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a b s t r a c t
This paper investigated the effect of key parameters such as the number of cell pairs, flow rate, 
temperature, and salt concentration on the power output characteristics of a reverse electrodialysis 
(RED) system. Experiments were carried out to measure the open-circuit voltage (OCV) and maxi-
mum power (Pmax) in a bench-scale RED system. The Nernst–Plank flux equations, together with the 
Donnan equilibrium relations and the electrical neutrality condition, were used to interpret experi-
ments values. Results showed that the OCV and Pmax increased with an increase in the number of cell 
pairs and temperature. Using 20 cell pairs, the OCV and Pmax were 2.75 V and 1.4 W/m2, respectively. 
The flow rate affected the OCV and Pmax but also led to an increase in the pressure drop in the RED 
stack. Thus, the flow rate was suggested to be 60 mL/min with the use of 20 cell pairs in our system. 
The OCV and Pmax were higher at a higher salinity difference between the high salinity and low 
salinity solutions. Nevertheless, the OCV and Pmax were smaller at a higher salt concentration even 
if the salinity gradient between the high and low salinity solutions were the same.

Keywords:  Salinity gradient power (SGP); Reverse electrodialysis (RED); Open circuit voltage (OCV); 
Power density; Model validation

1. Introduction

Increasing concerns about the depletion of fossil fuels 
and environmental issues have led to the necessity for sus-
tainable energy production from renewable sources [1,2]. 
Technologies for harvesting renewable energy such as solar, 
wind, and geothermal sources have attracted great atten-
tion and have developed extensively recently [3]. Recently, 
salinity gradient power (SGP) has sparked global interest 
due to its high potential as a renewable energy source [3–6]. 
SGP is the energy extracted upon the mixing of waters with 
different salt concentrations [4]. In theory, 0.70–0.75 kWh 
(2.5–2.7 MJ) is dissipated when 1 m3 of river water mixes 
with 1 m3 of seawater [7]. Accordingly, the global potential 
of SGP corresponds to about 1.9 TW, which is estimated 
from the amount of water mixing in the world’s estuaries [8].

There are several approaches to exploit SGP, including 
pressure retarded osmosis (PRO) and reverse electrodial-
ysis (RED) [5]. PRO process converts osmotic pressure into 
mechanical energy [3,9] and an additional step is required 
to covert the osmotic power to electricity [10]. On the other 
hand, the RED process directly turns osmotic power into 
electricity and does not require additional conversion [11]. 
Accordingly, RED is more appropriate than PRO if the gen-
eration of electricity from SGP is required. RED uses a stack 
of alternating cation exchange membranes (CEMs) and 
anion exchange membranes (AEMs), in which the chemical 
potential difference between high salinity and low salin-
ity water generates a voltage over the membranes [8]. This 
allows the direct generation of electricity from the salinity 
gradient [12,13]. Although there are pros and cons in PRO 
and RED technologies [3], the focus of this paper is the RED 
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technology due to its ability to generate electricity without 
additional steps.

In RED, a CEM that selectively permeates only cations 
and an AEM that selectively permeates only anions are 
stacked in the RED device [14–18]. If there are high and low 
salinity fluids flowing between the CEM and the AEM, ions 
move through these membranes [13,19], which generate a 
potential inside the stack [12,13]. In the RED module com-
ponent, spacers are placed between the ion exchange mem-
branes [13,20,21]. The efficiency of the RED system largely 
relies on the performance of the ion exchange membranes 
[22,23]. Nevertheless, other design and operating factors 
also significantly affect overall efficiency [24,25].

Up to now, RED technology has evolved by the devel-
opment of RED membranes and spacers, optimization of 
operational conditions, and development of hybrid processes 
[26]. There have been many studies on electrodes, electrode 
solutions, and performance prediction models [13,23,25,27,28]. 
Nevertheless, RED has not been demonstrated in full-scales 
due to its relatively high cost and technological uncertainties. 
Only three pilot plants based on RED technology have been 
constructed and operated: the first one is in Afsluitdijk, the 
Netherlands, by the company RED stack B.V., and the sec-
ond one is in Marsala, Italy, within the European project 
REA Power, and the final one is in Korea institute of energy 
research, Jeju global center, Korea [25,29,30]. To facilitate the 
scale-up and practical implementation of RED, more studies 
are required to make it more cost-effective and reliable.

As one of the steps toward this goal, this paper inves-
tigated the performance of the RED process under various 
operating conditions. Both theoretical and experimen-
tal approaches were taken to examine the effect of design 
and operating parameters such as cell pair, flow rate, tem-
perature, and different salinity gradient on the power out-
put performance of RED. The novelty of this work lies in 
a systematic analysis of RED performance based on the 
experimental works and the mathematical model, which 
will provide insight into the effective design and operation 
of RED processes.

2. Material, methods, and modeling

2.1. Lab-scale RED system

A lab-scale RED system was established to conduct 
experiments. Fig. 1a shows the schematic diagram of the 
RED system. The RED stack consisted of two endplates made 
of acrylic resin and 5–20 cell pairs in experiments. The RED 
stack was provided by Jeju Global Research Center, Korea 
Institute of Energy Research, and its details are presented 
in the literature [31]. Ion exchange membranes (IEMs) are 
stacked between the electrodes. The photography of the 
lab-scale RED system is presented in Fig. 1b.

The IEMs purchased from Fujifilm (Type-1, Fujifilm 
Manufacturing Europe, Netherlands) were used. The char-
acteristics of these membranes are summarized in Table 1. 
The thicknesses of CEM and AEM were 125 and 124 mm, 
respectively. Their area resistances were 1.87 and 1.08 Ω cm2, 
respectively. The transport numbers for the CEM and AEM 
were 0.952 and 0.963, respectively. The CEMs and AEMs 
are stacked sequentially and CEMs are located at the 
ends of cells pair as the shielding membranes.

Fig. 2 illustrates the cell pair of the stack. The mem-
branes were separated from each other by a gasket and 
spacer. The gasket is made of polytetrafluoroethylene and 
has a thickness of 100 μm (Tommy Hecco, South Korea). 
The spacer is in the form of a mesh with 81.3% open 
area and a thickness of 100 μm (DS Mesh, South Korea) 
to prevent contact between membranes and to provide a 
channel for the feed solutions [32]. Between the shield-
ing membrane (CEM) and the electrode, a different spacer 
(thickness 0.5 mm, Sefar, Korea) was used [33,34]. For 
electrode rinse solution, 50 mM of ferrocyanide and fer-
ricyanide (K4Fe(CN)6/K3Fe(CN)6) solution was used. 
The effective membrane area is 0.0019 m2 per cell.

The open circuit voltage (OCV) and power were mea-
sured by a source meter (Keithley 2401, SnM South Korea). 
Microflow pump (Lebanon, South Korea) were used to run 
the experiment at low flow conditions. The electrical con-
ductivities of the high salinity and low salinity solutions 
passing through the RED stack were measured using a 
conductivity meter (WTW 3420, Germany).

2.2. Preparation of high salinity and low salinity solutions

The high salinity and low salinity solutions were 
prepared using deionized water and sodium chloride 
(NaCl). The NaCl (provided by Samchun South Korea) 
concentrations of the high salinity solutions (CHC) were 
0.6, 0.9, and 1.2 M. On the other hand, the NaCl concen-
tration of the low salinity solutions (CLC) was 5.0 × 10–5 M, 
0.21, and 0.6 M, respectively. Each pair of the CHC and CLC 
simulates a scenario for the operation of RED systems. 
Table 2 summarizes the four pairs of the CHC and CLC.

2.3. Experimental conditions

The operating conditions for the RED experiments are 
also presented in Table 2. The cell pair, flow rate, concentra-
tion, and temperature were selected as the operational vari-
ables. The number of stacks was changed to 5, 10, 15, and 20, 
and the flow rates of the high salinity and low salinity solu-
tions varied to 10, 20, 30, and 40 mL/min. In all experiments, 
the flow rate of the high salinity solution was set to be equal 
to that of the low salinity solution. The effect of the tempera-
ture was examined by varying it to 293, 313, and 333 K.

2.4. Model development

A simple model based on the Nernst’s equations was 
developed to describe the phenomena occurring inside the 
cell in the RED system. The following considerations were 
taken into account: (1) continuously current flow distribu-
tion, (2) High salinity (HS) and low salinity (LS) streams 
are aqueous sodium chloride solution, and (3) the parame-
ters required to obtain the OCV and gross power are eval-
uated under average conditions between the inlet and the 
outlet [35]. Eq. (1) shows the cell voltage equations which is 
evaluated through the Nernst equation.
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where αCEM and αAEM are the permselectivity of cation 
and anion membranes respectively, F is Faraday’s con-
stant (96,485 C mol–1), R is the Universal gas constant 
(8.31 J mol/K), T is the temperature (K), C is the ion con-
centration (mol m–3), z is the valence and γ is the activ-
ity coefficient. This coefficient is determined by Debye–
Hückel (0 < C < 1 M [36] or Pitzer (C > 1 M) equations [31]. 
The gross power, P, is calculated as the product of the output 
voltage and the electrical current, as shown in Eq. (2). The 

current was calculated by average current density on the cell 
length and the membrane area.

P E I= ⋅  (2)

The resistance of the red stack is the sum of the resis-
tances for each cell in the stack. Internal losses in cell pairs 
are mainly divided into ohmic and non-ohmic resistors. 
Thus, Ri could be determined experimentally using the 
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Fig. 1. (a) Schematic diagram of RED experimental equipment and (b) photography of the experimental setup.
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electronic load. Vermaas et al. [37,38] explained this proce-
dure in detail in previous works.

R x R x R xi ( ) = ( ) + ( )ohmic non-ohmic  (3)

Eq. (4) shows that the ohmic resistance. Rohmic is deter-
mined by the membrane characteristics and compartment 
resistance of the HS and LS solutions.
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where RCEM and RAEM are the membrane resistances (Ω m2), 
β is the mask factor of the membrane, ε is the porosity of 
the spacers (–), hHS, and hLS are intermembrane distances, 
and kHS and kLS are the electric conductivity of HS and LS 
solutions.

R x R x R xcnon-ohmic BL( ) = ( ) + ( )∆  (5)

where R∆c contributes to the resistance of the concentration 
change between the inlet and outlet. R∆c is calculated based 
on Eq. (5).
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where ALS(x) and AHS(x) is area resistance due to bulk 
concentration.
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where tres is resistance time inside the stack. tres is calculated 
by Eq. (8).
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where b is the width of the cell (m), L is the length of the cell 
(m). A MATLAB code was developed by combining the above 
equations, allowing the calculation of the OCV and power.

3. Results and discussions

3.1. Effect of the number of cell pairs

Fig. 3 shows the polarization curve of the RED system 
with a different number of cell pairs. The HS and LS solu-
tions were the NaCl 35,000 mg/L solution and deionized 
water. The flow rates for the HS and LS solutions were 
set to 10 mL/min. As illustrated, the electrical potential 
decreases as an increase in the current, which is a typical 
pattern in RED systems. The OCV, which is the difference 
of electrical potential between two electrodes without any 
external load, was determined when the current was 0 A.

Table 3 summarizes the OCV values obtained from 
Fig. 3 at a different number of the cell pairs. It is evident 
from the results that the OCV is higher with a larger number 

Table 1
Characteristics of ion exchange membranes

Conditions Specifications

Manufacture
CEM Fujifilm (Type-1, Manufacturing 

Europe, Netherlands)AEM

Thickness (μm)
CEM 125
AEM 124

Area resistance 
(Ω cm2)

CEM 1.87 ± 0.01
AEM 1.08 ± 0.02

Transport number 
(–)

CEM 0.952
AEM 0.963

Fig. 2. Schematic diagram of the RED stack.
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of cell pairs. For example, the OCV was 0.8 with 5 cells 
and increased by 3.43 times with 20 cells. As the number 
of pairs increased, the OCV increased linearly. The exper-
imental results were also compared with the model cal-
culation (OVCsim). When the number of the cell pairs was 
small, the model matched the experimental results well. 
As the number of the cell pairs increases, however, the 
error between the experimental results and the model cal-
culations increases. This can be explained by the effect of 
concentration in the cell. In fact, the concentration increases 
at the outlet of the LS solution with an increase in the 
number of stacks. Since the model could not accurately 

reflect these phenomena, the deviations occur. Further cal-
ibration of the model may reduce them. Nevertheless, the 
current model can still reasonably describe the behaviors in 
OCV in the RED system.

In addition to the OCV, the gross power was also esti-
mated from the power curves, which show the depen-
dence of the power as a function of the current density. 
The experimental results and the model fits are shown 
in Fig. 4. The HS and LS solutions were also the NaCl 
35,000 mg/L solution and deionized water. With an increase 
in the current density, the power increases and then 
decreases, resulting in the maximum power value in each 
case. For instance, the maximum power with the 5 cells 
is 0.02 W at the current density of 1.02 W/m2. Overall, 
the maximum power increases as the number of cell 
pairs increases. The model fits were also carried out and 
the results are illustrated as solid curves in Fig. 5. Again, 
the model reasonably matches the experimental results. 
The deviations between the experiments and the model 
calculations also increase with an increase in the number 
of cell pairs. This can be explained by the concentration 
effect that was previously mentioned.

Table 4 summarizes the dependence of the maximum 
power on the number of cell pairs. The maximum power 
density changes from 0.02 to 0.11 with an increase in the 
number of cell pairs from 5 cells to 20 cells. The model 
estimated the maximum power well and the error ranges 
from 5.1% to 9.1%. It appears that the model accuracy was 
slightly higher for the estimation of the maximum power 
density than for the OCV. This suggests that the concen-
tration effect is less influential on the maximum power 
density than on the OCV.

3.2. Effect of flow rate

Fig. 5a shows the dependence of OCV on the flow 
rates of the HS and LS solutions in the RED system with 
10 cells. The symbols indicate the experimental data while 
the solid curve represents the model results. As illustrated, 
the OCV increases with an increase in the flow rate of up 
to 40 mL/min. But a further increase in the flow rate does 
not result in an increased OCV. In general, an increase in 
the feed flow rates leads to higher OCV because the resi-
dence time for ion exchange is lower keeping a higher 
salinity gradient along with the cell [33]. However, the 
OCV cannot be proportional to the flow rate since the num-
ber of cell pairs is a limiting factor. When the number of 
cell pairs is 20, the OCV increases with the flow rate up to 
60 mL/min, as shown in Fig. 5b. This implies that the opti-
mum flow rate to have high OCV exists depending on the  
system.

The model calculations were compared with the exper-
imental results in Table 5. The model can properly show 
the effect of the flow rate on the OCV. Again, the errors 
of the model calculation are slightly higher at a low flow 
rate. But the differences between the model and experi-
mental results decrease as the flow rate increases. This is 
attributed to the reduction in the salt concentration at the 
end of the stack by the increased flow rate. This suggests 
that the accuracy of the model calculation increases with 
an increase in the flow rate.

Table 2
Summary of experiment conditions

Conditions Value

Cells pair (stack) 5, 10, 15, 20
Area of one membrane 
(m2)

0.002

QHC (mL/min) 10, 20, 30, 40
QLC (mL/min) 10, 20, 30, 40

CHC/CLC (M)

0.6/0.00005 M (seawater/freshwater)
1.2/0.00005 M (brine/freshwater)
0.9/0.21 M (brine/brackish water)
1.2/0.6 M (brine/seawater)

Temperature (K) 293, 313, and 333 

Table 3
Dependence of OCV on the number of cell pairs

Number of cells pairs OCV (V) OCVsim (V) Error (%)

5 0.8 0.8 0
10 1.47 1.58 7
15 2.17 2.18 1
20 2.75 3.5 21
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Fig. 3. Polarization curve of the RED system with a different 
number of cell pairs (red: 5 cells; yellow: 10 cells; green: 15 cells; 
blue: 20 cells).
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The flow rate may also affect the power generation in 
RED as well as the OCV. Table 6 compares the power curves 
at different flow rates in the RED system. With the number 
of cell pairs of 10, the power generation does not seem to 

increase by increasing the flow rate. Instead, the pressure 
drop inside the stack increases with the flow rate. This sug-
gests that the net energy generated by the RED system may 
be lower at a higher flow rate. With the use of 20 cells, the 

 

                                                           

(a) (b)

(c) (d)

Fig. 4. Dependence of power on current density in a different number of the cell pairs (symbol: experimental data; solid curve: 
model calculations) (a) 5 cells, (b) 10 cells, (c) 15 cells, and (d) 20 cells.

(a) (b) 

Fig. 5. Dependence of OCV on flow rate (symbol: experimental data; solid curve: model calculations) (a) 10 cells and (b) 20 cells.
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power slightly increases with the flow rate but the pressure 
drop also increases. Again, it appears that an increase in the 
flow rate over 20 mL/min is effective to increase the power 
generation even with the use of 20 cells. It should be noted 
that there is an optimum flow rate depending on the number 
of cell pairs.

As a result of the flow rate, the Pmax was less sensitive to 
the flow rate. With 10 cells, the Pmax was not affected by the 
flow rate. With 20 cells, however, the Pmax slightly increased 
with the flow rate. Nevertheless, the pressure drop inside the 
channel in the RED stack increased with an increased flow 
rate, suggesting that the flow rate should be optimized by 

considering the number of the cell pairs and the pressure 
drop.

3.3. Effect of temperature

The current dependent variations in voltage and power 
are shown in Fig. 6 for several temperatures including 293, 
313, and 333 K. The temperature increases both the volt-
age and power. With an increase in the temperature from 
293 to 313 K, the power goes up by 12%. A further increase 
of up to 333 K results in the power increase by 16%. The 
OCV was determined from the voltage curve. The OCV 

Table 4
Dependence of power on the number of cell pairs

Number of 
cells pairs

Power (W) Powersim (W) Flow rate Temperature High salinity 
solution

Low salinity 
solution

5 0.02 (1.02 W/m2) 0.02 (1.02 W/m2) 10 mL/min

293 K
35,000 ppm 
(NaCl)

DI water
10 0.05 (1.27 W/m2) 0.053 (1.35 W/m2) 10 mL/min
15 0.078 (1.32 W/m2) 0.082 (1.39 W/m2) 10 mL/min
20 0.11 (1.4 W/m2) 0.12 (1.52 W/m2) 10 mL/min

Table 5
Effect of flow rate on OCV for RED systems with 10 and 20 cells

Flow rate OCVexp (V) OCVsim (V) Error (%) OCVexp (V) OCVsim (V) Error (%)

10 cells 20 cells

10 mL/min 1.4 1.58 12.9 2.7 3.5 29.6
20 mL/min 1.5 1.63 8.7 3.0 3.5 16.7
30 mL/min 1.6 1.68 5.0 3.1 3.5 12.9
40 mL/min 1.7 1.72 1.2 3.2 3.5 9.4
50 mL/min 1.7 1.75 2.9 3.3 3.5 6.1
60 mL/min 1.7 1.75 2.9 3.4 3.5 2.9
70 mL/min 1.7 1.75 2.9 3.4 3.5 2.9
80 mL/min 1.7 1.75 2.9 3.4 3.5 2.9
90 mL/min 1.7 1.75 2.9 3.4 3.5 2.9
100 mL/min 1.7 1.75 2.9 3.4 3.5 2.9

Table 6
Effect of flow rate on Pmax for RED systems with 10 and 20 cells

Number of  
cell pairs

Flow rate Pmax (W) Pressure  
drop (bar)

Temperature HS solution LS solution

10 cells

10 mL/min 0.051 0.7

293 K
35,000 ppm 
(NaCl)

3 ppm 
(DI water)

20 mL/min 0.057 1.35
30 mL/min 0.054 2.1
40 mL/min 0.049 2.8

20 cells

10 mL/min 0.08 0.3
20 mL/min 0.11 0.61
30 mL/min 0.12 0.94
40 mL/min 0.12 1.16
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values were 1.4 V at 293 K, 1.6 V at 313 K, and 1.8 V at 
333 K, respectively. This is attributed to a decrease in mem-
brane resistance by increasing temperature [39]. Previous 
works [23,33] also report a significant increase in the RED 
performance as the temperature increased from 283 to 
293 K. In Table 7, the model calculations for the OCV and 
power at different temperatures were compared with the 
experimental results. The model matches the OCV and 

power well. The temperature increases both the voltage 
and power, which is attributed to a decrease in membrane 
resistance by increasing the temperature [40].

3.4. Effect of concentration

Depending on the types of the application, the HS and 
LS solutions for RED systems are different. For instance, 

 

 

                                  (c) (d) (c) (d)

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 6. Polarization and power curves at different temperatures (a) polarization curve at 293 K, (b) power curve at 293 K, 
(c) polarization curve at 313 K, (d) power curve at 313 K, (e) polarization curve at 333 K, and (f) power curve at 333 K.



37J. Ju et al. / Desalination and Water Treatment 191 (2020) 29–39

seawater may be used as the HS solution and freshwater 
such as river water or reclaimed wastewater may be used 
as the LS solution. If RES is used in a desalination plant, 
brine from the SWRO process is used as the HS solution 
and other low salinity water sources are used as the LS solu-
tion. In this study, four scenarios are considered: seawater 
(HS)/fresh water (LS), brine (HS)/fresh water (LS); brine 
(HS)/brackish water (LS); and brine (HS)/seawater (LS). In 
each case, the salt concentrations for the HS and LS solu-
tions were adjusted to simulate the scenario. As shown in 
Fig. 7, the RED experiment was performed at 293 K with 

a flow rate of 10 mL/min. The results are summarized in 
Table 8. As expected, the OCV and Pmax were higher at a 
higher salinity difference between the HS and LS solutions. 
The highest OCV and Pmax were obtained in the scenario 
of brine (HS)/fresh water (LS). On the other hand, only 
negligible OCV and Pmax were observed in the scenarios 
of brine (HS)/brackish water (LS); and brine (HS)/seawa-
ter (LS). The model results in good agreement with the 
experimental data with the errors ranging from 0% to 18%.

It should be noted that both the salinity gradient and the 
salt concentrations are important factors affecting the power 

  

  

  

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Polarization and power curves at different concentrations. (a and b) Polarization and power curves (HSS: 70,000 mg/L, 
LSS: 50 mg/L), (c and d) polarization and power curves (HSS: 52,500 mg/L, LSS: 12,500 mg/L), (e and f) polarization and power 
curves (HSS: 70,000 mg/L, LSS: 35,000 mg/L).
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generation by the RED system. In the scenarios of seawa-
ter (HS)/freshwater (LS) and brine (HS)/seawater (LS), the 
net salinity difference is 35,000 mg/L. Nevertheless, the 
Pmax for seawater (HS)/freshwater (LS) is much higher than 
that for brine (HS)/seawater (LS). This is because the volt-
age loss due to ion exchange between HS and LS solutions 
increases with an increase in the concentration. In addition, 
the permselectivity of ion exchange membranes is reduced 
by an increase in the concentration. Similar results were 
reported in the literature [36]. As a result, the OCV and 
Pmax were higher at a higher salinity difference between the 
HS and LS solutions. Nevertheless, the OCV and Pmax were 
smaller at a higher salt concentration even if the salinity 
gradient between the HS and LS solutions were the same.

4. Conclusions

In this study, the effect of operating conditions on the 
performance of a RED system was theoretically and exper-
imentally investigated. It was found that the OCV and Pmax 
were higher with a larger number of cell pairs. The OCV 
increased with an increase in the flow rate up to a certain 
value but a further increase in the flow rate was not effective. 
On the power hand, the Pmax was less sensitive to the flow 
rate. An increase in the temperature and salinity gradient 
results in increased OCV and Pmax. The model reasonably 
matched the experimental results. Based on these findings, 
it is recommended to increase the number of the cell pairs 
and salinity gradient to achieve high performance in the 
RED system. Nevertheless, the optimum flow rate should 
be determined by considering its effectiveness on the RED 
performance.
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