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Keywords: This review paper explores the potential for seawater desalination plants to operate as integrated hubs for
Integrated seawater hub addressing the increasing demand for water, energy, mineral resources, and foods, particularly in resource-scarce

Seawater reverse osmosis regions. The integrated seawater hub (ISH) utilizes seawater as a common input, provides multipurpose facilities
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Hydrogen & promotes energy recovery, and mitigates greenhouse gas emissions by employing renewable and alternative
Biomass energy technologies, thereby bolstering sustainable development. Capitalizing on seawater, the most abundant

resource on our planet, these plants can contribute significantly to the sustainability sector. This study delves into
the essential aspects of integrating mainly the seawater reverse osmosis (SWRO) desalination process to create a
portfolio of clean, sustainable water supplies, energy sources, and other valuable products. Furthermore, this
paper seeks to offer a comprehensive analysis within a unified framework, incorporating various established
technologies that demonstrate the multifaceted capabilities of desalination plants. This includes the delivery of a
freshwater supply and effectively repurposing the brine, the primary liquid waste product from these facilities.
Emphasizing the potential to achieve a circular economy centered on brine management, our review presents an
environmentally friendly approach to urban development. The study also explores emerging research domains
where seawater desalination plants utilize renewable energy sources like solar, wind, and biomass to produce
clean water and green hydrogen. It suggests that further research and investment in the realm of integrated
seawater resource hubs could yield significant benefits for both local communities and the wider global
community.
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1. Introduction

Humanity faces significant challenges, including food, water, and
energy security, along with climate change, desertification, and
declining forests. Each issue carries potential solutions, but it is crucial
that solving one does not exacerbate another. These interconnected
challenges necessitate integrated solutions. One pressing issue is fresh-
water scarcity, amplified by global warming effects, which increase
salinity in land and seawater, thereby limiting freshwater availability for
domestic, agricultural, and industrial use. Desalination and sewage
treatment have emerged as vital strategies to augment water supply
beyond what the natural hydrological cycle offers [1]. Looking ahead,
seawater, due to its vast availability, stands as a promising candidate for
desalination to obtain freshwater.

Expanding the scope beyond freshwater scarcity, researchers are
now leveraging seawater, the earth's most abundant chemical energy
source, for emerging applications such as seawater greenhouse farming
and mineral extraction from brine. The rising costs and environmental
damage from fossil fuel consumption necessitate integrating renewable
energy into industrial processes to reduce financial and environmental
burdens. The feasibility of renewable resources like solar or wind en-
ergy, combined with seawater desalination plants, offers a promising
approach to mitigating freshwater scarcity and promoting hydrogen
generation for energy production or agricultural fumigation.

This paper introduces the novel conceptual design of the ‘Integrated
seawater hub’ - an integrated approach to seawater utilities with sig-
nificant implications for process economics and resource management.
This model aims to improve the efficiency of SWRO plants in water re-
covery while unlocking new potential for energy and valuable element
recovery from seawater or RO brine. It provides a versatile foundation
for various applications, from improving the environmental sustain-
ability of desalination plants to optimize energy usage and cost
reduction.

Fig. 1 illustrates the proposed integrated seawater hub concept,
which combines clean drinking water and agricultural water
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production, energy generation, and wastewater reclamation. The inte-
grated seawater hub starts with the SWRO desalination plant, which
intakes seawater directly from the sea, desalinates it, and distributes this
freshwater to multiple endpoints, including the main city for drinking
water purposes, the hydrogen production plant, and for seawater
farming. Adjacent to the desalination plant and integrated with it are the
wastewater (WW) treatment plant and the algae farming facility. The
WW treatment plant intakes its wastewater from the adjoining SWRO
plant (industrial WW) and domestic uses of the central city. Then, it uses
the treated wastewater for algae farming to produce biofuel. Addition-
ally, the salinity gradient between the treated wastewater and the SWRO
wastewater brine has electrical power using pressure-retarded osmosis
(PRO) and reverse electrodialysis (RED) plants. The generated electrical
energy is directed to and stored in a power grid substation. The power
grid substation also stores electricity generated from renewable energy
resources like solar energy and wind energy. The stored power is later
directed to aid in powering other industrial plants (i.e., hydrogen gen-
eration plant) or is used as an electricity source to the main city. The
hydrogen generation plant uses treated water to produce hydrogen and
supplies it for seawater farming. Also, it receives the algae farming
facility's hydrogen byproduct, purifies, and re-distributes it. Moving on
to the ammonia distribution line, this line is sourced from the fertilizers
(ammonia) plant. It is either directed to the city as fertilizers-rich water
or is used for fertigation purposes in greenhouses and concentrated solar
power (CSP) seawater farming, in addition to its direct export using
ships. Furthermore, the treated water is constantly monitored for min-
eral collection and re-distribution.

The ISH aims to provide sustainable solutions for water, energy, and
resource generation in arid regions by using seawater as input for
various processes and addressing environmental degradation chal-
lenges. The ISH concept is a highly efficient, sustainable, and environ-
mentally friendly model aimed at minimizing the carbon footprint of
seawater desalination. To our knowledge, no previous review has
explored the innovative approach of utilizing valuable resources
inherent in seawater using this concept. This paper provides the first
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Fig. 1. Integrated seawater hub concept: the potential hub for the future by integrating water, resource recovery, energy, and agriculture.
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analysis of a multipurpose seawater desalination plant's potential. This
plant would integrate multiple energy-efficient processes, renewable
energy sources, and cutting-edge technologies to treat seawater effi-
ciently, yield potable water, and recover valuable resources and energy.
The paper also explores the potential benefits of ISH for the water-
energy-food (WEF) nexus, which is a framework to analyze the in-
terdependencies and trade-offs among these resources. It will also
highlight the opportunities and techno-economic challenges of imple-
menting the ISH in arid regions and provide future research and
development recommendations.

2. SWRO as a resource hub: solution to sustainability challenges
2.1. Desalination

Desalination, currently employed in over 150 countries, provides
potable water to over 300 million people, catering to various demand
segments [2]. As reported by the International Desalination Association
(IDA), as of 2022, 22,757 desalination plants operated globally, pro-
ducing 107.5 million cubic meters of water daily. The estimated CAPEX
and OPEX for desalination in 2022 were 6466 and 10,752 million US
dollars, respectively [3]. Fig. 2a depicts major techniques contributing
to the desalination market, the viability of each relying on factors such
as electricity cost, water quality, and regional technical resources.
Fig. 2b provides a graphical representation of the number of seawater
desalination methods as discussed in scientific literature. Membrane-
based technologies have recently received more attention for their
lower energy consumption, resource recovery efficacy, and relatively
improved recovery rates in producing drinking water [4,5], and ma-
jority of newly commissioned desalination plants employed this tech-
nology. The global desalination capacity has seen an average annual
increase of roughly 7.5 %, with membrane desalination contributing
significantly to total capacity [6].

SWRO is widely used for desalination around the world, and roughly
half of the water produced via RO desalination comes from seawater,
with the balance primarily sourced from brackish, freshwater, and
treated wastewater. The SWRO process involves pressurizing feedwater
to overcome the solution's osmotic pressure (around 3-5 MPa for
seawater) [7], driving it through a membrane that permits only water
molecules. This method effectively filters colloidal or dissolved particles
from the solution, resulting in brine concentrate and nearly pure water,
and modern SWRO plants have reduced energy requirements to 3.0
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kWh/m? for the entire process, significantly lower than the 5-10 kWh/
m°® needed for traditional methods [8,9]. However, some issues remain
to be addressed in SWRO plants, such as the environmental impact of
brine disposal and membrane fouling [10]. A resource hub is a concept
that aims to utilize the brine from SWRO for extracting valuable min-
erals and compounds that can be used for various industrial and agri-
cultural purposes. The resource hub concept offers several notable
seawater reverse osmosis (SWRO) advantages. One key benefit is
reduced energy consumption and greenhouse gas emissions associated
with SWRO. Furthermore, the resource hub approach creates opportu-
nities for SWRO plant to diversify revenue streams and explore new
markets by extracting valuable products like sodium chloride, bromine,
magnesium, potassium, lithium, and more from the brine. Fig. 3a il-
lustrates desalination's significant environmental impact. Another crit-
ical issue of SWRO is the ecological impact of brine disposal, which can
affect marine ecosystems and biodiversity due to its high salinity, tem-
perature, and chemical composition [11]. The resource hub concept can
mitigate the environmental and ecological concerns related to brine
disposal by reducing the volume of brine discharged into the sea and
reducing salinity and toxicity in the effluent, thus improving its potential
for reuse. Another critical issue of SWRO is membrane fouling, which
can reduce the performance and lifespan of the membranes and increase
the operational and maintenance costs. The resource hub concept can
improve the membrane performance by lowering the feed water's
fouling potential and enhancing the membranes' cleaning efficiency.
Recent years have seen a substantial reduction in specific energy con-
sumption (SEC) in SWRO facilities attributed to improved membranes,
more efficient pumps, hybrid/integrated systems, incorporating
renewable energy sources, osmotic processes, and energy recovery de-
vices (ERD) [10]. Energy usage comprises about 36 % of a seawater
desalination plant's operational costs [12], and substantial capital costs
arise from seawater pumping equipment and water intake pipelines.
Incremental RO plant expansion to meet demand is feasible. Conse-
quently, implementing SWRO as a resource hub can significantly
enhance desalination's sustainability, efficiency, and profitability while
fostering water security and economic development opportunities.
Large-scale seawater desalination facilities boast high energy efficiency
and minimal environmental impact [13]. RO desalination presents
several advantages over thermal options, including adaptability to local
conditions, lower CAPEX, and potentially significant CO, emission
reduction [14,15]. Given its simple processing, cost-effective installa-
tion, and minimal chemical usage, RO technology represents the future

2019 2020 2021 2022
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Fig. 2. (a) Contributions of various desalination methods worldwide (b) The number of papers published on the topic of “seawater desalination” by multiple ap-

proaches from the Web of Science database, March 2022.
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Fig. 3. (a) Advantages and impacts of desalination; Brine disposal methods and treatments. (b) Challenges and solutions of minimal and zero liquid discharge
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reversal desalination (EDR).

Table 1

Characteristics of brine from various SWRO desalination plants [18].
TDS (mg/L) Ca?* (mg/L) Mg?* (mg/L) Na™ (mg/L) K" (mg/L) Cl™ (mg/L) SO%™ (mg/L) HCO®~ (mg/L) Ref.
50,200 625 2020 15,500 - 20,250 - 199 [19]
79,660 960 2867 25,237 782 41,890 6050 1829 [20]
55,000 879 1864 15,270 - 31,150 5264 432 [21]
70,488 790 2479 21,921 743 38,886 5316 173 [22]
68,967 845 2550 21,070 784 38,014 5342 274 [22]
80,028 891 2878 24,649 888 43,662 6745 315 [23]
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of desalination and forms the foundation of the seawater hub concept.
2.2. SWRO brine stream: waste-to-value management

With over 3.5 million cubic meters of brine rejected daily, sustain-
able use and safe disposal are critical. Studies indicate that the brine
outflow from desalination could increase salinity by an additional 2.24,
0.81, and 1.16 g/L in the Gulf, Mediterranean Sea, and Red Sea,
respectively [16]. The constituents in the brine vary across desalination
plants, as detailed in Table 1. Brine disposal can account for 5-33 % of a
desalination plant's overall cost, making it a significant issue in the plant
installation [17].

Past efforts in brine disposal have been limited, often paralleling
wastewater disposal methods. Consequently, the exploration of repur-
posing to foster a circular economy through effective brine management
is essential.

2.2.1. Minimal and zero liquid discharge (MLD/ZLD) systems

Effective brine management primarily aims to achieve ZLD, a water
treatment approach aimed at total water recovery and conversion of
residual matter into valuable salts, reducing the environmental footprint
of desalination. ZLD systems, for instance, recycle, recover, and repur-
pose wastewater for industrial uses, diminishing brine production and
waste disposal [24]. Despite the high cost, ZLD allows economic benefits
by recovering usable minerals and salts from discharge. Various man-
agement methods have been devised in response to brine's environ-
mental impact, predominantly focusing on disposal [25]. Additionally,
several treatment techniques can be utilized to extract valuable re-
sources from desalination brine. Fig. 3a and b highlight the primary
brine management strategies, the challenges of implementing MLD/ZLD
systems, and potential improvements.

Brine management, an evolving concept, presents an opportunity to
extract metals from desalination plants. Thermal processes, while
effective, are costly, energy-intensive, and contribute to greenhouse gas
emissions. Alternative methods like RO, ED, FO, and MD are promising,
but high costs necessitate regulatory incentives to lower energy con-
sumption and incorporate renewable energy sources [26]. Recovered
resources can be utilized in diverse applications such as agriculture,
industrial processes, and energy production. Resource recovery can
lessen the environmental impact of seawater desalination while
providing an alternative source of valuable resources. Further research
is needed to optimize resource recovery technologies and validate their
economic viability. Effective SWRO brine management can enhance the
sustainability of desalination plants.

3. Valuables from SWRO brine streams
3.1. Resource recovery

3.1.1. Source of critical metals and elements

Traditionally, seawater desalination is an energy-intensive process
with considerable brine waste generation. The seawater hub concept
shifts this perspective by emphasizing resource recovery from desali-
nation to minimize environmental impact. As the concentration of
discharge brine from desalination plants is usually double that of
seawater [27], brine mining presents an effective method for resource
extraction. This approach mitigates the environmental impact of brine
disposal and could provide significant revenue streams from selling
extracted commodities. Major seawater constituents, including Na, Mg,
Ca, and K, can be economically extracted at scale using evaporation in
solar ponds, precipitation, ion exchange, solvent extraction, and sorp-
tion. After salt extraction, residual minerals from seawater become
considerably more concentrated, allowing for the recovery of critical
elements like lithium, copper, and magnesium, essential for modern
technologies like batteries, electronics, and alloys. In addition, SWRO
brine is abundant in macronutrients such as nitrogen, phosphorus, and
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potassium, which are vital for plant growth. Organic matter and trace
elements like boron can also be recovered from the brine, providing
potential for biofuel production and materials like glass and ceramics.

Various techniques, including membrane technologies, forward
osmosis, adsorption, and precipitation, can recover resources from
desalination brine. High-performance RO and nanofiltration (NF)
membranes show promise in desalination and resource recovery,
ranging from high-value metals to dye molecules and nutrients like ni-
trogen and phosphorus [28]. Fig. 4a illustrates a classification based on
the driving force employed, and it compares the pressure-driven, ther-
mal, electro-driven, and other resource recovery methods from SWRO
brine, highlighting their technological advantages and limitations.
These techniques can be standalone or combined, contingent on the
operational focus, to improve efficiency and reduce energy consumption
in commercial scenarios. The economic viability of seawater or seawater
brine mining primarily depends on the element price at the market, the
concentration of elements in seawater, and extraction expenses. The
basic screening of significant elements in seawater with economic gains
is obtained from the log-log plot analysis as given in Fig. 4b. We have
adopted the same analogy as used by Kumar et al. [29] to identify the
potentially profitable distribution of elements for seawater brine min-
ing. We revised the feasibility analysis using seawater element concen-
trations with updated 2022 market prices in the present study. The
capital investment costs were not considered when performing the
analysis, and the extraction cost ratio is assumed to be 1 for all elements.
If the cost of the final product (element market value x element con-
centration in seawater) exceeds the cost of extraction, then that element
is economically feasible for extraction and plotted a line that separates
the ‘economically viable’ elements from the ‘economically unfeasible’.
The economic gains increased as the elements' concentration and market
value increased. With increasing distance to the right of the separation
line and further away from the horizontal axis toward the top, the
economic benefit is anticipated to be more beneficial. If more practical
and affordable extraction techniques/materials that are more cost-
effective than mining them from lands can be identified, the elements
in the feasible region on the right side of the plot could be desirable for
extraction. It is also significant to note that seawater ion concentrations
can vary widely depending on the geology, weather, and surface water
runoff in each area. In such a scenario, Na, Ca, Mg, K, Li, I, Sr, Br, B, and
U (and all the elements represented by green circles) would become
potential targets for extraction.

Economic assessments are critical for evaluating the feasibility of
methods or materials developed to extract various metals from seawater
and to ascertain their competitiveness for production. Nevertheless, our
economic analysis suggests more research is necessary for resource re-
covery from seawater to be cost-effective for most elements. Valuable
metal ions like lithium (Li), uranium, rubidium (Rb), and cesium (Cs)
occur in low concentrations (0.19-0.30) in seawater brine. Their selec-
tive separation from dominant ions and their precipitation and crystal-
lization in a single-stage operation presents significant challenge.

3.1.1.1. Lithium. Lithium (Li) is a critical component of lithium-ion
batteries (LIBs), which are widely used for energy storage in various
applications because they offer advantages such as high energy density,
high power density, and long life cycle [34]. Over the past 20 years, its
demand has soared, especially from the electronic and automobile in-
dustries, leading to a 10-fold increase in the following [35]. Between
2020 and 2021, the demand for lithium rose by nearly 30 %, causing an
extraordinary 300 % price hike, a trend projected to continue. The total
lithium volume in seawater is estimated at approximately 230 Gt, sur-
passing terrestrial reserves [29]. Li extraction from concentrated brine is
30 % to 50 % less expensive than mined ores. High Li*/Mg?* solute-
solute selectivity, improved water solute selectivity, and water perme-
ability are necessary for this process [30]. Li extraction primarily relies
on precipitation and ion exchange, involving the concentration of Li by
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rejecting other monovalent ions such as Na™ and K" and the removal of
impurities like B.

Various materials have been used as lithium-ion sieves (LIS) to
selectively adsorb Li™ from water resources, such as Hj ¢Mn; ¢Os4,
Hj 33Mn; 6704, MnOy, and HTiO3. These inorganic powders are often
processed into composites for easy handling and reuse, with Li* capture
and composite adsorbent regeneration performed via a moderate acid-
stripping solution [36]. However, the powdery nature of LIS adsor-
bents can cause congestion and pressure drops in fixed-bed columns,
slowing filtration rates. To tackle this, researchers are exploring adsor-
bents combined with electrochemical Li* recovery, offering broader
ionic species recovery from various water sources by adjusting the
electrodes and system configurations. In electrochemical resource re-
covery, ions migrate directionally under an electric field. While multiple

ED stages enhance the purity of recovered brine components, they in-
crease operational costs and energy consumption, requiring a balance
between price and performance.

Guo et al. proposed a two-stage ED configuration for waste brine
component separation [37]. In the first stage, monovalent cation/anion
exchange membranes (MCEM and MAEM) are used to extract mono-
valent ions, such as Li, Na, and Cl, from brine. The mother liquid is
transferred to stage 2 for further ion separation. By-products include
lithium chloride, magnesium sulfate, sodium chloride, and potassium
chloride, and under ideal circumstances, the Li recovery ratio was 76.45
%. Thermal-driven techniques, like membrane distillation crystalliza-
tion (MDC), can extract other resourceful ions, like lithium and stron-
tium, from brine in desalination plants [38]. However, MDC
applications in large-scale industries are still developing due to low
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selectivity for Li* recovery in seawater brines with varying interference
ions. Lithium production from brines by various techniques is given in
Fig. 5a.

Utilizing various technologies, including solvent extraction, ion ex-
change, membrane processes, or adsorption, lithium can be extracted
from SWRO brine [39]. These phases could change, though, depending
on several variables, including scale, location, technology, and eco-
nomics. Brine is rich in lithium chloride (LiCl), and subsequent treat-
ments are required for battery applications. Removal of impurities such
as sodium, magnesium, calcium, sulfate, and bromide from LiCl using
selective precipitation, crystallization, or electrochemical methods is
crucial. LiCl is the primary raw material to produce desired Li com-
pounds or Li metal. Lithium carbonate (LioCO3) and lithium hydroxide
monohydrate (LiOH.H30) are the recommended primary minerals for
battery-grade lithium [40]. The lithium recovery system reported that
utilizing a k-MnO,-Ag rechargeable battery can significantly recover
lithium from brine with magnesium ions, which has an efficiency of 1.0
Wh per 1 mol of lithium [41]. Avdibegovi¢ et al. proposed a one-step
solvometallurgical process that uses ethanol as a green solvent and
LiOH-H50 as a reagent to dissolve LiCl and precipitate Mg(OH)- selec-
tively and Ca(OH); from SWRO brine, resulting in a high-purity LiCl
solution (>99.5 % Li) at room temperature [42]. Recently, Hu et al. [43]
presented a one-step technique to electrochemically extract lithium
from low-concentration solutions (such as brine, seawater, or discarded
lithium-ion batteries) into a form that immediately produces commer-
cial battery materials, skipping the expensive processes of lithium sep-
aration and purification. The Li extraction device and working
mechanism by this approach are given in Fig. S5b. By this approach, Li
was selectively extracted and processed to form battery cathodes, such
as spinel LiMn»04 and layered LiNiyMnyCo,02. According to the techno-
economic analysis, the prepared cathode materials provide economic
advantages over commercial cathodes. Li-ion batteries are crucial to the
overall decarbonization effort, therefore, the demonstration of a one-
step Li extraction to a ready-to-use material could increase access to Li
resources at a lower cost by removing processing steps.

Research is also being conducted on combining various techniques to
enhance Li recovery efficiency. For example, incorporating high surface
area nanofibers into Li-based adsorbents has shown high effectiveness in
capturing Li from seawater. Additionally, due to advances in Li recovery
from brine, most Li is now produced from brine concentrations ranging
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from 300 mg/dm? to 1600 mg/dm? [44]. These findings could enable
practical, industrial Li recovery from seawater, with electrochemical
systems providing a faster alternative to conventional methods. The
extraction of lithium from seawater brine streams can help to build a
circular economy that encourages the development of Li-ion batteries
for EVs and solves intermittent issues of renewable energy sources.
Furthermore, because seawater is an unlimited resource, this strategy is
sustainable for supplying rising lithium demand.

3.1.1.2. Uranium. Uranium recovery from seawater, which contains
nearly 1000 times more uranium than conventional ore reserves, has the
potential to sustain nuclear power as conventional reserves deplete.
Despite the low concentration, desalination brine rejects, which has a
significantly higher uranium concentration, present a feasible source for
uranium recovery. Electrochemical methods using modified carbon
electrodes show promise for uranium extraction from seawater [33].
Amidoxime is considered as a promising adsorbent for uranium
extraction. A technique using irradiated and amidoximated low-cost
polyacrylonitrile fibers as a uranium recovery agent has been reported
successful [34]. The fibers display super adsorbent properties, offering a
new method for absorbing uranium ions released into seawater. Their
kinetics of saltwater absorption is relatively fast, achieving a swelling
ratio of about 300 % within 5 min.

Wiechert et al. conducted 84-day adsorption experiments using
amidoxime adsorbents to measure the concentration and adsorption of
seven metal ions, including uranium, zinc, copper, iron, vanadium,
calcium, and magnesium, in seawater and brine reject from desalination
plants [45]. The results showed higher uranium adsorption in seawater
than in brine due to competition from iron and vanadium. Minimizing
the impact of competing ions is crucial to harness brine reject as a
uranium resource. In a separate study, Wongsawaeng et al. [46]
explored direct uranium recovery from rejected brine concentrate by
submerging amidoxime adsorbents in continuously flowing discharged
brine concentrate (Fig. 6a). They found that increased soaking time and
higher flow rates improved uranium uptake. Adsorbent created by
gamma irradiation demonstrated the highest uranium absorption at
1.39 mg/g with a brine flow rate of 20,000 L/h. For adsorbents with
capacities of 1.39 and 2 mg/g, the estimated costs of uranium recovery
at a large-scale SWRO plant were 406.81 and 338.95 USD/kg uranium,
respectively. Although these exceed the current spot price of uranium
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Fig. 5. (a) Li production process from brine sources [29]. (b) Schematic of the Li extraction device: the cathode and anode chambers are separated by a Li-ion-

selective membrane [43].
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Fig. 6. (a) Uranium resource recovery using amidoxime functionalized adsorbent from desalination reject brine [45]; (b) Highest uranium adsorption from brine
concentrate for each adsorbent (20,000 L/h flow rate) [46]. (c) Rubidium recovery by submerged membrane distillation-adsorption integrated system [49]. (d) A
comparison of the adsorption capacity of various reported adsorbents for Cesium recovery [50]. (e) Scheme of process flow projected by the SEA4VALUE project for
recovering metals by the multi-mineral modular brine mining process (MMBMP) [55].

(112 USD/kg as of March 2023 [47]), the use of more efficient adsor-
bents can reduce recovery costs. These findings highlight the need for
further research to optimize uranium recovery from brine rejection.
Integrating the adsorbent system with existing infrastructure can
decrease deployment costs and mitigate biofouling risks by utilizing the
desalination plant's fil