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ABSTRACT

Reverse electrodialysis (RED) is a technology to obtain energy from mixing waters with dif-
ferent salinity. Small intermembrane distances and high flow velocities are preferred to
obtain high power generating capacity accompanying high power consumption, however.
To increase power generation without redundant power consumption, we designed a new
water feeding pattern system. The new water feeding pattern was designed to configure
additional water inlet and outlet, instead of single inlet and outlet. The experimental results
showed that the new design was beneficial to promote the flow distribution, thus reduced
the solution resistance compared to the traditional water feeding pattern system. The net
power density in the new water feeding pattern system increased by 36.4% than that in the
previous system. Results of fouling-resistant experiments also demonstrated that the RED
stack with the new water feeding pattern showed significantly less sensitivity to fouling
under natural conditions and a 20-d operation than the traditional one. These results sug-
gest that the new spacer design is very effective to obtain higher power density and simul-
taneously reduce the membrane fouling tendency.
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1. Introduction

Reverse electrodialysis (RED) is one of the mem-
brane processes that captures energy from mixing
waters with different salinity, for example, where river
water is discharged into the sea [1]. The mixing of
waters with different salinity could generate a huge
amount of energy (1.9–2.6 TW) [2–5], even much smal-
ler than that generated by wind (10TW) and solar
(3.6 × 104), which could meet the worldwide electricity

requirement [6,7]. In a RED system, stacks of alternating
ion selective are used to separate the high concentration
(salt water) from the low concentrate (fresh water).
Then, a gradient in chemical is created by this separa-
tion, which generates a Donnan or membrane potential
when waters with different salinity are on either side of
anion and cation exchange membrane. As the number
of membranes in the RED stack increased, the mem-
brane potential increases and drives an electrochemical
redox reaction [8,9] at electrodes and ultimately
generate electricity.
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In traditional designs of RED, the power density is
associated with the spacers thickness [10,11] and the
flow velocities on the membrane surface [12]. The dis-
tance between the membranes is determined by the
spacers, which restrict the capacity and energy con-
sumption of RED stack. To reduce the loss of power
generation, RED stacks are designed to have thin spac-
ers and compartments. The flow velocities are higher
within the thinner spacers, which can reduce the gen-
eration of dead zones and generate a more uniform
flow distribution. The greater distribution of the solu-
tion in the compartments will promote the mixing of
salinity in the compartments, which can reduce the
concentration difference between the membrane sur-
face and the bulk solution and finally resulted in a
smaller electric resistance. The traditional and thin
spacers reduce the electric resistance of feed water
compartment by generating a more uniform flow dis-
tribution [13], but the power consumption of the
pump is high. Długołeckia et al. [14] presented results
of her laboratory investigations of RED, she designed
ion conductive spacers to replace the traditional spac-
ers. Experiments showed that these ion conductive
spacers led to a decrease in stack resistance and an
increase in power density than the design with the tra-
ditional spacers.

The fouling in RED has an important influence on
the permselectivity of the membranes and the obtained
power density, the biological fouling can also lead to an
increase in pressure drop for pumping the feed waters.
The effect of fouling on performance can be quantified
and measured by Energy Dispersive X-ray spec-
troscopy (EDX), the change of pressure and power den-
sity with time. Post (2009) studied a setup without
spacers and Vermaas et al. [15,16] (2011) designed a
setup through using the profiled membranes to substi-
tute the use of spacers showed less sensitive to fouling.
The transformation of the membranes is rather difficult
to achieve through technical means. When using spac-
ers between the membranes, the different flow veloci-
ties on membrane surface will cause a different
residence time, thus the flow velocity is lower where
pollution is more serious. Thus, our goal is to reform
the spacers under the theoretical basis and achieve
improved power energy with little membranes fouling.

In this work, we design a new water feeding pat-
tern and investigate the potential of the application of
new spacers in RED to reduce the solution resistance.
We systematically study the new feeding pattern sys-
tem (NFPS) and traditional feeding pattern system
(TFPS) on the stack voltage, stack power density, flow
field analysis, and membrane fouling. It is observed in
RED when the new spacers are used and significantly
increase the power density obtainable in RED. This

study is contributive to the knowledge and discussion
on spacers and hydrodynamics, which make the RED
more specific.

2. Material and methods

2.1. Experimental setup

The RED stack consists of three circulating systems
and each system comprises a tank, a flow-meter, a
manometer, and a circulation pump [17,18]. Each cir-
culation pump could give a needed circulation flow
during the process. The RED stack equipped with 9
anion and 10 cation exchange membranes (CEM), giv-
ing 9 diluting and 9 concentrating compartments that
correspond to 9 unit cells. This process is illustrated in
Fig. 1. The membrane size was 200 mm × 120 mm and
the effective membrane area was 110 cm2. The flow
velocity was controlled by flow-meter. The conductiv-
ity and temperature of the influent and effluent were
measured by conductivity meter (METTLER TOLEDO
FE30) and recorded every minute. The open circuit
voltage (V), the electric resistance, and the power den-
sity of the RED stack were monitored every minute
using chronopotentiometry (Zahner, The Germany).

In this experiment, the homogeneous anion
exchange membranes (AEM) and CEM were supplied
by Qianqiu Environmental Protection & Water Treat-
ment Corporation, China. The homogeneous monova-
lent-selective anion exchange membranes (1-AEM)
were supplied by Asahi Glass Company, Japan. The
main characteristics were detailed in Table 1.

2.2. Feed waters

In this experiment, artificial solutions of 0.508 M
NaCl (30.0 g NaCl per kg water) and 0.017 M NaCl
(1.00 g NaCl per kg water) were used as seawater and
river water, respectively [19]. The feed waters were
pumped through the stack at 4 different flow velocities
between 0.38 and 1.04 cm/s [20]. In order to study mem-
brane fouling, the stacks of NFPS and TFPS were fed
continuously with natural seawater and river water at a
flow velocity of 0.58 cm/s (20 d). The river water was
obtained from a nearby river (Li Cun) and sea water was
obtained from the nearby harbor in the Yellow Sea.

To facilitate an electric current, the electrodes (Ti
meshed, coated with Ir/Ru) were supplied with FeCl3
and FeCl2 solutions in this test. By applying the
1-AEMs as outer membranes, the Fe3+ and Fe2+ were
kept in the electrode compartment. At the same time,
Fe3+ and Fe2+ were limitless to convert to each other
for generating an electromotive force without adding
new electrolyte solution of FeCl3 and FeCl2.
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2.3. Spacers

The new water feeding pattern is depicted in
Fig. 2, which allows the feed water to distribute in
the RED stack. The new spacer and the traditional
spacer are shown in Fig. 3 for the case with a differ-
ent way of water feeding. The new spacer is superior
to the traditional spacer for hydraulic characteristics,
which is optimized at the same flow velocity. At the
same time, the electric resistance in the RED stacks is
lower when using the new spacers than the tradi-
tional spacers. The RED stacks with the new spacers
can promote mixing and flow distribution in the
compartments without high power consumption of
the pump. The characteristics of the spacers are listed
in Table 2.

2.4. Analysis method

Chronopotentiometry was applied to benchmark
the obtained power density in each RED stacks. A gal-
vanostat (Zahner, The Germany) was used to measure
the voltage at different current densities of 1, 2, 3, 4, 5,
6, 7, 8, and 9 A/m2. To ensure a stable voltage, during
the measure, at least four times of the residence time

for the feed water was used. The measurements were
performed at different feeding solutions of electrolyte.
Each stage in current density was preceded and fol-
lowed by stage with open circuit voltage. The stack
load resistance (RL, in Ω cm2) was associated with the
diffusion boundary layer which included the internal
(Rint) and external resistance (Rext) [20]. The internal
resistance originates the total membrane (Rmembrane)
and solution resistance (Rsolution) within the stack
[21,22]:

RL ¼ Rint þ Rext (1)

Rint ¼ Rmembrane þ Rsolution (2)

Rsolution ¼ Rsea þ Rriver (3)

The AEM and CEM have area resistance (Table 1),
which remain basically unchanged. The solution resis-
tance (Rriver and Rsea) is calculated from the molar
conductivity Λm of the feed water. The river water
resistance plays a dominant position of the total
solution resistance, because Λm is dependent on the
concentration C:

Fig. 1. Principle of RED system. Membrane potential is generated when waters with different salinity are on either side
of anion and cation exchange membrane. A reversible redox reaction about Fe3+ and Fe2+ converts the ionic current into
an electric current.

Table 1
Main characteristics of the anion- and cation-exchanged membranes

Membrane Thickness (mm) IEC (meq/g) Area resistance (Ω cm2) Selectivity (%)

AEM 0.16–0.23 1.8–2.0 5–9 >95
CEM 0.16–0.23 2.0–2.2 2–5 >97
1-AEM 0.12–0.15 1.7–2.3 3–12 >97
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Rsea ¼ f
ds

KmCs
(4)

Rriver ¼ f
dr

KmCr
(5)

In the equations of (3) and (4), the δs and δr are the
thicknesses of the sea and river water compartment.
The f is an obstruction factor of the spacers (tortuosity
of the ion path, shielding the membranes and the
decrease in conducting solution). So, the sum resis-
tance associated with the diffusion boundary layer,
the process of feed water flow and the concentration
changes of each compartment. The concentration dif-
ference over the membranes will decrease when the
ions transport from the salt water compartment to the

fresh water compartment and this can be accelerated
by disturbance effect of the new feeding pattern.

The theoretical voltage that is generated by the
salinity gradient can be calculated by the Nernst
equation:

V ¼ Nm tK þ tA � 1ð Þ RT

nF

� �
ln

asea
ariver

� �
(6)

In which, tK and tA are the apparent transference
number of the CEM and AEM, respectively, R is the
universal gas constant (8.314 J/(mol k)), T is the abso-
lute temperature (K), F is the Faraday constant
(96,485 C/mol), n is the valence of the ion species (–),
asea and ariver are the activities of the seawater and
river water, respectively.

salt water       1-monovalent selective anion exchange membrane 
2-cation exchange membrane 

fresh water      3-anion exchange membrane 
                         4-spacer 
                         5-dilute compartment 
                         6-brine compartmemt 

Fig. 2. The new water feeding pattern of laboratory RED stack.

Fig. 3. The spacers of the new water feeding pattern (a) and the traditional water feeding pattern (b) in the RED stack.

Table 2
Main characteristics of the spacers

Spacers Thickness of net (mm) Thickness of frame (mm) Porosity, ε (%) Materials Manufacturer

0.45 0.72 86.5 Polypropylene Tianwei Membrane
Technology Co., Ltd
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The power output P (W/m2 of membrane area) is
calculated from the circuit voltage (V) and the stack
load resistance:

P ¼ V2

RLwl
(7)

In which, w is the stack width and l is the stack
length. Noted that the maximum power output
P (W/m2 of membrane area) can be calculated from
the circuit voltage (V) and the stack load resistance
[20].

This paper focuses on the power generation from
salinity gradients, as the internal resistance influences
the power density. The power density can be
enhanced by reducing the internal resistance.

2.5. Mass transfer in the diffusive boundary layer

Transfer process on the membranes surface is
considered within the scope of the so-called bound-
ary-layer (δ) model, which assumes that within a
boundary film adjacent to the membrane interface, the
solute transport occurs concentration diffusion, electric
migration, and convection in the direction normal to
the membrane surface, alone. The fluid velocity in
boundary layer is gradual, the fluid speed of the
membranes surface is zero, and the flow velocity of
the outer edge of the boundary layer close to the
velocity of feeding water. Outside this boundary layer,
the concentrations of all the ions are assumed to be
homogeneous because of fast mixing. The boundary
layer is defined as Eq. (9) due to the same order of
magnitude of viscosity and inertia force, Eq. (8) takes
this very simple form:

l
U1
d2

� qU2
1

L
(8)

where

d�

ffiffiffiffiffiffiffiffiffiffiffi
lL

qU1

s
(9)

where μ is the coefficient of viscosity, ρ is the solution
density, L is the length of membranes, and U∞ is the
speed of feeding water. From this equation, we can
get that the thickness of boundary layer (δ) is in
inverse proportion to the square of speed of feeding
water (U∞). Hence, the thickness of boundary layer (δ)

will be thin with the increase in speed of feeding
water on the membranes.

At steady state, and according to boundary-layer
theory, the migration of ion i in the boundary layer
can generally be expressed by the following Nernst–
Planck equation:

Ji ¼ D
dci
dx

þ FDicizi
RT

dW
dx

þ ciU (10)

where

dc

dx

� �
x¼0

¼ cm � c0
d

(11)

ti ¼ Ji
J

(12)

where Ji is the transfer flux of ion i, D is the diffusion
coefficient for the electrolyte; ci, Di, and zi are the
concentration, diffusion coefficient, and charge num-
ber of ion i; F is faraday constant, R is the gas con-
stant, and T is the temperature in K; Ψ is the electric
potential and U is the speed of water. From this
equation, we can know that the transfer flux (Ji) will
be higher with the increase in speed of water on the
membranes. This means that, in this situation, the
apparent transference number (ti) will get higher
which will cause the increase in the power output (P)
by Eqs. (6) and (7).

3. Results and discussion

3.1. The voltage of RED with TFPS and NFPS

RED performance was preliminarily checked by
feeding fresh (0.017 M NaCl) and sea water (0.5 M
NaCl). The voltage is an important parameter often
used to characterize the maximum power output
obtainable in processes such as RED or fuel cells. The
stack consists of 9 cell pairs, each consisting of an
anion and a CEM with an effective membrane area of
110 cm2 per membrane. The theoretical value of the
stack voltage can be calculated by the Nernst equa-
tion and for fresh (0.017 M NaCl) and sea water
(0.5 M NaCl), this theoretical voltage difference over
each membrane for 100% selective membranes is
0.08 V [23]. The average membrane permselectivity
can be calculated as the ratio of experimentally and
theoretical stack voltage multiplied by 100%. The cal-
culated permselectivity is closely related to experi-
mentally determined membrane perm selectivity.
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This membrane permselectivity is shown as well in
Fig. 4 (second y-axis).

Fig. 5 shows that the stack voltage values for the
new spacers are higher than the values obtained for

the tradition spacers. This is due to the occurrence of
concentration polarization phenomena, which may
play bigger role when tradition spacers are used. The
phenomena of concentration polarization occur not
only on the membrane–solution interface, but also on
the spacer–solution interface. The concentration polar-
ization phenomena are low when the hydrodynamic
conditions are optimal in the stack. Due to the
occurrence of more severe concentration polarization
phenomena at the membrane–solution and spacer–
solution interface when the tradition spacers are used
in RED stack, resulting in a lower experimental
voltage and therefore lower average membrane
permselectivity.

3.2. The effects of the RED operation conditions on power
density

3.2.1. The influence of flow velocities (NFPS)

The concentration of electrolyte solutions (the mix-
ing FeCl3 and FeCl2) is set to 0.25 M in this experi-
ment. The experimentally obtained power density is
shown in Fig. 6 as function of the current density for
different flow velocities. It can be seen from Fig. 6 that
the maximum power density increase from 0.37 to
0.533 W/m2 with the flow velocity increasing from
0.38 to 1.04 s/cm, which indicates that the flow veloc-
ity has a significant influence on the power density.
For low flow velocities, ion transport from seawater
compartments to river water compartments is slow,
which makes the power density low [24,25].

Each power density curve can be divided into two
sections: the first portion where the stacks perform
similarly (low current); and the second portion where
stack performance differs (high current) [26]. At low

Fig. 4. The schematic diagram of boundary layer consid-
ered here (a) and the boundary layer conditions at the
membrane (b).
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Fig. 5. Voltage of the RED stack and the average mem-
brane permselectivity as a function of the solution flow
velocity for different spacers in the stack.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Po
w

er
 d

en
si

ty
 (

W
/m

2
)

Current density (A/m2)

 0.38cm/s
 0.58cm/s
 0.78cm/s
 1.04cm/s

6 8 100 2 4

Fig. 6. Relationship between the current density and power
density at different flow velocities with new spacers.

Z. He et al. / Desalination and Water Treatment 57 (2016) 28176–28186 28181



current, only small deviations in power density were
observed. It can be concluded that current density
plays a major role to power density at low current
than flow velocities. The turning point of the power
density curve was different under different flow veloc-
ities. At high flow velocities, this occurred at 7 A/m2

and at low-flow velocities, this occurred at 4 A/m2.

3.2.2. The influence of water feed pattern

The concentration of electrolyte solution of the
mixing (FeCl3, FeCl2) is 0.25 M in this experiment.
Fig. 7 presents that the power density curve first
increases and then decreases with the increasing in
current density at the constant flow velocity. The new
water feeding pattern is shown in Fig. 3 for the case
with two inflows and two outflows. The highest

power density is obtained for the RED stack with the
new water feeding pattern, whereas the RED stack
with the co-flow performed the worst. This is due to
the more distribution of the compartments, which can
be optimized by higher flow velocities and the new
water feeding pattern, compared to the traditional
water feeding pattern. The greater distribution of the
solution in the compartments will promote the mixing
of salinity in the compartments, which can reduce the
concentration difference between the membrane sur-
face and the bulk solution. So the more distribution of
the compartments can reduce the concentration polar-
ization effects. Therefore, the solution resistance is
lower for the RED stack with the new water feeding
pattern to that with co-flow and counter flow. In addi-
tion, the resistance of water feeding is lower with the
new water feeding pattern than that of co-flow and
counter flow.

The power density curve fall more slowly under
the new water feeding pattern than that of co-flow
and the counter flow. This is because the new water
feeding pattern ensures a more uniform feed water
distribution over the membrane area, while the tradi-
tional inflow and outflow of the RED stack as in previ-
ous research can create more preferential channeling
and dead zones. Therefore, the power density curve
could show smoother under the new water feeding
pattern than the co-flow and the counter flow after the
turning point.

3.2.3. The comparison of NFPS and TFPS under
natural water and artificial water

The new spacer and the traditional spacer are
shown in Fig. 3 for the case with a different way of
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water feeding. The concentration of electrolyte solu-
tion of the mixing (FeCl3, FeCl2) is 0.25 M. It can be
seen from Fig. 8(a) that the 36.4% more net power
density with the new spacer than the traditional
spacer can be obtained at the same flow velocity of
0.78 cm/s. Compared to the traditional water feeding
pattern, the new spacer is beneficial to make water
distribute equably in the compartments at the same
flow velocity. The hydraulic characteristic with the
new spacer was better than the traditional spacer in
the RED stack.

The time series for power density change under
natural water, for all systems, are presented in
Fig. 8(b). For the stack with the new spacers, the
power density declined much slower than that of tra-
ditional spacers. It can be seen that the power density
decline slow with time under all systems. The slower
decline in power density in the stack with the new
spacers, compared to the stack with the traditional
spacers, can be explained by the uniform distribution
of the feed water. It is easy to form a channel between

the compartments when using the traditional spacers
in the stack. Bacteria and insoluble solids are easily
deposited on the membranes, which let the power
density decline in the stack under TFPS. The uniform
distribution that is created by the new spacers gives
less opportunity for bacteria and insoluble solids to
attach, and consequently gaining higher power density
than using the traditional spacers.

3.3. Flow field analysis using computational fluid dynamics

Fig. 9 shows that the flow bends around the new
spacers and traditional spacers at the flow velocities of
2, 3, and 4 cm/s. The flow velocities with the new
spacers are more uniform than that of traditional spac-
ers. Compared to the traditional spacers, the flow
velocities with the new spacers are higher at the same
position of spacer. Therefore, the RED stack with the
traditional spacers can form channel flow more easily
than that of new spacers, which has higher electric
resistance.

Fig. 9. CFD analysis at different flow velocities (2, 3, and 4 cm/s) with the new spacers and the traditional spacers in the
RED stack.
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This computational fluid dynamics (CFD) analysis
demonstrated that the performance of the new spacers
was superior to the traditional spacers [27]. Non-
uniform flows bend around the traditional spacers can
accentuate concentration polarization effects at the
membrane surface and increase the membrane resis-
tances compared to the new spacers design. The flows
bend around the traditional spacers form dead zones,
which cause a significant decrease in performance and
increase the accumulation of bubbles, reducing the
active membrane area available for ion diffusion.

3.4. Visual and microscopic inspection of membranes with
NFPS and TFPS

The membranes of all systems were investigated
visually by SEM-EDX after 20 d operation. The anion
exchanged membranes (AEMs) had turned yellowish
(originally white). In comparison to NEPS, the mem-
branes’ color with TFPS was deeper. The color of
cation-exchanged membranes (CEMs) has little change
and preserves their original beige color.

Fig. 10 shows some representative images of the
fouled membranes samples from all systems which

are inspected with SEM. These images show that all
samples under NFPS and TFPS are covered with a
mixture of deposits. The SEM images clearly demon-
strate that the CEMs are covered with less deposition
than the AEMs under all systems. The CEMs and
AEMs under NFPS are optically less fouled, except for
the corner of the membranes, because this part can
easily form dead zones. The CEMs and AEMs under
TFPS are covered with mass deposits and bacteria,
and most of them have the form of aggregate. This
phenomenon was in agreement with the result shown
in Fig. 10. The formation of pollutants on the mem-
branes is spreading over a whole area from one point,
and the uneven surface of the membranes will lead to
the aggregate increase of pollutants, such as the foul-
ing of the CEM under TFPC (b-2).

The composition of these membranes is investi-
gated using EDX for all samples. The result of elemen-
tal analysis (expressed as atomic percentage %) of
membranes is listed in Table 3. The results of EDX
appear high carbon content, which contains significant
amounts of the membrane. The concentration of mag-
nesium, calcium, and phosphorus are typically higher
on the CEMs, indicating that the CEMs are easier to

Fig. 10. SEM images (original magnification of 5,000×) of the CEM (a-1) and the AEM (a-2) under the NFPS, the CEM
(b-1), and the AEM (b-2) under the TFPS.
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be fouled by the positive mineral, because of the nega-
tive charge of the CEMs. Meanwhile, the concentration
of the three inorganic ions is less on the membranes
under NFPS, since it is hard channeling using the new
spacers. According to the EDX-results (Table 3), both
the contents of oxygen and silicon are higher on the
AEMs than CEMs. This can be ascribed to that the
negative charge on what these elements form. More-
over, the contents of iron are less at 1-AEM and iron
are not detected on the other membranes through
EDX (Table 3). The clean 1-AEM without iron demon-
strates that 1-AEM is important in preventing the
harmful iron into the dilute and brine compartments.

4. Conclusion

This research shows the importance of the spacers
and how those affect the power density and the foul-
ing of membranes in RED stack. In addition, we dis-
cuss the correlation between these spacers and power
density obtained in RED stack. The use of new spacers
and mixing electrolyte solution (FeCl3 and FeCl2) in
RED leads to a tremendous increase in net power den-
sity and decrease in membrane fouling compared to
the traditional spacers.

Another important aspect is that the spacers and
the type of membranes do strongly influence on the
rate and the degree of fouling. The types of fouling
are also different because of the membranes with dif-
ferent charges in feed water. The organic pollution is
mainly presented at the AEMs and the fouling of
AEMs is more serious than the CEMs. The results
demonstrated that the NFPS had less sensitive to foul-
ing than the TFPS.
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