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HIGHLIGHTS

o Utilizing hypersaline sources as draw solution shows great potential.

o Integration with certain industrial processes provides mutual benefits.

o Further exploration of superior semipermeable membranes is urgently demanded.
« Improvement strategies for the osmosis and electric submodules are identified.

ARTICLE INFO ABSTRACT
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The giant and sustainable salinity gradient energy broadly occurs when mixing solution sources with different
concentrations can be potentially harvested through the intensively studied membrane-based indirect power
generation technologies. This kind of technology commonly has two functional submodules, namely the osmosis
submodule to induce driven forces and the electric submodule to produce electricity. However, almost all
relevant reviews only concentrate on the traditional pressure retarded osmosis (PRO) technology without
involving newly emerged ones such as the forward osmosis-electrokinetic (FO-EK) technology, leading to
outdated and incomplete knowledge in this field. Therefore, this study is going to provide a comprehensive and
up-to-date review of the membrane-based indirect power generation technologies through adequately outlining
most related research. The authors not only provide a systematic overview of the theoretical background and the
development of the state-of-the-art membrane-based indirect power generation technologies but also highlight
their essential characterizations. Meanwhile, the challenges and the optimizing strategies in aspects of efficient
semipermeable membranes, available fluid materials, and operation conditions, as well as future promising
applications in different scenarios are also elaborated in detail.

Salinity gradient energy
Power generation
Pressure retarded osmosis
Electrokinetics
Desalination

1. Introduction

Nowadays, the need for alternative green energy to realize carbon
neutrality has long been a hot issue and becomes even more critical due
to the deterioration in the environment and the depletion of the tradi-
tional fossil energy resources. Salinity gradient energy, commonly
occurring when mixing solution sources with different concentrations,
such as desalination brine, seawater, natural hypersaline source, and
river water, is one of the widely studied green energies due to its vast
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amount and promising sustainability [1-3]. Various technologies have
been developed on a bench-scale or on a large scale to harvest this en-
ergy, including conventional technologies, such as pressure retarded
osmosis (PRO) [4-6], reverse electrodialysis (RED) [7-9], and vapor
pressure difference [10], and emerging technologies such as electric
double-layer capacitor [11,12], faradaic pseudo-capacitor [13,14], for-
ward osmosis-electrokinetic (FO-EK) [15], diffusio-osmosis [16], and
nanofluidic reverse electrodialysis [17-19].

When a semipermeable membrane is used to separate two solutions
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with different salinity, a spontaneous oriented transport of solvent oc-
curs, which is commonly called as osmosis process [20]. The difference
in solution salinity between those two solutions leads to a chemical
potential difference, in other words, the osmotic pressure difference,
which in essence is the driving force for the movement of the solvent
molecules from the solution with low concentration to that with high
concentration. In fact, the mathematical expression of the osmotic
pressure does not depend on the nature of the solute or that of the
membrane. The concentration and the stoichiometric numbers of the
anion and the cation are the only parameters that affect the osmotic
pressure. In this sense, a process can be called an osmosis one as long as
there are movements of the solvent and the solute driven by the osmotic
pressure difference, no matter whether there is a semipermeable mem-
brane or not [21]. In terms of the simultaneity of the power generation
process with the osmosis process, the aforementioned power generation
technologies can be classified into three main categories. The first
category is membrane-based indirect technology, including the PRO and
the FO-EK technologies, the power generation process and the osmosis
process of which occur within different functional submodules. The
0smosis process occurring in the osmosis submodule induces mechanical
movement of the solution, which is utilized in the electric submodule to
drive the power generation process. The second category is the
membrane-based direct technology, including the RED, the nanofluidic
reverse electrodialysis, the electric double-layer capacitor, the faradaic
pseudo-capacitor, and the diffusio-osmosis technologies, the power
generation process and the osmosis process of which occur synchro-
nously within the same functional unit. The osmosis process not only
induces the movement of the solvent and the solute but also converts the
movement of ions into electric current and/or electric potential simul-
taneously. The third category includes other power generation tech-
nologies, such as the vapor pressure difference technology. These
technologies utilize other properties other than the osmotic property,
such as the different evaporation rates of electrolyte solutions with
different concentrations, to produce electricity indirectly.

The membrane-based indirect power generation technologies are the
most widely studied and have great potential for producing energy in
different applications. However, almost all current reviews only focus on
the PRO without involving newly emerged technologies, leading to
outdated and incomplete knowledge in this field [22-27]. In addition,
the limitations, the challenges, and the corresponding promising solu-
tions to current problems of the membrane-based indirect power gen-
eration technologies are not systematically studied yet. Therefore, this
paper aims to provide a rounded and up-to-date review of both the
traditional PRO technology and the newly developed FO-EK technology.
The essential common features of the membrane-based indirect power
generation technologies are newly extracted after investigating the
related early works in this field. The authors not only offer state-of-the-
art development of the membrane-based indirect power generation
technologies but also highlight their essential characterizations. Mean-
while, the challenges and the optimizing strategies, as well as future
development, are also outlined in detail.

2. Theoretical background of osmosis and power generation
2.1. The Gibbs energy of mixing

The solution with a certain electrolyte concentration possesses a
particular chemical potential, which can be quantitatively defined by
the Gibbs energy G:

G =Y GV(§ +vidp + |z|FAy + RTlny,x; ) (1)
where the subscript i represents the i-th component in the solution; C, V,

v, Ap, z, F, Ay, R, T, y, and x, are the mole concentration, the total
volume, the partial molar volume, the pressure difference, the valence,
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the Faraday constant 96,485 C/mol, the electrical potential difference,
the gas constant 8.314 J/mol/k, the solution temperature, the activity
coefficient, and the mole fraction, respectively. Then the Gibbs energy
released from the mixing of two solutions, AGy;, is calculated as the
difference between the overall Gibbs energy of the solutions before and
after mixing and is given as:

AGuix = Gy — (G. + Gy) ()

where subscripts b, ¢, and d represent the brackish solution, the
concentrated solution, and the dilute solution, respectively. The analysis
shows that the theoretically available amount of the Gibbs energy from
mixing different natural solutions varies from 420 kJ in the case of
mixing 1 m® seawater (appr. 0.5 M NaCl) with 1 m® reverse osmosis
brine (appr. 1 M NacCl) to 16.8 x 10> kJ in the case of mixing 1 m> river
water (appr. 0.01 M NaCl) with 1 m® reverse osmosis brine (appr. 5 M
NaCl) [28].

However, the Gibbs energy released from the mixing of two solutions
represented by Eq. (2) was developed under the assumption of revers-
ibility that can be achieved if the osmosis process is operated in a batch
mode and the applied pressure is infinitesimally smaller [6]. In real
applications, the irreversibilities commonly occur in terms of friction
losses from the pre-treatment of solutions, pumping systems, circula-
tions of solutions, hydro-turbines, and pressure exchangers [29]. In
addition, the non-ideal membranes are also a source of irreversibility
[6].

2.2. Osmotic pressure

The osmotic pressure 7 of a solution with the concentration of C is
given by Eq. (3), which was derived based on the theory of chemical
equilibrium with two main assumptions: (1) the solution of a single
solute is separated from the corresponding pure solvent by a semi-
permeable membrane; (2) the osmosis system is in its equilibrium state.
Parameters ¥ and f in the osmotic pressure equation are the osmotic
coefficient and the stoichiometric number, respectively, and subscripts a
and c represent the anion and the cation, respectively [30]. This equa-
tion shows that the osmotic pressure linearly decreases with the
increasing solution concentration.

= —yRT(p, +5.)C (3)

2.3. Solvent permeating flux

Practically, extra pressures are usually induced or applied along with
the pure osmosis process. Therefore, the solvent permeating flux, J,,, is
then given by [31,32]:

J. = A(Ax — AP) 4

where A is the intrinsic water permeability coefficient of the membrane;
Ax is the osmotic pressure difference defined as 7z, — 7cy; AP is the
extra pressure difference defined as Pcy — P¢r. The subscripts Cp and Cy
represent solutions with low concentration and high concentration,
respectively. According to the relationships between Az and AP, three
typical osmosis statuses, including the forward osmosis (FO), the pres-
sure retarded osmosis (PRO), and the reverse osmosis (RO), are deter-
mined, as shown in Fig. 1 [33].

As for FO, there is no pressure difference between Pcy and Py, along
with the pure osmosis process, in other words, AP = 0, and thus the
solvent permeates from the low-concentration side to the high-
concentration side without any extra resistance. As for PRO, although
the pressure applied on the high-concentration side is higher than that
applied on the low-concentration side, AP is still smaller than Ax.
Therefore, the permeating direction of the solvent in the PRO process is
the same as that in the FO process. As for RO, the pressure applied on the
high-concentration side is much higher than that applied on the low-



Y. Jiao et al

Semipermeable
membrane J w
PCH T PCL Forward
‘ 0SMosis
oﬁﬁ% o ®0)
0 «0c0 v O, +*O~ r
: 0. ,0 : ¥ w2 rO
. Q s o = - . o =
‘0 g ©99p TR
SO 0 -~ “ 0
e 1 o
09000 ", 2 "o
0% o r'o i 0 + o » ;
o‘&"o,-, . oo v
so o O - - o’- o =
(%) o - (w1 r(o [#] ‘1 v
CﬂH‘ ﬂ'-CH (q[-‘ ﬂ'c]_

Desalination 525 (2022) 115485

Fig. 1. Schematic of three typical osmosis statuses, including the forward osmosis (FO), the pressure retarded osmosis (PRO), and the reverse osmosis (RO). They are
determined in light of the relationships between Az and AP (Ar = n¢, — ng, and AP = P¢, — Pc).

concentration side so that AP is larger than Az and the permeating di-
rection of the solvent is from the high-concentration side to the low-
concentration side. As a rule of thumb, the solution where the solvent
permeates from/into along with the osmosis processes is termed as the
feed solution (FS)/the draw solution (DS), respectively. Generally, FO
and PRO are commonly applied in the field of power generation, while
RO is widely employed in the field of water desalination.

2.4. Fouling, scaling, and concentration polarization

The performance of osmosis processes is commonly degraded by
three phenomena, namely fouling, scaling, and concentration polariza-
tion (CP) [34]. Generally, the first two phenomena occur on or within
the membrane, and the last one occurs in the region adjacent to the

(a) Ideal mode (b) Normal mode
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membrane within the solution. The membrane fouling is caused by the
accumulation of suspending organic matters onto the surface or into the
inner structure of the membrane [35-39]. The membrane scaling results
from the precipitation of inorganic minerals, such as calcium, magne-
sium, barium, bicarbonate, and sulfate, and/or deposition of colloidal
particles onto the membrane [40,41]. Both fouling and scaling lead to
the degradation of the solvent permeating flux in osmosis processes and
dramatically shorten the average lifetime of the membranes [42]. In
addition, the status of fouling and scaling layers in FO and PRO pro-
cesses are considerably different from that in RO processes because of
the different pressure environments and permeating directions of the
solvent. Chemical methods are often used to remove the membrane
fouling and scaling to regain the solvent permeating flux in the RO
processes, while mechanical methods such as increasing the velocity of

Fig. 2. Profiles of the solution concentration
and the corresponding osmotic pressure for
he different membrane structures and orienta-
tions. (a) An ideal symmetric dense semi-
permeable membrane with only ECP,
including the concentrative ECP and the
dilutive ECP. (b) A practically applied
asymmetric membrane with the DSL facing
against the DS (Normal mode). The profile of
of the solution concentration illustrates
concentrative ICP and dilutive ECP. (¢) A
practically applied asymmetric membrane
with the PSL facing against the DS (Reverse
mode). The profile of the solution concen-
tration illustrates dilutive ICP and concen-
trative ECP. Key parameters: Cy and Cp
respectively represent solutions of high con-
centration and low concentration; zps, is the
osmotic pressure in the bulk of the DS; 7ps
is the osmotic pressure in the vicinity of
membrane surface at the DS side; 7gg, is the
osmotic pressure in the bulk of the FS; zgs
is the osmotic pressure in the vicinity of
membrane surface at the FS side; mgg; is the
effective osmotic pressure of the FS in
Normal mode; apg; is the effective osmotic
pressure of the DS in Reverse mode; Ax is
the effective osmotic pressure difference; J,,
and J; respectively are the solvent perme-
ating flux and the reverse salt flux; § is the
distance between the DSL and the nearest

(c) Reverse mode

e b
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-
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layer with the concentration of the bulk of DS; t is the thickness of the PSL. Note that it is assumed that no ECP occurs around the interface between the PSL and the

solution since the solute is not reflected by this layer.
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crossflow are often applied to achieve the similar goal in FO and PRO
processes.

As for the CP, take the FO process shown in Fig. 2 as an example.
Although CP happens within the solution, it is strongly related to the
asymmetric structure of the practically applied semipermeable mem-
brane, which consists of a thin dense selective layer (DSL) supported by
a thick porous support layer (PSL). Both the solute and the solvent
molecules can freely pass through the PSL, but only the small solvent
molecules can pass through the DSL. Therefore, CP in the osmosis pro-
cesses is classified into two categories, including the external concen-
tration polarization (ECP) that occurs adjacent to the membrane and the
internal concentration polarization (ICP) that occurs inside the PSL of
the membrane [43-48].

Practically, unlike the fouling and the scaling that are periodic and
can be regularly removed with chemical methods, the CP occurs as long
as the osmosis process runs. Therefore, only the CP is considered when
figuring out the permeating flux of the osmosis process. Since high extra
pressures are usually applied onto the RO system, the effect of ICP on the
RO performance, compared to the overwhelming effect of ECP, is rela-
tively small and thus can be ignored. However, for the solvent perme-
ating flux in FO and PRO processes, both ICP and ECP effects should be
considered in the theoretical mode [49]. Moreover, different orienta-
tions of the asymmetric membrane give rise to different types of ICP/
ECP. When the DSL of the membrane faces against the DS (Normal
mode), as shown in Fig. 2.b, the solute is enriched within the PSL but
diluted nearby the DSL at the DS side, leading to the concentrative ICP
and the dilutive ECP. On the contrary, when the PSL faces against the DS
(Reverse mode), as shown in Fig. 2.¢, the solute is enriched nearby the
DSL at the FS side and diluted within the PSL, leading to the concen-
trative ECP and the dilutive ICP. The presence of CP degrades the per-
formance of the osmosis process due to the reduced effective osmotic
pressure difference between the FS and the DS. In real applications, the
Normal mode is the most frequently employed running mode since the
CP phenomenon in this mode is less significant than that in the Reverse
mode. The corresponding solvent permeating flux .J,, for FO/PRO in the
Normal mode is given as:

TTES be€XP (%) - ﬂDs,bexP( - %)
J,=A — AP (5)
tlo) oo )]

where the subscript b represents the bulk region of the corresponding
FS/DS; k = D/é is the mass transfer coefficient within the dilutive ECP
layer with D and § respectively being the solute diffusion coefficient and
the distance between the DSL and the nearest layer with the concen-
tration of the bulk of DS; S denotes a structure factor related to the PSL
and is defined as S = tz/8 with t, 7, and 8 respectively representing the
thickness, the tortuosity, and the porosity of the PSL; B is the salt
permeability coefficient of the DSL of the membrane [50].

2.5. Reverse salt flux

Ideally, the semipermeable membrane should completely reject the
solute molecules transporting from the high-concentration side to the
low-concentration side. However, in practical applications, the solutes
unavoidably diffuse through the semipermeable membrane due to the
non-ideal characteristic of the semipermeable membrane. This charac-
teristic can be reflected by a parameter called solute rejection, Rj =1 —
Cp/Crs, where C, is the solute concentration of the permeate solution
obtained in the corresponding RO experiments and Cgs is that of the FS,
and the overall term C,/Crs denotes the solute passage. Then the
permeability coefficient of the DSL of membrane B mentioned above can
be determined from [51]:
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— 1R, e
ijw( X )exp( kf) (6)

where ks is the crossflow cell mass transfer coefficient. In addition,
another important parameter indirectly reflecting the intrinsic non-ideal
property of the semipermeable membrane is the reverse salt flux which
can be expressed as a function of J, [50,52]:

CDs,bf-’xP( - Jf) — Cgspexp (%)
J,=B (7)

1+ % [exp (j;f) - exp( - JT”) }

The salt leaking from the DS side to the FS side greatly reduces the
effective osmotic pressure difference between the solutions beside the
membrane and thus weakens the solvent flux.

2.6. Energy conversion performance

2.6.1. PRO technology

Loeb et al. conducted a preliminary study in 1976 on the PRO power
generation from salinity gradient energy. Fig. 3 shows the schematic of a
continuous power generation system based on the PRO technology. The
asymmetric Du Pont Permasep B-10 hollow-fibers enclosed in mini-
permeators in the form of a U-shape were utilized as the semipermeable
membrane. The feed brine was pressurized and filtered outside the
hollow fibers while the water permeated into the inside space. The
continuous permeation of water from the water side to the brine side
because of the osmotic pressure difference increased the potential en-
ergy of the brine solution, thereby driving the hydroturbine and the
generator to generate electricity. Part of the generated electricity was
used to power the water pump and the recycle pump, and the remnant
was merged into the busbar. Their study also estimated that an economic
benefit of 0.07 USD/kW/h could be achieved by a PRO power genera-
tion system with Dead Sea brine and water being respectively utilized as
the DS and the FS. This system, however, has several drawbacks,
including low efficiency of rotating components, friction losses in plant
streams, and imperfect semipermeable membranes [4,53].

In the PRO power generation process, the power density is defined as
the generated power per unit membrane area and is expressed by the
water permeating flux and the hydraulic pressure difference across the
membrane:

Wpro = J,AP (8)

Since the general expression for the permeating flux is J,, = A(Azes—
AP), the theoretical maximum power density occurs when AP = Azg/2,
as schematized in Fig. 4.

The maximum power density is derived as [31,54]:

Arly

W =A
PRO max 4

9

Some typical laboratory studies on the PRO power generation per-
formance utilizing different membranes and DS/FS pairs are selectively
summarized in Table 1 in chronological order. Tt is worth noting that this
commonly utilized expression of the power density is indirectly derived
from the performance of the osmosis processes. Thus, it is only an ideal
estimation and cannot truly reflect the effects of each power generation
component.

2.6.2. FO-EK technology

As aforementioned, FO can provide considerable driving forces for
fluid movement. Hon et al. and Jiao et al. proposed a novel FO-EK power
generation system, as shown in Fig. 5, to harvest the salinity energy by
applying the FO mechanism [15,65]. As implied by the name, the hybrid
FO-EK power generation system is mainly composed of two submodules,
namely the FO submodule and the EK submodule, as shown in Fig. 5.a.
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Fig. 3. Schematic of the pressure retarded osmosis (PRO) power generation plant located in the Dead Sea (adapted with permission from Ref. [53]).
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Fig. 4. The relationships among the water permeating flux, the hydraulic
pressure difference, and the power density.

The former induces continuous transportation of fluid passing through
the whole system, and the latter mainly focuses on generating elec-
tricity. A porous glass is sealed within the EK submodule, as shown in
Fig. 5.b. It is the functional element for electricity generation through
the mechanism of the pressure-driven EK flows. The emerging FO-EK
technology is thoroughly investigated from the viewpoint of the com-
plete power generation system, which not only includes the osmosis
components but also includes the power generation components.

As known, the EK process is an interfacial phenomenon commonly
occurring at the interface of the majority of objects. Taking the porous
glass as an example, once it contacts an electrolyte solution, its surface is
negatively charged due to the dissociation of the silanol group. Thus, it
attracts cations and repels anions in the electrolyte solution, leading to
an electric double layer (EDL) adjacent to the intersurface, as shown in
Fig. 5.c. The corresponding EDL thickness i is expressed as 1 =
(e0erkaT) Y 2/ (Ze?2 20y o) Y/2 with the subscript k denoting the k™ jon
[66,67]. Therefore, the electrolyte solution within the microchannel
exhibits an overall electric property of being positively charged. When

the electrolyte solution is continuously driven to pass through the
porous glass, a streaming current I is generated by the forward con-
vection flow. At the same time, a streaming potential E,. is also induced
by the accumulation of the cations at the down streaming end, which
conforms to the principle of electrostatics. The streaming potential E, in
turn, induces a conduction current I, through the bulk electrolyte solu-
tion. The streaming potential and the streaming current can be properly
harvested as a kind of power source when the two ends of the micro/
nano-channel are connected by an external electric circuit.

The streaming current and the streaming potential have been thor-
oughly studied for several decades [68-70]. According to previous
studies, an extra pump is required to drive the FS through the porous
glass to generate electricity. However, the novel FO-EK power genera-
tion system alternatively utilizes an FO submodule to induce a convec-
tion flow of the FS. The electric energy is successively produced within
the EK submodule. Similar to the PRO system, the only energy input of
the FO-EK system comes from the pump and is used to circulate and
refresh the DS throughout the FO submodule to maintain the osmotic
pressure difference between the two sides of the semipermeable mem-
brane and thus to maintain the continuous power generation for the
whole system. However, the energy consumed by the circulation pump
is significantly smaller than that consumed by the traditional pressure-
driven EK process.

Theoretically, in addition to the solvent permeating flux for the FO
process (Eq. (3)), the mathematical model of the streaming potential and
the streaming current should also be involved in the overall mathe-
matical model of the FO-EK power generation systeni. It mainly includes
governing equations of the Poisson-Boltzmann (P-B) equation (Eq. (10))
for describing electric potential profile in the EDL and the Navier-Stokes
(N-S) equation (Eq. (11)) and the continuity equation (Eq. (12)) for
describing the fluid flow field [71]. In addition, the Nernst-Planck (N-P)
equation (Eq. (13)) is employed to describe the ion transport in micro/
nano-channels.

) l
Vi = zv (10)
pusVu = VP +uV’u+pE an
Veu=0 (12)
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Table 1
A selective review of the studies on the power generation performance of PRO.

Desalination 525 (2022) 115485

Case Feed solution Draw solution Pressure, Membrane Power density,
MPa W/m?
Loeb et al., 1976 [53] Filtered and distilled water Dead Sea brine 1.2 Asymmetric Du Pont Permasep B-10 0.35
hollow fibers
Jellinek and Masuda, 1981 Fresh water 0.612 M NaCl solution 1.395 CTA membrane 1.6
[55]
Gerstandt et al., 2008 [56] Fresh water 35 g/L NaCl solution 1.45 TFC hollow fiber membrane 3.5
Achilli et al., 2009 [57] DI water 35 g/L NaCl solution 0.97 CTA flat-sheet membrane 2.7
60 g/L NaCl solution 5.1
Yip et al., 2011 [50] River water Seawater 1.25 TFC membrane 10
Chou et al., 2012 [58] River water (10 mM NacCl) Seawater (0.5 M NaCl) 0.5 TFC hollow fiber membrane 5.7
Wastewater brine (40 mM NaCl) 0.49 3.3
0.89 5.6
Concentrated wastewater brine (80 0.47 2.8
mM NaCl) 0.89 4.1
River water (10 mM NacCl) Seawater brine (1.0 M 0.84 11
Wastewater brine (40 mM NaCl) NaCl) 0.51 6.2
0.9 10.6
Concentrated wastewater brine (80 0.5 4.7
mM NaCl) 091 8.4
Kim et al., 2013 [59] Tap water 0.6 M NaCl solution 0.98 Spiral-Wound PRO Membrane 1
Li and Chung, 2014 [60] Fresh water 1 M NacCl solution 2.1 TFC P84 co-polyimide hollow fiber 12
membrane
Higa et al., 2017 [61] Tap water 0.5 M NaCl solution 0.8 CTA hollow fiber membrane 0.14
Li et al., 2017 [62] DI water with foulant of 200 ppm 1 M Nacl solution 1.5 Modified TFC hollow fiber membrane 16.2
alginate
Sharma et al., 2019 [63] DI water 0.6 M NaCl solution / Modified CA flat membranes 3.1
Moon et al., 2020 [64] DI water 1 M NacCl solution 21 Chlorine-treated TFC membrane 26.6

CTA: Cellulose triacetate.
CA: Cellulose acetate.
TFC: Thin-film composites.
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Iy = 7Mnka+nku

kT (13)

where y denotes the static electric potential, e the absolute value of
proton charge, u the fluid velocity, p the fluid density, u the fluid vis-
cosity, pe the charge density, E the electric field strength, I the ionic flux,
D the diffusivity of the ion, n ionic number concentration.

| (EDL) adjacent to the intersurface. P, and E,
| respectively represent the applied pressure
| gradient, dP/dx, and the induced electric
| field strength, d¢p/0x; I, I, a, L, and ¢ are the
| streaming current, the conduction cuirent,
I the radius, the length, and the zeta potential
|
I
|
|

. of the micro/nano-channel, respectively.
Reservoir-II1

Mixed brine

— FO submodule - -
>

Initially, Hon et al. treated the porous glass as a bundle of micro/
nano-channels with a uniform radius and developed a semi-empirical
mathematical model for the FO-EK power generation system. Real-
izing the strong dependence of the energy conversion performance on
the channel radius [72,73], Jiao et al. refined the aforementioned
mathematical model with an assumption that the radii of the equivalent
micro/nano-channels of the porous glass follow a log-normal probability
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density distribution. The refined model yields much more consistent
results with the experimental results [15]. In addition, as a key param-
eter in evaluating the energy conversion performance of the FO-EK
system, the power density is defined as the ratio of the generated
power to the effective volume of the porous glass. Since it is assumed
that the streaming current linearly decreases with the increment of the
streaming potential, the maximum power density occurs at half of the
streaming potential [68,70] and can be derived as follow:

1 AgL,
4 Vir

Weo EKmar = 14)

where A¢ and I; are the streaming potential and the streaming current,
respectively, and Vg is the effective volume of the porous glass used in
the EK submodule. Jiao et al. demonstrated that the experimental and
the corresponding theoretical maximum power densities were achieved
as 0.165 W/m?> and 0.241 W/m3, respectively, when the average pore
size of the porous glass is 6 pm and the salinity difference between the FS
and the DS is 4 M [15]. Accordingly, an estimated economic cost of
0.069 USD/kW/h can be obtained based on the assumed service life of
10 years of the porous glass, which is comparable to the one of PRO
technology.

In addition to the refinement of the theoretical model of the FO-EK
system, the test of methodologies applied to enhance the pressure-
driven EK flow through the porous glass, such as surface treatments,
were also conducted. It is reported that both the large hydrophobic
interface and the high surface charge density of the micro/nano-
channels, which contribute to a faster liquid flow and a higher zeta
potential, respectively, can significantly enhance the energy conversion
performance of the EK flows [74-77]. Therefore, Jiao et al. applied the
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ultrasonic physical treatment and the sodium dodecyl sulfate (SDS)
surfactant treatment (with SDS concentration of 12 mM) on the porous
glass to enhance the energy conversion performance. A maximum power
density of 3.08 W/m®> was obtained, around 30% higher than that ob-
tained from the untreated porous glass [78].

3. Developments and challenges
3.1. The osmosis submodule

3.1.1. The efficiency of the membrane

The efficiency of the semipermeable membrane is always the most
concerned issue in developing membrane-based power generation sys-
tems on a large scale. According to the review, thin-film composites
(TFC) hollow fiber membrane [50,58,60,62,79-85] and asymmetric
cellulose triacetate/cellulose acetate (CTA/CA) flat-sheet membrane
[63,86-88], as shown in Fig. 6 and Fig. 7 respectively, are the most
commonly studied membranes in both academic and industrial
applications.

Different structures of the semipermeable membrane give rise to
different membrane properties, including porosity, mass transfer effi-
ciency, semipermeability, fouling, scaling, and CP. Gerstandt et al.
conducted an overall performance evaluation on TFC hollow fiber
membrane and asymmetric CTA/CA flat-sheet membrane from the
aspect of power generation and found that power densities obtained by
PRO were only 3.5 W/m? and 1.3 W/m? respectively [56], and the
power densities achieved by the FO-EK are only in the order of 107 W/
m? [15]. The power density should be at least larger than 4 W/m? for a
promising and profitable membrane-based energy conversion
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Fig. 6. Morphology of TFC hollow fiber membrane: (a) cross-section of the substrate at 50, (b) cross-section of the substrate enlarged at 200 x, (c) lunien side of the
substrate enlarged at 5000x, (d) lumen side of TFC hollow fibers enlarged at 5000 x. Different from figure ¢, figure d shows a uniform ridge-and-valley thin layer
attached to the inner surface of the hollow fiber, which is a typical morphology of a polyamide thin-film hollow fiber synthesized by interfacial polymerization.

Reprinted with permission from Ref. [58].
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Fig. 7. Microscopic surface images of support layers (first row) and SEM cross-sectional images of FO membranes (second row) fabricated on the corresponding
support layers. a, b, and ¢ show different woven fabrics; d, e, and f show different nonwoven fabrics; g and h show two commercially available membranes obtained
from Hydration Technology Innovations (HTI). Reprinted with permission from Ref. [86].

technology [56]. Therefore, these two power generation technologies
are generally below the standard of commercialization, especially the
FO-EK technology. Essentially, the lower-than-estimated power density
is attributed to the lack of effective membranes with low CP, high salt
rejection, high water permeation, and high mechanical strength [89].
Moreover, due to the difficulties in developing suitable and cost-efficient
semipermeable membranes on a large scale, the investigations of the
two power generation technologies have been limited to laboratories.
Great efforts have been paid to improve the performance of the
currently available semipermeable membranes. Surface treatment on
the semipermeable membranes to improve the properties of mass
transfer and semipermeablility is always the main branch in osmosis
studies [90,91]. For example, to mitigate the fouling of the TFC poly-
etherimide (PEI) hollow fiber membrane, Li et al. modified the outer
surface of the inner-selective layer through depositing poly-(allylamine
hydrochloride) (PAH) and poly acrylic acid (PAA) polyelectrolytes. The
modified membrane had fewer exposed pores and was more negatively
charged, which was beneficial for preventing the adsorption of the
negatively charged foulants onto the membrane substrate [62]. Sun and
Chung also reported synthesized outer-selective TFC hollow fiber
membranes for the membrane-based indirect power generation process.
After vacuum-assisted interfacial polymerization, the PRO performance
is further enhanced by optimizing the support layer in terms of pore size
and mechanical strength. The polydopamine-coated and mechanically-
strengthened membranes can stand over 2 MPa with a peak power

density of 7.63 W,/m? [92]. Further enhancement on the salt rejection
and the robustness of the outer-selective TFC hollow fiber membranes
boosted the peak power density up to 10.06 W,/m? [93]. Those studies
provide insightful guidelines for optimizing the interfacial polymeriza-
tion procedures and scaling up the TFC hollow fiber membrane modules
for more PRO power generation.

3.1.2. The availability of DS

Although the energy at the estuary is enormous, the density of
salinity gradient energy is relatively low and is around 0.256 kWh/m?>
with the initial river water and seawater volume [94]. In addition,
compared with the extraction of traditional energy sources, that of low-
density energy requires more energy inputs and also leads to more en-
ergy losses. Particularly, the pumping energy to circulate the river water
and the seawater and the energy required for pretreatment of the source
fluids are estimated to be over 38% of the total energy inputs [95] and
are the two main energy inputs during PRO power generation at the
river mouth. In addition, the constant-pressure operation in a counter-
current module, the reverse salt flux, and the CPs, and the in-
efficiencies of the pressure exchanger and turbine lead to energy losses
larger than 25%, 15%, and 9.5% of the extractable energy. As known,
the energy input and the energy loss are the two main elements when
calculating the energy conversion efficiency of the PRO system. There-
fore, the expected net energy outputs achieved by the PRO power plant
using the river water and the seawater are substantially lower. Straub
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et al. also draw a similar conclusion that the PRO cannot yield excellent
energy conversion efficiencies no matter how many effective mem-
branes and pretreatment methods are going to be explored [52]. This
conclusion can rationally explain the reason why a Norwegian company
Statkraft stopped all investments in pioneering the introduction of the
PRO technology to the first full-scale plant [96]. In the FO-EK power
generation process, the problem caused by the low extractable energy
source at the river mouth is even more severe.

Although those two power generation technologies have been thor-
oughly analyzed and proved to be probably inefficient at the river-to-sea
sites, they are proved promising at places with hypersaline sources. The
hypersaline sources within the context of the research of osmosis power
generation are commonly defined as solutions with concentrations
ranging from 6 wt% (appr. 1 M NaCl solution) to 26 wt/wt% at 25 °C for
experimentally prepared pure NaCl solution [97], 33-35 wt/wt% for
natural salt mixtures (such as hypersaline lakes, salt domes, hypersaline
geothermal water, etc.) [98], or 59 wt/wt% (appr. 7.6 M NaCl solution)
for engineered solutions (such as desalination brine, wastewater brine,
oil field brines, evaporation ponds, etc.) [99]. Utilizing the hypersaline
sources as the DS can help to overcome the challenges mentioned above
due to their unique properties of high energy densities and offer a po-
tential route for commercialization [100,101]. Table 2 provides an
overview of studies utilizing hypersaline solutions as the DS and fresh
water, brackish water, or seawater as the FS for PRO power generation
processes. It proves that the application of hypersaline sources can
greatly enhance the power density. Furthermore, Helfer et al. gave a full
overview of the potential hypersaline environments, such as Great Salt
Lake in the USA, Lake Torrens in Australia, Lake Assal in Djibouti, Chott
Melrhir in Algeria for PRO power production. The corresponding
possible DS/FS pairs were also proposed as well as their approximate
osmotic pressure difference and the estimated power output. Finally, the
numbers of households supplied with generated electricity were also
derived based on the average electricity consumption per capita in each
country [102].

When the hypersaline sources are used as DS in membrane-based
power generation processes, one important thing should be paid more
attention to. Taking the PRO power generation process as an example,
there is a peak power density in theory at an optimal applied pressure,
which is generally accepted to be half of the effective osmotic pressure
for the PRO power generation process as shown in Fig. 4. However, in
experimental and industrial applications, if the concentration of NaCl DS
is larger than 2 M, the corresponding optimal power density cannot be
obtained due to the mechanical strength limitations of the semiperme-
able membranes. To be more specific, the further increment in the
applied pressure leads to severe deformation or damage of the mem-
brane. Furthermore, the increased applied pressure also blocks the
permeation of the feed stream [36,103,104,111]. One effective strategy
for further improvement of the PRO power generation performance with
using hypersaline DS is to apply optimally designed FS spacers
[103,118].

3.1.3. Operation mode

As known, the CP phenomenon is inevitable in the osmosis-driven
membrane technologies and cannot be eliminated even in the most
developed PRO or FO process. CP greatly reduces the solvent permeating
flux and eventually decreases the generated power density, especially
when it acts on both sides of the membrane. In addition, only part of the
salinity gradient energy can be effectively recovered by the PRO or the
FO process in real applications, and the remaining is discharged. How-
ever, the discharged effluent will lead to serious negative impacts on the
environment if it is not post-processed properly [123]. Therefore, some
innovative operation modes are needed to fully exploit the salinity en-
ergy and effectively reduce the CP phenomenon. Xu et al. investigated
the PRO performance through a Hydrowell® spiral wound FO module
(SWFO) under both submerged and crossflow conditions and found that
the SWFO mode yields relatively good PRO performance under both
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Table 2
Overview of hypersaline solutions applied for PRO power generation processes.
DS ES Power Reference
density,
W/m?
1 M NaCl solution 10 mM NaCl 3.8 She and Tang ,
2 M NaCl solution solution 6.7 2012 [103]
1 M NaCl solution DI water 5.18 Kim and
2 M NaCl solution 9.66 Elimelech, 2012
[104]
1 M NaCl solution 1 mM NacCl solution 20.9 Chou et al., 2013
[105]
Seawater brine (1.06 M Synthetic brackish 15.2 Song et al., 2013
NaCl solution) water (80 mM NacCl [106]
solution)
Synthetic river 21.3
water (0.9 mM
NaCl solution)
2 M NaCl solution 0.5 M NaCl solution 4.7 Kim and
Elimelech [107]
1 M Nas[Fe(CgH405)5] DI water 16.2 Han et al., 2014
(Na-Fe-CA) [108]
hydroacid complex
solution
1 M NaCl solution 10 mM NaCl 5.1 Fu et al.,, 2014
solution [109]
1 M NaCl solution DI water 24.3 Zhang et al., 2014
[110]
1 M NaCl solution DI water 14.1 Straub et al., 2014
2 M Nacl solution 39.4 [111]
3 M NaCl solution 59.7
0.81 M NaCl solution DI water 21.3 Wan and Chung,
1 M NaCl solution 27 2015 [112]
Seawater brine from the 21.1
Tuaspring
desalination plant
1.5 M NaCl solution DI water 18 Anastasio et al.,
2015 [113]
1 M NaCl solution DI water 11.2 Chen et al., 2015
[35]
1.2 NaCl solution DI water 8.06 Kim et al., 2015
2 NaCl solution 20.3 [114]
1 M NaCl solution 10 mM NaCl 12.8 Li, et al., 2015
solution [115]
2 M Nacl solution DI water 8.3 Kim et al., 2015
[36]
0.81 M NaCl solution Wastewater from 7.7 Zhao et al., 2016
municipal recycle [116]
plants
1 M NaCl solution DI water 12.9 Wei et al., 2016
[117]
3 M NaCl solution DI water 22.6 Hickenbottom
etal., 2016 [118]
Brine from wastewater Treated wastewater 18.73 Bader et al., 2016
treatment plants effluent [119]
Brine from desalination Fresh water 13.5 Kurihara et al.,
plant 2016 [120]
Concentrated brine 17.1
(ca.7%)
1 M NaCl solution DI water 20 Wan et al., 2017
[121]
Brine from seawater Red Sea water 1.97 Khasawneh et al.,
desalination plants Treated water 2.2 2018 [122]
Dead Sea water Red Sea water 58.7

conditions with feed water being circulated outside the membrane en-
velope [124]. Jiao et al. also tried to weaken the negative effect of CP by
utilizing a pump in the FO submodule to refresh the DS and thus enhance
the osmosis process [15]. To make the PRO power generation system
more productive, a PRO power generation system with a dual-stage
operation mode was developed with different membrane module ar-
rangements in the first and the second stages of the PRO processes
[125-128]. It was demonstrated that this operation mode could sharply
increase the chemical potential difference and reduce the CP on the FS
side and thus yields higher specific electric energy, up to 16% of
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increment for Dead Sea-RO brine [126].

Other major shortcomings of the PRO utilizing traditionally inves-
tigated river water and seawater are the costive pretreatments [129] and
the relatively low effectiveness of osmotic pressure differences [61].
These negative aspects of the traditional PRO process stimulate in-
vestigations on novel conceptual operation modes such as the closed-
loop PRO. McGinnis et al. developed an osmotic heat engine (OHE) to
generate electricity, which is essentially a closed-loop PRO process, as
shown in Fig. 8.a. This engine uses a concentrated ammonia-carbon
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dioxide solution and DI water as DS and FS, respectively, to create high
osmotic pressures, which induce water flux through a semipermeable
membrane. The depressurization of the DS in a turbine produces elec-
trical power. Meanwhile, heat is introduced to the diluted DS stream to
separate the solutes from the DS, resulting in renewed DS and FS streams
[130]. Han and Chung also developed a novel closed-loop PRO process
to continuously convert the osmotic energy into electricity with recov-
ering the diluted DS through the precipitation process. As shown in
Fig. 8.b, a Nas[Fe(CgH407)3] (Na-Fe-CA) hydroacid complex solution
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Fig. 8. Schematic of typical closed-loop PRO power generation processes. (a) The ammonia-carbon dioxide osmotic heat engine (OHE) for PRO power generation. A
highly concentrated NH3/CO; and a DI water are utilized as DS and FS to induce a high osmotic pressure difference. PEX and TU represent pressure exchanger and
turbine, respectively. Q;, and Q,,; denote the heat that flows into and out of the engine. Reprinted with permission from Ref. [130]. (b) The closed-loop PRO process
for power generation and the Na-Fe-CA hydroacid complex as DS. The diluted hydroacid complex is recovered through the precipitation process. Reprinted with

permission from Ref. [108].
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with high water flux and negligible reverse solute flux was synthesized
as DS. The water in the diluted complex DS can be extracted by ethanol,
and the solute will be precipitated out of the water. The remaining
water/ethanol in the mixture can be further removed by evaporation,
and then the solute can be fully regenerated [108]. Compared to con-
ventional PRO processes, the newly developed closed-loop PRO pro-
cesses exhibit promising advantages of sustainable high power output,
low membrane fouling, and, most importantly, remarkably low cost in
pretreatment and brackish water discharge.

3.1.4. Solution temperature

Practically, the temperature of the FS/DS passing through the
osmosis system may vary over a wide range, depending on the solution
sources and the locations [131-133]. This parameter also plays an
important role in those two power generation processes since it not only
affects physicochemical properties of the solution, such as osmotic
pressure, viscosity, density, and diffusivity but also affects the perme-
ating performance of the membrane [134,135]. Therefore, it is mean-
ingful to systematically investigate the effects of solution temperature
on the performance of the PRO power generation processes.

Currently, only few studies investigated the effects of temperature on
the mass transportation performance of the osmosis processes. Kim and
Elimelech investigated the effect of solution temperature on the water
flux and power density in PRO and found that increasing the solution
temperature from 20 °C to 30 °C improved the water flux from 9.23 to
13.89 L/m?/h and elevated the power density from 3.22 to 4.72 W/m?>
for solution pair of 2 M NaCl DS/0.5 M NaCl FS [107]. Touati et al. also
studied the effects of the bulk solution temperature on the PRO power
generation processes and found that, compared with the DS tempera-
ture, the FS temperature has more significant influences on the mem-
brane performance during the PRO processes [136]. This conclusion
coincides with that reported by Abdelkader and Sharqawy [137]. In
addition, the power density was found to be increased by about 130%
when both feed solution and draw solution temperatures increase from
20 °C to 50 °C [137]. Overall, although the increase of the water
permeating flux is accompanied by a high salt diffusion which leads to a
severe ICP [136], the expected power density is improved with the
increment of the FS temperature [138].

3.2. The electric submodule

3.2.1. In PRO power generation system

In the PRO power generation system, an electric submodule is
required to generate electricity, which includes turbine, generator,
pressure exchanger, and their mechanical components, as shown in
Fig. 3. Turbine and generator have already been fully developed, and
their efficiencies can be achieved over 90% [139]. The operation of the
turbine and generator in the PRO power generation system is similar to
that in the ordinary hydraulic power generation system. The pressurized
DS from the osmosis submodule runs through the turbine, and then the
connected generator generates electric power. It is reported that further
performance improvement of the turbine and the generator can be
achieved by around 3%. In the PRO power generation process, the so-
lution exhausted from the turbine is called the mixed brine or brackish
water, which might contain undesirable chemicals after passing through
the system. Therefore, post-treatment for the brackish water is necessary
before being discharged to the source. In addition to these two main
components in the electric submodule, the pressure exchangers are also
necessary and are utilized to transfer the pressure from the mixed DS to
the inflow of the original DS so that the power consumption of the
system can be reduced and the overall energy conversion efficiency can
be potentially increased in the long run [140]. Consequently, the
improvement in operational efficiencies of the components and the re-
covery of the energy from the exhausted streams in the electric sub-
module will boost the performance of the whole power generation
system.
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One interesting thing is that almost all studies on the PRO power
generation technologies only detailedly investigate the performance of
the membrane submodule and then achieve the corresponding energy
conversion performance based on theoretical derivation on the electric
submodule. Therefore, the study on the complex performance of the
complete PRO system combining the membrane submodule and the
electric submodule should be conducted in the future for its large-scale
applications.

3.2.2. In FO-EK power generation system

Similar to the PRO power generation systems, FO-EK power gener-
ation systems also require an electric submodule to generate electricity.
The functional element of the electric submodule works based on the
interfacial electro-chemical mechanism of the pressure-driven EK flow
with main electric features of the streaming potential and the streaming
current. Both the streaming potential and the streaming current have
been intensively studied for developing microfluidic devices such as
flow rate meters, pressure sensors, particle manipulation techniques,
etc. [141] and have started to be innovatively exploited in the field of EK
batteries in recent years. The energy conversion performance and the
weaknesses and challenges of this novel micro/nano-power generator
should be investigated thoroughly.

3.2.2.1. The size of the nanochannel. According to current experimental
studies, the maximum energy conversion efficiency of the FO-EK tech-
nology is only around 3.08 W/m> by using the porous glass with an
average pore size of 6 pm [78]. It is known that the energy conversion
efficiency of the pressure-driven EK flow strongly depends on the radius
of the channel. Particularly, the energy conversion efficiency reaches the
maximum when the radius of the channel is around two times the EDL
thickness and decreases sharply when the radius of the channel deviates
from the critical radius [72]. The EDL thickness is from 3.04 nm to 304
nm for the symmetric electrolyte solution such as NaCl or KCI solution
with a concentration from 10 mM to 10> mM. Therefore, the channel
size, in general, should be at least below 1 pm so that a maximum energy
conversion efficiency can be promisingly achieved. Accordingly, the
energy conversion performance of the FO-EK technology can be
improved by exploring proper porous media or EK membrane with
suitable pore size to provide efficient nanochannels. With the de-
velopments in MEMS packaging technologies, lots of novel artificial
nanochannel devices are developed, such as the glass microchannel
array [142,143], polyelectrolytic AAO membranes [144-146], mixed-
cellulose membrane filter [147,148], etc. to directly or indirectly test
the properties such as streaming potential and/or streaming current.
Further attempts to enhance the energy conversion efficiency of the FO-
EK system can be taken by replacing the currently applied porous glass
with the one with smaller pore size, the nanochannel devices mentioned
above, or other related advanced membranes.

3.2.2.2. The slip boundary condition. Tt was recently proposed that the
slip boundary condition on hydrophobic surfaces could significantly
enhance the electroosmosis performance in nanochannels [77], and this
hypothesis was experimentally verified [74,75]. It is known that there
are mainly two kinds of friction in microfluidics, namely, the friction
resulting from the interaction between the solvent and the wall and the
friction resulting from the interaction between the solute and the wall.
Water molecules with low density occurring in the vicinity of hydro-
phobic surfaces decrease the interaction between the water molecules
and the wall [149]. Hence, water can flow over the hydrophobic wall
more smoothly, giving rise to a non-zero boundary velocity. Compared
with the common wetting case with non-slip boundary conditions, the
non-wetting case with slip boundary conditions was more intensively
investigated both theoretically and experimentally [77,150-153]. Tt was
found that the charges within the Stern layer, usually immobile in the
case of a hydrophilic wetting surface, can flow over hydrophobic
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surfaces due to the slip condition. As a result, the streaming current is
greatly enhanced in addition to the increment of the mean velocity
within the channel due to the slip velocity at the interface. Under the
condition of constant surface charge density, the relatively high hy-
drophobicity of the solid surface can enhance the EK phenomena by a
slip-induced amplification factor of (1 + b/A.f), where A7 and b are the
effective Debye length and the slip length, respectively [74,76].
Although such a kind of boundary condition may not be as precise as
that in previous modelings with constant surface charge [69,73], the
expression of the slip-induced amplification factor shows a more qual-
itative understanding of the effects of liquid slip on the pressure-driven
EK flow in microfluidics.

A highly hydrophobic solid surface gives rise to high liquid velocity
and thus low pressure consumption. In addition, high surface charge
density induces a high zeta potential. Ideally, improvements in both of
these two aspects can greatly enhance the EK flow in micro/nano-
channels. However, it is known that the less polarizable the solid sur-
face molecules are, the more hydrophobic the solid surface is. In other
words, the solid surface hydrophobicity can be increased by diminishing
surface charge density [154,155], which, however, simultaneously re-
duces the zeta potential. There is a common tradeoff between strong slip
and high surface charge density. To improve the energy conversion
performance of the pressure-driven EK flow, we try to enhance the slip
condition of the micro/nano-channels while increasing or maintaining
at least the surface charge density. How to practically balance these two
aspects to achieve better hydrodynamic and EK performance of the
microfluidic system is the most challenging issue for current and future
research in this field.

Two reported promising surface treatment methods are recom-
mended for future study. The first one is the treatment of silica micro/
nano-channel with carboxyl groups. It has been proved that compared
to the original silica material with a zeta potential of —42 mV, the silica
material modified by carboxyl groups exhibits an increased zeta po-
tential up to —72 mV almost without alteration of the wetting property
[156]. The second one is the treatment of silica micro/nano-channel
with poly (propylene glycol) methacrylate. The zeta potential of the
modified silica material is almost not affected while the ability to adsorb
water molecules significantly decreases, greatly enhancing the hydro-
phobicity [157].

3.2.2.3. The two-phase flow. According to the traditional theory of the
streaming current in single-phase systems, the internal conduction
current induced by the streaming potential limits the output power,
which ultimately diminishes the energy conversion efficiency of the
pressure-driven EK flow. The use of a certain two-phase flow, as shown
in Fig. 9, can effectively overcome this problem. Xie et al. studied the
energy conversion performance of a pressure-driven EK flow using a
two-phase flow, the N5-KCl solution (1 mM) bubble flow. A gas source
(99% purity N5) was used to drive the liquid flow and to generate gas
bubbles. Their study shows that in a two-phase system, the bubbles
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Fig. 9. Schematic of the bubble flow through a micro/nano-channel.
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greatly reduce the conduction current, increasing the output power. The
addition of bubbles enhances the maximum output power by a factor of
74 and the energy conversion by a factor of 163 than that in a single-
phase flow [158].

3.2.2.4. The non-Newtonian nanofluids. Non-Newtonian nanofluids,
such as polymer solutions and colloidal suspensions, contain discrete
entities on the nanoscale, which can be used as flow media for the
electroosmosis flow. Compared to simple electrolyte solutions, they can
give rise to higher thermodynamic efficiency [159]. As shown in Fig. 10,
when such kind of non-Newtonian nanofluids is forced to pass through a
micro/nano-channel by a pressure gradient, a certain degree of wall
depletion will happen at the interfacial region. It forms a depletion layer.
If the thickness of EDL is smaller than that of the depletion layer, the
streaming current will be free of the macromolecules or nanoparticles in
the bulk liquid. It is known that the viscosity of non-Newtonian nano-
fluids is a function of the shear rate and has been proved to be always
higher than the viscosity of simple electrolyte solution [160]. In other
words, if proper polymer solutions are utilized in such a micro/nano-
channel, the viscosity of the nanofluids in the bulk region must be
relatively higher than that in the depletion layer. In addition, the
maximum energy conversion efficiency for the case of 41 <« a can be
approximated as Epo.gmax = a122/(4a11a22) [68,161-163]. It is
observed from the expressions of all coefficients that the method of
adding water-soluble polymer or nano-particles into the background
electrolyte solution can reduce the coefficient ass without altering a;o.
The energy conversion efficiency is thus increased. Nguyen et al. firstly
investigated the effects of the polymer solutions on the energy conver-
sion efficiency of the pressure-driven EK process with experiments
[164]. Their experiments show that, with adding polyacrylic acid (PAA)
into a 0.01 mM KClI solution with a concentration of 200 ppm to 4000
ppm, the energy conversion efficiency of the system was extremely
enhanced by a factor of 447 (+2%) than that in the case with only 0.01
mM KClI solution. Therefore, it is recommended to explore and investi-
gate more suitable non-Newtonian nanofluids to increase the energy
conversion efficiency of the pressure-driven EK process in future studies.

3.2.2.5. The surface texture of the channel. In addition to the porous
glass, membranes with densely compacted micro/nano-channel arrays,
as shown in Fig. 11, can also be used as the media to provide micro/
nano-channels for superior performance of the pressure-driven EK
flow. It is reported that the EK energy conversion of flow work to elec-
tricity using a glass microchannel array could achieve a maximum
power output of 1 mW with an efficiency of 1.3% [142]. Meanwhile,
recent studies report that the textured channel surfaces comprised of
grooves filled with air or liquid can significantly increase the streaming
potential by as high as 150% due to transverse pressure gradients
[165,166]. It is argued that such tunability of the streaming potential
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Fig. 10. Schematic of the EK flow of a non-Newtonian nanofluid through a
micro/nano-channel.
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Fig. 11. The schematic of the pressure-driven EK flow through a micro/nano-
channel with a textured channel surface. uy, @, and b are the bulk velocity of the
flow, the protrusion angle, and the apparent slip length, respectively.

may be related to a variation in the local apparent slip characteristics
and the surface charge density of the air-filled surfaces or the liquid-
filled surfaces. In fact, one earlier numerical study using lattice Boltz-
mann simulations already proves that the apparent slip properties of the
channel can be tailored by changing the protrusion angle € and the
surficial structure pattern confined between two parallel walls. The
maximum slip length larger than 100 nm for rhombic, rectangular, and
square patterns is achieved when the protrusion angle equals zero [167].
Therefore, future improvements of energy conversion efficiency can
focus on developing effective EK membranes with densely compacted
micro/nano-channel arrays with different textured channel surfaces.

Besides, it is known that the high slippage and high surface charge
density are crucial for good energy conversion performance from
salinity gradient energy. However, they are hardly achieved at the same
time. Recently, with the systematical review of the concept “Soft inter-
face” in the field of the EK energy conversion, simultaneity enhancement
in both aspects becomes possible [168]. The structure of the “Soft
interface” channels happened to coincide with the structure shown in
Fig. 11. Compared with the traditional micro/nano-channel surface, a
soft interface within the micro/nano-channel endows micro/nano-
channel with more desirable features by some specially designed sur-
face modifications or the introduction of chemical additions or surfac-
tants. The soft interface with altered solid-liquid or the liquid-liquid
interactions within the micro/nano-channels greatly improves the sur-
face charge densities and/or slippage and thus potentially enhances the
energy conversion processes. Importantly, that study mentioned above
also thoroughly summarized the methodologies in achieving such soft
interface conditions within the micro/nano-channels, which facilitates
further development of the salinity gradient energy conversion from the
point of view of the nanofluidic devices.

4, Potential applications

As aforementioned, the membrane-based indirect power generation
processes may not be viable at the estuary but can be applied at locations
where hypersaline sources occur [107,169-174]. In this situation,
electricity can be generated from the mixing of the hypersaline sources
with the rivers or the oceans while effluent treatment and environmental
protection are achieved simultaneously. Therefore, depending on
different DS/FS sources, different operation schemes and protocols of
the membrane-based indirect power generation technologies should be
elaborately designed.

The natural hypersaline sources are promising candidates to be
applied as DS in the osmosis process. Tran et al. provided a compre-
hensive investigation of the feasibility of key technical and financial
parameters of a virtual 25 MW PRO power plant in a hypersaline envi-
ronment, the Great Salt Lake in Utah, USA [175]. The high salinity of the
lake (24% salt concentration on average) is a critical factor making the
osmotic power plant economically feasible. The net annual energy
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production is estimated to be 154,249 MWh. The capital cost is $238.0
million, and the operation and maintenance cost is $35.5 million per
year. The levelized cost of electricity (LCOE) would be $0.2025/kWh,
and further design improvements would reduce the LCOE to $0.1034/
kWh.

In addition, the combination of the membrane-based indirect power
generation processes with other industrial processes also provides
mutual benefit for sustainable power production and advanced waste-
water treatment [176-180]. Bemporad proposed a hybrid scheme that
coupled a PRO process into a solar pond (SP) energy conversion process
in 1992 and found that the coupled scheme can significantly recover
parts of the energy lost from unavoidable evaporation during the SP
process [181]. The desalination of the seawater by reverse osmosis
(SWRO) can generate a large amount of hypersaline brine [182,183].
However, additional energy is required to post-process this kind of
environmentally hazardous effluent to meet the wastewater-discharging
standard [184,185]. As a kind of artificial hypersaline source, desali-
nation brine has already shown promising potential for pilot-scale
application in the field of SWRO-PRO co-generation systems
[23,24,186-190]. Researchers reasonably utilized hypersaline brine by
coupling the SWRO system with a PRO power generation system, which
not only recycles the effluent but also primarily dilutes the hypersaline
brine to relatively normal wastewater. Altaee et al. also investigated the
performance of the co-generation SWRO-PRO process for power gener-
ation and seawater desalination and found that up to 31% of the power
consumed during the desalination process can be successfully made up
for by the SWRO-PRO system [191]. Recently some studies have shown
that the hybrid SWRO-PRO configuration can further bring down the net
specific energy consumption by up to 50% in comparison with standard
SWRO desalination systems [192,193].

The FO-EK energy conversion technology can also be potentially
applied to power systems with larger scales, such as desalination plants,
cars, and household appliances, due to its unique power generation
mechanism. Meanwhile, this technology is more applicable in the field
of portable power generators for mobile electronics [194], self-powered
micro/nano-machines, wearable devices, etc. However, this technology
is at the initial stage of development, and the corresponding FO-EK
system is still facing lots of challenges before it can be commercially
realized. Firstly, cost-effective and efficient membrane materials
designed for large-scale FO and EK processes are required. Secondly,
robust designs for the FO-EK system should be explored to withstand the
harsh solution resource under real working conditions. Finally, the
packaging scheme of the FO-EK setup should be further developed for
simple and compact structure, low cost, high safety, high separation
efficiency, and convenient installation, replacement, and maintenance
of the pipes.

In brief, the membrane-based indirect energy conversion processes
have great potential to be applied at the hypersaline regions or to be
coupled with industrial processes. It can reasonably harvest salinity
energy and thus effectively reduce desalination costs, mitigate the
environmental impact, and, importantly, compensate for the energy
consumption of some industrial processes.

5. Conclusion

This paper firstly conducts a comprehensive review of green
membrane-based indirect power generation technologies, namely the
traditional PRO and the newly emerging FO-EK, for harvesting salinity
gradient energy from the viewpoint of membrane science. Firstly, a
comprehensive introduction to the fundamentals of osmosis is given.
Then, the working principles, the development, and the energy con-
version performance of these two typical technologies are elaborated.
Furthermore, the challenges and the corresponding promising solutions
are reviewed in detail. The essential findings are outlined as follows.
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(i) Efficient semipermeable membranes with minimum concentra-
tion polarization, maximum salt rejection, maximum water
permeation, and maximum mechanical strength are urgently
required to boost the industrialization of the membrane-based
indirect power generation technologies;

The commonly discussed applications of the membrane-based
indirect power generation technologies at the estuary where
river water mixing with seawater is proved to be infeasible.
Available hypersaline sources and the corresponding technical
protocols should be explored for the pilot-scale application of the
membrane-based indirect power generation processes;

The operation modes in the osmosis submodule, such as the spiral
wound mode and the dual-stage mode, are demonstrated to be
helpful in sharply increasing the chemical potential difference
and reducing the CP on the FS side, and thus yield higher specific
electric energy;

The expected power density is expected to be potentially
improved by increasing solution temperatures;

The complex performance of the complete PRO system
combining the membrane submodule and the electric submodule
should be systematically analyzed in the future for further
commercialization purposes;

Available strategies to further improve the performance of FO-EK
system include but are not limited to reducing the size of the
nanochannel, enhancing the slippage and the surface charge of
the nanochannel, utilizing two-phase flow and/or non-
Newtonian nanofluids, etc.;

The integration of the membrane-based indirect power genera-
tion technologies with the other main industrial processes pro-
vides mutual benefit for sustainable power production and
advanced wastewater treatment.

(i)

(iii)

(iv)

)

(vi)

(vii)

Those interesting findings above inspire a promising perspective on
the future development directions in both the fundamentals and the
applications. As for the fundamentals, the theoretical model for the
osmosis submodule should be further developed to cover the situation of
hypersaline sources. Meanwhile, the theoretical model for the electric
submodule, particularly for the case of the EK energy conversion pro-
cess, should be further explored to be applicable for complex working
conditions such as the two-phase flow and the non-Newtonian nano-
fluids. Furthermore, the complete theoretical model for the membrane-
based indirect energy conversion system should be improved and
refined to cover both the osmosis and the electric generation processes.
Importantly, the effects of solution temperature should also be consid-
ered in the overall theoretical model. As for future applications, the
membrane-based indirect energy conversion processes have great po-
tential to be applied at the hypersaline regions. From the viewpoint of
the scale, the membrane-based indirect energy conversion technology
shows unique advantages when being integrated with both the large-
scale scenarios, such as desalination plants and chemical plants, and
the mobile scenarios such as cars and portable electronics.

In general, the membrane-based indirect energy conversion tech-
nologies should be regarded as an efficient supplementary way for green
energy harvesting. However, there is still a long way to understand,
explore, optimize, and simplify such energy conversion processes and
the corresponding systems. Essentially, the largest challenge in current
research on the membrane-based indirect power generation technolo-
gies lies in the scaling-up process from the lab-scale demonstration
research to the large-scale commercialization under the limitation of
inefficient membranes.
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