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Introduction 
 

The world population is rapidly expanding and the need for 

freshwater continues to increase 1,2, making effective 

desalination technologies 3–11 increasingly important. 

Capacitive deionization (CDI) 12–14 is an emerging technology 

in which an electric field stretches between porous electrodes 

and rapidly extracts salt ions from a centrally passing salt-

water stream (Fig. 1). As the technique emerges, the prospect 

of practically upscaling from lab-scale 15 to pilot plants 

increasingly grabs many researchers’ attention. Now, because 

material 16–32 and operational 22,33–41 conditions strongly affect 

CDI performance, spatiotemporal COMSOL simulations are 

critical for finding the best design principles and operations.  

 

 
 
Figure 1. An illustration of a flow-between CDI cell, comprising two 

porous electrodes separated by a spacer. The applied voltage 

effectively induces an electric field that strongly pulls the salt ions 

from the continuously passing water stream. 

 

Various approaches exist for simulating salt-adsorption in 

porous electrodes through the CDI process, such as the 

modified Donnan (mD) model 12,13,17,42–44, the dynamic 

Langmuir (DL) model 45–48, and the circuit-based models 49–51. 

While lots of work treats the cell as 0D, some have developed 

1D spatiotemporal models along either the flow direction or 

along the thickness of the electrodes, to capture the 

transport/diffusion dynamics 16,17,32,42,43,52–54. Porada et al. 

made the first attempt at a 2D model by connecting six 1D 

cells in series 55. Later, Hemmatifar et al. made the first fully 

coupled 2D simulation 44. However, their COMSOL model 

extensively uses custom interfaces with large systems of 

coupled differential equations, and they report that the 

resulting model is “unsteady”. 

 

In this work, we present a relaxed-coupling approach that 

smoothly cuts through the complexities and steadily simulates 

upscaled CDI with precision. The method uses a 0D Randles 

circuit as a generator of adsorption in a spatiotemporal ion-

transport model in COMSOL. Thus, the Result section will 

demonstrate that the new model accurately simulates CDI, 

including upscaled modules, while being able to identify 

concentration shocks and retaining a low degree of 

complexity. 

 

Theory  
 

Because this work concerns relaxed adsorption-flow coupling, 

we will present two separate methods for CDI modeling and 

then combine them. 

 

Firstly, Fig. 1 shows that the CDI cell is fundamentally a 

capacitor, and researchers have previously introduced the 

Randles circuit for describing the charging process (Fig. 2) 51. 

This resembles RC charging with a capacitive element 𝐶 and a 

resistive element 𝑅1. On top of that, the resistor 𝑅2 describes 

the leakages through the cell resulting from unwanted 

electrochemical reactions at the electrode surface. 

 

 
 

Figure 2. The Randles-circuit representation of a CDI cell. The 

capacitive element 𝐶 determines the charge-storage capacity, while the 

𝑅2 resistance affects the leakages and 𝑅1 affects the charging rate. 

 

This work’s core objective is the simulate salt removal, so 

notice that the above charging rate relates to the ion-removal 

rate through the charge efficiency Λ, defined as the fraction 

between the salt adsorption and charge storage. Previous 

works have set this to a constant representative value for 

simplicity 51, and researchers have extensively implemented 

ion-selective membranes and other methods of getting raising 

the value to near unity to get as much salt removal as possible 

from the cell charging. 

 



As the operator implements the Randles model with charge 

efficiency and becomes aware of the salt removal rate, a 

transport formulation can finally reveal the actual desalination 

performance at the outlet. Using a 0D formulation, Equation 1 

treats the cell as a flow reactor for salt 56 where the rate at 

which the cell concentration 𝑐 is replace with inlet water 𝑐0 

depends on the fraction between the flowrate 𝑄 and the cell-

free volume 𝜈𝑐𝑒𝑙𝑙. 
 

𝑑𝑐

𝑑𝑡
= −

𝑑𝑐𝑎𝑑𝑠
𝑑𝑡

+
𝑄

ν𝑐𝑒𝑙𝑙
(𝑐0– 𝑐) (1) 

 

 

While researchers have mostly used classic parameter-fitting 

schemes for CDI, recent research has introduced system-

identification methods in MATLAB that lets the operator 

effectively, reliably, and automatically implement CDI models 

in a broad range of systems 46,57.  

 

Now that this section has concisely presented the Randles 

model and a 0D implementation in MATLAB, the next section 

will rapidly migrate towards the second and crucial 

implementation method, in COMSOL. 

 

Simulation Methods  
 

While some authors have tried to implement fully coupled 2D 

CDI models in COMSOL using the modified Donnan (mD), 

their model comprised extensive custom-built systems of 

differential equations in COMSOL, and they reported that the 

resulting model was “unsteady” 44. Therefore, we will instead 

use the 0D Randles model as a loosely coupled generator of 

adsorption. 

 

To start, the COMSOL  model 58 fundamentally sets up a CDI 

cell like the one in Fig. 1, where the background flow 

ultimately drives the transport processes as solved with the 

Brinkman Equations. All flux through the walls is zero, while 

the inlet carries a constant flowrate and salt-ion concentration. 

Thus, the Transport of Diluted Species in Porous Media 

interface simulates the salt-ion transport through the CDI cell. 

Crucially, the Reactions sub-interface defines the rate at which 

the salt is adsorbed inside the porous electrode. Here, the 

Randles model generates the loose coupling by separately 

simulating the adsorption rate and simplifyingly distributing it 

uniformly throughout the cell. Moving forward, the Methods 

section will validate that this simplified approach dissolves the 

complexity barriers while retaining enough detail to solve key 

CDI simulation questions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Results and Discussion  

 
The Randles Model 

 
As we presented the bare Randles model you may initially 

have wondered how well it performs. Consider, therefore, the 

work by Bouhadana et al. who measured the cumulative 

charge storage in their CDI system 59. Figure 3 demonstrates 

that the Randles simulation excellently matches their 

experimental data, which means the core model works well for 

describing the charging rate and leakages. 

 

 
 

Figure 3. Net charging of a CDI cell, data from Ref. 59. The net passed 

charge increases while applying a voltage and decreases when the 

voltage is removed to release the stored salt ions and regenerate the 

CDI cell. The difference between the charge passing through the cell 

during charging and the charge released during discharging constitutes 

the leakages. 

 

So, what about the actual desalination performance? Consider 

now Wang et al. who measured the effluent concentration in 

their membrane-CDI system 60. Because the system had a 

membrane, we simplifyingly assumed ideal charge efficiency 

and leakage, and then again fitted the Randles circuit. The 

agreement between model and experiment is again excellent, 

thus the results soundly validate the approach for simulating 

both current (Fig. 4a) and concentration (Fig. 4b). Wang et al. 

also operated the system in a constant-current mode; that is, 

the voltage is ramped up so that the current is always the 

same. By using the model fit form Figure 4ab and the known 

ramped-up voltage, the model now accurately predicts the new 

output ion concentration (Fig. 4c). This means the 0D Randles 

model works well for both fitting and predicting CDI systems 

under these reasonable conditions. 

 

 

 

 

 

 

 

 



a) 

 

 

b) 

 

 

c) 

 

 

 
Figure 4. Cell-effluent concentration during the charging and 

discharging of the CDI cell. (a, b) A system-identification method in 

MATLAB fitted the Randles-circuit model to concentration and 

current data from Ref. 60. (c) Using the fitting in (a) and the known 

applied voltage, the model accurately predicts the effluent 

concentration during a constant-current operation with the same device 
60. 

 

 

 
The Relaxed-coupling approach 

 
So, if the 0D model works well under normal conditions, 

when is it at all relevant to complicate simulations by using a 

2D model? Hemmatifar et al. found that a major strength of 

using a fully spatiotemporal approach is that the operator can 

discover localized ion-depleted regions where the adsorption 

is extremely slow because there are hardly any ions to adsorb 
44. These regions could easily arise if the operator raises the 

voltage to speed up the desalination process but the flowrate 

brings in new ions too slowly, or a lacking cell construction 

prevents diffusion at the rate required to sustain the desired 

adsorption rate. 

 

As we begin to use the 2D COMSOL model, first recall that 

the validated 0D-Randles model accurately simulates the total 

adsorption and current. Thus, we will now further demonstrate 

that uniformly inserting known adsorption and current trends 

into a transport model in COMSOL can yield effective 

performance predictions while allowing the operator to 

identify concentration shocks. Figs. 5ab demonstrate that this 

approach yields solid results relative to experimental data 

under normal conditions. In fact, the quality is similar to that 

of the fully coupled model by Hemmatifar et al. 44, and 

validates the relaxed-coupling approach to stable 2D 

simulations. Moving on, Fig. 5c further shows the crucial 

point that the relaxed-coupling approach works for identifying 

concentration shocks too since the spatial resolution finds the 

concentration-shocked areas.  

 

 

a) 

 

 

b) 

 

 

c)  

 

 

 
Figure 5. (a) Effluent ion concentration for a range of applied voltages, 

data from Ref. 44. (b) COMSOL effectively and tractably predicts the 

effluent concentration by using prior fitting data from Fig. 5 in Ref. 44 

to separately determine the uniform reaction rate for the Reactions 

interface. (c) For the highest voltages, the simulated interior 

concentration can reach zero, strongly indicating that the ion-

starvation conditions are hampering the desalination process. 

 



A downside with the bare Randles model is that it does not 

incorporate the impact large variations in concentration can 

have on the adsorption rate. This means the quantitative 

accuracy under such conditions could be lower, and some 

researchers have expanded the bare model to account for this 
61. While we could have implemented such an extension, the 

crucial point to note is that the present relaxed-coupling 

approach qualitatively finds the starved areas, which is enough 

to know that the cell should be operated or constructed 

differently. 

 

To summarize, if the construction/operation is terrible the 

model finds how to solve it, and if the construction/operation 

is feasibly good the model quantitatively predicts the 

desalination performance. 
 

 
Upscaling 

 
Thus far, this work has demonstrated that the relaxed-coupling 

approach predicts desalination performance and finds 

concentration shocks with substantially less complexity than 

the fully 2D method. So, having this relax model now raises 

the question: is there a deeper inherent value to reducing 

complexity apart from making the model more accessible? 

Fundamentally, the risk of having core models that are 

unsteady even in small systems is that they might not feasibly 

allow computations for expanded and intricate cell 

construction. 

 

Following this reasoning, let us investigate how the relaxed 

coupling approach applies to larger cell modules. Fig. 6 shows 

the structure we used to simulate a stacked two-cell system. 

The model again simplifies the computations, here by 

assuming that the two-cell system removes twice as much salt 

as the single-cell system.  For this simulation, the operator 

could either scale the Randles model to size or use the 

simplest operation and double the experimentally measured 

performance for the single-cell system, thus thoroughly 

eliminating separate simulations. The point is that the core 

model or experiment can generate a simulation for a modular 

structure without adding complexity. 

 

 
 

Figure 6. A schematic showing two serially coupled CDI cells. The 

water enters from the bottom and passes both cells before exiting at the 

top. 
 

A benefit of upscaling simulation is that they can investigate 

the advantages of various modular connections. Figs. 7ab 

show simulations for two-cell modules connection in series 

and parallel, respectively. Thus, COMSOL reports that the 

desalination performance is equal (Fig. 7c), but the pressure 

drop for the parallel system is just a quarter of the pressure 

drop for the serial system, which means that the parallel 

system is highly preferable in CDI constructions. 

 

 

a) 

 

 

b)  

 

 

c) 

 

 

 
Figure 7. (a, b) Snapshots of desalination simulations at the time of 

lowest effluent concentration for a two-cell system stacked in series 

and parallel, respectively. (c) This graph compares the experiment cell-

effluent concentration at 0.4 V (from Fig. 5a) to the corresponding 

simulated effluent concentration for serial and parallel modules with 

doubled size and flowrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Conclusions 

 
Developing new and existing desalination technologies is 

crucial for meeting the increasing global demand for drinkable 

water, and many researchers are increasingly devoting 

attention to the promising and emerging CDI technique. As it 

emerges, effective, and reliable simulation methods for 

upscaled CDI modules are becoming increasingly important. 

 

Because previous work has found the state-of-the-art models 

for 2D spatiotemporal CDI modeling in COMSOL to be 

“unsteady” 44, this word firmly introduced a novel relaxed-

coupling approach. Therein, a separate 0D-Randles circuit 

simulates the adsorption rate onto the porous electrode in the 

CDI cell, a rate that subsequently enters as a reaction rate in 

COMSOL’s Transport of Diluted Species in Porous Media 

interface. Experimental data reveal that this method accurately 

fit and predicts various CDI operation, and effectively 

identifies concentration shocks that hamper the desalination 

performance. 

 

A key point in this work is that the presented relaxed-coupling 

approach fundamentally dissolves the computational 

complexity barrier which allows the model to solidly simulate 

upscaled systems. As a proof-of-concept, we simulated a two-

cell stack and demonstrated that a parallel connection yields 

the same desalination performance as a serial system with a 

quarter of the pressure drop. 

 

Finally, we express our hope that this work sparks researchers’ 

interest and propel the use of the relaxed-coupling approach 

for upscaled capacitive deionization. We also encourage 

proponents of fully coupled approaches to extensively develop 

tractable implementations in COMSOL that will allow 

researchers to accurately simulate detailed CDI phenomena 

also in upscaled modules. 
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