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Abstract 
Clean water is a major global challenge. Meanwhile, capacitive deionization (CDI) is an emerging desalination technology that 
could help produce and reuse water. As the technology develops, the modeling of upscaled systems is becoming increasingly 
relevant. However, the inherent complexities in the CDI process have historically made such simulations unfeasible. In this 
work, we leverage the newly published electrolytic-capacitor (ECL) model to efficiently simulate parallel/serial flow modes in 
CDI stacks. The simulations are based on finite-element methods (FEM) that couple differential equations for describing local 
charging and ionic transport inside the device. The results show that both parallel and serial connections scale incredibly well 
with the system size. Still, parallel connections have the advantage of requiring lower pumping energy. Overall, we find that the 
relationship between adsorption capacity, flowrate, and compartment size is a good indicator of performance. In conclusion, 
the ELC model is promising for simulating upscaled CDI. 
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1. Introduction 

Global water scarcity has driven the United Nations 
(UN) to declare clean water as a key goal in agenda 
2030 (goal 6) (Mekonnen & Hoekstra, 2016; UN, 2020; 
“WWAP (United Nations World Water Assessment 
Programme)/UN-Water,” 2018). However, freshwater 
in rivers, lakes, and groundwater constitutes only 0.5 
% of the water on earth (Kocera, 2014). Thus, 
sustainable solutions to this challenge will require us 
to not only reduce water consumption but also to 
produce more freshwater. Hence desalination (Alghoul 
et al., 2009; Fahmida & Sultana, 2018; Ghaffour et al., 
2015; Greenlee et al., 2009; Kim et al., 2017; K. P. Lee et 
al., 2011; Mcginnis & Elimelech, 2007; 
Rommerskirchen, Ohs, et al., 2018; Sadhwani et al., 
2005; Strathmann, 2010; Urtiaga et al., 2012). 

Capacitive deionization (CDI) is an emerging 
desalination technique that is well adapted to produce 
freshwater from brackish water and reuse wastewater 
(Anderson et al., 2010; Porada et al., 2013; Suss et al., 
2015; Yu et al., 2016). Recent years have seen major 
developments in the technique, including stacks 
(Andres & Yoshihara, 2016; Gao et al., 2017; J. K. Lee et 
al., 2012; Mossad & Zou, 2013; Xing et al., 2019), pilot 
plants (Tan et al., 2018), and startup companies 
(Kunjali, 2022).  

CDI is based on electrochemical desalination. It uses 
supercapacitor cells with porous electrodes and non-
conducting spacers. During desalination, water flows 
through the device while an external potential drives 
the salt ions to adsorb on the electrodes. Even for just 
a single cell, the internal charging dynamics can be 
complicated because the process depends heavily on 
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the material (Gao et al., 2014; Guyes et al., 2017; 
Laxman et al., 2019; Li et al., 2010; Mutha et al., 2018; 
Nordstrand, Toledo-Carrillo, et al., 2022; Qin et al., 
2021; Qu et al., 2018; Rommerskirchen, Linnartz, et al., 
2018; Santos et al., 2018; Singh et al., 2020; Suss et al., 
2013; Toledo-Carrillo et al., 2020; Vafakhah et al., 
2019; G. Wang et al., 2011; Xu et al., 2018; Zhao et al., 
2020), operational (Biesheuvel, 2015; Biesheuvel et al., 
2014; Demirer et al., 2013; Hassanvand et al., 2018; 
Nordstrand & Dutta, 2020b, 2020c; C. Wang et al., 
2015; Zhang et al., 2019), and structural conditions 
(Nordstrand & Dutta, 2020d; Tang et al., 2019). On top 
of this, simulating pilot-plant scales introduces even 
more complexity. 

So, how could a pilot plant be modeled? Finite 
element methods (FEM) are powerful for simulating 
internal dynamics. The complicated part is the theory. 
Traditional methods in CDI, such as the modified 
Donnan (mD) model (Biesheuvel, Fu, et al., 2011; 
Guyes et al., 2017; Hemmatifar et al., 2015; Porada et 
al., 2013; Suss et al., 2014, 2015), have been powerful 
for simulating the single-cell system in 0D 
(Biesheuvel et al., 2009; Nordstrand et al., 2019; 
Nordstrand & Dutta, 2019, 2021b; Ramachandran et 
al., 2018), 1D (Biesheuvel, Fu, et al., 2011; Biesheuvel, 
Zhao, et al., 2011; Biesheuvel & Bazant, 2010; Guyes et 
al., 2017; Mutha et al., 2018; Perez et al., 2013; Suss et 
al., 2012, 2014), and ideal 2D (Hemmatifar et al., 2015; 
Nordstrand & Dutta, 2021a). However, the authors 
report that such 2D simulations can be unsteady 
(Hemmatifar et al., 2015). Others have tried using 
decoupled modeling to be able to simulate higher 
dimensions (Xiaobing et al., 2021), generalized 
operations (Nordstrand & Dutta, 2021a), and larger 
(2-cell) stacks (Nordstrand & Dutta, 2021c). Still, fully 
coupled simulations remain a challenge and studies 
often simulate specific aspects when it comes to 
upscaling (Nordstrand & Dutta, 2020d). 

In this work, we present an extended model and 
simulate different configurations of large stacks of 
CDI cells in 2D. This is possible based on a recently 
published model, named the electrolytic-capacitor 
(ELC) model (Nordstrand, Zuili, et al., 2022). The 
model has, so far, only been used in single-cell 
simulations. However, its theory-base stabilizes 
simulations, while its generalized implementation 
supports complex device structures. This is ideal for 
upscaled simulations. Aside from presenting the 
model, this work seeks to answer the specific 
question: is it better to use serial or parallel 
connections with cells in a large stack? 

2. Methods 

To compare the stack connections, we need to know 
what the geometry looks like. A single device consists 
of two electrodes separated by a spacer region (Figure 
1 ). The water flows in the spacer region. Meanwhile, 
external voltages are applied via current collectors to 
the outside of the electrodes. This means the salt ions 
in the spacer channel will diffuse into the electrodes 

and adsorb. 

For the upscaling, the connected geometry is also 
important. Figure 1 shows the stack configurations 
with either parallel or serial connections. In the 
parallel case, the spacer is porous while the pipes are 
open. This makes the flow pressure-driven while 
going through the cells, meaning the flow passing 
through all the cells will be identical. In the serial case, 
the flow pathway is five times longer, but the velocity 
is also five times higher (for the same volumetric 
flowrate). 

a) b) 

 

 

 
Figure 1. The device structures that are considered in this work. Both 
are stacks containing 5 CDI cells. Each cell comprises two electrodes 
and a separating spacer. The water flow follows the arrows; it enters 
on the left and passes the stack before exiting on the right. (a) 
Parallel flow. The water distributes amongst the cells before 
converging in the output stream. (b) Serial flow. The same flow 
passes all cells in a series. 

 
This work presents simulations using the ELC 

model as derived in our Ref. (Nordstrand, Zuili, et al., 
2022). That work only uses it to simulate a single-cell 
device, and we here extend the geometry to stacks of 
CDI cells. The model uses finite-element methods 
(FEM) to locally solve the desalination process. The 
key components include water flow generating 
convection, currents in the electrode generating 
adsorption, and ionic transport leading to clean output 
water. 

Briefly, the external potential in the model 
generates a potential ϕ𝑠 in the electrode (subscript s 
for solid). When the potential in the electrode rises 
relative to the liquid potential ϕ𝑙, this leads to double-
layer charging (Eq. 1). Similar to a normal capacitance, 
the local double-layer current source at the electrode 
𝑖𝑑𝑙 is equal to the local capacitance 𝐶𝑑𝑙 times the 
derivative of the potential difference. This current 
then passes the liquid and the relationship between 
the liquid potential ϕ𝑙 and the current 𝒊𝒍 follows Ohm’s 
law with a concentration-dependent conductivity σ𝑙 
(Eq. 2). The charging leads to adsorption and the 
charge-efficiency parameter ν  determines the 
relationship between ideal charging and adsorption 
rate 𝑅𝑖 (Eq. 3). The overall transport of ions then 
depends on convection, diffusion, and 
electromigration. For the overall salt transport, only 
convection and diffusion matter here because the KCl 
solution is charge-neutral (Eq. 4). More details can be 
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found in Ref. (Nordstrand, Zuili, et al., 2022).  
 

 
𝑖𝑑𝑙 = 𝐶𝑑𝑙

∂(ϕ𝑠 − ϕ𝑙)

∂𝑡
 

(1) 

 

 

 𝒊𝒍 = −σ𝑙∇ϕ𝑙 (2) 

 

 

 
𝑅𝑖 = −

ν𝑖𝑣,𝑑𝑙
𝑛𝐹

 
(3) 

 

 ∂𝑐𝑖
∂𝑡

+ ∇ ⋅ (−𝐷𝑖∇𝑐𝑖) + 𝒖 ⋅ ∇𝑐𝑖 = 𝑅𝑖 
(4) 

 

Unless otherwise noted, the simulated voltage is 0.6 
V across each cell, the inlet concentration is 20 mM 
KCl, and the flowrate is 0.42 mL/min times the 
number of cells. 

The model implementation is in COMSOL 
Multiphysics. Thus, the Brinkman Equations 
interfaces calculate the fluid flow. The Secondary 
Current distribution calculates the charging. The 
Transport of Diluted Species interfaces calculates ionic 
transport. Also, the Event interface handles switching 
between desalination and regeneration modes during 
the operation. 
 

3. Results and Discussion 

3.1. The Behavior of a Single Cell 

The CDI device fundamentally behaves like a capacitor 
(Nordstrand & Dutta, 2020a; Nordstrand & Joydeep, 
2020), but charging it serves to remove ions rather 
than store energy. Thus, Figure 2a shows that the 
charging characteristics are similar to an RC circuit. 
That is, the charging increases exponentially with 
time, and a higher voltage raises the maximum 
storage. In fact, previous work has suggested that 
contact resistance is the biggest source of resistance in 
the circuit (Dykstra et al., 2016). However, a deviation 
can be seen for the highest voltage (1 V). Here, the 
strong adsorption makes the spacer channel ion 
starved, meaning the conductivity is so low that it 
slows the entire charging process.  

Three fitting parameters have been extracted from 
the experiment data to tune the model. These are 
important to note because they represent the main 
degrees of freedom in the system. The first parameter 
is the overall circuit resistance (mainly from 
contacts), the second is the specific capacitance of the 
material, and the third is the charge efficiency 
(fraction of current leading to adsorption).  

Aside from charging characteristics, another key 
aspect of the system is that the transport inside the 
device delays the desalination output compared to the 

internal charging (Figure 2b). On one hand, it takes 
time for the ions to diffuse through the porous 
electrodes. On the other hand, it takes time for the 
convective flow to push clean water out of the device. 
Here, again, we can see that the ion-starved 
conditions at 1 V are the most difficult to simulate 
accurately.  

Looking at the inside of the device, these transport 
phenomena lead to a concentration wavefront inside 
the electrodes (Figure 2c). First, the charging removes 
most of the ions inside the electrode on the top and 
bottom. Then, the ions diffuse in and deplete the 
spacer channel. But the water with new ions enters at 
the inlet, so the areas of the electrode close to the inlet 
tend to get replenished fast. Having low concentration 
can cause starvation that slows the charging process, 
as demonstrated in the data for the operation at 1 V. 
For the upscaled system, this starvation effect leads to 
an interesting question: What configuration gives the 
most uniform internal removal? 

 

a) b) 

  

                                 c)  

 
Figure 2. Performance of the single-cell device. The experiment data 
and simulations are the same as in the model publication in Ref. 
(Nordstrand, Zuili, et al., 2022) (although the graphics are new). (a) 
The specific charge (C per g electrode) during the charging. (b) The 
specific ion removal (mg KCl per g electrode) during the charging 
process. (c) The internal concentration after 20 minutes of 
operation. The water enters from the left, travels through the central 
spacer region, and exits on the right. The top and bottom regions are 
the electrodes. 

 

3.2. Serial Connection 

A natural way to build a larger CDI module is to make a 
stack with multiple cells and make the outlet of one 
cell become the inlet of the next cell, in a long series. 
However, this could potentially lead to issues. The 
distance between the inlet and output is now much 
longer than in the single-cell case, so the removal 
differences might get larger. To make the situation 
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comparable, we will use a flowrate that is proportional 
to the number of cells in the stack and calculate the 
performance per cell in the stack. 

Interestingly, the behavior per cell is almost the 
same for the 5-cell serial stack (Figure 3a). Both the 
energy consumption and removal are highly similar. 
The output concentration also follows a similar trend. 
In the single-cell case, we could see a removal 
imbalance wherein the concentration was lower at the 
back end of the electrode near the outlet. Here, the 
same imbalance exists both between cells and within 
cells. That is, there are lower concentrations near the 
outlet corners that the inlet concentration within a 
device. There is also a lower concentration in the last 
cells compared to the first cells. Overall, we can thus 
conclude that the serial stack scales well in terms of 
behavior. This is an interesting result because if 
depletion could be an issue for a single cell, we might 
expect the last cell in a stack to have much worse 
issues with depletion. But that effect seems to be 
entirely compensated for with the proportionally 
higher flowrate. 

Another likely explanation for the results is that the 
resistance in the circuit is mainly external (between 
electrodes and current collectors) as mentioned earlier 
(Dykstra et al., 2016). This means the electrodes 
usually have the ability to charge faster internally than 
the external circuit allows. So, if small parts of the 
electrodes are locally starved, other parts will adsorb 
faster to reach the same overall charging rate. The 
starved regions will thus be replenished while other 
regions charge more, and the overall process will look 
similar. 

 

a) 

 

 

b) 

 

 

Figure 3. Performance of the serial connection. (a) The specific salt 
removal (mg KCl per g electrode) and specific charging energy (J per 
g electrode). (b) The internal concentration in the serial stack. The 
water enters from the lower left and traverses the spacers 
horizontally, one after another, before exiting on the upper right. 
Each cell in the stack has a separate voltage connection of 0.6 V. 

 

3.3. Parallel Connections 

Because the spacer is porous, the flowing water 
requires pumping power to be able to pass the spacers 
at a required velocity. This becomes an issue in the 
serial system. In an 𝑁-cell stack, the flow pathway is 𝑁 
times as long and the required velocity is 𝑁 times as 
high. This gives an 𝑁2 scaling of the pumping power 
compared to the single-cell system. Just having 𝑁 
separate devices should only scale the power with 𝑁, 
so 𝑁2 is not ideal. One way to mitigate this is by using 
parallel connections.  

In the parallel connection, the cells have a common 
inlet pipe but are otherwise separate. This should give 
ideal scaling from the single-cell device. The results 
for the charging energy and ion removal confirm this 
(Figure 4a). It is also interesting to note that the 
performance is almost like the serial case (Figure 4a). 
Thus, we conclude that the systems are largely 
equivalent except for the pumping energy. 

Here, we have not discussed which upscaled system 
is more practical to build, although we recognize that 
practical issues should play a role in real pilot plants. 
Rather, the point is the get a solid understanding of 
what the operations look like, to illustrate how the 
systems should behave when built. 

a) 

 

 

b) 

 

 

Figure 4. Performance of the parallel connection. (a) The specific 
salt removal (mg KCl per g electrode) and specific charging energy (J 
per g electrode). (b) The internal concentration in the parallel stack. 
The water enters from the lower left and traverses the spacers 
horizontally before exiting on the lower right. Each cell in the stack 
has a separate voltage connection of 0.6 V. 

3.4. Even Bigger 

As a final note, we would like to mention that the 
number of cells 𝑁 in the stack is a parameter input in 
the model. This makes it straightforward to simulate 
stacks of any size. For a single cell or a small stack, a 
laptop is enough to complete the simulations. 
However, we have also checked the model for stacks 
with over 100 cells using cluster resources. 
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4. Conclusions 

Upscaling is essential for making desalination by CDI 
commercially viable. However, it is challenging for 
modeling. Here, we have demonstrated that it is 
possible to simulate a large CDI stack using a model 
with full spatial coupling (the ELC model). This is 
significant because it demonstrates that researchers 
now have a set tool to use for investigating further 
variations in upscaled structures. 

We also investigate serial and parallel flow 
connections in CDI stacks. The results show that both 
have excellent scaling. That is, the charging energy 
and ion removal are almost the same per cell as in the 
single-cell device. However, the serial stack requires 
more energy for pumping because of the longer 
pathways that the water flow must traverse. Overall, 
we have learned that the macroscopic relationship 
between adsorption capacity, flowrate, and internal 
volume is a good indicator of performance for both 
connection types.  
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