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Abstract 24 

Electrodialysis is a commonly used desalination method. In this study, we investigate 25 

its hybridization with its reverse process, where reverse electrodialysis (RED) 26 

harvests the salinity gradient power to provide the driving force for electrodialysis. In 27 

particular, the desalination performance (rejection and recovery) and their tradeoff 28 

relationship are simulated for the first time for an energy self-sufficient RED-ED 29 

desalination stack (REDD). The simulation results show that these two parameters can 30 

be simultaneously optimized by tailoring ion exchange membranes in the stack, i.e., 31 

using more selective membranes in the ED sub-cell (EDcell) and less selective 32 

membranes in the RED sub-cell (REDcell). Our analysis shows that a considerable 33 

driving force (e.g., a salinity ratio of high salinity stream to low salinity stream over 34 

30 and a volumetric ratio over 0.5) is required to fully unleash the desalination 35 

performance of REDD, leading to a favorable shift of the rejection-recovery tradeoff 36 

line. In addition, multi-pass treatment is demonstrated to further enhance rejection at 37 

the expense of lower recovery. Similarly, a multi-stage configuration can be applied 38 

for higher recovery. This study reveals the operational constraints of a novel 39 

desalination REDD technique and provides insights into performance enhancement. 40 

 41 

Keywords: Reverse electrodialysis (RED); Electrodialysis (ED), Hybrid process, 42 

Energy self-sufficient desalination, Rejection-recovery tradeoff 43 
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1. Introduction 47 

Conventional desalination processes, such as reverse osmosis (RO), membrane 48 

distillation (MD) and electrodialysis (ED), are relatively energy intensive [1, 2]. 49 

Therefore, exploring reliable and more energy-efficient desalination methods is of 50 

great importance to alleviate worldwide water scarcity. Interestingly, brine, a high 51 

salinity (HS) byproduct of desalination that is often associated with adverse 52 

environmental impacts [2, 3], provides us a way to offset the energy required for 53 

desalination [4-7]. Controlled mixing of the brine with a low salinity stream (LS, e.g., 54 

treated wastewater) can generate a considerable amount of salinity gradient energy 55 

(SGE) [6, 8-10]. Among the various technologies for harvesting SGE, reverse 56 

electrodialysis (RED) has become a promising candidate. In RED, cations and anions 57 

transport through ion exchange membranes (IEMs) under their respective gradient, 58 

converting salinity gradient based chemical potential to electricity [8, 11-14]. In 59 

addition to the energy recovery, this controlled mixing in RED dilutes the brine, which 60 

also helps to reduce its adverse environmental impacts when discharged. 61 

 62 

Sevaral researchers have investigated ways to integrate RED with desalination 63 

technologies [2, 5, 7, 9, 15-22]. For example, Li et al. [2] explored the conceptual 64 

design of RED-RO hybrid system, in which RED can be used either as pre-treatment 65 

(for reducing osmotic pressure of seawater) or post-treatment (for diluting the brine) to 66 

RO. In both arrangements, the specific energy consumption for desalination can be 67 

potentially reduced by more than half. A series of investigations have also been 68 

performed on hybrid RED-MD systems, in which the highly concentrated and warm 69 

brine provided by MD could enhance the RED energy generation [7, 21-23]. Recently, 70 

hybridization of RED with ED has also been reported [5, 9, 15, 24]. This configuration 71 
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shows unique benefits for allowing direct ultilization of the RED-generated electricity 72 

in the ED process. In comparison, hybridization of ED with pressure retarded osmosis 73 

(PRO), an alternative process for SGE harvest [11, 12, 25-27], requires the conversion 74 

of mechanical energy from PRO to electrical energy for driving ED. Therefore, the 75 

RED-ED hybrid system offers key advantages of higher energy conversion efficiency, 76 

together with simplified process configuration [5, 9, 15, 24] and potentially reduced 77 

fouling risks compared to the PRO-based schemes [28-31].  78 

 79 

Previous RED-ED studies have explored its performance under various operating 80 

conditions, process configurations through simulation and experimental measurements 81 

[5, 9, 15, 24]. However, little is known about the performance in terms of fresh water 82 

recovery and equivalent salt rejection which are important parameters of interest for a 83 

typical desalination process. Moreover, in conventional desalination processes, 84 

increasing the fraction of water recovered typically deteriorates the quality of the 85 

produced water, and vice versa. Nevertheless, this important tradeoff relationship has 86 

not been explicitly discussed in the context of RED-ED hybrid desalination systems. 87 

This is a critical knowledge gap that has to be systematically addressed to evaluate 88 

process viability. The paramount importance of the tradeoff between salt removal and 89 

water recovery has prompted us to systematically investigate their relationship under 90 

various conditions, including the use of different membranes and process 91 

configurations. 92 

 93 

In this study, we investigated an energy self-sufficient RED-ED desalination stack 94 

(REDD) where the salinity gradient power harvested by the RED process was used to 95 

drive the ED process. Its desalination performance was systematically investigated 96 
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through model simulation and experimental verification. Additional operating 97 

configurations (multi-pass vs. multi-stage) were also explored. Our study establishes 98 

the inherent tradeoff relationship between the recovery and the equivalent salt rejection 99 

for the RED-based hybrid desalination, which provides important insights into 100 

performance constraints of this novel desalination technology. 101 

 102 

2. Process description and theoretical simulation 103 

The novel REDD process contains repeating self-sufficient desalination units (Fig. 1). 104 

Each repeating unit is comprised of (1) an RED sub-cell (REDcell) that generates 105 

electricity from the salinity gradient provided by a HS and a LS stream and (2) an ED 106 

sub-cell (EDcell) that removes salts from a diluent stream (DS). This direct coupling of 107 

REDcell with EDcell enables energy self-sufficient desalination by using RED as the sole 108 

source of driving force for desalination in ED. Furthermore, this integrated RED-ED 109 

configuration requires only one pair of electrodes at the end of the REDD stack, which 110 

reduces the cost and electrical resistance associated with electrodes. The ionic spieces 111 

in the REDD stack (1) either transport from HS to LS under the salinity gradient in 112 

REDcell or (2) are driven from DS to LS to maintain the electroneutrality in LS. As a 113 

result, salt is removed from DS, whereas the salinity gradient in REDcell is reduced. 114 

During this process, an external current is also established (Fig. 1).  115 

 116 
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 117 

Fig. 1. Schematic diagram of an REDD stack and its repeating unit which comprises an EDcell  and an REDcell. 118 

The input streams of HS (e.g., brine) and LS/DS (e.g., treated wastewater) are converted to diluted brine, 119 

brackish water and desalted water by the REDD stack. In the REDcell, ions are driven through the ion 120 

exchange membranes by the salinity ratio of high salinity stream to low salinity stream (HS and LS). In the 121 

EDcell, ions in diluent stream (DS) traverse against the concentration gradient from DS to LS using REDcell as 122 

the energy source. 123 

 124 

2.1. Simultation of the charge transfer in the REDD stack 125 

The key to evaluating the desalination performance of an REDD stack is to quantifying 126 

the quality and the quantity of generated fresh water (i.e., DS). Our current analysis 127 

considers a batch desalination process. In a typical batch mode operation, both the 128 

solution concentrations and electrical current change over time and these quantities 129 

affect each other in accordance to Faraday’s law [12]. Therefore, the instant salt 130 

concentration in each water compartment can be calculated as the sum of the initial salt 131 

concentration and the accumulative mass transfer (+ sign for transporting in and - sign 132 
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for transporting out of a given water compartment) which is converted from the 133 

corresponding coulombs of charge.  134 

 135 

Consider the electrical loop in Fig. 1, the net electrical potential (Enet) can be 136 

formulated by the modified Nernst equation which accounts for the voltage provided 137 

by the REDcell and that consumed by the EDcell as follows [32-34]: 138 

  ln ln ln ln
CEM AEM CEM AEM

RED H RED H ED L ED L
net

L L D D

RT a RT a RT a RT a
E N N N N

z F a z F a z F a z F a

   
+ − + −

= + − +                        (1)                                                                     139 

            (Voltage generation by RED)       (Voltage drop by ED)    140 

where N is the number of repeating units, R is the gas constant (8.314 J/mol·K), T is the 141 

absolute temperature (K), F is the Faraday constant (96,485 C/mol),  is the membrane 142 

permselectivity, z is the fixed charge of a certain ion (e.g., z+
 = z-=1 for the model salt 143 

NaCl used in the current study), and a denotes the activity of the solution in each 144 

compartment where the subscript H stands for HS, L for LS, and D for DS. In this 145 

study, the solution activity was approximated by the concentration value without 146 

significantly affecting the simulation results. The subscripts RED and ED associated 147 

with  stand for the membranes used in the REDcell and the EDcell, respectively, while 148 

the superscript CEM and AEM refer to the cation exchange membrane and the anion 149 

exchange membrane, respectively. For simplicity and practical reasons, we further 150 

assume that  𝛼𝑅𝐸𝐷
𝐶𝐸𝑀 = 𝛼𝑅𝐸𝐷

𝐴𝐸𝑀 and  𝛼𝐸𝐷
𝐶𝐸𝑀 = 𝛼𝐸𝐷

𝐴𝐸𝑀. 151 

 152 

In each repeating unit, it is assumed that the initial DS concentration equals the initial 153 

LS concentration, i.e., 0 0D Lc c= , thereby the voltage of REDD (Enet) is generated by 154 

the salinity ratio in REDcell ( 0 0/H Lc c ) at the initial state. Then Enet decreases with time 155 
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as the voltage produced by REDcell ( /H Lc c ) needs to overcome the voltage barrier 156 

produced by the salinity ratio in EDcell ( /L Dc c ). Both of these ratios approach an 157 

equilibrium constant (f) which can be given by:  158 

Hf Lf

Lf Df

c c
f

c c
= =                                                                                                             (2) 159 

where the subscript f refers to the final state. 160 

 161 

Before achieving the final state, current density (J) changes with the voltage (Enet) and 162 

the total resistance in accordance to Ohm’s law [35]: 163 

( )
net

stack external

E
J

A R R
=

 +
                                                                                               (3) 164 

where A stands for the active cross-sectional area of each membrane sheet, Rstack 165 

indicates the total internal resistance of the stack and can be approximated as follows 166 

[12, 34, 36]: 167 

CEM AEM CEM AEM
H L D L

RED RED ED EDstack

H H L L D D L L

N N
R R R R R

A c c A c c

   

   

   
= + + + + + + +   

   
         (4) 168 

                        (Resistance by RED)                           (Resistance by ED)                       169 

whereR describes the membrane area resistance with the subscript RED standing for 170 

the membranes in the REDcell and ED for those in the EDcell, and the superscript CEM 171 

refers to the cation exchange membrane and AEM to the anion exchange membrane, λ 172 

is the membrane thickness, σ denotes the molar conductivity of water streams with the 173 

subscripts L, D, and H referring to LS, DS and HS, respectively. 174 

 175 

2.2. Simulation of mass transfer in the REDD stack 176 

In an IEM, the current is preferentially carried by counter-ions (i.e., the ones with the 177 
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opposite charge to the membrane) rather than co-ions (i.e., the ones with the same 178 

charge as the membrane). To describe the portion of the overall current carried by the 179 

counter-ion, an intrinsic membrane parameter-transport number ( m

ctT ) is applied [37]: 180 

                                                                                                   (5) 181 

where j is the ionic flux, z is the ionic charge, the subscript ct and co indicate the 182 

counter-ions and co-ions, respectively. The transport number determines the 183 

permselectivity () of an IEM, i.e.,

 
( ) /m s s

ct ct coT T T = − , in which the superscript m and 184 

s stand for the transport number in the membrane matrix and bulk solutions, 185 

respectively [37].

 

The relationship between  and ionic flux of both co-ions and 186 

counter-ions through the membrane can be given as: 187 

ct co

ct co

j j

j j


−
=

+
                                                                                                            (6) 188 

 189 

Membranes in the hybrid system either operate in (1) the REDcell where counter-ions 190 

transport along the salinity gradient from HS to LS in the same direction as co-ions; or 191 

in (2) the EDcell where counter-ions transport against the salinity gradient from DS to 192 

LS in the opposite direction to co-ions [38]. Accordingly, the relationship between the 193 

charge (i.e., current) and ionic mass transport in the membranes also vary with the 194 

membranes’ operation modes. Particularly, in the case of REDcell, the current density 195 

( J ) is given by the difference between the charge density carried by counter-ions 196 

( RED

ctj ) and that by co-ions ( RED

coj ), i.e., ( )RED RED

ct coJ j j F= −  . The mass transfer 197 

( H

massj ) away from HS can be determined by performing a mass balance and is given 198 

by the total flux of counter-ions and co-ions, i.e., H RED RED

mass ct coj j j= + . Similarly, the 199 

current density ( J ) in the EDcell is identical to the sum of the charge density carried by 200 

cococtct

ctctm

ct
jzjz

jz
T

+
=
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counter-ions ( ED

ctj ) and co-ions ( ED

coj ), i.e., ( )ED ED

ct coJ j j F= +  , whereas the mass 201 

transfer ( ED

massj ) from DS is calculated as D ED ED

mass ct coj j j= − , due to the opposite 202 

transport direction of co-ions and counter-ions. Combining these mass and charge 203 

balance expressions with Eq. (6) then yields the relationships between J  and massj  for 204 

each solution (i.e., HS, DS and LS). Specifically, the mass transfer in LS ( L

massj ) 205 

accounts for the ionic flux through the membranes both in REDcell and EDcell and is 206 

formulated as follows:                                                                                                                                               207 

In HS: 208 

H

RED mass

J
j

F
=                                                                                                        (7) 209 

In DS: 210 

D

mass ED

J
j

F
=                                                                                                          (8) 211 

In LS: 212 

1

1

L

mass

ED

RED

J
j

F
=
 

+ 
 




                                                                                           (9) 213 

 214 

Both the charge and mass transfer in an IEM change with time in the batch mode 215 

operation. Integrating Eqs. (7) ~ (9) with respect to the product of membrane area (A) 216 

and time (T) results in the relationships between the accumulative charge transfer and 217 

the total mass transfer for each solution as follows: 218 

H

RED mass

J
Adt j Adt

F
=                                                                                           (10) 219 

1 D

mass

ED

J
Adt j Adt

F
= 

                                                                                          (11) 220 
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1

1

L

mass

ED

RED

J
Adt j Adt

F
=

 
+ 

 

 




                                                                            (12) 221 

 222 

The accumulative mass transfer can be calculated by performing an ionic mass balance 223 

for each solution, i.e., 
0

i
i i it

mass

V c c
j Adt

N

−
= , where V is the water volume, the script 224 

i indicates the selected solution, the absolute value represents the difference between 225 

the concentration at the initial and final state. The total charge transport in the circuit 226 

can be given by Coulomb’s law, i.e., ( )Q t J Adt=  . Substituting the above Eqs. into 227 

Eqs. (10) ~ (12) then yields the relationship between the salt concentration of each 228 

solution with charge transport: 229 

0

( )
Ht H

RED H

NQ t
c c

V F
= −                                                                                                   (13) 230 

0

( )ED
Dt D

D

NQ t
c c

V F


= −                                                                                                  (14) 231 

0

( ) ( )ED
Lt L

RED L L

NQ t NQ t
c c

V F V F




= + +                                                                                  (15) 232 

 233 

In the current study, it is assumed that the DS and the LS have identical initial 234 

concentrations at the beginning of the batch mode operation, i.e., the same low 235 

concentration solution is supplied for DS and LS. Consequently, a parameter q  can be 236 

defined to quantify the salt removal efficiency of the REDD stack from the low salinity 237 

streams (i.e., DS and LS): 238 

0

0

( )

( )

D Dt D

D L D

c c V
q

c V V

−
=

+
                                                                                                       (16) 239 
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where the volumetric ratio of the LS to the total volume of LS and DS, i.e., 240 

VD/(VL+VD), is defined as fresh water recovery (  ), and the ratio of decreased 241 

concentration to the initial concentration of DS, i.e., 0 0( ) /D Dt Dc c c− , is defined as 242 

equivalent salt rejection (): 243 

D

L D

V

V V
 =

+
                                                                                                                (17) 244 

0

0

D Dt

D

c c

c


−
=                                                                                                               (18) 245 

In this study, all the simulation works were carried out in MATLAB software.   246 

 247 

3. Model verification    248 

3.1 Materials and experimental methods 249 

3.1.1. Electrolyte and solutions 250 

The feed streams applied in this study were prepared by dissolving specific amount of 251 

sodium chloride (NaCl, Uni-chem, Serbia) in Millipore water (Millipore Integral 10 252 

Water Purification System). The end electrolyte rinse solution for the redox reaction 253 

was consisted of 0.05 M potassium ferricyanide (Ш), 0.05 M potassium ferrocyanide 254 

(II) (VWR, America) and 0.3 M sodium chloride.  255 

 256 

3.1.2. Ion exchange membranes and module configuration 257 

The cation exchange membranes (CEMs) and anion exchange membranes (AEMs) 258 

used in the current study were Selemion® CMV and AMV, respectively, obtained 259 

from Asahi Glass Engineering Co., Ltd. Japan. The detailed characteristics of the 260 

membranes are summarized in Table 1. 261 

 262 
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 263 

Table 1. Specific parameters of ion exchange membranes (IEMs) used in current study 264 

a Membrane permselectivity is provided by the manufacturer. 265 

b Membrane area resistance is measured by the manufacturer in 0.5 M NaCl solution. 266 

c Membrane thickness in the swollen state is provided by the manufacturer. 267 

 268 

The design of the REDD stack was adapted from a conventional RED stack used in our 269 

lab [6]. It was mainly composed of five repeating units sandwiched between two 270 

poly(methyl methacrylate) end plates. Each unit comprised four independent flow 271 

channels of which two were for HS and LS in the REDcell and two for LS and DS in the 272 

EDcell. All the water channels were confined by silicone gaskets and spacers (300-35/71, 273 

Sefar, Switzerland) with a thickness of 200 μm. The end plates were embedded with 274 

Ru/Ir oxide coated titanium electrodes (Sun Wing Technology Company, Hong Kong) 275 

and recirculated with electrolyte rinse solution which contained redox couple for 276 

converting the ionic current into electricity. The experimental setup was connected to 277 

an external electrical load with a constant resistance of 0.6 Ω (RS Components Ltd. 278 

Hong Kong), providing a closed loop for the continuous ionic mitigation in the system. 279 

 280 

3.1.3. Process operations 281 

Synthetic sodium chloride solutions with various concentrations were applied to 282 

investigate the REDD stack performance in a batch mode operation under different 283 

Membrane Type Permselectivity a 

Area Resistance 

(Ω·cm2) b 

Thickness 

(μm) c 

CMV CEM > 0.9 3 120 

AMV AEM > 0.9 2.8 120 
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scenarios with the following initial conditions:  284 

(1) S-R-R, i.e., using seawater (0.6 M NaCl) as HS and river water or brackish water 285 

(0.02 M NaCl) as both LS and DS;  286 

(2) B-R-R, i.e., using desalination brine (1.2 M NaCl) as HS and river water or 287 

brackish water (0.02 M NaCl) as both LS and DS; 288 

(3) B-S-S, i.e., using desalination brine (1.2 M NaCl) as HS and seawater (0.6 M NaCl) 289 

as both LS and DS.         290 

 291 

All feed streams were pumped into the stack at a constant flow rate of 14 mL/min per 292 

flow channel (corresponding to a linear flow rate of 1.2 cm/s), while the electrolyte 293 

was recirculated at 60 mL/min (corresponding to a linear flow rate of 1 cm/s). Prior to 294 

desalination experiments, the stack was operated in open circuit mode to reach a steady 295 

state, then it was short-circuited with the nominal external load of 0.6 Ω. The 296 

concentration and mass variation of each stream were monitored online by a 297 

conductivity meter (alpha conductivity 500, Eutech, Thermo Fisher Scientific Inc.) and 298 

an analytical balance (OHAUS Instruments Co., Ltd. China) throughout the 299 

experiments, respectively. A galvanostat (Zennium, ZAHNER-Elektrik GmbH & Co. 300 

KG, Germany) was applied to record the voltage drop over the external load which can 301 

be converted into the current of the stack by Ohm’s law. All the experiments were 302 

conducted at ambient temperature (~ 25 °C). 303 

 304 

3.2. Model verification   305 

Fig. 2 shows the experimental concentration of each stream and the current as a 306 
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function of operating time for the three different cases. In all the cases, LS 307 

concentration increased with time. Whereas, both the HS and DS concentrations 308 

decreased over time before achieving an equilibrium state, where the current became 309 

neglegible. The changes in the solution concentrations were much faster at the 310 

beginning and then slowed down. It is attributed to the reduced driving force from the 311 

salinity gradient between HS and LS and the simultaneously increased electrical barrier 312 

from the salinity gradient between LS and DS. The simulation results based on Eqs. 313 

(13) ~ (15) agree well with these experimental observations. It is also noteworthy that a 314 

higher quality of desalted water (i.e., lower cD) can be obtained in the presence of a 315 

high salinity difference in REDcell (e.g., for the scenarios of S-R-R and B-R-R), which 316 

allows the use of shorter operation time and/or less membrane area (i.e., a smaller A·T 317 

product). The better desalination performance of these two cases can be explained by 318 

more efficient ionic transport as a result of the larger driving force, which can be well 319 

predicted by the simulation results.  320 

 321 

322 
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   323 

       .   324 

Fig. 2. Typical output curves of the REDD stack (N = 5, A = 0.0104 m2, Rexternal = 0.6 Ω) under three different 325 

operation conditions that the initial concentrations of HS and DS/LS (cD0=cL0) are set at: (a-b) 0.6 M and 0.02 326 

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) 327 

and (e) represent the concentration of each solution versus the product of operation time and total membrane 328 

area (i.e., Area·Time); (b), (d) and (f) show the discharge current versus Area·Time. The experimental results 329 

are shown as discrete symbols, while the simulation results are plotted as continuous curves. For the 330 

simulation, the recovery was fixed at 0.33. 331 

 332 

4. Simulation results and discussion 333 

In this section, the focus is on the role of membrane properties, operating conditions, 334 

and system configurations in determining the desalination performance of an REDD 335 

stack, based on the theoretical model described in Section 2. Specifically, the 336 

equivalent salt rejection (“rejection” for short in the following context) and the fresh 337 

water recovery (“recovery” for short in the following context) were simulated by Eqs. 338 
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(17) and (18), respectively. The final concentrations of DS were calculated by coupling 339 

the concentration equation (i.e., Eq. (14)) with the total charge transfer (i.e., 340 

( )Q t J Adt=  ) which can be given by the integration of Eq. (3) with time. According 341 

to the mathematical modelling, it is evident that the membrane properties determine 342 

both the electrical driving force (based on Eq. (1)) and the mass transport efficiency 343 

(based on Eqs. (7) ~ (9)), thereby affecting the overall desalination performance. The 344 

operational conditions also play a critical role. For example, the trans-membrane 345 

salinity in REDcell ( 0Hc ) and the volume ratio of the HS over the sum of LS and DS 346 

( HV ) determine the initial electrical driving force (Eq. (1)) and the rate of change of 347 

feed streams salinities. In the current study, the effects of these parameters were 348 

systematically investigated by changing one or more selected parameter(s) at a time 349 

while keeping the others constant. Unless otherwise specified, the following reference 350 

values were applied: 351 

− Initial LS and DS concentrations: 0 D0Lc c= = 0.02 M (representing brackish 352 

water) 353 

− Initial salinity ratio of 0Hc  to 0Dc : 0Hc = 30, i.e., 0Hc  = 0.6 M (representing 354 

seawater) 355 

− Ratio of the DS volume to the total membrane area:  D

AV  = 4.8 L/cm2 356 

− Volumetric ratio of  to the sum of DV and LV : HV = 1 357 

All other simulation conditions are specified in the relevant figure captions. 358 

 359 

4.1 The effects of membrane properties on desalination performance 360 

This section evaluates the role of membrane properties (i.e., membrane permselectivity 361 

HV
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and resistance) in determining the desalination performance of an REDD stack. As 362 

discussed in Section 2.2, membrane permselectivity determines the electrical driving 363 

force (Eq. (1)) and the ionic mass transport which is converted from the electrical 364 

current (Eqs. (7) ~ (9)). In the study, two separate sets of membranes were applied in 365 

the REDcell (RED) and the EDcell (ED), respectively. Correspondingly, the investigation 366 

of membrane permselectivity was conducted for two scenarios: (1) varying RED with 367 

assuming that ED equals to RED; (2) varying ED with fixing RED at its reference value 368 

of 0.9. 369 

 370 

Fig. 3 shows the rejection and the recovery of REDD as a function of the IEMs 371 

permselectivity (i.e., RED = ED). It is evident that both the rejection and the recovery 372 

are enhanced at increased RED. The results agree well with the theoretical analysis that 373 

IEMs with better permselectivity are apparently preferred. This is explained by the  374 

enhanced initial electrical driving force (i.e., higher Enet in Eq. (1)), the slowed 375 

decrease of the salinity gradient in REDcell (i.e., smaller H

massj  in Eq. (7)), and more 376 

efficient ionic transport (i.e., larger D

massj  in Eq. (8)). The discrete points in the figure 377 

correspond to commercial and tailor-made IEMs reported in the literature as shown in 378 

Table A1 of Appendix A. The readers are also referred to Guler et al. [39] for a more 379 

comprehensive discussion of the properties of IEMs. In Figure 3, the membranes 380 

generally have relatively high permselectivity (> 0.8) [33, 34, 39-41]. These 381 

membranes yield a rejection of around 0.9 and a recovery of approximately 0.5. The 382 

slight shift of the discrete points from solid/dashed line in Fig. 3 can be attributed to 383 

the difference between membrane resistance of the commercial/tailor-made 384 

membranes (Appendix A.1, Table A.1) and the assumed membranes with the same 385 
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permselectivities.  386 

 387 

          388 

Fig. 3. Performance evaluation (based on modelling work) of an REDD stack for both commercial and tailor-389 

made membranes (scatters) and for the membranes with an assumed permselectivity (RED = ED) ranging 390 

from 0.2 to 1.0 (solid line in (a) and dashed line in (b)): (a) equivalent salt rejection versus RED at a constant 391 

recovery of 0.33 (solid line); (b) fresh water recovery versus RED at a constant equivalent rejection of 0.8 392 

(dashed line). The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm) is short-circuited with an external load 393 

of 0.6 . The membrane resistance values of the discrete points are adopted from the literature (Appendix 394 

A.1, Table A.1), while the resistance values of solid/dashed line are set as:RCEM
H =RAEM

H = 3 cm2 ,RCEM
D 395 

=RAEM
D = 26 cm2. The initial concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity of 396 

HS is 0.009 m2/mol and DS/LS is 0.012 m2/mol, while the recovery andVH are fixed at 1/3 and 1, 397 

respectively. 398 

 399 

We performed additional simulations to investigate the dependency of the desalination 400 

performance on ED while maintaining a constant RED at 0.9. At a fixed recovery of 401 

0.33 and 0.5 (Fig. 4(a)), increasing ED decreases the rejection monotonically. However, 402 

at higher recoveries of 0.67, rejection increases first then decreases, resulting in an 403 

optimal rejection at relatively low ED values (< 0.4) at each given recovery. Similarly, 404 

at a fixed rejection, the recovery is optimized at a very low ED value (< 0.3) (Fig. 4(b)). 405 
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These results are counter-intuitive: the use of leaky IEM with permselectivity far lower 406 

than commercially available ones in the desalination cells enhances the overall 407 

desalination performance. These surprising results arise from the fact that a high 408 

permeability to co-ions leads to the slowed increase of LS concentration (i.e., smaller 409 

L

massj  in Eq. (9)), thereby maintaining a relatively low electrical barrier in EDcell for a 410 

longer time at the expense of minor losses on the salt removal rate ((i.e., smaller D

massj  411 

in Eq. (8)). As a result, enhanced accumulative mass transfer and ultimately greater 412 

rejection can be achieved. In comparison, using tighter IEMs (i.e., the one with better 413 

permselectivity) in EDcell primarily achieves a faster salt removal, but simultaneously 414 

suffers a sharp increase in LS salinity and thus reduces electrical driving force within a 415 

short time. From this perspective, IEMs with low to moderate permselectivity can be a 416 

better alternative to the existing commercial IEMs for EDcell to optimize the overall 417 

desalination performance. This is of practical relevance due to the fact that leaky IEMs 418 

are generally easy to fabricate and are of high ionic conductivity which will further 419 

increase the energy efficiency of REDD stack.  420 

 421 

        422 

Fig. 4. Performance evaluation (based on modelling work) of an REDD stack for the membranes in the EDcell 423 

with a permselectivity (ED) ranging from 0.2 to 1.0, while fixing the membrane permselecitivity (RED) in the 424 
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REDcell at 0.9: (a) equivalent salt rejection versus ED at a series of recoveries; (b) fresh water recovery versus 425 

ED at a series of equivalent rejection. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H 426 

=RAEM
H = 3 cm2 ,RCEM

D =RAEM
D=  26 cm2) is short-circuited with an external load of 0.6 . The initial 427 

concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and 428 

DS/LS is 0.012 m2/mol, whileVH is fixed at  1. 429 

 430 

Fig. 5(a) presents the relationship between rejection and recovery for various 431 

membrane permselectivity, assuming the same membranes are used in RED and ED 432 

cells (ED = RED = 0.3, 0.6, 0.9, or 1). For each given membrane permselectivity, there 433 

exists a clear tradeoff between the rejection and recovery of the overall REDD stack: 434 

greater rejection is generally obtained at the expense of lower recovery, and vice versa. 435 

Similar tradeoff relationships are also commonly observed in RO-based desalination 436 

plants, where higher recovery results in increased salinity of the brine and therefore 437 

lower apparent salt rejection [42]. Nevertheless, the tradeoff curves in traditional RO 438 

plants are much flatter since the apparent rejection is only mildly affected by the 439 

recovery. The much steep tradeoff lines for the REDD stack implies a narrower 440 

window for operation, which is a critical challenge to be further addressed.   441 

 442 

We further investigated the case of allowing ED to be separately optimized while 443 

fixing RED at 0.9 (Fig. 5(b)). Decreasing ED from 1.0 to 0.3 results in a shift of the 444 

tradeoff line towards to upper right direction in Fig. 5(b), indicating a more favorable 445 

condition for desalination. However, further decrease in its value to 0.1 leads to a 446 

dramatic reduction in rejection/recovery performance. These results further confirm the 447 

findings from Fig. 4 that the use of moderately leaky ion exchange membranes in the 448 

EDcell is beneficial in enhancing the desalination performance of REDD. Indeed, for ED 449 
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ranging from 0.3 to 0.6, rejections of close to 100 % can be achieved for recoveries up 450 

to 0.3, which greatly extends the desalination operating window of the REDD stack. 451 

The current work reveals the feasibility to produce fresh water with high quality at 452 

reasonable recovery by using well-designed membrane stack using IEMs with high 453 

permselectivity in the REDcell and IEMs with moderate permselectivity (e.g., leaky 454 

IEMs) in the EDcell. Even though the use of leaky IEMs in EDcell has the tendency to 455 

slow down the process (Appendix A.2, Fig. A.2), this effect can be compensated by the 456 

low ionic resistance of leaky membranes (Appendix A.1, Fig. A.1 and A.2).  457 

 458 

           459 

Fig. 5. Equivalent salt rejection () (based on modelling work) of an REDD stack for varied fresh water 460 

recoveries () ranging from 0 to 1: (a)  versus γ for membranes in both REDcell and EDcell at a series of 461 

permselectivities (i.e., RED = ED) of 0.3, 0.6, 0.9, 1; (b)  versus γ for membranes in the EDcell at a series of 462 

permselectivities (ED) of 0.1, 0.3, 0.6, 0.9, 1, while fixing the membrane permselecitivity (RED) in the REDcell 463 

at 0.9. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 cm2 ,RCEM
D =RAEM

D=  464 

26 cm2) is short-circuited with an external load of 0.6 . The initial concentrations of HS is 0.6 M and 465 

DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 0.012 m2/mol, whileVH is 466 

fixed at 1. 467 

 468 
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4.2 The effects of system operation conditions on desalination performance 469 

We systematically investigated the effects of concentration ratios of HS over DS ( 0Hc , 470 

up to 300) and volumetric ratios of HS over the sum of LS and DS ( HV , ranging from 471 

0.01 to 10) on desalination performance of REDD. For HV ≥ 0.1, all cases show 472 

nearly identical rejection and recovery behavior (Fig. 6). Both parameters increase 473 

significantly as 0Hc increases up to 60. With further increase in 0Hc , the rejection 474 

asymptotically approaches 1, which is accompanied with further enhanced recovery. 475 

This trend can be explained by greater electrical driving force at higher salinity 476 

gradient. Lower HV (e.g., 0.01 and 0.03) can lead to dramatic reduction in rejection 477 

and recovery performance, which should be avoided. 478 

 479 

        480 

Fig. 6. Performance evaluation (based on modelling work) of an REDD stack with varied ratios of cHS to cLS 481 

(CH0), while the ratios of VH to (VL+VD) (VH) are fixed at 10, 1, 0.1, 0.03 and 0.01: (a) equivalent salt 482 

rejection versusCH0 at a constant recovery of 0.67; (b) fresh water recovery versusCH0 at a constant 483 

rejection of around 0.95. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 484 

cm2 ,RCEM
D =RAEM

D=  26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . 485 

The initial concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 486 

0.012 m2/mol.  487 
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 488 

Additional simulations on the effect of HV at fixed 0Hc values (10, 30 and 300) are 489 

summarized in Fig. 7. For each  0Hc , both rejection and recovery initially increase 490 

strongly with HV  and then reach a plateau. This increase can be attributed to the 491 

enhanced ability of the REDcell to maintain a desirable electrical driving force for a 492 

longer time (Eq. (13)). The plateau of the recovery depends strongly on the 493 

concentration ratio. While a low maximum recovery of 0.2 is obtained at a 494 

concentration ratio of 10, the recovery can be as high as 0.9 at 0Hc = 300. The trend to 495 

the plateau occurs at different volume ratios, with lower HV required for higher 0Hc . 496 

For all case, the transition seems to occur at a HV  0Hc value of approximately 10, 497 

which requires the initial ionic charge in the HS to be an order of magnitude higher 498 

than that in the LS and DS. The rejection behavior follows a similar trend.  499 

 500 

                 501 

Fig. 7. Performance evaluation (based on modelling work) of an REDD stack with varied ratios of VH to 502 

(VL+VD) (VH) while the ratios of cHS to cLS (CH0) are fixed at 300, 30, and 10: (a) equivalent salt rejection 503 

versus VH at a constant recovery of 0.67; (b) fresh water recovery versus VH at a constant rejection of 504 

around 0.95. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 cm2 ,RCEM
D 505 

=RAEM
D=  26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . The initial 506 
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concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 0.012 507 

m2/mol.  508 

 509 

Fig. 8 presents a contour plot of desalination performance of the REDD stack as a 510 

function of 0Hc and HV . Both peak rejection and recovery are attained at the upper 511 

right corner of the plot, indicating a better performance of the REDD stack by using 512 

greater driven force (i.e., greater HV  0Hc ). Particularly, high rejection (e.g.,  > 0.99) 513 

can be obtained at the concentration ratio > 100 and HV  0Hc > 10. Based on these 514 

simulation results, a high concentration ratio (≥ 30) together with a moderate volume 515 

ratio (≥ 0.5) is recommended in order to achieve optimized rejection (e.g.,  ≥ 0.8) 516 

and recovery (e.g.,  ≥  0.5) at the same time. These requirements are further 517 

confirmed by the rejection-recovery tradeoff lines in Fig. 9. Compared to the volume 518 

ratio, the concentration ratio plays a more significant role in extending the operational 519 

window for REDD. A high concentration ratio could potentially be met by co-locating 520 

the REDD process with seawater desalination facilities [6], where REDD treats the 521 

desalination brine to simultaneously mitigate the environmental impacts of brine 522 

discharge and provide driving force for REDD.  523 

 524 

      525 
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Fig. 8. Performance (based on modelling work) of an REDD stack as a function of varied ratios of cHS to cLS 526 

(CH0) and varied ratios of VH to (VL+VD) (VH) (horizontal and vertical axes, respectively): (a) equivalent salt 527 

rejection versusCH0 andVH at a constant recovery of 0.67; (b) fresh water recovery versusCH0 andVH at a 528 

constant rejection of around 0.95. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 529 

3 cm2 ,RCEM
D =RAEM

D=  26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . 530 

The initial concentrations of DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 531 

0.012 m2/mol.  532 

  533 

              534 

Fig. 9. Equivalent salt rejection () (based on modelling work) of an REDD stack with varied fresh water 535 

recoveries () ranging from 0 to 1: (a)  versus   for the ratios (CH0) of cHS to cLS  at 300, 100, 30, and 10, 536 

while fixingVH at 1; (b)  versus  while the ratios (VH) of VHS to (VL+VD) are fixed at 10, 1, 0.1, 0.03 and 537 

0.01. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 cm2 ,RCEM
D =RAEM

D=  538 

26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . The initial concentrations of 539 

DS/LS is 0.02 M; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 0.012 m2/mol.  540 

 541 

4.3 The effects of system configurations on desalination performance  542 

Conventional desalination technology such as RO often uses a multi-stage 543 

configuration to enhance the water recovery. Similarly, a multi-pass configuration can 544 

be used to improve the overall salt rejection. In this section, we explore these strategies 545 

to further optimize the desalination performance of REDD (Fig. 10). In the multi-pass 546 

operation (Fig. 10(a)), the desalinated DS effluent (first pass) is applied as the influent 547 
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to a subsequent REDD process for further removal of salts (second pass). In this 548 

configuration, the LS and HS can be refreshed in the later passes to maintain the 549 

required driving force. As the salt concentration reduces after each additional pass, the 550 

overall rejection improves but the overall recovery decreases (e.g., see the shift of 551 

point A (1 pass) to point B (2 pass) in Fig. 11(a)). The corresponding tradeoff line 552 

shifts slightly outwards as the number of passes increase, particularly over the recovery 553 

range of 0.4 to 0.8. Considering a given overall recovery of 0.6, rejections of 0.88, 0.96, 554 

and 0.99 can be obtained for 1-, 2-, and 3-pass treatment, respectively. Although the 555 

multi-pass operation can slightly extend the operation window for desired 556 

combinations of rejection and recovery, it involves substantially increased capital (e.g., 557 

increased membrane area) and operation cost (e.g., pumping). Therefore, its 558 

application requires an acceptable balance between the technical benefits and cost 559 

considerations.  560 

 561 

In multi-stage operation, the LS effluent (equivalent to the concentrate in conventional 562 

desalination) from an early stage is further treated in a next stage to recover additional 563 

desalted water (Fig. 10(b)). As a result, this treatment can significantly increase the 564 

overall recovery (e.g., see the shift of point C for a 1-stage treatment to point D for a 2-565 

stage treatment in Fig. 11(b)). In the current study, the use of a 3-stage treatment 566 

allows a nearly complete salt rejection up to a recovery of 0.7, which is much wider 567 

compared to the single-stage operation. It is important to note the sharp decline of 568 

overall rejection at higher recovery (e.g., > 0.7 for the 3-stage configuration). In this 569 

case, the use of an overly high recovery in an early stage produces a LS effluent 570 

containing significant amount of salts, which results in dramatically reduced water 571 

quality for the diluent water in the later stage(s) and therefore greatly reduced overall 572 
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rejection. To fully unleash the benefits of the multi-stage operation, the use of overall 573 

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

 575 

 576 

Fig. 10. Schematic diagrams of the REDD systems with two basic configurations: (a) multi-pass mode in 577 

which DS effluent of each pass was applied as the DS inffluent of the next pass, while LS and HS inffluent of 578 

each pass were renewed simultaneously, leading to higher quality of final DS effluent; (b) multi-stage mode in 579 

which LS effluent of each stage was redistributed to both DS and LS water channels of the next stage, while 580 

HS inffluent of each stage are renewed simultaneously, leading to additional recovery of desalinated water. 581 

 582 

         583 

Fig. 11. Equivalent salt rejection () (based on modelling work) versus varied fresh water recoveries () 584 
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(ranging from 0 to 1) of an REDD system with multi-pass or multi-stage configurations: (a)  versus   in 585 

multi-pass operation, 1 pass, 2 pass, and 3 pass. At each pass, the initial concentrations of LS (cL0) and DS 586 

(cD0) are 0.02 M and the concentration of desalinated water in the last pass, respectively; (b)  versus   in 587 

multi-stage operation, 1 stage, 2 stage, and 3 stage. At each stage, both cL0 and cD0 equal to the concentration 588 

of treated LS in the last stage. The REDD stack (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 589 

cm2 ,RCEM
D =RAEM

D=  26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . 590 

The initial concentrations of HS (cH0) is the 30 times of cL0; The molar conductivity of HS is 0.009 m2/ mol 591 

and DS/LS is 0.012 m2/mol, whileVH is fixed at 1. 592 

 593 

5. Implications 594 

In the recent literature, several other hybridization schemes involving desalination 595 

processes and SGE recovery technologies have been reported. One notable example is 596 

the RO-PRO hybrid[43, 44]. According to Yip et al. [26], PRO offers better energy 597 

efficiency compared to RED. Nevertheless, numerous studies have reported high 598 

fouling tendency [45-49] and mechanical instability of membranes [50-52] in PRO 599 

operation where low salinity waste water is convected to and through the membrane. In 600 

this respect, RED may provide more stable operation. A recent pilot RED plant in Italy 601 

did not observe any significant performance loss due to fouling and/or membrane 602 

decay [31]. Additional techniques such as charge reversal, widely used in the field of 603 

electrodialysis for fouling control by switching the ionic solute flow direction [53, 54], 604 

could also be explored to mitigate fouling if required [30, 55]. Furthermore, compared 605 

to the mechanical energy output from PRO that requires the use of pressure exchangers 606 

and hydroturbines in a relatively complex configuration, the direct electricity output 607 

from RED allows a simpler process scheme but also greater versatility in conditioning 608 

the output (e.g., serial vs. parellel connections, voltage amplifications, and DC to AC 609 
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conversion) [56]. Consequently, RED-based hybrid desalination schemes deserve 610 

further attention to fully unleash their potential.  611 

 612 

Although the current study assumes the same membrane areas for the REDcell and the 613 

EDcell, this condition can be relaxed. For example, the use of greater number of 614 

membrane pairs in the REDcell is expected to improve the equivalent salt rejection of 615 

the REDD stack thanks to the greater voltage output available to drive the ED process. 616 

In addition to the batch mode operation used in the current study, further investigations 617 

can be performed on the REDD process operating in a continuous mode. Additional 618 

studies are also required to explore the performance of REDD with various flow 619 

configurations (e.g., the choice of different feed streams, the implementation of partial 620 

recycling, etc.) to optimized system operation. 621 

 622 

6. Conclusion 623 

In this study, we report a novel self-sufficient desalination method based on the 624 

hybridization of RED and ED processes. A model was developed to simulate its 625 

desalination performance, which was verified by a series of bench-scale experiments. 626 

Our modeling work evaluates, for the first time, the rejection-recovery tradeoff for this 627 

novel RED-ED hybrid system. The simulation results demonstrate the general trend of 628 

decreased rejection at higher recovery. More favorable tradeoff curves can be obtained 629 

(1) by using tight IEMs in the REDcell but relatively leaky IEMs in the EDcell and (2) by 630 

applying greater driving force (e.g., using higher 0Hc  and HV ), which significantly 631 

improves the operational window of the REDD. In addition, multi-pass and multi-stage 632 

schemes can be adopted to further enhance system rejection and recovery, respectively. 633 
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Our work highlights the technical feasibility as well as the practical constraints of the 634 

REDD technique, and provides important insights for the further development of this 635 

self-sufficient desalination technology.  636 

 637 
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 643 

List of Symbols 644 

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

R        Gas constant (8.314 J/mol·K) 646 

T         absolute temperature (K) 647 

F         Fraday constant (96485 C/mol) 648 

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

           using in the current study) 650 

cH0       initial concentration of the high salinity stream (HS) (mol/L) 651 

cHt       instant concentration of the high salinity stream (HS) (mol/L) 652 

cHf       final concentration of the high salinity stream (HS) (mol/L) 653 

cL0       initial concentration of the low salinity stream (LS) (mol/L) 654 

cLt        instant concentration of the low salinity stream (LS) (mol/L) 655 

cLf        final concentration of the low salinity stream (LS) (mol/L) 656 

cD0       initial concentration of the diluent stream (LS) (mol/L) 657 

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

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

f           equilibrium constant of the concentration ratio of finalized HS to LS (-)              660 

iz
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J           current density in the REDD stack (A/m2)  661 

Enet        electromotive force generated by the REDD stack (V) 662 

A          cross-sectional area of the ion exchange membranes in the stack (0.0104m2)  663 

    electrical resistance of the REDD stack (Ω) 664 

externalR  electrical resistance of the external load in the electrical circuit (Ω) 665 

CEM

REDR     area resistance of the cation exchange membranes in the REDcell (m2)  666 

AEM

REDR     area resistance of the anion exchange membrane in the REDcell (m2) 667 

CEM

EDR     area resistance of the cation exchange membranes in the EDcell (m2)  668 

AEM

EDR     area resistance of the anion exchange membrane in the EDcell (m2) 669 

s

coT         transport number of the co-ions of a certain ion exchange membrane in   670 

              the bulk solution (-) 671 

m

coT       transport number of the co-ions of a certain ion exchange membrane in the 672 

membrane matrix (-) 673 

s

ctT        transport number of the counter-ions of a certain ion exchange membrane in 674 

the bulk solution (-) 675 

m

ctT       transport number of the counter-ions of a certain ion exchange membrane in 676 

the membrane matrix (-) 677 

  jco       ionic flux of the co-ions of a certain ion exchange membrane (mol/m2 s) 678 

  jct       ionic flux of the counter-ions of a certain ion exchange membrane (mol/m2 s)679 

H

massj    mass flux of the high salinity stream (mol/m2 s) 680 

L

massj     mass flux of the low salinity stream (mol/m2 s) 681 

L

massj    mass flux of the diluent stream (mol/m2 s) 682 

       volume of the high salinity stream (L) 683 

stackR

HV
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        volume of the low salinity stream (mol/L) 684 

        volume of the diluent stream  (mol/L) 685 

q           salt removal efficiency of the REDD stack (-) 686 

0Hc        salinity ratio of 0Hc to 0Dc   (-) 687 

HV          volumetric ratio of  to ( +L DV V ) (-) 688 

D

AV         ratio of DS volume to total membrane area (L/cm2)   689 

 690 

Greek letters 691 

CEM

RED      permselectivity of the cation exchange membranes in the REDcell (-)  692 

AEM

RED      permselectivity of the anion exchange membranes in the REDcell (-)  693 

RED       averaged membrane permselectivity in the REDcell (-) 694 

CEM

ED      permselectivity of the cation exchange membranes in the EDcell (-) 695 

AEM

ED      permselectivity of the anion exchange membranes in the EDcell (-) 696 

ED         averaged membrane permselectivity in the EDcell (-) 697 

         inter-membrane distance of the high salinity stream in the REDD stack (m) 698 

          inter-membrane distance of the low salinity stream in the REDD stack (m) 699 

          inter-membrane distance of the diluent stream in the REDD stack (m) 700 

H          molar conductivity of the high salinity stream (m2/mol) 701 

L           molar conductivity of the low salinity stream (m2/mol) 702 

D          molar conductivity of the diluent stream (m2/mol) 703 

             fresh water recovery of the REDD stack (-) 704 

             equivalent salt rejection of the REDD stack (-)  705 

LV

DV

HV

H

L

D
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Appendix A  867 

A.1. Ion exchange membranes (IEMs) and their critical properties reported in 868 

the context of reverse electrodialysis (RED). 869 

 870 

Table A.1. presents the key parameters of both the commercial and tailor-made ion 871 

exchange membranes which have been investigated and tested in the RED stack. 872 

 873 

Table A.1. A summary of state-of-art ion exchange membranes including commercial and tailor-874 
made membranes reported in the literature. 875 

Membrane pairs Resistancea 

(Ω·cm2) 

 Permselectivityb 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 2.57 0.94 [10] 

P-sPPO/AMX 3.05 0.93 [10] 

a Membrane resistance is measured in an electrolyte solution of 0.5 M NaCl at 25℃. 876 

b Membrane permselectivity is measured over an concentration difference of 0.5 M and 0.1 M 877 
NaCl at 25℃. 878 

 879 

Fig. A.1 shows the membrane permselectivity and ionic conductivity (i.e., 1/R) of the 880 

IEMs reported in previous literature on RED. There is an obvious tradeoff between 881 

membrane permselectivities and their resistance for both commercial and tailored ion 882 

exchange membranes. Specifically, ion exchange membrane with high 883 

permselectivity generally tends to have low ionic conductivity, and vice versa. 884 

 885 

 886 

Fig. A.1 The membrane permselectivity and ionic conductivity of ion exchange membranes reported in 887 

previous literature on reverse electrodialysis.  888 
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 889 

A.2.The effects of membrane resistance on desalination performance of the 890 

energy self-sufficient RED-ED desalination (REDD) stack. 891 

The membrane area (A) and/or time (T) required for achieving an equilibrium state 892 

was represented by the value of A·T product. The dependency of A·T product on 893 

membrane resistance was simulated with increasing membrane permselectivity (ED) 894 

in the EDcell from 0.1 to 0.9 and fixing membrane permselectivity in the REDcell at 0.9. 895 

Fig. A.2 demonstrates that A·T product can be reduced by decreasing membrane 896 

resistance for a specific ED. While the deterioration of membrane permselectivity in 897 

EDcell has an adverse effect on the A·T product.  898 

 899 

 900 

Fig. A.2. The product of membrane area and time (i.e., A·T) required for achieving an equilibrium state 901 

versus membrane resistance, while membrane permselectivity (ED) in the EDcell at 0.1, 0.3, 0.6, 0.9 and 902 

membrane permselecitivity (RED) in the REDcell at a constant value of 0.9. The REDD stack (N = 5, A = 104 903 

cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 cm2 ,RCEM
D =RAEM

D=  26 cm2) is short-circuited with an 904 

external load of 0.6 . The initial concentrations of HS is 0.6 M and DS/LS is 0.02 M; the molar conductivity 905 

of HS is 0.009 m2/ mol and DS/LS is 0.012 m2/mol, while the recovery andVH are fixed at 1/3 and 1, 906 

respectively. 907 
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 908 

A.3. The typical discharge curves of the REDD systems with multi-pass and 909 

multi-stage configurations. 910 

The multi-pass and multi-stage configurations are investigated in the context of RED 911 

for the enhancement on the overall desalination performance. The representative 912 

discharge curves of these two system configurations are presented in Fig. A.3 and Fig. 913 

A.4, respectively, based on the operation scenario of using seawater (0.6 M NaCl) as 914 

HS and river water or brackish (0.02 M NaCl) as LS/DS.  915 

 916 

            917 

Fig. A.3.  Typical discharge curves of an REDD system with 3-pass configuration: DS effluent of each pass 918 

was supplied as DS influent of the next pass, while renewing LS and HS simultaneously.  The REDD stack at 919 

each pass (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 cm2 ,RCEM
D =RAEM

D=  26 cm2, 920 

RED = ED = 0.9) is short-circuited with an external load of 0.6 . The initial concentrations of HS and LS 921 

are 0.6 M and 0.02 M, respectively; the desalinated DS in each pass is further treated in the subsequent step 922 

for higher water quality; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 0.012 m2/mol, 923 

while the recovery andVH are fixed at 1/3 and 1, respectively.   924 

 925 
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          926 

Fig. A.4. Typical discharge curves of an REDD system with 3-stage configuration: LS effluent at each stage 927 

was redistributed to the influent of both DS and LS in the following stage, while refreshing HS 928 

simultaneously.  The REDD stack at each stage (N = 5, A = 104 cm2, H = D = 0.2 mm,RCEM
H =RAEM

H = 3 929 

cm2 ,RCEM
D =RAEM

D=  26 cm2, RED = 0.9, ED = 0.3) is short-circuited with an external load of 0.6 . 930 

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 931 

subsequent step for more desalinated water; the molar conductivity of HS is 0.009 m2/ mol and DS/LS is 932 

0.012 m2/mol, while the recovery andVH are fixed at 1/3 and 1, respectively.   933 

 934 


