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Introduction

Salinity gradient energy (SGE) refers to the energy released when two solutions of
different salinities mix.'3 For example, the SGE released when freshwater in a river enters
the ocean is estimated to be equivalent to installing, at the river mouth, a hydraulic dam
of ~280 m in height.* Such an equivalence makes SGE appear to be attractive as a new
type of sustainable energy, especially considering that even the tallest dams in the world
have similar heights as these virtual “SGE dams”. The theoretical global potential of SGE
was evaluated to be more than 15,000 TWh/year, whereas the practical potential was
estimated to 625 TWh/year.®

The idea of using engineered system to extract SGE was proposed more than half a
century ago,®” and has gained significant momentum in the past 15 years. Academic
research in SGE has focused mostly on material development and to a lesser extent on
process development, optimization, and analysis. A small SGE-based power plant
prototype (2-4 kW) was operated by Startkraft, a Norwegian power company, from 2009
to 2014, proving SGE'’s technical feasibility at the pilot scale.? The Startkraft experiment


mailto:Shihong.lin@vanderbilt.edu

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

was terminated due to the challenge of developing the technology to be economically

competitive “within the foreseeable future”.®

Some argue that SGE was not sufficiently competitive because it was in its early stage of
development, and that with better material and system design it could eventually become
a viable source of sustainable energy. We believe that SGE has intrinsic limitations that
make it very challenging, if not impossible, to become economically competitive against
alternative forms of sustainable energy.® Such limitations are fundamental and cannot be
addressed by engineering better materials or systems. In this Commentary, we will
present the rationales to show why SGE is not a viable technology for sustainable energy
generation. We mainly focus on the science and engineering aspects of SGE limitations
but will also briefly discuss economics which eventually dictates the technology adoption

or its lack thereof.

Technologies

Three major categories of engineered systems have been developed for extracting SGE

(Fig. 1): pressure retarded osmosis (PRO), reverse electrodialysis (RED) or its variants,

and capacitive mixing (CapMix). These three processes strongly relate to their
counterparts in desalination, with PRO corresponding to reverse osmosis (RO), RED to

electrodialysis (ED), and CapMix to capacitive deionization (CDI). After all, SGE is a

controlled mixing process whereas desalination is essentially a separation (i.e., de-mixing)
process. The three categories of engineered systems are described briefly below. More

detailed description of these processes can be found elsewhere.

Energy is extracted in PRO by the expansion (or increase in flow rate) of a pressurized,
high salinity draw solution to drive a turbine (Fig. 1A)."%" This expansion is caused by
spontaneous water transport, through a salt-rejecting membrane, as driven by trans-
membrane osmotic pressure difference. In RED, the concentration gradient-driven
diffusion of ions through ion exchange membranes (IEM) generates an electric current,
thereby producing electric power. In conventional RED, both cation and anion exchange

membranes are used (Fig. 1B), and the system operates in a way opposite to
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electrodialysis (hence “reverse electrodialysis).'>'* The more recently developed RED
variant, named nanopore power generation (NPG), can generate current with only one
type of IEM (Fig. 1C).15.16
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Figure 1. lllustration of four processes for SGE extraction. (A) pressure retarded osmosis (PRO), which
relies on transmembrane water transport; (B) reverse electrodialysis (RED); (C) nanopore power generation
(NPG); and (D) Capacitive mixing (CapMix). The three electrochemical SGE technologies (RED, NPG,
CapMix) rely on ion transport through cation exchange membranes (CEM), anion exchange membranes
(AEM), nanopore membranes (typically cation exchange) and/or ion transport into ion-storage electrodes.
High salinity and low salinity solutions are denoted as HS and LS solutions, respectively.

CapMix leverages the principle that the equilibrium potential of an electrode (e.g.,
activated carbon, ion intercalation materials) depends on the ion concentration of the
solution the electrode is in contact with (Fig. 1D)."”-'® By alternately exposing the
electrodes to a high salinity solution (charging stage) and then a low salinity solution
(discharge stage), net energy can be extracted in CapMix because the energy generated
in the discharge step exceeds the energy consumed in the charging step. CapMix is less

extensively investigated as compared to PRO and RED.

Key Technical Performance Metrics
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Although each SGE technology may have its process-specific performance metrics, three
general metrics are universally important due to their impacts on the process economics:
(volumetric) energy density, energy conversion efficiency (or thermodynamic efficiency),
and power density. The energy density is defined as the energy extracted per volume of
solution, which has also been called specific energy (SE). When we say the SGE from
seawater/river water mixing is equivalent to a 280 m dam, the energy density (0.75
kWh/m3, equivalent to the seawater osmotic pressure, see sidenote') is defined based on
the volume of the river water.# Early SGE studies focused on SE defined based on the
volume of the feed solution, which is convenient for estimating the overall availability of
SGE. Later studies found that defining the SE based on the combined volume of feed
solution (e.g., river water) and draw solution (e.g., seawater) could be convenient to
simplify system optimization.’®2° Herein, we denote the SE defined based on feed
solution volume as SEf and that defined based on combined feed and draw solution
volume as SEwt. Previous analysis has revealed that the thermodynamic limit of SEtt for
seawater/river water SGE is ~0.25 kWh/m?3 — roughly one third of the thermodynamic
limit of SE¢ (Fig. 2A).'® The SE of real SGE systems is lower than these thermodynamic

limits.
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Y1n the water dam equivalence, a 280 m water column generates hydraulic pressure of ~27 bar which
corresponds to the osmotic pressure difference between seawater and river water. If we simplify river water
as salt-free with zero osmotic pressure, then 27 bar is the osmotic pressure of seawater. Having the same
dimension, an osmotic pressure of 27 bar can also be converted to an energy density of 0.75 kWh m.
Therefore, the theoretical maximum of energy density for seawater/river water SGE is 0.75 kWh per volume
of the river water.
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Figure 2. Theoretical and practical specific energy (SE). (A) theoretical SE normalized by feed volume
(SEr, dash line) vs that normalized by total volume (SEwt, solid line) for a given feed solution (salinity
equivalent to 0.015M NaCl) and draw solutions of different salinity. SEtw: is maximized by choosing an
optimal ratio between the feed and draw volumes according to Ref. 18. (B) Estimated ranges of specific
energy outputs and inputs for a practical seawater/river water PRO plant. The specific energy is normalized
by the total volume. In panel (A), SW and SWRO represent seawater and seawater reverse osmosis brine,
respectively. Figure 2B is adapted from Ref. 26 with permission.

For a given pair of feed and draw solutions with known volume (or flow rate) ratio and
osmotic pressures, the theoretical thermodynamic limit of SE can be calculated using the
Gibbs free energy of mixing.*'® SE of real systems depends on both the theoretical limit
of SE and the energy conversion efficiency, with the latter defined as the ratio between
extracted energy and the Gibbs free energy of mixing. Energy conversion efficiency
quantifies the extent to which an SGE system can extract the theoretically available
energy. An SGE system has a higher energy conversion efficiency if parasitic energy
losses (due to inefficiency of ancillary equipment, energy need for pretreatment, and
pressure drop in flow channels) and the unextracted SGE at the end of the process are
minimized. In addition, energy conversion efficiency is also inversely correlated to the

process kinetics which is quantified by power density.

Power density is the metric that quantifies SGE process kinetics, and its definition can be
process dependent. In general, power density can be defined as the power generated per
area of the functional materials which are semi-permeable membrane in PRO, IEM in
RED (or NPG), and ion storage electrodes in CapMix. Direct comparison of power density
between different SGE technologies is unmeaningful because the costs of the functional
materials vary significantly between technologies. In early SGE literature, there was a
mythical argument, not substantiated by rigorous theoretical analysis, that PRO will
become economically competitive when its membrane power density exceeds 5

W/m2'21,22

Focusing on power density as the performance metric is erroneous as it ignores energy
conversion efficiency as an important metric. There is an intrinsic tradeoff between power
density and energy conversion efficiency, regardless of the technological choice.

Operationally, if only a small portion of the available energy is extracted, the system can
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maintain a large driving force and yield a high power density.?3-2> Many bench-scale
studies, especially those performed to characterize novel materials, used the maximum
driving force in their experiments. In scaled-up SGE systems, however, the average
driving force will be substantially lower, yielding an average “module power density” much

lower than what most bench-scale studies reported.

Using PRO for example, in cases where a relatively high power density is achieved at the
cost of energy conversion efficiency, the input energy for operating the SGE system can
exceed the extracted energy(Fig.2B).?® Therefore, the system size (i.e., membrane area)
is a critical parameter for optimizing a PRO process to find the right balance between
energy conversion efficiency and power density.?” A more advanced metric called net
power density has been recently proposed for PRO to account for the energy losses
associated with pumping, pretreatment, and other components.?’” Regardless of the
definition, a process-relevant power density must be evaluated at the system level instead
measured using a small membrane coupon as a reported in studies developing materials
for SGE.

PRO is the Most Promising SGE Technology

By analyzing how driving force breaks down into useful work and other losses and how it
diminishes as SGE is extracted, Yip and Elimelech presented a convincing comparison
between PRO and RED.?® The major conclusion from the comparative analysis was that
PRO has the theoretical characteristics to outperform RED in both energy conversion
efficiency and membrane power density, let alone the fact that IEMs used in RED are
substantially more costly than semi-permeable membrane used in PRO. By analyzing
multiple scenarios with different combinations of feed and draw solution concentrations,
the authors also showed that the comparative advantages of PRO over RED are even

greater when the salinity difference between the feed and draw solutions is larger.

As an RED variant, NPG has been reported to be able to extract SGE with an

extraordinarily high power density (at the order of 10® kW/m?).2%:30 However, more careful
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analysis revealed that such a power density is attainable only at a single pore level. More
practical (areal) power density of NPG using membranes with many nanopores should
approach that of RED using commercial IEMs.3" Additionally, because current NPG
systems use only cation exchange membranes, its theoretically extractable energy is only
half of that for the conventional RED.3'32 Therefore, NPG cannot bring any paradigm shift

that will change the systematic advantages of PRO over RED.

In the absence of comprehensive comparison between CapMix and RED or PRO, we
believe that CapMix is unlikely a competitive SGE extraction technology. Based on
theoretical analyses and evaluation of literature data of the desalination counterparts of
SGE technologies, RO outcompetes ED which outcompetes CDI in the salinity range
relevant to SGE.33-3° The same technical reasons that make RO superior to ED and CDI
also explain the competitive edges of PRO over RED and CapMix. Moreover, the finite
electrode capacity and the consequent operational intermittence increase the operational
complexity of CapMix, rendering it even more unattractive vs. PRO and ED. The

limitations of CapMix are supported by its performance data reported in literature.'836.37

The comparison between different SGE technologies leads to the conclusion that PRO is
the superior process for extracting SGE. If PRO, the most competitive SGE extraction
process, is proven practically non-viable, then SGE is practically non-viable. The viability

of PRO is thus the focus of the discussion in the next two sections.

PRO has Major Technical Limitations in Most Scenarios

We previously showed that the maximum energy density of PRO using seawater and river
water is ~0.25 kWh/m3 (i.e., the limit of SEtt). Such a theoretical limit can only be obtained
using an unrealistic, thermodynamically reversible PRO process. In an optimized,
counter-current, constant pressure PRO process, SEtt is reduced to ~0.19 kWh m even
without considering important practical factors such as concentration polarization,
parasitic losses, and pretreatment cost.’® More detailed modeling studies considering
those practical factors reported SE: in the range of 0.1 to 0.15 kWh/m? with a membrane

power density < 2 W/m?, depending on the choices of system and operational
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parameters.383° Such an SE; correspond to an SEit of ~0.03 to ~0.05 kWh/m?3 (as the
optimal ratio between draw and feed solution flowrates was found to be ~2). A more
conservative analysis that assumed a higher cost of pretreatment (in SE equivalent) even
suggested that no net energy can be generated in a realistic seawater/river water PRO

plant.6

Comparing the optimistic estimates of realistic SEf (~0.03 to ~0.05 kWh/m?3) to its
theoretical limit as equivalent to a 280 m water dam (0.75 kWh/m?3) clearly shows that
seawater/river water PRO is not as promising as it appeared. Applying PRO with a draw
solution with much higher salinity, such as hypersaline brine from Dead Sea or Great Salt
Lake, will increase the power density by roughly an order of magnitude.'®26 Working with
such high salinities requires new PRO membranes and modules capable of operation at
ultrahigh pressure.*® Additionally, the available pairings of such hypersaline draw solution
and low salinity feed solution are very limited globally and they exclusively exist in areas
where solar energy is abundant, which leads to the discussion of next section regarding

the economics of PRO as compared to other mainstream renewable.

The Economics of PRO is Unfavorable

The above discussion focusing on the technical performance metrics aims to provide
technical rationales regarding why PRO is unlikely economically competitive. However,
achieving a definitive conclusion still requires technoeconomic analysis that informs us
the cost of PRO for energy generation. To this end, the levelized cost of energy (LCOE),
which accounts for capital and operating costs, has been evaluated by different research
groups.?641 Even with the most optimistic estimates, the LCOE of PRO with seawater and
river water was assessed to be consistently >$1/kWh (as high as $3/kWh with more
realistic estimates), which is at least an order of magnitude higher than other forms of
renewable energy such as solar, wind, geothermal, and hydroelectric.® We note that these
estimates were based on optimized PRO system considering both energy conversion
efficiency and membrane power density. Only when using a highly saline brine (>18%) as
the draw solution and with an optimistic estimate would PRO possibly become cost-

competitive vs. the other forms of renewable energy.4?> However, natural sources of such
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high salinity brine are rare, and they exist in areas where freshwater resource is extremely
scarce (e.g., Dead Sea and Great Salt Lake). For industries that generate such high
salinity brines, dilution of such brines is unlikely an option regardless of whether SGE is
performed. Such industrial brines typically require proper management approaches such

as deep well injection or zero liquid discharge.*3

Other Applications of SGE also Face Practical Challenges

Although PRO (and thus SGE in general) is economically not viable in the face of other
forms of renewable energy that are cheaper and more abundant, it has been explored for
sustainable energy storage and enhancing the efficiency of desalination. For example, it
has been proposed that RO can be applied to generate a feed solution (fresh water) and
a draw solution (RO brine) as a means of energy storage when renewable energy is in
excess. When energy is needed in peak hours, PRO or other types of SGE processes

could be used to extract the energy stored in salinity difference (Fig. 3A).44-46
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Figure 3. PRO for renewable energy storage and enhancing RO (A) lllustration of an integrated PRO-
RO system for storing renewable energy. When there is an excess of renewable energy, the system will
operate in the “charging mode” in which RO is used to produce freshwater and create a concentrated draw
solution. When energy needs to be extracted from the system, the system will operate in the “discharge
mode” in which PRO is used to generate useful work. (B) Round trip efficiency and energy density of PRO-
RO energy storage as compared to other existing means of the energy storage. Each cloud represents an
estimate of the ranges for both performance metrics (from Ref.46). (C) Integration of PRO into a seawater
RO system to recoup the energy embedded in the high salinity of the concentrated brine. SW, WW, and
PEX represent seawater, wastewater, and pressure exchanger, respectively. Figure 3B is adapted from Ref.
26 with permission.

The main challenge for SGE-based energy storage is the low energy density. As

mentioned, the SEtt with a draw solution of seawater salinity is capped at ~0.25 kWh/m3.
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Even if we increase SEtt by a factor of 10 via increasing the draw solution salinity, the
energy density (2.5 kWh/m3) is still minuscule compared to most other means of energy
storage. An energy density of 2.5 kWh/m?3is only comparable to that of pumped hydro
and compressed air,*” which have lower capital cost, simpler system, more reliable
operation, and much longer lifetime. We note that the SEtwt here is the theoretical limit
(based on Gibbs free energy of mixing) and real PRO systems can only extract a fraction
of SEtt, making the comparison even more unfavorable for RO-PRO as a means of

energy storage.

Additionally, SGE-based energy storage may also suffer from a low-to-moderate round-
trip efficiency. In RO-PRO energy storage, the round-trip efficiency is the product of
energy utilization efficiency of RO and the energy conversion efficiency of PRO. Both
efficiencies depend on multiple factors such as system configuration, salinity of the draw
and feed solutions, water flux, and water recovery in RO (or volume fraction in PRO).
Even if we optimistically assume both utilization efficiency and conversion efficiency to be
60%, the round-trip efficiency is below 40% which is substantially lower than that of
existing utility-scale energy storage technologies (~80%).#¢ Considering both the energy
density and roundtrip efficiency, RO-PRO based SGE is intrinsically unattractive as a

utility-scale energy storage technology (Fig. 3B).

In another proposed application, PRO is combined with seawater RO to use the RO brine
as the draw solution and a low salinity, impaired wastewater stream as the feed solution
(Fig 3C).#®33 The use of PRO in this context is to recoup the osmotic energy embedded
in the RO brine to reduce the overall energy consumption of RO, which is theoretically
sensible. However, the advantage of this proposed use of PRO is questionable in two
ways even without considering practical factors such as fouling. First, if we treat the
additional PRO component as a source of energy, doubling the draw solution salinity from
seawater to RO brine is still insufficient to make PRO economically competitive vs. other
forms of renewable or conventional energy. Second, if impaired wastewater is indeed
available where seawater RO is needed, the more energetically and economically

sensible approach is to perform wastewater reclamation for non-portable or even portable

10
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reuse to reduce the demand for seawater RO, instead of using the wastewater to improve
the energy efficiency of seawater RO via generating SGE with RO brine.%*5° Alternatively,
we can use treated wastewater to indirectly dilute seawater using either forward
osmosis®® or salinity exchange electrodialysis®’, which reduces the energy consumption
of SWRO but also overcomes the psychological barrier of direct portable reuse of
wastewater. These approaches of “indirect dilution” are likely more effective use of salinity

gradient than using PRO to augment RO.

Concluding Remarks

We hope that the analysis and discussion presented in this Commentary can convince
the readers that SGE will not become a mainstream, cost-competitive form of renewable
energy, even with substantial system and material improvements. Such a conclusion is
arrived with the logic that, if the most promising SGE technology, PRO, cannot
economically compete with other forms of renewable energy, then SGE as a category of
renewable energy is not economically viable. While the final verdict must rely on LCOE
from technoeconomic analysis, this Commentary focuses mainly on the technical
performance metrics to help the readers understand the technical rationales behind the
high LCOE of PRO. The main limitations are the intrinsically low energy density of
seawater/river water SGE and the low energy conversion efficiency of PRO (and other
SGE technologies), which cannot be overcome with better membrane materials or system

designs.

While SGE has been proven technically feasible, the analyses presented in this
Commentary show that SGE is not economically competitive vs. other forms of renewable
energy. We further emphasize that developing better membranes, electrodes, or systems
will not improve SGE to become sufficiently competitive. While fundamental research
inspired by, or related to, the concept of SGE remains scientifically interesting, it is
misleading to claim that SGE is highly promising and that developing novel materials is

critical to bringing SGE to large-scale applications.
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In fact, we should even feel fortunate that SGE is not practically viable. As SGE is a
reverse process of desalination, if the energy density of seawater were high enough for
SGE to be competitive, then seawater desalination would become much less viable (for
instance, we will never desalinate brines from Dead Sea or Great Salt Lake to obtain
freshwater). Seawater desalination is critical to water security in many regions of the world
where alternative ways of obtaining freshwater are very limited or virtually non-existent.>®
In contrast, SGE is just one candidate in the diverse portfolio of clean energy with
alternatives (e.g., solar and wind) that are more abundant, universally accessible, and

economically competitive.
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