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ABSTRACT: Combining two solutions of different composition releases the Gibbs
free energy of mixing. By using engineered processes to control the mixing, chemical
energy stored in salinity gradients can be harnessed for useful work. In this critical
review, we present an overview of the current progress in salinity gradient power
generation, discuss the prospects and challenges of the foremost technologies 
pressure retarded osmosis (PRO), reverse electrodialysis (RED), and capacitive mixing
(CapMix) and provide perspectives on the outlook of salinity gradient power
generation. Momentous strides have been made in technical development of salinity
gradient technologies and field demonstrations with natural and anthropogenic salinity
gradients (for example, seawater−river water and desalination brine-wastewater,
respectively), but fouling persists to be a pivotal operational challenge that can
significantly ebb away cost-competitiveness. Natural hypersaline sources (e.g.,
hypersaline lakes and salt domes) can achieve greater concentration difference and,
thus, offer opportunities to overcome some of the limitations inherent to seawater−
river water. Technological advances needed to fully exploit the larger salinity gradients are identified. While seawater desalination
brine is a seemingly attractive high salinity anthropogenic stream that is otherwise wasted, actual feasibility hinges on the
appropriate pairing with a suitable low salinity stream. Engineered solutions are foulant-free and can be thermally regenerative for
application in low-temperature heat utilization. Alternatively, PRO, RED, and CapMix can be coupled with their analog
separation process (reverse osmosis, electrodialysis, and capacitive deionization, respectively) in salinity gradient flow batteries
for energy storage in chemical potential of the engineered solutions. Rigorous techno-economic assessments can more clearly
identify the prospects of low-grade heat conversion and large-scale energy storage. While research attention is squarely focused
on efficiency and power improvements, efforts to mitigate fouling and lower membrane and electrode cost will be equally
important to reduce levelized cost of salinity gradient energy production and, thus, boost PRO, RED, and CapMix power
generation to be competitive with other renewable technologies. Cognizance of the recent key developments and technical
progress on the different technological fronts can help steer the strategic advancement of salinity gradient as a sustainable energy
source.

■ INTRODUCTION

Rebalancing our global energy portfolio with more sustainable
sources compels the development of clean and affordable
alternative energies.1−3 The Gibbs free energy, ΔGmix, from
mixing two solutions of different concentration is an over-
looked energy source that can be harnessed for useful work
production.4−6 Salinity gradient energy, also termed osmotic
power or blue energy,7−11 can be derived from natural origins,
such as the mixing of fresh river water with salty seawater in the
hydrological cycle,4−6 or from anthropogenic streams, for
example by combining desalination brine and low salinity
effluent from wastewater treatment.12−14 An engineered salinity
gradient can also be designed with purposefully prepared

solutions, for use in applications to utilize low-grade heat15,16

and for grid energy storage.17,18

The free energy is lost to entropy production if the two
solutions are mixed directly; to convert ΔGmix to useful work
requires controlled mixing of the salinity gradient in engineered
processes. Pressure retarded osmosis, reverse electrodialysis,
and capacitive mixing are the leading salinity gradient power
generation technologies.8,13,19−25 Pressure retarded osmosis
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(PRO) employs salt-rejecting membranes and utilizes the
osmotic pressure difference between the two solutions to drive
energy production.22,26,27 In reverse electrodialysis (RED),
directional transport of charges down a chemical potential
gradient occurs across ion-exchange membranes to generate
power.8,23,28 In capacitive mixing (CapMix), and also battery
mixing (BattMix), the electric potential difference is cyclically
varied by alternating an electrode pair in different concentration
streams to convert chemical potential energy in the salinity
gradient to useful work.20,29−31

Salinity gradient energy has made remarkable advances in
fundamental-based studies, experimental investigations, and
field demonstrations, especially in the past decade. Scholarly
publications on the topic burgeoned from heightened research
activity by institutes worldwide.7 Demonstration and pilot
plants were installed in Norway, The Netherlands, Japan, Italy,
and Korea,14,32−37 and are being further pursued in Canada,
Australia, and Iran.38−42 While progress and developments were
expansively discussed in recent literature,8,20,22,23,25,26,33,43−51

almost all articles isolated their scope to a solitary technology
and are predominantly process-specific technical reviews.
Assessments with salinity gradient energy as the unifying
focal point can offer a broad and harmonized overview by
reconciling the prospects and challenges of PRO, RED, and
CapMix with natural, anthropogenic, and engineered streams
into a collective framework; however such studies are
conspicuously absent.
In this critical review, we provide a snapshot of the current

progress in salinity gradient power generation, discuss the
prospects and challenges of the leading technologies: pressure
retarded osmosis, reverse electrodialysis, and capacitive mixing,
and offer perspectives on the outlook of salinity gradient
energy. The first part of this review is a primer on salinity
gradient energy: background on the free energy of mixing is
presented and fundamental principles of PRO, RED, and
CapMix are outlined, along with the key parameters for
evaluating the technologies. The second part then examines the
prospects, progress, and challenges of different salinity
gradients. Latest developments in salinity energy production
with seawater and river water are reviewed and operational
complications are examined. We discuss energy production

with larger salinity differences using other natural reservoirs,
anthropogenic streams, and engineered solutions. Attention is
focused on the gaps in technical innovation to utilize the
greater salinity gradients and principal factors determining
economic feasibility are assessed. By taking stock of recent
developments and research activities on the different
innovation fronts, we aim to provide insights on what is
scientifically possible and technologically promising, to inform
the strategic advancement of salinity gradient as a sustainable
energy source.

■ MIXING RELEASES ENERGY

Mixing two solutions of different composition releases the
Gibbs free energy of mixing, ΔGmix. By controlling the mixing
process in an engineered system, the chemical energy stored in
salinity gradients can be harnessed for useful work. In this
section, the fundamentals of ΔGmix are presented and energy
available for utilization with different salinity gradients is
discussed.

Energy of Mixing is Theoretical Upper Bound for
Utilization. For aqueous solutions of a strong electrolyte (i.e.,
the solute completely dissociates in water), the Gibbs free
energy of mixing per mole of the system, ΔGmix,NT

, is
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where Rg is the gas constant, T is the absolute temperature, and
xi is the mole fraction of species i in the resultant mixture, low
concentration solution, and high concentration solution
(denoted by subscripts M, LC, and HC, respectively). The
ratio of the total moles in LC solution to the total moles in the
system is denoted by ϕ. The activity coefficient, γ, accounts for
nonideal behavior of the species and is a function of the
temperature, pressure, and solution composition.52,53 For single
electrolyte solutions, Σxiln(γixi) = xwln(γwxw) + xsln(γsxs) as the
two species are water and dissociated ions of the salt
(designated by subscripts w and s, respectively).

Figure 1. (A) Gibbs free energy of mixing, ΔGmix, as a function of the mole ratio of the LC solution to both the HC and LC solution, ϕ. ΔGmix is
normalized to the volume of the LC solution and the total solution volume (solid blue and dashed red lines, respectively). The HC and LC solutions
are 600 mM and 1.5 mM NaCl (35 g/L and 88 mg/L) to simulate seawater and river water, respectively. (B) ΔGmix per unit volume of LC solution,
ΔGmix,VLC

, for four salinity gradients: seawater−river water, brine-wastewater, engineered solutions, and hypersaline streams-river water. The solid and
patterned column segments denote Gibbs free energy per LC solution volume when ϕ = 0, that is, ΔGmix,VLC

is highest, and when ΔGmix,VT
is

maximized. Details on the calculations can be found in the Supporting Information. The temperature is 298 K.
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The Gibbs free energy of mixing represents the theoretical
maximum energy that can be extracted from the salinity
gradient, regardless of pathway. To access the entire ΔGmix for
useful work would require a reversible thermodynamic process.
However, the second law of thermodynamics dictates that real
processes will inevitably produce entropy and, thus, the actual
amount of useful work generated by practical unit operation
will always be less than ΔGmix. Nonetheless, the free energy of
mixing is useful for assessing the magnitude of potential power
generation with salinity gradients; notably, the product of
ΔGmix and global river water discharge (∼37−46 × 103 km3/
y)54,55 has been used to estimate the worldwide potential of
salinity gradient energy from seawater−river water (discussed
in later Section).5,9,31,56

Available Energy is Determined by Mixing Ratio and
Solution Concentrations. The Gibbs free energy released
during mixing is determined by the relative mixing proportion
and the composition of the HC and LC solutions (eq 1). Figure
1A illustrates ΔGmix per unit volume of LC solution and both
HC and LC solutions (ΔGmix,VLC

and ΔGmix,VT
, respectively) as a

function of ϕ, for seawater and river water (600 mM and 1.5
mM NaCl, respectively). Details on the Pitzer equations to
calculate activity coefficient and osmotic coefficient, and
determination of the free energy of mixing are presented in
the Supporting Information. Also, ϕ can be approximated as
the volumetric ratio of LC solution to total solution volume.57

For seawater−river water, the mixing energy per unit volume
of river water is highest at 0.76 kWh/m3 when ϕ tends to zero
(i.e., an infinitesimal amount of fresh river water mixes with an
infinitely large volume of seawater) and decreases monotoni-
cally as the mole ratio of the LC solution increases (Figure 1A
solid blue line). On the other hand, ΔGmix per unit total
solution volume (Figure 1A dashed red line) is maximized at
0.27 kWh/m3 when ϕ ∼ 0.63, corresponding to ΔGmix,VLC

=

0.44 kWh/m3 (58% of ΔGmix,VLC
when ϕ = 0). The columns in

Figure 1B show ΔGmix,VLC
for four HC-LC solution pairs of

increasing salinity difference: seawater−river water, desalination
brine−wastewater effluent, engineered solutions for closed-loop
systems, and hypersaline streams (such as Dead Sea water) with
river water. The solid and patterned column segments denote
Gibbs free energy per LC solution volume when ϕ = 0, that is,
ΔGmix,VLC

is highest, and when ΔGmix,VT
is maximized.

Larger salinity differences invariably yield greater available
energy (Figure 1B): for brine-wastewater, engineered solutions,
and hypersaline stream-river water, ΔGmix,VLC

are 1.53, 6.71, and
10.5 kWh/m3, respectively, when an infinitesimally small
amount of LC solution is mixed with a very large quantity of
HC solution. While reducing the proportion of LC solution
increases ΔGmix,VLC

(Figure 1A), there are practical lower
bounds for ϕ in actual operation due to the increasing volume
of HC solution to be handled. As such, normalizing ΔGmix by
the total solution volume would be a more pragmatic gauge of
the energy available in real salinity gradient systems. For the
HC-LC solution pairs considered here, ΔGmix,VT

is maximized

when ϕ is ∼0.63−0.64, yielding ΔGmix,VLC
of 0.85, 3.39, and

4.97 kWh/m3 (56%, 51%, and 47% of highest ΔGmix,VLC
),

respectively, for brine-wastewater, engineered solutions, and
hypersaline-river water. Operational considerations for selecting
the HC-LC solution ratio are further discussed in the later
Section on “Performance Metrics and Viability Indicators”.

■ TECHNOLOGIES TO HARNESS SALINITY
GRADIENT ENERGY

Pressure retarded osmosis, reverse electrodialysis, and
capacitive mixing are the foremost technologies to utilize
chemical energy stored in salinity gradients for useful work
production. PRO, RED, and CapMix are the power generation
analog of desalination processes: reverse osmosis, electro-
dialysis, and capacitive deionization, respectively.26,29,58 Where-
as energy is consumed in the separation processes to desalinate
salty feed streams, the reverse operation produces energy by
controlled mixing of solutions of different concentration. In this
Section, PRO, RED, and CapMix are briefly introduced, the
fundamental working principles are presented, and the salient
differences are highlighted. Detailed descriptions of the
processes can be found in other publications.13,19,20,29,30,57,59,60

Pressure Retarded Osmosis. First mentioned in a 1975
publication,6 PRO is a membrane-based technology that utilizes
osmotic pressure difference to access salinity gradient energy
for useful work.22,26,57 Figure 2A shows a minimal representa-

tion of PRO. A salt-rejecting semipermeable membrane
separates the LC solution and the pressurized HC solution.
Because of the difference in chemical potential, an osmotic
pressure gradient develops across the membrane that drives
water permeation from the LC solution to the more
concentrated HC solution. The expanding volume of the
pressurized HC solution represents mechanical work produc-
tion (Figure 2A), and can be depressurized through a
hydroturbine to generate electricity (not shown). Hence,
PRO converts chemical energy to mechanical work by
controlled mixing of the salinity gradient, which can then be
transformed to electrical energy.
Figure 2B shows representative osmotic pressure across a

PRO membrane, Δπ, as a function of permeated water volume,

Figure 2. (A) Schematic representation of pressure retarded osmosis
(PRO). The salinity gradient produces an osmotic driving force for
water flux across the semipermeable membrane, and the increasing
volume of the pressurized HC solution propels a hydroturbine to
produce useful work. (B) Representative plot of useful work, W,
produced in PRO with constant applied pressure of ΔP. The vertical
axis is the osmotic pressure difference, Δπ, driving water flux and the
horizontal axis is the volume of permeated water, Vp (hence indicates
progress of the controlled mixing process).
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Vp (solid black line). That is, moving from low to high Vp in
Figure 2B signifies progression of the controlled mixing. Water
permeates across the membrane to dilute the HC solution,
while the semipermeable membrane retains salts on either side
and, thus, the LC solution concentration, cLC, increases.
Consequently, the osmotic pressure difference gradually
diminishes as PRO progresses. The hydraulic pressure applied
on the HC solution, ΔP, must be less than the osmotic pressure
difference (otherwise the process becomes reverse osmosis).
For practical PRO operation, ΔP is constant (depicted in
Figure 2B as horizontal dashed blue line).57,61,62 The useful
work produced is analytically determined by integrating the
applied hydraulic pressure across the permeated volume: W =
∫ΔPdVp, and is denoted by the blue patterned region.57 Also,
it is instructive to note that the entire area enclosed by Δπ and
the horizontal axis gives the maximum extractable energy under
reversible thermodynamic conditions or, equivalently, the
Gibbs free energy of mixing (i.e., ∫ΔπdVp = ΔGmix).

57 Actual
facility-scale PRO operation employs spiral wound or hollow
fiber membrane modules with continuous flow of HC and LC
solutions.34,63,64

Reverse Electrodialysis. RED is another membrane-based
technology, introduced in 1954,4 that can convert chemical
energy in salinity gradients to useful work by utilizing the
electrochemical potential difference between the solutions.59,60

Figure 3A shows a minimal representation of one repeating cell
of an RED stack. The HC solution is interposed between a pair
of anion and cation exchange membranes (AEM and CEM,
respectively), which are in turn bordered by LC solutions.
Counterions can selectively permeate the charged ion-exchange
membranes (IEMs), that is, anions for AEM and cations for
CEM, but co-ions are excluded by Donnan exclusion.65,66

Therefore, the ion concentration difference across the IEMs
sets up an electrochemical potential that drives the directional
permeation of ions. Charge neutrality is maintained by the
simultaneous transport of cations and anions in opposite
directions to/from adjoining compartments (not shown for LC
solution compartments). At the end electrodes, a reversible
redox couple or capacitive electrodes (not shown) convert the
net ion flow to an electric current, and useful work is produced
by the external load (Figure 3A).
The solid black line of Figure 3B indicates a representative

electromotive force across the IEMs, ξemf, as a function of moles
of ion permeated (or equivalently moles of charge, q). As ions
permeate across the IEMs, cLC increases and the HC solution is
diluted. Hence, as RED proceeds (moving from low to high q
in Figure 3B), ξemf gradually declines to zero. The potential
difference across the load, ξL, is a portion of the RED stack
potential according to Kirchhoff’s voltage law (ratio of the load
resistance to the overall circuit resistance), and is represented
by the dashed blue line. Integrating the potential difference of
the external load across the charge transferred yields the
analytical expression for useful work produced: W = ∫ ξLdq, as
specified by the blue patterned region.60 Actual RED operation
employs ion-exchange membrane stacks comprising the
repeating cell depicted in Figure 3A, with HC and LC solutions
in continuous flow.35,67 It is instructive to note that while RED
and PRO are both membrane-based processes, RED is based
on the transport of ions across charge selective IEMs, whereas
PRO is driven by water permeation across salt-rejecting
membranes.
Capacitive Mixing. CapMix was initially demonstrated in

2009 and, hence, is the relative newcomer among the three

technologies.29 Unlike PRO and RED that are principally based
on membranes, CapMix employs a porous electrode pair in
electrolyte instead, as an electrical double layer (EDL)
capacitor.29,68 Figure 4A shows a minimal representation of
the four phases of CapMix. In phase I, an external electric
potential is applied to charge the electrodes that are immersed
in HC solution. Oppositely charged ions in the electrolyte
accumulate beside the electrode surface (indicated by blue
arrows of phase I in Figure 4A) to preserve local electro-
neutrality. Energy is expended during charging to increase the
ion concentration of the electrical double layer at the
electrode−solution interface. The circuit is opened in phase
II and the HC solution (slightly diluted due to ions bound in
the EDL) is switched out for LC solution. Lowering the ionic
strength of the surrounding electrolyte expands the diffuse layer
thickness, thus decreasing the EDL capacitance.69 Therefore,
the electric potential of the cell increases even though the
quantity of charge held by the capacitive electrode pair remains
the same.
When the circuit is closed, controlled mixing takes place and

ions in the EDL diffuse into the bulk LC solution (indicated by
violet arrows of phase III in Figure 4A), increasing cLC slightly.
Because of the decrease in the EDL ion concentration, charges
held at the electrodes are discharged through the external load
resistor, thus producing useful work. Because the discharge
occurs at a higher potential difference than the charging phase,

Figure 3. (A) Schematic representation of reverse electrodialysis
(RED). The concentration difference across the ion-exchange
membranes produces an electrochemical potential and the anion and
cation exchange membranes (AEM and CEM) selectively allow the
transport of counterions but retain co-ions. The ion flux is converted
to an electric current with a redox couple circulating between the end
electrodes and useful work is produced by the external load resistor.
Only one RED membrane pair is shown to illustrate the process. (B)
Representative plot of useful work, W, produced in RED with a
constant resistance load of potential difference, ξL. The vertical axis is
the electromotive force, ξemf, driving ion flux and the horizontal axis is
amount of charge transported, q (hence indicates progress of the
controlled mixing process).
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the useful work in phase III is greater than the energy
consumed in phase I, and net energy is produced. The LC
solution is drained and replaced with HC solution while the
circuit is opened in phase IV to complete the cycle. Figure 4B
shows an illustrative cell potential across the electrode pair, ζ,
during the four phases (directional arrows indicate progression
of the controlled mixing). The difference in integral between
phase I and III cell potential, across the charge transferred, gives
the net energy produced in a CapMix cycle: W = ∫ (ζIII−ζI)dq,
and is denoted by the blue patterned region in Figure 4B. To
further access the full salinity gradient for useful work
production, the cyclic process is repeated by reusing the HC
and LC solutions until concentration equilibrium is reached,
that is, cHC = cLC. Controlled mixing in CapMix is, thus,
achieved by adsorption of ions to porous electrodes in high
salinity solution, and subsequent desorption in low salinity
environment.
Ion-exchange membranes may be utilized between the

porous electrodes and electrolyte in an alternative CapMix
configuration.30,70,71 In this setup, the concentration difference
between the electrode pores and HC or LC solution drives ion
permeation across the IEMs. Since IEMs allow the selective
passage of counterions and retain co-ions, the porous electrodes

adjacent to the AEM and CEM in HC solution accumulate
anions and cations, respectively, without the need for an
externally imposed voltage. The electric potential difference
established across the cell drives a current in the circuit and
produces useful work through the external load. Swapping out
for LC solution reverses the electrochemical gradient and cell
potential: ions permeate from the electrode pores across the
IEMs into the low concentration electrolyte, while the circuit
current through the external load switches direction. This
alternate technique is generally referred to as CapMix-capacitive
Donnan potential (CDP) and distinguishes from the original
method described earlier, commonly termed CapMix-capacitive
double layer expansion (CDLE), by the additional use of ion-
exchange membranes.20,72 It is instructive to note that, while
PRO and RED convert salinity energy to electricity with a
mechanical and redox intermediate, respectively, CapMix
produces electrical energy directly from the controlled mixing.

Battery Mixing. Mixing entropy batteries, also known as
battery mixing (BattMix), is similar to CapMix but instead of
inert porous electrodes, BattMix utilizes faradaic electrodes to
convert the chemical energy in salinity gradients to
electricity.31,73,74 Initial demonstration of the technique
employed MnO2|Na2Mn5O10 and Ag|AgCl as the cathodic
and anodic electrodes, respectively, with NaCl electrolyte.31

The BattMix cell is charged by imposing an external voltage to
remove Na+ and Cl− from the respective electrodes, into the
LC solution (i.e., dilute aqueous NaCl). To initiate discharge,
the LC solution is exchanged for HC solution and the
electrochemical potential drives Na+ ions to intercalate into the
MnO2 cathode, while oxidation of Ag(s) to Ag+ ions takes place
at the anode. Because the energy produced when the cell
discharges through an external load is greater than the energy
expended in charging, net energy is produced from the
controlled mixing of the salinity gradient. Redox electrodes in
BattMix and capacitive electrodes in CapMix both are electrical
accumulators that store and release charges. Hence, BattMix
and CapMix are collectively categorized as accumulator mixing
(AccMix) technologies for harnessing salinity gradient en-
ergy.20,75 Compared to PRO, RED, and CapMix, BattMix is a
relatively incipient technology, but is included in this review as
the technology has shown considerable promise and is gaining
research traction.

Other Salinity Gradient Technologies. Other proposed
techniques to access the energy of mixing from salinity
gradients include mechanochemical contraction turbines using
regenerated collagen fibers,76 turbines driven by vapor pressure
difference,77 hydro-voltaic cells,78 forward osmosis-electro-
kinectics power generation,79,80 osmotic power generation
using dialysis cassettes,81 hydrogels,82 and controlled mixing
through ion-selective nanopores,83−86 nanochannels,87,88 or
nanotubes.89 However, either literature on these topics is too
limited for adequate assessment, or published studies reported
miniscule power generation outputs and, thus, fell short in
substantiating potential viability of the processes. Hence, these
alternative technologies are omitted from this review.

■ PERFORMANCE METRICS AND VIABILITY
INDICATORS

Salinity gradients represent currently untapped sources of
considerable magnitude that can potentially address some of
our prevailing energy challenges. However, despite the concept
being conceived over six decades ago, actual implementation of
facility-scale salinity gradient power generation has yet to fully

Figure 4. (A) Schematic representation of capacitive mixing
(CapMix). In phase I, an external voltage charges the porous
electrodes immersed in HC solution by increasing the ion
concentration in the electrical double layer (EDL) through electro-
static interactions. The circuit is opened and LC solution is switched in
for the slightly diluted HC solution during phase II. The current is
reversed and the electrodes are discharged in phase III by connecting
to an external load resistor, and ions diffuse from the EDL to the bulk
solution. The LC solution, now with slightly more salt, is then replaced
by the HC solution while the circuit is open in phase IV to complete
the controlled mixing cycle. (B) Representative plot of useful work, W,
produced in CapMix (arrows indicate direction of progression in one
cycle of the controlled mixing process). Vertical axis denotes electric
potential across the electrodes, ζ. Because the cell potential is higher
(or equivalently the capacitance of the EDL is lower) in LC solution,
more energy is produced during discharge for the same quantity of
charge transferred, q (horizontal axis), than energy consumed during
charging in HC solution. Thus, net power is generated.
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take off. The chief reason for this inertia stems from
comparatively low performance yields of the early attempts,
rendering salinity gradient energy economically unattractive
when benchmarked against conventional energy supplies and
other alternative power sources. However, recent progress in
material and design development has shown promise in
overcoming some of the hydrodynamic and mass transfer
limitations plaguing earlier operations. In this Section, we
discuss the principal performance metrics for PRO, RED, and
CapMix: power density/specific power, efficiency, and specific
work. The trade-off relationship between efficiency and power
density/specific power is elaborated and key system-level
operational considerations affecting all salinity gradient
technologies are identified. Also, levelized cost of energy is
presented as a compendious indicator that enables appraisal
against other energy sources.
Membrane Power Density and Electrode Specific

Power. A conceptual salinity gradient power generation
installation receives LC and HC solutions and produces useful
work output through controlled mixing of the input streams
(Figure 5). At the heart of the technologies are PRO
membranes modules, RED membrane stacks, or CapMix
electrodes, and their effectiveness to access ΔGmix will have
strong bearing on the overall performance of salinity gradient
power generation. The primary metrics for performance are

areal power density (PD) for PRO and RED membranes,
defined as power produced per unit membrane area,26,90−92 and
specific power (SP) for CapMix (and BattMix) electrodes,
defined as power produced per unit electrodes mass in
complete AccMix cycles.93 (Because CapMix electrode thick-
ness is typically on the order of hundred micrometer, the
amount of material is characterized by the surface area and,
thus, CapMix studies frequently report power generation
normalized by projected electrode area, which additionally
allows direct comparison with PRO and RED power densities.)
Both PD and SP describe the rate membranes or electrodes

convert salinity energy to useful work and, hence, directly
determine the amount of membrane or electrode needed to
generate a certain power. For instance, doubling PD or SP
would halve the membrane area or electrode mass requirement
in a salinity gradient power plant and, thus, lower capital cost.
Therefore, PD/SP is a measure of the kinetics and effectiveness
of the energy production process. Power density and specific
power are determined by membrane/electrode properties and
the driving force of the controlled mixing process.13,60,90,94−97

Effective membranes and electrodes capable of attaining high
powers will enhance cost-competitiveness, as will larger salinity
gradients. Because CapMix-CDP utilizes ion-exchange mem-
branes and electrodes, both PD and SP are relevant
parameters.98,99

Specific Work and Efficiency of Energy Extraction. The
Gibbs free energy, ΔGmix, presented in eq 1 signifies the
theoretical maximum energy available for useful work. Because
entropy is inevitably produced in real processes, the amount of
useful work, W, generated in practical unit operations of PRO,
RED, or CapMix will always be less than ΔGmix. The efficiency
of the salinity gradient energy technologies, η, is defined as the
fraction of ΔGmix converted to useful work, W, that is, η = W/
ΔGmix (Figure 5), and a high η is tacitly desired to get the most
out of ΔGmix. Normalizing the Gibbs free energy and useful
work by solution volume gives the specific energies. As LC
solution is often the limiting resource (for instance, for
seawater−river water natural salinity gradients, fresh water
availability is bound by estuary discharge whereas seawater from
the ocean is abundant and in excess), it is rational to normalize
Gibbs free energy and useful work by LC solution volume,
yielding ΔGmix,VLC

and WVLC
, respectively.

On the other hand, it is also practical to quantify the energy
per total solution volume, VT, as there are energy and economic
costs associated with handling the solution volumes (e.g.,
pumping and pretreatment, discussed later). Therefore,
ΔGmix,VT

and WVT
(subscripts designate energy per unit volume

of total solution) can instruct the selection of a key operating
condition−the HC:LC solution mixing ratio, ϕ. As such, both
specific energies normalized by VLC and VT are relevant
parameters for gauging the magnitude of salinity gradient
energy available and assessing power generation performance.

Trade-off between Energy Extraction Efficiency and
Power Density/Specific Power. For useful work production
to approach the Gibbs free energy of mixing, i.e., η → 1
(100%), the net driving force for mixing effectively drops to
zero as the salinity gradient technologies operate close to
reversible thermodynamics conditions. As such, power density/
specific power of PRO, RED, and CapMix will be negligibly
low. Conversely, to achieve high PD/SP, operating conditions
need to be optimized (e.g., ΔP for PRO and ξL for RED) to
sustain a substantively large driving force throughout controlled

Figure 5. Schematic representation of a salinity gradient power
generation facility. The high and low salinity streams (HC and LC
solutions, respectively) are the input into the plant. Pressure retarded
osmosis membrane modules, reverse electrodialysis ion-exchange
membrane stacks, or capacitive mixing electrodes are employed for
controlled mixing of the influent salinity gradient. The salinity gradient
technology harnesses a portion of the Gibbs free energy of mixing,
ΔGmix, for useful work, W, to yield an efficiency of η, and the mixed
solution output is discharged. Membrane power density for PRO and
RED, and electrode specific power for CapMix are the key
performance metrics for energy conversion effectiveness. The salinity
gradient power plant is additionally supported by capital equipment
such as hydraulic pumps, pressure exchangers, hydroturbines, and DC/
AC converters. Pretreatment of the influent HC and LC solution is
necessary to remove foulants from natural and anthropogenic streams.
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mixing. Hence, η will be significantly less than unity as entropy
production is considerable.60−62,100,101 This is consistent with
our general understanding of thermodynamics: process
spontaneity is enhanced with greater entropy production.
Efficiency of mixing energy extraction, η, and effectiveness of

power generation, PD or SP, are both crucially important
performance metrics. However, as discussed above, the
outcome objectives of maximizing η and PD/SP require
contradicting operating conditions and, therefore, an inherent
trade-off exists between efficiency and power.30,60−62,100−105

Most experimental studies on salinity gradient energy
production are performed with coupon-sized membranes or
in small cells that achieve relatively little mixing between the
HC and LC solutions (or concentrations are deliberately
maintained constant), and thus the reported high PD or SP
corresponds to very low η (<1%).106−110

In full-scale salinity gradient power generation where
substantial controlled mixing of the solutions is achieved, the
contraction in driving force is significant as the HC solution is
diluted and LC solution concentration progressively increases.
Hence, the average PD/SP over the entire course of controlled
mixing will be considerably lower than the values reported in
bench-scale studies. Experimental and analytical investigations
examining the disparity between bench- and full-scale power
indicate that PDavg can be ∼10−50% of PD0 (subscripts avg
and 0 denote average and initial PD, respectively).30,60,62

Conversely, other experimental studies attained relatively high
efficiency by recirculating the solutions to obtain a high degree
of mixing, but did not state the accompanying power density or
specific power (which would be unviably low).59,111,112 An
actual facility-scale salinity gradient power plant will need to
accommodate the two mutually opposing goals and achieve an
optimized balance of high η and large PD/SP.
Process Equipment and Solution Pretreatment Sub-

tract from Gross Power. Besides the PRO membrane
modules, RED ion-exchange membrane stacks, and CapMix
electrodes, capital equipment is necessary to support facility-
scale salinity gradient energy extraction (Figure 5). Primary
engineering components for PRO systems include high and low
pressure hydraulic pumps to circulate the HC and LC solutions,
respectively, pressure exchangers to recover the energy
embedded in the pressurized effluent HC solution, and
hydroturbines to convert mechanical work into electric-
ity.9,22,113 Hydraulic pumps used to flow the input streams
between ion-exchange membranes in the stacks and DC/AC
converters are the chief system devices for RED,114−116 and are
anticipated to be the main equipment for CapMix as well
(studies on scaled-up CapMix and BattMix systems are
lacking). Running the hydraulic pumps consumes energy that
is proportional to solution flow rate, parasitic pressure drop
along the system, and pump efficiency,103,117,118 while energy is
also lost due to imperfect conversion efficiency of pressure
exchangers and hydroturbines (typical efficiencies of 96−98%
and 85−90%, respectively).103,119
Furthermore, pretreatment of natural and anthropogenic

salinity streams will be required to remove foulants (Figure 5)
that, if left in the influent solutions, would detrimentally affect
salinity gradient power generation performance.120−126 The
energy and chemical cost of pretreatment is determined by the
influent stream quality and scale with the volume of HC and
LC solutions channeled into the power plant. The impact of
pretreatment cost on overall process viability is further
discussed in later Sections on natural and anthropogenic

salinity gradients. Pretreatment cost together with energy
consumption and inefficiencies of capital equipment, therefore,
subtracts from the net power output of the salinity power
generation plant. While a large ΔGmix per unit volume of LC
solution is theoretically available when paired with a dispropor-
tionally large HC solution volume (i.e., Figure 1A with small
ϕ), the energy cost associated with pretreatment and pumping
deducts from the gross power and work production and, thus,
depresses PDnet/SPnet and Wnet (subscripts denote net
power).103,114,117,119,127−129 This practical limitation, hence,
constrains ϕ (HC:LC solution mixing ratio) to a more narrow
band in actual facility-scale operation.

Levelized Cost of Energy. The compendious indicator for
economic feasibility of alternative power generation is the
levelized cost of energy (LCOE), defined as the constant price
per unit of energy for the investment to breakeven over the
lifetime of the salinity gradient power plant. LCOE
incorporates initial capital expenditure, operating expense,
and other operational and financial factors, hence essentially
aggregating the earlier discussed performance metrics of power
density/specific power, efficiency, and specific useful work
production to yield the per kilowatt-hour cost.130,131 Thus, the
levelized cost is a universal measurement that enables
comparison among the disparate salinity gradient technologies
and with other energy sources.
To realize actual implementation of salinity gradient energy,

the LCOE of PRO, RED, or AccMix need to at least be
competitive with other alternative energy sources. The ranges
of LCOE for emergent renewables in the U.S. are 0.10−0.38
$/kWh for solar (photovoltaic and thermal) and 0.07−0.27
$/kWh for wind (including offshore), in 2013 U.S. dollar
value.130 More recent techno-economic analyses project the
LCOE of salinity gradient energy to range between 0.06 and
2.10 US$/kWh for PRO39,42,132−136 and 0.06−6.80 US$/kWh
for RED,58,91,115,137−139 suggesting that salinity gradients can be
harnessed cost-competitively. In the following Sections,
levelized cost and the performance metrics are used to discuss
the prospects of PRO, RED, and CapMix power generation in
the context of natural, anthropogenic, and engineered salinity
gradients.

■ POWER GENERATION WITH NATURAL SALINITY
GRADIENTS

Early publications on salinity gradient identified the Gibbs free
energy released in the natural mixing of fresh river water with
salty seawater or natural hypersaline water bodies, such as the
Dead Sea and the Great Salt Lake, as nonfossil fuel based
alternative energy sources.4−6,76,77,95,140−144 As part of the
hydrological cycle, the concentration differences are perpetually
renewed, thus natural salinity gradients are recognized as
sustainable power supplies. In this Section and the next, the
potential of natural salinity gradients is discussed, key
developments are highlighted, and the main challenges are
identified.

Seawater-River Water Salinity Energy Potential is
Huge. The energy of mixing dissipated when river water flows
into the oceans is vast: the global river water discharge of 37−
46 × 103 km3/y54,55 multiplied by ΔGmix,VLC

yields 28.1−35.0 ×
103 TWh/y for ϕ→ 0 (i.e., river water mixing with an infinitely
large amount of seawater) and 16.2−20.1 × 103 TWh/y for ϕ
∼ 0.63, where ΔGmix per total solution volume is maximized
(Figure 1A, assuming seawater and river water concentrations
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to be 35 g/L and 88 mg/L NaCl, respectively). Although it is
highly improbable that all fresh water is diverted for power
generation, the potential of seawater−river water salinity energy
is, nonetheless, sizable and on the same order of magnitude as
the worldwide electric energy consumption and renewable
energy supply (19.5 × 103 and 21.7 × 103 TWh, respectively,
for 2013).145 While diverting fresh water resource in water-
scarce/stressed regions for power generation is obviously
unwise, seawater−river water salinity gradients can be potential
renewable energy sources where streamflow is in excess of
consumptive needs.
Figure 6 shows a conceptual salinity gradient power plant. A

fraction of fresh waterflow from upstream of the estuaries is

channeled to the facility (to avoid the fresh and salt water
mixing zone at the river mouth),146 while marine water is
drawn from offshore intake points and the combined mixture is
discharged back to sea through outfalls (Figure 6, (i). In
addition to the vast potential, seawater−river water salinity
energy has another advantageous attribute: natural salinity
gradient power generation is sufficiently steady and predictable
to avoid problems of interdiurnal intermittency plaguing other
renewables such as solar and wind2 (although flow rate and
salinity of the input streams may experience seasonal and
interannual variations).147−149

Significant Progress in Field Demonstrations, Pilot
Plants, and Material Development. The world’s pioneering
salinity gradient energy demonstration plant, inaugurated in
November 2009, is based on PRO32  testament to the
techno-economic maturity of the method then, relative to RED
and CapMix. Seawater was drawn from the coast and fresh
water from a lake was gravity-fed to the prototype PRO
installation in Tofte, Norway, that aimed to generate 10 kW of
electricity.32 Statkraft, the Norway-based international renew-
able energy company operating the demonstration plant, cites
that power density of the PRO membranes needed to be 4−5
W/m2 for seawater−river water salinity gradient energy to be
commercially attractive, and approximates the energy produc-
tion cost at 0.05−0.10 €/kWh.10,32,150,151 The reported power

densities were 3−3.7 W/m2,10,151 and the company announced
in 2011 that it would work with membrane manufacturer Nitto
Denko/Hydranautics to develop and supply PRO membranes
capable of achieving 5 W/m2.152 Subsequently in 2013,
Statkraft entered into an agreement with Israel-based water
company IDE Technologies for the design and construction of
a larger 2 MW PRO facility in Sunndalsøra, Norway, to
introduce power produced into the national grid.153 Elsewhere,
Hydro-Queb́ec, an electric utility in Quebec, Canada, is
assessing the exploitable potential of seawater−river water
salinity energy in the Gulf of St. Lawrence for PRO energy
production. Studies indicate that the salinity energy potential of
Quebec is ∼45 TWh/y.38,39

Reverse electrodialysis also underwent parallel advancement.
In November 2014, an RED pilot plant began operation in
Breezanddijk, The Netherlands, where fresh and salt water are
separated by a dike.33 The facility is operated by REDstack, a
Dutch spin-off company from Wetsus, European Centre of
Excellence for Sustainable Water Technology, and targets 50
kW power generation capacity.33 A nonsite-specific assessment
suggests that LCOE of RED power generation can go down to
0.16 €/kWh and be competitive with membrane power density
of 2.7 W/m2.138

At the same time, PRO and RED membranes have made
significant advancements toward power density goals for cost-
competitiveness (detailed progress elaborated in recent review
articles).45,46,51,154,155 Development of thin-film composite
polyamide membranes with tailored porous support layer
greatly suppressed the mass transport limitation of internal
concentration polarization, the key performance limiting
phenomenon for PRO.106,156 Coupled with optimized for-
mulation of the active layer to obtain balanced water
permeability and salt selectivity, new PRO membranes could
achieve high PD0 of up to ∼7 W/m2.106 Likewise, innovations
in ion-exchange membranes and stack design, for example,
microstructured IEMs, nanocomposite IEMs, and ion con-
ductive spacers, improved RED power density to ∼2.2−2.4 W/
m2.105,157−161 Since the proof-of-concept demonstration,
AccMix also has made steady progress in technological
improvements. By pairing carbon electrodes with different
properties or utilizing electrodes modified with charged
compounds or polyelectrolytes, a spontaneous change in cell
potential can be attained in CapMix without an external
imposed voltage,162−166 thus eliminating energy lost due to self-
discharge of the EDLs that plagued early CapMix efforts.29

Other innovations, such as flow-electrodes, enhanced electrode
geometry, and inventive flow cell design99,167−170 also produced
steady improvements in CapMix and BattMix power generation
performance. These developments bode well for the progress of
seawater−river water salinity gradient utilization.

Trade-Off between Efficiency and Power is Principal
Limitation. In December 2013, Statkraft announced it would
discontinue work to develop salinity gradient power generation,
including shuttering the Tofte demonstration plant.171 The
reason cited was the updated cost forecast of 0.12 €/kWh
rendered PRO salinity energy production uncompetitive in the
European power market.171 While Statkraft’s statement does
not let on much and the company has been parsimonious in
disclosing specifics, there are, undoubtedly, nontrivial impedi-
ments in the implementation of seawater−river water salinity
power.
A principal limitation was alluded to earlier in this article 

the inherent trade-off between the two main performance

Figure 6. Conceptual illustration of a salinity gradient power plant.
Energy can be produced from natural salinity gradients, such as the
controlled mixing of seawater and river water (i) or with hypersaline
lakes and salt domes. Alternatively, anthropogenic waste streams that
are otherwise unutilized, for example seawater desalination brine and
wastewater effluent (ii), can be used for power generation. Engineered
solutions are foulant-free and can be purposefully tailored to the
process. Thermally regenerative engineered solutions can be utilized to
harness low-temperature heat sources (iii), while the salinity gradient
technologies can also be coupled with their analog separation process
to operate as salinity gradient flow batteries for grid energy storage in
the solution chemical potential.
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metrics of power density (PD)/specific power (SP) and energy
conversion efficiency, η. While salinity gradient energy
technologies can exhibit high power densities/specific powers
in laboratory-scale experiments with essentially constant
solution concentrations, the average power of a facility-scale
salinity energy installation, PDavg or SPavg, would be
considerably lower in order to obtain practical efficiencies
(or, equivalently, reasonable specific useful work, WVLC

). This

trade-off is a fundamental constraint intrinsic to the working
principles of salinity gradient energy production.
Model-based analyses of current state-of-the-art PRO

membranes in facility-scale seawater−river water power
generation indicate that PDavg is 3.7−5.2 W/m2 to attain η of
∼44% for ϕ = 0.5 (i.e., equal volumes of HC and LC solution),
a sizable decrease from PD0 of 8.2−10.5 W/m2.62,100 While
PD0 of up to ∼7 W/m2 has been experimentally demonstrated
on small bench-scale membrane coupons,106,129 in facility-scale
installations, such as the Statkraft demonstration plant, PDavg of
membrane modules with equivalent properties will be
substantially lower to simultaneously achieve practically
relevant efficiencies. Recent studies separately proposed two-
stage PRO to boost efficiency of energy extraction and closed
circuit PRO to improve PDnet by eliminating the need for high
pressure hydraulic pump and pressure exchanger.172−175

Despite the alternative configurations, these systems will
unavoidably still be bound by the fundamental efficiency-
power trade-off. Furthermore, two-stage PRO will improvi-
dently incur more capital expense for additional membrane
modules and auxiliary capital equipment, thus lowering
eventual viability.
The inherent efficiency-power density trade-off will likewise

constrain RED. Analyses with present technology ion-exchange
membranes yielded equivalent trends: PDavg fell from ∼2.5 to
0.8−1.1 W/m2 to obtain higher η of ∼31−38%.60,100 For
salinity gradient power generation with seawater and river water
to be viable for the REDstack pilot plant, considerable
improvements will be required for ion exchange membrane
and stack design to advance PDavg toward the estimated 2.7 W/
m2 for cost-competitiveness. Accessing salinity gradient energy
by CapMix technologies will also not evade the fundamental
efficiency-power trade-off,30,102 and there is no evidence to
indicate BattMix is exempted from this elementary constraint
either.
Fouling is Most Critical among Operational Chal-

lenges. In addition to the fundamental limitation of efficiency-
power trade-off, salinity gradient power generation faces the
challenging operational obstacle of fouling. Foulants, such as
natural organic matter, colloids, and biofilm-forming microbes,
are ubiquitous in natural waters and studies have shown that
fouling of PRO and RED membranes and CapMix electrodes
s ign ificant ly d imin i shes PD/SP by as much as
∼60%.120−124,126,176−185 In an actual salinity gradient facility,
the curtailed power generation performance would detrimen-
tally reduce η, thus further lowering the available useful work
per solution volume. To mitigate the deleterious effect of
fouling, seawater and river water input streams can be
pretreated to remove, inactivate, or inhibit potential foulants,
and approaches such as micrometer-spaced screens and
microfiltration have been investigated.115,120,124,125,180,181 Alter-
natively, cleaning techniques (e.g., air sparge and osmotic
backwash) can be employed to rinse foulants off the
membranes/electrodes and restore performance.121,125,183,186

However, pretreatment cost scales with solution volume and
cleaning strategies require energy expenditure. Accurate
projections of pretreatment and cleaning cost are difficult due
to limited availability of actual operating data, but a recent PRO
investigation suggested 0.066 and 0.044 kWh/m3 for pretreat-
ment of seawater and river water, respectively.103 Moreover,
incorporating other process operations of intake, conveyance,
and circulation raises the projected energy inputs to 0.085 and
0.067 kWh per cubic meter of seawater and river water,
respectively.103 Since the mixing free energy per unit volume of
LC solution is 0.52 kWh/m3 for ϕ = 0.5, efficiencies of ∼44%
discussed above would correspond to WVLC

of ∼0.23 kWh/m3.
Deducting the hypothetical pretreatment and pumping energy
cost leaves a slim 0.08 kWh net energy produced per cubic
meter of river water. Therefore, pretreatment, cleaning
procedures, pumping, and other operational energy expendi-
tures and inefficiencies (e.g., imperfect hydroturbine and
pressure exchanger efficiencies)103,117,128,187 further erode
away the already thin margin of gross power generated with
seawater−river water and weaken cost-competitiveness.
Although the 5 W/m2 target power density for viable salinity

gradient power generation with seawater and river water has
been often mentioned by Statkraft and has propagated scientific
literature on PRO (sometimes inappropriately extended to
salinity gradients other than seawater−river water), the
methodology employed to arrive at the value is not publicly
available. It is not inconceivable that Statkraft’s initial
projections pushed the boundary of optimistic forecast without
fully assimilating the fundamental limitation of efficiency-power
density trade-off, technical constraints of fouling, and opera-
tional need for pretreatment; the actual LCOE is possibly
markedly greater than 0.05−0.10 €/kWh, or even the 0.12
€/kWh cited later. Although the fouling mechanisms are
different from PRO, the phenomenon is a similarly dogged
problem for RED.124,125,178,188 To suppress fouling in the
REDstack pilot plant, the influent streams were pretreated
using drum filters with 50 μm screens.115,116 Fouling studies on
CapMix and BattMix are presently deficient,126 but it is unlikely
that the technologies will avoid the universal effects of fouling
and facility-scale AccMix salinity gradient power generation
with actual natural streams will inescapably require pretreat-
ment as well.

Innovations Required to Overcome Mass Transfer
Limitations and Unintended Mixing. In addition to fouling,
mass transport limitations are critical to PRO and RED
performance, while unintended mixing during solution switch-
ing is an overlooked potential stumbling block for AccMix. In
PRO, the porous support layer provides mechanical integrity to
the membrane but also acts as an unstirred boundary layer to
thwart the LC solution from being well-mixed, resulting in
excess solute buildup within the membrane that detrimentally
lowers the driving force for water flux (detailed discussion on
the internal concentration polarization phenomenon can be
found in literature).90,94,189 Improved design of the membrane
support layer morphology overcame part of this mass transport
limitation,105,155 but further innovations are required to utilize
the concentration difference more effectively and attain higher
PDs.
In an RED stack, low ionic conductivity and concentration

polarization strongly affect power generation performance.
These detrimental effects can be reduced to some extent by
minimizing the distance between membranes and inducing
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turbulence to promote hydrodynamic mixing in the chan-
nels.59,105,157,190−192 However, more work will have to be
expended to push the solutions.193 Thus, while the hydro-
dynamic modifications can favorably improve gross perform-
ance, the concomitant increase in pumping cost is undesirable
and substantially subtracts from the net energy produc-
tion.105,114,118,127,128,194 Advances in profiled IEMs prepared
by micromolding and other hydrodynamic innovations can
partially assuage the parasitic pressure drop,158,159,195−198 but
further improvements that can adequately address these vital
hydrodynamic challenges and also the limitation of low
conductivity in the LC solution compartment are necessary
for viable RED power generation.
During solution switching in CapMix and BattMix, it is

difficult to quickly drain the electrodes completely dry and, as a
result, unintended mixing occurs between the residual and
incoming solutions.93 The effects of this unintentional blending
are not apparent in laboratory-scale batch experiments where
the solutions flow through once rather than being recirculated
and, hence, the phenomenon is yet to be methodically
investigated. But in facility-scale AccMix operation where
nearly the whole salinity gradient is utilized, the inadvertent
uncontrolled mixing will adversely lower η, WVLC

, and electrode
specific power, SP.93 Utilizing flow electrodes in CapMix-CDP
can potentially circumvent this problem by enabling continuous
operation without solution switching, but the technique needs
further development to improve SP that is currently an order of
magnitude lower than CapMix with conventional electro-
des.167,168

Opportunities to Penetrate Markets with High
Current Energy Cost. While salinity energy production with
river water and seawater might not yet be broadly competitive
(from 0.21 to 0.67 US$/kWh for PRO39,42,134 and upward of
0.71 €/kWh for RED,91,138,139 compared with 0.07−0.12 US
$/kWh for conventional power generation130), a high levelized
cost of conventional energy production in specific circum-
stances can tip salinity gradient energy over to be a presently
viable solution. For example, geographically remote commun-
ities in Quebec, Canada, are being served by expensive diesel-
fueled microgrids where electricity cost can be as high as 1.32
US$/kWh, and these locations are also conveniently situated
within close proximity to river mouths.39 This confluence of
factors can potentially enable seawater−river water salinity
gradient energy to be an economical alternative.38,39

■ POWER GENERATION WITH HYPERSALINE
SOURCES

Natural Hypersaline Sources Afford Greater Salinity
Difference. By exploiting a larger salinity gradient, more
energy is available for utilization (Figure 1B) and some of the
fundamental and operational limitations discussed above can
possibly be surmounted more readily. The natural mixing of
tributaries flowing into hypersaline lakes, such as the Dead Sea,
the Great Salt Lake, Lake Urmia in Iran, and Lake Torrens in
Australia, have been identified as prospective energy-dense
salinity gradient sources.6,40,41,58,76,77,90,95,140−142,199,200 Salt
domes, natural subterranean formations of solid salt or
hypersaline reservoirs, are another high salinity cache that can
potentially be harnessed for power generation.58,90,199−202

Mixing a representative hypersaline solution of 5.3 M NaCl
with river water (1.5 mM NaCl) yields ∼11× greater ΔGmix,VLC

than seawater, when ΔGmix,VT
is maximized (4.97 kWh/m3 LC

solution compared to 0.44 kWh/m3, Figure 1B). With
optimistic projections of reduced PRO membrane cost,
LCOE of natural hypersaline sources is estimated to be
∼0.06−0.09 US$/kWh.132,133 A pilot plant in Sønderborg,
Denmark, is using hypersaline water (>15 wt % NaCl) from
geothermal wells to generate electricity with PRO.203

While natural hypersaline sources afford advantages of
greater salinity difference over seawater−river water, there are
intrinsic drawbacks associated with these sources, including
being less widely distributed relative to the global river network.
Furthermore, although salt domes are naturally occurring, they
are nonrenewable resources. The availability of an appropriate
low concentration stream to pair with the salt domes may be a
potential stumbling block, as is proper disposal of the combined
stream. Previous suggestions to reinject the mixed product back
into subterranean formations199 will not be a sustainable
solution due to likelihood of groundwater contamination,
injection-induced seismic activities, and environmental regu-
lations.204−207

Technological Advances are Needed to Fully Exploit
Larger Concentration Differences. On top of the above
shortcomings, significant technological advancements are
necessary to fully take advantage of the greater concentration
gradient. To achieve higher power density and efficiency with
the amplified osmotic pressure difference, the hydraulic
pressure employed in PRO needs be as high as 250 bar
(approximately half the Dead Sea osmotic pressure of ∼500
bar),6,199 almost 20-fold higher than the requirement for
seawater. However, several studies have shown that current
PRO membranes are not adequately robust to withstand large
pressurizations and can mechanically fail at high ΔP.107,208−213
The largest hydraulic pressure demonstrated in PRO is ∼55 bar
in a laboratory test cell, underscoring the sizable technical gulf
from a sufficiently sturdy membrane.213 Even before physical
integrity is compromised, large pressurizations deteriorate
transport and structural properties of the PRO mem-
brane,214−220 and membrane salt rejection is shown to decrease
at elevated salinities.213 Both effects detrimentally lessen salinity
gradient power generation performance. Design and config-
uration of the supporting spacer scaffold has strong bearing on
maintaining integrity of the PRO membrane,212,213,221 and will
be vital to enhancing membrane mechanical robustness.
Ion-exchange membranes utilize the Donnan exclusion

principle to allow selective permeation of counterions while
retaining co-ions in RED. The ability of IEMs to exclude co-
ions and allow counterion transport is characterized by
permselectivity, α, where an α of unity indicates perfect
selectivity. However, the effects of Donnan exclusion are
overwhelmed when the surrounding solution concentration is
high, thus IEM permselectivity will be negatively impacted in
RED with hypersaline streams.65,127,222 A study showed that
increasing cHC from 0.5 to 5.0 M NaCl severely slashed α from
0.96−0.99 to ∼0.4.222 Because co-ions are now also permeating
across the IEMs with alongside counterions, the mixing is no
longer controlled and the efficiency of energy extraction is
drastically diminished.100 Development of IEMs with greater
fixed charge densities to preserve the Donnan exclusion effect
in high salt concentrations can potentially overcome this
limitation. Additionally with larger salinity differences, appreci-
ably lower PDs are inherently attainable in RED compared to
PRO. This is due to the intrinsic logarithmic dependence of
RED stack Nernst potential on solution concentration, as
opposed to an effectively linear relationship for PRO osmotic
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pressure.100,202 This inequity is reflected in techno-economic
analyses, which suggest RED will be less favorable than PRO
for cost-effective conversion of large salinity gradients to useful
work (∼3 US$/kWh compared to 0.06−0.09 US$/kWh,
although the different assessments employed nonequivalent
provisions).132,133,137

Energy extraction with higher concentration solutions using
CapMix and BattMix has received only limited research
attention. Experiments showed that the electric potential of
CapMix porous electrodes leveled off beyond ∼1 M NaCl,
possibly due to nonideal interactions of electrolyte charges with
the EDL at high ionic strengths.162 Extending this result to the
CapMix process suggests that the efficiency to harness brines
and higher salt concentrations will be unfavorably curtailed. On
the other hand, the voltage difference across a BattMix cell
based on MnO2|Na2Mn5O10 and Ag|AgCl electrodes rose
correspondingly with the concentration difference up to ∼5 M
NaCl,31 and power generation with engineered solutions of
highly concentrated ZnCl2 was also demonstrated,223 thus
indicating the promise of BattMix to access larger salinity
gradients. Further studies can better define and quantify the
practical prospects and drawbacks of BattMix salinity gradient
energy production with hypersaline sources.

■ SALINITY ENERGY PRODUCTION WITH
ANTHROPOGENIC STREAMS

Besides natural salinity gradients, byproduct streams of
anthropogenic activities can also be utilized for salinity power
generation.12,14,224 Hence, PRO, RED, and CapMix can
beneficially reuse saline waste streams that would otherwise
be discarded for power generation. This section discusses the
prospects, progress, and hurdles of salinity gradient energy
production with anthropogenic streams.
Desalination Brine as High Salinity Stream. High

salinity effluent streams from industrial processes can be
input to salinity gradient power generation facilities, allowing
beneficial reuse of an otherwise waste product (Figure 6, (ii).
Reject brine from seawater desalination plants is the earliest
and most frequently cited supply12−14,21,40,138,224−230 but waste
brine from production operations (e.g., chloralkali process and
epichlorohydrin synthesis) and acidic wastewater can also be
used.131,231 Because the desalination influent stream is already
pretreated to remove foulants, the reject brine potentially has
less fouling propensity than raw seawater without needing
further energy-intensive cleansing. Salt concentration of reverse
osmosis seawater desalination brine is typically double that of
the input seawater and, hence, has approximately twice the
salinity gradient energy (ΔGmix,VLC

of 0.85 kWh/m3 compared

to 0.44 kWh/m3 when ΔGmix,VT
is maximized, Figure 1B).

Salinity gradient energy production with desalination brine, as
well as almost saturated brine from salterns, is being actively
pursued, with field demonstrations in Japan, Korea, and
Italy.14,34−37

A prototype PRO plant in Fukuoka, Japan, pairs brine from a
nearby seawater desalination plant with effluent from a
wastewater treatment plant, another anthropogenic waste
stream. The process has the further objective of brine dilution
to alleviate environmental impacts, in addition to salinity
gradient power generation,14,34,232 and is intended for
incorporation into the Mega-ton Water System, the design of
future large-scale seawater reverse osmosis desalination plants
capable of producing 106 m3 of freshwater daily.34,233 Because

reverse osmosis desalination typically achieves ∼50% recovery
(percentage of seawater feed volume desalinated into product
water),234 the brine stream influent to PRO will be a sizable 106

m3/d. With assumptions on the benefits from economies of
scales and future membrane modules capable of attaining 12
W/m2 PDavg, LCOE is estimated to be ∼8.8 ¢/kWh (although
only summary cost information is provided in the publica-
tion).135 Studies have demonstrated membranes with mechan-
ical robustness capable of withstanding the hydraulic pressures
needed for PRO operation with desalination brine (up to 25
bar).14,110,235,236 The Mega-ton project is looking to develop a
100 kW facility with 105 m3/d brine input, i.e., 1/10 the eventual
scale.237

A similar research project in Korea, titled GMVP, uses
membrane distillation (a thermally driven separation process)
to further concentrate the desalination brine before pairing with
wastewater effluent for PRO salinity gradient power generation
with power density target of 5 W/m2.36,37 The project has
reportedly teamed up with Saudi Arabia’s Saline Water
Conversion Corporation to further develop PRO (among
other technologies).237 Desalination brine was also considered
for RED salinity gradient power generation.67,138,222,225,238 The
European Commission-funded REAPower project aims to
demonstrate the potential of RED energy production using
saline streams and concentrated brines. To this end, a
demonstration plant was established in the Province of Trapani
in Sicily, Italy, that utilizes almost saturated brine from the
adjacent saltworks and brackish water from a shoreline well as
the HC and LC solutions, respectively.35 Recently, REAPower
declared interest to scale-up the field demonstration capacity to
1 kW.35,239

Suitable Low Salinity Stream is Key. The crux of
utilizing anthropogenic salinity gradients for energy production
lies in the selection of an appropriate low salinity stream. The
Mega-ton Water System prototype plant in Fukuoka, Japan,
carried out a continuous PRO test for 12 months with
negligible water flux decline from membrane fouling.135

However, the sustained water flux was achieved by rigorous
pretreatment of the influent wastewater LC solution, straining
the stream through ultrafiltration and reverse osmosis
membranes. Because of the costly low salinity stream
pretreatment, the energy input outstripped the gross energy
produced, rendering net power generation negative. The study
indicates that for brine-wastewater PRO to be viable, the energy
intensive reverse osmosis filtration step for wastewater
pretreatment needs to be eliminated.135,233 Readily accessible
demonstration results are essentially absent for Korea’s GMVP
project, but field tests with actual seawater and wastewater will
likely face similar fouling difficulties. Evidence from actual
operational experience and laboratory studies compellingly
show that impaired water sources, due to the presence of more
foulants, will cause greater fouling than cleaner river
water.180,186,236,240−242 A model-based analysis of the process
noticeably did not factor in pretreatment costs and fouling
impact.37 Furthermore, while the higher cHC achieved with
membrane distillation in the GMVP project is advantageous for
boosting membrane power density and specific work extraction
in PRO and RED,227,243 the added step will require substantial
capital expense from additional membrane modules and also
incur operating cost that can weigh unfavorably in overall cost-
effectiveness.
Likewise for the REAPower RED demonstration facility, the

influent saturated brine and brackish water streams had to be
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thoroughly pretreated to mitigate fouling. Both input solutions
were sieved through progressively tighter filters of 50, 25, and 5
μm, followed by dosing of the brackish water LC solution with
hypochlorite biocide. Even though the concentration difference
was drastically augmented compared to seawater−river water
(around 10-fold increase), the net IEM power density obtained
was only ∼0.52 W/m2 over 2.5 months of operation (compared
with modeled PDavg of ∼0.8−1.1 W/m2 using seawater−river
water),60,100 with energy conversion efficiency likely in the
region of 2−3%. The poor PD and η performance was
attributed to diminished IEM permselectivity at high salt
concentrations (discussed earlier), and presence of divalent
ions in the natural waters that are detrimental to RED
performance.67,114,127,190,194,244,245 Though REAPower intends
to scale-up to 1 kW capacity,35,239 the economic viability of the
salinity gradient power generation with saltworks brine that
possess commercial value remains indeterminate, especially
with the deterring limitations listed above compounding to the
extensive pretreatment required.
Seawater has been proposed as an alternative low salinity

stream to pair with desalination brine.224,225,246 Again, rigorous
pretreatment of the seawater would be necessary to mitigate
fouling impact on salinity gradient energy production perform-
ance. Furthermore, because the concentration difference is
lower compared to brine-wastewater, there is drastically less
mixing energy available for extraction in the brine-seawater
pairing: 0.127 kWh per cubic meter of seawater LC solution
when ΔGmix,VT

is maximized, a ∼6.7-fold reduction from 0.85
kWh/m3 with wastewater. Also, the driving force for power
density/specific power is significantly diminished. The viability
of brine-seawater salinity gradient power generation is not
obvious when the constraints of fouling, lower ΔGmix, and
reduced power generation performance are fully considered.
Treatment/Desalination of Low Salinity Streams to

Avoid Desalting Seawater is Overall Better Option. River
water or brackish water with lower fouling propensity than
wastewater has been suggested as the LC solution to pair with
desalination brine.109,225,247 But as the HC brine solution is
from seawater desalination, it is a given that fresh water supply
is scarce. Hence, it would be only logical to treat/desalinate any
available river water or brackish water, instead of circuitously
generate salinity gradient power to offset the high energy cost
of seawater desalination. Energy-wise, treating wastewater for
reclamation and reuse is a better option than desalinating
seawater to meet the water demand under most circumstances
because the former requires 1.0−2.5 kWh per cubic meter of
fresh product water, compared to 2.6−8.5 kWh/m3 for the
latter.248 Instead of potable use, the reclaimed water can be
utilized for nonpotable applications, for example, industrial use
and landscape irrigation, thus cutting the Gordian knot of
public acceptance. With entropic and operating losses, the
power generated from brine-wastewater salinity gradient will
not fully compensate for the higher energy cost of desalinating
seawater over reusing wastewater, and the additional need for a
brine-wastewater salinity gradient facility would further escalate
the capital cost. If the overarching objective is to lower the
energy requirement and cost of supplying water, wastewater
reclamation would be an overall more judicious choice than
desalinating seawater and subsequently using the brine stream
for energy recovery (or other hybridized configura-
tions).229,249,250

■ ENGINEERED SALINITY GRADIENTS WITH
REGENERATIVE SOLUTIONS

With the natural and anthropogenic salinity gradients discussed
thus far, the HC and LC solutions are mixed to extract ΔGmix
for useful work, and the combined mixture is then discharged.
Instead of a once-through system, salinity gradient power
generation can be configured in a closed-loop by coupling with
a solution regeneration stage to reconstitute the concentration
difference and cycle the solutions back for energy produc-
tion.15,16,251,252 This section examines closed-loop systems with
engineered solutions driven by effectively free or low-cost
energy, such as low-grade thermal heat or surplus renewable
energy.

Engineered Solutions are Purposefully Selected and
Can Circumvent Fouling. Salinity gradient technologies
PRO, RED, and AccMix can be the energy conversion step in a
closed-loop system using engineered high and low concen-
tration solutions. After controlled mixing, the salinity difference
is reconstituted in a solution regeneration stage. Because the
HC and LC solutions are recirculated and not discarded,
engineered solutions with specific properties and large
concentration difference can be purposefully selected to
enhance PD/SP, WVLC

, and overall performance. For example,
using HC and LC solutions equivalent to 4.0 M and 17 mM
NaCl would yield ΔGmix,VLC

of 3.39 kWh/m3 when ΔGmix,VT
is

maximized, compared to 0.85 kWh/m3 with brine-wastewater
(Figure 1B). Engineered PRO solutions with advantageous
characteristics, including low cost and minimal salt leakage
across the membrane, can improve operation cost-effective-
ness.136,253,254 The redox chemistry of BattMix can also be
designed by rational choice of electrolytes and electro-
des.112,223,255,256 Most critically, the engineered solutions can
be maintained practically foulant-free and sterile, thus averting
costly pretreatment that marginalize the viability of power
generation with natural and anthropogenic salinity gradients.

Heat Engine to Access Low-Grade Thermal Sources.
By employing engineered solutions that can be thermally
regenerated in the solution reconstitution stage, the integrated
process functions as a heat engine. After producing power with
the salinity gradient technology (energy output), the combined
solution is circulated to the regeneration stage where a thermal
source (heat input) separates the mixture back into HC and LC
solutions (Figure 6, (iii). For example, salt solutions such as
aqueous NaCl can be parted into high and low concentration
solutions by conventional distillation or membrane distilla-
tion.16,102,111,223,251,254 Thermolytic solutes that exhibit phase
change at elevated temperatures can be removed with low-
grade heat.15,257−259 For instance, aqueous solutions of highly
concentrated ammonia and carbon dioxide can be paired with
pure water for salinity power generation. In the regeneration
stage, relatively low-temperature heat (e.g., <80 °C) is applied
to the combined solution, stripping the gases to yield pure
water. CO2 and NH3 are then resolubilized in a portion of the
pure water to reform the HC solution.15,112,260,261 The salinity
gradient can be recombined immediately to generate power or
stored for later use, thus uncoupling energy demand from the
availability of heat supply. Salinity gradient energy production
technologies with thermal-driven solution regeneration can
potentially access the vast amount of low-temperature geo-
thermal energy (1.5 × 1012 TWh),262 low-grade industrial waste
heat (∼9,400 TWh/y globally),16 and reject heat from thermal
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power generation (∼5,250 TWh/y in the U.S.)263 for useful
work production.
Ultimately heat energy conversion to useful work is bound by

the Carnot efficiency, ηCarnot = 1 − Tc/Th, where T is the
absolute temperature and subscripts “c” and “h” denote cold
and hot reservoirs, respectively. For instance, ηCarnot is ∼17%
for reservoir temperatures of 20 and 80 °C. Due to inevitable
entropy production, practical efficiencies of actual heat engines
will be lower than ηCarnot. Furthermore, for salt solutions, the
energy efficiency (Gibbs free energy of separation divided by
heat input) of a single-effect distillation is thermodynamically
constrained by the boiling point elevation.102 For example,
energy efficiency is <1% for NaCl solutions with a single effect
(i.e., no heat reuse), while efficiencies of up to ∼10% can
potentially be achieved with higher boiling point elevation
solutes such as ZnCl2 or NaOH.102,223 Higher energy
efficiencies of separation in the thermally driven solution
regeneration step can be achieved by using multiple effects or
more membrane modules (for conventional distillation and gas
stripping, and membrane distillation, respectively). Analysis of a
PRO-membrane distillation system suggests efficiencies of up
to 12.5% can theoretically be attainable with 80 and 20 °C;
however the assessment did not account for temperature drop
across heat exchangers, a key design parameter that constrains
the practical number of effects.102,264 The small temperature
differences employed, for instance, between 20 and 60 °C,
limits distillation process design to ∼3−4 effects, leading to an
ideal efficiency of ∼3−4% at best (comparable to typical energy
efficiency of seawater desalination by thermal distillation
techniques such as multiple-effect distillation and multistage
flash, where efficiency here is defined as the ratio between
Gibbs free energy of separation and heat consumed).265

Incorporating other practical limitations such as the hydro-
turbine generator inefficiency and imperfect thermal insulation,
and economic factors such as increased capital cost of more
distillation effects, would further lower net system efficiency.
Evaluation of a salinity gradient heat engine comprising PRO
and membrane distillation stages approximates LCOE of 1.70−
2.10 US$/kWh, substantially pricier than conventional
electricity generation.136 Even then, the findings of these
analytical studies are contingent on attaining the necessary

technological advances to exploit greater concentration differ-
ences discussed earlier, a nontrivial challenge in itself.

Salinity Gradient for Grid Energy Storage. The
chemical potential of salt solutions can be utilized for grid
energy storage, by using the salinity gradient energy production
technologies in tandem with their respective analog separation
processes: reverse osmosis, electrodialysis, and capacitive
deionization for PRO, RED, and CapMix, respec-
tively.17,18,266−268 Surplus power (from intermittent renewable
sources or when energy supply from conventional power
generation exceeds demand) desalinates a salt solution to yield
HC and LC solutions, thus storing ΔG in the different
concentration solution reservoirs. In the energy retrieval step,
controlled mixing of the solutions with PRO, RED or CapMix
releases the stored energy.17,18,268 Thus, the power generation
technologies and their corresponding separation processes
function to charge and discharge chemical potential energy in
salinity gradient flow batteries. Using the example of 4.0 M and
17 mM NaCl, 1.90 kWh of energy is stored per m3 total volume
(i.e., both HC and LC solution). This is equivalent to pumped
hydroelectric storage with a sizable hydraulic head of ∼700 m,
or 1 m3 of compressed air storage at ∼22.2 bar (pressurized
volume, assuming ideal gas and isothermal compression from
atmospheric pressure). Hence, the energy density of salinity
gradients is comparable with the two leading grid storage
methods. Long-term cycling stability and low material costs for
water and NaCl (or other common salts) fulfill other important
criteria for grid energy storage.1,269,270

While these factors augur well, further studies are necessary
to better assess salinity gradient grid energy storage, particularly
on two critical performance metrics: round-trip efficiency and
power density/specific power of charge and discharge. Round-
trip efficiency is the fraction of energy that is retrieved in a
charge−discharge cycle and, hence, characterizes the energy
irreversibly lost, while PD/SP measures how quickly energy can
be stored and retrieved with a certain amount of membrane/
electrode. For salinity gradient flow batteries to functionally
operate as grid energy storage, the product of PD/SP and
membrane area/electrode mass will need to match the power
shortfall and typical rates of energy surplus (i.e., discharge and
charge, respectively), characteristically in the order of 1−10

Table 1. Summary of Prospects and Challenges for Pressure Retarded Osmosis, Reverse Electrodialysis, And Capacitive Mixing
for Power Generation with Natural, Anthropogenic, And Engineered Salinity Gradients
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MW.270 Low power densities/specific powers will necessitate
more membranes/electrodes that will escalate capital cost and
detrimentally affect the viability of salinity gradient energy
storage. A study on electrodialysis-RED energy storage with
ion-exchange membranes reported round-trip η of up to 34%,
with corresponding PDavg of 0.33 W/m2.18 In contrast, round-
trip efficiencies of pumped hydroelectric and compressed air are
65−80% and 77−89%, respectively.270−273 To reach, say, 60%
round-trip efficiency that is at the lower end of current grid
energy storage methods, both energy storage and retrieval have
to be ∼77% efficient (assuming equal split)a performance
level not characteristically achieved in normal PRO/RED/
CapMix operation, nor by their analog separation processes.
The processes can be designed to obtain higher η by deliberate
selection of the appropriate operating parameters, but the
enhancement will be at the expense of reduced PD/SP, as
imposed by the efficiency-power trade-off, thus leading to
higher capital expenditure. To be eventually cost-competitive
with pumped hydroelectric and compressed air, capital cost of
grid energy storage with salinity gradient flow batteries needs to
be in the region of 100 US$/kWh.1

■ PERSPECTIVES AND OUTLOOK
The Gibbs free energy of mixing in natural, anthropogenic, and
engineered salinity gradients represents currently untapped
sources that can be harnessed for useful work production with
pressure retarded osmosis, reverse electrodialysis, and capaci-
tive mixing. The prospects and challenges of salinity gradient
power generation are summarized in Table 1. With a huge
worldwide potential, seawater−river water salinity gradients can
be a substantial contributor to the global portfolio of renewable
energies. However, harnessing the natural salinity gradient
energy cost-effectively is challenging due to the comparatively
small concentration difference between seawater and river
water. Furthermore, the key performance metrics of energy
extraction efficiency and power density/specific power are
intrinsically bound by a trade-off relation; to achieve practical
efficiencies while simultaneously maintaining high power,
radical technological advancements are required.
The ubiquitous presence of foulants necessitates pretreat-

ment that subtracts from the gross salinity gradient power
generation, a critical operational impediment with natural and
also anthropogenic salinity streams. Because of the slim margins
of specific energy production with seawater−river water,
pretreatment cost has pivotal influence on viability. Research
on fouling-resistant membranes, membrane cleaning techni-
ques, and fouling suppression methods thus far showed
encouraging progress,121,125,179,181,182,184,186,240−242,274−279 but
the actual cost-effectiveness of these strategies when challenged
with real waters in facility-scale systems remains to be seen,
given the limited success of innovations in fouling mitigation
for conventional membrane-based processes. Additionally, the
challenges of mass transfer limitations, parasitic pumping cost,
and unintended mixing specific to PRO, RED, and AccMix have
to be addressed.
Larger salinity gradients can be achieved with hypersaline

sources and anthropogenic brine streams, such as salt lakes and
seawater desalination brine reject, respectively, but the
pervasive effects of fouling will likely beset these processes as
well. Equally pertinent are the significant technological
advances needed to fully exploit larger concentration differ-
ences: specifically, the development of more robust PRO
membranes to withstand greater hydraulic pressures and

innovations in RED ion-exchange membrane technology to
conserve permselectivity at high salt concentrations. Until these
technical gaps are bridged, the potentially greater power
density/specific power and specific work production with larger
salinity gradients remain out of reach. Whereas CapMix is likely
to be unsuitable for energy extraction from high concentration
solutions, BattMix has shown promise and future analytical and
experimental studies can shed more light on its potential and
limitations.
Seawater desalination brine and wastewater are otherwise

discarded reject streams that can be beneficially utilized for
energy production/savings. However, barring the hurdle of
public acceptance, it would be more energy-astute to augment
the water supply by reclaiming low salinity wastewater and
cutting back on energy-intensive seawater desalination, than to
pour capital into a salinity gradient facility post factum to
recover a portion of the expended energy from controlled
mixing of brine and wastewater. Ruling out wastewater, river
water, and brackish water, the selection of an appropriate low
salinity stream to pair with the desalination brine remains
outstanding.
Closed-loop salinity gradient systems couple PRO, RED, or

CapMix with a solution regeneration stage for iterative
controlled mixing and separation of essentially uncontaminated
engineered solutions that afford the useful advantage of
avoiding fouling. In salinity gradient heat engines, low-grade
heat is widely abundant and oftentimes obtainable at no cost.
But the low temperatures (typically <100 °C) used to
reconstitute the solutions also constrain the overall power
generation process to relatively low efficiencies, as dictated by
Carnot’s rule, inevitable entropy production, and intrinsic
efficiency limitations of practical thermal separation processes.
Therefore, regardless of technology, energy production with
low-temperature heat sources will be challenging. Salinity
gradient heat engines using thermally regenerative solutions will
likewise need to seek out viable opportunities within the
inherent thermodynamic confines. Although the energy storage
materials of water and salt are inexpensive in salinity gradient
flow batteries, overall economic feasibility can be frustrated by
inadequate round-trip efficiencies and sizable capital require-
ment for membranes/electrodes, especially if separate PRO and
reverse osmosis membrane modules are necessary. Potential
operating space for economically feasible salinity gradient grid
energy storage needs to be more clearly defined via techno-
economic assessments.
The levelized cost of energy is the ultimate compendious

metric for viability. Figure 7 summarizes the projected salinity
gradient energy cost of recent techno-economic assessments as
a function of PRO and RED membrane price (viability studies
o n C a p M i x , a n d B a t t M i x , a r e a b -
sent).39,42,58,91,115,132−134,136−139 The bubble size indicates the
magnitude of salinity gradient examined in the assessment,
approximated by equivalent NaCl molar concentration. Vertical
bands signify current installed cost of PRO membrane modules
(estimates based on reverse osmosis membrane modules,
although eventual cost is likely to be higher due to greater
complexity of PRO membrane modules) and RED ion-
exchange membrane stacks: 20−40 US$/m2 and 50−60
€/m2, respectively.138,280 Note that majority of the bubbles
fall to the left of the vertical bands, indicating the studies used
optimistically discounted membrane prices in their estimates.
LCOE of solar, wind, and conventional power generation are
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indicated by the horizontal bands (0.10−0.38, 0.07−0.27, and
0.07−0.12 US$/kWh, respectively).130

From Figure 7, the sensitivity of membrane price and
magnitude of salinity gradient on LCOE are apparent: lower
membrane price, a dominant contributor to capital expenditure,
favorably reduces cost of energy production (bubbles clustering
in lower-left quadrant), while cost-competitive LCOE could be
more readily achieved with larger salinity gradients (bigger
bubbles in lower half). The overlap of the vertical bands of
current membrane price and the horizontal bands of solar,
wind, and conventional power generation LCOE (or lower)
yields the patterned zones. Therefore, the dearth of bubbles in,
or to the right of, the patterned zones in Figure 7 critically
underscores salinity gradient energy production with estimated
current market prices of membranes is yet to be cost-
competitive with conventional power generation or even
other renewables (note that the two violet PRO bubbles
close to the left edge of the patterned zone did not factor in
pretreatment cost or membrane fouling132 and therefore actual
LCOE is expected to be higher). While research efforts are
almost entirely directed toward power density/specific power
improvements, equally important are approaches to reduce
membrane and electrode cost, and studies suggest several-fold
reduction in membrane cost is needed.22,39,58,115 Meantime,
ventures in implementing salinity gradient energy can focus on
niche markets where conventional energy cost is atypically high.
The actual site of a salinity gradient facility would

significantly influence the LCOE through factors such as
influent stream accessibility. But as there are limited pilot plants
worldwide, discussions on the published assessments summar-
ized in Figure 7 represent findings based on current best
available knowledge rather than definitive conclusions. The
lamentable discontinuation of Statkraft’s salinity gradient
project serves as a cautionary tale to emphasize the importance
of comprehensive and rigorous techno-economic assessments,
incorporating fundamental limitations as well as critical

operational constraints such as pretreatment cost, fouling
mitigation and concentration polarization, to diligently
determine what is scientifically possible and technologically
promising.
In contrast to PRO and RED, CapMix and BattMix are less

mature technologies, as anecdotally reflected by the lack of pilot
plants or demonstration facilities. Investigations with the
salinity gradient mixed to almost completion, that is, to
simulate facility-scale operation, are urgently lacking and, hence,
a conspicuous gap exists in the understanding of potential
system-level practical constraints. Theoretical examination and
fundamental analyses of AccMix processes can improve
understanding of the working principles and shed light on
limitations inherent to the technologies,281−284 but as yet there
are no rigorous analytical models that demonstrate that a
hypothetical reversible thermodynamic AccMix process can
recover the whole ΔGmix, quantify potential efficiencies in a
practical unit operation, or analytically describe the efficiency-
specific power trade-off. While experiments on small benchtop
CapMix cells typically obtain power densities lower than PRO
a n d R E D b y a n o r d e r o f m a g n i t u d e o r
more,30,70,98,162,163,165,167,168,285,286 techno-economic assess-
ments will enable the technological distance to practical
power generation to be more precisely judged.
Sustainable energy production with salinity gradients can

contribute to addressing our current global energy challenges,
but significant technical gaps are still present in the leading
technologies of pressure retarded osmosis, reverse electro-
dialysis, and capacitive mixing. While research thus far has
largely focused on enhancements in membrane power density
and electrode specific power, advancements in material and
manufacturing techniques to depress membrane and electrode
cost, development of cost-effective fouling mitigation strategies,
and innovations to enable the full exploitation of high
concentrations are equally vital to enable viable salinity gradient
energy production. Fundamental-based studies can further the
understanding of the salinity gradient techniques, and is
especially needed for AccMix. Robust techno-economic assess-
ments can identify propitious economic conditions for initial
implementation, provide important insights on cost-compet-
itiveness, and pinpoint the most critical areas for improvement.
Formulation of a technological roadmap for the systematic
advancement of salinity gradient energy production would
require synergistic amalgamation of these analyses.
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