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Abstract

Electrodialysis is a commonly used desalination method. In this study, we investigate
its hybridization with its reverse process, where reverse electrodialysis (RED)
harvests the salinity gradient power to provide the driving force for electrodialysis. In
particular, the desalination performance (rejection and recovery) and their tradeoff
relationship are simulated for the first time for an energy self-sufficient RED-ED
desalination stack (REDD). The simulation results show that these two parameters can
be simultaneously optimized by tailoring ion exchange membranes in the stack, i.e.,
using more selective membranes in the ED sub-cell (EDcen) and less selective
membranes in the RED sub-cell (REDcen). Our analysis shows that a considerable
driving force (e.g., a salinity ratio of high salinity stream to low salinity stream over
30 and a volumetric ratio over 0.5) is required to fully unleash the desalination
performance of REDD, leading to a favorable shift of the rejection-recovery tradeoff
line. In addition, multi-pass treatment is demonstrated to further enhance rejection at
the expense of lower recovery. Similarly, a multi-stage configuration can be applied
for higher recovery. This study reveals the operational constraints of a novel

desalination REDD technique and provides insights into performance enhancement.

Keywords: Reverse electrodialysis (RED); Electrodialysis (ED), Hybrid process,

Energy self-sufficient desalination, Rejection-recovery tradeoff
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1. Introduction

Conventional desalination processes, such as reverse osmosis (RO), membrane
distillation (MD) and electrodialysis (ED), are relatively energy intensive [1, 2].
Therefore, exploring reliable and more energy-efficient desalination methods is of
great importance to alleviate worldwide water scarcity. Interestingly, brine, a high
salinity (HS) byproduct of desalination that is often associated with adverse
environmental impacts [2, 3], provides us a way to offset the energy required for
desalination [4-7]. Controlled mixing of the brine with a low salinity stream (LS, e.g.,
treated wastewater) can generate a considerable amount of salinity gradient energy
(SGE) [6, 8-10]. Among the various technologies for harvesting SGE, reverse
electrodialysis (RED) has become a promising candidate. In RED, cations and anions
transport through ion exchange membranes (IEMs) under their respective gradient,
converting salinity gradient based chemical potential to electricity [8, 11-14]. In
addition to the energy recovery, this controlled mixing in RED dilutes the brine, which

also helps to reduce its adverse environmental impacts when discharged.

Sevaral researchers have investigated ways to integrate RED with desalination
technologies [2, 5, 7, 9, 15-22]. For example, Li et al. [2] explored the conceptual
design of RED-RO hybrid system, in which RED can be used either as pre-treatment
(for reducing osmotic pressure of seawater) or post-treatment (for diluting the brine) to
RO. In both arrangements, the specific energy consumption for desalination can be
potentially reduced by more than half. A series of investigations have also been
performed on hybrid RED-MD systems, in which the highly concentrated and warm
brine provided by MD could enhance the RED energy generation [7, 21-23]. Recently,

hybridization of RED with ED has also been reported [5, 9, 15, 24]. This configuration
4
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shows unique benefits for allowing direct ultilization of the RED-generated electricity
in the ED process. In comparison, hybridization of ED with pressure retarded osmosis
(PRO), an alternative process for SGE harvest [11, 12, 25-27], requires the conversion
of mechanical energy from PRO to electrical energy for driving ED. Therefore, the
RED-ED hybrid system offers key advantages of higher energy conversion efficiency,
together with simplified process configuration [5, 9, 15, 24] and potentially reduced

fouling risks compared to the PRO-based schemes [28-31].

Previous RED-ED studies have explored its performance under various operating
conditions, process configurations through simulation and experimental measurements
[5, 9, 15, 24]. However, little is known about the performance in terms of fresh water
recovery and equivalent salt rejection which are important parameters of interest for a
typical desalination process. Moreover, in conventional desalination processes,
increasing the fraction of water recovered typically deteriorates the quality of the
produced water, and vice versa. Nevertheless, this important tradeoff relationship has
not been explicitly discussed in the context of RED-ED hybrid desalination systems.
This is a critical knowledge gap that has to be systematically addressed to evaluate
process viability. The paramount importance of the tradeoff between salt removal and
water recovery has prompted us to systematically investigate their relationship under
various conditions, including the wuse of different membranes and process

configurations.

In this study, we investigated an energy self-sufficient RED-ED desalination stack
(REDD) where the salinity gradient power harvested by the RED process was used to

drive the ED process. Its desalination performance was systematically investigated

5
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through model simulation and experimental verification. Additional operating
configurations (multi-pass vs. multi-stage) were also explored. Our study establishes
the inherent tradeoff relationship between the recovery and the equivalent salt rejection
for the RED-based hybrid desalination, which provides important insights into

performance constraints of this novel desalination technology.

2. Process description and theoretical simulation

The novel REDD process contains repeating self-sufficient desalination units (Fig. 1).
Each repeating unit is comprised of (1) an RED sub-cell (REDcen) that generates
electricity from the salinity gradient provided by a HS and a LS stream and (2) an ED
sub-cell (EDcen) that removes salts from a diluent stream (DS). This direct coupling of
REDcen with EDcent enables energy self-sufficient desalination by using RED as the sole
source of driving force for desalination in ED. Furthermore, this integrated RED-ED
configuration requires only one pair of electrodes at the end of the REDD stack, which
reduces the cost and electrical resistance associated with electrodes. The ionic spieces
in the REDD stack (1) either transport from HS to LS under the salinity gradient in
REDecen or (2) are driven from DS to LS to maintain the electroneutrality in LS. As a
result, salt is removed from DS, whereas the salinity gradient in REDcen is reduced.

During this process, an external current is also established (Fig. 1).
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Fig. 1. Schematic diagram of an REDD stack and its repeating unit which comprises an EDcen and an REDcel.
The input streams of HS (e.g., brine) and LS/DS (e.g., treated wastewater) are converted to diluted brine,
brackish water and desalted water by the REDD stack. In the REDcen, ions are driven through the ion
exchange membranes by the salinity ratio of high salinity stream to low salinity stream (HS and LS). In the
EDcer, ions in diluent stream (DS) traverse against the concentration gradient from DS to LS using REDcen as

the energy source.

2.1. Simultation of the charge transfer in the REDD stack

The key to evaluating the desalination performance of an REDD stack is to quantifying
the quality and the quantity of generated fresh water (i.e., DS). Our current analysis
considers a batch desalination process. In a typical batch mode operation, both the
solution concentrations and electrical current change over time and these quantities
affect each other in accordance to Faraday’s law [12]. Therefore, the instant salt
concentration in each water compartment can be calculated as the sum of the initial salt

concentration and the accumulative mass transfer (+ sign for transporting in and - sign
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for transporting out of a given water compartment) which is converted from the

corresponding coulombs of charge.

Consider the electrical loop in Fig. 1, the net electrical potential (Enet) can be
formulated by the modified Nernst equation which accounts for the voltage provided

by the REDcen and that consumed by the EDcen as follows [32-34]:

RTagy , a RTa,  a RTac™ , a RTafM | a
et = N—2-InH 4+ N—F-InH _N—=—-In+-+N—=—In—+ 1)
Z'F a, zF a, Z'F ap zF ap
N J J

(Voltage gene?gtion by RED)  (Voltage d%p by ED)
where N is the number of repeating units, R is the gas constant (8.314 J/mol-K), T is the
absolute temperature (K), F is the Faraday constant (96,485 C/mol), « is the membrane
permselectivity, z is the fixed charge of a certain ion (e.g., z* = z'=1 for the model salt
NaCl used in the current study), and a denotes the activity of the solution in each
compartment where the subscript H stands for HS, L for LS, and D for DS. In this
study, the solution activity was approximated by the concentration value without
significantly affecting the simulation results. The subscripts RED and ED associated
with « stand for the membranes used in the REDcen and the EDcell, respectively, while
the superscript CEM and AEM refer to the cation exchange membrane and the anion
exchange membrane, respectively. For simplicity and practical reasons, we further

assume that a$EM = afEM and aSEM = afEM.

In each repeating unit, it is assumed that the initial DS concentration equals the initial

LS concentration, i.e., ¢y, =C ,, thereby the voltage of REDD (Enet) is generated by

the salinity ratio in REDcen (C,,,/C,,) at the initial state. Then Enet decreases with time
8
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as the voltage produced by REDcen (C,, /C, ) needs to overcome the voltage barrier
produced by the salinity ratio in EDcen (C,_/C,). Both of these ratios approach an

equilibrium constant (f) which can be given by:

fZZE?L::fiL 2)
Lf

Df

(]

where the subscript f refers to the final state.

Before achieving the final state, current density (J) changes with the voltage (E..) and
the total resistance in accordance to Ohm’s law [35]:

E
J — net 3
A-(Rys +R ®)

stack external )
where A stands for the active cross-sectional area of each membrane sheet, Rsuac
indicates the total internal resistance of the stack and can be approximated as follows

[12, 34, 36]:

Reack _N Riep + Rreo + Ay o, AN Reo +Rep. Ao A (4)
A o,4C, O.C. A o,Cy, O.C,

N\ J U J
Y Y
(Resistance by RED) (Resistance by ED)

where R describes the membrane area resistance with the subscript RED standing for
the membranes in the REDcen and ED for those in the EDcen, and the superscript CEM
refers to the cation exchange membrane and AEM to the anion exchange membrane, 1
is the membrane thickness, o denotes the molar conductivity of water streams with the

subscripts L, D, and H referring to LS, DS and HS, respectively.

2.2. Simulation of mass transfer in the REDD stack

In an IEM, the current is preferentially carried by counter-ions (i.e., the ones with the
9
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opposite charge to the membrane) rather than co-ions (i.e., the ones with the same
charge as the membrane). To describe the portion of the overall current carried by the

counter-ion, an intrinsic membrane parameter-transport number (T,") is applied [37]:

Tr=—tata (5)
ZCt JCt + Z

COjCO
where | is the ionic flux, z is the ionic charge, the subscript ct and co indicate the

counter-ions and co-ions, respectively. The transport number determines the

permselectivity () of an IEM, ie., o = (T -7 )/T;

co’

in which the superscript m and

s stand for the transport number in the membrane matrix and bulk solutions,
respectively [37]. The relationship between « and ionic flux of both co-ions and

counter-ions through the membrane can be given as:

jct B jco
Q=" 6
Jo t )eo ( )

Membranes in the hybrid system either operate in (1) the RED. where counter-ions
transport along the salinity gradient from HS to LS in the same direction as co-ions; or
in (2) the ED..i Where counter-ions transport against the salinity gradient from DS to
LS in the opposite direction to co-ions [38]. Accordingly, the relationship between the
charge (i.e., current) and ionic mass transport in the membranes also vary with the
membranes’ operation modes. Particularly, in the case of REDcen, the current density

(J) is given by the difference between the charge density carried by counter-ions
(") and that by co-ions ( j,,*=), i.e., J =( ], - j,"®)-F . The mass transfer
(Jae) away from HS can be determined by performing a mass balance and is given
by the total flux of counter-ions and co-ions, i.e., j " = j ™ + j . Similarly, the

current density (J ) in the EDcen is identical to the sum of the charge density carried by
10
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counter-ions ( j,=) and co-ions ( j =), i.e., J =(j,® +j,™)-F , whereas the mass

transfer (j__=°) from DS is calculated as jo.. = j,™ — j, ", due to the opposite

transport direction of co-ions and counter-ions. Combining these mass and charge

balance expressions with Eq. (6) then yields the relationships between J and j, .. for
each solution (i.e., HS, DS and LS). Specifically, the mass transfer in LS (j__")

accounts for the ionic flux through the membranes both in REDcen and EDcenn and is

formulated as follows:

In HS:

L =t @

In DS:

s =002 ©)
InLS:

2o : ©)

Both the charge and mass transfer in an IEM change with time in the batch mode
operation. Integrating Egs. (7) ~ (9) with respect to the product of membrane area (A)
and time (T) results in the relationships between the accumulative charge transfer and

the total mass transfer for each solution as follows:

J .
IE Adt = J-aRED JmassH Adt (10)

j%Adt =JaijmassDAdt (11)

ED

11
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. o
IE Adt = Iﬁjmaﬁ Adt (12)
Qep +—
Qpep

The accumulative mass transfer can be calculated by performing an ionic mass balance

L. . _Vi |CiO_Cit| . .
for each solution, i.e., j Jmass At = T where V is the water volume, the script

i indicates the selected solution, the absolute value represents the difference between

the concentration at the initial and final state. The total charge transport in the circuit

can be given by Coulomb’s law, i.e., Q(t) = I JAdt . Substituting the above Egs. into

Egs. (10) ~ (12) then vyields the relationship between the salt concentration of each

solution with charge transport:

NQ(t)
C,=C,,——m—m—m—— (13)
Ht HO eV, F
ae; NQ(t)
Cot = DO_ES/—F (14)
D

NQ(t) | a,NQ(t)
Ci=C,t V E + Eli/ E (15)
OrepVL L

In the current study, it is assumed that the DS and the LS have identical initial
concentrations at the beginning of the batch mode operation, i.e., the same low

concentration solution is supplied for DS and LS. Consequently, a parameter q can be

defined to quantify the salt removal efficiency of the REDD stack from the low salinity

streams (i.e., DS and LS):

(CDO — CDt )VD

q=
Coo(VL +V5)

(16)

12
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where the volumetric ratio of the LS to the total volume of LS and DS, i.e.,

Vo/(VL+Vb), is defined as fresh water recovery (» ), and the ratio of decreased
concentration to the initial concentration of DS, i.e., (Cy, —Cp,)/Cp,, IS defined as

equivalent salt rejection (¢):

_ Vo (17)
AVARYS
C.,—C
w — DO Dt (18)
CDO

In this study, all the simulation works were carried out in MATLAB software.

3. Model verification

3.1 Materials and experimental methods

3.1.1. Electrolyte and solutions

The feed streams applied in this study were prepared by dissolving specific amount of
sodium chloride (NaCl, Uni-chem, Serbia) in Millipore water (Millipore Integral 10
Water Purification System). The end electrolyte rinse solution for the redox reaction
was consisted of 0.05 M potassium ferricyanide (I1I), 0.05 M potassium ferrocyanide

(1) (VWR, America) and 0.3 M sodium chloride.

3.1.2. lon exchange membranes and module configuration

The cation exchange membranes (CEMs) and anion exchange membranes (AEMS)
used in the current study were Selemion® CMV and AMV, respectively, obtained
from Asahi Glass Engineering Co., Ltd. Japan. The detailed characteristics of the

membranes are summarized in Table 1.

13
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Table 1. Specific parameters of ion exchange membranes (IEMs) used in current study

Area Resistance Thickness
Membrane Type Permselectivity 2
(Q-em?) P (um) ©
(01Y\V CEM >0.9 3 120
AMV AEM >0.9 2.8 120

& Membrane permselectivity is provided by the manufacturer.
b Membrane area resistance is measured by the manufacturer in 0.5 M NaCl solution.

¢ Membrane thickness in the swollen state is provided by the manufacturer.

The design of the REDD stack was adapted from a conventional RED stack used in our
lab [6]. It was mainly composed of five repeating units sandwiched between two
poly(methyl methacrylate) end plates. Each unit comprised four independent flow
channels of which two were for HS and LS in the RED.. and two for LS and DS in the
ED..i. All the water channels were confined by silicone gaskets and spacers (300-35/71,
Sefar, Switzerland) with a thickness of 200 um. The end plates were embedded with
Ru/lIr oxide coated titanium electrodes (Sun Wing Technology Company, Hong Kong)
and recirculated with electrolyte rinse solution which contained redox couple for
converting the ionic current into electricity. The experimental setup was connected to
an external electrical load with a constant resistance of 0.6 Q (RS Components Ltd.

Hong Kong), providing a closed loop for the continuous ionic mitigation in the system.

3.1.3. Process operations
Synthetic sodium chloride solutions with various concentrations were applied to

investigate the REDD stack performance in a batch mode operation under different

14
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scenarios with the following initial conditions:

(1) S-R-R, i.e., using seawater (0.6 M NaCl) as HS and river water or brackish water

(0.02 M NaCl) as both LS and DS;

(2) B-R-R, i.e., using desalination brine (1.2 M NaCl) as HS and river water or

brackish water (0.02 M NaCl) as both LS and DS;

(3) B-S-S, i.e., using desalination brine (1.2 M NaCl) as HS and seawater (0.6 M NaCl)

as both LS and DS.

All feed streams were pumped into the stack at a constant flow rate of 14 mL/min per
flow channel (corresponding to a linear flow rate of 1.2 cm/s), while the electrolyte
was recirculated at 60 mL/min (corresponding to a linear flow rate of 1 cm/s). Prior to
desalination experiments, the stack was operated in open circuit mode to reach a steady
state, then it was short-circuited with the nominal external load of 0.6 Q. The
concentration and mass variation of each stream were monitored online by a
conductivity meter (alpha conductivity 500, Eutech, Thermo Fisher Scientific Inc.) and
an analytical balance (OHAUS Instruments Co., Ltd. China) throughout the
experiments, respectively. A galvanostat (Zennium, ZAHNER-Elektrik GmbH & Co.
KG, Germany) was applied to record the voltage drop over the external load which can
be converted into the current of the stack by Ohm’s law. All the experiments were

conducted at ambient temperature (~ 25 <C).

3.2. Model verification

Fig. 2 shows the experimental concentration of each stream and the current as a

15
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function of operating time for the three different cases. In all the cases, LS
concentration increased with time. Whereas, both the HS and DS concentrations
decreased over time before achieving an equilibrium state, where the current became
neglegible. The changes in the solution concentrations were much faster at the
beginning and then slowed down. It is attributed to the reduced driving force from the
salinity gradient between HS and LS and the simultaneously increased electrical barrier
from the salinity gradient between LS and DS. The simulation results based on Egs.
(13) ~ (15) agree well with these experimental observations. It is also noteworthy that a
higher quality of desalted water (i.e., lower cp) can be obtained in the presence of a
high salinity difference in REDcen (e.g., for the scenarios of S-R-R and B-R-R), which
allows the use of shorter operation time and/or less membrane area (i.e., a smaller A-T
product). The better desalination performance of these two cases can be explained by
more efficient ionic transport as a result of the larger driving force, which can be well

predicted by the simulation results.
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Fig. 2. Typical output curves of the REDD stack (N = 5, A = 0.0104 m?, Rexternai = 0.6 Q) under three different
operation conditions that the initial concentrations of HS and DS/LS (coo=cLo) are set at: (a-b) 0.6 M and 0.02
M, respectively; (c-d) 1.2 M and 0.02 M, respectively; (e-f) 1.2 M and 0.6 M, respectively. Specifically, (a), (c)
and (e) represent the concentration of each solution versus the product of operation time and total membrane
area (i.e., Area-Time); (b), (d) and (f) show the discharge current versus Area-Time. The experimental results
are shown as discrete symbols, while the simulation results are plotted as continuous curves. For the

simulation, the recovery was fixed at 0.33.

4. Simulation results and discussion

In this section, the focus is on the role of membrane properties, operating conditions,
and system configurations in determining the desalination performance of an REDD
stack, based on the theoretical model described in Section 2. Specifically, the
equivalent salt rejection (“rejection” for short in the following context) and the fresh

water recovery (“recovery” for short in the following context) were simulated by Egs.
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(17) and (18), respectively. The final concentrations of DS were calculated by coupling

the concentration equation (i.e., Eg. (14)) with the total charge transfer (i.e.,
Q(t) :JJAdt) which can be given by the integration of Eq. (3) with time. According

to the mathematical modelling, it is evident that the membrane properties determine
both the electrical driving force (based on Eg. (1)) and the mass transport efficiency
(based on Egs. (7) ~ (9)), thereby affecting the overall desalination performance. The

operational conditions also play a critical role. For example, the trans-membrane
salinity in REDcell (Cro ) and the volume ratio of the HS over the sum of LS and DS

(V w) determine the initial electrical driving force (Eq. (1)) and the rate of change of
feed streams salinities. In the current study, the effects of these parameters were
systematically investigated by changing one or more selected parameter(s) at a time
while keeping the others constant. Unless otherwise specified, the following reference

values were applied:

— Initial LS and DS concentrations: ¢, =Cy, = 0.02 M (representing brackish
water)

— Initial salinity ratio of ¢, to Cp,: Cho= 30, i.e., C,, = 0.6 M (representing
seawater)

— Ratio of the DS volume to the total membrane area: v > = 4.8 L/cm?

— Volumetric ratio of V,, to the sumof Vyand V,: V=1

All other simulation conditions are specified in the relevant figure captions.

4.1 The effects of membrane properties on desalination performance

This section evaluates the role of membrane properties (i.e., membrane permselectivity

18
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and resistance) in determining the desalination performance of an REDD stack. As
discussed in Section 2.2, membrane permselectivity determines the electrical driving
force (Eq. (1)) and the ionic mass transport which is converted from the electrical
current (Egs. (7) ~ (9)). In the study, two separate sets of membranes were applied in
the REDcen (awep) and the EDcen (aep), respectively. Correspondingly, the investigation
of membrane permselectivity was conducted for two scenarios: (1) varying arep With
assuming that aep equals to axep; (2) varying aep With fixing axep at its reference value

of 0.9.

Fig. 3 shows the rejection and the recovery of REDD as a function of the IEMs
permselectivity (i.e., arep = aep). It is evident that both the rejection and the recovery
are enhanced at increased arep. The results agree well with the theoretical analysis that
IEMs with better permselectivity are apparently preferred. This is explained by the
enhanced initial electrical driving force (i.e., higher Enet in Eq. (1)), the slowed

decrease of the salinity gradient in REDc (i.e., smaller j " in Eq. (7)), and more
efficient ionic transport (i.e., larger j __° in Eq. (8)). The discrete points in the figure

correspond to commercial and tailor-made IEMs reported in the literature as shown in
Table Al of Appendix A. The readers are also referred to Guler et al. [39] for a more
comprehensive discussion of the properties of IEMs. In Figure 3, the membranes
generally have relatively high permselectivity (> 0.8) [33, 34, 39-41]. These
membranes yield a rejection of around 0.9 and a recovery of approximately 0.5. The
slight shift of the discrete points from solid/dashed line in Fig. 3 can be attributed to
the difference between membrane resistance of the commercial/tailor-made

membranes (Appendix A.1, Table A.1) and the assumed membranes with the same
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Fig. 3. Performance evaluation (based on modelling work) of an REDD stack for both commercial and tailor-
made membranes (scatters) and for the membranes with an assumed permselectivity (arep = aep) ranging
from 0.2 to 1.0 (solid line in (a) and dashed line in (b)): (a) equivalent salt rejection versus arep at a constant
recovery of 0.33 (solid line); (b) fresh water recovery versus arep at a constant equivalent rejection of 0.8
(dashed line). The REDD stack (N =5, A = 104 cm?, An = Ap = 0.2 mm) is short-circuited with an external load
of 0.6 Q. The membrane resistance values of the discrete points are adopted from the literature (Appendix
A.1, Table A.1), while the resistance values of solid/dashed line are set as: Rcem" = Raem™ = 3 Q-cm?, RcemP
= RaemP = 26 Q-cm?2. The initial concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity of
HS is 0.009 m2/Q-mol and DS/LS is 0.012 m%Q:mol, while the recovery and Vu are fixed at 1/3 and 1,

respectively.

We performed additional simulations to investigate the dependency of the desalination
performance on aep While maintaining a constant axep at 0.9. At a fixed recovery of
0.33 and 0.5 (Fig. 4(a)), increasing aep decreases the rejection monotonically. However,
at higher recoveries of 0.67, rejection increases first then decreases, resulting in an
optimal rejection at relatively low aepVvalues (< 0.4) at each given recovery. Similarly,

at a fixed rejection, the recovery is optimized at a very low agp value (< 0.3) (Fig. 4(b)).
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These results are counter-intuitive: the use of leaky IEM with permselectivity far lower
than commercially available ones in the desalination cells enhances the overall
desalination performance. These surprising results arise from the fact that a high
permeability to co-ions leads to the slowed increase of LS concentration (i.e., smaller

Joaee 1IN EQ. (9)), thereby maintaining a relatively low electrical barrier in ED.. for a
longer time at the expense of minor losses on the salt removal rate ((i.e., smaller j__°

in Eq. (8)). As a result, enhanced accumulative mass transfer and ultimately greater
rejection can be achieved. In comparison, using tighter IEMs (i.e., the one with better
permselectivity) in EDc primarily achieves a faster salt removal, but simultaneously
suffers a sharp increase in LS salinity and thus reduces electrical driving force within a
short time. From this perspective, IEMs with low to moderate permselectivity can be a
better alternative to the existing commercial IEMs for ED.. to optimize the overall
desalination performance. This is of practical relevance due to the fact that leaky IEMs
are generally easy to fabricate and are of high ionic conductivity which will further

increase the energy efficiency of REDD stack.
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Fig. 4. Performance evaluation (based on modelling work) of an REDD stack for the membranes in the EDcei

with a permselectivity (aep) ranging from 0.2 to 1.0, while fixing the membrane permselecitivity (arep) in the
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REDcenat 0.9: (a) equivalent salt rejection versus aep at a series of recoveries; (b) fresh water recovery versus
aep at a series of equivalent rejection. The REDD stack (N =5, A = 104 cm?, A = Ap = 0.2 mm, Reem"
= RaemH =3 Q.cm?, ReemP = RaemP= 26 Q-cm?) is short-circuited with an external load of 0.6 Q. The initial
concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m?Q mol and

DS/LS is 0.012 m2/Q-mol, while Vs fixed at 1.

Fig. 5(a) presents the relationship between rejection and recovery for various
membrane permselectivity, assuming the same membranes are used in RED and ED
cells (aep = arep = 0.3, 0.6, 0.9, or 1). For each given membrane permselectivity, there
exists a clear tradeoff between the rejection and recovery of the overall REDD stack:
greater rejection is generally obtained at the expense of lower recovery, and vice versa.
Similar tradeoff relationships are also commonly observed in RO-based desalination
plants, where higher recovery results in increased salinity of the brine and therefore
lower apparent salt rejection [42]. Nevertheless, the tradeoff curves in traditional RO
plants are much flatter since the apparent rejection is only mildly affected by the
recovery. The much steep tradeoff lines for the REDD stack implies a narrower

window for operation, which is a critical challenge to be further addressed.

We further investigated the case of allowing a=o to be separately optimized while
fixing arep at 0.9 (Fig. 5(b)). Decreasing aep from 1.0 to 0.3 results in a shift of the
tradeoff line towards to upper right direction in Fig. 5(b), indicating a more favorable
condition for desalination. However, further decrease in its value to 0.1 leads to a
dramatic reduction in rejection/recovery performance. These results further confirm the
findings from Fig. 4 that the use of moderately leaky ion exchange membranes in the

ED..i is beneficial in enhancing the desalination performance of REDD. Indeed, for aep
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ranging from 0.3 to 0.6, rejections of close to 100 % can be achieved for recoveries up
to 0.3, which greatly extends the desalination operating window of the REDD stack.
The current work reveals the feasibility to produce fresh water with high quality at
reasonable recovery by using well-designed membrane stack using IEMs with high
permselectivity in the RED. and IEMs with moderate permselectivity (e.g., leaky
IEMS) in the ED... Even though the use of leaky IEMs in ED. has the tendency to
slow down the process (Appendix A.2, Fig. A.2), this effect can be compensated by the

low ionic resistance of leaky membranes (Appendix A.1, Fig. A.1 and A.2).
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Fig. 5. Equivalent salt rejection (¢) (based on modelling work) of an REDD stack for varied fresh water
recoveries (p) ranging from 0 to 1: (a) ¢ versus y for membranes in both REDcen and EDcen at a series of
permselectivities (i.e., arep = aep) of 0.3, 0.6, 0.9, 1; (b) @ versus y for membranes in the EDcen at a series of
permselectivities (aep) of 0.1, 0.3, 0.6, 0.9, 1, while fixing the membrane permselecitivity (arep) in the REDcei
at 0.9. The REDD stack (N =5, A = 104 cm?, A1 = Ao = 0.2 mm, Rcem” = Raem™ = 3 Q-cm?, ReemP = RaewmP=
26 Q-cm?) is short-circuited with an external load of 0.6 Q. The initial concentrations of HS is 0.6 M and

DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m#Q mol and DS/LS is 0.012 m2/Q-mol, while Vi is

fixed at 1.
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4.2 The effects of system operation conditions on desalination performance
We systematically investigated the effects of concentration ratios of HS over DS (cro,
up to 300) and volumetric ratios of HS over the sum of LS and DS (V « , ranging from

0.01 to 10) on desalination performance of REDD. For V4 = 0.1, all cases show

nearly identical rejection and recovery behavior (Fig. 6). Both parameters increase
significantly as cwo increases up to 60. With further increase in cwo, the rejection
asymptotically approaches 1, which is accompanied with further enhanced recovery.
This trend can be explained by greater electrical driving force at higher salinity

gradient. Lower V 1 (e.g., 0.01 and 0.03) can lead to dramatic reduction in rejection

and recovery performance, which should be avoided.

(a) 1.0 (b)1 0
0.8F 0.8F

< -
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E‘ 04 § 0.4}
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Fig. 6. Performance evaluation (based on modelling work) of an REDD stack with varied ratios of cus to CLs
( Cwo), while the ratios of Vi to (Vi+Vp) ( Vi) are fixed at 10, 1, 0.1, 0.03 and 0.01: (a) equivalent salt
rejection versus Cro at a constant recovery of 0.67; (b) fresh water recovery versus Cwo at a constant
rejection of around 0.95. The REDD stack (N = 5, A = 104 cm2, A4 = Ap = 0.2 mm, Rcem” = Raemt = 3
Q-cm?, ReemP = RaemP= 26 Q-cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q.
The initial concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m%Q mol and DS/LS is

0.012 m2/Q-mol.
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Additional simulations on the effect of V » at fixed co values (10, 30 and 300) are
summarized in Fig. 7. For each cno, both rejection and recovery initially increase
strongly with V and then reach a plateau. This increase can be attributed to the
enhanced ability of the REDcen to maintain a desirable electrical driving force for a
longer time (Eg. (13)). The plateau of the recovery depends strongly on the
concentration ratio. While a low maximum recovery of 0.2 is obtained at a
concentration ratio of 10, the recovery can be as high as 0.9 at cwo = 300. The trend to
the plateau occurs at different volume ratios, with lower V . required for higher co .
For all case, the transition seems to occur at a V w - cro value of approximately 10,

which requires the initial ionic charge in the HS to be an order of magnitude higher

than that in the LS and DS. The rejection behavior follows a similar trend.
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Fig. 7. Performance evaluation (based on modelling work) of an REDD stack with varied ratios of Vu to
(VL+Vp) ( VH) while the ratios of cus to cLs ( Cro) are fixed at 300, 30, and 10: (a) equivalent salt rejection
versus Vu at a constant recovery of 0.67; (b) fresh water recovery versus Vw at a constant rejection of
around 0.95. The REDD stack (N = 5, A = 104 cm2, A4 = Ap = 0.2 mm, Reem" = Raem” = 3 Q-cm? , ReemP

= RaemP= 26 Q-cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q. The initial
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concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m%Q mol and DS/LS is 0.012

m2/Q-mol.

Fig. 8 presents a contour plot of desalination performance of the REDD stack as a

function of croand V n . Both peak rejection and recovery are attained at the upper

right corner of the plot, indicating a better performance of the REDD stack by using
greater driven force (i.e., greater V u - cwo ). Particularly, high rejection (e.g., ¢ > 0.99)
can be obtained at the concentration ratio > 100 and V » - cro > 10. Based on these

simulation results, a high concentration ratio (= 30) together with a moderate volume
ratio (= 0.5) is recommended in order to achieve optimized rejection (e.g., ¢ = 0.8)
and recovery (e.g., y = 0.5) at the same time. These requirements are further

confirmed by the rejection-recovery tradeoff lines in Fig. 9. Compared to the volume
ratio, the concentration ratio plays a more significant role in extending the operational
window for REDD. A high concentration ratio could potentially be met by co-locating
the REDD process with seawater desalination facilities [6], where REDD treats the
desalination brine to simultaneously mitigate the environmental impacts of brine

discharge and provide driving force for REDD.
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Fig. 8. Performance (based on modelling work) of an REDD stack as a function of varied ratios of cus to cLs
( Cho) and varied ratios of Vi to (VL+Vp) ( Vw) (horizontal and vertical axes, respectively): (a) equivalent salt
rejection versus Croand VH at a constant recovery of 0.67; (b) fresh water recovery versus Cro and Vi at a
constant rejection of around 0.95. The REDD stack (N =5, A = 104 cm?, An = Ao = 0.2 mm, Rcem™ = Raem™ =
3Q-.cm?, ReemP = RaemP= 26 Q-cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q.

The initial concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m%Q mol and DS/LS is

0.012 m4/Q-mol.
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Fig. 9. Equivalent salt rejection (@) (based on modelling work) of an REDD stack with varied fresh water
recoveries () ranging from 0 to 1: (a) @ versus y for the ratios ( Cwo) of cxs to cus at 300, 100, 30, and 10,
while fixing Vnat 1; (b) @ versus ywhile the ratios ( Vi) of Vis to (VL+Vo) are fixed at 10, 1, 0.1, 0.03 and
0.01. The REDD stack (N =5, A = 104 cm?2, A = Ap = 0.2 mm, Rcem™ = Raem” = 3 Q.cm?, Reem® = RaemP=
26 Q-cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q. The initial concentrations of

DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m?/© mol and DS/LS is 0.012 m%/Q-mol.

4.3 The effects of system configurations on desalination performance

Conventional desalination technology such as RO often uses a multi-stage

configuration to enhance the water recovery. Similarly, a multi-pass configuration can
be used to improve the overall salt rejection. In this section, we explore these strategies
to further optimize the desalination performance of REDD (Fig. 10). In the multi-pass

operation (Fig. 10(a)), the desalinated DS effluent (first pass) is applied as the influent
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to a subsequent REDD process for further removal of salts (second pass). In this
configuration, the LS and HS can be refreshed in the later passes to maintain the
required driving force. As the salt concentration reduces after each additional pass, the
overall rejection improves but the overall recovery decreases (e.g., see the shift of
point A (1 pass) to point B (2 pass) in Fig. 11(a)). The corresponding tradeoff line
shifts slightly outwards as the number of passes increase, particularly over the recovery
range of 0.4 to 0.8. Considering a given overall recovery of 0.6, rejections of 0.88, 0.96,
and 0.99 can be obtained for 1-, 2-, and 3-pass treatment, respectively. Although the
multi-pass operation can slightly extend the operation window for desired
combinations of rejection and recovery, it involves substantially increased capital (e.g.,
increased membrane area) and operation cost (e.g., pumping). Therefore, its
application requires an acceptable balance between the technical benefits and cost

considerations.

In multi-stage operation, the LS effluent (equivalent to the concentrate in conventional
desalination) from an early stage is further treated in a next stage to recover additional
desalted water (Fig. 10(b)). As a result, this treatment can significantly increase the
overall recovery (e.g., see the shift of point C for a 1-stage treatment to point D for a 2-
stage treatment in Fig. 11(b)). In the current study, the use of a 3-stage treatment
allows a nearly complete salt rejection up to a recovery of 0.7, which is much wider
compared to the single-stage operation. It is important to note the sharp decline of
overall rejection at higher recovery (e.g., > 0.7 for the 3-stage configuration). In this
case, the use of an overly high recovery in an early stage produces a LS effluent
containing significant amount of salts, which results in dramatically reduced water

quality for the diluent water in the later stage(s) and therefore greatly reduced overall
28



573  rejection. To fully unleash the benefits of the multi-stage operation, the use of overall

574  high recovery in early stage(s) should be strictly avoided in practical desalination.

575
HS
LS I
T REDD s} REDD
—— >
1 Pass 2 Pass Final diluent
=) REDD REDD
%
1 Stage 2 Stage Final diluent
576
577 Fig. 10. Schematic diagrams of the REDD systems with two basic configurations: (a) multi-pass mode in
578 which DS effluent of each pass was applied as the DS inffluent of the next pass, while LS and HS inffluent of
579 each pass were renewed simultaneously, leading to higher quality of final DS effluent; (b) multi-stage mode in
580  which LS effluent of each stage was redistributed to both DS and LS water channels of the next stage, while
581 HS inffluent of each stage are renewed simultaneously, leading to additional recovery of desalinated water.
582
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Fig. 11. Equivalent salt rejection (@) (based on modelling work) versus varied fresh water recoveries ()
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(ranging from 0 to 1) of an REDD system with multi-pass or multi-stage configurations: (a) @ versus y in

multi-pass operation, 1 pass, 2 pass, and 3 pass. At each pass, the initial concentrations of LS (CLo) and DS
(Cpo) are 0.02 M and the concentration of desalinated water in the last pass, respectively; (b) ¢ versus y in

multi-stage operation, 1 stage, 2 stage, and 3 stage. At each stage, both Croand Cpo equal to the concentration

of treated LS in the last stage. The REDD stack (N = 5, A = 104 cm?, A4 = Ap = 0.2 mm, Rcem™ = Raem™ =3

Q-cm? |, ReemP = RaemP= 26 Q-cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q.
The initial concentrations of HS (Cro) is the 30 times of CLo; The molar conductivity of HS is 0.009 m?/Q mol

and DS/LS is 0.012 m#/Q-mol, while Vs fixed at 1.

5. Implications

In the recent literature, several other hybridization schemes involving desalination
processes and SGE recovery technologies have been reported. One notable example is
the RO-PRO hybrid[43, 44]. According to Yip et al. [26], PRO offers better energy
efficiency compared to RED. Nevertheless, numerous studies have reported high
fouling tendency [45-49] and mechanical instability of membranes [50-52] in PRO
operation where low salinity waste water is convected to and through the membrane. In
this respect, RED may provide more stable operation. A recent pilot RED plant in Italy
did not observe any significant performance loss due to fouling and/or membrane
decay [31]. Additional techniques such as charge reversal, widely used in the field of
electrodialysis for fouling control by switching the ionic solute flow direction [53, 54],
could also be explored to mitigate fouling if required [30, 55]. Furthermore, compared
to the mechanical energy output from PRO that requires the use of pressure exchangers
and hydroturbines in a relatively complex configuration, the direct electricity output
from RED allows a simpler process scheme but also greater versatility in conditioning

the output (e.g., serial vs. parellel connections, voltage amplifications, and DC to AC
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conversion) [56]. Consequently, RED-based hybrid desalination schemes deserve

further attention to fully unleash their potential.

Although the current study assumes the same membrane areas for the RED.. and the
EDcel, this condition can be relaxed. For example, the use of greater number of
membrane pairs in the RED. is expected to improve the equivalent salt rejection of
the REDD stack thanks to the greater voltage output available to drive the ED process.
In addition to the batch mode operation used in the current study, further investigations
can be performed on the REDD process operating in a continuous mode. Additional
studies are also required to explore the performance of REDD with various flow
configurations (e.g., the choice of different feed streams, the implementation of partial

recycling, etc.) to optimized system operation.

6. Conclusion

In this study, we report a novel self-sufficient desalination method based on the
hybridization of RED and ED processes. A model was developed to simulate its
desalination performance, which was verified by a series of bench-scale experiments.
Our modeling work evaluates, for the first time, the rejection-recovery tradeoff for this
novel RED-ED hybrid system. The simulation results demonstrate the general trend of
decreased rejection at higher recovery. More favorable tradeoff curves can be obtained
(1) by using tight IEMs in the REDcen but relatively leaky IEMs in the EDcen and (2) by
applying greater driving force (e.g., using higher cno and V), which significantly
improves the operational window of the REDD. In addition, multi-pass and multi-stage

schemes can be adopted to further enhance system rejection and recovery, respectively.
31



634  Our work highlights the technical feasibility as well as the practical constraints of the
635 REDD technique, and provides important insights for the further development of this

636  self-sufficient desalination technology.
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644 List of Symbols

645 N number of the repeating unit in a REDD stack (N =5 in the current study)

646 R Gas constant (8.314 J/mol-K)
647 T absolute temperature (K)
648 F Fraday constant (96485 C/mol)

649 z, valence of specific ionic component i (-) (z* = z'=1 for the model salt NaCl

650 using in the current study)

651 cw initial concentration of the high salinity stream (HS) (mol/L)
652 ¢ instant concentration of the high salinity stream (HS) (mol/L)
653 ¢ final concentration of the high salinity stream (HS) (mol/L)
654  Cuwo initial concentration of the low salinity stream (LS) (mol/L)
655 Cu instant concentration of the low salinity stream (LS) (mol/L)
656  Cis final concentration of the low salinity stream (LS) (mol/L)
657 coo initial concentration of the diluent stream (LS) (mol/L)

658  Co instant concentration of the diluent stream (LS) (mol/L)

659  cCo final concentration of the diluent stream (LS) (mol/L)

660 f equilibrium constant of the concentration ratio of finalized HS to LS (-)
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669
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678
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682
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Enet

A

R

stack

R

external

—CEM
RED

— AEM
RED

—CEM
ED

— AEM
ED

S
TCO

-I—m

co

TS

ct

Tm

ct

current density in the REDD stack (A/m?)
electromotive force generated by the REDD stack (V)

cross-sectional area of the ion exchange membranes in the stack (0.0104m?)

electrical resistance of the REDD stack (€2)
electrical resistance of the external load in the electrical circuit ()

area resistance of the cation exchange membranes in the REDcen (Q-m?)
area resistance of the anion exchange membrane in the REDceil (Q2-m?)
area resistance of the cation exchange membranes in the EDcen (Q2-m?)

area resistance of the anion exchange membrane in the EDcen (Q2-m?)
transport number of the co-ions of a certain ion exchange membrane in

the bulk solution (-)

transport number of the co-ions of a certain ion exchange membrane in the
membrane matrix (-)

transport number of the counter-ions of a certain ion exchange membrane in
the bulk solution (-)

transport number of the counter-ions of a certain ion exchange membrane in

the membrane matrix (-)
ionic flux of the co-ions of a certain ion exchange membrane (mol/m?s)
ionic flux of the counter-ions of a certain ion exchange membrane (mol/m?s)

mass flux of the high salinity stream (mol/m?s)
mass flux of the low salinity stream (mol/m?s)

mass flux of the diluent stream (mol/m?s)

volume of the high salinity stream (L)
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volume of the low salinity stream (mol/L)
volume of the diluent stream (mol/L)

salt removal efficiency of the REDD stack (-)
salinity ratio of c,,,to Cy, (-)
volumetric ratio of Vy, to (V +V,) (-)

ratio of DS volume to total membrane area (L/cm?)

Greek letters

CEM
Crep

AEM
ORep

XRrep

CEM
Hep

Hep

permselectivity of the cation exchange membranes in the REDcen (-)
permselectivity of the anion exchange membranes in the REDcen (-)
averaged membrane permselectivity in the REDcen (-)

permselectivity of the cation exchange membranes in the EDcell (-)
permselectivity of the anion exchange membranes in the EDceil (-)
averaged membrane permselectivity in the EDcer (-)

inter-membrane distance of the high salinity stream in the REDD stack (m)
inter-membrane distance of the low salinity stream in the REDD stack (m)
inter-membrane distance of the diluent stream in the REDD stack (m)
molar conductivity of the high salinity stream (m?/Q-mol)

molar conductivity of the low salinity stream (m?/Q-mol)

molar conductivity of the diluent stream (m?/Q-mol)

fresh water recovery of the REDD stack (-)

equivalent salt rejection of the REDD stack (-)
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Appendix A

the context of reverse electrodialysis (RED).

A.l. lon exchange membranes (IEMs) and their critical properties reported in

Table A.1. presents the key parameters of both the commercial and tailor-made ion

exchange membranes which have been investigated and tested in the RED stack.

Table A.1. A summary of state-of-art ion exchange membranes including commercial and tailor-
made membranes reported in the literature.

Membrane pairs Resistance® Permselectivity® References
CMH-PES/AMH-PES 9.50 0.92 [1-4]
QIANQIU CEM/AEM 2.41 0.84 [5]

CMV/AMV 2.72 0.93 [6, 7]
FKD/FAD 1.52 0.88 [1,4,7]
FKS/FAS 1.27 0.92 [8, 9]

CMX/AMX 2.63 0.95 [7, 10, 11]

CM-1/AM-1 2.29 0.98 [12]

CMI 7001/AMI 7001 3.47 0.92 [13]

V1 CEM/V1 AEM 1.60 0.93 [14]

DF-120 CEMs/DF-120 AEMs 1.70 0.95 [15]

PC-SK/PC-SA 2.15 0.94 [16]
CEM-80050-05/AEM-80045-01 2.19 0.96 [16-19]
CSO/ASV 2.98 0.95 [20, 21]

CMX/aPPO-20 6.24 0.94 [22]

CMX/aPPO-24 4.10 0.95 [22]

CMX/aPPO-27 4.40 0.94 [22]

CMX/aPPO-C6D2 16.08 0.95 [22]
CMX/aPPO-C6D6 3.05 0.92 [22]
CMX/aRadel-1.76 5.75 0.94 [22]
CMX/aRadel-1.87 4.38 0.93 [22]
CMX/aRadel-2.66 2.26 0.92 [22]
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CMX/PECH B-2 1.93 0.93 [23]

CMX/PECH B-3 2.12 0.93 [23]
CMX/PECH B-1 1.87 0.93 [23]
CMX/PECH C 2.03 0.89 [23]
CMX/PECH A 2.48 0.95 [23]
A-sPPO/AMX 2.30 0.93 [10]
D-sPPO/AMX 257 0.94 [10]
P-sPPO/AMX 3.05 0.93 [10]

4 Membrane resistance is measured in an electrolyte solution of 0.5 M NaCl at 25°C.

b Membrane permselectivity is measured over an concentration difference of 0.5 M and 0.1 M
NaCl at 25C.

Fig. A.1 shows the membrane permselectivity and ionic conductivity (i.e., 1/R) of the
IEMs reported in previous literature on RED. There is an obvious tradeoff between
membrane permselectivities and their resistance for both commercial and tailored ion
exchange membranes. Specifically, ion exchange membrane with high

permselectivity generally tends to have low ionic conductivity, and vice versa.

1.00
L © Commercial
<L 0.5 A\ Tailor-made
> ﬁﬁ&% .
2 Q
© 0.90}
o
Q
(7]
E 0.85} o
[1})
o

0.0 0.5 1.0 1.5 2.0

1/R (slcm?

Fig. A.1 The membrane permselectivity and ionic conductivity of ion exchange membranes reported in

previous literature on reverse electrodialysis.
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A.2.The effects of membrane resistance on desalination performance of the
energy self-sufficient RED-ED desalination (REDD) stack.
The membrane area (A) and/or time (T) required for achieving an equilibrium state
was represented by the value of A-T product. The dependency of A-T product on
membrane resistance was simulated with increasing membrane permselectivity (aeb)
in the EDcenn from 0.1 to 0.9 and fixing membrane permselectivity in the REDcen at 0.9.
Fig. A.2 demonstrates that A-T product can be reduced by decreasing membrane
resistance for a specific aep. While the deterioration of membrane permselectivity in

EDcell has an adverse effect on the A-T product.

300 -, =01
‘ - -, =03
* “* o1 = 0.6
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Fig. A.2. The product of membrane area and time (i.e., A-T) required for achieving an equilibrium state
versus membrane resistance, while membrane permselectivity (a@ep) in the EDcen at 0.1, 0.3, 0.6, 0.9 and
membrane permselecitivity (arep) in the REDcen at a constant value of 0.9. The REDD stack (N =5, A =104
cm2, A1 = Ap = 0.2 mm, Rcemt = Raem = 3 Q-cm? , RcemP = RaemP= 26 Q-cm?) is short-circuited with an
external load of 0.6 Q. The initial concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity
of HS is 0.009 m%Q mol and DS/LS is 0.012 m2/Q-mol, while the recovery and Vi are fixed at 1/3 and 1,

respectively.
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A.3. The typical discharge curves of the REDD systems with multi-pass and
multi-stage configurations.

The multi-pass and multi-stage configurations are investigated in the context of RED

for the enhancement on the overall desalination performance. The representative

discharge curves of these two system configurations are presented in Fig. A.3 and Fig.

A.4, respectively, based on the operation scenario of using seawater (0.6 M NaCl) as

HS and river water or brackish (0.02 M NacCl) as LS/DS.
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Fig. A.3. Typical discharge curves of an REDD system with 3-pass configuration: DS effluent of each pass
was supplied as DS influent of the next pass, while renewing LS and HS simultaneously. The REDD stack at
each pass (N = 5, A = 104 cm?, A4 = Ao = 0.2 mm, Rcem" = Raem™ = 3 Q-cm? , RcemP = RaemP= 26 Q-cm?,
arep = aep = 0.9) is short-circuited with an external load of 0.6 Q. The initial concentrations of HS and LS
are 0.6 M and 0.02 M, respectively; the desalinated DS in each pass is further treated in the subsequent step
for higher water quality; the molar conductivity of HS is 0.009 m%Q mol and DS/LS is 0.012 m%Q-mol,

while the recovery and Vuare fixed at 1/3 and 1, respectively.
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Fig. A.4. Typical discharge curves of an REDD system with 3-stage configuration: LS effluent at each stage
was redistributed to the influent of both DS and LS in the following stage, while refreshing HS
simultaneously. The REDD stack at each stage (N = 5, A = 104 cm?, A1 = Ap = 0.2 mm, Rcem™ = Raem" = 3
Q-cm?, ReemP = RaemP= 26 Q:cm?, arep = 0.9, aep = 0.3) is short-circuited with an external load of 0.6 Q.
The initial concentration of HS is 0.6 M; the LS effluent in each stage is used as influent of DS and LS in the
subsequent step for more desalinated water; the molar conductivity of HS is 0.009 m2/Q mol and DS/LS is

0.012 m2/Q:-mol, while the recovery and Vware fixed at 1/3 and 1, respectively.

44



