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a b s t r a c t

Electrodialysis (ED) is one of the membranous process for seawater desalination, which due to the 
less energy consuming is a desirable method in comparison with other ones such as thermal meth-
ods. In this investigation, computational fluid dynamics (CFD) modeling approach for the simula-
tion of ED unit was studied. Fluid dynamics and ion transfer were simulated using the Navier-Stokes 
and Nernst-Planck equations, respectively and they were solved via finite element method (FEM).
The effects of operating parameters i.e. feed concentration, temperature and voltage on the separa-
tion process were evaluated and their best value for obtaining the optimal separation percentage (SP) 
were determined. The concentration of 10000, 20000 and 40000 ppm, the temperature of 25, 40 and 
55ºC, and the voltage of 5, 7, 9 V were used to determine impressive parameters in simulation. The 
results showed that the highest efficiency were obtained at high temperatures and voltage and lowest 
feed concentration, which was good agreement with observed ones. Moreover, the average deviation 
from experimental data was less than 2% for optimum condition.
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1. Introduction

Seawater is not appropriate for agricultural and nutri-
tion purposes due to the fact that it contains huge amount 
of salts. Hence, desalination is an increasingly common 
solution to supply fresh water in many regions of the world, 
especially the areas threatened by water scarcity [1]. In the 
past few years, several wastewater treatment processes 
have been proposed to be effective for water reuse, with 
special emphasis on waste minimization and hazardous 
waste treatment. However, decreasing the energy require-
ments and infrastructure costs of existing desalination tech-
nologies still remain a challenge [2]. In general, desalination 
technologies can be categorized into two different mecha-
nism separations, i.e. thermal and membrane-based desali-
nation [3]. Nowadays, membrane technologies are receiving 

more and more attention due to their reliable contaminant 
removal without production of any harmful by-products, 
especially in water and wastewater treatment [4,5].

The ED process uses direct current power to remove 
salts and other ionized species with alternating anion (AM) 
and cation (CM) exchange membranes [6]. The use of ED 
is particularly significant because it approaches membrane 
technology as an advanced environmental technology that 
enables the development of clean treatment sequences for 
the recovery of water in industrial processes [7].

P. Moon et al. [8] analyzed three models formulations 
for batch and continuous ED in a single salt (KCl). They 
showed that the ionic surface concentration in the dilute 
compartment is affected by flow rate and current density, 
they also observed that the concentration changes and ionic 
flux along the x-axis are greater than along the y-axis.
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L. Firdaous et al. [9] developed a mathematical model 
to describe the mass transport of ED of NaCl solution based 
on the Stefan-Maxwell equations. They estimated some dif-
fusivity and the ion distribution inside membranes.

Casas et al. [10] used Nernst-Planck equations to predict 
the performance of ED pilot plant for concentrate NaCl in 
order to be reused in the chlor-alkali industry. Their model 
accurately predicted the optimum conditions to reach the 
maximum NaCl concentration.

Fadaei et al. [11] studied the effect of concentration 
polarization phenomenon on the ion separation through 
the nanoporous membranes. They predicted the local con-
centration of ions, flux of permeate, and rejection of ions 
using a combination of two transport models.

Tamburini et al. [12] carried out CFD simulation in order 
to predict the fluid flow field inside a reverse electrodialysis 
(RED) channel. They investigated the relation between the 
pressure drops and the fluid flow rate for some different 
channel configurations.

Sousa et al. [13] used CFD techniques to study the 
hydrodynamics of feed channels of a desalination mem-
brane filled with spacers in zigzag arrangements and trans-
verse in relation to the flow. Their results show a very good 
agreement with the experimental data.

Zourmand et al. [14] predicated of ion transport through 
ED cells by a combination of three-layer model and convec-
tion-diffusion model. They solved the model’s equation by 
CFD in three sub-domains of dilute, concentrate cells and 
membranes.

Gurreri et al. [15] developed a multi-physical model 
of RED units using the Navier–Stokes, Nernst–Planck and 
Donnan equations. They investigated the effect of the vari-
ous operating parameters and different membrane/channel 
geometrical configurations.

Moya [16] studied the behavior of a bilayer ion-exchange 
membrane in a RED stack. He obtained the thickness of the 
diffusion boundary layer, using the numerical solution on the 
basis of the Nernst-Planck-Donnan equations under electrical 
neutrality conditions in the Teorell-Meyer-Sievers model.

In this study, experimental data of seawater desalina-
tion using ED [17] were numerically simulated using CFD 
techniques and the effect of operating condition i.e. feed 
concentration, temperature and voltage on performance of 
an ED cell was investigated.

2. CFD modeling

A hydrodynamic theory of desalination by ED consists 
of two major areas developed for a laminar flow between 
parallel membranes. One of these problems is associated 
with the membranes and the other is from a hydrodynamic 
point of view, which depends on the detailed flow phenom-
ena in the system.

2.1. Basic conservation equations

The governing equations of transport phenomena 
consist of momentum and mass transfer applied simul-
taneously for numerical solution of problem under the 
assumptions of steady state operation, laminar flow and 
incompressible fluid.

•	 Momentum equation:

∇ ⋅ = u 0 � (1)

ρ ρ µ
∂
∂

+ ∇ ⋅ = −∇ + ∇
u
t

u u p u2 � (2)

Eqs. (1) and (2) are the continuity and Navier-Stokes 
equations used to obtain the velocity field in channels, 
where ρ (kg/m3), u (m/s), t (s), p (Pa) and µ(Pa.s) are the 
density of the fluid, velocity vector, time, pressure and 
dynamic viscosity, respectively.

•	 Energy equation:

∂
∂

( ) + ∇ ⋅( ) = ∇ ⋅ ∇( )
t

h uC T k Tpρ ρ � (3)

where u (m/s), t (s), T (K), ρ (kg/m3), Cp (J/kg·K), k (W/m·K) 
and h (W/m2·K) are velocity vector, time, temperature, den-
sity of the fluid, specific heat, thermal conductivity and heat 
transfer coefficient, respectively.

•	 Mass equation:

Usually, mass transfer equations are combined with 
other equations describing hydrodynamic conditions and 
solved simultaneously to obtain the concentration dis-
tribution of the solute. Mass transport of ionic species is 
described in the Nernst-Planck approach by the following 
equation (diffusion + migration + convection):

N D c z m Fc uci i i i i i i= − ∇ − ∇∅ + � (4)

where Ni (mol/m2·s) is the total flux of species i. The first 
term is the diffusion flux and Di (m

2/s) and ci (mol/m3) are 
the diffusion coefficient and the concentration of species 
i, respectively. The second term shows the migration flux, 
which consists of the species charge number zi, the spe-
cies mobility mi (s·mol/kg), Faraday’s constant F (C/mol) 
and the electrical potential ϕ (v). In the convection term, u 
denotes the fluid velocity vector (m/s).

It is assumed that the salt in the solution is dissociated 
perfectly. A consequence of this assumption is that the 
diffusion equations for the ions are simplified in which 
the concentration is replaced with activity, and the dif-
fusion coefficient and mobility are related by Einstein’s 
relation. Finally, there is one positive and one negative 
charged species and these do not enter into any reaction 
in the bulk of the fluid [18]. Table 1 shows the diffusion 
coefficient of sodium and chlorine in water at 25, 40 and 
55ºC.

Table 1
Diffusion coefficient of sodium and chlorine at variation 
temperature

Temperature (ºC) DNa (10–9 m2·s–1) DCl (10–9 m2·s–1)

25 1.334 2.032
40 1.909 2.908
55 2.580 3.930
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2.2. Model geometry and boundary conditions

Fig. 1 shows the schematic view of the simulation 
geometry and mesh. This schematic consists of two 
ion selective membranes: left hand side membrane is 
assumed to be permeable to cations only, and the other 
is permeable to anions only. The middle domain is a free 
flowing electrolyte, where salt is to be removed (dilute 
compartment). The rightmost and leftmost domains are 
free flowing electrolyte domains, where the ion concen-
tration will increase during the cell operation (concen-
trate compartment). In the free electrolyte domains, the 
flow enters at the bottom inlets and exits at the top out-
lets at temperatures of 25, 40, and 55°C, an average flow 
rate is 0.07 ml/s. The cell is fed with a seawater electro-
lyte consisting of 10000, 20000, and 40000 ppm NaCl, and 
operated at unit cell voltages of 5,7 and 9 V. The thickness 
of dilution cell (center), each concentrate cell (left and 
right) and ion exchange membranes are 4, 3 and 3 mm, 
respectively. As well as effective area of each membrane 
is 60 × 65 mm2.

The model equations including continuity, momentum 
and transport equations related to the channels and mem-
brane with appropriate boundary conditions are numeri-
cally solved by finite element method (FEM) approach and 
using COMSOL 5.2 a Multi-physics software.

In order to check the mesh independency, different 
mesh sizes are tried. By increasing the number of nodes 
more than 25920, the concentration changes no more. 
This indicates that a solution value that is independent 
of the mesh resolution is achieved. So for further analysis 
a mesh with 25920 nodes is used to give results due to 
acceptable accuracy and less computational time. Fig. 1 
shows a segment of the mesh which is used to determine 
the ion transport behavior through the channels and 
membranes.

3. Results and discussion

In this study, the effect of different experimental condi-
tions on SP were evaluated and a comparison was carried 

out between the simulation results and the experimental 
results. The quality characteristic was SP which was calcu-
lated as follows:

SP
C C

C
=

−0

0

100 � (5)

where C0 and C are feed and dilute concentrations, respec-
tively.

3.1. Concentration distribution in channels

Fig. 2 illustrates the concentration distribution in com-
partments at 55ºC, 10000 ppm and 5 V. It is observed that 
the concentration increases in the concentrate compart-
ment, and decreases in the dilute compartment. A bound-
ary layer with high concentration gradient forms close to 
the membrane surfaces (polarization layer).

3.1.1. Concentration distribution in fixed voltage and feed 
concentration

Fig. 3 illustrates the concentration distribution at three 
different temperatures (25, 40 and 55ºC) and constant feed 
concentration and voltage (10000 ppm and 9 V). The con-
centration gradients increase with the increase of tempera-
ture, and on the basis of Eq. (4), SP increases.

Fig. 4 indicates the values of separation obtained from 
the simulation compared with experimental data. As it 
can be seen in the figure, temperature is directly propor-
tional to SP, the electrical conductive coefficient has been 
raised by increasing temperature in addition of decreasing 
electrical resistance which resulted in the enhancement of 
ionic motion speed. As well as the increase in tempera-
ture decreases the viscosity of the electrolyte solution and 
increase diffusion coefficient of ions which are effective on 
the separation percent.

3.1.2. Concentration distribution in fixed temperature and 
feed concentration

Fig. 5 indicates the concentration distribution in 55ºC 
and 10000 ppm of feed concentration in the variable voltages 

Fig. 1. Schematic view of the simulation geometry and mesh. Fig. 2. Concentration profile in channels (55ºC, 10000 ppm and 5V).
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(5, 7 and 9 V).The concentration gradients increase with the 
increase of voltage, which results in an increase in SP.

The comparison between the results of simulation and 
experimental data have been shown in Fig. 6. As expected, 
by increasing the voltages, that is the main factor of driving 
force for ED process, the SP increases, also this figure indi-
cated that the accuracy of simulation is very good.

3.1.3. Concentration distribution in fixed temperature and 
voltage

Fig. 7 demonstrates the concentration distribution of 
compartments at a constant temperature (55ºC) and con-
stant voltage drop (9 V) in different feed concentrations 
(10000, 20000 and 40000 ppm).The concentration gradients 
decrease with the increase of feed concentration that will 
reduce the SP.

Fig. 8 illustrates the values of SP by simulation and 
its comparison with the experimental data. As we know, 
in a constant driving force at lower feed concentration, in 
spite of the fact that solution conductivity decreases, SP 
increases. At higher feed concentration, SP decreases due to 
concentration polarization phenomenon at high concentra-
tions and limited ion exchange capacity of the membrane.

3.2. Effect of voltage on separation percent at different feed 
concentration

Figs. 9, 10 and 11 illustrate the distribution of concentra-
tion in compartments at constant temperature (40ºC) differ-
ent voltages and feed concentrations. As it can be seen from 
Table 2, while increasing voltage, the electrical resistance of 
the feed solution decreases and subsequently ED separation 
performance increases. Furthermore, in the best operating 
conditions (40ºC, 10000 ppm and 9 V), simulation and exper-
imental separation percent were 91 and 93%, respectively 
that indicates, the simulation results are in good agreement 
with experimental results (deviation of 2.2%).

3.3. Effect of temperature on separation percent at different 
voltages

Figs. 12 and 13 illustrate the concentration distribution at 
constant feed concentration (20000 ppm) and different tem-
peratures and voltages. As it have been shown in Table 3, 
while increasing temperature, the electrical conductive coef-
ficient increases that resulted the raise of SP. Also, in the best 
operating condition (20000 ppm, 55ºC and 7 V), separation 
percent of simulation and experimental were 66 and 66.7% 
respectively,which shows that the model had a good predic-
tion of experimental results (deviation of 1.06%).

Fig. 3. Ion concentration at half of the cell height for different 
temperatures (10000 ppm and 9 V).

Fig. 6. Comparison of separation percent by this simulation and 
experimental values (10000 ppm and 55ºC).

Fig. 4. Comparison of separation percent by this simulation and 
experimental values (10000 ppm and 9 V).

Fig. 5. Ion concentration at half of the cell height for different 
voltage (10000 ppm and 55ºC).
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Fig. 7. Ion concentration at half of the cell height for different 
feed concentrations (55ºC and 9 V).

Fig. 10. Ion concentration at half of the cell height for different 
feed concentrations (40ºC and 7 V).

Fig. 11. Ion concentration at half of the cell height for different 
feed concentrations (40ºC and 9 V).

Fig. 12. Ion concentration at half of the cell height for different 
temperatures (20000 ppm and 5 V).

Fig. 8. Comparison of separation percent by this simulation and 
experimental values (9 V and 55ºC).

Fig. 9. Ion concentration at half of the cell height for different 
feed concentrations (40ºC and 5 V). 
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4. Conclusions

This work presented a numerical study on seawater 
desalination using ED process. The aim of this study was 
determining the most accurate condition to examine the effect 

of variation of feed concentration, temperatures and voltages 
on the individual ions SP and efficiency. By increasing the 
voltage in constant temperature and feed concentration, 
SP of ED increased. At constant temperature and voltage, 
decrease in the feed concentration led to the increase of SP. 
Increasing the temperature enhances the rate of separation at 
constant voltage and feed concentration. As a result, higher 
temperature and voltage and fewer feed concentration were 
recommended to modify performance of ED cell.

The results of the modeling were compared with the 
experimental values, which indicated that the simulation 
has acceptable accuracy. In addition, the performed simu-
lation to reduce the time and cost for testing ED cell mem-
branes, also be able to specify the optimal values of effectual 
parameters to achieve maximum SP which are important 
in separation efficiency and increasing membrane lifetime.

Symbols

C	 —	 Concentration (mol·m–3)
Cp	 —	 Specific heat (J·kg–1·K–1)
D	 —	 Diffusion coefficient (m2·s–1)
F	 —	 Faraday’s constant (C·mol−1)
h	 —	 Heat transfer coefficient (W·m–2·K–1))
k	 —	 Thermal conductivity (W·m–1·K–1)
m	 —	 Mobility (s·mol·kg–1)
N	 —	 Flux (mol·m–2·s)
p	 —	 Pressure (Pa)
t	 —	 Time (s)
T	 —	 Temperature (ºC)
u	 —	 Velocity vector (m·s−1)
V	 —	 Voltage (V)
x	 —	 Longitudinal rectangular coordinate (m)
y	 —	 Transverse rectangular coordinate (m)
Z	 —	 Charge number

Greek 

µ	 —	 Dynamic viscosity (Pa·s)
ρ	 —	 Density (kg·m−3)
∅	 —	 Electrical potential (v)

Subscripts

i Species i (Na+, Cl−, fixed charges)

Abbreviations

AM	 —	 Anion membrane
CFD	 —	 Computational fluid dynamics
CM	 —	 Cation membrane
ED	 —	 Electrodialysis
FEM	 —	 Finite element method
RED	 —	 Reverse electrodialysis
SP	 —	 Separation percent
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