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ABSTRACT

Pressure retarded osmosis (PRO) is a promising technology for salinity gradient energy utilization. Here,
based on previous literature, we proposed a simplified model to describe the PRO process, which was
validated by a great accordance with the experimental data of water flux and power density. A sensitivity
analysis of the PRO system indicated that there exist different optimal hydraulic pressure differences
leading to the maximum power density and energy efficiency, respectively. The performance of the PRO
system under the maximum power density and energy efficiency is systematically investigated based on
the GA method. Furthermore, the Pareto front that indicates any arbitrary compromise between the
maximum power density and energy efficiency based on NSGA-II was obtained. Factors determining the
choice of the final compromise solution in the Pareto frontier remains are systematically discussed,
which should be referred to the local energy policies and technical and economic conditions of the PRO
systems. For demonstration, the final compromise solution selected by the abstract heuristic TOPSIS
method is discussed and a desirable compromise between the power density and energy efficiency is

presented.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Due to fast depletion of traditional fuel energy and increasing
energy demand induced by population expansion, environment
suffers much, such as global warming and air pollution [1].
Exploiting new and renewable energy, developing high efficient
energy conversion devices for traditional energy, and reutilizing
waste thermal energy pave ways to alleviate such diploma [2,3].
Among them, salinity gradient technologies that could use the
vastly existing Gibbs free energy of mixing of sea water, that can
potentially generate electricity for 13% of global electricity con-
sumption [4], provide a promising alternative for electricity gen-
eration, such as pressure retarded osmosis (PRO), reverse
electrodialysis (RED) and capacitive mixing (CAPMIX) [5—12].
Compared with the other two technologies, PRO presents the
advantage of satisfied power density and energy efficiency, which is
being extensively investigated [13—17].

In the PRO process, water from the diluted feed solution per-
meates through a semipermeable membrane into a pressurized,
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concentrated draw solution, and then is depressurized through a
hydro turbine to generate electricity. As a membrane based tech-
nology, the performance of the PRO system is significantly
impacted by the semipermeable membrane characteristics, struc-
ture configuration, as well as operating conditions. She et al. [18]
systematically investigated the effects of concentration and tem-
perature of the feed and draw solutions, membrane type and
orientation, and reverse solute diffusion on the performance of a
PRO system. In the PRO process, both external concentration po-
larization (ECP) and internal concentration polarization (ICP) occur.
The ECP leads to decreased concentration at the membrane-
solution interface in the draw solution, and the ICP results in that
the concentration at the membrane-solution interface deviates
from that of the bulk feed solution. Furthermore, as the nature of
the imperfect membrane, which could not completely prevent the
salt diffusion across the membrane, a reverse salt permeation (RSP)
exists. The existence of the ECP, ICP, and RSP could degrade the
performance of the PRO systems [19—21]. He et al. [22] proposed a
simplified PRO model which considers the impacts of ECP, ICP, and
RSP, and revealed that the extractable energy could be significantly
reduced due to the ICP, ECP and RSP effects.

Much efforts have been focused on the power density of the PRO
system. Yip et al. [23] developed a theoretical model to predict the
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water flux and power density. Kim et al. [24] designed a new PRO
crossflow system featured with asymmetric channels to prevent
membrane stretching and bulging. Yaroshchuk [25] investigated
the optimal hydrostatic counter-pressure. Kim et al. [26] analyzed
the influence of feed channel spacers on the performance of PRO
system. Kim et al. [27] pointed out that there is a critical need to
optimize feed channel spacers to minimize membrane deformation
and the “shadow effect”, thus to achieve high power densities.
Furthermore, Nagy et al. [28] found that essential improvement of
the membrane selectivity and/or decrease of the value of the
structural parameter is beneficial for energy extraction. Two stage
PRO systems are also constructed to improve the power density. He
et al.[29] presented a two-stage PRO process to enhance the energy
extraction. To avoid the feed water pretreatment, closed-loop PRO
systems are also developed. Han et al. [30] conceived a novel
closed-loop PRO process, which exhibits advantages of sustainable
high power output, negligible internal concentration polarization
and low membrane fouling. Anastasio et al. [31] investigated the
impact of temperature on power density in closed-loop PRO for grid
storage. Long et al. [32]developed an energy storage system based
on the PRO and the RO systems.

For improving the performance of the PRO system, previous
literature are mainly dedicated to the maximum power density.
Few literature have considered its energy efficiency. Energy effi-
ciency reflects the utilization degree of the Gibbs free energy of
mixing of the draw and feed solutions, and acts as an evaluation of
the system conversion ability. In addition, in the area with abun-
dant brine water and shortage of river water, the energy efficiency
and power density should both be included for economical utili-
zation and water saving. In this paper, we developed a simplified
model which includes the ICP, ECP, and RSP to investigate the
performance of the PRO system under different hydraulic pressure
differences. To achieve the optimal operation conditions, perfor-
mance optimizations under the single objective optimization for
power density and energy efficiency were, respectively, conducted.
Furthermore, as the power density and energy efficiency could not
achieve their maximum values simultaneously, to coordinate this
contradiction, we conducted a multi-objective optimization to
obtain the Pareto frontier that indicates any arbitrary compromise
between the maximum power density and energy efficiency. Fac-
tors determining the choice of the final compromise solution in the
Pareto frontier remains are systematically discussed. For demon-
stration, the final compromise solution selected by the abstract
heuristic TOPSIS method is presented.

2. Model development

In the PRO process, water (J,) transfers from the diluted feed
solution to the concentrated draw solution due to the osmotic effect
and salt flux (Js) diffuse through the membrane from the draw
solution to the feed one. Here we denote V and C as the volume flow
rate and concentration, respectively. D and F refer to draw and feed
solutions. As shown in Fig. 1, at position x, for an infinitesimal
length 4x, in the flow direction, according to the mass balance, we
have

Vp(x + AX) = Vp(x) + Jw(x)WAX (1)

Vi(x + Ax) = VE(X) — Jw(x)WAX (2)

where W is membrane width. Compared to the channel height, the
thickness of the dense layer is relatively small, therefore, the bulk
concentration can be treated as the average concentration along the
flow direction. Hence, the bulk concentrations of the draw and feed
solutions at x + 4x can be deduced as
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Fig. 1. Mass transfer characteristics along the flow direction in an infinitesimal length.

Vp(X)Cpp(X) —Js(X) WAX

Cop(x+Ax) = Vp(x + Ax)

(3)

VEX)Crp(X) +Js(x)WAX
VE(Xx + AX)

Crp(Xx -+ Ax) = (4)

According to Egs. (1)—(4), the differential equations governing
the volume flow rate and concentration variations along the flow
direction can be, respectively, expressed as

dVp(x) = Jw(x)Wdx (5)

dVe(x) = —Jw(x)Wdx (6)

dCpp(x)  —Js()W — Cpp(X)Jw(x)W )
dx Vp(x)

dCep(X)  Js(X)W + Cpp(X)w(x)W 8)
dx VE(x)

The local water flux at position x can be evaluated by Ref. [33].
Jw(*) = A(Amm(x) — AP(x)) 9)

where A is the water permeability coefficient, 47, is the local os-
motic pressure difference aside the membrane, 4P is the local hy-
draulic pressure difference across the membrane.

Usually, the hydrophilic membrane can not prevent all the ions
from piercing through the membrane as we want. Due to the
diffusion effect, there exist a salt flux from the concentrated draw
solution to the diluted feed solution [34,35].

Js(x) = B(Cp (%) — Cr (%)) (10)
where B is the salt permeability coefficient, which can be deter-
mined through RO experiments. Cp ,, and C¢, are the concentra-
tions of the draw solution and feed solution at the membrane side.

Induced by the ICP, the relation of the concentrations at the
membrane-solution interface and the bulk solution for the feed
solution is [23].

Crm = Crp exp(Kw) + 5 (Com — Cr.m)(exp(KJw) — 1) (11)

Jw

where K = % is the solute resistivity. S is the structural parameter
[36]. D is the diffusion coefficient of the draw solution. The impact
of ICP is illustrated by the first term on the right-hand side, where
the bulk feed solution concentration is magnified by exp(KJw). The
second term allows for the increase in salt concentration at the
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membrane interface due to the RSP.

Due to the ECP resulted by transmembrane water through the
membrane, which dilutes the draw solution at the dense layer, the
relation of the concentrations at the membrane-solution interface
and the bulk solution for the draw solution is [23].

Com = Cpp exp( —J,%V) - ]EW (m — Cr.m) (1 —exp (Tv<v>)
(12)

where k is the local mass transfer coefficient [37]. We can see that
Cp,m depends on two terms. The first term describes the bulk draw

concentration, Cpp, corrected by exp( — %) and the second term

indicates the concentration decrease due to RSP.

To meet actual conditions, pressure drops along the flow di-
rection in the feed and draw solution channels are calculated. Due
to the turbulent nature of flow for spacer filled channels, the local
solution pressure loss (Pjys) at position x are [34].

Apr2x

Pioss :Tdh (13)

where p and v are the density and cross flow velocity, respectively.

dj, is the hydraulic diameter [38], and A = 6.23Re~%3 is the friction
coefficient [34]. Hence, the local net hydraulic pressure difference
(4P) across the membrane is given as [34]:

AP(X) = APO - Ploss,D(x) + Plos&F(x) (14)

where APY is the pressure difference of the draw and feed solutions
at the inlet. The pressure difference at the outlet (L) is

APper = APO - Ploss,D(L) + PlossiF(L) (15)

Therefore, the local water flux and salt flux can be expressed as
[23,34].

mos()exp( ~ ) — e (9exp(Kpy(x)
Jwx) =A 5 el - ®
1+ [exp(lqw(x)) _ exp( - WT)]
(16)

o (Cooexp((— %) — Crpexp(igu() -
S = 1+.2- [exp(K] (x) — exp( f“ﬁ)] a7
Jw(®) w k

The distributions of the volume flow rate and concentration
along the flow direction can be calculated by solving the governing
mass transfer Egs. (5)—(8) with the boundary conditions:

Vp(0) = Vp ©, Vr(0) = Vi ©, Cp(0) = Cpp ©, Cr(0)
=Cr % AP(0) = AP° (18)

The transmembrane water AVpgro = Vp(L) — Vp(0) equals to the
difference of the inlet and outlet volume flow rates of the draw
solution. The power output is Ppgg = AVproAPre:. Therefore, the
average water flux (J,,) and power density (Py) are

- AVppo  Vp(L) = Vp(0)
Jw==yr = WL (19)

_ Ppro  AVproAPpet

Energy efficiency, 5, indicating the ratio between the electricity
generated and the decrease of the Gibbs free energy of mixing is
also employed to evaluate the performance:

Ppro
= (21)
7 AGmix.,in - AGmix.,out

where Gibbs free energy of mixing (AG,,;x) can be expressed as [39].
Cu G

AGpix = 2RT |VyCqy In ==+ V;C  In—= (22)
Cr Cr

where C7 is the concentration of the mixed concentrated and
diluted solutions.

3. Impacts of hydraulic pressure difference on the PRO
performance

3.1. Model validation

The model presented in this paper is validated by the measured
values of a small flat-sheet PRO system [37]. The channel is
L=75mm length, W= 25 mm width, and H = 2.5 mm depth; The
effective membrane area is 18.75 cm?. The draw solution is 35 g/L
NaCl aqueous solution and the feed solution is deionized (DI) water.
The volume flow rates and temperatures for the draw solution and
feed solution are identical, which are 0.5 L/min and 25 °C, respec-
tively. The model studied in this paper can be justified by great
agreement between the calculated transmembrane water flux as
well as power density and experimental measured ones, as illus-
trated in Fig. 2.

3.2. Sensitivity analysis

According to aforementioned equations, for given configuration
of PRO system, the hydraulic pressure difference between the draw
and feed solutions and the concentrations of the draw and feed
solutions play determinative roles on the PRO power density and
energy efficiency. Here a small flat-sheet PRO system is employed.
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Fig. 2. Validation of the present model. Calculated and measured power densities and
transmembrane water flux of a small flat-sheet PRO system as a function of the hy-
draulic pressure difference. The channel is L=75mm long, W=25mm wide, and
H=2.5mm deep [37]; The effective membrane area is 18.75 cm?. The draw solution is
35 g/L NaCl aqueous solution and the feed solution is deionized (DI) water. The volume
flow rates for the draw solution and feed solution are identical, 0.5 L/min. The oper-
ation temperature is 25 °C.
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The channel is L = 75 mm long, W = 25 mm wide, and H = 2.5 mm
deep. The structural parameter is S = 6.78 x 10~*m. The water and
salt permeability coefficients are, respectively, A = 1.87 x 10~ 12m/
(s-Pa) and B = 1.11 x 10~7(m/s). The impacts of the hydraulic
pressure difference on the PRO performance under different draw
and feed solution concentrations are systematically investigated.
Figs. 3 and 4 show the impacts of hydraulic pressure difference
on the power density and energy efficiency of the PRO system
under different feed and draw solution concentrations. The power
density and energy efficiency both first increase with increasing
hydraulic pressure difference, reach their maximum values,
respectively, and then decrease. The optimal hydraulic pressure
difference is slightly larger than half of the half osmotic pressure,
which shows the same phenomenon with Ref. [25]. For given
concentrations of the draw and feed solutions, with increasing
hydraulic pressure difference, the driven force for the PRO system
decreases, so does the utilized Gibbs free energy of mixing. The
energy efficiency is defined as the ration of power output and the
utilized Gibbs free energy of mixing. As the power has a maximum
value, the energy efficiency also presents a maximum one, and the
optimal hydraulic pressure difference corresponding to the
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Fig. 3. Power density and energy efficiency as a function with hydraulic pressure
difference under different feed solution concentrations.
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Fig. 4. Power density and energy efficiency as a function with hydraulic pressure
difference under different draw solution concentrations.

maximum energy efficiency is larger than that corresponding to the
maximum power density, as shown in Figs. 3 and 4. Furthermore,
the maximum power density decreases with increasing feed solu-
tion concentration and decreasing draw solution concentration, as
shown in Fig. 4, based on the fact that the increase of the feed so-
lution concentration induces a decrease of the osmotic pressure
difference aside the membrane, therefore the driven force of the
PRO process decreases. Whereas, the maximum energy efficiency
increases with increasing feed and draw solution concentrations, as
depicted in Figs. 3 and 4.

4. Performance optimization
4.1. Performance under the maximum power density

Power density, indicating how much benefit we can get from the
system, has been extensively researched for the PRO system. As
mentioned in the sensitivity analysis, there exists an optimal hy-
draulic pressure difference leading to the power density of the PRO
system. Conditioned on the system non-linearity, genetic algorithm
(GA) method provides an alternative to calculate the optimal values
of non-linear problems, which has been extensively applied in
system optimizations [40,41]. In this section, we conducted a sys-
tematic investigation into the PRO performance based on GA
method with the maximum power density as the optimization
objective.

Fig. 5 shows the optimal hydraulic pressure difference, water
flux, power density and energy efficiency as a function with feed
solution concentration under the optimization for power density at
different NaCl concentrations of the draw solution. The optimal
hydraulic pressure difference, water flux and maximum power
under maximum optimization for power density all decrease with
increasing feed solution concentration. However, the energy effi-
ciency under optimal condition increases with increasing feed so-
lution concentration, as shown in Fig. 5(d), first dramatically, then
much slowly at large values of the feed solution concentration.
Furthermore, as depicted in Fig. 5, larger concentration of the draw
solution leads to larger hydraulic pressure difference, larger water
flux, hence larger power density and energy efficiency. Based on Eq.
(20), larger concentration of the draw solution, larger hydraulic
pressure difference, thus larger power density.
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Fig. 5. Optimal hydraulic pressure difference, water flux, power density and energy
efficiency as a function with feed solution concentration under the optimization for
power density.
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4.2. Performance under the maximum energy efficiency

Few literates have been focused on the energy efficiency of the
PRO based on the fact that the draw and feed solution for the PRO
system usually comes from the sea and river water, and are suffi-
cient in a sense. However, for closed loop systems or in the area
with shortage of river water, the energy efficiency, evaluating the
utilization degree of the Gibbs free energy of mixing from the draw
and feed solutions, should be also addressed for efficient conver-
sion. According to the sensitivity analysis, there exists an optimal
hydraulic pressure difference leading to the energy efficiency of the
PRO system. Similarly, a systematic investigation into the PRO
performance under the maximum energy efficiency is conducted.

Fig. 6 shows the optimal hydraulic pressure difference, water
flux, power density and energy efficiency as a function with feed
solution concentration under the optimization for energy efficiency
at different NaCl concentrations of the draw solution. In Fig. 6(a),
the optimal hydraulic pressure difference under maximum opti-
mization for energy efficiency increases first with increasing feed
solution concentration, reaches the maximum values, and then
decrease. And larger concentration of the draw solution leads to
larger hydraulic pressure difference. As shown in Fig. 6 (b), the
water flux under the optimal conditions decreases monotonously
with increasing feed solution concentration. And larger concen-
tration of the draw solution leads to larger water flux due to larger
driven force of the PRO process. As illustrated in Fig. 6 (c), the
maximum power density decreases momentously with increasing
feed solution concentration. And larger concentration of the draw
solution leads to a larger value of the maximum power density
because of the fact that larger draw solution concentration leads to
larger hydraulic pressure difference and water flux, thus larger
power density, based on Eq. (20). The optimal energy efficiency
under optimal condition increases with increasing feed solution
concentration, as shown in Fig. 6(d), first dramatically, then much
slowly at large values of the feed solution concentration. And larger
concentration of the draw solution leads to a larger value of the
energy efficiency under the optimal condition.

4.3. Performance under the compromise condition

Multi-objective optimization can coordinate conflicting objec-
tives, such as NSGA-II that has been extensively employed to
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Fig. 6. Optimal hydraulic pressure difference, water flux, power density and energy
efficiency as a function with feed solution concentration under different optimization
objectives.

achieve the compromise of the power and efficiency for energy
conversion systems [42—44]. The results obtained by the multi-
objective optimization are called Pareto frontier, which are a set
of non-dominated solutions with minimum conflict between the
objectives. Each solution in the Pareto frontier represents different
weights of the conflicting objectives. As mentioned in the sensi-
tivity analysis, the power density and energy efficiency of the PRO
system cannot achieve their maximum values simultaneously. For
economic operation and water saving, both the power density and
energy efficiency should be addressed. And an optimization based
on NSGA-II has been conducted to achieve an appropriate
compromise between the energy efficiency and the power density.

4.3.1. Pareto frontier

Fig. 7 demonstrates the Pareto frontiers obtained via the multi-
objective optimization under different feed solution concentrations
with 35 g/L NaCl of draw solution, where obvious repugnant phe-
nomenon of the maximum power density and maximum energy
efficiency can be observed. Each solution in the Pareto frontier il-
lustrates some certain weights of the power density and energy
efficiency. For example, the far left or right solution means the
energy efficiency or power density is mostly weighted, which is in
accordance with the single objective optimization for energy effi-
ciency or power density, respectively. Higher feed concentration
leads to lower values of maximum power density, however, larger
energy efficiency.

4.3.2. Final compromise solution in the pareto frontier

As each solution in the Pareto frontier represents different
weights of the conflicting objectives, how to appropriately choose
the final compromise solution in the Pareto frontier remains a
dilemma. The cost and availability of water and the capital cost of
changing the power in the system can significantly impact the
choice of the final compromise solution. To decrease the PRO
operating cost, the feasibility of water should be considered. In the
areas lack of water, the cost of water could play a significant role in
determining the overall operating benefit of the PRO system. In
addition, the adaptable power output requires the redundant
design of the power system, which significantly increasing the
capital cost of building and operating PRO systems. Moreover, the
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Fig. 7. Pareto frontier from multi-objective optimization of the PRO system under
different feed solution concentrations. In the calculation, the draw solution concen-
tration is 35 g/L.



R. Long et al. / Energy 172 (2019) 592—598 597

Table 1
Performance comparisons under different optimization methods (Cp =35 g/L).

feed solution multi-objective multi-objective

concentration Cr (g/L) optimization optimization
compared to single- compared to single-
objective objective
optimization optimization

(maximum Pqg) (maximum 7)

Pq n P4 n
0 —2.97% +8.57% +11.83% —-3.51%
1 —5.72% +17.22% +32.47% —8.39%
2 —5.87% +17.63% +35.99% —8.90%
3 —5.88% +17.68% +36.40% —-9.19%
4 —6.01% +17.88% +38.60% —9.26%
5 —6.02% +17.76% +39.90% —9.40%

local energy police can also affect the final compromised operating
conditions, such as the feed-in tariff on the electricity price, as the
operation of the PRO power system relies on salt and river water,
which does not discharge pollutants and greenhouse gas to the
environment. The final compromise solution should be determined
by the local energy policies and technical and economic conditions
of the PRO systems.

For demonstration, we have adopted the abstract heuristic
TOPSIS method to select the final compromise solution in the
Pareto frontier. TOPSIS represents the maximum deviation from the
non-ideal solution and a minimum deviation from the ideal solu-
tion, indicating an abstract heuristic compromise. As shown in
Table 1, when the NaCl concentration of the draw and feed solution
are 35 g/L and 2 g/L, the power density under the multi-objective
optimization is 5.87% less than the maximum one, but is 17.63%
higher than that under the single objective optimization for energy
efficiency. The energy efficiency under the optimization is 8.90%
less than the maximum one, but is 35.99% higher than that under
the single objective optimization for power density. When the feed
solution is DI water, the energy efficiency under the optimization is
slightly less than the maximum one, but is much higher than that
under the single objective optimization for power density. The
energy efficiency under the optimization is 3.51% less than the
maximum one. However it is 11.83% higher than that under the
single objective optimization for power density, meanwhile the
power density under the multi-objective optimization is 2.97% less
than the maximum one, but is 8.57% higher than that under the
single objective optimization for energy efficiency.

5. Conclusions

In this paper, we developed a simplified mathematical model
based on previous literature to investigate the impacts of operation
parameters on the performance of the PRO system. This model
considered the internal polarization concentration, external po-
larization concentration and reverse salt permeation, which was
validated by a great accordance with the experimental data of
water flux and power density. Power density, indicating how much
benefit we can get from the system, has been extensively
researched in the PRO system. However, the energy efficiency,
evaluating the utilization degree of the Gibbs free energy of mixing
from the draw and feed solutions, especially for closed loop systems
or in the area with shortage of river water has been rarely inves-
tigated. A sensitivity analysis reveals that there exist different
optimal hydraulic pressure differences leading to the maximum
power density and energy efficiency, respectively. The performance
of the PRO system under the maximum power density and energy
efficiency is systematically investigated based on the GA method.
The optimal hydraulic pressure difference corresponding to the

maximum energy efficiency is larger than that corresponding to the
maximum power density. Furthermore, an optimization based on
NSGA-II was conducted to obtain the Pareto frontier which could
indicate any compromise between the maximum power density
and maximum energy efficiency. How to appropriately choose the
final compromise solution in the Pareto frontier remains a
dilemma, which should be determined by the local energy policies
and technical and economic conditions of the PRO systems. For
demonstration, the final compromise solution selected by the ab-
stract heuristic TOPSIS method is discussed. And a desirable
compromise between the power density and energy efficiency is
presented.
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Nomenclature

Jw Water flux m/s

Js Salt flux m/s

w Membrane width mm

L Channel length mm

H Channel depth mm

Vb Volume flow rate of draw solution L/min

Vi Volume flow rate of feed solution L/min

Cpp Concentration of bulk draw solution g/L

Crp Concentration of bulk feed solution g/L

Co.m Concentrations of the draw solution at the membrane
side g/L

Cem Concentrations of the feed solution at the membrane
side g/L

Amm Local osmotic pressure difference MPa

AP Local hydraulic pressure difference across the

membrane MPa
A Water permeability coefficient m/(s-Pa)
B Salt permeability coefficient m/s
K Solute resistivity s/m
S Support layer structural parameter m
D Diffusion coefficient of the draw solution m?/s
k Local mass transfer coefficient in the draw solution m/s

Pyoss Local solution pressure loss MPa

P Density kg/m>

\Y Cross flow velocity m/s

dp Hydraulic diameter m

A Friction coefficient

Re Reynolds number

AP? Pressure difference of the draw and feed solutions at the
inlet MPa

Ppro Power output W

Jw Average water flux m/s

P4 Power density W/m?

AG Gibbs free energy W

R Universal gas constant ]J/(mole-K)

Cr Concentration of the mixed concentrated and diluted

solutions g/L

Greek Symbols
n Energy efficiency %
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Subscripts

D Draw solution

F Feed solution

in Inlet

out Outlet

mix mixing

Abbreviations

PRO Pressure retarded osmosis

RED Reverse electrodialysis

CAPMIX Capacitive mixing

ICP Internal polarization concentration
ECP External polarization concentration
RSP Reverse salt permeation

FO Forward osmosis

DI Deionized
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