt in the initial feed ends 
up in the product stream) lessens Emin from 9.26 to 6.88 kWh/m3, a 
reduction of 26%. The lower Emin with imperfect salt rejection presents 
opportunities for desalination technologies to serve fit-for-purpose ap
plications using slightly saline product water while requiring, in prin
ciple, reduced energy consumption. 

In addition to Na+ and Cl− , precursor ions of sparingly soluble 
minerals, such as Ca2+, Mg2+, SO4

2− , PO4
3− , and CO3

2− , are almost always 
present in hypersaline streams. Even though the concentrations of sca
lant precursor ions are much lower than NaCl, saline feeds often reach 
saturation with respect to these minerals at lower Y because of their 
order-of-magnitude lower solubilities. A representative analysis on the 

onset of scale formation is simulated using 10 mM each of Ca2+ and 
SO4

2− ions. Gypsum, CaSO4(s), has a solubility limit of 14.8 mM (1360 
ppm), and precipitation is indicated by the shaded region in Fig. 2A 
[101]. Although the contribution of CaSO4 to Emin is marginal (<2% for 
204,000 ppm TDS), the formation of mineral scales at relatively low Y of 
0.32 in this analysis has crucial practical implications for desalination 
operations: the formation of mineral scale on mass and heat transfer 
surfaces of current conventional technologies limits input feed salinities 
and achievable recovery yields (elaborated in Section 4). Mineral scaling 
is also anticipated to be a challenge for emerging high-salinity desali
nation methods. Approaches with working principles that inherently 
precipitate solids in bulk solution and away from liquid-solid interfaces 
can, hence, be advantageous for high-scaling propensity streams and 
also high recovery yield operations where NaCl precipitation occurs. 

3.3. Electricity, steam, and low-grade heat 

The specific minimum energy discussed thus far is for an ideal sep
aration that is thermodynamically reversible. Real desalination pro
cesses inescapably produce excess entropy due to their irreversibility 
and, thus, demand additional heat or work input. Hence, the actual 
energy requirement is always greater than Emin [102–104]. Practical 
specific energy consumptions, SECs, reported for actual desalination 
processes are a more applied measure of the real energy demand 
[100,104]. Furthermore, SECs are often compared to evaluate the 

Fig. 4. Schematic illustrating working principles of conventional desalination technologies: A) reverse osmosis (RO), B) multiple effect distillation (MED) and multi- 
stage flash (MSF) distillation (ellipses represent repeating units), C) brine concentrator (BCo), D) brine crystallizer (BCr), and E) solar evaporation ponds (SEP). RO is 
a membrane-based technology with electricity as the energy input, whereas all the other technologies are thermally-driven for the evaporative phase-change of 
water, consuming heat from steam (MED and MSF), electrical energy (BCo and BCr), or solar energy (SEP). 
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relative energy intensity between different approaches. Fig. 3A shows 
SECs of conventional desalination techniques, reverse osmosis (RO), 
electrodialysis (ED), multi-stage flash (MSF), multiple effect distillation 
(MED), brine concentrator (BCo), and brine crystallizer (BCr), and the 
corresponding feed salinities (note that both axes are on logarithmic 
scales). Data used in Fig. 3A is detailed in Table S1 of the Supplementary 
Material, and Figs. S2 and S3 present the concentrate salinities (when 
reported) to illustrate the typical recovery yields attained by each 
technology. From Fig. 3A, it may appear that electricity-powered 
methods have lower SEC than MSF and MED, which use heat as input. 
However, the majority of U.S. electricity (≈80%) is still generated from 
fossil fuel or nuclear plants that convert thermal energy into electricity, 
with actual efficiencies of 25.6–44.7% [105]. To illustrate the role of 
energy grade, SECs were converted to standard primary energy, SPE, 
one of the proposed methods to account for both quality and quantity of 
energy consumed by considering the equivalent work [106]. The con
verted SPEs are presented in Fig. 3B, and details for the conversion of 
SEC to SPE are included in the Supplementary Material. When the pri
mary energy source is factored in, the gap between desalination tech
nologies that use electricity and heat as energy input is considerably 
narrowed or even closed. As a case in point, the more energy-efficient 
MED processes have the same SPE as RO. 

Processes that convert heat to work are inevitably bound by the 
Carnot efficiency (1 − TL/TH, where TL and TH are temperatures of the 
cold sink and hot source, respectively), whereas nonthermal methods 
are not constrained by this thermodynamic law. Therefore, thermal 
energy inherently has less utility than electricity and is considered to be 
of lower grade. To reflect this intrinsic inequality in achievable sepa
ration efficiencies, SECs discussed in this review will additionally report 
the energy source (kWhe/m3 and kWhth/m3 of product water for elec
trical and thermal, respectively). Further, because the Carnot efficiency 
is dependent on TH, the grade of thermal energy is essentially deter
mined by the heat source temperature, i.e., thermal sources <100 ◦C are 
of lower grade than steam. This trend is also generally represented in the 
economics: for the same amount of energy, electricity costs more than 
steam, whereas low-grade heat is often very cheap or even free. The 
nonequivalence of the energy types of electricity, steam, and low-grade 
heat is a significant, but often overlooked, aspect when evaluating 
different desalination technologies, as pointed out in recent studies 
[106,135,136]. Approaches that are seemingly less efficient, i.e., greater 
SECs, but are able to utilize lower grades of energy may still be overall 
cost-competitive. 

4. Limitations of conventional desalination approaches for high- 
salinity streams 

4.1. Reverse osmosis and thermal desalination 

Desalination is a mature market, particularly for seawater and 
brackish water. In this section, we examine conventional desalination 
methods and specifically highlight the technical constraints in extending 
these approaches to higher salinities. Currently available technologies to 
desalinate feeds with a salinity of seawater and higher can be classified 
into two broad categories: membrane-based reverse osmosis (RO) and 
thermally-driven distillation. RO is presently the most widely used 
method for seawater and brackish water desalination, accounting for 
69% of global capacity [100,137,138]. An electrically-powered pump 
pressurizes the saline feed above its osmotic pressure in RO to drive 
water permeation across a semipermeable polymeric membrane. Salts 
and other organic solutes are rejected by the membrane, yielding clean 
water as the product (Fig. 4A) [139]. Detailed reviews on the state-of- 
the-art of RO can be found in recent publications [99,140,141]. Elec
trodialysis, ED, is another conventional membrane technique, which 
utilizes an electrical voltage to drive the transport of charged species 
across ion-exchange membranes [142,143]. ED is primarily applied to 
desalinate brackish water; potential application of the technology for 

hypersaline desalination will be discussed in Section 5.1. 
Conventional thermal distillation technologies include multiple ef

fect distillation (MED), multi-stage flash (MSF), brine concentrators 
(BCo), brine crystallizers (BCr), and solar evaporation ponds (SEP). 
These technologies use heat to vaporize water from the saline feed 
stream, leaving all nonvolatile solutes, including salts, in the concen
trate [20,62]. Detailed descriptions of the working principles can be 
found in literature [20,84,92,144–147], and the key features differen
tiating each distillation method are highlighted here. Unlike evapora
tion ponds, which do not produce fresh water, MED, MSF, BCo, and BCr 
further condense the vapor to recover product water. MED and MSF are 
primarily employed for seawater desalination. Both methods take steam, 
usually from fossil fuel combustion, as the energy input to boil off the 
water in successively lower pressure effects/stages (Fig. 4B) 
[20,144,145,147,148], with the latent heat of vapor recovered for reuse 
in the next effect/stage (energy recovery is further elaborated in Sub
section 4.3). A principal difference between the two techniques is the 
method of vaporization: saltwater is sprayed onto steam tubes in MED, 
whereas MSF flash boils the saline stream in chambers. 

Brine concentrators are similar to single-effect evaporators. In the 
most common design, feedwater is mixed with a recirculating brine and 
is flowed down heat exchanger tubes, forming a thin liquid film on the 
inner tube surface (Fig. 4C). A portion of water vaporizes from the film. 
The vapor is removed, mechanically compressed, and fed to the outside 
of the heat exchanger tubes, where it condenses as product water and 
transfers latent heat to the cooler brine inside the tubes [4,20,84,146]. 
Electricity to power the mechanical vapor compressors is the primary 
energy input. BCo are able to treat feed salinities up to 250,000 ppm TDS 
[4,20,84,146]. The most prevalent type of brine crystallizer is the forced 
circulation crystallizer (Fig. 4D). Feedwater is combined with a recir
culating brine to yield an almost saturated mixture, which is pressurized 
and flowed into submerged heat exchanger tubes. The heated stream is 
then depressurized in a crystallization vessel, and a fraction of the water 
is vaporized, causing precipitation of mineral solids. The water vapor is 
mechanically compressed and fed to the shell side of the heat exchanger 
to condense into product water, transferring the latent heat to warm up 
the brine. Most of the brine slurry is recirculated, with a small portion 
centrifuged or filtered to separate out the salt crystals. Similar to con
centrators, BCr primarily use electricity to power mechanical vapor 
compressors. BCr can concentrate higher salinity brines (up to 300,000 
ppm TDS) to ZLD, but also consume more energy than BCo [20]. BCo 
and BCr are most commonly employed at the end of a composite treat
ment train, to further concentrate streams that had been initially desa
linated by other technologies. Maximizing utilization of the 
comparatively more energy-efficient technologies lowers the desalina
tion work performed by the energy-intensive BCo and BCr to improve 
energy-efficiency of the overall process [149–152]. But the benefit may 
come at the expense of greater capital costs. 

Solar evaporation ponds are shallow, artificial ponds where saline 
water passively evaporates to the point of saturation and mineral solids 
are precipitated. The salt precipitates can be left in the ponds or taken 
out for disposal (Fig. 4E) [62,84,92,153]. The technique has been used 
since antiquity to produce salt but, unlike the previous methods dis
cussed, does not produce freshwater [154]. Evaporation ponds are able 
to operate across the entire salinity range and can be employed as an 
alternative to BCr [84]. 

4.2. Mineral scaling is a critical stumbling block for RO 

Reverse osmosis is currently the most energy-efficient technology for 
desalination of seawater and brackish water (Fig. 3), with state-of-the- 
art RO facilities operating close to the thermodynamic limit 
(≈1.9–3.2× Emin) [99,155,156]. However, RO is not suitable for treating 
high-salinity streams. The hydraulic pressure applied in RO modules 
scales with the exiting concentrate salinity. High hydraulic pressures are 
reported to have detrimental, sometimes irreversible, impacts on 
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membrane permeability and selectivity [157–159]. Hence, RO desali
nation is traditionally operated below ≈85 bar (1200 psi), which im
poses a practical upper bound of 57,000–90,000 ppm TDS on the 
retentate salinity [99]. High-pressure reverse osmosis (HPRO) operating 
above 85 bar has been considered, with theoretical analysis showing 
that 2-stage HPRO can concentrate a hypersaline feed of 70,000 ppm 
TDS to 250,000 ppm at an SEC of 7.3 kWhe/m3, substantially below the 
energy consumptions of current techniques (Fig. 3A) [160,161]. A 
recent study demonstrated bench-scale HPRO operating up to 150 bar 
(2180 psi) to desalinate feed concentrations as high as 109,000 ppm TDS 
[162]. A number of manufacturers offer HPRO membranes in the 
expensive plate-and-frame configuration that can operate under pres
sures up to 120–203 bar (1740–2940 psi) [163–167] and, more recently, 
commercial membrane modules in the more widely applied spiral- 
wound configuration capable of handling high pressures up to 
120–140 bar (1740–2030 psi) have been reported [168,169]. Further, 
plans for a full-scale HPRO facility treating feed of 130,000 ppm TDS 
were announced in 2020 [169]. 

But even if the pressure limit is surmounted, mineral scaling, i.e., 
inorganic fouling, will still be a critical stumbling block for RO in 
treating hypersaline streams. Hypersaline feedwaters almost always 
carry many species that have high potentials to form scales (Table 1), 
including Ca2+, Mg2+, Ba2+, Sr2+, CO3

2− , SO4
2− , PO4

3− , and silica 
[170–172]. As water is progressively removed from the feed during RO, 
the concentrations of sparingly soluble salts eventually exceed solubility 
limits, and precipitates form on the membrane surface and in bulk so
lution. Crystallization of minerals on the membrane is exacerbated by 
the concentration polarization phenomenon, where interfacial solute 
concentrations are elevated due to the selective permeation of water 
across the membrane and almost complete rejection of ions [139,173]. 
Salt crystals formed in the bulk phase can subsequently be deposited 
onto the membrane by convective water flux [174–176]. Formation and 
deposition of inorganic minerals on the membrane leads to scaling, 
blocking the active area for transport and causing deterioration of 
membrane performance [172,177,178]. Because of the higher solute 
concentrations in hypersaline desalination, particularly in high recovery 
yield operations, the membrane inevitably suffers from severe mineral 
scaling [172,177,178]. In addition, antiscalants, commonly used to 
suppress scaling, have been reported to be not effective in preventing 
precipitation at high salinities and even aggravate biofouling of the 
membrane [138,178]. Furthermore, antiscalant residues in the RO 
retentate can pose additional management concerns and may necessitate 
additional posttreatment [178]. Although recent developments in the 
capability of membrane modules to withstand large pressurizations are 
promising, mineral scaling remains a persistent issue that is likely to 
afflict HPRO. To realize the broad implementation of HPRO, research 
and development of strategies to mitigate the impact of scaling will need 
to be redoubled [78]. 

4.3. Evaporative phase-change is inherently energy-intensive 

The enthalpy of vaporization of seawater is about 667 kWh/m3 (with 
slight variations at different temperatures and salinities) [179,180], 
which is 1–2 orders of magnitude higher than the specific minimum 
energy of desalination (Fig. 2). Therefore, desalination techniques based 
on evaporative phase-change are inherently energy-intensive, with ef
ficiencies governed by a Carnot-like law bound by the boiling point 
elevation between the saline feed and distilled water [181]. To decrease 
energy consumption, the enthalpy of vapor condensation needs to be 
recovered and reused; the more times the latent heat can be reused, the 
higher the energy efficiency [145,148]. However, even with heat re
covery, SECs of facility-scale seawater distillation ranges from 30 to 100 
kWhth/m3 (Fig. 3A), which is still ≈30–100 times greater than Emin. This 
is because practical heat recovery is constrained by the operating tem
perature range and capital cost of additional heat exchange equipment 
[144,145]. This is reflected in the gain output ratio, defined as the mass 

ratio of distillate to input steam, of staged MED and MSF often being 
limited to <12 and < 10, respectively [148]. Because the operations of 
BCo and BCr are similar to single-effect evaporators, the portion of latent 
heat that can be recovered is limited, hence the high energy consump
tion [4]. 

Traditional thermal distillation techniques also suffer from other 
critical limitations that become especially important at high salinities 
[20,182,183]. Scaling and corrosion are two key factors restricting the 
application of MED and MSF to salinities beyond seawater. The pre
cipitation of sparingly soluble salts on evaporation surfaces and inside 
flow channels causes mineral scaling and reduces overall performance 
by impairing heat transfer and increasing parasitic pressure drop 
[184,185]. The presence of salts with retrograde solubility, where the 
saturation concentration decreases with higher temperatures, such as 
CaSO4, Ca(OH)2, and CaCO3, further exacerbates the problem. Because 
hypersaline brines almost always contain sparingly soluble salts, 
including retrograde solubility minerals, and often at concentrations 
greater than in seawater [186], scaling is a significant operational 
problem for MED and MSF. 

Additionally, hypersaline streams are corrosive due to the high 
chloride concentration. This is especially problematic for distillation 
processes as the rate of corrosion increases strongly with temperature 
[20,186–188]. At the same Cl− concentration, steel, for example, cor
rodes >100 times faster at 100 ◦C than at 60 ◦C [189]. As such, the 
common grades of stainless steel typically used in MED and MSF are not 
able to tolerate the corrosive conditions caused by the concentrated Cl−

environment and high operating temperatures for prolonged operation 
[20,129]. Although using more corrosion-resistant materials can, in 
principle, mitigate the problem (as in the discussion of BCo and BCr 
below), the associated cost swells rapidly because of the multiple ef
fects/stages inherent to MED and MSF, hence, effectively rendering the 
approach uneconomical. The technical challenges of scaling and corro
sion, thus, preclude the application of conventional MED and MSF for 
hypersaline desalination. 

BCo and BCr are able to operate within the technical constraints of 
scaling and corrosion and treat hypersaline streams, but at significantly 
higher costs. To prevent scaling in BCo, CaSO4 seed crystals are often 
added into the recirculating brine. These crystals provide crystallization 
sites, encouraging precipitation in suspension rather than scaling on 
surfaces [4,20,84,146]. In BCr, the saline stream is heated under pres
sure and, therefore, does not vaporize (until depressurization in the 
crystallization vessel) [4,20,84]. Enhanced hydrodynamic conditions of 
high velocity and turbulent flows further deter scaling on surfaces [190]. 
Even with these elaborate features, frequent cleaning and maintenance 
are needed as mineral scaling cannot be completely avoided. To curb 
corrosion, BCo and BCr adopt corrosion-resistant but expensive mate
rials, such as super-duplex stainless steel and titanium [4,20]. The exotic 
material, additional equipment, and operating requirements to handle 
hypersaline brines drastically elevate the levelized cost for BCo and BCr, 
thus pricing the technologies out from many markets. The exorbitant 
material requirement is also a primary reason that BCo and BCr essen
tially operate as single-effect evaporators and are, hence, considerably 
more energy-intensive than multi-staged MED and MSF (Fig. 3). 

Because of their simplicity of operation, solar evaporation ponds 
have relatively low operating expenses and are not affected by the 
deleterious impacts of scaling or corrosion. However, as the rate of 
evaporation is determined by the solar irradiance [180], the theoretical 
maximum evaporative productivity of solar ponds is ≈1.6 L h− 1 m− 2 

(without recovering the enthalpy of condensation) [191]. The slow ki
netics necessitate high land investments and constrain solar ponds to 
arid places where rainfall is low and sunlight is abundant 
[62,92,144,145,153]. Leaks from ponds also pose environmental risks 
[3,6,75]. Furthermore, as the water vapor is often not condensed and 
collected, the method does not produce fresh water [84,92,144]. 
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5. Alternative and emerging technologies 

With the current desalination technologies of membrane-based RO 
and thermally-driven distillation plagued by scaling, corrosion, and low 
energy efficiency, the advancement of alternative technologies and 
development of new approaches can present opportunities for more 
cost-effective desalination of high-salinity streams. This section reviews 
alternative and emerging technologies for high-salinity desalination that 
have the potential to be competitive with existing methods. While some 
of the technologies discussed are mature within other industries, 
including brackish and seawater desalination as well as food production, 
all are nascent in their application to high-salinity desalination. The 
approaches are broadly categorized into membrane-based techniques of 
electrodialysis, osmotically-mediated reverse osmosis, forward osmosis, 

and membrane distillation, as well as non-membrane-based methods of 
humidification-dehumidification, solvent extraction desalination, su
percritical water desalination, freeze desalination, clathrate hydrate 
desalination, and solar thermal desalination. All of the non-membrane- 
based methods as well as membrane distillation and draw agent 
regeneration in forward osmosis are thermally driven. The working 
principles are briefly introduced and intrinsic strengths and limitations 
are discussed. Each technology is critically reviewed along the key di
mensions of specific energy consumption, technology development 
level, capability to achieve zero liquid discharge, salinity of product 
water (i.e., compatibility with fit-for-purpose applications), and impacts 
of precipitation and scaling on performance. The list of technologies 
covered here is not intended to be exhaustive; rather, it focuses on ap
proaches with significant research and development activities. Incipient 

Fig. 5. Schematics illustrating the working principles of alternative and emerging membrane-based technologies for high-salinity desalination: A) electrodialysis 
(ED) (ellipses represent repeating units), B) osmotically-mediated reverse osmosis (dashed line divides different configurations), C) forward osmosis, and D) 
membrane distillation. White block arrows denote water flux, whereas colour intensity of blue aqueous streams is representative of the salinity. The primary energy 
input to ED and OMRO is electricity, whereas FO and MD are based on evaporative phase-change and require thermal energy input. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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techniques and processes that are less studied are, hence, not included 
here [192–198]. 

5.1. Electrodialysis 

Electrodialysis (ED) utilizes an applied electric potential to drive the 
transport of salt ions from the saline feed stream across charge-selective 
ion-exchange membranes (IEMs) to a concentrate stream [199]. An ED 
stack comprises repeating cells of channels separated by alternating 
cation and anion exchange membranes, which allow the selective 
transport of positively- and negatively-charged species, respectively 
(Fig. 5A depicts a simplified repeating cell). A saline feed stream flows 
through the channels. An applied voltage sets up opposing fluxes of 
cations and anions from the product channels across the IEMs to adja
cent concentrate channels, thereby lowering the product stream salinity 
to achieve desalination. ED is widely employed for the desalination of 
brackish water, i.e., <15,000 ppm TDS [200], but has been recently 
investigated for hypersaline applications [13]. 

The primary energetic inefficiency of ED is ohmic losses across the 
stack, specifically the resistance contributions of the IEMs and aqueous 
streams to ion flux [199]. Opportunely, since solution conductivity 
scales almost linearly with salinity, the high ionic conductivity of the 
streams in hypersaline ED operations favorably reduces the channel 
resistances, thereby improving overall energy efficiency [13,199]. 
However, by the same principle, desalinating the product stream to 
drinking water TDS standards (<1000 ppm TDS) would significantly 
raise the channel resistance and detrimentally increase ohmic losses. 
Therefore, ED can be more advantageously employed to partially 
desalinate hypersaline feeds to lower-salinity streams that can then be 
desalinated by conventional RO, used in fit-for-purpose applications, or 
safely discharged [201]. 

Recent high-salinity ED studies report energy consumptions of 
0.1–0.3 kWhe/kg-NaCl (ED energy requirements are sometimes 
normalized by salt removed) [13,202,203] or, equivalently, 7–22 kWhe/ 
m3, depending on the feed salinity and stack design [13,14,114,204]. 
Compared to RO, the increase in kWhe/m3 SEC of ED with greater re
covery yields is relatively small [205]. Because energy consumption is 
primarily determined by the amount of salt ions separated from the 
product stream and the stack resistance, increasing Y only alters SEC 
slightly. This differentiating feature can be potentially leveraged for ED 
to be competitive in high water recovery operations, e.g., enhanced 
recovery from inland brackish water RO desalination concentrates 
[91,206]. Additionally, ED does not require high pressures or temper
atures, unlike RO and conventional distillation. By periodically 
reversing the applied electric voltage, a process known as electrodialysis 
reversal [207], membrane fouling can be mitigated [84,200,207,208]. 

Though ED exhibits promise for high-salinity desalination, three 
major limitations are preventing broader adoption: diminished current 
efficiency, water transport, and membrane resistance. Compromised 
current efficiency at high salinity is the primary obstacle: as salinity 
increases, the ability of IEMs to suppress leakage of like-charged co-ions 
declines, leading to lower current efficiency and higher energy con
sumption [209,210]. Osmotic pressure difference across the IEMs and 
electro-osmosis, the water movement associated with ion fluxes, both 
cause undesirable water permeation from the product to the concentrate 
stream, which reduces the product water volume [13,120]. Even though 
channel resistance is low when the streams are highly saline, ED would 
still suffer from significant ohmic losses due to the contribution of the 
membranes to resistance [13,209]. Advancements in membrane tech
nology are needed to fully realize the potential of ED for hypersaline 
desalination. Specifically, membranes need to maintain adequately high 
permselectivity in highly saline environments, in addition to having low 
hydraulic permeability and low ion transport resistance [14,209,210]. 
However, resistivity and selectivity are intrinsically linked IEM prop
erties, where a reduction in resistivity is almost always accompanied by 
a drop in permselectivity, i.e., the conductivity-permselectivity tradeoff 

[209]. Efforts to develop better membranes for hypersaline ED will need 
to navigate this constraint. Novel operating strategies, such as multi
stage ED, can be employed to further reduce SEC [120]. Lastly, because 
of the working principles of the technology, ED by itself is inherently 
unable to attain ZLD, thus restricting the achievable recovery yields. 

5.2. Osmotically-mediated reverse osmosis 

To overcome the pressure limitations encountered by conventional 
RO in high-salinity desalination, an alternative operation of osmotically- 
mediated reverse osmosis (OMRO) was recently proposed (Fig. 5B) 
[211–213]. The approach couples a conventional RO stage to 
osmotically-mediated RO stages, where saline streams are circulated on 
the permeate side instead of freshwater. These saline receiving streams 
reduce the transmembrane osmotic pressure difference, enabling water 
permeation from hypersaline streams to lower salinities using only 
moderate hydraulic pressures. The diluted receiving stream is then fed 
to the conventional RO stage to produce freshwater. Therefore, OMRO 
can desalinate the effluents to concentrations beyond conventional RO 
limits (57,000–90,000 ppm TDS), while requiring substantially less 
energy (≈4–29 kWhe/m3) [11,214] than traditional distillation pro
cesses. Various configurations of OMRO include counter-flow/ 
osmotically assisted reverse osmosis (CF/OARO), cascading osmoti
cally mediated reverse osmosis (COMRO), and low salt rejection reverse 
osmosis (LSRRO) [215,216]; the distinct features and advantages of 
each configuration were discussed in previous studies 
[11,212,217,218]. A pilot-scale demonstration of CF/OARO was re
ported in 2018, and a 5000 m3/d (1.3 × 106 gal/d) CF/OARO plant is 
currently being built in Saudi Arabia to enhance water recovery from 
seawater desalination concentrate [219]. In contrast, COMRO has been 
investigated at bench-scale thus far, and LSRRO has only been modeled 
[158,213]. 

Whereas conventional RO is solely a separation process, osmotic 
mediation intrinsically produces entropy through the mixing of the 
permeate with a higher salinity stream [103,212]. Therefore, OMRO 
inevitably has a higher SEC than conventional RO with the same number 
of stages, implying that high-pressure RO would be energetically more 
favorably for hypersaline desalination, if the current technical chal
lenges can be adequately addressed. Further advancement of the tech
nology hinges on overcoming three membrane challenges. Firstly, 
developing membranes with suitable structural and transport properties 
will be critical. Membrane support layers with low mass transfer resis
tance (i.e., small structural parameter) are desirable for COMRO and 
OA/CFRO to mitigate concentration polarization within the membrane, 
an unavoidable phenomenon that detrimentally elevates the trans
membrane osmotic pressure difference [158]. Secondly, the net driving 
force for water flux, applied hydraulic pressure in excess of trans
membrane osmotic pressure, will be relatively low for OMRO, necessi
tating larger membrane areas compared to HPRO. Membranes with 
greater water permeabilities will reduce the area requirement, but salt 
permeation will also correspondingly increase as conventional poly
meric membranes are bound by the permeability-selectivity tradeoff 
[220–222], resulting in compromised separation performance. Thirdly, 
OMRO is still membrane-based and would inescapably be plagued by 
mineral scaling and other fouling problems; at present, there are no 
studies on these issues. Because OA/CFRO employs recirculated working 
solutions (COMRO and LSRRO do not), the configuration has the added 
concern of solute loss across the membrane to the product water, which 
represents a chemical replenishment cost. At the same time, foreign salts 
and impurities leaked from the feed stream would accumulate in the 
working solution and pose operational complexities. 

5.3. Forward osmosis 

Forward osmosis (FO) achieves desalination by two steps. In the first 
step, a highly concentrated engineered solution draws water from the 
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saline feed stream across a semipermeable membrane through the action 
of osmosis. In the second step, freshwater is separated from the diluted 
draw stream, most commonly by applying heat, yielding product water 
and regenerating the draw agent to be recycled back to the first step 
(Fig. 5C) [223–226]. In other words, the first step is actually mixing, and 
separation only occurs in the second step. The potential of FO for high- 
salinity desalination has been highlighted in multiple review papers and 
examined in several experimental studies [2,9,84,227–234]. A bench- 

scale investigation demonstrated the capability of FO to desalinate NaCl 
solutions with salinities as high as 240,000 ppm TDS [230]. An FO unit 
at a coal-fired power plant treated flue gas desulfurization wastewater of 
39,000–52,000 ppm TDS to water recovery yields ranging from 93 to 
97%, resulting in an effluent retentate at 220,000 ppm TDS [9]. The 
reported heat energy input was ≈95 kWhth/m3, supplied by steam. 

While water osmosis is spontaneous and auxiliary energy consump
tion of the first step is very small, reconstitution of the diluted draw 

Fig. 6. Schematics illustrating working principles of emerging non-membrane-based technologies for high-salinity desalination: A) humidification-dehumidification 
(HDH), B) solvent extraction desalination (SED), C) supercritical water desalination (SCWD), D) freeze desalination (FD), E) clathrate hydrate desalination (CHD), 
and F) solar-thermal desalination (STD). Different colour intensity of blue aqueous streams is representative of the salinity. The major energy input of HDH and SED is 
heat. SCWD uses both heat and electricity, whereas FD and CHD use electricity and STD uses sunlight. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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agent back to the initial high concentration requires intensive thermal 
energy inputs and dominates the overall SEC. Electrolyte salts (e.g., 
NaCl, MgSO4, and ammonium acetate) have been investigated as draw 
agents for hypersaline FO desalination, but must be reconcentrated by 
thermal evaporation (typically using MED, MSF or membrane distilla
tion), inevitably incurring the large enthalpic penalty of water vapor
ization [84,226]. Volatile solutes (e.g., NH3-CO2) have also been 
explored and, because vaporization enthalpy of the volatile solute is 
lower than water, studies claim that draw agent regeneration can be 
comparatively less energy-intensive [9,228–230,234]. But the process 
still requires phase-change of the draw agent (from aqueous species to 
vapor) and the concomitant evaporation of water is also unavoidable. 
FO has yet to make the definitive case that desalinating the diluted draw 
solution is a better separation than directly desalinating the initial saline 
feed. 

Unlike RO, where the applied hydraulic pressure scales with feed 
salinity, FO membranes experience pressures very close to ambient 
regardless of feed concentration. This milder operating pressure has 
been shown to significantly decrease the deleterious impacts of fouling 
on FO membranes [84,224]. Fouling that does occur is largely revers
ible, and foulants can be removed using relatively simple cleaning 
procedures [2,235,236]. As such, FO shows promise to mitigate one of 
the critical problems facing membrane-based processes for hypersaline 
desalination and potentially achieve high water recoveries [9,224,228]. 
Similar to OMRO, improving membrane selectivity and reducing inter
nal concentration polarization can also improve the cost-effectiveness of 
FO [223,224,226]. All FO applications experience reverse flux leakage 
of the draw agent into the feedwater, which imposes a material 
replenishment cost and can contaminate the dewatered brine stream, 
complicating subsequent concentrate management [226,235]. The 
ability of the membrane to reject solutes is reported to decrease at higher 
draw agent salinities and, therefore, hypersaline FO applications will be 
more adversely impacted [157,232]. Similarly, salt flux from the saline 
feed into the draw solution can lead to operational issues for the draw 
agent regeneration step. While there has been substantial progress in 
membrane development [235,237,238], to advance the technology to 
practical application, FO will need to overcome the principal challenge 
of the high energy demand for draw agent reconstitution and the un
avoidable problems due to imperfect membrane selectivity. 

5.4. Membrane distillation 

Membrane distillation (MD) is a thermally-driven and membrane- 
based desalination technology that can utilize low-grade heat 
[239–241]. Detailed working principles can be found in literature and 
are briefly explained here (Fig. 5D) [239,240,242–244]. A hydrophobic, 
microporous membrane that is not wetted by water acts as a physical 
barrier between the saline feed and permeate sides. Low-temperature 
heat evaporates water from the feed stream. The vapor is driven 
across membrane pores by a partial vapor pressure gradient and con
denses in the permeate side. Nonvolatile solutes, such as ions, are 
retained in the saline feed stream [239–243]. Most of the high-salinity 
MD desalination studies are investigations on bench-scale setups and 
laboratory prototypes [12,245–261]. A recent publication reported a 2 
m3/d (528 gal/d) MD setup in Qatar, desalinating effluent concentrate 
from a seawater distillation facility at 70,000 ppm TDS to 34% water 
recovery yield [262]. Full-scale MD desalination plants, hypersaline or 
otherwise, have not yet been reported [263]. 

As the partial pressure of water vapor is only weakly sensitive to salt 
concentration (around 10% decrease for 150,000 ppm TDS NaCl solu
tion, relative to pure water) [264], MD can desalinate across the entire 
salinity range with only marginal water flux decline 
[2,239,249,251,265,266]. Because salts are nonvolatile, MD product 
water is of very low TDS, typically <20 ppm regardless of feed salinity 
[2,246,249,259,262]. Therefore, MD has the advantages of performance 
resilience at hypersalinity and high-purity product water. Since MD can 

be driven by moderate temperatures, the potential to use low-grade 
thermal energy instead of high-quality energy inputs is another often- 
mentioned benefit [77,179,267–272]. In addition, MD has a lower 
fouling propensity than RO, primarily due to the absence of applied 
hydraulic pressures [2,239,243,273]. 

Despite the potential advantages, MD is still a distillation process 
based on the evaporation of water and is, hence, inherently energy- 
intensive [2,179,181]. Strategies to reduce energy consumption down 
from the enthalpy of water vaporization are vitally needed for the 
technology to be competitive. To this end, capturing and reusing the 
latent heat released by permeate condensation, either through multi- 
stage designs or by heat exchange between the influent feed stream 
and the exiting vapor permeate, have been widely investigated 
[242,255,274–283]. Although substantial reductions in energy demand 
were demonstrated, the SEC is still >100 kWhth/m3 

[255,274,278,284–286]. Further analyses are also needed to show that 
the additional capital cost of the heat recovery equipment is justified by 
the operational energy savings [255,286]. 

Volatile components typical to high-salinity streams, such as small 
organic compounds and dissolved gases, can transport through the 
membrane with the water vapor flux to contaminate the product water 
[2,243,287,288]. Surfactants present in some brines (e.g., produced 
water) and concentrates can cause membrane wetting by lowering the 
liquid surface tension of the feed stream [2,243,288]. The saline feed 
can then seep across the membrane through the wetted pores and lower 
the product water quality [12,247,248,262,265]. Although MD has 
higher fouling resistance than RO, membrane fouling and also scaling 
cannot be entirely avoided and will still be problematic due to the 
frequently high concentrations of foulants and scalants in hypersaline 
streams. Fouling and scaling will, in turn, trigger flux decline and also 
pore wetting [246,247,273]. Pretreatments to remove foulants and 
scalants and posttreatments to remove volatile contaminants from 
product water have been proposed, but will incur extra costs 
[2,265,289,290]. MD, being a membrane-based and low-temperature 
distillation technology, is frequently touted to possess the advantages 
of both approaches. But the technique unavoidably also suffers from 
disadvantages afflicting membranes (e.g., scaling, fouling, and pore 
wetting) and evaporative phase-change (i.e., large enthalpy of vapor
ization). Realizing MD for high-salinity desalination would require both 
sets of problems to be surmounted. 

5.5. Humidification-dehumidification 

Humidification-dehumidification (HDH) is a thermally-driven desa
lination technology that mimics the natural water cycle (Fig. 6A) 
[291–293]. In HDH, water is evaporated from the saline feed stream into 
a dry carrier gas (typically air) at moderate temperatures, usually 50–90 
◦C, in the humidifier chamber. The moist air is circulated to a cool 
chamber, the dehumidifier, where water vapor condenses and is 
collected [293–295]. In a laboratory study, a 66,000 ppm TDS brine was 
concentrated to 345,000 ppm at an energy cost of 224 kWhth/m3 [259]. 
Another study demonstrated ZLD with HDH and modeled the energy 
cost to be 255–334 kWhth/m3 [296]. Other studies reported modeled 
and experimental SEC of hypersaline HDH to be in the range of 92–1480 
kWhth/m3 [297–300]. HDH was only recently commercialized and is not 
widely considered to be a mainstream desalination approach [297,301]. 

Though HDH is fundamentally an evaporative process, it differs from 
conventional distillation in several respects. First, HDH usually operates 
at ambient pressures and with a top temperature of 50–90 ◦C, within the 
range of low-grade heat. HDH is more resistant to scaling and salt 
crystallization since evaporation typically occurs in the middle of a 
bubble column, spray tower, or packed bed, away from equipment 
surfaces, making HDH especially attractive for ZLD operations [301]. 

However, experimental SECs for HDH are still high (>210 kWhth/ 
m3) [259,297,302]. Poor energy intensity is a barrier to widespread 
adoption of the technology. Unlike other evaporative separations that 
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only heat the feedwater, HDH requires that the carrier gas be heated as 
well. Because the mass of the carrier gas is more than ten times that of 
the water vapor it carries, a significant heating and cooling load is 
additionally imposed [303]. Furthermore, the carrier gas is non- 
condensable, which presents heat- and mass-transfer resistances that 
increase the size of humidifiers and dehumidifiers [304,305]. Like other 
evaporative techniques, dissolved gases and small organic molecules 
that are volatile will vaporize along with water in HDH and appear in the 
product water [306]. Innovative reactor designs and features, such as 
multiple-extraction humidification, bubble column dehumidifiers, and 
the use of adsorbents, show promise for improving the process efficiency 
and lowering the SEC [305,307–312]. The tolerance to corrosion and 
resistance to scaling are significant advantages for HDH in desalinating 
hypersaline streams. Technological advances to reuse of the enthalpy of 
condensation without drastically increasing capital cost will improve 
the competitiveness of HDH. 

5.6. Solvent extraction desalination 

Solvent extraction desalination (SED) is a thermally-driven tech
nique that does not involve the phase-change of water (Fig. 6B) 
[10,313,314]. In SED, the saline feed is mixed with a low-polarity sol
vent at extraction temperature, Tex, at which the two liquids are 
immiscible and, thus, form a biphasic mixture (i.e., Tex is below the 
upper consolute temperature or above the lower consolute temperature 
of the mixture). However, the solvent possesses hydrophilic functional 
groups and, thus, draws some water from the feed stream into the sol
vent phase, whereas salts do not favor partitioning into the low dielec
tric constant environment of the solvent and remain in the aqueous 
phase. The water-laden solvent phase is then decanted from the 
concentrated aqueous phase and brought to disengagement tempera
ture, Tdis, lowering the solubility limit of water. Consequently, the pre
viously extracted water demixes, or disengages, from the solvent, 
yielding a desalinated product stream. The product water is physically 
separated, and the regenerated solvent is recycled back to the process. 

SED was first explored for desalination of brackish water and 
seawater in the 1950s and 1960s [313,315–321] and brackish water 
desalination was demonstration in a 8 m3/d (2,000 gal/d) pilot-scale 
plant [322]. Since 2011, there has been renewed interest in this tech
nology for desalination and dewatering of hypersaline streams 
[10,323–327]. A recent study demonstrated the capability of SED, using 
amines as solvents, to desalinate brines with salinities up to ≈203,600 
ppm TDS (4.0 M NaCl) and with salt removals as high as 98.4% [10]. 
Water recovery yields >50% were attained for a feed of 83,000 ppm TDS 
(1.5 M NaCl) in semi-batch experiments with multiple extraction cycles. 
Preliminary first-order analysis estimates the SEC to be 39–77 kWhth/m3 

for 50% recovery of a 83,000 ppm TDS feed. Another study achieved 
ZLD of hypersaline feeds at 247,000 ppm TDS (5.0 M NaCl), again using 
an amine solvent [324]. So far, hypersaline SED has been reported for 
different solvent classes of amines, organic acids, and ionic liquids 
[10,326,327]. 

Because SED is both membrane-less and non-evaporative, the 
approach avoids many of the limitations faced by traditional high- 
salinity desalination technologies. Process top temperatures are typi
cally <80 ◦C, so corrosion is lessened compared to conventional distil
lation methods. The extraction of water at the liquid-liquid interface 
drives precipitation that occurs to take place in the bulk solution, thus 
reducing the detrimental formation of scales on heat and mass transfer 
surfaces. Additionally, the temperature swings between Tex and Tdis are 
relatively moderate and, thus, SED can utilize potentially inexpensive 
low-grade thermal resources for heating and cooling towers, instead of 
costlier refrigeration, for cooling [313,322]. 

Although the solvents utilized in SED are of low-polarity, they are not 
completely insoluble in water. Therefore, a fraction of solvent is lost to 
both the dewatered raffinate and product water. Recovering the solvent 
imposes additional costs, and any leaked solvent that is not reclaimed 

will need to be replenished. Moreover, residual solvent in the concen
trate and product streams may necessitate posttreatment, particularly if 
the solvent poses toxicity concerns. Identification of solvents that 
minimize loss and are benign to the environment and human health is 
imperative for advancement of the technology [10,313,314]. At the 
same time, research on new solvents with high water production capa
bilities will lower the energy consumption of SED [10,326,328]. 
Although the technique is not based on vaporization of water, it is still 
thermally-driven and, therefore, the separation is ultimately bound by 
the Carnot efficiency [181]. SED applications would have to balance 
between the operational benefits of a small temperature swing with the 
lowered theoretical efficiency. Real hypersaline streams have complex 
water chemistries, beyond single-electrolyte solutions of NaCl typically 
used in lab studies, and contain other contaminants in addition to 
inorganic salts. SED performance with actual field samples needs to be 
investigated, and further studies are necessary to shed light on the fate 
and transport of pollutants commonly present in real brines, such as 
organics, heavy metals, oil and grease, particulates, and surfactants. 
Addressing solvent loss and understanding contaminant impacts and 
removal will be pivotal to further advancement of the technology. 

5.7. Supercritical water desalination 

Supercritical water desalination (SCWD) utilizes the switch in sol
vent polarity from polar to nonpolar at supercritical conditions to pre
cipitate salts from saline feed streams (Fig. 6C) [15,329,330]. Under 
supercritical conditions, above 374 ◦C and 221 bar (≈3200 psi), water 
molecules exhibit much weaker hydrogen bonding than under ambient 
conditions, and water behaves as a nonpolar solvent [15]. Salts pre
cipitate out from solution as their solubility in the supercritical water is 
drastically lowered, allowing the convenient separation of solid min
erals from the fluid product water stream [331–333]. Because no 
concentrate waste stream is produced, SCWD is inherently always a ZLD 
technology. SCWD of hypersaline brines has been experimentally 
demonstrated in several recent lab- and pilot-scale studies [15,334,335], 
including treatment of field samples of carbon sequestration and oilfield 
brines with 121,000 and 224,000 ppm TDS, respectively [334]. To date, 
there are no reported industrial demonstrations of SCWD using high- 
salinity streams. 

SCWD can advantageously handle different feed stream composi
tions and treat across the entire salinity range. Furthermore, because the 
technique precipitates out even sparingly soluble salts, extensive pre
treatment is typically not required [330]. Importantly, SCWD precipi
tation does not occur at an interface but, instead, takes place in the bulk 
fluid phase. Hence, SCWD can potentially avoid scaling issues on solid 
surfaces that affect traditional approaches. 

SEC of SCWD is determined by the energy required to pressurize and 
heat the saline feed stream to supercritical conditions. Thus, the tech
nique consumes prime energy sources of both electricity (to power high- 
pressure pumps) and high-grade heat (due to the requisite high tem
perature of >374 ◦C) [330]. The extreme temperatures and pressures 
needed to achieve supercritical state for water impose very high energy 
consumption and capital costs for SCWD. Even with energy recovery, 
SEC to desalinate a 35,000 ppm TDS NaCl feed stream (i.e., approxi
mately seawater salinity) is estimated to be ≈125 kWh/m3 [15]. Ma
terials used in SCWD must be thermally, mechanically, and chemically 
robust to tolerate the very harsh temperature and pressure. Though 
durable materials, such as stainless steel and titanium, have been used, 
the superheated and pressurized high-salinity brine was still shown to 
cause substantial corrosion to the equipment [336,337]. While most 
studies have been conducted using simulated NaCl streams, the more 
complex compositions of real high-salinity brines can create even more 
oxidative conditions [334,337]. In order for SCWD to be competitive, 
the two primary challenges of high material durability requirements and 
large energy costs to attain the intense temperatures and pressures need 
to be addressed. 
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5.8. Freeze desalination 

In freeze desalination (FD) the saline feed stream is cooled below the 
freezing point to form ice. Because dissolved solids are excluded from 
the ice, the pure ice can be physically separated from the salts and 
melted to yield product water (Fig. 6D) [338–340]. In practice, however, 
some salt is inevitably trapped within the ice crystals and adhered to the 
ice surface during freezing. The ice may be further desalinated by 
washing, pressing, or gentle melting to remove residual salts 
[16,338,341,342], but because the contamination cannot be completely 
eliminated, salt rejection is usually poorer than the conventional 
methods of RO or distillation (as low as ≈40% without ice posttreat
ment) [343–345]. Detailed working principles of the technique are 
available in literature [16,346]. The main energy input of FD is elec
tricity for refrigeration [347]. In the 1960s, seawater FD was demon
strated in a 57 m3/d plant, but the emergence of RO as a more energy- 
efficient approach sidelined the technique from becoming mainstream 
[16,338,348]. The technology, though, is used in the food and beverage 
industry [347,349–351]. More recently, several studies investigated the 
potential application of FD to hypersaline feeds [341,343,344,352]. 

Eutectic freeze desalination is FD carried out at the eutectic tem
perature of the saline feed, where ice and salt hydrates (e.g., 
NaCl⋅2H2O(s)) form simultaneously [339,353]. At high salinities, the 
freezing point of water is substantially depressed and approaches the 
eutectic temperature [354]. As such, hypersaline FD tends to be eutectic 
by nature. A number of bench-scale studies demonstrated eutectic FD of 
hypersaline streams [339,345,353,355–364]. The technique is capable 
of producing solids with very high salt content: NaCl⋅2H2O(s) is ≈62% 
salt, by weight [357]. An advantage over conventional operation is that 
eutectic FD allows for the separation of electrolytes with different 
eutectic temperatures. Na2SO4⋅10H2O(s), for example, precipitates at 
− 8 ◦C, whereas NaCl2⋅2H2O(s) precipitates at − 29 ◦C [364]. The selec
tive precipitation of ions in eutectic FD offers potential economic ben
efits through the production of minerals [16,346,353]. 

FD can desalinate across the whole salinity range, including feed 
streams saturated in salts [339]. Biofouling of equipment is minimized, 
since microbial activities are retarded at low temperatures [365]. In 
addition, metal corrosion rates are orders of magnitude slower at FD 
operating temperatures than for thermal distillation [338,366]. The 
significantly reduced requirement for corrosion resistance allows lower- 
cost materials to be used in FD [16]. Studies suggest that, with dimin
ished scaling, biofouling, and corrosion, the technique can eliminate the 
need for feed pretreatment altogether [367–369]. Although FD, like 
distillation, is based on a phase-change of water, the enthalpy of fusion is 
only ≈1/7 of vaporization [370]. Thus, freeze desalination has an 
intrinsic enthalpic advantage over evaporative approaches. 

However, FD also faces several challenges, with low product water 
purity being the primary issue. There is an inherent tradeoff between 
freezing rate and ice purity: fast freezing creates smaller ice crystals with 
greater specific surface area, which adhere more salts [338]. On the 
other hand, slow freezing requires the use of large equipment to main
tain practically adequate throughput. Further, even with slow freezing, 
the unavoidable adherence of salts to the ice will still necessitate post
treatment to achieve high-quality product water [338]. Conversely, if a 
more saline product water is acceptable, FD operation can be simplified 
and accelerated [344]. A thermodynamic study determined an SEC of 
26 kWhe/m3 to concentrate a 45,000 ppm NaCl feed to 220,000 ppm 
[371], but experimental energy consumption data for hypersaline FD is 
sparse. Development of the technology will benefit from more robust 
SEC reporting. Liquefied natural gas, LNG, has been proposed as a low- 
cost cooling source for FD [372–377]. However, the opportunity cost of 
using LNG for desalination instead of electricity generation is not thor
oughly examined and, hence, a convincing economic case for the utili
zation of LNG for FD is yet to emerge. 

5.9. Clathrate hydrate desalination 

In clathrate hydration desalination (CHD) a saline feed is mixed with 
clathrate-forming gases at low temperatures and high pressures to form 
clathrate hydrates: networks of hydrogen-bonded frozen water mole
cules around the gas molecules (Fig. 6E). Like ice, clathrate hydrates 
exclude dissolved solids from their structure. The solid hydrates can be 
removed from the remaining liquid and melted to recover freshwater 
and liberate the gas [17]. At sufficiently high pressures, clathrate hy
drates can form above the freezing point of the saline feed stream [378]. 
Similar to FD, salts adhere to clathrates, thereby requiring posttreatment 
(washing, pressing, or gentle melting) to yield low-salinity product 
water [379,380]. CHD primarily consumes electricity for refrigeration 
and pressurization. Carbon dioxide, methane, propane, cycloalkanes, 
hydrofluorocarbons, and their mixtures have been studied for CHD 
[17,378,379]. Numerous experimental investigations on high-salinity 
desalination and hydrate formation in hypersaline conditions have 
been carried out in laboratories [381–392], but the technology has yet to 
be demonstrated, even at pilot-scale. Detailed reviews on CHD can be 
found in literature [17,378,379,393]. 

An analysis modeling seawater CHD estimated energy consumption 
of ≈65 kWhe/m3 for 40% water recovery yield [394,395], but there is no 
data for hypersaline CHD, which is expected to be more energy- 
intensive. Mixtures of working gases may be employed to raise the 
operating temperature at the expense of higher pressure; mechanical 
pressurization is cheaper than refrigeration, suggesting that the tradeoff 
can lower overall cost [381]. As with freeze desalination, CHD has been 
proposed to be co-located with liquefied natural gas regasification 
[394,396,397], but, as discussed previously (Section 5.8), any integra
tion of LNG with desalination would need to justify that the economic 
benefits outweigh the opportunity costs of using LNG for other 
applications. 

At typical operating temperatures of CHD, corrosion, scale forma
tion, and biofouling, which impair conventional desalination methods, 
are substantially suppressed [338,365,366]. Because clathrates can form 
even in saturated solutions, CHD can handle the entire feed salinity 
range, although higher pressurization or refrigeration to colder tem
peratures will be required since dissolved solids thermodynamically 
inhibit clathrate formation [378,398–400]. Commercial application of 
the technology will, however, be hampered by the slow kinetics of 
clathrate formation, which worsen with higher salinities [401–404]. For 
example, a study reported ≈4% water recovery yield from a 450 mL 
reactor in 30 min using a 70,000 ppm NaCl feed [383]; another study 
took >3 h to fully enclathrate a 50 mL system of cyclopentane, CO2, and 
35,000 ppm NaCl [405]. In addition to removing adhered salts for lower 
TDS product water, further posttreatment is required to recover the 
clathrate-forming gas from the product water and concentrate, 
increasing the cost and complexity of the process [379,380]. Like FD, 
CHD has poor salt rejection, but further suffers from extremely slow 
kinetics and more complex operations, particularly the need to recap
ture clathrate-forming gas. As such, the technology is unlikely to surpass 
FD. 

5.10. Solar thermal desalination 

In solar thermal desalination (STD) sunlight is converted into heat to 
evaporate saltwater (Fig. 6F). Solar evaporation ponds, introduced 
earlier in the discussion on conventional desalination, are used to 
concentrate saline streams but do not produce freshwater [154]. Solar 
stills are engineered STD devices that additionally condense the vapor to 
recover distilled water [406]. An in-depth analysis of the status, pros
pects, and challenges of STD can be found in a recent review article 
[191]. Because solar stills directly utilize solar energy, the technique has 
the advantages of simple installation and operation, low equipment re
quirements, and suitability for deployment in remote regions [406]. As 
STD is based on evaporation, the approach is not limited by feed salinity 
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and can, in principle, handle the hypersaline salt concentration range 
[191]. Where suitable low-cost land is available, STD can potentially 
serve as a simple ZLD solution. 

The sunlight-to-heat conversion efficiency has been enhanced to as 
high as 99.8% in recent years [407], and further increases are unlikely to 
meaningfully improve the overall process. On the other hand, heat that 
is lost to the surroundings and not utilized for evaporation represents an 
inefficiency. Evaporator designs can address this issue by confining heat 
to a thin layer of water at the surface, resulting in higher surface tem
peratures and lower heat loss [18]. In hypersaline STD, the accumula
tion of salt on the evaporator is especially problematic as the crystals 
reflect light and can hinder mass transport [18]. Countermeasures 
investigated include passive washing of the solar evaporator [407–409], 
developing evaporators with clog-resistant water transport channels 
[410–412], and precipitating salts outside of the evaporator [413–415]. 

Regardless of the advancements in solar absorption, heat localiza
tion, and salt buildup mitigation, STD remains energy-intensive. Unless 
the latent heat released by the condensing vapor is recovered, the SEC is, 
at best, the enthalpy of water vaporization (≈667 kWhth/m3) [180]. 
Additionally, water productivity of STD is limited by the solar irradi
ance: with no heat recovery, the area-normalized water production rate 
is ≈1.6 L m− 2 h− 1 [191]. Thus, an operationally feasible water pro
duction output would require considerable land area. Reusing the latent 
heat of condensation is, therefore, crucial to improving both SEC and 
water productivity [191]. A few studies have investigated multi-stage 
designs for STD [416–420], but only one is focused on hypersaline 
streams or high water recoveries [419]. Furthermore, most research 

employs synthetic NaCl solutions as feeds; investigating STD with saline 
feeds that contain foulants (e.g., scalants, organics, and microbes) will 
be key to realizing the technique for treating recalcitrant hypersaline 
streams [18]. Overall, STD will have to demonstrate cost- 
competitiveness against hypersaline desalination approaches that use 
solar energy indirectly, such as photovoltaic-powered mechanical vapor 
compression [191]. 

6. Challenges and outlook 

Environmental, regulatory, economic, and water scarcity drivers are 
anticipated to stimulate demand for hypersaline desalination. In order to 
meet the challenges of high-salinity desalination in a more sustainable 
manner, existing methods need to be advanced and new techniques 
developed. Specifically, the technologies must be competitive in energy 
consumption while simultaneously coping with corrosion, scaling, and 
other fouling complications. Our survey of the current technological 
landscape along the dimension of energy consumption, summarized in 
Fig. 7, suggests that electrodialysis, osmotically-mediated reverse osmosis, 
and solvent extraction desalination are the alternative and emerging 
techniques with energy costs that can rival traditional approaches. Data 
used in Fig. 7 is detailed in Table S2 of the Supplementary Material, and 
Figs. S4 and S5 present the concentrate salinities (when reported) to 
illustrate the recovery yields achieved by the emerging technologies. 
However, the majority of the SECs are from model analyses and bench- 
scale setups, and almost all of the experimental studies used sodium 
chloride solutions to simulate hypersaline streams. For these technologies, 

Fig. 7. Specific energy consumption as a function of feed salinity for alternative and emerging methods, where robust data is available 
[9–11,13–15,218,228,231,245,246,255–257,259,260,268,275,277,278,285,291,296,299,308,311,324,327,330,352,375,377,394,395,414,416,417,419–442]. Fil
led, dotted, and open symbols denote data from industrial operations, bench- and pilot-scale experiments, and modeling studies, respectively. Ellipses representing 
the SEC ranges of current conventional desalination technologies are plotted over the same energy and salinity ranges as in Fig. 3. The theoretical specific minimum 
energy consumption, Emin, is plotted as a function of feed salinity for water recovery ratios Y = 1 (dotted black line) and Y = 0.5 (dashed black line). Typical seawater 
salinity (35,000 ppm TDS) and our threshold for hypersalinity (70,000 ppm TDS) are plotted as dot-dot-dash and dot-dash gray lines, respectively. The data is also 
plotted in Supplementary Material (Fig. S4 and S5) along with effluent salinity, illustrating the water recovery associated with each data point. A table of data and 
sources is available in Supplementary Material (Table S2). 
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the next steps of advancement would be to validate actual energy re
quirements in prototype- and pilot-scale systems, and demonstrate the 
desalination of technically-complex real brines. Other methods that are 
presently more energy-intensive will benefit from charting out 
fundamentals-based pathways to achieve lower energy demands. Because 
the enthalpies of vaporization and fusion are invariable thermodynamic 
determinants, recovery of the enthalpic energy for multiple reuses is, 
therefore, pivotal for phase-change approaches. 

Fig. 8 presents a graphical summary for the evaluated metrics of 
energy grade, product water salinity (i.e., compatibility with fit-for- 
purpose applications), technology demonstration status, zero liquid 
discharge capability, and ability to precipitate solids in bulk aqueous 
phase. ED and FD are mature technologies with industrial-scale dem
onstrations in brackish water desalination and the food and beverage 
industries, respectively. The operational knowledge these technologies 
can draw upon will, therefore, place them in a more advantageous po
sition when extending into high-salinity desalination. While industrial- 
scale demonstrations have been reported for FO, MD, and HDH in 
high-salinity desalination, know-how accrued from the limited field 
operations is likely to be not as extensive. As such, these technologies, 
along with the rest, will face steep learning curves in initial scale-up. 

High-salinity streams have highly diverse compositions and constit
uent impurities. Here, certain desalination technologies can be uniquely 
suited to treat specific brines or address particular contaminants, even 
though the techniques may not be the most energy-efficient in general. 
Approaches that precipitate mineral solids in the bulk aqueous phase, 
away from heat and mass transfer surfaces (for example, solvent 
extraction desalination, supercritical water desalination, and 
humidification-dehumidification), will have an advantage in the desa
lination of high-scaling propensity feeds, high water recovery yield ap
plications, and zero-liquid discharge operations. 

Development of more comprehensive energy metrics will enable 
greater insights when comparing between different desalination ap
proaches. The industry standard of SEC reports the energy to produce a 
unit volume of product water. But SEC does not indicate the grade of 
energy used or reflect factors that determine the inherent difficulties of 
separation, e.g. feed stream salinity, water recovery yield, and salt 
rejection. Alternative energy metrics have been proposed, including 1st- 
law efficiency, 2nd-law efficiency, exergy destruction, and the standard 
primary energy used for Fig. 3B [103,439,443–446], and efforts should 
continue to introduce additional complementing standards. Metrics that 
incorporate the grade and carbon intensity of energy utilized will 
become increasingly essential as renewable sources continue to replace 

fossil fuels in electricity generation [447–456]. Practically all the 
desalination technologies evaluated in this review exhibit a tradeoff 
between capital and operating expenditures. Because energy consump
tion is a major contributor to operating cost, efforts to lower SEC will 
have to be weighed against the associated increase in capital expense. 
Technologies that do not utilize high temperatures can potentially 
sidestep problems caused by the acute corrosiveness of hypersaline 
brines and allow equipment to be made from lower-cost materials 
[189,301]. Techno-economic analyses and life cycle impact assessments 
can provide more inclusive quantification of the balance between 
overall costs and benefits [94,457–459], to inform the development and 
implementation of nascent hypersaline technologies. 

Almost all existing desalination operations produce potable water 
(from seawater and brackish groundwater). In contrast, the alternative 
and emerging technologies operate in different salinity ranges, and the 
market for fit-for-purpose applications that do not require drinking 
water quality is budding [7,460,461]. Hence, some of the approaches, 
particularly those not based on vaporization, can be advantageously 
more cost-effective for such treatment goals. Conversely, evaporative 
techniques inherently produce practically salt-free water, but at gener
ally greater costs. Further, the best performing desalination technology 
is likely to be different at different brine salinities and chemistries. 
Therefore, overall efficiency and effectiveness can potentially be 
improved by pairing a technique that is most appropriate for hypersaline 
desalination but has low salt rejection with another method that works 
better at relatively lower salinities (such as reverse osmosis, the state-of- 
the-art for desalination of seawater salinities). Fit-for-purpose water 
reuse and composite treatment trains may allow greater flexibility in 
design by bypassing the traditional prerequisite of very high salt re
jections to access other advantages, such as scaling- and fouling- 
resistance, high energy efficiencies at hypersalinity, and compatibility 
with lower energy grades. On the other hand, evaporative techniques, 
the prevailing approach for hypersaline desalination, lack this degree of 
freedom, producing practically salt-free water but at high costs. Lastly, 
the frequent presence of valuable components at significant concentra
tions in hypersaline streams, such as lithium [462,463], cesium 
[464,465], and rubidium [465–467], offers opportunities for valoriza
tion [464–466,468,469]. The development of selective recovery tech
niques can realize the co-production of such resources and enhance the 
net economics of high-salinity desalination. Mineral recovery and brine 
valorization have been rigorously analyzed in other review papers and 
should continue to be a point of strategic research and development 
efforts [19,78]. 

Fig. 8. Graphical summary of the emerging hypersaline desalination technologies along the evaluation metrics of primary energy input, product water salinity, 
industrial-scale demonstration, ZLD demonstration, and capability to precipitate salts in the bulk solution. Green check marks indicate the technology demonstrated 
performance of the metric. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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[289] G. Viader, O. Casal, B. Lefèvre, N. de Arespacochaga, C. Echevarría, J. López, 
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