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Abstract

Concentration polarization is a common phenomenon in membrane separation processes
and generally impairs mass transfer efficiency. Electrodialysis (ED) is considered a prom-
ising technology for concentrating high-salinity solutions used in air-conditioning sys-
tems; however, concentration polarization under high-concentration operating conditions
remains insufficiently understood. In this study, a numerical framework combining a sim-
plified model and a coupled transport model was developed to characterize concentration
distributions within an ED concentrate channel. The effects of flow velocity, current den-
sity, and feed concentration on concentration profiles were systematically investigated.
The results show that transmembrane water transport plays an important role in concen-
tration polarization, and neglecting this effect leads to significant overestimation of ion
concentration near the membrane surface. Although ion concentration increases markedly
in the vicinity of the ion-exchange membranes, it remains nearly constant in the bulk re-
gion along the flow direction. Based on this non-uniform concentration distribution, a
conceptual ED configuration with separated flow channels was proposed and evaluated.
The results indicate that selectively extracting the enriched boundary-layer region can en-
hance the outlet concentration of the product stream, whereas increasing the intermediate
channel width reduces volumetric yield, revealing a clear trade-off between concentration
enhancement and production capacity.

Keywords: electrodialysis; concentration polarization; ion-exchange membrane; liquid
desiccant; high-salinity solution

1. Introduction

High-salinity solutions, such as aqueous lithium chloride (LiCl) solutions with salt
concentrations of approximately 30 wt.%, are widely employed in various air-condition-
ing systems, including liquid desiccant dehumidification systems [1,2] and heat-source
tower heat pump systems [3], to enhance dehumidification and heating performance. Ow-
ing to their hygroscopic nature, the concentration of these electrolyte solutions gradually
decreases during operation. Consequently, reconcentration is essential for restoring mois-
ture absorption capacity and maintaining a sufficiently low freezing point [4,5]. In air-
conditioning applications, this reconcentration process is generally referred to as solution
regeneration [6-8]. Beyond air-conditioning systems, the concentration of high-salinity
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streams, such as industrial effluents containing heavy metals, saline wastewater, and pro-
cess streams containing valuable salts, is also required for environmental protection and
sustainable industrial production [9-12]. Therefore, efficient concentration of high-salinity
solutions is of considerable importance across multiple industrial sectors.

Thermal evaporation technologies, including membrane distillation (e.g., Thermo-
osmotic membrane distillation-crystallization) [13], mechanical vapor recompression [14],
and multiple-effect evaporation [15], are widely used for concentrating high-salinity so-
lutions. However, their relatively high energy consumption and substantial capital invest-
ment often limit their economic feasibility, particularly for small-scale concentration pro-
cesses [16]. Reverse osmosis (RO), which employs semi-permeable membranes to separate
water from saline solutions, is highly sensitive to salinity and is therefore unsuitable for
treating high-salinity streams [17]. Electrodialysis (ED) is a membrane-based separation
process that utilizes ion-exchange membranes and an externally applied electric field to
either desalt or concentrate electrolyte solutions [18-20]. Previous studies have reported
that ED can treat solutions with salinities exceeding 100 g/L while maintaining energy
consumption within the range of 7-15 kWh/m? [21]. Furthermore, several investigations
have suggested that ED may serve as a potential alternative to conventional thermal evap-
oration technologies for concentrating high-salinity electrolyte solutions under suitable
operating conditions [22-25]. Consequently, ED is regarded as an energy-efficient and
promising technology for concentrating high-salinity streams.

Transport phenomena in ED involve the coupled migration of ions and water
through ion-exchange membranes and along flow channels under concentration and elec-
tric potential gradients. When an electric field is applied across an ED stack, anions mi-
grate through anion-exchange membranes (AEMs), while cations migrate through cation-
exchange membranes (CEMs). As a result, ions accumulate near the membrane/solution
interface in the concentrate compartment and deplete near the corresponding interface in
the dilute compartment, leading to concentration variations along the membrane surfaces.
Owing to finite ion diffusivity, concentration gradients develop between the membrane
surface and the bulk solution under steady-state conditions. In the concentrate compart-
ment, excessive ion accumulation near the membrane surface may induce salt precipita-
tion if the local concentration exceeds the solubility limit. In the dilute compartment, ion
depletion at the membrane surface may lead to limiting-current conditions [26,27]. Such
concentration gradients near membrane/solution interfaces are generally referred to as
concentration polarization, a phenomenon commonly observed in membrane-based sep-
aration processes, including pervaporation, ED, membrane distillation, and reverse osmo-
sis [28-31]. In the present study, the term “concentration polarization” refers broadly to
the formation of concentration gradients near interfaces rather than specifically to the ion-
depletion effect associated with limiting-current behavior in dilute channels.

Concentration polarization inevitably affects mass-transfer efficiency and increases
the energy consumption of membrane separation processes. Therefore, understanding
concentration polarization in ED is essential for improving the performance of ED systems
in various applications. Numerous studies have investigated concentration polarization
in ED for desalination, water treatment, and other relatively low-salinity applications.
Mitko et al. [32] estimated concentration distributions along ED channels using a simpli-
fied linear concentration-gradient model. Law et al. [33] adopted a nonlinear concentra-
tion-distribution model to predict concentration profiles and boundary-layer thicknesses
more accurately. Mas et al. [34] examined salt distribution in ED compartments while con-
sidering factors such as potential drop, electrolyte flow velocity, and membrane spacing.
Tedesco et al. [35] developed a two-dimensional model incorporating non-ideal mem-
brane behavior and solved the Nernst-Planck equation in both membranes and flow chan-
nels. Zourmand et al. [36] established a computational fluid dynamics (CFD)-based mass-
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transfer model to predict concentration distributions and ion transport by simultaneously
solving the Navier-Stokes and steady-state Nernst-Planck equations.

Although extensive efforts have been devoted to concentration polarization in ED
desalination and low-salinity applications, relatively little attention has been paid to ED
processes involving high-salinity solutions. Under high-concentration conditions, ion
transport properties, water transport behavior, and membrane characteristics can differ
substantially from those under dilute conditions. Strong osmotic water transport, concen-
tration-dependent membrane properties, and nonlinear concentration polarization effects
make it considerably more challenging to accurately predict concentration distributions
in ED channels operating at high salinity.

In this study, concentration polarization in ED for concentrating high-salinity solu-
tions is numerically investigated. Two modeling approaches are employed: a simplified
model considering only salt transport across the membranes and a coupled model ac-
counting for the coupled transport of salt and water. Although the governing transport
equations are adapted from established ED modeling frameworks, the present work fo-
cuses on their application to high-salinity LiCl concentration, where concentration-de-
pendent salt/water transport and boundary-layer enrichment become particularly im-
portant. The effects of key operating parameters, including flow velocity, current density,
and inlet salt concentration, on concentration distributions within the concentrate channel
are systematically analyzed. In addition, a conceptual ED concentration process utilizing
separated flow channels is proposed to explore the potential utilization of concentration
polarization for enhanced concentration performance. The developed model is intended
to provide a useful framework for predicting concentration distributions under a wide
range of operating conditions and to contribute to the advancement of electrically driven
separation technologies for high-salinity solution concentration.

2. Mathematical Modeling
2.1. Model Description

In the present study, the modeling focuses on a single representative concentrate
channel within an ED stack to calculate the corresponding concentration and velocity dis-
tributions. A schematic illustration of the computational domain is presented in Figure 1.
The domain consists of a cation-exchange membrane (CEM), an anion-exchange mem-
brane (AEM), and the concentrate channel enclosed between them. The channel length
and width are 160 mm and 8 mm, respectively. The channel width was set to 8§ mm ac-
cording to the laboratory-scale ED configuration used for high-salinity LiCl regeneration;
this geometry was used as the basis for the present channel-scale numerical analysis. Be-
cause the fluid velocity considered in this study is relatively low (<0.1 m/s), the flow inside
the channel is assumed to remain laminar (the Reynolds number for all simulated cases is
below 200). As the electrolyte solution flows through the channel, coupled ion and water
transport across the ion-exchange membranes from adjacent dilute channels results in a
gradual increase in outlet concentration.

The ED process is modeled under constant-current operation, which is particularly
relevant for high-salinity applications. Rather than explicitly resolving the detailed inter-
nal transport processes within the ion-exchange membranes, the effects of transmembrane
transport are incorporated through flux boundary conditions imposed at the mem-
brane/channel interfaces. These boundary conditions account for the net transport of salt
and water arising from electro-migration and osmosis. Such a treatment substantially sim-
plifies the numerical model while preserving the essential physics governing concentra-
tion polarization within the concentrate channel.
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Figure 1. Schematic diagram of the geometric model. The key dimensions of the channel are its

length, denoted as L, and its width (the spacing between membranes), denoted as d.

According to our previous studies [16,37], the salt and water fluxes through a mem-
brane pair can be expressed as follows:

i,
Is = FL —a(C.—Cy)
MptsVinw . @)
Palstn ;4 g(c. ~ C)

where J; is the salt flux, v, is the water flux, t; is the salt transport number, F is Far-

Vw =

aday constant, i isthe current density, a isthe overall salt permeability, § isthe overall
osmosis coefficient, ny, is the effective salt hydration number, V., is the molar volume
of water, and C. and C4 denote the salt concentrations in the concentrate and dilute
compartments, respectively. The concentration dependence of the overall salt permeabil-
ity and osmotic coefficient has been discussed in detail in our previous work [37]. In this
study, the ion-exchange membranes were treated as effective flux boundaries, and the
membrane-related parameters in Equation (1) were evaluated using bulk-concentration-
based empirical correlations. Since the concentration difference between the dilute and
concentrate compartments is much larger than the near-membrane concentration devia-
tion within the concentrate channel, this simplification is expected to have a limited influ-
ence on the calculated fluxes.

An aqueous lithium chloride (LiCl) solution is employed as the working fluid in this
study. Relevant thermophysical properties, including density and dynamic viscosity, are
obtained from the correlations proposed by Conde [38]. The diffusion coefficient of LiCl
exhibits only slight variation over a broad concentration range, remaining approximately
within 1.3 x 10 to 1.5 x 10~ m?/s for concentrations between 0 and 5 mol/L [39]. It should
be noted that the present study focuses on LiCl at a fixed operating temperature because
LiCl is a representative liquid desiccant for air-conditioning applications. Similar concen-
tration-polarization behavior is expected for other electrolytes in ED concentration pro-
cesses, although the quantitative results may vary with electrolyte-specific properties such
as density, viscosity, diffusivity, osmotic behavior, and membrane transport parameters.

The salt transport number, tg, and effective salt hydration number, n;, were experi-
mentally determined in our previous study from the measured salt and water transport
during ED concentration experiments [37]. Among the influencing factors investigated,
salt concentration was found to exert the most significant influence on these parameters.
Accordingly, empirical correlations for LiCl solution were established as follows [16,37]:

ts=093—684x105-C

C
= 13.78- - 3.27
ny exp( 3697) +

where C represents the molar concentration of the bulk LiCl solution (mol/m?).

@)

https://doi.org/10.3390/membranes16080259



Membranes 2026, 16, 259

5 of 19

To facilitate model development, several assumptions are adopted in this study, con-
sistent with commonly used approaches in the literature [35]: (1) The process operates at
steady state, and the flow regime is laminar. (2) The velocity field and the concentration
field are solved independently. (3) The fluid velocity profile is assumed to be fully devel-
oped at the channel inlet. (4) The electrolyte (LiCl) is considered fully dissociated. The
anion (CI) and cation (Li*) are assigned equal diffusion coefficients, denoted by D_ =
D, = Ds. (5) The anion-exchange membrane (AEM) and cation-exchange membrane
(CEM) are assumed to possess identical relevant properties, including thickness, ion-ex-
change capacity, ion diffusivity, and perm-selectivity. (6) The osmotic and electro-osmotic
water fluxes across the AEM and CEM are considered equal. Therefore, the total water
flux across the anion- and cation-exchange membranes is the same, with vy gy =
VwceM = 1/2v. (7) The ED process is assumed to be isothermal, with all properties eval-
uated at a constant operating temperature.

These assumptions enable a tractable numerical formulation while retaining the es-
sential transport mechanisms governing concentration polarization in high-salinity ED
systems. The assumptions of identical AEM/CEM properties and equal water fluxes were
adopted to establish a simplified symmetric baseline model. In practical ED systems,
AEMs and CEMs may differ in perm-selectivity, ion-exchange capacity, ion diffusivity,
co-ion transport, water uptake, and electro-osmotic water transport, which could lead to
asymmetric concentration boundary layers and affect the predicted outlet concentration.
Therefore, the present results should be interpreted as a first-order analysis of the main
concentration-polarization mechanism, and future work should incorporate membrane-
specific parameters and sensitivity analysis to assess model robustness.

2.2. Simplified Model

A simplified model was first developed in which transmembrane water transport
was neglected and only ion transport across the ion-exchange membranes was consid-
ered. Under this assumption, the velocity distribution inside the concentrate channel can
be approximated as a fully developed parabolic flow profile. Furthermore, because the
channel length is substantially greater than the channel width, axial diffusion in the flow
direction is assumed negligible compared with transverse diffusion. This assumption is
commonly adopted in ED channel modeling and significantly simplifies the governing
transport equations.

Accordingly, the steady-state concentration distribution within the concentrate chan-
nel can be described using the following two-dimensional convection—diffusion equation
[35]:

2

D%=u(x)%g;y), —%SXS%,OS}/SL 3)
where D is the ion diffusion coefficient and u(x) is the local axial velocity. Because the
flow is assumed to be fully developed and laminar, the velocity profile follows the classi-

cal Hagen-Poiseuille equation [35]:
3 x\? d
u(x):Euave(l—él(E) ) —nggd/z 4)
where u,,. denotes the average flow velocity within the channel.
The governing convection—-diffusion equation is solved subject to the following

boundary conditions:

p¥_ 4 r=7¢
dx - e =73 (5)
C(x,0) = C,

where C, is the inlet concentration of the concentrate channel.
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The governing equation was discretized using the forward finite-difference method.
Employing a structured uniform computational grid, the discretized form of Equation (3)
can be expressed as follows:

Civ1j =Ry j(Cijy1 + Cij—1) + (1 — 2R j)C;; (6)

where R, ; is the local step ratio defined by:
R = DAy .
iLj = ui,j(Ax)Z ( )

where Ax and Ay represent the grid spacing in the transverse and axial directions, re-
spectively.

The simplified model was implemented in MATLAB (version 2016b) because it is
based on a reduced convection-diffusion equation with a prescribed fully developed ve-
locity profile and was mainly used for rapid comparison with the coupled model. The
computational domain representing the concentrate channel was discretized into m rows
and n columns, corresponding to grid spacings of Ay = L/m and Ax = d/n.

To ensure numerical accuracy and eliminate potential grid dependency, a mesh-in-
dependence analysis was conducted. Several mesh densities were tested, and the pre-
dicted concentration distributions were compared. A mesh consisting of approximately
250,000 computational cells (m x n = 5000 x 50) was ultimately adopted because further
mesh refinement produced negligible changes in the simulation results.

Although the simplified model neglects transmembrane water transport and there-
fore cannot fully capture the coupled transport behavior occurring near the membrane
surfaces, it provides a computationally efficient framework for rapidly estimating concen-
tration distributions and identifying the dominant transport characteristics within the ED
channel.

2.3. Coupled Model

In practical ED systems, electro-osmotic water transport is an inherent process, and
osmotic water transport becomes particularly significant under high-salinity operating
conditions. To achieve a more accurate prediction of concentration distributions within
the concentrate channel, transmembrane water transport must therefore be incorporated
into the model. Consequently, the assumption of a purely parabolic velocity profile em-
ployed in the simplified model is no longer valid, and the velocity field must be solved
simultaneously with the concentration field.

In the coupled model, the steady-state flow field of the incompressible electrolyte
solution is governed by the two-dimensional Navier-Stokes equations [40]:

Ju OJv
axtay ="
ou  odu dp 0*u 9%u
PGt Ye = Tax TG T o ®)
9 ov op 0*v  9%v
PUG Ve = oy THGE T 52

where u and v denote the velocity components in the transverse (x) and axial (y) direc-
tions, respectively, p is the fluid density, p is the pressure, and p is the dynamic viscos-
ity of the fluid.
The governing equations for the velocity field are solved subject to the following
boundary conditions:
u=u,; y=0
p=0 y=L ©)

v,
v=i7w, x=+d/2
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where u, is the inlet velocity and 1w, is the total water flux through the ion-exchange
membranes.

After obtaining the velocity field, the concentration distribution within the channel
is determined by solving the two-dimensional convection—diffusion equation. Unlike the
simplified model, diffusion in both the transverse and axial directions is considered in the
coupled model. The governing equation for the steady-state concentration field is ex-

pressed as follows:
0%C 0%C ac ac

— )= U—F V— 10
(6x2+0y2) u6x+v6y (10)
The corresponding boundary conditions are given by:
C=Cpy=0
(11)

dc -
Da+ vC =%J;, x=+d/2

Compared with the simplified model, the additional convective term associated with
water transport enables the coupled model to more accurately capture concentration evo-
lution near the membrane surfaces. This improvement is particularly important under
high-salinity conditions, where osmotic water transport substantially affects local concen-
tration distributions and boundary-layer development.

The coupled governing equations, including the Navier—Stokes equations and the
convection—diffusion equation, were solved numerically using the commercial finite-ele-
ment software COMSOL Multiphysics® (version 5.6). In the COMSOL implementation,
the ion-exchange membranes were not treated as separate computational domains. In-
stead, the membrane/channel interfaces were defined as flux boundaries. The salt and wa-
ter fluxes given by Equation (1) were imposed on these boundaries, and the applied cur-
rent density was introduced through the corresponding salt flux term. The concentration-
dependent membrane parameters in Equation (2) were evaluated using the bulk LiCl con-
centration. As illustrated in Figure 2, to accurately resolve the steep concentration gradi-
ents that develop near the membrane surfaces, localized mesh refinement was applied
within the thin concentration boundary layers adjacent to the walls. In contrast, a rela-
tively coarser mesh was employed in the bulk-flow region to improve computational ef-
ficiency while maintaining sufficient numerical accuracy.

160]
150]
140]
130]
120
110
100]
90]
80]
70
60
50
40]
30]
20
10

mm|

-50

-0.2 0 0.4

Figure 2. Computational mesh used in the coupled model. The left panel shows the overall concen-
trate-channel domain, and the right panel shows a magnified view of the locally refined mesh near

the membrane surface. The axis units are given in mm.

A comprehensive mesh-independence analysis was conducted to verify that the nu-
merical results were independent of grid resolution. Several mesh densities were tested
and compared. A final mesh containing approximately 100,000 elements (corresponding
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to m x n=1000 x 100 grid points) was adopted because further refinement produced neg-
ligible changes in the predicted velocity and concentration distributions.

To characterize the bulk transport behavior within the concentrate channel, average
velocity and concentration values were calculated at different axial locations. The average
velocity at a given axial position is defined as [35]:

d/2
[0 u(x, y)dx

—d/2
uave (y) = d

Similarly, the flow-averaged concentration at a given axial position is calculated as:
. JS0r, € e, yyutx, y)dx
y =
e Uave(¥)d
A generalized averaging formulation can also be applied to arbitrary channel cross-

(12)

(13)

sections:
b
J,, u(x,y)dx
Uave = T bh—a
b (14)
7 CCoyulx,y)dx
ave ™ uave(b - a)

where a and b represent the boundaries of the selected cross-section.
Because high-salinity solutions are typically characterized using solute mass concen-
tration (or fraction) rather than molar concentration, the calculated molar concentrations

were converted into solute mass concentrations using the following relationship:
CS MS
$s =
Ps

where & is the solute mass concentration (or fraction), My is the molar mass of the salt,

(15)

and pg is the density of the solution.

In the subsequent analysis, all concentration results are presented in terms of solute
mass concentration because this representation is more commonly adopted in the design
and performance evaluation of air-conditioning systems employing liquid desiccants.

2.4. Overall Settings and Model Validation

The anion-exchange membranes (AEMs) and cation-exchange membranes (CEMs)
employed in this study share identical geometric dimensions, each with a thickness of 0.16
mm and an effective active area of 0.0112 m2 (0.16 m x 0.07 m). The concentrate channel is
0.16 m in length and 0.008 m in width. Detailed electrochemical and transport properties
of the ion-exchange membranes are provided in our previous study [37]. In the present
model, the membrane-related parameters used to calculate the salt and water fluxes in-
clude the salt transport number, effective salt hydration number, overall salt permeability,
and overall osmosis coefficient.

To investigate the effects of operating conditions on concentration and velocity dis-
tributions, a range of input parameters was considered. The inlet salt concentration (ex-
pressed as solute mass fraction) varies from 10% to 30%, the applied current density
ranges from 200 to 800 A/m?, and the inlet flow velocity is set between 1 and 10 cm/s. The
specific parameter combinations used in each simulation case are provided in the corre-
sponding sections of the results.

Based on the governing equations and boundary conditions described above, steady-
state velocity and concentration fields within the channel were obtained. To evaluate
model reliability, a comparative analysis between the simplified model and the coupled
model was first conducted under i = 400 A/m?, u = 2.5 cm/s, and &s = 10% (LiCl solution).

Figure 3a presents the cross-sectional concentration distribution at the channel outlet
(y = L). The results show that the simplified model slightly overestimates the ion concen-
tration near the membrane surfaces. This deviation is primarily attributed to the neglect
of transmembrane water transport, which otherwise contributes to dilution effects in the

https://doi.org/10.3390/membranes16080259



Membranes 2026, 16, 259

9 of 19

21.0

—_
)
-

208

Solute mass fraction (%)

20.0 -

() 4

Velocity (cm/s)

boundary layer. Figure 3b illustrates the concentration distribution along the channel cen-
terline (x = 0). Both models show excellent agreement in the bulk region, indicating that
the simplified model is capable of capturing the overall axial concentration trend under
moderate operating conditions. In addition, the velocity profiles predicted by the two
models at the channel outlet are nearly identical, as shown in Figure 3¢, confirming the
validity of the laminar fully developed flow assumption for velocity prediction.
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Figure 3. The comparison between the simplified model and the coupled model: (a) the cross-sec-
tional salt concentration distribution at the outlet of the channel, (b) the salt concentration distribu-
tion along the center of the channel, and (c) the velocity distribution of solution at the outlet of the
channel. (d) the comparison between the coupled model and experiment in terms of the concentra-
tion increase from the inlet to the outlet of the channel. The experimental data was obtained at each
moment of an ED process operating in batch mode (i =400 A/m?, 1 =2.5 cm/s, and LiCl concentration
of 10%).

To further validate the coupled model, the predicted concentration increase from the
inlet to the outlet of the concentrate channel was compared with experimental data. The
experimental setup and procedures are detailed in our previous work [37]. Experiments
were conducted in batch mode at an initial LiCl concentration of 10%. This validation
condition was selected because the concentration increase from the inlet to the outlet of
the concentrate channel is relatively larger at 10% LiCl, providing a clearer experimental
signal for model validation. At higher LiCl concentrations, the single-pass concentration
increase becomes much smaller and is more susceptible to measurement uncertainty. In
batch operation, the concentration difference between the concentrate and dilute streams
gradually decreases over time due to the evolution of the driving force for ion transport.
At each time step, experimentally measured operating parameters (including current den-
sity, flow rate, and instantaneous concentrations) were used as input to the coupled
model. The corresponding outlet concentration was then computed and compared with
experimental results.

https://doi.org/10.3390/membranes16080259
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Figure 3d compares the simulated and experimental concentration increase from the
inlet to the outlet of the concentrate channel. The model predictions agree well with ex-
perimental data, with only minor deviations observed. These discrepancies are mainly
attributed to experimental uncertainties, as the measured concentration increase is rela-
tively small and therefore sensitive to measurement errors.

Overall, the coupled model demonstrates improved predictive accuracy compared
with the simplified model, particularly in capturing concentration evolution under condi-
tions where transmembrane water transport plays a significant role. Therefore, the cou-
pled model is adopted in the subsequent analysis.

3. Results and Discussion
3.1. Concentration and Velocity Profiles

Figure 4 presents the simulated velocity and concentration distributions within the
concentrate channel under the operating conditions of i =400 A/m?, u =2.5 cm/s, and LiCl
concentration of 20%. As shown in Figure 4a, the velocity field exhibits a typical parabolic
profile characteristic of pressure-driven laminar flow in a confined channel. The velocity
approaches zero at the membrane surfaces due to the no-slip boundary condition and
reaches a maximum value of approximately 3.76 cm/s at the channel centerline.

(a) mm cm/s (b) mm %
160 A3.76 160, A207
159.9 159.9 20.7
35
159.8 159.8 206
159.7 = 159.7
20.5
159.6 2.5 159.6
20.4
159.5 2 159.5
1594 15 159.4 20.3
159.3 1 159.3 20.2
159.2
05 139:2 201
159.1 159.1
159 V¥ 1.4x107 159 v 20
0.4 0.2 0 0.2 0.4 mm 0.4 0.2 0 0.2 0.4 mm

Figure 4. (a) Velocity distribution and (b) concentration distribution in the concentrate channel un-
der i =400 A/m?, u =2.5 cm/s, and LiCl concentration of 20%.

In contrast, the concentration distribution shown in Figure 4b exhibits the opposite
trend. The highest concentration, approximately 20.7%, occurs in the vicinity of the ion-
exchange membrane surfaces. This localized enrichment is attributed to ion migration
from the adjacent dilute compartments into the concentrate channel under the applied
electric field. Toward the channel center, the concentration remains relatively uniform and
close to the inlet bulk value, indicating that convective transport dominates in the core
region while diffusion is confined primarily to a thin boundary layer adjacent to the mem-
branes. This clearly demonstrates the formation of concentration polarization under high-
salinity ED operation. The formation of this concentration profile can be understood as
the result of competition between transmembrane ion migration, transverse diffusion, ax-
ial convection, and water transport. Ion migration enriches the solution near the mem-
brane surfaces, whereas axial convection continuously transports the bulk solution down-
stream and maintains a relatively uniform concentration in the channel center. Therefore,
the near-membrane boundary layer, rather than the entire channel cross-section, domi-
nates the concentration-polarization behavior in the concentrate channel.

Figure 5 illustrates the ion diffusive and convective flux distributions at three axial
locations along the channel, namely y = L/4, L/2, and 3L/4. As shown in Figure 5a, the
transverse ion diffusive flux across the channel is equal in magnitude but opposite in di-
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rection at the AEM and CEM, resulting in an almost zero net flux at the channel centerline.
A similar distribution is observed for transverse convective flux, as shown in Figure 5b.
The axial ion diffusive flux shown in Figure 5c is several orders of magnitude smaller than
the transverse component and decreases gradually along the flow direction, with a maxi-
mum magnitude of approximately 1.4 x 106 mol/m?/s. In contrast, the transverse diffusive
flux reaches approximately 1.6 x 10 mol/m?/s. This large disparity confirms that axial
diffusion is negligible compared with transverse diffusion under the present operating
conditions, thereby validating a key assumption of the simplified model. Similarly, the
axial convective flux shown in Figure 5d remains small along most of the channel length
but becomes non-negligible in regions close to the membrane surfaces, where velocity
gradients and concentration gradients are strongly coupled.
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Figure 5. (a) Transverse diffusive flux, (b) transverse convective flux, (c) axial diffusive flux, and (d)
axial convective flux at different axial positions along the channel (i = 400 A/m?, u = 2.5 cm/s, and

LiCl concentration of 20%).

These results further confirm that concentration polarization is mainly governed by
transport processes within the thin boundary layers adjacent to the ion-exchange mem-
branes. The much larger transverse diffusive flux compared with the axial diffusive flux
indicates that concentration gradients are primarily established across the channel width
rather than along the flow direction. Meanwhile, axial convection controls the renewal of
the bulk solution and limits the extension of the enriched region into the channel center.
Therefore, the coupled effects of electromigration, transverse diffusion, and axial convec-
tion determine the final concentration distribution in high-salinity ED operation.

3.2. Effect of Different Parameters

The influence of key operating parameters on the concentration distribution within
the concentrate channel was systematically investigated, including flow velocity, applied
current density, and inlet salt concentration of LiCl solution.
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Figure 6 illustrates the influence of flow velocity on the concentration distribution
within the concentrate channel (simulated with i =400 A/m? and &s = 20%). As shown in
Figure 6a, a lower flow velocity leads to a higher ion concentration near the ion-exchange
membrane surfaces at the channel outlet (y = L), with the surface concentration increasing
from approximately 20.45% to 21% as the velocity decreases. In contrast, the outlet con-
centration at the centerline of the channel remains nearly unchanged for flow velocities
between 4 and 10 cm/s. However, when the flow velocity is sufficiently low (e.g., 1 cm/s),
corresponding to a longer residence time, the outlet concentration at the channel center
can exceed the inlet concentration, as shown in Figure 6b. This occurs because the longer
residence time allows more ions, which accumulate near the membrane surfaces due to
electromigration, to diffuse from the boundary layer into the bulk flow region. Conse-
quently, the bulk solution becomes more concentrated along the channel length under
low-flow conditions.
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Figure 6. Concentration distribution in the concentrate channel under different flow velocities (i =

400 A/m? and LiCl concentration of 20%). (a) In the x direction (y =L). (b) At the center of the channel
in the y direction.

Figure 7 illustrates the effect of applied current density on the concentration distri-
bution within the concentrate channel. As shown in the figure, a higher current density
results in an increased ion concentration both near the ion-exchange membrane surfaces
at the outlet (y = L), as shown in Figure 7a, and at the centerline of the channel, as shown
in Figure 7b. This trend is attributed to the corresponding increase in transmembrane ion
migration flux, which is directly proportional to the applied current density. In the context
of concentrating high-salinity solutions typically used in liquid desiccant air-conditioning

systems, operating at higher current density may therefore be beneficial for achieving
faster concentration rates.
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Figure 7. Concentration distribution in the concentrate channel under different current densities (u
=2.5 cm/s and LiCl concentration of 20%). (a) In the x direction (y = L). (b) At the center of the channel
in the y direction.

However, it is important to note that previous studies have shown that operation at
higher current density also leads to increased specific energy consumption [16,37]. Con-
sequently, a practical trade-off must be considered between the desired concentration rate
(favored by high current density) and the associated energy consumption. Optimizing this
balance is essential for the energy-efficient application of ED in such systems.

Figure 8 illustrates the influence of inlet LiCl concentration on the concentration dis-
tribution within the concentrate channel (simulated with i = 400 A/m? and u = 2.5 cm/s).
For clarity, the concentration increase from the inlet to the outlet is calculated and pre-
sented for each inlet concentration. As shown in the figure, a higher inlet salt concentra-
tion leads to a smaller concentration increase. This trend is observed both near the ion-
exchange membrane surfaces at the outlet (y =L), as shown in Figure 8a, and at the channel
centerline, as shown in Figure 8b. The primary reason for this behavior is the dependence
of the membrane ion transport number on concentration. The effective salt transport num-
ber of the ion-exchange membranes decreases as the bulk salt concentration increases,
which in turn reduces the net ion migration flux across the membranes under a given
applied current density. Consequently, the degree of concentration achieved per unit
channel length decreases at higher inlet concentrations.
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121 — 10%

— 10%
0.003 |- ——20%
30%

081 0.002 |

06

04| 0.001 -

Mass concentration (%)

02

Concentration difference (%)

0.000 |-

0.0

i i i i L i
-04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4 0 40 80 120 160

X (mm) y (mm)

Figure 8. Distribution of the concentration increase from the inlet to the outlet under different inlet
LiCl concentrations (i = 400 A/m? and u = 2.5 cm/s). (a) In the x direction (y = L). (b) At the center of
the channel in the y direction.

At an inlet LiCl concentration of 30%, the model predicts that the concentration near
the membrane surface at the outlet is approximately 0.4% higher than the inlet concentra-
tion. In the context of conventional ED regeneration for air-conditioning systems, the con-
centration increase per pass is typically much less than 1% when processing LiCl solutions
above 30% [16]. Therefore, achieving a 0.4% concentration increase from a 30% solution
in a single pass represents a relatively high-performance level for the ED process. Further-
more, as indicated in the previous section, operating at higher current density can further
enhance this concentration increase near the membrane surface. This capability to achieve
measurable concentration gains at high salinity is particularly attractive for efficient re-
generation of liquid desiccants in air-conditioning applications.

4. ED Concentration Using Separate Channels

The preceding analysis demonstrates that, in a conventional ED process, the salt con-
centration in the bulk flow region remains nearly constant along the flow direction,
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whereas a significantly elevated concentration develops near the ion-exchange membrane
surfaces. This pronounced concentration gradient between the membrane surface and the
bulk region inevitably affects the mass transfer performance of the ED process. Further-
more, the concentrated solution within the boundary layer inevitably mixes with the bulk
solution at the channel outlet. From a thermodynamic perspective, such mixing intro-
duces an inherent exergy loss, thereby increasing the energy consumption of the separa-
tion process.

In recent years, ion concentration polarization (ICP) technologies, which intention-
ally utilize concentration polarization phenomena, have attracted increasing attention
[41-45]. A common strategy employed in these technologies is the use of separate flow
channels to independently collect concentrated, diluted, and intermediate streams,
thereby minimizing undesired mixing between streams [43]. Figure 9 presents a schematic
comparison between a conventional ED concentration process and an ED process employ-
ing separate channels.

In the separate-channel configuration shown in Figure 9b, the concentrate flow can
be divided into two streams: an enriched concentrate stream near the membrane surface
and an intermediate stream in the bulk region. By adjusting the width of the intermediate
channel, I (I < d), different combinations of outlet concentration and volumetric flow rate
can be achieved for the two streams. This section aims to provide a conceptual analysis of
an ED concentration process utilizing separate channels and to explore the potential ad-
vantages of actively utilizing concentration polarization for concentrating high-salinity
solutions used in air-conditioning systems.

(a) ) _ ) CEM

Dilute
____________________________________________________ Concentrate

—
— ) Enriched channel
- A Intermediate channel

CEM Enriched
concentrate

Intermediate

Enriched
concentrate

Figure 9. Schematic diagram of (a) a conventional ED concentration process and (b) an ED concen-

tration process using separate channels.

Using Equation (14), the volumetric flow rate and average outlet concentration of
each stream can be determined. Figure 10 presents the calculated volume fraction and
outlet concentration of both the intermediate stream and the enriched concentrate stream
as functions of the relative width of the intermediate channel. For a conventional ED pro-
cess, where the entire channel width is utilized (I = d), the average outlet concentration is
approximately 20.09%. When the intermediate channel width is set to I/d = 0.25 the system
produces an intermediate stream with a concentration of approximately 20.01% and an
enriched concentrate stream with a concentration of approximately 20.14%. The corre-
sponding volume fractions of the intermediate and enriched streams are approximately
36% and 64%, respectively. When I/d = 0.75 the enriched concentrate stream reaches a con-
centration of approximately 20.41%, while its volume fraction decreases to only about
10%. These results indicate that the separated-channel design can effectively enhance the
concentration level of the enriched stream by mitigating mixing between the boundary-
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layer and bulk regions. However, this improvement is achieved at the expense of volu-
metric yield, revealing a clear trade-off between outlet concentration and production ca-
pacity.

Similar stream-separation strategies have been experimentally explored in lab-scale
ion concentration polarization systems for hypersaline brine treatment. For example, Kim
et al. demonstrated a lab-scale ICP device with separate dilute, intermediate, and concen-
trate channels for treating 70 g/L NaCl brine, suggesting that concentration-polarization-
induced stream separation can be physically implemented [43]. Nevertheless, the sepa-
rated-channel ED configuration proposed in this study remains a preliminary conceptual
design. Its practical realization would require further optimization of flow distribution,
hydraulic resistance, pressure drop, spacer/support structures, and manufacturability.

Although the separated-channel configuration increases the outlet concentration of
the enriched stream, concentration enhancement alone does not necessarily indicate im-
proved overall performance. A complete evaluation should also consider stack voltage,
membrane resistance, hydraulic pressure drop, pumping power, product recovery, and
specific energy consumption. Therefore, the present analysis should be regarded as a pre-
liminary conceptual assessment, and further experimental and system-level energy anal-
yses are required to evaluate the practical feasibility of this design.
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Figure 10. Volume fraction and flow-averaged outlet solute mass fraction of the intermediate and
enriched concentrate streams under different intermediate-channel widths. Here, [ is the interme-
diate-channel width and d is the total concentrate-channel width. The intermediate stream repre-
sents the bulk-flow region, while the enriched concentrate stream represents the near-membrane
boundary-layer region. The dashed line denotes 100% total outlet volume fraction. Operating con-
ditions: inlet LiCl mass fraction &; = 20%, inlet velocity u = 2.5 cm/s, and current density i =400
A/m2.

From an application perspective, the separated-channel concept provides a potential
way to utilize concentration polarization for enhanced ED concentration performance, but
its practical use still requires further structural and hydrodynamic optimization.

5. Conclusions

In this study, a simplified model and a coupled model were developed to investigate
the concentration and velocity distributions within the concentrate channel of an ED pro-
cess for high-salinity solution concentration. The comparison between the two models
demonstrated that neglecting transmembrane water transport results in an overestima-
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tion of ion concentration near the ion-exchange membrane surfaces. In contrast, the cou-
pled model, which incorporates both ion and water transport, provides a more accurate
description of concentration polarization behavior within the channel.

The effects of key operating parameters, including flow velocity, applied current den-
sity, and inlet salt concentration, on the concentration distribution were systematically
analyzed. The results indicate that, under most operating conditions, the concentration in
the bulk flow region remains nearly constant along the channel, whereas significantly el-
evated concentrations develop near the membrane surfaces due to concentration polari-
zation. Lower flow velocity and higher current density enhance ion accumulation near the
membrane surfaces, while higher inlet salt concentration reduces the concentration in-
crease achieved within a single pass.

Building on these concentration polarization characteristics, a conceptual ED config-
uration with separated channels was proposed and analyzed. The results indicate that
selectively extracting the enriched boundary-layer region can enhance the concentration
of the product stream while mitigating mixing-induced dilution at the outlet. However,
this improvement is achieved at the expense of volumetric flow rate, indicating an inher-
ent trade-off between concentration level and production yield.

Overall, this work establishes a modeling framework for predicting concentration
distribution in ED channels under high-salinity conditions and provides insight into the
role of concentration polarization in ED-based concentration processes in air-conditioning
systems. The findings highlight the potential of exploiting, rather than merely limiting,
concentration polarization to improve process performance. Future work will focus on
optimizing the separated-channel design and experimentally validating the proposed
concept under practical operating conditions.
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Nomenclature

C concentration, mol/m3

d width, m

D diffusion coefficient, m?/s
F Faraday constant, C/mol
i current density, A/m?

] molar flux, mol/m?/s

—

length, m
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