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Many works in capacitive deionization (CDI) use finite-element (FEM) simulations to investigate
process behavior. Here, we present ELC, comprehensive software that integrates these methods with
COMSOL Multiphysics. It can save significant time for common research questions in CDI operations
and is well-suited for new research questions in complex and upscaled device designs. The ELC
software has already been used for the simulation of time-varying desalination output, charge leakages,
bipolar electrode devices, and stacks of over 100 CDI cells. Finally, we provide a video tutorial on how
to use the software. In conclusion, ELC could be a strong software for aiding current and future research
in electrochemical desalination.
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1. Motivation and significance

Capacitive deionization (CDI) uses electrochemical methods
for the desalination of water [1,2]. The complex physics behind
this process means that spatially resolved modeling traditionally
requires large equation sets, intricate fitting processes, technical
tricks, and extensive efforts to set up a model [3]. Recently, we
developed a theory for CDI modeling starting from the anal-
ogy of battery simulations. The compiled theory was named the
electrolytic-capacitor model (ELC). The approach meant that we
could develop a model that blends with the existing simulation
support for finite-element modeling (FEM) found in COMSOL
Multiphysics. That makes the model generalizable, and we now
present software based on it,
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A key application of the program is simulating different device
structures and configurations with a given electrode material.
This could be different upscaled stacks, connection types, or ge-
ometrical sizes such as electrode thickness. It could also aid
research questions related to operations and internal dynamics.
As an example, one study [4] used the software to investigate 2D
dynamics, leakages, and multi-ion solutions.

An advantage of the software is that the physics stays the same
across applications, and new users can implement the software
by simply entering the system parameters corresponding to their
device. Having the parameters, it is possible to simulate the
charging and adsorption process over time, including the internal
state of the device.

The ELC software has several points of significance. First, ELC
is user friendly. It requires limited knowledge about the de-
tailed theory to use and technical tricks required to implement
a model are already included in the program. Thus, it saves
time when pursuing existing research questions. Secondly, it is
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Fig. 1. An illustration of the software architecture. (a) This panel shows the
name of the interface components. The three main ones are marked and
correspond to the water flow, currents, and adsorption. (b) Each interface shows
the equations they implement. This one shows that the volumetric current i, 4
depends on the area current iy and the area-to-volume ratio a,g. Also, the
local current iy depends on the capacitance Cy and how quickly the relative
voltage changes between the solid ¢ and liquid ¢, parts of the electrode. (c)
The adsorption rate R; of species i follows from the volumetric current i,, the
Faraday constant F, the stoichiometric coefficient (= charge efficiency “lam”).
Also, n = 2 means two charges are required to remove one salt molecule.

flexible. It applies to a variety of designs and could enable new re-
search in complex and upscaled devices. Thirdly, it has a tractable
implementation, requiring a minimal set of relatively uncompli-
cated experimental data for fitting its reduced parameter set. This
makes simulation-based studies more accessible.

2. Software description

A detailed description of how to use the ELC software can be
found in the attached video.

2.1. Software architecture

The default geometry in the ELC software is a typical flow-
between CDI structure (fbCDI). This includes an inlet pipe, a
spacer channel, two electrodes, and an output channel. The user
can change the geometry and flow modes freely.

The ELC software has three main interfaces that work “under
the hood” (Fig. 1a). In CDI, the process mechanism is that a
current drives adsorption and the purified water follows the
water stream out of the device. Thus, the first main interface
is the Brinkman Equations, which solves the water flow inside
the channels and porous materials. Notably, it automatically han-
dles internal transitions between internal boundaries. The second
main interface is the Secondary Current distribution (Fig. 1a).
It calculates the charging rate based on the effective voltage
distribution and the resistive components in the solution and
electrodes. Here, it is also possible for the user to enable the
interface for electrochemical reactions on the porous electrodes
(leakage currents). The third main interface is the Transport of Di-
luted Species in Porous Media (Fig. 1a). It calculates the transport
of ions based on migration, advection, and diffusion. It also simu-
lates adsorption (Fig. 1c). Charge efficiency, the fraction of current
that leads to adsorption, is taken care of through a stoichiomet-
ric coefficient based on the dynamic Langmuir (DL) model, as
explained elsewhere [5,6]. Normally, the user will not have to
change any settings in these interfaces.
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Several auxiliary interfaces in the ELC software are critical
to getting a stable implementation (Fig. 1a). Firstly, the Events
interface handles the switching between desalination and regen-
eration modes. A second ODE interface calculates the effective
potential based on the external constant voltage (CV). As an
alternative, the same interface can define the voltage implicitly
through a specified constant current (CC). Finally, the Definitions
node includes features for stabilizing the model, including a step
function for smooth transitions.

The parameters (Fig. 1a) are classified as structure, operation,
material, internal, and fitting parameters. The structure parame-
ters concern the geometrical conditions, the material parameters
correspond to the electrode material and electrolyte composition,
and operational parameters correspond to the operational con-
ditions. The internal parameters are derived automatically from
other parameters. There are three fitting parameters. The first is
the total capacitance of the device and the second is the external
resistance. The third is the baseline voltage, as explained in detail
in Ref. [5]. With a single fitting experiment (CV), it is Vo =
Ve (1 — Ape). Here, Vj is the fitting voltage and Ag is the fitting
charge efficiency.

The ELC software has some limitations though. The charge
efficiency is considered as a constant with time and also varies
linearly with the applied voltage, instead of time-varying and
non-linear conditions. This can raise the simulation errors some-
what at the very beginning of any desalination process and for
very low concentrations or below 0.4 V applied voltages (in
practice voltages at or above 1.2 V are used). Also, the double
layer capacitance is considered independent of the ion concen-
tration, which raises the errors if the simulation covers a wide
concentration range. More sophisticated models that exist such
as the modified Donnan (mD) model can handle such ranges but
we are not aware of an open-source program with that model
but can share our implementation upon a reasonable request.
We have chosen to communicate the more practical and less
computationally intensive ELC model since it is a useful tool
under normal simulation conditions.

Another limitation with that the Secondary Current Distri-
bution (with Transport of Diluted species) is built for solutions
with two species. NaCl, for instance. More complicated solutions
require a Tertiary Current Distribution. We will share such soft-
ware upon a reasonable request. However, that model is slower,
less computationally stable, and sometimes less accurate. There-
fore, we recommend using the standard ELC software whenever
possible.

2.2. Software functionalities

The ELC software focuses on simulating desalination by CDI in
multiple dimensions. The default required time of a simulation
is 22 s, as tested on a laptop computer. In the outputs, the ELC
software generates time-varying trends for the effluent concen-
tration, overall current cumulative current and adsorption, and
cell voltage. It also produces the internal time-varying perfor-
mance including current, adsorption rate, flow velocity, and ion
concentration. In the input, it automatically handles varying cycle
times and switching rates, as well as variations in operational
parameters such as ion concentration, flowrate, and external
voltage.

The default is a flow-between CDI device operating CV charg-
ing. The geometry can be exchanged for other structures and
modes, such as flow-through CDI. Interfaces can be enabled to
address CC charging, leakage currents, and batch flow.
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Fig. 2. This is the default output of the ELC software, as shown in COMSOL
Multiphysics. The device is based on Ref. [7]. The flowrate is 0.42 mL/min, the
voltage is 0.8 V, and the inlet concentration is 20 mM. (a) This is the effluent
concentration from the device. The probe “bnd1” calculates the average salt ion
concentration over the outlet boundary. (b) The internal concentration at the
point of the lowest effluent concentration. The color scale corresponds to the
molar concentration as written in the title. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

3. Illustrative examples

The example shown here corresponds to the default settings
that are shipped with the model.

There are two main outputs. Fig. 2a shows the conductivity
profile of the effluent water stream. The concentration decreases
at the beginning when the device starts to adsorb salt ions. Later,
the accumulation of ions in the electrode reduces the adsorption
rate until new ions are coming in faster than the device can
remove them. At that time, the outlet concentration starts to
increase again. Finally, the salt ions are released again when
the voltage is removed, leading to a spike in the effluent ion
concentration.

Fig. 2 shows the internal concentration profile at the point of
the lowest effluent concentration. From this figure, we can see
that the diffusion rate of ions into the electrodes is limiting how
quickly the device can charge. The combined diffusion/transport
behavior also affects how quickly the internal adsorption relates
to a net output.

4. Impact

Several studies in CDI have used FEM methods. Examples of in-
vestigations that could be pursued with the current software are
the internal concentration distributions [7], pressure drops [8],
and flow distributions [8], including how they depend on the
structure. More examples include localized ion starvation [7], the
impact of flow [9], ftCDI [10] and fbCDI [3], upscaled devices [11],
and charging characteristics [12]. The ELC software could save
users’ time because they do not have to rebuild the underlying
program for every new application. Thus, it greatly aids in the
pursuit of such research questions and could change the daily
practice of the users. Aside from saving time, many critical im-
plementational features presented here are never mentioned in
normal papers. By making the methods public, we could thus
make it possible for more research groups to pursue these types
of research questions.

Unlike common models, the ELC software automatically im-
plements the physics and internal boundaries. It could, therefore,
allow users to investigate new and complicated device geome-
tries. Specialized operations, including control systems [13], could
also be tractably tested.

As the CDI field evolves, the modeling of upscaled systems will
become more relevant. For instance, pilot plants [14] and startup
companies [15] are emerging in CDI. Some recent studies have
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investigated upscaling from the simplified perspective of pressure
and flow [8], or with decoupled modeling frameworks [11,16].
However, flows and fields can get complicated inside the device,
meaning a comprehensive model requires a general description
of internal transitions, as presented here. Another advantage is
that the new ELC software is stable enough to handle large and
unideal states. Based on this, we expect it to open the door to
simulations of upscaled devices with complex geometries.

A good example of a study that has used the ELC software is
Ref. [4]. Here, the authors simulate 2D dynamics in CDI. The work
also revealed time-dependent simulations of multi-ion solutions.
Desalination with various ion types is a core feature of CDI [17,
18], but simulating the time-dependent effluent concentration of
various ion types can be especially complex. Thus, a core value of
the new software in that study is enhanced numerical stability.
Finally, the work also shows time-dependent leakage reactions in
CDL. This is significant because leakages can be difficult to simu-
late, especially in a spatially resolved model. We also note that
the way of treating such reactions at the electrodes is not limited
to leakages in CDI; rather, users could extend this approach to
other electrochemical reactions in supercapacitor devices.

The enhanced simulation speed and stability also mean that
more complex geometries can be considered. Ref. [19] uses ELC
to simulate 5-cell stacks with bipolar electrodes and various flow
pathways. Ref. [20] uses ELC to simulate upscaled cell stacks with
over 100 CDI cells. The latter thus demonstrates that the model
can handle complex systems that cannot be resolved in fewer
than two dimensions.

5. Conclusions

FEM methods are common in studies on electrochemical de-
salination. However, research is hampered by the lack of ready-
made tools for simulating process behavior. Specifically, complex
physical interactions mean setting up simulations requires ex-
tensive theory knowledge and technical tricks. Hence, the new
ELC software introduces support for future research. It com-
piles theory into ready-make interfaces and provides the required
implementational tweaks under the hood. The generalized im-
plementation means it can solve many related applications with
minor changes in settings and limited demands from the user.

The ELC software aids the pursuit of the plentiful ongoing re-
search questions related to structural design and operations. Also,
it is especially well-suited for addressing future research efforts in
upscaling. The stabilized implementation of the underlying model
has proven useful for applications such as multi-ion deionization.
Work using the ELC software has further shown that it enables
investigations of detailed behavior and charge leakages during
the desalination process. The same setup can also address other
electrochemical processes in these devices.

Finally, we have deposited video tutorials showing how to use
the software.
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