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Abstract 

Reverse electrodialysis (RED) is a technology to generate power from mixing waters with different salinity. The net 
power density (i.e. power per membrane area) is determined by 1) the membrane potential, 2) the ohmic resistance, 3) 
the resistance due to changing bulk concentrations, 4) the boundary layer resistance and 5) the power required to 
pump the feed water. Previous power density estimations often neglected the latter three terms. This paper provides a 
set of analytical equations to estimate the net power density obtainable from RED stacks with spacers and RED 
stacks with profiled membranes. With the current technology, the obtained maximum net power density is calculated 
at 2.7 W/m2. Higher power densities could be obtained by changing the cell design, in particular the membrane 
resistance and the cell length. Changing these parameters one and two orders of magnitude respectively, the 
calculated net power density is close to 20 W/m2.  
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of Technoport and the 
Centre for Renewable Energy 
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1. Introduction 

Reverse electrodialysis (RED) is a technology to generate electricity from the salinity difference between 
two solutions, e.g. seawater and river water. The principle of RED is illustrated in Fig. 1. A RED system 
is composed of ion exchange membranes and compartments for seawater and river water (in alternating 
order). The ion exchange membranes are selective for either cations or anions. The salinity difference 
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between seawater on one side and river water on the other side of the membrane creates a potential 
difference. Multiple cells, each comprising a cation exchange membrane (CEM), a seawater 
compartment, an anion exchange membrane (AEM) and a river water compartment, can be piled up to 
increase the voltage. Electrodes at both ends of the pile facilitate a redox reaction, which generates an 
electrical current to power an external device.  
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Figure 1. Principle of reverse electrodialysis (RED)  
 
The global potential for salinity gradient power is large. Each cubic meter of river water can generate 1.4 
MJ of energy when mixed with equal amounts of seawater , and over 2 MJ 
when mixed with an excess of seawater [1]. The global runoff of river water into the sea has a potential to 
generate more than the prospected global electricity demand for 2012 [2]. Moreover, the power output 
from RED could be controlled by regulating the water flow, especially when a lake is available for fresh 
water storage. As such, salinity gradient energy can be stored and used when the power production from 
sun and wind is at a low level. 
Recent developments improved the experimentally obtained power density (i.e. power per membrane 
area) for representative seawater and river water, to a maximum value of 2.2 W/m2. When taking into 
account the energy spent for pumping the water, a maximum net power density of 1.2 W/m2 was found 
[2]. The increase in practical net power output in RED to a value of 1.2 W/m2 was obtained by optimizing 
the intermembrane distance, imposed by spacers. Thinner spacers improve the power output, but also 
increase the power consumption for pumping the feed waters through the thin compartments between the 

[2].  
The non-conductive spacers obstruct the transport of feed water and reduce the ion transport and 
consequently the power output. To solve this issue, we proposed a spacer-free design that uses profiled 
membranes, supplied with straight ion conductive ridges, to integrate the membrane and spacer 
functionality. With these profiled membranes, the pumping losses were reduced by a factor of 4 and the 
absence of the non-conductive spacers reduced the ohmic resistance significantly [3]. On the other hand, 
the boundary layer resistance increased when using profiled membranes. Nevertheless, the net power 
density was approximately 10% higher than when a stack with spacers was used [3]. A design with 
profiled membranes not only increases the maximum value of the net power density, but also shifts the 
maximum to higher flow rates [3] and enables lower intermembrane distances.  
The present work aims to estimate the optimum intermembrane distance and flow rate to reach the 
maximum net power density obtainable in RED, for designs with spacers and designs with profiled 
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membranes. The power is estimated using theoretical equations for the produced stack voltage, stack 
resistance and pumping power. Previous attempts [4-6] to estimate the maximum power density did not 
include estimations for the boundary layer resistance. However, experiments indicate that the maximum 
net power density can be found for relatively small intermembrane distances and using profiled 
membranes [2, 3]. Under these conditions, the boundary layer resistance cannot be neglected. This 
research demonstrates how the boundary layer resistance can be estimated based on the practical 
parameters residence time and intermembrane distance.  
The remaining of this paper will describe the individual components (electromotive force, ohmic 
resistance, boundary layer resistance and pumping power) that are required to calculate the net power 
density. The calculated boundary layer resistance is calibrated using several data sets from previous 
research [2, 3]. Using these components, the optimum conditions for a maximized net power density and 
the sensitivity of the individual design parameters are shown. 
 
Nomenclature 

b width between profiled ridges (m) 
c concentration of feed water (mol/liter) 

dh hydraulic diameter (m) 

E electromotive force (V) 

F faraday constant (96485 C/mol) 

h intermembrane distance (m) 

j current density (A/m2) 

Nm number of membranes (-) 

p pressure difference over feed water 

compartment (Pa) 

Pnet net power density (W/m2) 

R universal gas constant (8.31 J/(mol·K)) 

Rohmic o 2) 

RBL b 2) 

R  area resistance due to bulk 

concen 2) 

Ssp/Vsp  ratio between the surface and volume 

of the spacer filaments (1/m) 
T temperature (K) 

tres residence time (s) 

v velocity (m/s) 

z valence of ions (-) 

 membrane permselectivity (-) 

 mask factor (-) 

 activity coefficient (-) 

 porosity (-) 

 (non-ohmic) overpotential 

 feed water conductivity (S/m) 

 viscosity of water (Pa·s)
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2. Theory 

2.1. Voltage 

The salinity difference over each membrane creates a potential difference which is given by the Nernst 
equation. The electromotive force over a series of Nm membranes, each with an apparent permselectivity 

, is given by: 
 

riverriver

seasea
m c

c
Fz
TRNE ln        (1) 

 
In which E is the electromotive force (V), R is the universal gas constant (8.31 J/(mol·K)), T is the 

absolute temperature (K), z is the valence of the ions (-), F is the Faraday constant (96485 C/mol),  is the 
activity coefficient (-) and c is the concentration at the membrane-solution interface (mol/liter). The 
subscripts sea and river indicate the solution on either side of the membrane.  

The produced voltage drives an electrical current when an external circuit is connected. Due to the 
ohmic resistance of the stack itself, the voltage over the electrodes will decrease. At a current density j 
(A/m2), the voltage U (V) is given by: 

 
jREU ohmic          (2) 

 
In which Rohmic is the ohmic area resistance 2). When no current is applied, the electromotive 

force E can be estimated using the inflow concentrations of the feed waters in eq. 1. This voltage is 
referred to as the open circuit voltage EOCV. When a current is applied, ions are transported from the salt 
water side through the membranes to the fresh water side, and the concentration within each compartment 
changes. The concentration difference at the membrane-solution interfaces will be smaller than the 
concentration difference between the seawater and river water at the inflow. As a consequence, the 
electromotive force will be lower than EOCV. This decrease in potential can be subdivided into a 
contribution due to the concentration change in the boundary layers, BL, and a contribution due to the 
concentration change in the bulk of the solution, C. In fact, BL considers the concentration gradient 
perpendicular to the membrane surface within each compartment (assuming developed boundary layers), 
while C considers the concentration gradient parallel to the membranes. Including these two potential 
losses, the voltage over the stack is given by:  

 
jREU ohmicBLCOCV        (3) 

 
In which EOCV, BL and C are in Volt. The losses due to boundary layer effects and concentration 

changes in the bulk can be compared to the ohmic loss when BL and C are divided by the current 
density, i.e. interpreting both as a (non-ohmic) resistance:  

 
jRRREU BLCohmicOCV        (4)  



174   D.A. Vermaas et al.  /  Energy Procedia   20  ( 2012 )  170 – 184 

The next part gives a mathematical description on how to estimate the contribution of each of the 
individual resistance factors Rohmic, R C and RBL. 

2.2. Resistance 

When spacer effects are neglected, the ohmic resistance is determined by the membrane resistance, the 
water conductivity and the intermembrane distance [7, 8]. However, the non-conductive spacer does have 
a significant effect on the ohmic resistance because it blocks part of the membrane area (spacer shadow 
effect) [9] and imposes a tortuous ionic flow in the water compartments [1, 10]. A more accurate way to 
estimate Rohmic is to include the porosity , and a mask fraction  that accounts for the spacer shadow 
effect [1]. Including these effects, the ohmic resistance can be estimated by [1]: 

 

electrodes
river

river

sea

seaCEMAEMm
ohmic R

hhRRN
R

22112     
(5) 

In which RAEM and RCEM are the area 2), 
respectively, h is the intermembrane distance (m),  is the electrolyte conductivity (S/m) and Relectrodes is 
the (ohmic) resistance of both electrodes and their 2). The spacer porosity , and the 
mask fraction  are dimensionless. Their values vary between 0 and 1; a completely open compartment 
would give  = 1 and  = 0, whereas a solid spacer would be represented by  = 0 and  = 1. The porosity 
is squared in eq. 5, because two effects play a role: 1) the spacer filaments block a certain fraction of the 
compartment, so the current density is intensified in the pores and 2) the spacer filaments force a longer, 
tortuous path for the electrical current. The geometry of the spacer filaments influences the exact relation 
between the electrical resistance and the porosity. As a first approximation,  is squared in eq. 5, in 
accordance with previous research [1]. 

R C can be estimated from the concentration change due to charge transport. Assuming a linear 
decrease of the electromotive force between feed water inlet and outlet, and neglecting changes in activity 
coefficients due to ion exchange, R C can be estimated from [2]: 

 

sea

riverm
C A

A
jFz

TRNR ln
2

        (6) 

 

In which 
riverriver

res
river chF

tjA 1 and 
seasea

res
sea chF

tjA 1 , in which tres is the residence time 

of the feed water in the stack (s). Fig. 2 shows the calculated R C versus tres/h using the combined 
experimental data of Vermaas et al. [2, 3]. Both data sets were obtained from a stack with 5 RED cells, 
with an electrode dimension of 10 cm by 10 cm and using artificial seawater (0.510 M) and river water 
(0.017M). The first data set contained 4 different intermembrane 
using spacers [2], whereas the other data set compared the use of profiled membranes and spacers, both 
with an intermembr [3]. For all data, the current density was chosen such that the 
power density was maximized.
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Figure 2. R C as function of the residence time of the feed water in a RED stack (tres) divided by the intermembrane distance h. Data 
adopted from [2, 3] led 
membranes. 

 
Fig. 2 shows that the data from different stacks are close to a unified line when scaled to tres/h. The 

slight deviations are due to differences in current density, which are a combined effect of the 
electromotive force and the ohmic resistance. Even without eq. 6, the dependency on tres/h could be 
expected. The cumulative ion transport from a volume of seawater to a volume of river water increases 
with the residence time, while the effect on the concentration is inversely proportional to the water 
volume, thus to the intermembrane distance. The experimental data in Fig. 2 show a linear fit with R2 = 
0.97. This linearity cannot be derived from eq. 6 a priori, due to the fractions and the logarithm. 
Apparently, instead of eq. 6, a linear approach would estimate R C closely. This work uses the more 
complex, but more physical, formulation from eq. 6. 

The boundary layer resistance RBL is dependent on the change in concentration at the middle of a 
compartment and the concentration at the membrane-solution interface [7]. RBL was not estimated 
theoretically before for applications in RED using input parameters only. Previous research showed that 
RBL reduces when the velocity of the feed water increases, since higher velocities improve the mixing rate 
[2, 3, 8, 9]. Ramon et al. [5] suggested a relation with the Reynolds number, Schmidt number, diffusion 
coefficient and hydraulic diameter. However, when the experimental data [2, 3] are combined, these do 
not correlate well (R2<0.5), neither with the feed water velocity, nor with the flow rate, Reynolds number, 
Sherwood number or the suggested relation of Ramon et al. [5]. A new, physically based approach is 
proposed in this research. The mixing in the boundary layers can be assumed proportional to the 
momentum exchange toward the membrane, which is proportional to the velocity shear at the membrane-
solution interface [11] (i.e. the velocity gradient perpendicular to the membrane). Therefore, RBL can be 
expected to be inversely proportional to the velocity shear at the membrane-solution interface: 

 
1

. interface ol.smembr
BL dy

dvR         (7) 
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In which v is the local velocity magnitude (m/s) and y is the coordinate perpendicular to the membrane 
(m). For laminar uniform flow (Poiseuille flow), this yields [11]: 

 

L
ht

v
hR res

average
BL          (8) 

 
In which vaverage is the average velocity (m/s) and L is the cell length (m), i.e. the average path length of 

the feed water in each compartment. 
Experimental data from [2, 3] are used to show the relation between RBL  and tres·h/L. For simplicity, 

the compartments with spacers are considered as straight flow channels, disregarding the volume of the 
spacers. Fig. 3 shows the calculated values for RBL for a) stacks with several spacer thicknesses and b) 
stacks with profiled membranes. 

 

 
Figure 3. RBL as function of tres·h/L for RED stacks with a) different intermembrane spacer thicknesses and b) profiled membranes 
[2, 3]. 

 
Although the data start to deviate from the linear fit for larger values of tres·h/L, most values for RBL are 

on a reasonable linear line, especially considering that the difference between the thinnest and thickest 
spacer is a factor 8. Scattering is explained by non-ideal uniform flow (near profiled ridges and spacer 
filaments) and the relatively large error of RBL in the measurements. RBL is derived from the difference 
(Rtotal  Rohmic  R C), each contribution with a certain error. The values for Rtotal and R C are largest for 
high tres, so the error in RBL increases when tres·h/L increases. In addition, the different spacers have minor 
changes in spacer mesh size, mesh angle and porosity, which may also influence the mixing rate [12]. 

Fig. 3 also shows that RBL is clearly higher when profiled membranes are used compared to a design 
with spacers. For spacers, RBL can be approximated by:  

 

05.062.0
2 L

ht
N

R res
m

BL         (9) 
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while for profiled membranes the data best fit: 
 

35.096.0
2 L

ht
N

R res
m

BL         (10) 

 
These equations show that the linear fit for the stack with profiled membranes does not intersect the 

origin, whereas the trendline for the stack with spacers does approach the origin. This unexpected 
behavior for profiled membranes might be caused by preferential flow paths. Small irregularities on a 
profiled membrane may prevent flow through that complete channel, whereas in the case of spacers water 
can flow around such an obstruction. 

2.3. Pumping losses 

A part of the obtained power is required to pump the feed waters through the stacks. This pumping 
power can be calculated from the pressure drop over the inlet and outlet of the feed waters and the flow 
rate of the feed waters. In the most ideal case, for a laminar, fully developed flow in an infinite wide 
uniform channel, the pressure drop can be estimated using the Darcy-Weisbach equation [11]: 

 

2

2

2 41
1212

hres dt
L

h
vLp         (11) 

 
In which dh is the hydraulic diameter of the channel (m). In the case of an infinite wide channel this 

hydraulic diameter equals 2h [13].  
The experimental pressure drops are significantly higher than this idealized case. The experimentally 

determined pressure drop in a stack with profiled membranes was approximately 20 times higher than the 
idealized equivalent values, whereas the spacers showed pumping losses of more than 80 times the values 
calculated from eq. 11. The excess in pressure drop for profiled membranes is partly due to the finite 
width of the channels and partly due to a non-optimal design. The flow was non-uniform especially at 
inflow and outflow, where the flow was forced to make sharp corners. In the case of spacers, the pumping 
power is additionally increased due to the spacer filaments that obstruct the flow. The spacer filaments 
make the effective hydraulic diameter smaller than that of a non-filled channel. To anticipate on that 
effect, the hydraulic diameter for spacer filled channels can be derived from [13, 14]: 

 

spsp
h VSh

d
12

4         (12) 

 
In which Ssp/Vsp is the ratio between the surface and volume of the spacer filaments.  
For profiled membranes, the hydraulic diameter can be derived from [13]: 
 

hb
hbdh 22

4           (13) 
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In which b is the width of each channel between the profiled ridges (m). 
Assuming both compartments to be equally thick, the pumping power Ppump (W/m2), for both feed 

waters together can be calculated from [3]: 
 

22

2

41
12

hres
pump

dt
hL

A
pP        (14) 

 
In which  is the volumetric flow rate (m3/s) and A is the total membrane area (m2). This pumping 

power should be representative for a large scale operation. Small scale experiments still show a higher 
pressure drop [2-4, 15] due to relatively high losses at the in- and outlet of the feed water or parameters as 
the spacer mesh angle. A more complex approach to calculate the pressure drop in spacers is available 
[14], but is beyond the scope of this paper. 

2.4. Net power density 

The gross power density generated with a RED stack can be calculated by multiplying the stack 
voltage U (eq. 4) by the current density j. To calculate the net power density, the power spent on pumping 
(eq. 14) needs to be subtracted from this generated power. This yields for the net power density of a RED 
stack: 

 

pump
m

BLCohmicOCV
net P

N
jRRRjE

P
2

 
    (15) 

 
Combined with the set of previous equations for EOCV, Rohmic, R C, RBL and dh (eq. 1, 5-14), the net 

power density can be estimated using design parameters only as input.  
 

3. Results and discussion 

The parameters that determine the net power density are membrane and spacer properties, electrode 
resistance, feed water concentrations, temperature, cell dimensions and residence time. Most parameters 
cannot be tuned in a wide range. For example, the feed water concentrations are limited to the 
availability. Three parameters that can be tuned in a wide range and are expected (deduced from previous 
experiments) to have a major impact on the net power density are the residence time, the intermembrane 
distance, the current density and the cell length. 

The cell length has no (finite) optimum. A smaller cell length reduces the pumping power 
significantly, as indicated by eq. 14. A reduced pumping power allows smaller intermembrane distances 
and smaller residence times, which would reduce RBL and Rohmic, and consequently a smaller cell length 
would always lead to a higher net power density. The benefit of small cell length was already recognized 
in previous research [4]. Practical limitations determine the cell length. As a first estimate, a value of 
0.1m is chosen.  

The intermembrane distance, the residence time and the current density can be varied to find the 
optimum net power output. The residence time and intermembrane distance of the seawater was set equal 
to that for river water. Table 1 shows representative values for the other relevant parameters for a large 
scale operation that serve as input parameters for the calculations to estimate the maximum net power 
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output obtainable in RED. Although stacks with these specifications have not been tested experimentally, 
a combination of previous research indicates that such stacks can be manufactured with the current 
technology [2, 3, 16, 17].  
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Table 1. Typical specifications for a RED stack using spacers and a RED stack using profiled membranes.  
 
Parameter Spacers Profiled membranes 

h (= hriver = hsea) Varied between 1   Varied between 1   

tres (= tres, river = tres, sea) Varied between 0.5  200 s Varied between 0.5  200 s 

j Varied between 1  100 A/m2 Varied between 1  100 A/m2 

L 0.1 m 0.1 m 

RAEM = RCEM 2  a 2  a 

Relectrodes 2 2 2 2 

 0.97 b 0.97 a 

Nm 100 100 

csea 0.510 M NaCl 0.510 M NaCl 

criver 0.017 M NaCl 0.017 M NaCl 

T 298 K 298 K 

 0.50 c 0.1 d 

 0.70 b 0.9 c 

b - 9·h c 

Ssp/Vsp 8/h e - 

 

The net power density, as estimated using the equations presented in this work and by characteristic 
values summarized in Table 1, is shown in Fig. 4 as function of tres and h, for a) stacks with spacers and 
b) stacks with profiled membranes. The current density j is chosen for each value of tres and h such that 
the net power is maximized.  
 

 

b Based on Fumatech FKS / FAS membranes [2] 
c Based on open area and porosity of Sefar woven spacers [2] 
d Assuming 10% of the membrane area occupied by profiled ridges and neglecting ion-conduction through the profiled ridges. If this 
ion-conduction is not neglected,  is even lower. 
e Based on 4/dfilament [14] 
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Figure 4. Net power density for stacks with spacers (a) and stacks with profiled membranes (b), as function of the intermembrane 
distance and residence time. The residence time is plotted on a logarithmic scale.  
 

Fig. 4b shows that the maximum net power density obtainable is 2.72 W/m2, using a stack with 
profiled membranes, an intermembrane distance of 52 2.4 s. The net power 
density for a stack with spacers is only 1.34 W/m2, for an intermembrane distance of 70 
residence time of 7.2 s (Fig. 4a). This is close to the experimentally derived maximum of 1.2 W/m2, 
obtain 8 sec. Fig. 4 also shows that 
the optimum residence time is rather independent of the intermembrane distance for h ; the 
highest net power densit
residence time of approximately 2.5 sec. The larger residence time for stacks with spacers (approximately 
7 sec) compared to stacks with profiled membranes is caused by the larger contribution of the pumping 
power loss in the case of stacks with spacers. 

To improve the net power density, different values of the parameters listed in Table 1 can be 
considered. A sensitivity analysis is performed to investigate what parameter has the largest influence on 
the net power density. The temperature and feed water concentrations are left out of consideration, 
because these parameters can not be influenced. The sensitivity analysis was done by changing each of 
the variables to a 1% lower or higher value and calculating the maximum net power density, not 
necessarily at the same tres, h and j. For every run, the optimum values for tres, h and j were determined. 
The result of this sensitivity analysis is shown in Table 2.  
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Table 2. Sensitivity analysis for parameters determining the net power density. Positive values indicate that a higher parameter value 
would imply an increase in net power density and vice versa 

 

Parameter 
Relative increase in Pnet per relative increase in parameter value (-) 

Spacers Profiled membranes 

 1.862 1.383 

RAEM = RCEM -0.240 -0.088 

Relectrode -0.002 -0.002 

Nm 0.002 0.002 

L -0.308 -0.141 

 -0.240 -0.010 

 1.473 0.344 

b - 0.014 

Ssp/Vsp -0.168 - 

 
Table 2 shows that the net power density is most sensitive for the permselectivity ( ) and the porosity 

( ). These parameters can be improved only to a limited extend, which would slightly increase the net 
power density. The membrane resistance and cell length have a smaller influence on the net power 
density, but have relatively much larger possibilities for improvement. Theoretically, these parameters 
have no minimum value, whereas the permselectivity is limited to a value of 100%. Therefore, reducing 
the membrane resistance and cell length are promising for improving the net power density than 
improving the membrane permselectivity. Fig. 5 shows the net power density as a function of the cell 
length, for different membrane resistances.  
 

 
Figure 5. Net power density as function of the cell length, for membrane resistances of 0.1, 0.3, 0.5 and 1.0 2, for stacks with 
spacers (a) and stacks with profiled membranes (b). The cell length is plotted on a logarithmic scale. 
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Fig. 5 shows that the net power density increases rapidly as the cell length decreases, reaching a value 
of almost 20 W/m2 for profiled membranes with a cell length of 0.001m and a membrane resistance of 0.1 

2. Naturally, a 1 mm cell length and such a low membrane resistance are not realistic at the present 
state of technology. Moreover, the optimum current density to obtain 20 W/m2 at these conditions can get 
up to 500 A/m2, which requires attention to suit the electrode system [18]. Nevertheless, the tremendous 
increase in net power density for small cell lengths emphasizes the sensitivity of the net power density on 
the cell length. The straight or even convex shaped graphs using logarithmic x-axes in Fig. 5 suggest an 
asymptotic increase to an infinite net power density as the cell length approaches zero. However, the 
finite membrane resistance will prevent an infinite net power density when the cell length approaches 
zero. 

Fig. 5 also shows that decreasing the membrane resistance is more effective when a small cell length is 
chosen. For example, reducing the membrane resistance from 1 2 to 0.5 2 leads to a 19% 
increase in net power density for a cell length of 0.1m, whereas the same reduction leads to a 47% 
increase in net power density for a cell length of 0.001m. Reducing the cell length is accompanied with 
decreasing optimum intermembrane distances, and therefore a larger influence of the membrane 
resistance.  

A design with very short cell lengths requires an intelligent feed water distribution system for an 
operation at large scale. An example is given by Veerman et al. [4], proposing a fractal design for 
distributing feed waters. Such a design involves profiled membranes with (deep) channels carved out to 
supply the feed water to (shallow) cells with a cell length in the order of 1 mm. A RED-design with such 
small cell lengths was not tested experimentally before, but can be manufactured with the current 
technology. This calculation shows that the net power density can be improved significantly in this way. 

4. Conclusions 

The power density obtained from reverse electrodialysis can be estimated based on a set of analytical 
equations. This estimation of the net power density better reflects the reality in comparison to previous 
attempts, where the boundary layer resistances and pumping power were often left out of consideration. 
This research shows that the boundary layer resistance can be estimated based on input parameters, in this 
case tres·h/L. The highest net power density, using parameters that are typical for the current state of 
technology, is 2.7 W/m2. This value is predicted for a stack with profiled membranes, with an 
intermembrane distance of 52 2.4 s. Higher net power densities can be 
obtained by improving the membrane properties (permselectivity, resistance), increasing the (spacer) 
porosity and using shorter cell lengths. The combination of decreasing cell length and decreasing 
membrane resistance is an effective strategy to improve the net power density. A net power density close 
to 20 W/m2 2 using a cell length of 1 
mm. A design with such a small cell length is not tested yet and such a small membrane resistance is not 
obtained yet. This research demonstrates that the strategy to reduce both the cell length and membrane 
resistance is very effective to improve the net power density in reverse electrodialysis. 
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