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In recent years, numerous large-scale seawater desalination plants have been built in water-stressed
countries to augment available water resources, and construction of new desatination plants is
expected to increase in the near future. Despite major advancements in desalination technologies,
seawater desalination is stil[ more energy intensive compared to conventional technologies for the
treatment of fresh water. There are also concerns about the potential environmental impacts of
[arge-scate seawater desalination plants. Here, we review the possible reductions in energy demand
by state-of-the-art seawater desalination technologies, the potentiaI role of advanced materials and
innovative technologies in improving performance, and the sustainabitity of desalination as a
technologicat solution to gtobal water shortages.

T I- Tater scarcity is one of the most serious There has been rapid growth in the install-

\A/ global challenges ofourtime. Present- ation of seawater desalination facilities in the
V Y ly, over one-third of the world's pop- past decade as a means to augment water sup-

ulation lives in water-stressed countries and by ply in water-sfessed countries (1,3,4). Notable
2025,thisfigureispredictedtorisetonearlytwo- examples are the large-scale seawater reverse
thirds (1). The challenge of providing ample and osmosis (SWRO) desalination plants recently
safe drinking water is further complicated by pop- consfucted in Spain (5) and Isra el (6, 7). ln 2016,
ulation growth, indushialization, contamination the global water production by desalination is
of available freshwater resources, and climate projected to exceed 38 billion m3 per year, twice
change. At the same time, greater recognition of the rate of global water production by desalina-
the broad societal and ecological benefits that tion in 2008 (3).
stem from adequate water resources--€conomic Early large-scale desalination plants, mostly
vitality, public health, national security, and eco- in the arid Gulf countries, were based on thermal
system health-is motivating the search for tech- desalination, where the seawater is heated and
nolosical solutions to water shortases.

Several measures to alleviate the shesses on
water supply should be implemented, including
water conservation, repair of infrastructure, and
improved catchment and distribution systems.
However, while these measures are important,
they can only improve the use of existing water
resources, not increase them. The only methods
to increase water supply beyond what is available
from the hydrological cycle are desalination and
water reuse (2). Of these, seawater desalination
offers,a seemingly unlimited, steady supply of
high-quality water, without impairing natural
freshwater ecosystems. Desalination of brackish
groundwaters is also an option to augment wa-
ter supply for inland regions; however, the man-
agement of brines from inland desalination plants
is a major challenge because these plants are
placed far from the coast.
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the evaporated water is condensed to produce
fresh water (8). Such plants, still in operation in
the Gulf countries, consume substantial amounts
of thermal and electric energy, which result in a
large emission ofgreenhouse gases (9). Exclud-
ing those in the Gulf countries, the vast major-
ify ofdesalination plants constructed in the past
two decades, as well as future planned facilities,
are based on reverse osmosis technology (Fig. 1),
where seawater is pressurized against a semi-
permeable membrane that lets waterpass through
but retains salt (4). R.everse osmosis technology
has improved considerably in the past two decades,
and current desalination plants can desalinate
seawater with much less energy than thermal
desalination (4,9). At present, revefse osmosis
is the most energy-efficient technology for sea-
water desalination and is the benchmark for com-
parison for any new desalination technology.

In this review, we assess the energy efficien-
cy, the state ofthe technology, and the environ-
mental challenges of seawater desalination. We
highlight the main open questions, how future
studies might address them, and what new ap-
proaches are needed to advance the science and
technology of seawater desalination.

What ls the Current Energy Efficiency of
Desalination and Can lt Be lmproved?

The amount of power needed to drive desalina-
tion in SWRO plants has declined dramatically in
the past 40 years (Fig. 2A) (4, 8, 10,11). This
decrease in energy consumption is athibuted to
continual technological improvements, including
higher-permeability membranes, installation of
energy recovery devices, and the use ofmore
efficient pumps (4). The potential to operate the
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Fig. 1. Conceptual drawing of an SWRO desalination plant showing the various stages-seawater intake,
pretreatment, reverse osmosis, posttreatment, and brine discharge-and their interactions with the
environment. The thickness of the arrows for the energy consumption represents the relative amount of
energy consumed at the various stages.
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desalination step at an energy consumption rate
of 1.8 kWh/m3 using new, high-permeability
SWRO membrane elements has recently been
demonstrated on a controlled pilot-scale system
at 50o/o tecovery Q 1).

Understanding the minimum amount of en-
ergy required to separate pure water from sea-
water provides a benchmark for comparison and
can help to guide future efforts to further reduce
energy demand. This theoretical minimum en-
ergy, which is independent ofthe desalination
method, is realized when the separation occurs
as a reversible thermodynamic process (12). Thus,
the energy for the separation will be equal in
magnitude but opposite in sign to the free anergy
of mixing (13). There is a close relationship be-
tween the free energy of mixing and the osmotic
pressrue:

-d(Acmi-) : -RTlna*dn* : tl"V*dn* l)

where AG-i"is the free energy of mixing, R is
the ideal gas constant, Zis the absolute temper-
ature, a. is the activity of water, n- is the number
of moles of water, II" is the osmotic pressure of
the seawater, and V* is the molar volume of
water. This connection between the minimum
energy and the osmotic pressure is consistent
with our physical understanding of reverse
osmosis. In order to drive an infinitesimally small
volume of water across a semioermeable mem-
brane, Vrdn*,the applied pressure must be equal
to the osmotic pressure of seawater.

The theoretical minimum energy of desalina-
tion as a function of percent recovery (i.e., the
percent ofseawater converted to fresh water) can
be obtained from integration of Eq . | (I 2, I 3) f ig.
2B). As the salinity of seawater or desired water
recovery increases, so does the minimum ener-
gy required for desalination. For example, the
theoretical minimum energy of desalination for
seawater at 35,000 parts per million (ppm) salt
and at a typicat recovery of 50% is 1.06 kWh/mr.
The actual energy consumption, however, is larger
because desalination plants are finite in size and
do not operate as a reversible thermodynamic
process.

In a SWRO desalination unit, pressurized sea-
water, Vp, is fed to a membrane module, where
a prrre water permeate, Vp, andaconcentrate, Vg,
containing the retained salts are produced (Fig.
2C). The energy to drive this separation enters
the system through a pump that brings the feed
volume to a high pressure, P11. This requires an
amount ofenergy equal to ZpP11. The concentrate
that exits the membrane module still contains
energy equal to V1:PH, which can be recovered
and transferred to the feed through the use of
energy recovery devices. The invention of more
effective energy recovery devices was crucial in
reducing the power consumption of desalination
to its cnrrent level(4,8, 14). The energy to drive
the permeation of water ZpP11 is split between the
need to bring the seawater to a pressure equal to
its osmotic pressure (i.e., Vpll", the theoretical
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Fig. 2. (A) The change in power consumption for the reverse osmosis stage in SWRO plants from the
1970s to 2008 (SOM texO. The horizontal dashed line corresponds to the theoretical minimum energy
required for desalination of 35 g/liter seawater at 50% recovery (1.06 kWh/m'). The energy data presented
exclude the energy required for intake, pretreatment, posttreatmen! and brine discharge. (B) Theoreticat
minimum energy for desatination as a function of percent recovery for common seawaters: 25 g/liter is
typicat of the less saline seawater drawn from the Tampa Bay estuary 35 g/titer is an average value for
seawater, and 45 g/[iter is characteristic of water from the Arabian Gulf. Minimum energies for recoveries
between 45 and 550/0, the range in which most 5WRO plants operate, are hightighted. (C) A schematic of
flows and pressures in a reverse osmosis desalination system. The pressurized feed volume, l/e, is fed to a
membrane module containing a semipermeabte membrane where it is separated into a pure water
permeate, l/p, and a concentrate containing the retained salts, yc. The energy put into the system through
a high-pressure pump is €onsumed at several points throughout the process.

minimum energy) and the need to generate rea- dynamic limit. At this limit, kinetic considera-
sonable water fluxes, which requires an amount tions no longer influence the energy consumption
ofenergy equal to (PH - Il")trp. of the process. For a system at the thermody-

The mernbrane permeability will determine namic limit, highly permeable membranes may
the magnitude of the overpressure (P11 - [Ir) help reduce capital costs by reducing the mem-
necessary to generate reasonable water fluxes. brane area needed but they will not reduce
However, regardless of how permeable a mem- energy consumption. The energy consumption
brane is, the applied pressrre cannot be reduced is set by the need to bring the feed volume to a
below the osmotic pressure of the concenfate pressure equal to the osmotic pressure of the
(15-1D. The implications of this restriction are concentrate.
critical to examining the energy use of reverse Additional energy, >1 kW}/m3, is consumed
osmosis. Reverse osmosis modules use several by the intake, preteaftnent, postheatrnen! and
mernbrane elements in series, with the concen- brine discharge stages of the desalination plant
trate from the first element being the feed to the (4). Ofthese stages, prefeatnent ofthe raw sea-
second element, and so on. Therefore, the pres- water before it is fed into the reverse osmosis
sure applied to the feed of fie first element must stage accounts for most of this energy use. An-
be at least equal to the osmotic pressure of the other source of energy consumption is the post-
concentrate leaving the last element (i.e., P11 > treafinent forthe removal of boron and chlorides
il.) (1 5-1n. When the applied pressure is equal to meet the requiremants of irrigation water (Q.
to the osmotic pressure ofthe concentrate, the To reduce boron and chloride to acceptable lev-
system is said to be operating at the thermo- els, part or all ofthe product water goes through

c Concentrate
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one or more reverse osmosis passes, adding to the
total energy consumption and capital cost (4, 6).

Can Novel Materials Reduce
Energy Consumption?

At the core of the reverse osmosis desalination
process is a semipermeable membrane capable
of separating pure water from seawater (18).
The first commercially viable membrane with
the ability to effect such a separation was an
asl.rnmetric cellulose acetate membrane devel-
oped in the early 1960s (19). Membranes of this
type were the best available technology until the
1980s when robust thin-film composite mem-
branes were developed (20). Along with the abil-
ity to remain stable over a greater pH range than
cellulose-based membranes, thin-fihn composite
membranes exhibit much higher intrinsic water
permeabilities because of their extremely thin
(-100 nm) polyamide-selective layers (Fig. 3).
Water and salt transport across such membranes
is govemed by a solution-diffrsion mechanism,
where species first partition into the polyamide
phase and then diffrrse down a concentration
gradient (2 1).

The fabrication and performance of thin-
film composite membranes have been greatly
improved in the past few decades and today,
nearly all reverse osmosis desalination operations
use such membranes (18). Thin-filrn composite
mernbranes exhibit water oermeabilities around
3.5 x 10-12 m3 m-2 Pa I s i andcanreject 99.6 to
99.8% of the salts dissolved in the seawater feed
(10). Empirical evidence suggests that it is dif-
ficult to further increase the water permeability
of these membranes without sacrificing selec-
nvity (22).

Despite the great improvernents in thin-fikn
composite membranes, there are still shortcomings
that hinder their application. The fabrication tech-
nique has not been successfully extended to hol-
low fiber configwations that offer higher packing
densities. In addition, the surface properties of
thin-film composite membranes @ig. 3, B and C)
make them prone to fouling, which diminishes
process performance. Biofouling-the growth of
microbes on the membrane surface----could po-
tentially be reduced or even prevented ifchlorine
or other oxidants were added to the feed. How-
ever, the amide linkage in polyamide composite
membranes (Fig. 3,A) is susceptible to attack by
chlorine, and great care must be taken to prevent
the membrane from being exposed to oxidizing
agenb (23). Given the limitations of thin-filrn com-
posite membranes, along with recent develop-
ments in the fabrication of advanced materials, it
is natural to question whether these advanced
materials can be leveraged to improve the energy
usage, reliability, and environmental impact of
SWRO.

LJltrahigh-permeability membranes have re-
cently received a lot of attention as potential al-
tematives to thin-film composite membranes. It is
argued that increasing the membrane permeabil-
ity will reduce the pressure needed to drive per-

meation, thereby reducing the energy demand of
reverse osmosis desalination. Two such ideas for
ultrahigh-permeability membranes are based on
incorporating aligned nanotubes (24, 2fl or aqua-
porins (2@ into a barrier matrix. Of these, aligned
carbon nanotube membranes have demonstrated
the most potential so far.

Experiments with aligred carbon nanotubes
have shown water fluxes that are three to four
orders of magn:itude higher than those expected
from conventional hydrodynamic theoies Q4, 2 5).
These exhemely high water fluxes may be due
to the molecular smoothness ofnanotube walls,
the structure that water takes within nanotubes
(27), md.the smooth energetic landscape inside
nanotubes (28). Notably, none of these mech-
anisms provide a means for selectively rejecting
the dissolved salts. Therefore, chemical function-
alities that reject ions must be added to the mouth
of the nanotube pores or the nanofube diameter
must be small enough to sieve ions from solution
based on size. A nanotube inner diameter of 0.5

to 0.6 nm can theoretically produce a separation
comparable to that of thin-film composite mem-
branes (i.e., 99% rqecttorl (,27). To date, how-
ever, no experimental sfudies have demonshated
salt rejection adequate for desalination. If such
nanofubes were incorporated into membranes at
a pore density of2.5 x 1011 pores per cn? 1211,
the membranes would have water permeabilities
that are four to six times higher than cunent thin-
film composite membranes (271.

The amount ofenergy that can be saved by
using nanotube- or aquaporin-based membranes
is likely to be very small. Current SWRO plants
are already operating near the thermodynamic
limit, with the applied pressure being only 10 to
20%o higher than the osmotic pressure of the
concentate, n"Q0, ID. This additional pressure
(PH - t1") compensates for f:ictional losses along
the membrane channel and ensures a positive
net driving presswe just before the channel out-
let. Although these membranes might make it
possible to use a smaller membrane area, this
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Fig. 3. (A) A schematic of the interfacial potymerization used to form thin-fitm composite 0FO membranes.
The monomers m-phenylenediamine and trimesoyt chtoride react to form a highty cross{inked potyamide
layer, which allovrrs for the selective transport of water over satt. Ultrathin films are fabricated by dissolving the
m-phenylenediamine in water and trimesoyl chloride in a water-immiscible organic solvent, such as hexane. A
porous support is oaked in the aqueous solution and then contacted with the organic solution. The resulting
potyamide formation is confined to the region near the interface of the two solutions. One drawback of the
polyamide chemistry is the amide tinkage (hightighted in dashed box), which is susceptible to attack by chlorine
and other oxidizing agents. (B) Micrographs disptaying the structure of the TFC membranes (48). A trans-
mission electron micrograph of the membrane cross-section shows the extremely thin potyamide layer on top
of a porous polysutfone support. The dark regions on top of the polyamide layer are gotd nanoparticles used to
obtain sufficient contrast between the potyamide and polysulfone layers during imaging. (lnse0 A scanning
electron micrograph of the polyamide top surface showing the rough ridge and valley structure typical of these
fitms. (C) Surface properties of TFC membranes (49, 50. Fouling-resistant membranes woutd be smooth and
possess surface chemicat properties postulated by (30); TFC membranes do not meet a[[ of these constraints,
consistent with their high fouting propensity. (D) Chemistries that have demonstrated the abitig to resist
protein or organic macromolecule adhesion: poty(ethytene oxide) Bi), zwitterions such as poty(sutfobetaine)
93), sugarderived molecules 90), and potyqtperot €4).
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would require a redesign of mernbrane modules
because concentration polarization induced by
high water fluxes already hinders performance
of current thin-film composite membrane mod-
ules (29). Additionally, membrane fouling is
exacerbated at higher water fluxes, further di-
minishing the value of ultrahigh-permeability
membranes for SWRO desalination.

The development of fouling-resistant mem-
branes would improve the energy usage, reliabil-
ity, and environmental impact of SWRO. Despite
extensive research efforts on fouling-resistant
membranes, to date, no such membranes have
been developed that are suitable for desalination
applications. Still, these efforts have helped to
establish shucture-property relationships between
surface chemistry and the abilrty of a thin fihn to
resist adhesion ofbiomolecules such as proteins,
which is key to understanding fouling by organic
matter and microorganisms. Surfaces that are hy-
drophilic, contain hydrogen-bond acceptors, and
are electroneufal, but do not contain hydrogen-
bond donors, tend to be best at resisting protein
adhesion (30). It is hlpothesized that films with
these chemical properties can bind a thin layer of
water to their surface, providing a steric or ener-
getic barrier to adhesion (2, 30, 31). In addition,
evidence suggests that surface roughness ofthin-
film composite membranes can increase the ad-
hesion of substances to the membrane surface
(32). Surface properties of thin-film composite
polyamide membranes, however, do not possess
several ofthe key characteristics for fouling re-
sistance (Fig. 3C). Several chemistries that do
meet the above criteria for fouling resistance
have been found (Fig. 3D) (-t0, 3l , 3 3, 34), and,
undoubtedly, many others will be. Another po-
tential route for fouling prevenfion is to develop
fouling release membranes that do not resist
the adhesion offoulants, but have an active layer
with a low surface energy so that adhered foulants
can readily be washed away by hydrodynamic
mixing in the membrane module (35). Howeveq
a major challenge is to implement these chem-
istries such that the water flux and salt rejection
of the resulting membrane are not compromised.

Recent research has examined the possibility
of using sulfonated block copolynners (3d) or
self-assembled lyohopic liquid crystals (3f to
fabricate chlorine-resistant membranes. Most
work on these new materials has involved thick
films on the order, of 50 pm, but the reported
intrinsic water and salt permeabilities are close
to those ofthin-film composite membranes when
normalized for thickness. If these films could be
made at a thickness of 100 to 250 nm, they may
perform as well as thin-film composite mem-
branes and thus improve the energy usage and
reliability of SWRO.

Are There Innovative Systems and Technotogies
That Can Reduce Energy Demand?

Reverse osmosis desalination consumes more
energy than the theoretical minimum energy re-
quired for desalination @ig. 2A) but developing

more-permeable membranes will not substantially
close this gap. This apparent contradiction is a
direct consequence of current SWRO system de-
signs. To reduce capital costs, SWRO plants de-
salinate seawater using a single membrane stage
fed by a high-pressure pump that brings the feed
volume to P11 fig. 4A) (12, 15). If we assume
operation at the thermodl'namic limit (Pn: tIJ,
ideal equipment (i.e., 100% efficient pumps and
energy recovery devices), and no concentration
polarization or frictional losses down the channel,
then a single-stage reverse osmosis operation
consumes an energy per volume of fresh water
produced equal to fI". As an example, recovering
50% of a 35 /Iiter feed will have a practical
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5 llrreversible energy loss
----wo*tPH,z = llc

PH,r T
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Fig. a. (A) Energy use of a sing[e-stage reverse osmosis (RO) desalination operation. The theoretical
minimum energy required for desalination is equal to the energy needed to bring seawater to the osmotic
pressure of ftuid permeating across the membrane (represented by the area under the osmotic pressure
curve). In practice, to ensure that water permeates across the membrane at at[ points along the membrane
channel, the pressure apptied to the feed votume must be at least equal to the osmotic pressure leaving
the membrane channel (PH - |I.); this energy can be represented by the area of the rectangte. The
difference between these two areas represents the energy that must be used to operate with a single stage.
(B) Staged membrane operations can save RO desatination energy costs. The first stage operates at a
lower applied pressure P1.1,1 and percent recovery. The concentrate from the first stage is then pressurized
to PH,z - llc to achieve the desired percent recovery. This configuration needs to bring a smaller volume to
lI., thus saving the energy represented by the smatler hatched rectangle. (C) Waste heat as the energy
source for desalination by forward osmosis. A "draw solution," which has a higher osmotic pressure than
seawater, is used to extract water from seawater into the draw sotution. The dituted draw sotution is then
fed to a draw solution recovery unit that uses waste heat to separate product water from the draw solutes.
The separated draw solutes can then be recovered and recvcted.
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minimum energy of 1.56 kWh/m3 (SOM text)
compared to the thermodr.namic minimum en-
.rgy of 1.06 kWl,/-t eE Z). Thus, 0.50 kWh/m3
is expended because the system has a finite size
and is not operating as a reversible thermo-
dynamic process. This ideal energy consumption

^ .  - - , - - - ,  1
of 1.56 kWh/m' is not too far offfr-om reported
energy consumptions of -2 kwh/m' from well-
designed SWRO systems or controlled pilot-
scale studies (Fig. 2A).

One system design that can bring the actual
energy use closer to the theoretical minimum
energy is a staged membrane operation (15). This
design uses two high-pressure pumps and mem-
brane modules in series (Fig. aB). The first stage

Concentrate
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operates at a lower applied pressure and hence,
a lower percent recovery. The concentrate from
this stage is then brought to a higher pressure
before being fed to a second stage, where the
overall desired percent recovery is achieved. This
mode of operation allows smaller volumes of
water to be brought to higher pressures, thereby
consuming less energy. The optimal configura-
tion is to operate each stage at the same relative
percent recovery (15). Under these conditions
and using ideal equipment, the energy needed
to recover 50Yo of a 35 gliter feed is reduced to
1.28 kWh/m3 (SOM text). In theory for an in-
finite number of stages (i.e., infinite equipment
size), the system would operate as a reversible
thermodynamic process, thus using the minimum
amount of energy required for desalination. How-
ever, this design is impractical, and even for sys-
tems with two stages, the energy savings might
not offset the additional capital costs.

Other designs of SWRO operations have been
considered. For example, cyclic desalination op-
erations obviate the need for energy recovery
devices by recirculating the pressurized feed until
the desired percent recovery is achieved (38).
This design saves capital costs, but will use an
amount of energy similar to that of curent reverse
osmosis configurations, and questions remain
about membrane stabilify during the repeated
loading and unloading offluid from the recircu-
lation loop. Another recently proposed design
involves a hybrid system that combines an os-
motic contactor with reverse osmosis for osmotic
dilution of the seawater feed (39). In this design,
the seawater is used as a "draw solution" to de-
water treated wastewater effluent or impaired
water, which reduces the energy consumption
of reverse osmosis desalination by diluting the
feed concenhation. However, this scheme requires
that the two operations be colocated and adds
additional capital cost. It is also likely that such a
scheme would need to overcome negative public
perception of utilizing wastewater effluent.

Several technologies have been proposed as
altemative routes for desalination (4042). One
recent example is ion concentation polaiza-
tion (40).In this method, an ion depletion zone
evolves when a potential drop is applied across
a nanochannel containing fixed charges, which
thereby prevents ionic species from flowing into
a freshwater reservoir. This method may be suit-
able for small-scale use in remote regions, be-
cause minimal pretreatment of the feed is needed,
and the necessary equipment is lightweight and
easy to use. However, the cost associated with
fabricating systems capable ofproducing high
water fluxes will likely prevent the technology
from being used for large-scale desalination op-
erations. In addition, the energy consumption
for large-scale desalination will likely exceed
the energy used by state-of-the-art SWRO.

Waste heat, a by-product of power plants and
several industrial operations, that cannot be used
to produce electricity or as the energy source for
evaporative desalination techniques may provide

an opporhrnity to develop systems that can sup- mmine organisms (8, 46, 41. F;ntratnrnent can
plement reverse osmosis desalination. The tech- kill a large number of juvenile-stage fish, al-
nologies that use this waste heat to produce the though the impact on a population level is not
desired separation will consume more total en- clear given the naturally high mortality of larval
ergy than reverse osmosis, but their electric organisms in mmine systems (8). Open surface
energy use will be much lower (43, 44). Thr.ts, intakes, commonly used in large desalination plants,
because the energy source to drive the separa- can minimize impingement of large organisms
tion process is waste heat which would other- through a combination of appropriate screens
wise be discharged to the environment, such and low intake velocity. Entrainment of small
systems may be economically viable. planktonic organisms (e.g., larvae, eggs) can be

Forward osmosis is one ernerging technology substantially reduced or eliminated by locating
capable of desalinating seawater using low-grade the intakes away from biologically productive
or waste heat (Fig. 4C) (42). This process uses a areas, such as in deeper water farther offshore,
solution with a lower chernical potential than or by using underground beach wells (8, 46).
seawater to draw water across a semipermeable The latter would also improve the quality of the
membrane. The solutes in this draw solution are feed water, reducing the process pretreatment
then recovered to accomplish the desalination. demands.Beachwells,however,aredifficultto
One potentially suitable draw solution is ammonia- implement for large-scale desalination plants
carbon dioxide, and the feasibility ofdesalinating because the hydraulic permeability of the un-
seawater with aheat source <60oC has been ex- derlying aquifer limib the rate of water uphke.
amined (43). The use of thermolytic salts as a Where possible, colocation of desalination and
draw solution may give forwmd osmosis an ad- power plants should also be considered for larger
vantage over membrzme distillation, which must plants (8). The total volume of the intake water
evaporate water to produce fiesh water (41). Th. f can be reduced if the cooling water from the
low vapor pressure of water below 60oC may I power plant serves as feed water for the desa-
preclude the use of waste heat as a viable energy I lination plant, thereby minimizing the impacts
source for membrane distillation. The require- from entrainment and impingement.
ments placed on membranes for the forward os- The elevated salinity of SWRO brines (about
mosis process are different than those for the twicethatofseawater)andthechemicalsusedin
reverse osmosis process. Fabricating robust mem- pretreahnent and membrane-cleaning protocols
branes designed to meet these requirements will also pose environmental risks to organisms when
allow for the use of lower draw solution concen- discharged to the marine environment (8, 46).
trations, and thus lower the energy requirements I The main chemicals that reverse osmosis plants
of forward osmosis (42, 43). I discharge are antiscalants, coagulants, and clean-

I ing chemicals (e.g., surfactants, alkaline and acid
fs Seawater Desalination a Sustainable soiutions, and metal-chelating agents) (4, 46).
Technological Solution to Global Despite myriad studies discussing the potential
Water Shortages? for adverse environmental impacts of desalination
There are several concems with desalination be- plant effluents (8), there is a lack of useful ex-
cause ofthe potential for adverse environmental perimental data from laboratory tests or freld
impacts. One is that thermoelectric energy, the monitoring to assess these impacts. For example,

I main power source for SWRO desalination plants, published data are inadequate to establish the

I results in the ernission of air pollutants and green- salinity level at which marine organisms can tol-

I house gases that further exacerbate climate erate long-term exposure.

I change. Current state-of-the-art SWRO plants To avoid impacts from high-salinity brines,

I cons.rme between 3 and 4 kWVm3 and emit be- the desalination plant brine can be diluted with

Itvreen 1.4 and 1.8 kg CO2 per cubic meter of otherwastestreams,suchaspowerplantcooling- 
produced water (4, 5,45). To put this in perspec- water and treated wastewater effluent, providing
tive, Spain would require as much as 4000 GWh they are available (8, 4Q. Mixing and dispersal of
annually to produce its projected desalination the discharge plume can be enhanced by install-
capacity of I billion m'/yem (5). Even when con- . ing efficient diffirser systems, andby situating ttre
sidering that the overall energy consumption of discharge stream at a marine location where fa-
fuhre SWRO plants will drop below 3 kWh/nt', vorable hydrodlnamics for rapid mixing and dis-
the carbon footprint of large-scale desalination sipationofthesalinityloadexist.Differentcoastal
plants can be substantial. Hence, to minimize and marine ecosystems vary in their sensitivity
greenhouse gas emissions, renewable energy to brine and chemical waste discharges. The least
sourcescoulddirectlypowerSWROdesalination sensitive are high-energy oceanic coasts that
plants. Alternatively, indirect compensation or have strong waves and exposed rocky shores,
offset measures, such as the installation ofre- whereas the most sensitive are coral reefs, salt
newable energy plants that feed energy into the marshes, and mangroves @61. The environmen-
grid, could also power desalination plants (46), tal impact of discharged concentrate sheams
which would resolve problems with intermittent can be further reduced with the use of more ro-
and vmiable intensities ofwind and solar sources. bust, membrane-based (microfiltration or ultra-

A major problem associated with seawater filtration) pretreatment methods that use less
intake is the impingement and enhainment of chemicals than conventional seawater pretreat-
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ment (coagulation followed by sand filtration).
More effective pretreatment will also reduce
the fouling rate and frequency ofchemical clean-
rng. t astly, the development of fouling-resistant
membranes will minimize fouling and reduce
chemical cleaning.

Because limited research exists on the long-
term effects of desalination on marine ecosys-
terns, there is considerable uncertainty regmding
the environmental impacts of desalination. Fw-
ther, there is a lack of site-specific information
necessary to assess the ecological impacts ofboth
seawater intake and brine discharge. Regard-
less, the widely accepted view is that the envi-
ronmental impact of seawater desalination on
marine environments will not be substantial if
appropriate measures, such as those discussed
above, are implemented.

Outlook

The energy demand for seawater desalination
by state-of-the-art reverse osmosis is within a
factor of 2 of the theoretical minimum energy
for desalination, and is only 25Yo higher than
the practical minimum energy for desalination
for an ideal reverse osmosis stage. Yet, the over-
all energy consumption of new SWRO plants is
three to four times higher than the theoretical
minimum energy due to the need for extensive
pretreatrnent and postheatment steps. Because
thermodynamics set the limit on the energy de-
mand for the desalination step, we argue that fu-
ture research to improve the energy efficiency
of desalination should focus on the preheatnent
'and postfteaftnent stages of the SWRO plant.

Eliminating the preheatment stage or re-
ducing the pretreatment dernands would substan-
tially reduce the energy consumption, capital cost,
and environmental impact of desalination plans,
but this requires the development of fouling-
resistant membranes wittr tailored surface prop-
erties, as well as membrane modules with
improved hydrodynamic mixing. Accomplishing
this goal is a daunting task because it requires the
development of surface chemistries that resist the
adhesion of a wide range of foulants while main-
taining the high membrane permeability and se-
lectivity necessary for seawater desalination. To
aid in the development of such high-peformance,
fouling-resistant desalination membranes, it is
imperative to develop detailed molecular models
that establish structure-property relationships
between membrane surface sftuchue and chem-
isfiy, and membrane performance. Additionally,
these models will assist in the development of
oxidant-resistant membranes, which can also
reduce the extent of pretreatrrent. Molecular
simulation tools are used routinely in a variety
of fields, including the development of drugs,
catalysts, and chemicals, but their use for the
development of water purification membranes
is lagging considerably. Altematively, develop-
ing new, energy-efficient desalination technolo-
gies that me less susceptible to fouling
compared to high-pressure, mernbrane-based de-

salination methods could also reduce or eliminate
pretreamlent.

Advances in membrane technology can also
reduce the need for postheatment in SWRO
plants, thereby improving energy efficiency and
reducing capital cost. Reducing boron and chlo-
ride levels in desalinated water for agricultural
use to levels that crops can tolerate necessitates
postheatment. However, developing thin-film
composite membranes with higher selectivity,
particularly for boron, will be difficult. This is a
direct consequence of the separation mechanism
of thin-film composite membranes, where in-
creasing selectivity to allow higher removal of
boron and chlorides will substantially reduce
the mernbrane permeability, which will increase
energy consumption. Developing reverse osmo-
sis mernbranes with higher selectivif without sac-
rificing waterpermeability will necessitate a major
paradigm shift, as it will require membranes that
do not follow the solution-diffirsion mechanism
fordesalination. Molecular simulations can aid in
determining how mernbrane chemistry and struc-
hue can be tuned to produce high permeability
and selectivity.

In the coming decades. surging population I
growth, urban development, and industrialization I
will increase worldwide demand for fresh water, I
requiring new sources of water. Although several'
options currently exist to augment freshwater
sources-including the treatrnent of low-quality
local water sources, water recycling and reuse,
water conservation, regional water tansfers that
do not adversely impact the environment, and the
implunentation of smart land-use planning-these
options alone will not be enough to meet this
need. Seawater desalination offers the potential
for an abundant and steady source offresh water
purified from the vast oceans, and although it
must be considered after all other options have
been implemented, it should be viewed as a cru-
cial component in the portfolio of water supply
options. For water-scarce countries that alreadyl
implement all other measures for freshwater gen- |
eration. desalination may serve as tlre only viable I
means to provide the water supply necessary to
sustain agriculture, support population, and pro-
mote economic development.
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