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He who loves practice without theory 

is like a seafarer who boards ship without wheel or compass 

and knows not wither he travels. 
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Abstract 
More than 2 billion people are living in water-scarce areas. Meanwhile, 

there are enormous amounts of water in the salty oceans. Capacitive 

deionization (CDI) rises to the challenge with electrochemical cells for 

desalinating the water. As the CDI field expands, modeling becomes an 

increasingly important part of the development landscape. Multiscale 

modeling could bring innovations from the material scale to pilot plants.  

The multiscale work in this thesis has been like climbing a mountain. At 

the start, we investigate the macroscopic device level. One milestone is 

the electrolytic-capacitor (ELC) model, which can simulate CDI process 

dynamics. Whereas previous 2D models were unsteady for a single CDI 

cell, the ELC model could accurately simulate stacks of over 100 cells at 

a fraction of the time. It also enables simulations of complex upscaled 

geometries, such as bipolar electrode stacks, ohmic charging, and 

asymmetric devices. Going up the mountain, the mesoscopic level reveals 

the local mechanisms behind the macroscopic behavior. One important 

stepping stone is the dynamic Langmuir (DL) model, which reveals how 

isotherm-based modeling can crease stable and tractable simulations. 

Also, developments in isotherm, double-layer, and circuit modeling make 

it possible to choose what model structures to lean on depending on the 

conditions. Near the top of the mountain, the microscopic level shows the 

fundamental atomic mechanisms behind the mesoscopic material 

properties. These investigations reveal a ladder mechanism of ion 

transport in crystals of Prussian blue analogs (PBA), meaning the cations 

climb frames formed by negative groups in the crystal structure. 

In the end, we plant a flag by combining the developments from the 

journey into a complete multiscale model. That model demonstrated that 

we could predict CDI charging trends from the atomic structure of PBA 

electrodes. Having the full multiscale model also made it possible to 

backtrack and determine atomic-level mechanisms by comparing the 

output of different mechanism cases with macroscopic experiment data. 

The multiscale mountain is massive and has big potential. A dream is that 

future research will expand these concepts, in CDI and beyond. 
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Sammanfattning 
Över 2 miljarder människor lever i dag i områden med vattenbrist, 

samtidigt som det finns enorma mängder saltvatten i haven. Kapacitiv 

avjonisering (CDI) kan hantera detta genom avsaltning av vatten med 

hjälp av elektrokemiska celler. När CDI-fältet expanderar blir också 

modellering allt viktigare. Speciellt med multiskalemodellering finns 

möjligheten att driva innovationer från material till pilotanläggningar.  

Vårt jobb har varit som att klättra upp för ett berg. I den inledande delen 

undersökte vi den makroskopiska nivån, som handlar om hur 

avsaltningsenheterna fungerar. Ett viktigt steg för att simulera dynamiken 

i processen har varit utvecklingen av ELC modellen. Till skillnad från 

tidigare modeller som kunde vara instabila för en enda avsaltningscell så 

kunde ELC-modellen hantera travar med över 100 celler. Det gör det 

möjligt att simulera komplexa uppskalade strukturer, såsom bipolära 

elektroder, ohmsk laddning, och asymmetrisk design. Vidare upp i berget 

finns mesoskalan. Den visar på de lokala mekanismerna bakom det 

makroskopiska beteendet. En viktig del har varit den dynamiska 

Langmuir-modellen (DL), som har visat hur isotermbaserad modellering 

kan ge stabila och smidiga simuleringar. Utvecklingen i isoterm-, 

dubbellager-, och kretsmodeller gör det även möjligt att välja lämpliga 

metoder att stödja sig mot beroende på situation. Nära toppen av berget 

finns mikroskalan, som handlar om det atomära beteendet som bestämmer 

de mesoskopiska egenskaperna. Här har vi upptäckt en stegmekanism för 

jontransport i kristaller av berlinerblått. Detta innebär att katjoner klättar 

längs ramar som utgörs av negativa grupper i kristallstrukturen. 

Slutligen hissar vi flaggan genom att kombinera resultaten från alla 

nivåer. Multiskalemodellen visar att vi kan förutsäga laddningstrender i 

CDI baserat på atomstrukturen i elektroden. Multiskalemodellen gjorde 

det också möjligt att gå baklänges och att identifiera mekanismer på 

mikroskala genom att beräkna den makroskopiska effekten av olika fall 

och jämföra med experimentella data. Multiskaleberget är massivt och 

har stor potential. En dröm är att framtida forskning ska utöka koncepten 

från den här avhandlingen, i CDI och vidare. 
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1. Introduction 

1.1. General Introduction 

Today, over 2 billion people are living in water-scarce areas. 1,2 

Meanwhile, increasing demand from rising world populations 1,3 and 

climate changes are putting more stress on the existing water reserves. 4–

7 Thus, the UN expects that as many as 5 billion people will live in water-

scarce areas in 2050. 1 A core challenge we face is that the global 

freshwater reserves are limited. Less than 1 % of all the water on earth is 

freshwater in rivers, lakes, and groundwater. 8 The rest is mainly ocean 

water and brackish water, which contain too much salt for us to be able to 

drink it. 9 However, by developing effective desalination technologies, 10–

18 we could remove salt from water and tap into these enormous water 

bodies. The great need for freshwater is destined to rapidly drive 

developments in these technologies, and desalination technologies have 

the potential to change the welfare of people around the world.  

 

Figure 1. Projected water stress by country 2040. Reproduced from the World 

Resources Institute without changes. The image holds an Attribution 4.0 International 

CC license. 
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There are various popular options for desalination. Reserve osmosis (RO) 

is the most common desalination technique, and it separates water from 

salt by pushing the water through filter-like membranes that stop the salt 

from passing. 12,13,15 Thermal methods instead heat the water until it 

evaporates and leaves the salt behind. 19 Thus, the method produces fresh 

water by collecting and cooling the water vapor. Electric methods instead 

use the fact that the salt consists of charged atoms, so electric fields can 

pull these salt ions out from the water. This thesis is about one such 

technique: capacitive deionization (CDI). 10,20–28 

The CDI technique uses devices comprised of two porous electrodes 

(such as activated carbon cloth) separated by a spacer (such as filter 

paper) 10,20,21. During the operation, an applied voltage over these 

electrodes creates an electric field that pulls salt ions out of a passing 

water stream and attaches them to the porous electrodes. A key reason the 

technique is effective is that the electrodes have enormous surface areas 

of around 1000 𝑚2/𝑔, which means they can store huge quantities of salt. 
29 Because CDI uses electric forces it can remove all charged things in the 

water; that is, not just table salt but also ions that cause hardness, some 

heavy metals, some types of chemical waste (such as PFAS), and even 

bacteria.25 

 

Figure 2. A device for flow-between capacitive deionization (fb-CDI). The inlet water 

passes between two highly porous electrodes, typically made of materials such as 

activated carbon cloth. Sea salt is composed of charged sodium and chloride ions. 

Thus, during desalination, an applied voltage induces an electric field that can pull 

the salt ions out of the water. This way, the device produces drinkable water from 

saline water. Reproduced from Paper 1. 
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The CDI effectiveness depends strongly on both material 29–43 and 

operational 33,39,44–49 conditions, which means theory and modeling can be 

critical to describing, predicting, and enhancing these processes. 

Modeling can also be performed at different scales. Here, we define the 

macroscale as the device level, which can be simulated with finite-

element methods (FEM). Modeling just on this level can be beneficial for 

understanding how to construct better devices.33 Meanwhile, the 

mesoscale properties are the local behavior of the materials. By 

investigating this level, we can better understand how the materials 

behave depending on the conditions and the overarching material 

properties. 50 Finally, the microscale is the atomic level and is commonly 

investigated with density-functional-theory (DFT) methods. Investigating 

at this level can give insights into how to construct better materials. 51 

Mesoscale modeling is the most common for CDI, so let us elaborate on 

that. Over time, various modeling methods 45,52,53 have emerged and 

evolved. Some circuit-based models view the electric-based CDI 

technique as an electric circuit. 38,54,55 Thus, there are resistive elements 

that represent how quickly the device can charge to remove salt and 

capacitive circuit elements that represent how much the device can charge 

in total. Adsorption-based isotherm models instead view the salt-

adsorbing CDI electrodes as adsorption surfaces. 56–64 Finally, the most 

common models in CDI consider the ions to accumulate in layers - 

electric double layers (EDL). 10,20,65–67 

This thesis presents advancements on all these levels. As will be 

demonstrated, such modeling has substantial value for the development 

of CDI on each level individually. However, the developments on each 

level will also be focused to make it possible to combine models at the 

different levels into a comprehensive multiscale model. Aside from 

physical insight, this thesis will thus present many algorithms and 

implementational methods for stable and effective modeling. Ultimately, 

we seek to construct, compare, and combine modeling approaches and 

viewpoints to gain new insights.  
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1.2. Purpose 

The purpose of this work is to enhance the existing modeling capabilities 

in CDI across scales. We seek to develop modeling capabilities on all 

scales (microscopic, mesoscopic, macroscopic) in such a way that the 

results have value on each level, and so that the combined results enable 

new multiscale modes. Rather than making models with the most detailed 

accuracy, the goal here is thus the develop general, scalable, and flexible 

models that can solve new modeling challenges. Based on these 

overarching goals, the papers attached to this thesis present these key 

milestones: 

• Make macroscopic FEM simulations more flexible and 

generalized 

This is achieved through improved algorithms, 

implementations, and underlying theories. Models are tested in 

terms of energy, desalination output, etc. Different device 

structures are examined to test the developed models. 

• Make mesoscopic models with more flexible data requirements, 

easier model identification, and enhanced stability. 

For this, isotherm modeling is introduced as a viable option for 

CDI by developing a dynamic Langmuir model. Existing 

approaches are combined and compared, including double-

layer, isotherm, and circuit models. System identification 

models are developed along with the new model frameworks. 

• Make microscopic simulations that can predict relevant 

mesoscopic material parameters based on the atomic structure 

Intercalation materials (PBAs) are analyzed with DFT. 

Methods are developed that related the microscale to the 

mesoscale behavior. 

• Construct a software platform that combines mesoscopic and 

macroscopic developments. 

• Combine all scales into a multiscale model that predicts 

macroscopic trends based on atomistic properties. 
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1.3. Structure: Getting the Most out of Reading This Thesis 

 

A theory that you can’t explain to a bartender is probably no damn 

good. 

Sir Ernest Rutherford 68 

 

Your time is valuable, and this thesis strives to give the most value to you 

no matter your background knowledge, what you want to know, or how 

much time you have for reading. Therefore, feel free to jump between 

sections. Here is a guide to help you choose what to read depending on 

your interests.  

The introduction shows a general introduction to the topic and purpose. 

Unlike a standard introduction, this section focuses more on providing 

value to readers who are new to water research and want to know the big 

picture. The section on experimental techniques shows an introduction to 

CDI and other desalination technologies. Unlike a standard experimental 

section, the idea behind this section is to provide technical value to readers 

who are new to desalination or CDI. The theory section shows the 

underlying theory required to understand the results. Unlike a standard 

theory section, the idea behind this section is to provide my reflections on 

the state of theory in CDI before this work. The methodology section 

shows guiding principles in modeling on a more philosophical level. The 

result section shows the main results of this work. The attached papers 

already contain the entirety of the results, so this section instead seeks to 

compile and contextualize the results to create a unified picture. 
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1.4. Context: The Mountains of Modeling 

We travel to the mountain of modeling at the edge of the earth. It stands 

tall in the sea of desalination. A rough place. Tough to climb. But with 

many great secrets to be revealed. At the foot of the mountain, closest to 

the water, we have the macroscopic models. These cover the whole 

desalination device and see the ultimate water output. But they cannot be 

solved and understood without knowing how the device works on the 

inside. And so we climb up to a part of the mountain covering more 

detailed interactions. Here are the mesoscopic models, showing how the 

adsorption rates, water flows, and charging currents interact within the 

device. Standing at a higher altitude, we can see what goes into the 

macroscopic models and from where the water output comes. But we still 

cannot say what the ultimate material properties are at the top. And so 

we climb again. Near the top are the microscopic models. These calculate 

the atomic interactions of the material that drive the results in all models 

below. Water flows from the peak of the mountain to the sea. At the top, 

we can finally see how it all connects. 

Everything in this work is about CDI. However, there are many ways to 

model CDI. We will define terms for three main groups of models (Figure 

3). Macroscopic models include the device structure and are typically 

modeled with FEM. Mesoscopic models are the most common and 

described the aggregated properties of the materials inside the device. 

Microscopic models are on the atomic level and typically modeled with 

methods such as DFT. The work behind this thesis makes progress in all 

these areas, and so the results are grouped by the simulation scale. The 

final part of the result section shows how the advancements in all these 

areas make it possible to build a combined model that goes all the way 

from the atomic level to the full device. Such a model could thus predict 

what the device output will be based on the material structure. While 

others have worked on modeling CDI before, we have traveled a long way 

to get to a place where we can combine all the levels. It has been an 

exciting journey. 
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Figure 3. An illustration of “the mountain of modeling”. Ultimately, we seek to use 

desalination modeling to enhance the operations and output for practical 

applications. The macroscopic models are the closest to the practical output. To better 

understand the inner workings of the devices, we can go to mesoscopic modeling. To 

include the atomic material structure, we can include microscopic modeling. Each 

step up the mountain adds more details and goes farther from the final output. 

However, all steps are needed to follow the water from the source to the sea. 

 

1.5. Context: Why Desalination Matters 

A dear friend of mine grew up in northern Sweden. Because of the 

location, the family fetched drinking water from their local well. But all 

was not well. He told me: When I was a child, leaked copper slowly 

slipped into the well water and severely poisoned me. My family 

helplessly watched as gradually became more tired, depressed, and 

apathetic. Finally, my mother decisively brought me to a competent 

doctor who gave me pills that rapidly cured the copper poisoning. The 

cure made me feel reborn overnight, I felt like I had gotten my life back. 

We never drank from that well again. 

If the family had possessed devices that could reliably remove the copper 

and other contaminants, my friend’s life would have been vastly different. 

But even though he got through it, bad water continues to shape the 

destiny of large populations around the world. Today, more than 2 billion 

people are living in water-scarce areas, and the UN expects as many as 5 

billion to live in water-scarce areas in 2050. 
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With technologies such as CDI, we can start to lift these hardships. Such 

desalination technologies could help both purify contaminated water and 

make salty water drinkable. However, the technology must be effective 

to be successful. This makes research work such as this thesis crucial for 

pushing the boundaries of what technology can achieve. Desalination 

technologies have been growing rapidly in the last years and could prove 

monumental in improving people's lives and livelihoods around the 

world, and so deciding what their future will look like. 

 

 

Figure 4. A hand water pump in India. While some people can enjoy freshwater this 

is not the case for everyone. India is one of the countries that experience high water 

stress and problems with contaminated water. Reproduced from Sustainable 

Sanitation Alliance without changes. The image holds a Creative Commons 

Attribution 2.0 Generic CC license. 
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1.6. Context: Historical Perspective 

 

Necessity is the mistress and guide of nature. Necessity is the theme and 

inventress of nature, her curb and her eternal law 

Leonardo da Vinci 69 

 

The necessity of producing freshwater has driven developments in CDI 

for a long time. The earliest inventions in CDI emerged already in 1960, 

showing conceptually that electrochemically mediated desalination could 

be feasible. 10 Like the devices we have today, these early devices used 

electric potentials to adsorb salt ions on electrodes. In the following 

decade, researchers began developing the first desalination units and a 

study in 1968 shows that CDI can remove a wide variety of ions such as 

sodium, chloride, calcium, magnesium, sulfate, nitrate, and phosphate. 10 

The 1970s saw new operations and device designs emerge, such as the 

flow-through CDI device wherein the water flows through the electrodes 

instead of between them. 10 

At the same time, researchers also began developing some theories about 

how CDI manages to remove the salt. 10 They believed early on that ion 

adsorption was connected to Faradaic (chemical) bonding between salt 

and the electrodes, but studies in the 1970s concluded that the electric 

forces hold the salt ions in layers near the electrode surface (without 

chemical reactions for bonding). 

In the 1990s, research in CDI materials began to speed up. 10 This led to 

innovations such as carbon aerogels which had high surface area and 

allowed for good ion transport inside the materials. Others invented 

alternatives such as the carbon-nanotube (CNT) electrodes (in 2006) and 

graphene-based electrodes (in 2009). New types of devices emerged that 

used ion-selective membranes (MCDI) to control ion movements inside 

the device and increase efficiency. 70–72 
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In the last decade (after 2010), there have been substantial advances in a 

variety of CDI-related areas. Researchers have extensively enhanced 

existing materials by surface treatments 10 such as with ZnO nanorods. 
29,37,73–76 These treatments can enhance efficiency in general, and 

researchers have also managed to make some surface treatments that can 

enhance selectivity for specific ions. 77–79 Also, new battery-like crystal 

materials such as Prussian blue are increasingly becoming a viable 

alternative to classic carbon electrodes. 43,80 Modern theories for 

understanding the adsorption mechanisms in CDI have also emerged and 

expanded over time. Necessity is a strong driver, and over the decades 

since its invention, the CDI field has been growing exponentially (Figure 

5). 

 

 
 

Figure 5. Publications per year from 1990 to 2022 (September) based on searches for 

“desalination” and “capacitive deionization” on the Web of Science. 
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In the last few years, CDI has begun to increasingly move from the lab to 

the pilot scale. For instance, recent studies have shown that it is possible 

to feasibly construct large-scale CDI units with substantial production 

output. 81,82 Moreover, start-up companies such as Stockholm Water 

technology (SWT) have also begun to commercialize the CDI technique 

and use it for large-scale water production (Figure 6). 83 

 

 

Figure 6. Stacks of water bottles. The company SWT produced this water using CDI 

technology. Reproduced with permission from Karthik Laxman. 

 

All the growth in recent years makes this a tremendously exciting time to 

be a researcher in the CDI field. As researchers around the world continue 

to work hard on developing CDI, possible future breakthroughs seem 

unstoppable. 
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2. Experimental Techniques 
 

A man who is all theory is like “a rudderless ship on a shoreless sea”. 

… Theories and speculations may be indulged with safety only as long 

as they are based on facts that we can go back to at all times and know 

that we are on solid ground. 

Elisha Gray 84 

 

This is mainly a work about theory and modeling for the CDI systems. 

Still, it is hardly meaningful to only talk about theory without discussing 

the experimental context of the work. 

Experiments and theory exist together. 

Therefore, this section will describe structures, materials, operations, and 

effectiveness metrics to provide a context for what the modeling is trying 

to solve. Because the attached papers already contain the nitty gritty 

details for the experimental setups, this section rather seeks to provide a 

broader fundamental understanding of what CDI is, especially for those 

who are new to the field. 

 

2.1. Context: Competing Technologies 

Before going into the details of how CDI works, let us have a look at some 

other classic techniques for desalination. While some are more common 

than others, they are usually adapted to the desalination of different types 

of water and different types of outputs. Thus, learning about the different 

techniques is interesting because they provide different viewpoints for 

looking at the challenges with desalination and could provide different 

insights. 
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2.1.1.  Thermal Desalination 

When salty water evaporates, the salt stays behind. This is the basis for 

the salt evaporations ponds for producing table salt which has been 

around for thousands of years. In this technique, people lead seawater into 

huge shallow ponds (Figure 7). Over time, the heat from the sun starts to 

evaporate the water until only the solid salt remains. While this technique 

produces salt, the same idea applies to producing salt-free water if the 

water vapor can be collected. 

 

Figure 7. A salt evaporation pond. Reproduced image. The image holds a free and 

non-attribution license. 

 

Based on this idea, a simple desalination method is thus the solar still. 19,85 

It is like a greenhouse with a transparent sloped roof. 86 During the 

desalination process, the sunlight passes the transparent roof and heats the 

water until it evaporates. This water vapor then rises and condenses 

against the cooler roofs. Finally, because the roof is tilted, the condensed 

water flows along the roof into a separate container. There are several 

ways of building on this basic idea to achieve a more efficient process. 87 

For instance, one study reports the flowing water to cool the roof could 

increase efficiency by 20 %. 19 On the other side, reflectors could direct 

the sunlight and heat the water faster. 19 Aside from these passive 

structures, active solar stills circulate and sometimes preheat water to 

substantially enhance effectiveness. 87,88 Still, these types of desalination 

methods tend to be slow and not effective enough to be competitive. 89,90 
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A more advanced version of thermal desalination is the multi-stage flash 

(MSF) process. 13,88 Here, solar energy heats the water but is not 

responsible for evaporating it. Water normally evaporates at 100 oC. 

However, it can evaporate at lower temperatures if the pressure is low, so 

the MFS process uses a vacuum pump to construct compartments with 

low pressure. Then water enters these compartments it instantly 

evaporates (“flashes”), and the unit later collects this vapor to make the 

distilled water. 

Another variant is multi-effect distillation (MED). 13 Studies have 

reported it to be cheaper than MSF. The difference is the MED uses 

multiple compartments (“effects”) where the first use solar evaporation 

and the others evaporate at low pressure and low temperature (around 70 
oC). A key feature is that each effect uses the latent heat from the 

evaporated water in the previous effects for heating.  

 

2.1.2.  Reverse Osmosis 

While thermal methods are intuitive, most desalination plants today use 

membrane-based technologies because these are more cost-effective 

(Figure 8). 13 The most widespread membrane-based technology is 

reverse osmosis (RO), which accounted for 65 % of the worldwide 

production in 2013. 13 

 

Figure 8. A desalination plant based on reverse osmosis. Reproduced from Florida 

Water Daily without changes. The image holds an Attribution 2.0 Generic CC license. 
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The idea behind RO is to use a filter (“RO-membrane”) that allows water 

to pass through but blocks salt ions. 91 By pushing water through this 

membrane, RO thus produces pure water on the other side and highly 

concentrated water on the starting side. However, much like the tea in a 

tea bag, the natural tendency for salt is to spread out from places with high 

concentration and go to places with low concentration. This osmosis 

effect creates a natural tendency for the water to pass the membrane in a 

way that evens out the difference in concentration between the two sides. 

Hence, the idea in reverse osmosis is to use high-pressure pumps 15 that 

push the water in the opposite direction to increase the concentration 

difference between the sides. This pressure can be up to around 7000 kPa 

for seawater desalination and the plant can remove over 99 % of all the 

salt. 14 

Lots of research in RO goes into developing effective membranes that 

allow water to easily flow through while blocking all ions. Researchers 

are also developing specialized designs that are adapted to specific 

conditions, such as brackish water reverse osmosis (BWRO) for low-

concentration water. 12 
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2.1.3.  Other Desalination Methods 

Desalination is a wide field and there exist lots of technologies aside from 

the ones mentioned in the previous two sections. Some are variations of 

the ones already mentioned, while others use different concepts 

altogether. 

A variation in the RO system is the forward osmosis (FO) system (Figure 

9). 92,93 The reason RO requires high-pressure pumps is that the 

technology moves salt from low concentrations to high concentrations 

against the osmotic pressure. The idea in FO is the instead use the osmotic 

pressure to our advantage. The technique, therefore, uses a highly 

concentrated draw solution on the other side of the membrane to make the 

water naturally pass on its own, instead of requiring pumping. The key 

here is that the draw solution should be cheap and easy to reuse to make 

it a competitive alternative to pumping. 94 

 

 

Figure 9. A Forward Osmosis plant in Oman. Reproduced from upload by user 

Starsend. The image holds an Attribution-ShareAlike 3.0 Unported CC license. 

 



 
18 Experimental Techniques 

 
 

Now, a completely different class of techniques is the electric-based 

desalination method. 16,17,23,32,63,95 CDI belongs to this type and will be the 

main focus of this work. Because salt ions are charged, electric fields can 

pull the ions while leaving the water unaffected, thereby desalinating 

water. 17 For instance, electrodialysis (Figure 10) lets the water flow 

between two electrodes. 16 In this flow region there is a membrane in the 

middle, creating two separate compartments for the water. Using an 

electric field between the electrodes, the method pulls salt ions from one 

compartment to the other, so that the outflow on one side is fresh water 

and on the other side is concentrated wastewater. In a fundamental sense, 

the difference between electrodialysis and RO is thus that one uses 

electric fields to pull salt across a membrane while the other uses a pump 

to push water past the membrane. 

 

 

Figure 10. Electrodialysis pilot plant constructed 1999-2000 at Argonne. Reproduced 

from Argonne National Laboratory without changes. The image holds an Attribution-

NonCommercial-ShareAlike 2.0 Generic CC license. 
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As a closing remark on this section, there are lots of technologies for 

desalination and new variants are springing up all the time. The 

overarching theme is always separation: evaporating water but not salt, 

pushing or pulling water past membranes but not salt, or pulling salt past 

membranes but not water. The increasing worldwide demand for 

drinkable water rapidly derives these developments. No matter which 

technologies are going to be dominant in the future, we can see that 

desalination is destined to play a vital role in future water production. 

Desalination is destiny. 

 

2.2. Fundamentals of Capacitive Deionization 

A seasoned reporter from a local news outlet once came to our lab to 

record a film about CDI for the public and interview my professor. 

Because I know the professor is great at presenting, I leaned in and 

carefully listened to the conversation. “Tell us about your new 

technology!”, the reporter said enthusiastically. “The CDI technique 

uses porous electrodes to separate …”, the professor started but the 

reporter quickly cut him off “People will never understand such BIG 

words! Explain it simpler please”. “Well, the salt ions …”. He had barely 

started before the reporter cut him off again. “No! That’s too 

complicated. Explain it simpler please.” The professor briefly sighed and 

calmly collected his thoughts. Suddenly, I saw a bright spark in his eyes 

as an idea popped into his head. To the reporter’s great satisfaction, he 

confidently explained:  

“Reverse osmosis removes the water from the salt. Capacitive 

deionization removes the salt from the water!” 
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A CDI device produces fresh water by using electric forces to pull salt 

ions out of water. The typical CDI unit comprises two porous electrodes 

separated by a non-conducting spacer. 32 Because all materials are highly 

porous, pumps can drive a water flow through the device. When a 

researcher then applies a voltage, the resulting electric forces pull the 

charged salt ions from the passing water and make them stick on the 

electrode surface. To be able to remove large amounts of salt, these 

electrodes are typically constructed to have huge surface areas of around 

1000 𝑚2/𝑔. The entire assembly usually resides in a casing to avoid 

leakages and the electrodes will be in contact with (graphite) current 

collectors that help guide the charging current from one electrode to the 

other. This small and low-power setup makes CDI especially promising 

for decentralized desalination because pulling ions out of the water 

requires a smaller force than when high-pressure pumps push water past 

a membrane. 

As the CDI device continues to remove salt from the water and store it on 

the porous electrodes (Figure 11), the salt content builds up on the 

electrodes until they eventually begin to saturate. 39,96 This gradually 

slows the process. Eventually, the researcher will regenerate the device 

by removing the applied voltage to allow the accumulated salt ions to go 

back into to passing water stream, and that water then flows to a waste 

tank. For long-term operations, the devices alternate between these 

desalination and regeneration phases. Also, each pass removes only part 

of the ions so plants will typically use a stack of CDI units that work 

together to remove more salt. 97–101 This stepwise process is promising for 

controlling the exact concentration in the output water. 

 



 

In-depth: How to Construct and Operate CDI  21 
 

 

 

Figure 11. An overview of the CDI process. In CDI, a pump (left) pushes the salty 

water through the device. The CDI device (middle) separates the salt ions and stores 

them on the porous electrodes. The power supply (right) creates a potential across 

the electrodes that induces an electric field. This electric field is the reason that the 

ions separate in the device. The computer (bottom) represents the fact that it is 

possible to monitor and control the CDI device to automatically switch between the 

desalination and regeneration modes.  

 

Because the technique is based on electric forces, the device can remove 

any charged species from the water. Common targets include the standard 

salt in seawater (sodium and chloride) 102,103 but also ions that cause 

hardness in water (calcium and magnesium) 24,79,104, and other types of 

harmful ionic species (such as fluoride and nitrate). 77,105–108 Also, 

researchers frequently modify the electrode material to increase affinity 

for specific types of ions. 77 It is also common to place ion-selective 

membranes between the spacer region and the electrodes to prevent the 

wrong type of ion from passing the boundary, which ultimately increases 

efficiency. 32,109 This flexibility is promising for tailoring the output and 

adapting CDI to different water sources. 

 

2.3. In-depth: How to Construct and Operate CDI 

This section will explain more details about how the CDI technology 

work, the important things to be aware of when working with CDI, and 

why it is so effective at removing salt from the water. 

 



 
22 Experimental Techniques 

 
 

2.3.1.  Electrode Materials 

The ultimate goal of all CDI materials is to make the CDI device more 

effective at desalination. Notably, because the main mechanism for 

removing salt is different from other technologies, what makes a material 

good is also completely different. In CDI, a great material should be able 

to quickly transport salt ions out of the water stream and store as large 

amounts of salt as possible. 

Fundamentally, the CDI device is like a capacitor because it has two 

separate electrodes charged under an applied external voltage. 

Additionally, the more charge the electrodes can hold, the more ions they 

attract from the water. For a classic flat-plate capacitor, the total charge 

depends mainly depends on the plate area and distance (Equation (1), 𝑉 

is voltage, 𝐴 is area, 𝑑 is plate distance, ϵ0 is the permittivity of vacuum, 

ϵ𝑟 is the relative permittivity of the material). On one hand, this means 

the devices should be thin. The typical CDI spacer is smaller than 1 mm. 

On the other hand, this also means the electrode material should have a 

huge surface area to be effective. 

 

 
𝑄 = 𝐶𝑉 = 𝑉

ϵ0ϵ𝑟𝐴

𝑑
 

(1) 

 

The typical electrode material in CDI has an area of around 1000 𝑚2/𝑔. 
29 Activated carbon cloth is a common material (Figure 12), 29,33,76 and it 

is used in the papers in this thesis. 110–112 Other common materials include 

aerogels 38,62,113,114, graphene 115,116, flow electrodes 18,32,117, and carbon 

nanotubes 60,118. Researchers have also created various surface-enhanced 

materials, such as by growing zinc nanorods on carbon cloth. 37,61,76,111,119–

121 In recent years, researchers have also begun to adapt intercalation 

electrode materials from sodium-ion batteries to CDI. 41,43,122 Some of the 

papers in this thesis take a closer look at one such material: the Prussian 

blue (PB). 80 
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Figure 12. Woven activated carbon cloth. Carbon materials are common in electrodes 

for CDI. One such is the activated carbon cloth.  

 

The reason these materials have such immense areas is that they are 

highly porous. ACC consists of fibers with lots of tiny holes inside them 

and open regions between them. Thus, open (pore) regions make up 

around 70 % of the material volume. 67 Pores with radii smaller than 2 nm 

are called micropores, those between 2 nm and 50 nm are called 

mesopores, and those larger than 50 nm are called macropores. 112 The 

distribution of pore sizes in a material is important because it determines 

both the material’s maximum storage capacity and how easily ions can 

flow through it. 67,115 
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Another key aspect of good materials is charge efficiency; that is, how 

many percent of the charges stored on the electrodes contribute to 

reducing the concentration in the water. 109,123–125 At the beginning of the 

desalination process, there will be both positive and negative charges near 

the surface. Some will be there to neutralize native charges on the surface 

while others will just passively enter the pores because of the 

concentration in the surrounding liquid. 126 Thus, all charges on the 

electrode must be balanced by opposite charges in the pores, but this net 

change in charge could come from expelling an ion of the wrong charge 

sign (“co-ion”) instead of attracting a new ion of the right charge sign 

(“counter-ion”). This co-ion expulsion means not all charges in the 

electrode contribute to bringing in new ions from the solution. 

One common way to address the co-ion expulsion is by introducing an 

ion-selective membrane that prevents these co-ions from escaping 

(MCDI). 70,71,81,127–133 That way, MCDI reaches around 80 % charge 

efficiency but the membranes also increase production cost. 134 Another 

way is the treat the electrode surfaces (such as by adding fluorine) so that 

they have a net charge that expels the co-ions before the desalination 

process even begins. 26,40 Formally speaking, such modifications alter the 

point of zero charge (PZC); that is, how big voltage you would have to 

add to a normal system to get the same charging state as the surface-

treated system. 10,27,28 

Generally, the theory could help understand the characteristics of good 

materials. More specifically, developments in quantum simulations, for 

instance, now make it possible to simulate materials on the atomic level 

to understand how they work and what happens if the material is altered 

in specific ways. 
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2.3.2.  Operations 

In addition to the material conditions, operational conditions can have a 

huge impact on the device's performance. For low concentrations around 

the drinkable limit, CDI is a bit less effective than for concentrations of 

normal brackish water. 50 Sea water concentrations are too high because 

they make the charge efficiency approaches zero (since there are too many 

ions starting on the electrodes that could be kicked out). Higher voltages 

generally increase the maximum uptake but also increase the leakages in 

the device. 135 For voltages above 1.23 V, the water starts to dissociate 

which further fuels the leakages. High flowrates increase the throughput 

but also increase the energy required for pumping the water. 33 

While reading the papers you will see two main methods of charging the 

devices: constant voltage (CV) 131,136 and constant current (CC) 136–138. In 

the CV mode, the external voltage is the same throughout the charging 

process. This method leads to fast charging. In CC mode, the voltage 

source gradually ramps up the voltage so that the current is always the 

same. Having a constant current tends to be energy efficient 137,139–141 

because the power loss from passing a current 𝐼 through a resistance 𝑅 is 

𝑅𝐼2. The square dependence punishes large variations in current, meaning 

the energy loss for passing any total charge 𝑄 will be smaller if we keep 

the same moderate current throughout.  

The same charging modes are also available for discharge (Figure 13). 

Normally, devices discharge at a constant 0 V or with a constant current. 

More interestingly, researchers have begun to develop methods of 

regaining the charging energy during the discharge step. 34,35,139,142,143 For 

instance, one experimental study reported as much as 50 % energy 

recovery by using buck-boost converters. 139,142 Another study reported as 

high as 83 % theoretical maximum recovery using an external load. 70 

While not that common in lab-scale setups, these energy-recovery 

schemes could become crucial for enhancing the energy efficiency of 

commercial CDI units. 
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As a side note, the ability to extract energy when discharging the device 

goes beyond just recovering some of the energy loss. Blue-energy devices 

operate on the principle that the energy required to charge the device is 

higher for low concentrations. 144–146 Thus, they charge with highly 

concentrated water (low energy), open-circuit to trap the charge, flush 

with low-concentrated water (raise energy), and then discharge more 

energy than the original charging energy. 27,28 This may seem like an odd 

approach to producing energy, but the total natural energy loss when low-

concentrated rivers flow into the oceans is close to humanity’s global 

energy consumption. 147  

 

 

Figure 13. The image shows Arduinos for controlling and switching the applied 

voltage. A standard lab-sized power supply can deliver either a constant voltage or a 

constant current. By appropriately connecting the wires on the Arduino, it is possible 

to make the device switch between charging (the device is connected to the power 

supply) and discharging (the CDI device experiences a short-circuit). The user can 

also upload C-code to the Arduino, meaning it is possible to choose when the device 

switches.  
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The flow mode is another great divide between CDI systems. In the flow-

between mode (fb-CDI) the water flows through the spacer region 

between the electrodes. 49,53,67,148 From there, the ions diffuse into the 

electrode regions. In the flow-through mode (ft-CDI), the water flows 

straight through the electrodes. 66,114,119,149 This can lead to faster charging 

because the device is not limited by how quickly the ions diffuse. 67 The 

spacer can also be thinner when it does not have to be the primary 

transport pathway. However, pushing the water through the electrode 

increases the pressure drop and requires more energy from pumping. 

There are many ways for theory works to help find more effective ways 

of operating devices. For instance, models could simulate the optimal set 

of operating conditions for fast or energy-efficient desalination. They 

could also predict the performance under new conditions and suggest new 

device architectures. Fundamentally, theory can be a lens to look at and 

explain the experimental observations, such as why CDI is more 

competitive for brackish water than seawater. 70,142,150 

 

2.3.3.  Effectiveness Metrics 

Effectiveness metrics are crucial to be able to compare devices, 

operations, and developments in CDI. The two main start-to-end 

desalination metrics are volumetric energy consumption 𝐸𝑣 and 

throughput productivity 𝑃. 151 Here, 𝐸𝑣 [𝑊ℎ/𝑚3] is the total energy 

consumption per volume of produced water. Also, 𝑃 [𝐿/ℎ/𝑚2] is the 

production rate per electrode projected area (how quickly the device 

produces fresh water depending on its size). However, the main factor in 

any desalination process is the concentration of the starting water and the 

concentration of the output water. Thus, to be able to compare two 

devices, these two metrics should be for operations with the same 

concentrations. Other operational conditions such as the external voltage 

should also be controlled to make two different systems comparable. 
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Desalination techniques separate the inlet (feed) water into a volume of 

fresh water and a volume of highly concentrated saline water. Therefore, 

the water-recovery (WR) ratio denotes the fraction of the original water 

that ends up as fresh water. This metric is especially relevant if the 

available water is limited. In CDI, a single operation of desalination and 

regeneration at the same time in both phases would generate 𝑊𝑅 =

 50 %. It is possible to raise the WR by shortening the regeneration phase, 

by letting the water reside in the device for a long time during the 

regeneration phase, or by reusing the regeneration water. However, 

raising the WR in these ways tends to slow the entire desalination process, 

so to fairly compare two devices the WR should be the same. 

Other common variants include secondary performance metrics. One 

such is the average salt adsorption rate (ASAR). 151 The is the total salt 

removal in a complete cycle of desalination of regenerations, divided by 

the total time for the cycle. Thus, the ASAR measures how quickly a 

given device removes salt on average over long periods of operation. 

Another parameter is 𝐸𝑚, which denotes the energy consumption per salt 

removed. The key difference between these parameters and the previous 

performance metrics is that these are relating to the quantity of salt 

removal rather than the volume of produced water. 

Zooming in on the device level, several characteristics indicate if the 

device will have a good overall performance. 151 The capacitance 𝐶 

determines how much charges the device can store, while the charge 

efficiency Λ determines how these charges translate to actual salt 

removal. 

From a theoretician’s point of view, these metrics are key to both 

understanding what matters in the CDI process and what types of 

developments could make the technology better for the end user. 
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2.4. Context: Environmental Considerations 

A common environmental challenge in all desalination is how to dispose 

of the highly concentrated brine (Figure 14). This is especially true for 

seawater desalination. The basis for producing salt-free water is to move 

the salt to some other water, and that other water will thus have a high 

concentration in the end. In RO, this water can be twice as concentrated 

as seawater, making it harmful to the environment. 152 A way to begin 

addressing this is to dilute the concentrated water with other wastewater 

before discharge. 153 Another is the transport of water in pipes to less 

sensitive areas. 153 However, this could also be risky if a crack would erupt 

in the pipe and allow the concentrated water to leak. Some specialized 

methods exist for dealing with the brine, such as Zero Liquid discharge. 
154 This technique could also help recuperate some elements from the 

water such as phosphate or metals. However, reports have stated that the 

method is expensive and not widely used. 155 

The desalination plants could also pose a threat to marine life at the inlet. 
156 Thus, plants will often have nets to prevent fish from entering, 

although there could still be dangers for smaller entities such as plankton. 
157 

 

Figure 14. An image of an old drainpipe. A common concern in desalination is how 

to dispose of the highly concentrated wastewater without damaging the environment 

or marine life. Reproduced without changes from Michael Allison. The image holds 

an Attribution-NonCommercial-ShareAlike 2.0 Generic CC license.  
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Chemicals are another central issue. 158 RO is based on using specialized 

membranes, and such membranes are prone to fouling. For instance, 

organic particles in the inlet could clog the tiny pores in the membranes. 
159 Thus, the plant pre-treats the water with chemicals to remove this 

content. 153 After that, it is also forced to post-treat the water with other 

chemicals to ensure that the product is drinkable. 153 Even with these 

measures, the membranes still require cleaning multiple times a year. 

CDI has environmental advantages in many areas. 160 The devices use 

carbon for electrodes which reduces the environmental impact. Also, the 

spacers can be plain filter papers. The devices in our lab do not even use 

membranes, and this further reduces the risk of fouling and the need for 

chemical processing. An LCA analysis has demonstrated that the main 

environmental impact comes from the titanium rods in the current 

collectors rather than the main materials. In comparison with RO, the 

LCA analysis further demonstrate that CDI has advantages relating to 

energy-related impact. One specialized study investigated the cleaning of 

wastewater in the textile industry and found much better performance 

across the board for MCDI compared to RO. 161 
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3. Theoretical Techniques 
 

All good intellects have repeated, since Bacon’s time, that there can be 

no real knowledge but that which is based on observed facts. This is 

incontestable, in our present advanced stage; but, if we look back to the 

primitive stage of human knowledge, we shall see that it must have been 

otherwise then. If it is true that every theory must be based upon 

observed facts, it is equally true that facts cannot be observed without 

the guidance of some theory. Without such guidance, our facts would be 

desultory and fruitless, we could not retain them: for the most part we 

could not even perceive them. 

Auguste Comte 162 

 

This section will provide a lens for looking at the experimental techniques 

by revealing theories about how the CDI systems work. The theory 

section also seeks to provide the mathematical foundation required to 

understand the derivations in the result section. Finally, it will show the 

context required to understand the motivation behind the studies that led 

to these results.  

In addition to presenting different modeling approaches, the continued 

text will highlight their strengths and weaknesses. With these different 

approaches as viewpoints, we can then assemble new modeling tools and 

see new insights. 
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3.1. Context: Competing Mesoscale Models 

This section will discuss different theories for how the electrodes behave 

when adsorbing salt ions. This is relevant for understanding how the 

electrodes should perform under different conditions and is often a 

starting point when thinking about how to develop CDI further. 

 

3.1.1.  Isotherm Modeling 

 

Simplicity is the ultimate sophistication. 

Leonardo da Vinci 163 

 

From early on in the history of CDI modeling, isotherms have been a 

simple lens through which researchers could look at their equilibrium 

desalination performance. While the Langmuir isotherm and similar were 

originally oriented towards describing gas adsorption, they have also been 

successful in describing how varying ion concentrations affect how much 

salt the devices can store in their electrodes. This raises the question: what 

commonality between the systems allows isotherms to describe trends in 

electro-adsorption? 
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To start, Equation (2) shows the classic Langmuir isotherm for gas 

adsorption. 164 Here, gas molecules cover a fraction θ of all adsorption 

sites on a plain surface, which depends on the partial pressure 𝑝𝐴, and the 

equilibrium constant 𝐾𝐿. This equilibrium form represents a balance 

between how quickly new ions can reach the surface and how quickly the 

adsorbed ions escape (Equation (3)). Here, 𝑘𝑎𝑑𝑠 and 𝑘𝑑𝑒𝑠 are constants 

for adsorption rate and desorption rate, respectively. How quickly new 

ions reach the surface depends on the pressure 𝑝𝐴 (i.e., the number of free 

gas molecules), and the number of free sites (1 − θ). On the other hand, 

how quickly the ions escape depends mainly on how many are already 

stuck (the coverage θ). Consequently, increasing pressure quickly raises 

the adsorption if the pressure is low to start with, but it makes hardly any 

difference for high pressures when the free sites are the limiting factor. 

Ultimately, the underlying mechanism is: 

The adsorption rate depends on free concentration and free storage 

capacity, while the desorption rate depends only on the total adsorption. 

 
θ =

𝐾𝐿𝑝𝐴

1 + 𝐾𝐿𝑝𝐴
 

 

(2) 

 𝑑θ

𝑑𝑡
= 𝑘𝑎𝑑𝑠𝑝𝐴(1 − θ)– 𝑘𝑑𝑒𝑠θ  

(3) 

 

Passive adsorption in liquid systems is similar to gas adsorption. The main 

difference is that the concentration 𝑐, rather than the partial pressure, 

indicates how many free ions there are (Equation (4), Figure 15). 165 

 
𝜃 =

𝐾𝐿𝑐

1 + 𝐾𝐿𝑐
 

(4) 
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Figure 15. Reproduced from Paper 5. Looking at adsorption in a liquid from the 

perspective of a Langmuir isotherm. There is a maximum number of effective sites 

that limit how many ions can stick on the surface. 

 

At this point, we should consider the relationship between passive 

adsorption and electro-adsorption. The CDI device is a form of 

electrolytic capacitor, so how much salt ions it removes always depends 

on how much the CDI capacitor is charged. In a classic plate capacitor, 

the charging state depends linearly on the plate area and how strongly the 

attractive electric field pulls.  

This means that for a given applied voltage there is a limit to how closely 

charges can stay together without kicking each other out - there is a 

maximum number of effective “sites” for storing charges. Also, less 

charge on the capacitor “fewer populated sites” means the charging rate 

is higher. For the electrolytic capacitor, the voltage-driven electric force 

will not solely determine the equilibrium charge and charging rate. 

Having more free ions leads to a higher voltage-driven adsorption rate, 

while higher adsorption means more ions trying to escape the pull.  
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Ultimately, the adsorption rate depends on free concentration and free 

storage capacity, while the desorption rate depends on total adsorption. 

More specifically, a variety of isotherm formulations exist depending on 

the assumed adsorption pattern on the surface. For instance, the Langmuir 

isotherm assumes a monolayer while the Freundlich isotherm suggests 

multi-layer stacking on the surface. Studies have found that the Langmuir 

isotherm works better for CDI than the Freundlich isotherm, which 

suggests that monolayer adsorption is the better description. 59,61  

Based on this, it can be interesting to look at how close the typical packing 

is on the surface at equilibrium. The typical surface area for ACC is 

around 1000 m2/g 125. Some studies have found values as high as 2000 

m2/g 166, but the Brauner-Emmet-Teller (BET) methods that estimate 

these areas tend to overestimate the size 125,167 (by 40 % - 50 % in that 

study 166). As a side note, nuclear magnetic resonance (NMR) 

experiments are an alternative for measuring areas. 119 The adsorption 

capacity in CDI tends to vary, 36,75,119,168 but 10 mg/g is a typical value. 

With a typical hydrated radius of around 4 Å, the projected area is around 

1 nm2 per atom. 169 Dividing their total projected area by the total surface 

area shows that a monolayer configuration would cover around η =10 % 

of the total available area (Equation (5)). Here 𝑀𝑁𝑎𝐶𝑙 is the NaCl molar 

mass and 𝑁𝐴 is the Avogadro number. 

 

 η

=
10[𝑚𝑔/𝑔]/(𝑀𝑁𝑎𝐶𝑙[𝑚𝑔/𝑚𝑜𝑙]) ⋅ 𝑁𝐴[𝑎𝑡𝑜𝑚𝑠/𝑚𝑜𝑙] ⋅ 1[𝑛𝑚2/𝑎𝑡𝑜𝑚]

1000[𝑚2/𝑔] ⋅ 1018[𝑛𝑚2/𝑚2]
≈ 10 % 

(5) 

 

Multiple researchers have reported great results when using the Langmuir 

isotherm. 56–64 If simplicity is the ultimate sophistication, then the 

Langmuir isotherm is not only effective but also a sophisticated method 

for describing equilibrium concentration trends in CDI. 
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Similarly sophisticated methods have also proved effective for simulating 

how the CDI process progresses with time. For instance, the Lagergren 

pseudo-first-order dynamics 59,128,170 models the adsorption rate as 

proportional to the remaining removal capacity 171. In Equations (6) and 

(7), 𝑘 is a constant, 𝑁𝑡 is the adsorption at time 𝑡, and subscript 𝑒 

represents equilibrium value. This simple approach works great for our 

CDI data (Figure 16), and other groups have found regression values as 

high as 0.99. 128 Here, it is interesting to note that there are strong 

similarities between the Langmuir isotherm and the Lagergren first-order 

dynamics, suggesting that the same class of isotherm-style modeling 

works for both equilibrium and dynamic conditions. 171 

 

 𝑑𝑁𝑡

𝑑𝑡
= 𝑘(𝑁𝑒– 𝑁𝑡) 

(6) 

 

 

 ln(𝑁𝑒 − 𝑁𝑡) = ln(𝑁𝑒) − 𝑘𝑡 (7) 

 

 

Figure 16. There is a striking resemblance between the experimental adsorption and 

that simulated with the Lagergren first-order equation. The graph shows the 

linearized version in Equation (7) to compare the adsorption in a batch-mode 

experiment. Here the inlet concentration was 1 g/L NaCl and the flowrate was 25 

mL/min. Note that when the curves start to diverge the device is already around 95 % 

saturated, so the difference at the end has a negligible impact. 
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3.1.2.  Double-Layer Modeling 

 

A theory with mathematical beauty is more likely to be correct than an 

ugly one that fits some experimental data. God is a mathematician of a 

very high order, and He used very advanced mathematics in 

constructing the universe. 

Paul A. M. Dirac 172 

 

Double-layer-based models 8,149,173,174, such as the modified Donnan (mD) 

model 10,20,65–67,175, are more mathematically beautiful than the isotherm-

based models. More than that, they have historically been able to describe 

CDI performance under a wide range of conditions. At its core, the mD 

model beautifully bridges the circuit aspect of CDI with the concentration 

“isotherm” aspect by separating the total applied voltage into micropore 

voltage and Donnan potential. Having an electric-double layer means 

there is a layer of ions to neutralize the induced electric field from the 

applied potential. Most of the ions are packed near the surface and the 

density gradually decreases farther out. 50 

To start, the mD model presumes that most adsorption occurs in 

micropores due to their high combined surface areas in the electrode, and 

the charge state determines the micropore potential. 67 In Equation (8), ϕ𝑒 

is the electrode potential, ϕ is the solution potential, Δϕ𝑚 is the micropore 

potential (between the electrode matrix and the center of the micropore), 

and Δϕ𝐷 is Donnan potential (between the center of the micropore and 

the surrounding electrolyte). The micropore potential, in turn, has a linear 

relationship with the charge concentration 𝑞𝑚 and the capacitance 𝐶𝑚 

(Equation (9), 𝐹 is the Faraday constant). This means that: 

If the Donnan potential is negligible, the CDI device charges like a normal 

capacitor. 
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 ϕ𝑒 − ϕ = Δϕ𝑚 + Δϕ𝐷 (8) 

 2𝑞𝑚𝐹 = −𝐶𝑚Δϕ𝑚 (9) 

 

 

Figure 17. Reproduced from Paper 5. According to the mD model, the electrodes store 

salt ions by accumulating them in micropores on the electrode fibers. There, the ions 

form electric double layers. The reason most adsorption happens in the micropores is 

that they contribute the most to the total surface area.  

 

Moving on, the Donnan potential sustains the concentration imbalance 

between the micropores and the surrounding solution that build up while 

the device is charging. 67 Thus, it relates the micropore concentration 𝑐𝑚,𝑖 

of each species 𝑖 with the macropore concentration 𝑐𝑀,𝑖 of the same 

species. In Equation (10), 𝑧𝑖 is the ion valency, Δϕ̅𝐷 = Δϕ𝐷/𝑉𝑇 is the 

normalized Donnan potential, and μ̅𝑎𝑡𝑡,𝑖 is the non-electrostatic micropore 

attraction which defines the default charging state.  
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This also defines the net average concentration of 2𝑤𝑚 = 𝑐𝑚
+ + 𝑐𝑚

−  

(Equation (11)) and net average concentration of charges 2𝑞𝑚 = 𝑐𝑚
+ −

𝑐𝑚
−  (Equation (12)) for a solution with two monovalent ionic species. For 

high concentrations, the Donnan potential required to maintain a charge 

concentration is negligible, so the capacitive charging dominates the 

process and the concentration-dependent effects level off. For very low 

concentrations, however, the Donnan potential required to maintain a 

charge imbalance is huge, so the concentration-dependent charging 

dominates the process, and the total charge concentration is linear with 

the solution concentration. That is: 

The concentration-dependent Donnan charging behaves similarly to the 

Langmuir isotherm. 

 

 𝑐𝑚,𝑖 = 𝑐𝑀,𝑖 exp(−𝑧𝑖  Δϕ̅𝐷 + μ̅𝑎𝑡𝑡,𝑖) (10) 

 𝑤𝑚 = 𝑐 exp(μ̅𝑎𝑡𝑡) cosh(Δϕ̅𝐷) (11) 

 𝑞𝑚 = −𝑐 exp(μ̅𝑎𝑡𝑡) sinh(Δϕ̅𝐷) (12) 

Looking at experimental data under normal operating conditions, the 

equilibrium results show mainly standard capacitive (linear) behavior as 

the external voltage varies. However, the concentration-dependent effects 

give a small deviation in charge at very low voltages (Figure 18). The 

most striking trend is that there is a clear difference between the ideal 

adsorption and how many ions the stored charges contribute to net 

removal. Here, the mD model beautifully captures a key feature of CDI 

that is outside the scope of the classic Langmuir isotherm. 
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Figure 18. Reproduced from Paper 13. Equilibrium performance for a CDI device. 

The dots show experimental values while the lines correspond to the mD model. The 

left axis (blue) shows equilibrium charge while the right axis (red) shows equilibrium 

adsorption. The relative axis scaling is such that the blue and red dots would coincide 

if all charges contribute to removing salt ions. 

 

3.1.3.  Circuit Modeling 

 

A theory has only the alternative of being right or wrong. A model has a 

third possibility: it may be right, but irrelevant. 

Manfred Eigen 176 

 

This thesis is a work about modeling. Thus, a core question we should ask 

when selecting a model to use is: is this the most relevant model for what 

we now want to investigate? Researchers widely use circuit modeling for 

CDI because it is the most relevant option in many applications. 
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Circuits for CDI can be varyingly complex. In the simplest form, the RC 

circuit has two components: a capacitive element representing the 

device's capability for storing charges and a lumped resistive element 

representing all features slowing down the process, such as contact 

resistance. However, the CDI process is rarely ideal, and unwanted 

reactions at the electrode surfaces can cause charges to escape the 

electrodes and leak through the device. Thus, the Randles-circuit model 

includes an additional resistive element representing the tendency to leak 

(Figure 19). 

 

 

Figure 19. Reproduced from Paper 13. A Randles circuit for describing a CDI device. 

The capacitive element 𝐶 determines how much charge the device can store. The 

serial circuit-resistance 𝑅𝑐 determines how quickly the device charges. The leakage 

resistance 𝑅𝐿 determines how much the device leaks current. 

 

As a side note, different modeling approaches can yield the same 

modeling results. For instance, the accumulated charge 𝑄𝑡 in an RC 

circuit varies exponentially with time (Equation (13), 𝑄𝑒 is equilibrium 

charge, 𝑅 is resistance, and 𝐶 is capacitance). It turns out that the 

derivative of this expression is the same as the expression for the 

Lagergren first-order dynamics (Equation (6)), with 𝑘 = 1/𝑅𝐶 (Equation 

(14)). Thus, from the narrow perspective of charging, we can either view 

the adsorption process as a capacitor charging against an external 

resistance or as ions gradually attaching to a surface with an equilibrium 

affinity determined by the external voltage. 

 

 𝑄𝑡 = 𝑄𝑒(1 − exp(−𝑡/𝑅𝐶)) (13) 
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 𝑑𝑄𝑡

𝑑𝑡
=

1

𝑅𝐶
(𝑄𝑒 − 𝑄𝑡) 

(14) 

 

More advanced circuit models can separate resistive contributions from 

various elements. One such would be the transmission line model. For 

instance, one study found that up to 90 % of the total resistance can be 

attributed to contacts, but there can also be resistance inside the electrode 

matrix and ionic resistance in the solution.54 On the other side, researchers 

have also applied circuit modeling to desalination rates by assuming a 

constant charge efficiency Λ from one or more contributions; that is, they 

assume a fixed fraction Λ of charging leads to ion adsorption Γ (Equation 

(15)). 

 Γ[𝑚𝑜𝑙] = Λ ⋅ (𝑄[𝐶]/𝐹[𝐶/𝑚𝑜𝑙]) 

 

(15) 

Experiment data reveals cases wherein the Randles circuit accurately 

simulates both the charging rate and the leakage rate for a device.177 Thus, 

while the models might not primarily focus on the salt removal part of the 

desalination process, they remain highly relevant for characterizing how 

quickly the device charges. 

 

3.2. Core Aspects of Macroscale Modeling 

Macroscale modeling is based on the concept that we can predict how 

different device structures will behave if we know the material properties. 

Depending on how the CDI cell is built, there can be different flow 

pathways, etc. So, the macroscale modeling solves what happens at all 

positions inside the device to calculate what should eventually come out. 

It is also challenging to directly say how an entire time-dependent process 

will evolve. Thus, a FEM program will calculate that change at any given 

time depending on the conditions, and then go one time-step at a time to 

solve the entire desalination process. 

In this thesis, the macroscale is defined at the level that shows spatial 

resolution in the device. Now, there are models in CDI that have managed 

to simulate the overall output without spatial resolution too. For instance, 
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if the CDI device is modeled as an RC circuit as shown in the context 

section above. Here, the resistance, capacitance, and external voltage are 

enough to simulate the total charging and desalination rate. A 0D model 

could also include terms related to the device geometry. As an example, 

the resistance 𝑅 in the RC circuit could be replaced with a term like 𝑅 =

𝑅𝑐 + 𝑅𝑠𝐿𝑠/𝐿(𝑠,0). This expression has one term that corresponds to the 

external resistance 𝑅𝑐  in the circuit and one that corresponds to the 

resistance in the spacer region between the electrodes 𝑅𝑠𝐿𝑠/𝐿(𝑠,0). The 

last factor shows that the resistance is higher if the length 𝐿𝑠 is increased 

compared to some baseline length 𝐿(𝑠,0). The point is to say that such a 

model includes some aspects of geometry without solving the model at 

every point inside the device. The difference when using a proper FEM 

model is that such a model can include complex geometries and 

operations that are too complicated to describe to hand. Thus, they are 

excellent for investigating how different device geometries affect the 

process. 

Macroscale models have inherent challenges with convergence. This is 

not a problem when solving normal equations. An equation like 2x=4 can 

always be solved. However, the challenge in FEM is that there is a large 

group of equations that must be solved simultaneously at all points, and 

the result at every point must be consistent with the solution at all the 

other points. For example, a group of equations like y=2, x=3, and y=x 

cannot all be true at once. That means the results are not consistent, 

meaning the computation will not converge. Because the FEM model 

simulates a real process, there should exist a solution that fulfills are 

conditions at the same time. However, it can be incredibly difficult for the 

program to find, meaning it crashes instead or takes a long time to 

compute. Because of these challenges, a big part of the thesis is dedicated 

to the implementation and stabilization of FEM models. 

Another challenge with FEM modeling is that we need to know the 

fundamental material properties to simulate the device level. That 

requires a more detailed theory, as will be discussed in the next section. 
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3.3. Core Aspects of Mesoscale Modeling 

On the fundamental level, we want models in CDI to be able to describe 

and predict how the device will perform under a variety of conditions. 

Some of the key aspects include how much and how fast the device can 

remove the salt. Others are the impact of variations in salt ion 

concentration, applied voltage, and flowrate. This necessitates mesoscale 

modeling. 

Not all models describe all aspects of the CDI systems, although they can 

specialize in specific aspects. As elaborated on in the context section, the 

Langmuir isotherm (Equation (16)), 𝑆 is the total number of sites) is a 

starting point for describing the effects of varying concentrations. In the 

CDI system, the maximum removal capacity increases for higher 

concentrations because more ions can move toward the surface. However, 

over around the concentration that is typical for brackish water, increasing 

the concentration ceases to affect the maximum charging because the 

available surface area (sites) becomes the limiting factor instead of the 

available ions. 

 
𝑐𝑎𝑑𝑠 = 𝑆

𝐾𝐿𝑐𝑒

1 + 𝐾𝐿𝑐𝑒
 

(16) 

 

Looking at CDI from another angle, the Randles circuit can describe the 

charging rate, maximum charge, and leakages in CDI (Equation (17)). 

The circuit resistance 𝑅𝑐 determines the charging rate via the time 

constant 𝑡0 ≡ (1/𝑅𝑐 + 1/𝑅𝐿)/𝐶, and depends largely on contacts and 

material resistance. 135,178 The capacitance 𝐶 determines the maximum 

storage capacity. The leakage resistance 𝑅𝐿 determines how much charge 

is lost. Here, we can also see that the voltage 𝑉𝑒𝑥𝑡 should linearly increase 

the current and maximum storage capacity. As a small extension of the 

core model, setting an approximate constant Λ charge efficiency makes it 

possible to directly convert the charging to an ion-removal rate. 

 
𝑄 = 𝐶𝑉𝑒𝑥𝑡

𝑅𝐿

𝑅𝑐 + 𝑅𝐿
(1 − 𝑒−𝑡/𝑡0) 

(17) 
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The double-layer-based mD model combines aspects of both 

concentration and circuit components. The following in-depth section 

will discuss those equations in more detail. The point of this section is to 

show that models can be good at different things. 

Most experiments primarily measure the concentration of the water 

exiting the device. How quickly the adsorption affects the water flowing 

through depends mostly on the volumetric flowrate U and the free volume 

inside the device. For instance, in the simplified case where the entire 

device keeps the same concentration, we have Equation (18) showing 

how much the concentration changes in a short time depending on the 

adsorption as well as the difference between how much salt is flowing in 

and out of the device (leading to Equation (19)). Here, ν𝑓𝑟𝑒𝑒 is the free 

volume that can be filled with water, 𝑈 is the flowrate 𝑐0 is the inlet 

concentration, 𝑐 is the concentration in the device, and 𝑐𝑎𝑑𝑠 is the 

adsorbed concentration. 

 ν𝑓𝑟𝑒𝑒𝑑𝑐 = ν𝑓𝑟𝑒𝑒𝑑𝑐𝑎𝑑𝑠 + 𝑈𝑐0𝑑𝑡– 𝑈𝑐𝑑𝑡 (18) 

 

 𝑑𝑐

𝑑𝑡
=

𝑑𝑐𝑎𝑑𝑠

𝑑𝑡
+

𝑈

ν𝑓𝑟𝑒𝑒

(𝑐0 − 𝑐) 
(19) 

The models shown here are expressed so that they describe the overall 

behavior of the entire device, without spatial resolution. However, they 

can be converted to spatially resolved models, as will be shown in the 

next section. 

 

3.4. In-depth: Implementations and the Macroscale 

3.4.1.  Donnan Equations for 2D 

This section is an in-depth presentation of the equations in the modified 

Donnan (mD) model for models with spatial resolution. 67 
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The starting point for looking at how salt ions move inside the device is 

the mass-transport equation (Equation (20)). The mass-transport equation 

states that mass is conserved, meaning if some salt appears in one place 

in the device it must have moved there from somewhere else. Thus, for 

the concentration 𝑐𝑖 of a species 𝑖, the local net change in concentration 

𝑑𝑐𝑖/𝑑𝑡 depends on the ionic flux 𝑗𝑖, and specifically the net inflow of ions 

at that location −∇ ⋅ 𝑗𝑖. The flux can have three components (Equation 

(21)). The first is convection (transport flow water flow 𝑢𝑖). The second 

is electromigration (transport by an electric field, 𝑧𝑖 is the ion valency, 𝐷𝑖 

is the diffusion coefficient, 𝑉𝑇 is the thermal voltage, and −∇ϕ is the 

electric field). The third is diffusion (passive transport from high to low 

concentrations, ∇𝑐𝑖 is the change in concentration).  

 𝑑𝑐𝑖

𝑑𝑡
+ ∇ ⋅ 𝑗𝑖 = 0 

(20) 

 
𝑗𝑖 = 𝑐𝑖𝑢𝑖 −

𝑧𝑖𝐷𝑖

𝑉𝑇
𝑐𝑖∇ϕ– 𝐷𝑖∇𝑐𝑖 

(21) 

   
For materials with pores, the mD model distinguishes between the 

concentration in the macropores (the free concentration, subscript 𝑀, 

resident in a pore volume of porosity 𝑝𝑀) and the concentration in the 

micropores (the adsorbed concentration, subscript 𝑚, resides in a pore 

volume of porosity 𝑝𝑚). This means the volume average concentration in 

a porous medium is 𝑐𝑖 = 𝑝𝑀𝑐𝑀,𝑖 + 𝑝𝑚𝑐𝑚,𝑖 (Equation (22)). Also, the 

flowrate in a porous medium is the superficial velocity; that is, the average 

flow 𝑢𝑠𝑢𝑝 over a projected cross section. Additionally, the effective 

diffusion 𝐷𝑒,𝑖 inside a porous material can be slower than that in a free 

volume. 

 ∂

∂𝑡
(𝑝𝑀𝑐𝑀,𝑖 + 𝑝𝑚𝑐𝑚,𝑖) + ∇

⋅ (𝑐𝑀,𝑖𝑢𝑠𝑢𝑝– 𝑝𝑀𝐷𝑒,𝑖 (∇𝑐𝑀,𝑖 +
𝑧𝑖

𝑉𝑇
𝑐𝑀,𝑖∇ϕ)) = 0 

(22) 
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For a solution with a single type of monovalent positive and negative ions, 

such as Na+ and Cl-, the net average concentration is 2𝑤𝑚 = 𝑐𝑚
+ + 𝑐𝑚

−  

while and net average concentration of charges is 2𝑞𝑚 = 𝑐𝑚
+ − 𝑐𝑚

− . By 

adding and subtracting Equation (22). For the positive and negative 

species, we get Equations (23) and (24). 

 

 ∂𝑐

∂𝑡
= 𝐷𝑒∇2𝑐 −

𝑝𝑚

𝑝 − 𝑝𝑚

∂𝑤𝑚

∂𝑡
 

(23) 

 

 
∇ ⋅ (𝑐∇ϕ) =

𝑝𝑚

𝑝 − 𝑝𝑚

𝑉𝑇

𝐷𝑒

∂𝑞𝑚

∂𝑡
 

(24) 

 

The key point here is that the free concentration changes depending on 

transport and adsorption, while the local charging depends on how 

strongly the electric field varies. The model can now simulate the full CDI 

system. 

The derivations in this section have demonstrated one set of equations 

that could describe desalination performance in multiple dimensions. The 

results section will further show excerpts from the paper demonstrating 

alternative modeling methods based on other modeling approaches. 

 

3.4.2.  FEM Modeling 

The papers in this thesis will reveal that 0D models can describe and 

predict macroscopic CDI output fairly well. However, they cannot reveal 

the inner workings of the CDI device to give insights into how the inner 

transport and detailed device structure affect the process. That requires 

spatial resolution. 
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Therefore, models with spatial resolution in 1D, 2D, or 3D could provide 

new insights into the inner workings of the CDI device. To start, the 

electric-field distribution and ionic transport into the electrodes are 

crucial elements of a CDI process and require at least 1D modeling. Also, 

the device is much longer than it is thick, and the concentration could vary 

significantly along the length of the device. This requires at least 2D to 

investigate. Finally, devices such as the flat CDI unit in this work are 

asymmetric in the sense that the water has differing pathways to flow 

from the inlet pipe to the outlet. 

FEM software such as COMSOL is excellent for simulating 

interconnected physics in multiple dimensions. They have lots of set 

interfaces, such as Brinkman equations for simulating water flow in 

porous materials and transport of diluted species in porous media for 

simulating how the salt ions move. 179 Some interfaces are similar to CDI 

but not directly applicable, such as electrostatics for simulating electric 

fields, and the current-distribution interfaces for simulating batteries. 

Before the work in this thesis, spatially resolved models usually used 

hand-crafted interfaces for CDI and manually set operational and 

boundary conditions to match those for common types of CDI operations 

(Figure 20). For instance, the flux of ions and current out of the device 

must be zero. The mass and charge inside the device must be continuous 

across interior boundaries between the electrodes and the spacer. The 

concentration at the inlet keeps a fixed value while the concentration at 

the outlet must not change after exiting the device. The water flow inside 

the electrodes is zero if the water flows along an open or highly permeable 

spacer. However, the main issues with this type of setup are that the model 

could take a long time to build, it fails to translate to larger devices or 

different flow modes, and it can be computationally unstable. 
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Figure 20. Reproduced from Paper 10. The boundary simulation conditions in CDI. 

The mass and current are conserved and cannot pass the walls. From left to right: 

The concentration is 𝑐, the potential is 𝜙, the flow is 𝒖, 𝑉𝑒𝑥𝑡 is the voltage, 𝑅𝑐 is the 

circuit resistance, 𝑖 is the current, 𝐷𝑒𝑓𝑓 is effective diffusion, subscript 𝑒 indicates 

electrode region, and subscript 𝑠 indicates spacer region. 

 

The papers in this thesis provide a critical platform for simulating 

spatially resolved CDI with COMSOL. They condense, adapt, and 

convert the theory to fit with COMSOL’s existing interfaces for similar 

applications. This means the developed models are quicker to build, 

effortlessly translate to upscaled devices and new operational modes, and 

they more much more computationally stable. These developments have 

been key to enabling the findings that are presented in the result section. 

 

3.4.3.  System Identification 

I once asked a senior researcher in automatic control how researchers 

manage to come up with all the great new innovations. He told me “Very 

few ideas are truly innovative. Most progress comes when researchers 

combine ideas from different fields.” 
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In other fields, black-box models 180 have been widely successful in recent 

years for treating complex systems where there is a lot of data available. 
181 An example of this is the neural network. 181,182 However, white-box 

(physical) modeling the still the standard in many fields where extracting 

data takes lots of time and modeling requires extensive system-specific 

knowledge. 183 The grey-box (system-identification) approach is a 

combination of these approaches, 183,184 leveraging some existing 

knowledge about the system to effectively and flexibly find the system 

structure and parameters. 185 

System-identification methods are great at finding system parameters 

based on experimental data and can be immensely powerful when 

combined with CDI. 102,186 Classically, researchers have often derived 

parameters by specific experiments that isolate one parameter at a time. 
178 For instance, measuring the maximum charge in the device could 

reveal the capacitance. Measuring the maximum current could reveal the 

circuit resistance. However, this might not always be a feasible option. 

Sometimes, there are no experiments that can isolate specific parameters, 

and sometimes those experiments are too time-consuming to be practical. 

This has led to several studies where researchers have inefficiently and 

manually tested parameter values to find the best ones. 67,187 

System-identification methods have the advantage that they look at an 

entire time-series of data, such as the effluent ion concentration, and 

determine all unknown parameters at once. 102,186 This removes the need 

for specific measurements for specific parameters and provides more 

flexibility in the types of experiments needed to fit the model. 

The papers presented in this thesis have been groundbreaking in their use 

of the system-identification method for modeling capacitive deionization. 

The works never derive a completely new theory for system-

identification; rather, they adapt existing methods to applications in CDI. 

Thus, the modeling workhorses have been the system-identification 

toolboxes in MATLAB (greyest and nlgreyest). 185 The newly developed 

methods have been key in enabling the discoveries that are presented in 

the result section. 
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3.5. Core Aspects of Microscale Modeling 

For the purpose of this thesis, the microscale is defined as simulations 

wherein atoms are modeled individually. This is typically done with 

methods such as DFT. Such modeling is often called Ab initio 188–190 

“from the beginning”, highlighting that the calculations are performed 

based on only physical constants and atomic positions. A strong value of 

these methods is thus that we can predict how a material will behave 

without first making the material. 

Calculations on the atomic level are fundamentally about calculating the 

motions of electrons in the electrostatic fields from the atomic nuclei. This 

is done with the electronic Schrödinger equation (Equation (25)). Here 

𝐻𝑒𝑙 represent the energy components (energy from movement, from 

electric interactions, etc.). The 𝐸𝑒𝑙 parameter corresponds to the total 

energy in the system. Finally, Ψ𝑒𝑙 is the shape of the electron clouds So, 

solving this equation will yield an expression of where all the electrons 

are, which determines the system properties. 

 

 𝐻𝑒𝑙Ψ𝑒𝑙 = 𝐸𝑒𝑙Ψ𝑒𝑙 (25) 

 

The fundamental problem is that there are lots of atoms, every atom has 

lots of electrons, and the electrodes can have lots of interactions with all 

the other electrons. The shapes of all electron clouds (orbitals191) must be 

solved together to account for all the interactions. Solving the equation is 

thus a challenge even if the equation is known and requires extreme 

amounts of computation time. Thus, researchers have developed many 

ways to calculate interactions at the atomic level using different 

approximations. Early methods used Hartree-Fock (HF) 192 theory to 

calculate all these orbitals, although DFT 193 is now the dominating 

method because it tries to speed up the computations by focusing on the 

density of electrons rather than individual orbitals. However, orbitals are 

also included in the modern DFT methods for practical reasons. An 

example of how calculated orbitals can look is shown in Figure 21. 
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              a)            b) 

  
                                c) 

 
Figure 21. Reproduced from the author's work in a course on quantum-chemical 

methods. Gaussian has been used to generate the images. (a) Atomic structure of 

hexacyanoferrate. The PB material consists of repeated such units which are 

connected by ion atoms. In the image, the central ball is the iron atom, the brown 

balls are carbon, and the blue balls are nitrogen. (b) An illustration of electronic 

orbitals. The green and red blobs are the orbitals, corresponding to the region 

wherein an electron can be found 95 % of the time. (c) Many different orbitals can be 

filled, with different shapes, depending on the molecular structure and the 

environment. 
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There are many ways of describing the shapes of the orbitals.194 More 

detail can be added at the expense of computation time. It is also possible 

to include parts that better describe short or long-range interactions or 

other special features. As an example, one of the works in this thesis used 

the B3LYP functional,195 which uses a 3-parameter Becke functional for 

adding some exact HF interactions in the DFT method and a LYP 

functional for describing electron correlation. The point here is just to say 

that there are many different ways of describing atomic interactions. 

Aside from the orbital descriptions, different overarching methods exist 

that can determine the speed of the calculation. The methods using 

quantum mechanics directly are called ab-initio methods. There are also 

more detailed methods, such as CASSCF 196 or CI 197, which mix ideal 

orbital states to get more realistic descriptions. These are, again, 

computationally expensive. As a faster alternative, semi-empirical 

methods replace some detailed calculations with experimentally 

calibrated values. Force-field methods go even further and ignore 

quantum mechanics in favor of simplified functions of interactions 

between different types of molecules.198 For instance, the bond energy 

between two atoms can be considered as a spring; the energy if they move 

apart or together depends on the square of the distance from the 

equilibrium bond length. Based on the size of the model systems, around 

1000 atoms, the works in this thesis have mainly used semi-empirical 

methods. 

Because the methods are so complicated, many programs have also been 

developed to implement them. Gaussian is an example, which contains 

many different methods. Terachem 199 is a program based on GPU 

calculations, which can make the calculations faster. We have mainly 

used the xTB program 200–202. It has semi-empirical methods and has a 

good balance between speed and accuracy for the relevant system sizes. 

It also uses a tight-binding (DFTB) approach,201,203 meaning some of the 

interactions for the innermost electrons are ignored. More detail is 

generally required when chemical bonding is central, but in our case, the 

coulombic interactions between ions are generally more important. Thus, 

the semi-empirical methods could be accurate enough to solve the 

problems at hand. 
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So, to make a calculation we first need a file containing the positions of 

all the atoms. When a crystal is modeled, as in this thesis, the atomic 

positions are typically well-known and repeat throughout the material. 

Based on that, the program can calculate the interactions and provide the 

total energy. Then, we can change the atomic positions or change the 

types of atoms to determine how variations in the material affect the total 

energy. It is also possible to simulate molecular dynamics (MD) to 

calculate how the atoms move during a period. The time scale that we 

could simulate here was up to 2 ns, which is long enough to see some key 

atomic-level behavior.204 

 

3.6. Context: Philosophical Starting Point for This Work 

 

A theory is scientific only if it can be disproved. But the moment you try 

to cover absolutely everything the chances are that you cover nothing. 

Sir Hermann Bondi 205 

 

This thesis will not present a single new theory that tries to cover 

absolutely everything. Rather, the papers attached at the end jointly cover 

all the presented approaches, and the focus has been to either hone the 

strength of a specific approach or to bridge the present weaknesses of a 

specific approach. Looking at all the papers as a compilation, the thesis 

shows a systematic investigation into the differences and similarities 

between the various modeling approaches. Ultimately, this provides a 

crucial new tool for modeling and gives deeper insights into various ways 

of looking at the fundamental system mechanisms. These different 

methods of modeling the fundamental mechanism are then compared also 

in terms of how well they integrate with other levels. 

On the idea level, three fundamental premises for the mesoscale part of 

this work are the following: 
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• Different viewpoints see different insights. 

• The “best” modeling approach can vary depending on what 

features of a system are being modeled.  

• What a model “fails” to describe is largely limited by how much a 

model has been developed so far. 

Practically, the first point means that having different and possibly 

overlapping models can be effective for understanding deeper 

mechanisms in a system. The second means that having different models 

available can also be practically useful. The third means that what we 

have today is not limiting how well we could fulfill the first two points in 

the future. 

 

 

Figure 22. A viewpoint telescope binoculars lookout. Depending on the viewpoint we 

use, we might be able to see things that are difficult to see from other places. In the 

same way, it can also be beneficial to have a variety of modeling tools available in 

science. Reproduced image from the public domain. 
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Before this work, the common approaches in CDI had roughly three 

angles: The isotherm-based approaches would easily describe variations 

in ion adsorption, but not the charge or varying operational conditions. 

The circuit models would tractably describe variations in charging but not 

in ion concentration. The double-layer models such as the mD would 

incorporate elements of both as well as cover some variations in 

operational conditions. However, they were never the most transparent 

and tractable options in all circumstances. 

The point above concerns mostly mesoscale modeling. However, they are 

relevant when constructing the multiscale modeling as well, because the 

different approaches also affect how tractable they are for combining with 

other levels. 

 



 

Basic Approach  57 
 

 

 

4. Methodology 

4.1. Basic Approach 

The work in this thesis centers around developing modeling approaches 

for CDI. The models should be able to describe a wide variety of 

operational conditions. This has been the focus of the testing with 

experiments. The experiment data is a mix of data from our lab and data 

from the literature. Our devices mainly use flat ft-CDI and CV charging. 

Thus, the data from the literature provided a way of investigating broader 

operations and structures. These studies were selected based on the 

experimental conditions of interest, such as varying concentrations, 

voltages, and flowrates. They might also have structures of interest such 

as CDI, MCDI, and surface-treated electrodes. The same study rarely had 

data for all interesting parameters, so the papers would collect 

benchmarking data from a variety of papers (using the WebPlotDigitizer 

tool 206,207). Apart from having the right data, the main selection factor 

was whether the study described their experiments with enough detail that 

it was possible to recreate the conditions with the model. 

The papers mainly used MATLAB and COMSOL for modeling and 

analyzing the data. MATLAB contains extensive software support for 

direct calculations, non-linear solving, and system identification. 147,185 

These also contain various methods for fitting, although the default 

methods are typically good enough for CDI applications. 208–210 COMSOL 

provides great support for simulations that show spatial variation inside 

the device. 179,211,212 The following two sections will describe in detail how 

the papers analyzed the validity and virtues of models. 
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4.2. Context: Validity of a Model 

When I was developing the DL and other models, I would often be 

surprised by how well they worked for new situations. Reviewers would 

look at the papers and tell me to add new experiments and tests to show 

that the model worked, and it did with surprising accuracy. One time I 

remember finding an error between the experiment and the simulated 

results. After carefully studying the complex graphs, I thought “hmm, if I 

had entered the device size wrong by a factor 2 that should explain the 

difference”. And so, I double-checked the size. It was off. Off by exactly a 

factor 2. After correcting this error, the model worked perfectly. At that 

time, I realized how good these models can be for linking experimental 

trends and specific factors such as size. 

A core of natural science is the experimental approach; in this context, 

this means that researchers build theories and models by constructing and 

testing hypotheses. 213,214 A hypothesis proposes an idea about how a 

phenomenon works, and the experimental data then verifies if it is correct. 

From that, the models and theories then become a collection of accepted 

hypotheses. Each constituent hypothesis says something about how the 

world works and together they explain a larger system. 

Both theories and models seek some truth about the world. 215,216 The 

difference between them is that a theory mainly seeks to describe nature 

in a true way, while the value of a model relates more to how useful it is. 

The pragmatic view of modeling thus states that there are four main 

criteria for testing if a model is valid, as shown below. 217 

 

1. Fitting 

2. Unification 

3. Mechanism identification 

4. Predicting 
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Fitting means that the model can accurately describe available data. This 

is, on its own, not enough to assert that a model is good, but a good model 

that seeks to describe an aspect of a system should agree with existing 

data for that aspect. Unification describes how well the same model 

incorporates a variety of phenomena. For instance, a model in CDI could 

describe variations in concentration, voltage, and flowrate. Thus, the 

unification criterium demands a broader relevance for the system. 

Mechanism identification asks if the model can find important underlying 

mechanisms for a system. Essentially, can the model not only get the data 

values right but also explain the trends in the data? Finally, prediction 

judges if the model can predict new experimental results. The ideal 

prediction should be surprising, validating, and correct. 

 

4.3. Context: Virtues of a Model 

 

All models are wrong but some are useful 

George Box 

 

While a theory is mainly about finding the right physical picture, the value 

of a model relates to how well it fulfills a purpose. Thus, there might be 

multiple models that are equally right, or equally wrong, but that differ in 

how useful they are. 218 Thus, the criteria below outline virtues that a 

model can have (see also Figure 23). 219 

1. Simplicity 

2. Transparency 

3. Similarity to target 

4. Precision 

5. Theoretical tractability 

6. Robustness 
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Simplicity determines how simple a model is. Just because reality is 

complex does not mean a model must be. For instance, you might be 

curious as to why people who buy diapers at the mall tend to buy more 

beer. A complete model for this could include every cell in the brain, but 

this is widely unpractical. Also, if you want to understand desalination 

you could model every salt ion separately. This is also widely unpractical. 

Hence simplicity is a virtue. For example, schools around the world still 

teach the Bohr model of the atom because it is a simple and illuminating 

way of presenting the concept. 220 Transparency is also a virtue because it 

determines how easy it is to understand how a model reached its 

conclusion. Having a supercomputer answer a question about the meaning 

of life with 42 is meaningless precisely because we cannot see the 

connection between the question and the answer. 

Similarity to target determines the similarity between the model and the 

thing being modeled. Also, precision is how much detail the model has 

when describing the system. For instance, when testing an airplane 

engine, using a real airplane, a wind tunnel, or a 2D simulation are all 

options with varying degrees of detail and similarity to the real operating 

conditions. These criteria can often be a trade-off with the simplicity and 

transparency criteria in the previous paragraph. On the other hand, a 

model can also be complex without being similar to the target, so it is not 

a direct trade-off. 

Theoretical tractability determines how good the model is for describing 

specific conditions. Finally, Robustness determines how well a model 

performs under new conditions. For instance, a non-robust CDI model 

might include ion concentration while only being able to accurately 

simulate situations where the concentration is high. 
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Figure 23. A toolbox. Like the tools in this toolbox, models can be suitable for solving 

different types of tasks. The value of a model is thus mainly tied to its effectiveness for 

solving that particular task. Some good properties that a model can have include 

simplicity, transparency, closeness to the target, precision, theoretical tractability, 

and robustness. 
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5. Results and Discussion 

5.1. Macroscale Modeling  

Starting at the base of the modeling mountain, we will first explore the 

macroscopic models that describe how the entire CDI devices work. 

 

5.1.1.  Context: Why Use FEM? 

When I was completely new to modeling CDI, one of my experimentally 

focused colleagues commented: “You want to model adsorption and 

energy consumption in CDI? That must be almost impossible. I mean, to 

really understand how it happens you would have to model every single 

ion, how it moves in the device, and how it interacts with the carbon-cloth 

electrode.” When I got home that day, I sat down to read about different 

modeling approaches and suddenly realized the enormous power of 

finite-element modeling. In FEM, the software splits the device into lots 

of small points, allowing you to model the salt ions at every point in the 

device, how they move, and how they interact with the carbon-cloth 

electrode. 

FEM is a great way of peeking inside the device (Figure 24). From this 

viewpoint, we can see how the salt moves and interacts with the different 

parts of the device. This can give deeper insights than 0D models into 

how we can effectively build and operate CDI devices. 
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Figure 24. The mesh of a CDI structure. The shape in this image corresponds to the 

standard fb-CDI device. The top and bottom rectangles are electrodes while the 

middle ones are the spacer and inlet/outlet pipes. The image has been rescaled; the 

real device is around 100 times longer than it is thick. All the small lines are 

connections between mesh points. For practical reasons, the software creates this 

mesh and solves the physics at the mesh points to simulate what happens everywhere 

inside the device during the desalination. Note also that the mesh here is ‘extremely 

coarse’ for illustration purposes. Normally, there will be so many points that the 

entire figure looks black. 

 

5.1.2.  Device Structures in Capacitive Deionization 

5.1.2.1. Main Flows and Structures 

The most common type of device is the flow-between CDI device (fb-

CDI). Ideally, the water flows through the central spacer region and the 

ions diffuse into the electrode regions. For this type of structure, a key 

question is if the diffusion into the electrode is quick enough, compared 

to how quickly the electrode is adsorbing the salt ions. 

While this is the typical flow, the material’s permeability will ultimately 

determine the way the water flows. 67,221 For instance, Figure 25 shows 

the case where the spacer material (filter paper) is less permeable than the 

electrode material (activated carbon cloth). Here, the water flows in the 

entry pipe until it reaches the device, spreads across the electrode region, 

and exits through a pipe at the end. This makes the diffusion rates 

irrelevant because the water flow contributes much more to salt-ion 

transport than diffusion does. On the other hand, it also requires more 

energy from pumping. 
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 a)   b) 

  
Figure 25. A fb-CDI structure. Reproduced from Paper 6. (a) The common theme in 

all fb-CDI is that the water flows between the electrodes. Note that the image is not 

to scale because real devices are around 100 times longer than they are thick. (b) The 

water flows through the most permeable material. Usually, this is the spacer, hence 

the name flow-between-CDI. Still, the image shows that the water can also pass 

through the electrodes if they are more permeable, creating a flow-through mode. 

 

In the classic flow-through CDI device (ft-CDI), the water instead flows 

directly through the electrode and spacer regions (Figure 26). 66 The water 

flow can quickly transport ions to the electrodes while the distance the 

water travels is short, so the pressure drop is small. According to Darcy’s 

law, the pressure drop for water flow in a porous media is proportional to 

the material thickness and the flowrate (Equation (26), 𝑞 is the water 

flowrate, 𝑘 is the permeability, μ is the dynamic viscosity, ∇𝑝 is the 

pressure-drop per length). Hence, the best-case scenario for low pressure-

drops is to slowly push water through a thin cross-section of the porous 

electrodes (power consumption 𝑃 in Equation (27), 𝑄 is volumetric flow 

and 𝑝𝑡𝑜𝑡 is the total pressure). 

 
𝑞 = −

𝑘

μ
∇𝑝 

(26) 

 

 

 𝑃 = 𝑄∇𝑝𝑡𝑜𝑡 (27) 
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The flow pathways through the device are not always symmetric. For 

instance, in Figure 26b it looks like the water will pass just through the 

center and ignore the rest of the electrode area. 221 This intuition agrees 

with the equation above; the pressure drop between the inlet and outlet is 

the same for all flow pathways inside the device, so a longer pathway 

means a lower velocity (Equation (26)).  

On the other hand, this also means that the water will flow much more 

easily in open regions inside the device independently of the velocity the 

water had when entering the device. Thus, small open regions before the 

electrodes could be enough to evenly distribute the water. 

 

a) 

 
b) 

 

c) 

 
   

Figure 26. Reproduced from Paper 6. A ft-CDI structure. (a) The common theme in 

all ft-CDI is that the water flows through the electrodes. Note that the image is not to 

scale because real devices are around 100 times longer than they are thick. (b) If there 

are multiple pathways for water to flow across a porous medium, it will tend to take 

the shortest route. (c) The water flows much more easily in open regions, so these 

could help distribute the water before it passes through the electrodes. 
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In summary, fb-CDI and ft-CDI are the two main flow modes. In any 

device, the water will primarily flow through the most permeable 

material. Hence, diffusion limits fb-CDI while ft-CDI is faster at the cost 

of higher pressure drops, which indirectly translates to energy costs from 

pumping. Especially in ft-CDI, it is important to ensure that the water 

manages to reach the entire electrode area. 

 

5.1.2.2. Flat ft-CDI 

Several publications have proposed a flat corner-to-corner design for the 

flow-through CDI device. 33,221–223 This design is perhaps more practical 

to build than the purely perpendicular flow. The idea here is to lead water 

to one corner and then allow it to spread across the electrode area before 

exiting on the other side in the other corner. More advanced versions of 

this design have, for instance, the water entering from four pipes in the 

corners and exiting through a single pipe at the center. 33 

The simulations indicate that the water manages to spread across most of 

the electrodes but there are dead zones at the corners without pipes with 

almost no flow at all (Figure 27). 221 This raises the question: how will the 

dead zones affect the desalination process? Later sections will investigate 

this question in detail by adding concentration simulations on top of the 

flow simulations. 

        a)        b) 

  
Figure 27. Reproduced from Paper 6. A flat corner-to-corner design for ft-CDI. The 

electrodes are more permeable than the spacer so the water will distribute across the 

electrode area before exiting the device. (a) A schematic showing the conceptual 

design. Note that the image is not to scale because real devices are around 100 times 

longer than they are thick. (b) The flowrate inside the device for 20 mL/min volumetric 

flow through the device. 
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5.1.2.3. In-depth: Scaling Up CDI 

In recent years, CDI has begun to emerge from the lab state to be used in 

pilot-scale plants. For instance, the company Stockholm Water uses ft-

CDI technology developed in our lab. The pilot scale makes it imperative 

to have device designs that support these larger systems. One of the 

practical challenges is to find a scalable device structure with low 

pressure-drops. 

Figure 28 shows two stacked ft-CDI units in either parallel or serial 

configuration. 221 In the parallel configuration, the water enters through a 

central pipe and passes either of the two devices before entering a 

common exit pipe. In the serial configuration, all water passes both 

devices. For the same water throughput and residence time inside the 

electrodes, the serial configuration has around twice the pressure drop of 

the parallel configuration. For stacks larger than two devices, the parallel 

configuration has a constant pressure-drop while the pressure-drop for the 

serial configuration increases with the square of the number of devices. 

The latter is because the pressure-drop scales linearly with the electrode 

pathway (scales with device number) and it also scales linearly with the 

velocity (velocity increases with device number to keep the same 

throughput per device). 
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a) 

 
  b) 

 

c) 

 
 

Figure 28. Reproduced from Paper 6. Stacks of flat ft-CDI devices. (a) The conceptual 

stack configuration with serial scaling. Here, the water enters a pipe at the bottom 

and passes through the two devices (‘cells’) in the stack before exiting through a pipe 

at the top. (b) The simulated pressure-drop for the device in (a). Here, most of the 

pressure-drop happens in the spacer regions because the spacer material is less 

permeable than the electrode. (c) The pressure-drop in a parallel stack. Here the 

water enters between the devices and passes one of them before exiting. 

 

5.1.2.4. In-depth: Cylindrical ft-CDI  

Another upscaling method is to use a cylindrical ft-CDI device (Figure 

29). 221 The idea here is to use modular cylindrical units that are each large 

enough to produce a reasonable amount of water. These cylindrical 

devices are like rolled-up and serially stacked flat devices. The serial 

stacking is thick enough to give each cylindrical unit a reasonable 

removal capacity while being thin enough to avoid the worse square-law 

pressure-drop effects from large stacks. Inside the device, the water enters 

tiny a gap at the outside of the electrode winding before passing 

perpendicularly through the electrodes. 

 



 
70 Results and Discussion 

 
 

a)    b) 

 
 

 

Figure 29. Reproduced from Paper 6. The cylindrical CDI device. (a) A schematic of 

the cylindrical device showing how the water passes through it. Note that the image 

is not to scale. (b) Simulated results for the water flow inside the cylindrical CDI 

device. The water enters from the top and exits at the bottom. (c) Zoomed-in view. A 

barrier near the entry pipe forces the water outwards so it passes a tiny open region 

near the outer casing before passing perpendicularly through the electrodes and 

spacers to the outlet pipe. 

 

The cylindrical device provides a convenient route for building larger 

modules by combining multiple units (Figure 30). 221 A larger casing 

could have a single inlet pipe that feeds multiple cylindrical units. This 

would make the connection between each unit parallel and allows for an 

easy method of choosing how large each module should be. The simulated 

results show that each device in such a module would have an ample and 

symmetric supply of water, allowing the module to effectively use all the 

electrode areas in all devices.  
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         a) b) 

  
 

Figure 30. Reproduced from Paper 6. An upscaled cylindrical module. (a) The 

conceptual structure for a module uses multiple cylindrical CDI units in a single 

larger casing. (b) The simulations show good flow distribution inside the module such 

that the flow effectively reaches all the electrode areas. 

 

5.1.3.  Simulating Desalination 

The previous section showed how the water flow distributes in devices 

with various structures. These simulations are important to get insight into 

how to construct a device. Still, to understand the desalination process we 

also need to look at adsorption. 

 

5.1.3.1. Relaxed Coupling of Flow and Adsorption 

A very basic approach to investigating transport in a device would be to 

superimpose and distribute separate simulations of the 0D adsorption on 

the flow simulations. 

To test this approach, we fitted a circuit model and simulated the time-

dependent adsorption by assuming a constant charge efficiency to relate 

the current in the circuit to ion adsorption on the electrodes. 224 In the 

FEM simulation, the model evenly distributed this adsorption across the 

electrode area. The water flow and built-in transport interfaces in 

COMSOL then showed how adsorption and ions migrated inside the 

device.  
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The results indicate that ion-starvation is an issue for the investigated 

device (Figure 31). Even though the concentration drops from 20 mM to 

a reasonable 12 mM in the output, the concentration at the back end of 

the electrodes is nearly zero. This low concentration limits the 

desalination rate, and the diffusion rate into the electrodes determines 

how quickly the device removes salt ions from the passing water stream. 

The point of this simulation is to show that even a simplified model can 

be effective in finding key mechanisms in a system, such as starvation. 

 

 

Figure 31. Reproduced from Paper 20. Concentration in a fb-CDI device at the point 

of lowest effluent concentration during the CDI operation. The inlet concentration 

was 20 mM, the applied voltage was 1.2 V, and the flowrate was 0.42 mL/min.  

 

Complicated models can be computationally unstable. 67 This makes the 

simplified approach tractable for complicated simulations such as 

simulating stacks of CDI devices. 224 The results show that the salt 

concentration decreases gradually throughout the entire stack in the serial 

configuration. In the parallel configuration, the concentration decreases 

twice as fast in each half-stack. Ultimately, the parallel configuration has 

a much lower pressure-drop (Figure 32) but the same desalination 

performance as the serial configuration.  
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Interestingly, the predicted output per device in the stack is almost the 

same as the performance of a single stack-less device (Figure 32c). Here, 

we can see that the outlet concentration goes down at the beginning of the 

desalination process. The electrodes start to fill up after a while, so the 

removal rate becomes lower than the replenishment from the inlet water. 

Thus, the concentration level increases gradually until it is the same as 

the inlet concentration. The example figure indicates that both the rate 

(the time of the lowest effluent concentration) and the total adsorption 

(the area between the graph and the 20 mM level) are similar per device 

in the stacks and the single-cell device. 

 

a) 

 
          b) 

 
 

 

c) 

 

Figure 32. Reproduced from Paper 20. A simulation of a CDI stack using a relaxed-

coupling approach. The inlet concentration was 20 mM, the voltage was 0.4 V, and 

the flowrate was 0.42 mL/min per device (0.84 mL/min total).  
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5.1.3.2. Coupled Adsorption and Flow with the mD Model 

Moving to more complex simulations, it is possible to integrate 

adsorption and transport components into the same model. According to 

the mD model, the charging arises from potential gradients, which means 

the part of the electrode closes to the spacer charges the most at the 

beginning of the desalination process. Also, the electrode capacity and 

solution conductivity increase with the ion concentration. This means that 

locally ion-starved regions tend to hold less charge and charge slower 

until more ions flow in. Both these effects create an imbalance in how 

quickly different parts of the electrodes charge at different times.  

Figure 33 shows charging under ion-starved conditions with the 2D-mD 

model. Notably, there is a sharp line between the regions that contain ions 

and the regions that are completely starved. Substantial work in this thesis 

on the mD model constitutes numerical advances that make it possible to 

simultaneously fit the model to a time-series of experiment data in ways 

that were previously impossible (Figure 32b). Here, the data series shows 

both desalination (the inlet concentration is lower than the outlet) and 

regeneration (the inlet concentration is higher than the outlet). The 

regeneration phases are necessary to be able to adsorb multiple times. 

Having such a model, it is also possible to predict performance under a 

variety of experimental conditions, such as voltage, ion concentration, 

and charging mode.  

The same type of model also works for ft-CDI. Here, the water flows 

through the electrodes so the concentration distributes much more evenly. 

It is interesting to note that the corners tend to form dead zones where 

there is minimal water passing through. 
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            a)  b)  

 

  

 

            c)   

 

       

 

 

Figure 33. Reproduced from Paper 10. The performance of the 2D-mD model. (a) 

This image shows the internal concentration in a fb-CDI device at the point of lowest 

effluent concentration. (b) The automatically fitted data series for the device in (a). 

(c) This image shows the internal concentration in an ft-CDI device at the point of 

lowest effluent concentration. The structure shown is a simplification of a center-to-

corner design similar to Figure 27. 

 

5.1.3.3. Three-Dimensional Simulations with a Circuit Model 

The typical mD model in a 2D simulation has several shortcomings in that 

they require time-consuming manual tweaking to set up and can be 

computationally unstable. Thus, some of the papers in the thesis 

investigate a circuit-modeling approach that could automate, generalize, 

and stabilize the implementation. The core idea was to use the strong 

existing support that COMSOL has for batteries and adapt them to CDI. 
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In COMSOL, the basis for this approach is thus the Secondary Current 

Distribution + Transport of Diluted Species in Porous Media or the 

Tertiary Current Distribution. Both have options for charging with 

double-layer capacitance, and the charging can be coupled with an 

external resistance via an ODE interface. This means there are two key 

contributors to resistance in the circuit: the contact resistance and the 

transport resistance in the solution. Under normal concentrations the 

solution resistance will be negligible, so the device charges on the RC 

timescale. Also, the Butler-Volmer equations model the exponential 

relationship between the localized voltage and the chemical reactions that 

constitute the leakages. For moderate voltages, the linearized version of 

these equations works well to describe the system, meaning there is a 

constant leakage resistance. Put together, this general model works like 

the more limited Randles circuit under normal conditions (Figure 34). 

The next step in developing the framework is to bridge the gap between 

battery applications and CDI. Thus, the papers derive key decoupled 

relationships between current and adsorption that can complement the 

core circuit model (Equation (34)). The device in this work was a center-

to-corner flat ft-CDI device (Figure 34a). The top view shows that the 

structure is asymmetric in a way that cannot be resolved in a standard 

side-view 2D model like the one in the last section. However, under 

normal conditions there is no spatial variation of current in the top-view, 

so we could neglect the side-view to create a 2D top-view transport 

model. Thus, combing the circuit model, the adsorption relation, and the 

flow model makes it possible to simulate the effluent concentration 

(Figure 34c).  
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a) 

 
           b) 

 

c) 

 
  

Figure 34. Reproduced from Paper 17. Combing a circuit model with a transport 

model. (a) . The simulated device has a flat structure where the water enters from a 

center pipe and flows through the electrodes before exiting at the four corners. The 

image shows a top view of the water flow in the electrodes. (b) Circuit modeling with 

the linearized Butler-Volmer equations. The total current consists of charging and 

leakage parts. (c) The simulated and experimental effluent concentration. 

 

Fully resolving the flat ft-CDI devices requires a model in 3D. Thus, one 

of the papers developed the first three-dimensional model for 3D (Figure 

35). A core question in the earlier models was if the areas along the edges 

of the device with low water flow negatively influence the adsorption and 

throughput in the device. Using the 3D model, we can see that the 

throughput is good even in these areas with less flow, suggesting that the 

device manages to effectively use the entire electrode area. The 3D model 

further shows that the adsorption starts near the boundary between the 

electrodes and the spacer, but the ion concentration quickly distributes 

across the device thickness. Moreover, there is more leakage in the parts 

of the device that are more charged. This is interesting because, under 

starved conditions, some parts of a device are fully charged while other 

parts are empty and waiting for ion transport. Thus, the fully charged 

device will leak a lot over a longer period, raising the overall leakages. 
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Figure 35. Reproduced from Paper 17, Performance for the three-dimensional model 

of CDI. The simulated device has a flat structure where the water enters from a center 

pipe and flows through the electrodes before exiting at the four corners. (a) The 

simulated concentration in a horizontal cross-section 100 s after the desalination 

process began. (b) Experiment and model-predicted effluent concentration. (c) 

Simulated concentration in a vertical cross-section 100 s after the desalination 

process began. The cross-section includes two electrodes separated by a spacer. 

Notably, the concentration has had enough time to evenly spread across the thickness 

of the device. (d) Simulated concentration in a vertical cross-section 10 s after the 

desalination process began. Notably, the adsorption starts at the electrode-spacer 

interface. (e) Simulated leakage in a vertical cross-section 50 s after the desalination 

process began. Notably, the regions with more adsorption have more leakages. 

 

5.1.4.  In-depth: Device Design with FEM 

5.1.4.1. Context: The Value of FEM 

When I started modeling CDI with FEM, I was really happy because it 

suddenly became possible to visualize how the process worked inside the 

device. And that allowed me to better understand what is important to 

make CDI work well. Especially the 2D models have been great for quick 

testing, and people have told me they like the 3D version because it makes 

it possible to visualize everything that happens.  
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However, some people do not want us to present these developments. 

They have argued that the 0D and 1D models can solve every relevant 

simulation problem that exists in CDI, so there is no point in building 

models for higher dimensions. I disagree. The following section will look 

at two types of situations wherein models in higher dimensions add value. 

The first is about comparing idealized behavior with more realistic 

conditions. Idealized models are good because they can often give criteria 

for what is a good or bad design. Models with higher dimensions can then 

check of well these design criteria work in the more complicated case. 

The second point is that there are cases where the internal variation in 

both the length and thickness directions matters a lot for the overall 

performance. 

 

5.1.4.2. Ohmic Charging 

FEM models can evaluate the realism of models in fewer dimensions by 

including more detailed interactions. This section shows an example from 

ohmic charging.  

Studies in the literature have suggested that adding capacitive materials 

to the spacer region could enhance the desalination performance in CDI. 

An example of the material would be carbon granules or powder 

deposited on the spacer. The effect was especially strong when the ion 

concentration in the solution was low. The added capacitance does not 

short-circuit the device but rather acts like a dielectric. However, we could 

see some interesting unique features when analyzing the system from a 

theoretical perspective. In a double-layer capacitor, all the voltage when 

fully charged should be across the electrodes. Thus, the voltage across the 

spacer regions should be zero, at which point the dielectric behavior of 

the spacer does not matter. This is different compared to a classical flat-

plate capacitor, for which a dielectric material can enhance the 

equilibrium charge storage capacity. For the same reason, a capacitive 

spacer should not be able to enhance the equilibrium charge storage in the 

CDI device, although the performance before equilibrium could be 

affected. 
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Knowing that the special feature of the spacer is that it has capacitance, a 

natural way to start modeling the system is with a circuit model. In a 

circuit model, there should be capacitive elements representing the circuit 

resistance and the electrode capacitance. The solution will also have a 

resistive element, which depends on the spacer thickness and ion 

concentration in the solution. Having a capacitance in the spacer should 

thus correspond to a capacitive circuit component that is parallel to the 

solution resistance. The parallel connection means the voltage from the 

resistive (ohmic) losses in the solution drives additional charge storage 

(and adsorption) in the spacer. We chose to call this effect ohmic 

charging. At equilibrium, there can be no current in the electrodes, so 

there is no current in the spacer, meaning there can be no charge storage 

in the spacer. This reflects the points argued earlier, that the spacer 

enhances performance for short charging cycles. 

The results in Figure 36 show example behavior under various conditions. 

When there is no capacitance in the spacer and high ion concentration in 

the solution, the device charges on a normal RC timescale. Lower ion 

concentrations mean the resistance is higher, so the charging process is 

slower. Having a capacitance in the spacer makes a minor difference 

when the ion concentration is high. This is because the low resistance 

leads to a low voltage over the spacer, so there is low adsorption. 

However, the spacer capacitance helps a lot when the ion concentration 

is lower. In the extreme case, a high spacer capacitance makes the process 

virtually unaffected by starvation conditions in the spacer region. This is 

because of two effects. The first is that the overall resistance in the circuit 

decreases when the ions can pass the spacer instead of the resistance in 

the solution. This makes the process faster. Also, the charging of the 

spacer leads to higher overall adsorption.  

Here, we should note that the model is idealized and neglects losses 

between the electrode and the capacitive spacer, which may become 

important if the concentration is low. This will be discussed in more detail 

in the later paragraphs. Interestingly, also, the energy required to charge 

the cell is the same independently of the capacitive spacer. So, the spacer 

makes the adsorption higher for the same energy cost. 
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a) b) c) 

   
d) e) f) 

   
g) h) i) 

   
 

Figure 36. Reproduced from Paper 18. These graphs show the simulation results for 

a circuit model with a capacitive spacer., The data in Ref. 46 was used for the model 

fit. We calculated a constant solution resistance based on the KCl molar conductivity 

and the ion concentration for a typical device geometry (see Ref. 67). The results 

should thus be interpreted as corresponding to a specific characteristic concentration. 

(a-f) Results for varying spacer capacitance and concentration. 

 

An interesting part of the results is the synchronization effects. The papers 

show the detailed result that there are two timescales involved in the 

charging process. One is fast and one is slow. On the fast timescale, the 

normal electrodes get a charging boost by the decrease in resistance the 

spacer contributes to, and the spacer charges. On the slow timescale, the 

normal electrodes charge fully, and the spacer discharges.  
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The last point is important because it shows that the spacer discharges at 

the same time as the normal electrodes are charging. Thus, it is difficult 

to get an effect from having a capacitive spacer. The effect can be seen in 

Figure 36eh, showing that the spacer discharges well before it becomes 

relevant to switch from desalination to regeneration. However, high 

resistance in the solution increases the length of both timescales and 

makes the long timescale even longer compared to the short timescale. 

Thus, more and more of the relevant charging happens on the short 

timescale, on which the electrodes and the spacer all charge together.  

Figure 36h shows an example with full synchronization; that is, the 

overall charge storage almost reaches its maximum point when the spacer 

is fully charged. After that, the spacer discharges at the same rate as the 

electrodes are charging. Overall, this means the cell reaches 80 % 

charging after around 3 minutes instead of 8 minutes in the baseline case 

(Figure 36a).  

At this point, the FEM simulations are becoming relevant. The circuit 

approach explains how the system should behave under ideal conditions. 

However, it misses some key aspects. The biggest one is that the spacer 

capacitance is not fully parallel to the solution resistance. There will 

always be some places where the ion must pass the water and cannot go 

via the spacer, for instance within the porous regions of the electrodes. 

The resistance in the places becomes more important when the ion 

concentration is low, meaning neglecting it could lead to significant 

errors. Here, the FEM simulations help by adding realism. The added 

detail and spatial geometry of the FEM models automatically include 

some of these factors that were ignored earlier. 
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The results of the FEM simulation can be seen in Figure 37. Here the 

space gives a boost in the overall charging performance, especially at the 

beginning of the desalination operation. The inside view shows that a 

reason the capacitive spacer can be effective is that the convective flow 

is transporting the influent ions to the spacer, so diffusion into the 

electrodes is not a limiting factor. Now, the difference between the 

effluent concentration with and without a capacitive spacer is large in 

principle. It is normally very difficult to reduce the effluent concentration 

further when it is already low, because of the high internal resistance. So, 

it would take a lot of effort to get the same effect without a capacitive 

spacer. At the same time, the relative difference in salt removal over the 

charging period is not that high. One interpretation is thus that the spacer 

is the best when a very low output concentration is required. 

 

a) b) c) 

   
d) e) f) 

   
Figure 37. Reproduced from Paper 18. These are the FEM result for the device with 

a capacitive spacer. The overall geometry comes from Ref. 67, the fitting is based on 

Ref. 225, and the spacer has the same total capacitance as one normal electrode. The 

operation used 0.6 V voltage, 0.42 mL/min water flow, and 20 mM or 2 mM inlet ion 

concentration. (a) The effluent concentration for a high concentration. (b, c) 

Snapshots of the internal process at high concentration, taken after 100 s of operation. 

(d) The effluent concentration for a low concentration. (d, e) The corresponding 

internal process for the lower concentration. 
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5.1.4.3. Bipolar Electrodes 

The last section discussed having a floating capacitive spacer between the 

normal electrodes. We could take the same idea further by looking at 

systems with many electrodes. A way to scale up a normal CDI device 

would be to assemble a stack of individual devices (Figure 38). Each 

device in the stack would be isolated from the others and contain a 

separate connection to the power supply. Thus, they are working 

independently and the performance for each device is the same as for a 

single device. That is a unipolar connection. An alternative would be to 

assemble the same stack but only apply the voltage to the ends of the 

stack. By raising the voltage proportionally to the number of cells in the 

stack, each cell should still experience the same voltage drop. However, 

detailed calculations reveal that the dynamics are different. 

               a)                b) 

  
 

  
Figure 38. Reproduced from Paper 14. A unipolar (a) and bipolar (b) stack of N=5 

CDI cells each. The water flows through the spacer region of each cell, and each 

spacer region is wedged between the two electrodes of that cell. Separating the cells 

are the current collections. In the unipolar case, the current collectors all connect to 

the external power supply. In the bipolar case, only the edge electrodes are connected, 

but the total voltage is raised such that the voltage per cell is the same. 
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Let us consider the circuit model. In the simplest form, the CDI device 

could be represented by an RC circuit. That is, there is a resistive element 

𝑅 (circuit resistance mainly) and a capacitive element 𝐶 (cell 

capacitance). There is also an external voltage 𝑉1. All the devices are 

independent in a unipolar connection, so the charging characteristics per 

device follow the standard formula for charging an RC circuit (Equation 

(28), there are 𝑁 devices and the total charge is 𝑄𝑢𝑛𝑖,𝑁). However, the 

charging characteristics for the bipolar connection are different. Here, the 

𝑁 capacitive elements are in series, meaning the overall capacitance is 

(𝐶/𝑁). Meanwhile, the voltage is raised to 𝑁𝑉1 to compensate. Also, the 

same current charges all 𝑁 devices simultaneously, so Equation (29) 

shows the trend per device. Interestingly, the only difference is the speed. 

But the difference is huge. In theory, the charging speed in the bipolar 

stack is faster proportionally to the number of devices in the stack. That 

would imply that it is possible to get incredibly high charging speeds if 

the stack is large enough. 

 𝑄𝑢𝑛𝑖,𝑁

𝑁
= 𝐶𝑉1(1 − 𝑒−𝑡/𝑅𝐶) 

(28) 

 

 𝑄𝑏𝑖,𝑁

𝑁
= (𝐶/𝑁)(𝑁𝑉1)(1 − 𝑒−𝑡/𝑅(𝐶/𝑁))

= 𝐶𝑉1(1 − 𝑒−𝑡/(𝑅𝐶/𝑁)) 

(29) 

 

Experiments confirm that real systems can also have substantial speed 

boosts. For instance, Andres et al. 226 found a 3-fold increase in charging 

speed for a stack of 5. Still, it is relevant to investigate the situation 

numerically in more detail to understand the difference between the ideal 

and the real process. That is where FEM comes in. The FEM simulation 

can include key elements that were left out in the circuit model, such as 

the conductivity in the spacer regions and the electrode pores. It also gives 

a more realistic description of the transport processes, which will tell how 

well the faster charging rate translates to quicker desalination. 
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The result for the unipolar stack yields the expected trend (Figure 39a). 

Each cell is operating independently of the others, so the results per cell 

are the same as for the single-cell stack. As mentioned, the bipolar stack 

desalinates much faster than the unipolar stack (Figure 39b, see also 

energy in Figure 39c). We can thus see that the enhanced charging rate 

translates well to a faster desalination rate. In the simulation, charges 

could only pass from one cell to the next in the stack by passing the 

current collectors between the cells via the electrodes (Figure 39d). There 

was thus no way for the current to leak between the cell compartments. 

Thus, each cell has a symmetric drop in potential (Figure 39ef). 

 

a) b) c) 

   

d) e) f) 

   

 

Figure 39. Reproduced from Paper 14. FEM simulations with unipolar and bipolar 

stacks. The stack has 𝑁 = 5 cells, and the flowrate is 5 times higher than in the single-

cell case. Also, the voltage is 0.6 𝑉 for the unipolar stack and 5𝑥0.6 𝑉 = 3 𝑉 for the 

bipolar stack. These conditions are to get comparable performance per cell. (a) The 

is the internal concentration distribution at the point of lowest effluent concentration, 

for the unipolar stack. (b, c) The panels show the cumulative salt removal from the 

output stream and the energy per removal from the output stream, respectively. 

Notably, the high initial relative energy is because little clean water has exited at that 

point (d) This is the internal concentration for the bipolar connection, at the point of 

lowest effluent concentration (e, f) The equilibrium potential in the solution and 

electrodes, respectively. 
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However, the results could be different if the current can leak between the 

cells in the stack (Figure 40a). At equilibrium, all connected electrolytes 

should have a uniform potential. So, if the electrolytes between the 

electrodes in two adjacent cells are in contact, there is no potential 

difference between those cells at equilibrium. That is, there is no charge 

storage or adsorption (Figure 40b). Even worse, the external potential 

must go somewhere, so all the potential will go towards driving leakages 

at the end electrodes (Figure 40c). In principle, the electrolytes will 

always be in contact since the water must pass also cells the in the stack. 

However, the current through the water in the connecting pipes is too 

small to reduce the efficiency of the process (Figure 40d). Hence. It is 

realistic to assume the bipolar connections could be powerful as long as 

the compartments can be effectively separated. The challenge here is that 

separating the compartments with floating current collectors should 

introduce extra resistances that are not included in the model. So, there is 

a need for an innovative method to separate the compartments without 

raising the resistance. 

For the thesis, a key result to highlight is the one in Figure 40d. Here, we 

see that modeling in two dimensions is necessary for seeing the leakage 

rates between the compartments. Also, it is straightforward to do once the 

basic simulation is set up. Thus, we find that FEM has value in describing 

how the device geometry will affect the device's performance. 
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a) b) 

  
c) d) 

  
  

Figure 40. Reproduced from Paper 14. Leaky stacks. (a) This graph shows the case 

when the cells are not fully isolated, so some current can pass between electrodes in 

adjacent cells without generating adsorption (short circuit). The concentration 

distribution is from the point of lowest effluent concentration. (b) This is the 

corresponding adsorption rate for the graph in (a). (c) This graph shows the potential 

distribution in the electrodes. In this case, the current collector regions were assumed 

to be fully isolated to electrolyte currents, but electrolyte current through the water in 

the piping is allowed. The snapshot is after 2 h of operation and a high ion 

concentration of 200 mM. (d) This graph shows electrolyte potential. The situation is 

like (c), but with 20 mM ion concentration, serial flow in the piping, and a snapshot 

at the point of lowest effluent concentration. 
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5.1.5.  In-depth: Saving Time by Stabilizing Models 

5.1.5.1. Context: Why work on implementation 

When I came in as a new student and completely new to CDI, my 

supervisor suggested I start with modeling pressure drops, desalination 

rates, and energies. His co-worker commented “don’t you think that will 

be too difficult?”, but he jokingly replied, “ah, let the kid try!”. And try I 

did.  

I started by reading the literature to understand what modeling tools were 

available and tried my best to recreate their results. What surprised me 

was how difficult it was to just reproduce results from scientific papers, 

because the manuscripts were missing critical information about how to 

implement otherwise unstable models. Frustrated, I thought to myself 

“Everyone faces problems with stability, so why is no one focusing on 

this?”  

Years later I had solved all the original problems with stability and 

invented more stable numerical methods than the state-of-the-art. I 

wanted to give something back to people like me who are struggling in 

the beginning, so I submitted a paper about these advances. While most 

reviewers supported publishing the paper, one disliked the idea of a paper 

focusing on numerical advances. The reviewer said, “Everyone faces 

problems with stability, but we focus on the findings”. The paper was 

rejected. 

If everyone faces problems with stability – the same problems with 

stability – then I believe it is horrible that everyone should have to 

reinvent the solutions. Especially in science. Therefore, this section will 

present some ideas about implementation that I hope could save a lot of 

time for people who want to do modeling. 
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5.1.5.2. Convergence in COMSOL 

Setting up a computation in COMSOL is more complicated than using a 

calculator. This is partly because it takes more time to set up, but mainly 

because computations are not guaranteed to produce an answer. 

Frequently, issues with convergence and computational stability will 

either massively slow down the computation or stop it altogether. Below 

is a short list of quick-to-implement ideas that make a big difference. 

1. Start from equilibrium 

2. Smooth changes 

3. Adapted meshing 

4. Variable scaling 

5. Solver configurations 

6. Event interfaces for switching 

Regarding 1 & 2: The premise for CDI is that an applied voltage removes 

ions. However, by instantly applying a voltage from one moment to the 

next we create rapid changes that are impossible for the software to 

resolve. The solution is to always start at equilibrium; that is, start with 

zero applied voltage. To reach the correct voltage then, it is best to 

gradually ramp it up from zero to the final value using a built-in “step” 

function. 

Regarding 3: The basis of FEM is to split a continuous region into discrete 

mesh points and calculate the solution at those points. This means more 

mesh points will raise computation time but enhance accuracy and 

stability. To start, elongated meshes are great for CDI because the typical 

CDI device is around 100 times longer than it is thick. In my experience, 

meshes tend to work well when they are 10-30 times longer than thick. It 

is also beneficial to use boundary mesh and tighter meshes in sensitive 

regions. The issue with meshes is that there is a limit to how much they 

can increase stability. After a point, tighter meshes make no difference 

but other methods could still enhance stability. 
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Regarding 4: While simulating models that are mostly fine you may 

notice that the instability suddenly goes through the roof. Computational 

stability can be the main limiting factor for how fast the program is, so 

when the stability breaks down, the program becomes extremely slow. 

The worst instabilities in CDI tend to arise when the simulation reaches 

starved conditions. This is because starvation creates an extremely thin 

line between the regions that contain salt ions and the empty ones. The 

line induces vast variations in concentration and potential over a tiny 

distance, which is difficult for the program to resolve. Moreover, the line 

tends to move from the inner to outer parts of the electrode, making it 

impossible to just add a finer mesh at a sensitive location to solve the 

problem. One way to start addressing this issue is by manual variable 

scaling; that is, by informing COMSOL that the concentration will drop 

to extremely low values during the simulation. 

Regarding 5: The solver configurations can make a huge difference in 

how well the programs perform. In my experience, using a Direct solver 

tend to work the best, using the Automatic Newton method, max iterations 

25, and tolerance factor 0.1. Surprisingly, the Automatic Newton Highly 

Nonlinear never gave better results for highly nonlinear systems than the 

Automatic Newton. 

Regarding 6: CDI is a cyclic process so a lot of output data will display 

concentration or current under multiple cycles of desalination and 

regeneration. Switching between modes can be difficult because, again, 

the program dislikes rapid changes in conditions. However, COMSOL 

contains Event interfaces that kick in after a given period of simulated 

time (e.g. 30 min) or at given conditions (e.g. the voltage reaches a 

maximum value). When the event triggers the program will reset 

specified conditions, such as applying or removing a voltage, in a stable 

way. This work for both CC and CV mode. To go deeper, modulo 

functions and step functions can create a smooth transition at every event. 
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5.1.5.3. Boundary Conditions 

Another difficulty when implementing models in COMSOL is the 

boundary conditions. Researchers frequently create custom-made models 

with mathematical-modeling interfaces, but this requires them to 

manually insert all boundary conditions. The main issues are that it takes 

lots of time, is prone to error, and the model file cannot be reused for other 

structures. A natural solution that solves all these challenges is to use 

COMSOL’s built-in interfaces. However, this creates new challenges. 

COMSOL lacks a built-in interface that can handle all aspects of CDI. 

However, the papers in this thesis introduce the interfaces for Brinkman 

Equations and Transport of Diluted Species in Porous Media. These 

automatically handle the water flow and ion transport inside the device. 

Because the interfaces are built-in, they automatically handle all the 

internal boundary transitions between open and porous regions. They also 

provide transparent options for defining outer boundary conditions, such 

as inlets and walls. Electric fields are a bit trickier. No interface 

implements the electric field as described by the mD model. However, it 

is possible to trick the program by using the Electrostatic interface and 

rewriting the mD equations so that the correct conservation laws for 

current and potential correspond to the normal conservation laws for 

electric fields passing materials with varying permittivity. This way, 

COMSOL automatically handles all internal transitions for all 

parameters, meaning the same model can be reused for different or 

upscaled structures. 
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Some of the papers pioneeringly introduced the current-distribution 

interfaces for use in CDI. These are well-adapted for describing the 

charging of batteries and can describe all aspects of charging, potentials, 

and currents. Under the Porous Electrode node, there is even an option 

for capacitive double-layer charging which is highly relevant for CDI. 

However, in batteries, the ion concentrations are much higher than in the 

typical CDI operation. Thus, the concentrations in CDI are so low that 

variations in concentration affect the capacitance, but this is not reflected 

in the equations because they are built for battery applications. Also, in 

CDI the charge efficiency is incredibly important to determine how 

currents relate to adsorption, but this is not reflected in the interfaces 

because, again, batteries. Put together, the current-distribution interfaces 

require some manual tweaking but have clear strengths. 

In summary, building set interfaces can be critical for allowing users to 

quickly build scalable and robust models. 

 

5.1.6.  Related Publications 

• Paper 6 explores design principles for ft-CDI and introduces the 

cylindrical structure. 

• Paper 10 introduces new algorithms for 2D FEM with the mD 

model. 

• Paper 11 presents a 2D FEM implementation based on the DL 

model. 

• Paper 13 presents the ELC which blends circuit modeling with 

FEM. 

• Paper 14 shows 2D simulations of CDI with bipolar electrodes.  

• Paper 17 presents a 3D version of the ELC model 

• Paper 18 investigates ohmic charging. 

• Paper 20 shows a simplified method of coupling simulations for 

flow and adsorption. 

• Paper 21 contains results from ELC simulations with stacks of over 

100 cells. 
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5.2. Mesoscale Modeling 

Continuing up the modeling mountain, we will now explore mesoscopic 

modeling methods. These are the ones that determine how the 

macroscopic models behave locally. That is, the results from the previous 

section have been generated with the help of theory from this section. This 

section will focus on different modeling approaches that can be used on 

the mesoscopic level. 

 

5.2.1.  Context: Why Use Different Approaches? 

 

A good theoretical physicist today might find it useful to have a wide 

range of physical viewpoints and mathematical expressions of the same 

theory (for example, of quantum electrodynamics) available to him. This 

may be asking too much of one man. Then new students should as a 

class have this. If every individual student follows the same current 

fashion in expressing and thinking about electrodynamics or field 

theory, then the variety of hypotheses being generated to understand 

strong interactions, say, is limited. Perhaps rightly so, for possibly the 

chance is high that the truth lies in the fashionable direction. But, on the 

off-chance that it is in another direction—a direction obvious from an 

unfashionable view of field theory—who will find it? 

Richard P. Feynman 227 

 

There is value in having multiple viewpoints. Sure, one approach might 

be more popular today. It may even be the most competitive today. But 

there may come a day when different viewpoints can see something 

invisible to the popular approach. Thus, at least some people should 

develop alternative approaches to enable that viewpoint. Most people are 

aware of Charles Darwin’s premise for evolution: survival of the fittest. 

But few people talk about the second premise: that there must be diversity 

for evolution. 228 If we want to develop the best method over a long time, 

it is not enough to pick one approach and stick with it. We need diversity 

in the population of available methods too. 
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A diversity of methods is important also in the short term. In CDI, the 

available models have different specialties, such as describing 

concentration or charging. Thus, any of the models could be the most 

tractable depending on the application. By constructing, comparing, and 

combining modeling approaches, we can ensure that there are strong 

methods available for any current or future application. 

 

5.2.2.  Dynamic Langmuir Model 

5.2.2.1. Two Core Ideas 

The standard Langmuir isotherm works for describing passive adsorption 

in liquids. Also, researchers have previously applied it to describe 

concentration-dependence in CDI electro-adsorption with a fixed voltage.  

In a standard capacitor, the applied voltage affects how closely charges 

can accumulate on a surface (on the electrode). The same is true for CDI. 

Loosely speaking, we can say that how closely charges can stick on a 

surface corresponds to the total number of effective surface sites in a 

Langmuirian system. Based on this, the first core step in the DL model is 

to allow the total number of effective voltage-induced sites to vary with 

the voltage, as is the case for the typical capacitor. 103 

In Langmuir adsorption, a surface chemically attracts atoms to make them 

stick. The fundamental mechanism in CDI is that electric fields are 

attracting charges to a surface. Thus, the Langmuirian analogy in CDI 

centers around charge storage at the surface. To store a certain amount of 

charge, the electrode can either desalinate the bulk water by attracting an 

ion (“counterion”) or waste energy by expelling an ion of the opposite 

charge (“co-ion”). This means there will be a difference between the 

charge storage and ion adsorption corresponding to how many ions were 

available from the start for the surface to kick out. Incorporating this is 

the second core step of the DL model. 103 
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5.2.2.2. The Main Experimental Trends in CDI 

This and the following subsections will show a broader perspective on 

how CDI works, including the effects of varying operational conditions. 

The equations behind the graphs shown here are described in more detail 

in the following in-depth subsection as well as in the attached papers. 

Knowing what happens locally depending on the conditions is essential 

for the FEM models that were described in the previous sections. 

To start looking at how CDI works, let us first focus on varying ion 

concentrations. Figure 41 reveals that the charge storage at equilibrium 

follows the trends predicted by the DL model; that is, the same type of 

trend as in the standard Langmuir isotherm for liquids. 103 As also 

predicted by the model, the adsorption is less than what would be ideal 

based on the charge storage. Specifically, this unideal adsorption gets 

worse for higher concentrations for which the surface has more co-ions to 

expel. 

 

 

Figure 41. Reproduced from Paper 1. The adsorption and charge storage at 

equilibrium for a CDI device with varying concentrations in the bulk water. Notably, 

the charge increases like a normal Langmuir isotherm while the fraction of charge 

that contributes to adsorption decreases linearly with time. 

 



 

Mesoscale Modeling  97 
 

 

Moving on, higher voltages almost linearly enhance the charge storage 

capacity, as reflected by the increasing number of effective surface sites. 
103 However, the actual adsorption is negligible until to voltage is high 

enough to kick out all the co-ions. After the critical point where there are 

barely any more co-ions to kick out, the adsorption increases ideally with 

higher voltages. In any desalination operation with a given start and end 

voltage, the net adsorption is the difference between the adsorption at the 

start and the end. This means that the fraction of adsorption to charge 

storage would be almost ideal if the discharge voltage is above the 

threshold point (Figure 42). 

 

 

  
  

Figure 42. Reproduced from Paper 1. These graphs show how the applied voltage 

affects the CDI process. The lines are DL modeling results while the dots are 

experiment data. (a) This is the charge and adsorption depending on the charging 

voltage. (b) This is the charge efficiency depending on the applied voltage for various 

concentrations. (c) The adsorption and charge when the charging voltage is 1.2 V and 

the discharge voltage varies. 
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5.2.2.3. In-depth: Multi-ion Solutions 

In the classic Langmuir adsorption, ionic species in a mixed solution 

compete based on their respective concentration and equilibrium 

constants. The same holds for the CDI system (Figure 43). Assuming the 

equilibrium voltage is the same, the DL models the adsorption of different 

species as linear with their respective concentrations. 229 This is true also 

for the divalent ions. 229 The finding matters because the concentration-

dependence makes it difficult to selectively remove dilute toxic species 

from the water. Using the DL model, we can also predict how varying 

concentration of the dilute species affects the adsorption.  

 

           a)          b) 

  
Figure 43. Reproduced from Paper 3. Lines are DL modeling and dots are 

experimental data. The graphs show the relative adsorption of ionic species at 

equilibrium for a solution containing varying concentrations of NaCl, KCl, CaCl2, 

and MgCl2. (a) The relative adsorption between K+ and Na+. (b) The relative 

adsorption between Ca2+ and Na+. 

 

The linear trend will not necessarily hold in the general case. For instance, 

the mD model (Equation (10)) states that 𝑐𝑚,𝑖 = 𝑐𝑀,𝑖 exp(−𝑧𝑖  Δϕ̅𝐷 +

μ̅𝑎𝑡𝑡,𝑖), which leads to Equation (30) for the relative adsorption between 

two species. Here, the relative adsorption (𝑐𝑚,𝑖/𝑐𝑚,𝑗) is still proportional 

to the free concentration (𝑐𝑀,𝑖/𝑐𝑀,𝑗) with a constant proportionality factor 

exp(μ̅𝑎𝑡𝑡,𝑖 − μ̅𝑎𝑡𝑡,𝑗).  
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However, it also depends on the equilibrium Donnan voltage if the 

valences are different, as shown in the last factor. So, the external voltage 

should be the same to make the experiments comparable. If the overall 

concentration changes a lot between two experiments, that should also 

affect the voltage required to maintain the adsorption, meaning the 

relative adsorption starts to deviate from the proportional relationship. 

However, under similar conditions, the proportional relationship should 

hold well, as indicated by the figures.  

 

 𝑐𝑚,𝑖/𝑐𝑚,𝑗 = (𝑐𝑀,𝑖/𝑐𝑀,𝑗) exp(μ̅𝑎𝑡𝑡,𝑖

− μ̅𝑎𝑡𝑡,𝑗) exp(−(𝑧𝑖  –  𝑧𝑗)Δϕ̅𝐷) 

(30) 

 

Similar trends also hold for short operations. 230 At the beginning, the 

electro-adsorption sites are mostly free so the ions are competing with 

how quickly they can adsorb. This trend is also linear with time because 

there the sites have not yet begun to saturate. However, the 

proportionality constants are different for short and long operations. At 

equilibrium, the ions are competing for the available sites, leading to ion 

replacements that favor the ion with higher valences. For short operations, 

this difference is less important, but adsorption rates and migration still 

play a big role. 

The linear relationships found using the DL model indicate that it is 

possible to create a periodic table of relative adsorption between each ion 

and a designated baseline ion, for a specific device. 230 These values could 

then predict the relative adsorption between any two ions in a new 

solution. A strength of this method is that it works also for a solution with 

multiple ionic species at once. Still, it could be good to exercise a bit of 

caution and keep operating conditions similar because changes in 

voltages could impact the total sites as well as the affinity of various ions. 

Also, large changes in total ion concentrations could impact the charging 

state. 
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       a)       b) 

  
Figure 44. Reproduced from Paper 4. Lines are modeling results and dots are 

experimental data. The graphs show the relative adsorption of ionic species at short 

operations. (a) The relative adsorption between F– and Cl– in a solution of NaF and 

NaCl. (b) The relative adsorption between NO3
– and Cl– in a solution of NaNO3 and 

NaCl. 

 

The previous graphs have shown the relative adsorption for a variety of 

ions in a multi-ion solution. It is often the case in CDI that one type of 

species, such are arsenic, is highly diluted but still dangerous in small 

quantities. For solutions with a majority ion and one or more minority 

ions, the total adsorption will be almost the same independent of 

variations in the concentration of the minority ion. This makes it 

straightforward to predict the total adsorption of the minority species 

based on the original relative measurement. For instance, Figure 45 shows 

the adsorption of fluoride at various concentrations for long and short 

operations. 

   a)    b) 

  
Figure 45. Reproduced from Paper 4. Lines are the DL modeling results and dots are 

experimental data. The graphs show the predicted adsorption of a minority fluoride 

ion (NaF) in a majority solution of NaCl depending on the fluoride concentration. (a) 

The predicted adsorption at equilibrium. (b) The predicted adsorption after a short 

period of operation. 
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5.2.2.4. Dynamic Conditions 

The classic Langmuir isotherm follows from the adsorption and 

desorption rates. This makes it possible to also look at time-dependent 

effects in addition to the equilibrium values. Here, groundbreaking 

system-identification implementations have made it possible to reach a 

high accuracy while also increasing the flexibility for fitting data. 102 

Let us start the subsection on dynamics by looking at what the output 

looks like in the typical CDI operation. Figure 46 shows the concentration 

of the water exiting the device during an operation with a constant applied 

voltage and a constant inflow of new water into the device. 102 At the 

beginning of the operation, the effluent concentration decreases as the 

device gradually removes more and more of the salt content inside. After 

a while, the effluent concentration instead starts to increase even though 

the applied voltage is still there. This is because the adsorption rate has 

slowed down to the point where new salt ion flow in faster than the device 

can remove them. When the regeneration phase starts the voltage 

disconnects, making the adsorbed ions go back into the bulk water. This 

leads to a rapid increase in effluent concentration. After a while, however, 

the desorption rate slows down to the point where the effluent 

concentration gradually reverts to the same concentration as the inlet 

water. 

   

   
Figure 46. Reproduced from Paper 2. The graphs show experimental and modeling 

results for the time-dependent performance of an ft-CDI process. (a) The system-

identification approach simultaneously extracts all model parameters from the time-

series data. (b) The model predicts the CDI performance at a lower voltage. (c) The 

model predicts new CDI performance at a higher concentration. 
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Like the equilibrium case, the DL model manages to predict variations in 

experimental output for varying voltages and concentrations. Higher 

voltages linearly enhance the removal quantities while the speed of the 

overall process is the same. Interestingly, we can find an intuitive 

explanation by looking at a standard capacitor. The charging of an RC 

circuit is 𝑄(𝑡) = 𝐶𝑉(1 − exp(−𝑡/𝑅𝐶)) as previously mentioned. 178 

Here, the voltage increases maximum capacity but also the charging rate, 

so the time it takes to charge a given percentage of the maximum capacity 

remains the same. Also, medium concentrations tend to yield higher total 

adsorption. Too low concentration reduces the capacitance while too high 

concentration reduces the charge efficiency (compare Figure 41) There is 

also a trend that the device charges faster with higher concentrations 

because there are more available ions that can move and adsorb. 

Flowrate is an operational condition that matters in the dynamic case but 

not the equilibrium one (Figure 47). Here, the model used the 0D 

approach of looking at how much of the free water in the device is 

exchanged per second. 102 The results indicate that flowrate has a minor 

effect on the adsorption rate under normal conditions but strongly affects 

how quickly the device pushes out the cleaned water, thus speeding up 

the overall process. Still, the flowrate could become significant for 

adsorption rates as well because the device could become starved if it 

removes all available ions and new ones are flowing in too slowly. 

 

  
Figure 47. Reproduced from Paper 2. The graphs show the effluent ion concentration 

from an ft-CDI device as a function of time. (a) The model fits the data for a 5 mL/min 

flowrate. (b) The DL model predicts the performance for 3 mL/min flowrate. 
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5.2.2.5. Wider Dynamic Appeal 

It turns out that the CDI concept has core mechanisms that permeate all 

variations of the devices. Thus, the DL approach works for a wide range 

of systems despite having a simple framework. 102,103,186 

Figure 48 shows the DL model applied to CDI devices with a variety of 

surface-treated electrodes, showing excellent performance for all. The 

model also works for completely different materials, such as graphene. 

Unlike the previous graphs, this also shows a batch mode; that is, the same 

water cycles through the device multiple times. Thus, the effluent 

concentration reflects the total salt-ion content, which gradually decreases 

throughout the desalination phase and gradually increases during the 

regeneration phase. 

 

 

  
Figure 48. Reproduced from Paper 2. The DL model and experimental performance 

for a variety of materials. (a) The ACC electrodes are treated with TiO2. (b) The 

standard ACC electrodes have a coating of ZnO nanorods. (c) The electrodes are 

graphene instead of ACC. Also, the device operates in a batch mode instead of a 

continuous mode, so the conductivity represents the total concentration in the entire 

batch volume. 
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Another important variation on the standard CDI unit is the MCDI device. 

This common structure uses ion-selective membranes to restrict ionic 

movements and enhance charge efficiency. Figure 49 shows that the DL 

model works excellently also for the MCDI unit. 186 The key insight here 

is that the model could achieve this performance without adding 

additional modeling complexity. This shows that there are core 

mechanisms of the desalination process that remain the same for both 

systems, in the sense that the same model applies to both. 

The model for the MCDI system in the CV mode is also able to predict 

the performance in CC mode. 186 Under CC operation, the current through 

the device remains constant which can be beneficial for saving energy. In 

the graph, we can see the characteristic CC trend that the concentration 

during desalination settles at a constant level at which the device removes 

ions at the same rate as new ones are entering. 

          a) 

 

b)  c) 

  
Figure 49. Reproduced from Paper 7. Simulated results with the DL model and 

experimental results for an MCDI device. (a) The system-identification method 

extracts the model parameter based on the time-series data. (b) The fitting uses the 

data for current as well as the concentration data in (a). (c) The fitted model 

accurately predicts the performance of a CC operation. Note that the current is 

constant during the desalination phase while the voltage is zero in the regeneration 

phase. 
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5.2.2.6. In-depth: Controlling Desalination Output 

The structure of the DL model is fundamentally decoupled in the sense 

that it is straightforward to simulate only specific aspects of a system, 

such as variations in voltage or concentration. Yes, the conditions are 

interconnected, but the models in flexible enough to make it possible to 

simulate just one at a time. The same decoupled structure also makes it 

straightforward to build a system-identification method for fitting the 

model to specific types of data, or control systems for tailoring the output. 
186 

As an example, one of the papers introduced a constant-effluent (CE) 

mode. 186 Using a control system, this operating mode quickly settles on 

a pre-specified concentration in the output (Figure 50). This would enable 

it to target specific thresholds for drinking-water standards and avoid 

removing too much of ions. Apart from the energy aspect of removing too 

much salt, some ions such as fluoride are toxic in large quantities but are 

also healthy in small quantities. As a side note, the CC mode also tends 

to settle on a constant concentration, but it takes much longer to stabilize 

and the level it reaches is less precise. 

 

 

Figure 50. Based on the results in Paper 7. Simulated results as a proof of concept. 

The control system ramps up the voltage to ensure the outlet water keeps a steady 

concentration of 15 mM. 
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5.2.3.  Donnan Model 

5.2.3.1. Two Core Ideas 

Before this thesis, the double-layer models such as the mD model were 

already quite extensive. Thus, the focus in this section is different from 

that on the isotherm modeling. 

Having accessible models makes it easier for more researchers to use 

them for investigating their systems. The mD model already has plenty of 

intricate components, and this work seeks to simplify and automate how 

people can implement the model in a computationally stable way. 

Several approaches to modeling CDI mainly focus on a single aspect such 

as concentration or charging rate. By comparing the mD model to those 

formulations, we can understand some of the common underlying 

mechanisms. Also, it is possible to use formulation from one model to 

inspire the extension of other models. This could mean that models that 

are less developed today but are tractable for specific applications can 

become realistic alternatives in a wider range of applications. 

 

5.2.3.2. Experiments and Corrections 

The mD model has an intricate structure and can describe CDI detailed 

CDI performance under a variety of operational conditions. To avoid 

duplicating the previous section on the DL model, these graphs will not 

appear here. Instead, the interested reader can find them in the attached 

papers.  

One finding that the last section left out is that the capacitance varies 

somewhat with the applied voltage. The earlier Figure 42 shows small 

traces of this trend although it is difficult to know exactly how much of 

this is due to experimental variations such as inaccurate postprocessing of 

leakages. While the exact reason is unknown, researchers have 

empirically modeled this effect as a square relationship between 

capacitance and charge.  
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With this altered formulation, the model can get a perfect agreement with 

the data (Figure 51). Recent research has also proposed advanced 

variations on the core model to account for how free ion concentration 

affects the charging state, and the following in-depth section will focus 

on this effect. 

 

Figure 51. Reproduced from Paper 8. This is the stored charge in a CDI device at 

equilibrium, depending on the applied voltage. The graph compares the standard 

constant-capacitance model with a formulation that allows the capacitance to 

increase with the square of the charge. 

 

These corrections create new challenges for modeling because they can 

make simulations computationally unstable. Therefore, later sections will 

show how the work in this thesis has put extensive effort into improving 

implementational stability, especially for FEM modeling. 

 

5.2.3.3. Decoupling the Voltage Dependence 

The DL model showed that it is possible to use simplified relationships 

between the current and adsorption such as Figure 41 to describe how 

varying voltages and concentrations affect the adsorption. While this 

works well for normal CDI operations, we can also look at the CDI system 

from the viewpoint of the mD model to gain deeper insights into detailed 

phenomena. 
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Decoupled formulations can be strong in that they make it possible to 

investigate one operational condition at a time. As shown in the theory 

section, the mD model uses Equations (31) and (32) for describing the 

concentration of salt and charges, respectively. The system has one degree 

of freedom in the fitting parameter 𝑤0 = 𝑐0 exp(μ̅𝑎𝑡𝑡) which represents 

the initial concentration on the micropores. During charging, the Donnan 

potential Δ�̅�𝐷 rises which raises both the charge and the adsorption but 

not by equal amounts. 

 𝑤𝑚 =  𝑤0cosh(Δ�̅�𝐷) 

 

(31) 

 𝑞𝑚 = 𝑤0 sinh(Δ�̅�𝐷) (32) 

 

Here, the relationships between the hyperbolic functions make it possible 

to express the adsorption as a function of the charges (Equation (33)). 

This then yields a decoupled mD expression for the net adsorption 

depending on the charge state and the initial concentration (Equation 

(34)). If the charge is exceedingly high (𝑞𝑚 ≫ 𝑤0), we get 𝑤𝑚 ≈

𝑞𝑚
 meaning the charge efficiency increases ideally with increasing 

charge storage. On the other hand, a Taylor expansion reveals that the 

adsorption increases with the square of the charge if the charge is small 

(Equation (35)), meaning the entire voltage-charge graph looks like the 

DL graph but is smoother for small voltages.  

 
𝑤𝑚 =  𝑤0√1 + sinh2(Δ�̅�𝐷) =  𝑤0√1 + (𝑞𝑚/𝑤0)2

=  √𝑤0
2 + 𝑞𝑚

2
 

 
 

(33) 

 

 

 
Δ𝑤𝑚  =  √𝑤0

2 + 𝑞𝑚
2 − 𝑤0 

(34) 

 

 

 

(𝑞𝑚 ≪ 𝑤0): Δ𝑤𝑚 = 𝑤0√(1 +
𝑞𝑚

2

𝑤0
2) − 𝑤0

≈ 𝑤0 +
𝑞𝑚

2

2𝑤0
2 − 𝑤0 =

𝑞𝑚
2

2𝑤0
2 

(35) 
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Equation (34) can be rewritten to express the net equilibrium storage Σ 

and adsorption Γ (Equation (36)). Here, is the fitting parameter 

corresponding to 𝑤0. Like 𝑤0, it is proportional to the concentration. The 

same equation can also be rewritten to describe the momentaneous charge 

efficiency ν (Equation (37)), which is used in the ELC model. 

 
Γ = √Γ0

2 + Σ2 − Γ0 
(36) 

 

 

 
ν =

𝑑Δ𝑤𝑚

𝑑𝑞𝑚
=

𝑞𝑚

√𝑤0
2 + 𝑞𝑚

2
 

(37) 

 

A key point with the decoupled expression is that it says something about 

the system without involving all the other modeling components (Figure 

52). This also means that it is possible to integrate it into other models to 

compensate for features that they lack. For instance, the expression in 

Equation (34) could be used in the isotherm and circuit models to relate 

charge with adsorption.  

 

 

Figure 52. Reproduced from Paper 17. The graph compares experimental dots for 

charge (blue) and adsorption (orange) with modeling dashed lines. The model uses 

the decoupled expression in Equation (34) to relate the charge storage to adsorption. 

The point here is that the decoupled trend could easily extend another model that only 

simulates charge but not adsorption. 
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5.2.4.  Circuit Model 

5.2.4.1. Core Ideas 

The most basic RC circuit can simulate the charging rate and maximum 

capacity in a device for a given set of operational conditions. Also, it 

predicts charging under varying voltages. Crucially, the model does not 

account for how varying ion concentrations affect the process nor how 

the charging relates to adsorption. To start, some papers in this thesis 

investigated how to integrate the circuit model for charging with the 

Langmuir model for adsorption. 135,178 

In a Randles circuit, there is an additional resistive component to 

incorporate leakage reactions. This is a core strength because the model 

becomes a tractable viewpoint for simulating an effect that is complex to 

investigate with other models. Still, the model assumes that the leakage 

resistance is independent of the voltage. However, the chemical reactions 

that constitute the leakages typically depend exponentially on the applied 

voltage. This work corrects the discrepancy and integrates system-

identification methods to better isolate the leakage contributions in 

experimental data. 

 

5.2.4.2. The Most Tractable Simulations for a Circuit Model 

This section specifically presents the device-level output for which the 

circuit models are especially tractable. 

Figure 53 shows the experimental and simulated performance of an ft-

CDI device. The simulated performance agrees very well with 

experimental observations. There are three major factors in the circuit 

model that define performance. The serial resistance slows the process 

and determines the peak current at the beginning. The capacitance 

determines the total storage and thus how long time a substantial current 

can run through the device. Finally, the leakage resistance determines 

how much current keeps flowing through the device after it is maximally 

charged. 



 

Mesoscale Modeling  111 
 

 

 

Figure 53. Reproduced from Paper 8. The currents through the CDI device as a 

function of time. According to the Randles circuit, the total current consists of the 

charging current and the current that leaks through the device. 

 

5.2.4.3. A Strong Viewpoint for a Circuit Model 

The CDI device has two capacitive elements: one for each electrode. Each 

of the electrodes forms a capacitor with the electrode matrix on one side 

and the ions in the liquid on the other sites. Here, the electrode becomes 

a capacitor because the charges cannot pass the electrode's surface. 

Effectively, this complete circuit has two capacitances in series. This is 

significant in CDI because the two electrodes could consist of different 

materials or the same material but with different sizes. By viewing them 

separately is possible to directly compute the impact of changing just one 

of the electrodes. 

Equation (38) shows the formula for the total capacitance 𝐶𝑡𝑜𝑡  with two 

capacitors in series where the capacitance for one electrode is 𝑘 times that 

of the other electrode 𝐶. 103 The simplification on the right-hand side 

shows the total charge on the entire device 𝑄𝑘 for an arbitrary value of 𝑘, 

compared to the total charge if the sides are equal (𝑘 = 1).  

 1

𝐶𝑡𝑜𝑡
=

1

𝑘𝐶
+

1

𝐶
→ 𝐶𝑡𝑜𝑡 = 𝐶

𝑘

𝑘 + 1
→ 𝑄𝑘 = 𝑄1

2𝑘

𝑘 + 1
 

(38) 

 

By comparing different values of 𝑘, we can now see how the total charge 

would be different if the of one electrode is constant while the other varies 

(Figure 54). Increasing the size of k improves total charge not linearly. In 

the extreme, having a near-infinite size on one side would only double the 

total charge compared to if the sizes were the same. 
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Figure 54. Reproduced from Paper 1. This graph shows the total charge storage at 

equilibrium depending on the mass balance between the electrode for a few voltages. 

The y-axis shows the charge storage per gram of electrode in the 1:1 system. Notably, 

the asymmetric system performs poorly because the charge in a symmetric system 

should increase proportionally to the total mass. 

 

This result shows that the best-performing devices should have equal 

capacitance on each side. This becomes especially important to consider 

when investigating electrode materials that have unequal capacitance 

compared to the electrode size. However, this interesting aspect from a 

modeling perspective is that this viewpoint gives a straightforward insight 

into how the electrodes work that could be more difficult to see from other 

models. 
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5.2.4.4. In-depth: Enter System Identification 

So far, classic methods for implementing the model have been sufficient 

for all the tests with the circuit models. For instance, the peak current 

determines the serial resistance, the total charge storage determines the 

capacitance, and the leakage at equilibrium determines the leakage 

resistance. However, the results can become even more accurate with 

system-identification methods. Figure 55 shows the cumulative charge 

stored on the CDI device and the corresponding model fit for classical 

and system-identification methods. 135 In the graph, the net charge passed 

increases during the desalination phase and decreases during the 

regeneration phase. The difference between the starting and end points 

corresponds to the leaked charge. The model using the classical method 

manages to capture to core trends of charging and discharging, but the 

model using the system-identification method shows superior 

performance over long periods of operations. The reason the latter is more 

effective is that it uses the entire time series of data when extracting the 

values for the unknown system parameters. 

 

   a)    b) 

  
  

Figure 55. Reproduced from Paper 8. This graph compares the modeling performance 

of the Randles circuit with two different implementations. (a) A model uses a classic 

fitting scheme. (b) The model uses a system-identification method. 
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5.2.4.5. In-depth: Honing the Leakage Resistance 

How quickly charges leak through the device varies exponentially with 

the applied voltage because the chemical reactions are the source of these 

leakages. Thus, the resistance to leakages should decrease as the voltage 

increases instead of staying constant as assumed in the Randles circuit 

shows previously. Looking at the cumulative net charge there is a huge 

difference between the experiment and the model when the leakage 

resistance is constant (Figure 56). 135 However, the difference vanishes 

entirely when introducing the exponential dependency. 135 

a) 

 

         b)  c) 

  

  
Figure 56. Reproduced from Paper 8. The graphs show the net charge passed to the 

CDI device over multiple cycles of desalination and regeneration. Here, the charge 

increases during desalination and decreases during regeneration while the difference 

between the start and end points for each cycle constitutes the leakage. (a) The data. 

(b) The classic model overestimates the leakages because it assumes that the 

resistance is independent of the applied voltage. (c) The enhanced model is 

extraordinarily successful when combining the system identification with a leakage 

rate that varies exponentially with the applied voltage. 
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Of the three presented modeling approaches, circuit-based modeling is 

especially tractable for describing leakages because the leakages are built 

into the core model formulation. Thus, the developments shown here are 

important because it enables the circuit model to get the correct results in 

addition to being handy to use. 

 

5.2.4.6. In-depth: Charge Imbalance and Three-Electrode CDI 

The Randles circuit as described in the previous sections has three 

components: a capacitive element (the electrodes), a resistive element 

(total circuit resistance), and a parallel resistive element (total leakage 

resistance. However, this representation of the overall system is not 

entirely accurate. There are always two electrodes, meaning there should 

be two capacitive elements, and each should have a separate leakage 

resistance that corresponds to the Faradaic reactions that can occur at that 

electrode (Figure 57). If there had been no leakage currents at all (no 

elements with parallel resistance), the capacitive elements could be 

combined into a single element. But, this is not possible when both 

electrodes can leak. 

 

 

Figure 57. Reproduced from Paper 19. This schematic corresponds to the circuit 

diagram for a normal two-electrode device. Each electrode has a separate 

capacitance and affinity for leakages (leakage resistance). The latter depends a lot on 

whether the electrode is used as an anode or cathode because these modes are 

associated with different chemical reactions. 
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This distinction matters because it will lead to unequal adsorption on each 

electrode. Consider the equilibrium case. At equilibrium, there is no 

current in the capacitive elements, so all current is leakage current. Let us 

call it 𝑖. Now, the voltage over each electrode required to drive this current 

is 𝑉1 = 𝑅1𝑃𝑖 and 𝑉2 = 𝑅2𝑃𝑖. This is the same voltage as the one driving 

charging on the capacitive element. So, 𝑄1 = 𝐶1𝑉1 and 𝑄2 = 𝐶2𝑉2. This 

gives a charge that is normally unbalanced (Equation (39)). 

 𝑄1

𝑄2
=

𝑅1𝑃

𝑅2𝑃

𝐶1

𝐶2
 

(39) 

 

This effect is apparent in multiple experimental works. For instance, they 

demonstrate that the adsorption of sodium and chloride can be 

substantially different in normal experiments. One reason it becomes 

unbalanced is that the leakage resistances are very different depending on 

which electrode is the cathode and which is the anode because the 

resistance is determined by what reactions can occur at that electrode. The 

point here is to say that the charging not only can be unbalanced but it 

will be unbalanced under normal conditions. 

With the simulations, it is possible to estimate how the potentials on the 

electrodes should change during the charging process. The results indicate 

that there could be substantial overall leakages (Figure 58a). They further 

show that the voltage gets increasingly unbalanced the longer the 

charging period is (Figure 58b). The explanation is that the voltage 

driving the leakage is the same as the voltage driving the charging state. 

So, there is little leakage before a substantial charge has accumulated on 

the electrodes. And without leakage, the current in both electrodes is the 

same, meaning the charging states and voltages are equal. An interesting 

point is thus that shorter charging periods are better for achieving 

adsorption balance. 
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  a)    b) 

  
  

Figure 58. Reproduced from Paper 19. (a) This is the cumulative charge that has 

passed the circuit, in a normal two-electrode setup. The data is the same in Figure 55 

(with original experiment data from Ref. 231). To generate a unique solution, the 

adsorption balance was pre-specified as 3.6 at the end of the charging period, 

following Ref. 232. (b) This is the charge on each electrode as simulated by the fitted 

model. Note that the charge is proportional to the voltage across the electrodes. In 

the simulation, Electrode 1 is the electrode with the higher leakage resistance, 

meaning the voltage across that electrode increases as the leakages become more 

dominant. 

 

One way to address this unbalancing is by introducing a three-electrode 

(3E) setup (Figure 59). In this design, there is a central electrode placed 

in the spacer channel. Also, there can now the two voltage or current 

sources placed on either side of the central electrode. This means that the 

relative voltage on each side can be controlled such that the overall 

charging is balanced, by putting more voltage on the weaker side. 
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Figure 59. Reproduced from Paper 19. Circuit diagram for a CDI device with a 

central third electrode. Unlike the previous cases, every pathway is separate so no 

elements can be combined to simplify the model. Crucially, there are now two voltage 

sources instead of one. This makes it possible to control both the total and relative 

voltages, as opposed to only the total voltage over the electrodes. 

 

Balancing with constant-current charging is more straightforward than 

constant-voltage charging. The former will be shown here and the latter 

is left to the appended papers. In CC mode, the currents in passing the 

sources can be controlled and are here denoted 𝑖1 and 𝑖2 (instead of 𝑉1 

and 𝑉2 in Figure 59). That way, the current in the third electrode is 𝑖3 =

𝑖1 − 𝑖2. This leads to the expression in Equation (40) for the charge 

balance, using the same principles as the earlier Equation (39). The 

relative currents can be chosen to achieve almost any charge ratio. If a 

balance is desired, Equation (41) shows how to choose the currents. 

 𝑄1

𝑄2 + 𝑄3
=

𝑅1𝑃𝐶1𝑖1

𝑅2𝑃𝐶2𝑖2 + 𝑅3𝑃𝐶3(𝑖1 − 𝑖2)
 

(40) 

 

 𝑄1

𝑄2 + 𝑄3
= 1 →

𝑖1

𝑖2
=

𝑅2𝑃𝐶2 − 𝑅3𝑃𝐶3

𝑅1𝑃𝐶1 − 𝑅3𝑃𝐶3
 

(41) 
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To illustrate the principle, Figure 60 shows the simulation results using a 

CV charging mode corresponding to the equilibrium currents that make 

the system balanced. In this example, there is no capacitance in the third 

electrode. That way, it is only used as an extra pathway for the current as 

a way to balance the currents going through the normal electrodes and get 

more even adsorption. However, the same principle works with 

capacitance in the third electrode too. The equations indicate that there is 

a choice of currents that balance the adsorption in all practical cases. 

The equalizing expression also indicates how to design the materials. If 

there is no capacitance in the third electrode, the current required for 

balance is not dependent on the resistance in the third electrode. But the 

current in the third electrode will still contribute to resistive losses. This 

indicates that a lower resistance in the third electrode is better. Also, if 

the RC constant in the electrode is high enough, the external currents must 

be in different directions. And even when the currents are in the same 

direction, the balancing voltages are sometimes in different directions. 

For them to be in the same direction, detailed calculations show that 

parallel resistance in the third electrode should be smaller than the 

corresponding resistance in the other two electrodes. This is to say that 

low resistance to leakages is generally good, which is perhaps a surprising 

result considering that leakages are normally bad. 

 

Figure 60. Reproduced from Paper 19. This is the simulated charge on each electrode 

when a third electrode is inserted between the two electrodes in Figure 58. In the third 

electrode, the capacitance was set to zero and the leakage resistance was the same as 

that of the least resistive normal electrode. Because the third electrode makes it 

possible to balance the charge, the graph shows the operation with the balancing 

voltage distribution. 
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5.2.5.  Related Publications 

• Paper 1 introduces the DL model and shows that it works under a 

variety of equilibrium conditions. 

• Paper 2 extends the DL model to dynamic conditions and develops 

new system-identification implementations. 

• Paper 3 uses the DL model to investigate multi-ion solutions.  

• Paper 4 uses the DL model the derive a method for enhancing ion 

selectivity. 

• Paper 5 compares modeling approaches and introduces a 

systematic method for extending them. 

• Paper 7 demonstrates how to leverage the formulation in the DL 

model to construct system identification and control methods. 

• Paper 8 introduces the ERaC extended Randles circuit for CDI.  

• Paper 19 analyzes the operations in 3-electrode devices. 

 

5.3. Microscale Modeling 

Nearing the top of the modeling mountain, we will now explore the 

microscopic modeling methods. These are the methods that can determine 

the fundamental material properties on the atomic level, and they can be 

crucial for providing information about the material that can be used on 

the mesoscopic level. 
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5.3.1.  Context: Why Use Atomic-level Simulations? 

When I started using atomic-level simulations it changed my view of 

fundamental physics. On the detailed level, diffusion is not a systematic 

movement from high concentration to low. All the atoms are just moving 

everywhere like there is no plan at all. Migration in an electric field is not 

a clear transfer either; mostly atoms move erratically, and the movement 

in one direction just seems a little bit more common than movement in 

other directions. Thus, the macroscopic effect comes from huge numbers 

of atoms moving together. In a way, I always knew this intellectually but 

seeing the movements on the screen made it real. 

The day I truly began to realize the power of the quantum simulations was 

when my colleague asked about salt ions moving in crystal: “How can it 

be that denser crystals transport sodium better? The defective crystal 

should have big holes that are easy to move through!”. In the weeks 

before I had made lots of quantum simulations with the crystal that gave 

me new perspectives. On that level, the positively charged sodium ions 

are not flowing inside cavities; rather, they are erratically moving about 

while climbing between the positions on the crystal matrix that hold 

negative charges. I said: “The sodium ions are climbing, so if there are 

large holes there is nothing to hold on to”. That day, I learned that the 

viewpoint of quantum simulations can give powerful insights that are 

difficult to see from other perspectives. 

The models shown earlier in this work are mainly on the macroscopic 

level, looking at how variations in device structure or operational 

conditions affect a system. The models are detailed in the sense that they 

the include parameters like ‘micropore porosity’ or ‘micropore chemical 

attraction’ but they have limited use in predicting how changes in the 

electrode material will affect the system. Specifically, the parameters in 

the model are fitting parameters based on the device and electrode 

structure. This means that we can find the parameters by measuring a 

system, but there is no way to accurately predict how they will change for 

new materials. 
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A way to solve this is to go lower, all the way down to the quantum level. 

The quantum simulations build systems of atoms one by one, meaning 

there are no fitting parameters because the program already knows all the 

information about each atom type. Thus, it is also possible to build a piece 

of material and then add doping by changing some atoms and seeing what 

the difference is. 

 

5.3.2.  Simulating Prussian Blue 

Quantum simulations can be powerful because they make it possible to 

predict material properties without synthesizing the material first. Today, 

programs exist that allow the user to build materials atom-by-atom and 

calculate their interactions to see how the material should behave 200–202,233. 

Mainly, we will calculate the total system energy depending on its 

configuration, because that will indicate how easy it is for a salt ion to 

move inside a host material. 

For the relevance of these methods, consider how the section on the DL 

model showed that surface modification of ACC electrode material can 

enhance CDI performance. There was no way of knowing quantitatively 

how a modification would affect the system without testing it 

experimentally. Another type of modification is the intercalation material. 

These can host salt ions inside a crystal structure, making them extremely 

powerful for ionic storage. We have worked on Prussian blue analogs 

(PBA), which have many variations 41,234–236. They can either be grown 

on ACC 237 or used as directly an electrode 41.  
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The ideal form of PBA is M[M’(CN)6] (Figure 61) 238. Here, M and M’ 

are metal ions, such as Fe. A common version is called Prussian blue (PB) 

with the form Fe4[Fe(CN)6]3⋅6H2O (insoluble PB) 80. Here, it is important 

to note that ¼ of the hexacyanoferrate groups are missing. This means 

that there will be large vacant regions scattered throughout the crystal. 

PBAs can host cations through intercalation. For instance, a crystal 

Fe3+
4[Fe2+(CN)-

6]3⋅6H2O can merge with a cations A+ from the solution 

and corresponding electrons from the external circuit to form 

A+
4Fe2+

4[Fe2+(CN)-
6]3⋅6H2O 80. Now, a challenge with these systems is 

that it takes a long time for the cation (e.g. sodium) to diffuse through the 

crystal. This means that the storage could be much lower than the actual 

maximum if the desalination cycle is short. That makes it relevant to 

investigate how to make a PBA material with good diffusion properties. 

 

 

Figure 61. Reproduced from Paper 12. A unit cell of insoluble PB. The figure shows 

a central defect filled with coordinated water molecules. In a full crystal, the unit cell 

would be repeating in all directions, so the cavities become transport pathways for 

the ions. 
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On a more general note, there any many potential studies that could be 

carried out relating to PBA. For instance, stability during desalination 

cycling is a concern for these materials. While some studies have found 

that fewer defects enhance the diffusion rate and storage, others find that 

higher defect content is better for stability. It is also interesting to look at 

the total storage capacity in different versions of the material. Looking at 

a different perspective, there are also many related applications of PBA 

such as sensing 239, Fenton reactions 240, biomedicine 241,242, and capture 

of CO2 
243. So, investigating how PBA interacts with other things is 

relevant for a lot of applications. However, we have chosen to primarily 

focus on diffusion because of how central it is to CDI applications. The 

diffusion rate of a cation inside the crystal depends mainly on the energy 

barriers from jumping between sites in the cavities. 

To get the energies, the first step in the simulation was usually to run 

molecular dynamics. So, having a crystal and all the ions in a model, the 

simulation lets the system evolve naturally during a period of up to 2 ns. 

The advantage of this method is that it removes the researchers’ bias about 

what energies should be calculated. Based on the behavior, we picked the 

scanning region and calculated the energies. To validate the energy 

calculation, the final step was to double-check key results with a reaction-

path method. In these methods, a starting point and an endpoint are 

provided to the software, which calculates the minimal energy barriers for 

the possible pathways between the points. 

After deciding what energies to compute, Figure 62 shows a scanning area 

with 9x9x9 points inside one cavity of a unit cell. The simulations would 

use a supercell structure with periodic boundary conditions and simulate 

a central cavity to minimize errors. We would also check unit cells with 

and without defects to see the possible transitions inside the crystal.  
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Figure 62. Reproduced from Paper 12. A unit cell of copper PBA. The block in the 

top left cavity shows the scanning, and the small purple balls correspond to the scan 

points.  

5.3.3.  Diffusion in PBA 

5.3.3.1. Fundamental Diffusion Energy 

Several interesting results can be derived from the diffusion calculations. 

An example is shown in Figure 73. The energy calculations indicate that 

the lowest energy points for sodium are on the outer faces of the cavities. 

Based on this, Figure 63a shows the energy barrier for transitioning 

between neighboring faces. An interesting point here is that the energy 

barrier for going near the central vacancy is much higher than the energy 

for passing near the intact outer corner. The difference is so large that it 

seems unlikely that any ion sitting on a face would pass the pathway near 

the vacancy. A likely reason for this is that sodium is positively charged, 

so it would be more advantageous to stay near the negative cyanide 

groups than to move into the charge-free vacant region. Similar 

simulations for unit cells without a central defect suggest that stabilizing 

the cation with negative groups raises the energy barrier from 

transitioning between cavities (Figure 63c). 

The results also indicate that the energy landscape is different for larger 

cations (Figure 63b). For sodium, which is small, the cavity face has the 

lowest energy but there are also local minima closer to the center of the 

cavity. For potassium, which is larger, the tighter spacer on the cavity face 

is less favorable compared to the center of the cavity. Either way, they 

tend to move between the cavity faces rather than the vacant center. 
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Based on these results, we defined a ladder mechanism of diffusion. The 

cavity faces form frames, meaning there are usually four cyanide groups 

at the edges of the face that stability a cation at the center. The cation 

climbs the crystal moving between such frames. However, a ladder is 

broken if either steps or railing are missing. Similarly, the frame is broken 

if any of the cyanide groups are missing, stopping them from climbing 

that path. 

 

  a) 

 

           b) 

 

c) 

 
  

Figure 63. Reproduced from Paper 12. Transitional energies in copper PBA. (a) The 

graph shows one of the eight cavities in a unit cell of copper PBA. The cavity faces 

(the frames) correspond to the energy minima of potassium. The blue lines in the 

graph show the aggregated (summed) energy barrier of transition between the points, 

in the direction indicated by the arrows. (b) The intermediary energy landscape 

between the face points in (a), following the pathway of the lowest energy barrier. 

“Mid” indicates the position with equal distance to both faces, although the distance 

between this point and the cavity depends on the size of the cation. (c) For potassium, 

this is the energy for transitioning between the cavity faces when there is no central 

vacancy. 

 



 

Microscale Modeling  127 
 

 

5.3.3.2. Diffusion Rates 

The previous section laid out three scenarios based on the diffusion 

pathway. In order of increasing energy barriers, the ions could move 

corner-to-corner in a cell with a central vacancy (diagonal), corner-to-

corner in an intact unit cell (enclosed), or into a vacancy region (vacant).  

Knowing the energy barriers, the diffusion rates depend on the barrier 

energy 244 and the attempt frequency 245 of ions for passing the barriers. 

That is, the transitions depend on how often the ion bumps into an energy 

barrier, and its chances of passing over it when that happens. Programs 

exist that use Monte Carlo simulations for testing this movement inside 

the unit cell 246. 

The result for the simulated diffusion coefficients of the three main 

pathways is shown in Table 1. Because the diffusion rate depends 

exponentially on the energy, the differences in energy barriers have a 

huge impact on the estimated diffusion coefficient. Now, the 

experimental data indicated that the real diffusion coefficient is on the 

order of 10-15 cm2/s. This is the overall diffusion coefficient in the 

material, so the experiment does not tell us directly what diffusion 

pathway is more dominant. However, the simulation indicates that this is 

the diffusion rate we should get if the enclosed case is rate-limiting. 

 

Table 1. Reproduced from Paper 12. The energy barriers and corresponding diffusion 

coefficients for the main transitions in Cu-PBA, for K+. The main transitions are 

diagonal (like Figure 63a, blue lines to the right), enclosed (like Figure 63c), and 

vacant (like Figure 63a, blue lines to the left). The experiment row shows the overall 

diffusion coefficient as measured by experimental reports in the literature. 

Method Transition 
 Barrier 

(kcal/mol) 

Diffusion 

(cm2/s) 
 

Theory 

Diagonal 7.4 4.20E-11  

Enclosed 15.8 3.30E-15  

Vacant 34.5 4.60E-29  

Experiment     1.72E-15  
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The reason enclosed it limiting gets clearer if we consider the possible 

pathways in the material (Figure 64). The diagonal mode is the fastest, 

but an ion moving diagonally will only rotate around the same 

hexacyanoferrate group. It is impossible to get forward by always turning 

in the same direction. So, cations moving deeper must pass vacancies or 

the intact unit cell. The latter is faster and becomes rate-limiting. 

       a) 

 

       b) 

 
 

Figure 64. Reproduced from Paper 12. This schematic shows the principles of the 

ladder mechanism, including the rate-limiting step. Top view. (a) The fastest diffusion 

pathway for sodium is to move diagonally from frame to frame. However, vacant 

regions can block the movement. The issue here is that there is no diagonal pathway 

forward that does not cross the vacant region. (b) If there is no vacancy, sodium can 

move diagonally into the material. However, the intact cavities stabilize the sodium 

and make diffusion slower. This thus becomes the limiting step for the overall diffusion 

rate. 

 

5.3.3.3. Effective Diffusion Rate 

If we compare the theoretical and experimental results for the diffusion 

rate in the enclosed case, we can see that there is a difference of around a 

factor of 2. This might seem big in a normal model, but here it is 

surprisingly accurate. The key thing to remember is that the simulations 

include up to 1000 atoms, but a single mole of atoms is on the order of 

1023 atoms. And there are many moles in a device. So, a key challenge in 

all these quantum-level computations is to relate the small-scale 

simulation of the ideal system with the behavior of the full system. 
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Let us consider the distribution of vacancy defects in PBA. The 

simulations have shown that the energy for passing vacancies in PBA is 

high enough to block that movement. So, if the vacancies are evenly 

distributed to 1/unit cell, there should be no movement possible deeper 

into the crystal. But the vacancies are not evenly distributed. It is more of 

a random process that determines where they end up when the crystal 

forms.  

One way to address this is the calculate the average number of broken 

frames based on a random defect distribution. Or, equivalently, the 

fraction of intact pathways that permit transport if the defects are random. 

One effect of the blocking regions is that the small number of intact 

channels reduces the cross-section area that the cations move through, 

slowing the overall diffusion rate. Another effect is that the pathways are 

winding. There is no longer a straight path with intact channels, so the 

ions must travel a longer distance to get deeper into the crystal. In effect, 

this mechanism is like ions moving in a porous material. However, here 

the intact cavities correspond to the pore channels while the vacant 

regions correspond to the pore wall. Using the same type of expressions 

for the PBA material as for the porous material (Bruggeman correction), 

the model gives a good prediction of how defect content affects the 

effective diffusion coefficient in the crystal (Table 2). 

 

Table 2. Reproduced from Paper 9. Simulated and experimentally determines 

diffusion coefficient depending on the defect content in the PBA material. The 

simulation used 6% defects for high-quality crystals (DH) and 33% for low-quality 

crystals (DL). 247 

Property Pred.  Ref. 
43 

Ref. 
247 

Drel=DL/DH 0.36 0.10 0.45 
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5.3.3.4. In-Depth: Size Effects 

The difference between sodium and potassium would indicate that size 

matters. We can see this more clearly by repeating the calculation for a 

range of cations and seeing how they behave. The results (Figure 65) 

indicate that the energy minima in the cavity move farther into the center 

the bigger the action is. Hydrogen is very close to the three closest 

supporting cyanide groups. Cesium, on the other hand, still gets support 

from the same cyanide groups but rests farther away from them. 

Interestingly though, even the cesium ion is closer to the corner of the 

cavity than it is to the central vacancy. 

             a)  

 

          b) 

 
Figure 65. Reproduced from Paper 12. The positioning of the energy minima between 

the cavity faces (a) This 3D view shows the PBA matrix as tubes and the cations as 

balls. From left to right, they are in ascending order as H+, Li+, Na+, K+, and Cs+. (b) 

The distance between the energy minima of the cations and the copper at the corner 

of the unit cell. The positioning of the vacancy is added for comparison. 

 

For the study, it is interesting to investigate cesium more closely because 

it represents the large end of the monovalent cations. Following the trend, 

it would seem like the transitions through the central cavity should be 

more favorable for cesium, while the transitions through the cavity faces 

should be much less favorable. The simulation results indicate the 

transitions via the faces indeed have higher barriers. However, going into 

the vacancy still means moving away from the negative charges, so the 

simulation still finds this pathway to be unfavorable. So, the comparison 

is between two slow pathways. 
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         a)  

 

     b) 

 
Figure 66. Reproduced from Paper 12. Transition energies for cesium in copper PBA. 

(a) The aggregated energy barrier in a cavity with a central vacancy. (b). The energy 

landscape of the pathway with the lowest energy barrier for transitioning between the 

center points of adjacent faces. Mid corresponds to the point in the path with equal 

distance to both faces. Also, CuH (high-quality PBA) corresponds to the unit cell 

without a central vacancy, while CuL (low-grade PBA) corresponds to a transition in 

a unit cell with a central vacancy. 

 

5.3.4.  In-Depth: Physisorption 

A central theme in the sections about the DL model was that an adapted 

physisorption model can be relevant for electrosorption settings. In that 

case, the study concerned the adsorption of salt ions on ACC under an 

external voltage. Here, we will look at an analog case with PBA to 

understand the effects better. Multiple studies have used the Langmuir 

isotherm to describe the passive adsorption of cesium on PB 248–252. 

Unlike the DL model, the adsorption is passive (no external voltage). 

However, the question is if the pure Langmuir model is truly relevant in 

that case anyway. The assumptions in the original Langmuir model are 

that there is monolayer coverage, with a fixed number of adsorption sites, 

and that the sites are independent. Especially the last one is interesting 

because we could see that the ionic charges should repel in the case of 

electrosorption on ACC. That means the sites are not independent.  
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In the case of cesium, it is possible to model physisorption on PBA by 

starting with a neutral crystal and adding more positive ions while 

keeping the overall charge constant. A core challenge with measuring 

these interaction effects is that they are tiny compared to the random 

variation in the system energy. One way to address this is by simulating 

the system dynamics over a long period and taking the average of the 

energies. Thus, we simulated and captured snapshots during a simulation 

time of 2 ns. For each snapshot, the Gibbs free energy was calculated to 

estimate the energetic affinity for the corresponding number of excess 

cesium. In perspective, the calculation took tens of thousands of core 

hours on the supercomputing cluster. On a normal 2-core computer, 

40000 core hours would mean that the computer is running for over 2 

years to solve this single task. Moreover, the output was all text files and 

the total size of all the files exceeded 1 TB, meaning it was larger than the 

memory size of most computers and large than our original memory 

allocation on the supercomputing cluster. These long simulations were 

compiled into four averaged datapoints, one for each of 0-3 cesium in 

excess. 

The results would indicate that there is interaction energy in the system 

(Figure 67). So, for instance, adding three cesium ions shifts the energy 

more than three times the energy from adding a single cesium ion. This 

indicates that the sites are not independent, which would go against the 

premises of the Langmuir isotherm. Still, the dataset is limited so more 

investigations are needed to deduce what the proper isotherm should look 

like. While these time-dependent simulations allowed the cesium to move 

freely, the results also showed where the adsorbed cesium ions are 

primarily located. These locations can be used to make a more thorough 

scan of the energies depending on the number of excess cesium ions. 
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       a) 

 

         b) 

 

c) 

 
 

Figure 67. Reproduced from Paper 16. (a) Interaction energy depending on the 

number of excess cesium ions adsorbing passively on PB. To understand the definition 

of interaction energy, consider that the energy difference from adding the first cesium 

is 𝐸1 and adding N cesium is 𝐸𝑁. The interaction energy 𝐸 is then 𝐸 =
(𝐸𝑁 − 𝑁𝐸1)/𝐸1. Probability surface for cesium in PB. The dots show the matrix of 

the PB. The surface plot shows the central 95 % of the cesium positions during 2000 

ps of simulation time. Note that the surface color just corresponds to the z-coordinate 

to make it easier to read, yellow means high z while blue means low z. (a) The cesium’s 

probability surface relative to the PB unit cell. The unit cell is completed such that all 

hexacyanoferrate groups are intact, and extra cesium has been added (not shown) 

such that the model would be charge neutral without the excess cesium in the surface 

plot. (b) A zoomed-in view of the cavity closed to the surface plot. 

 

We thus used a Monte-Carlo-like method to scan variations in energy. 

Specifically, we randomly distributed 0-39 excess cesium ions on the 

adsorption sites on the surface and calculated the total energy. The 

process was repeated 25 times, giving 1000 data points of energies 

depending on the number of excess cesium as well as the locations of the 

cesium ions on the surface.  
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Previous studies on gas adsorption have found that interactions between 

neighboring adsorbed ions can change the adsorption energy. 253 In the 

case of PBA, a linear fit that included neighbor interactions was only 

marginally better at predicting the energy. Thus, the effect of these 

interactions should be small, which is reasonable considering the large 

distance between adsorption sites on PBA. However, a quadratic model 

could explain the data much better. Figure 68 shows the net energy 

depending on the excess cesium, with the baseline energy of having the 

cesium in the solution subtracted. The quadratic fit is near perfect. Having 

a quadratic energy correction is reasonable if the unideal energies come 

from electrostatic interactions because each cesium interacts with all the 

other cesium. Still, it is important to note that the interaction effects are 

small, and this is the reason that the Langmuir isotherm worked quite well 

in the first place. 

 

 

Figure 68. Reproduced from Paper 16. This graph shows the difference in total energy 

depending on the number of excess cesium ions. There are 25 data points for each 

excess cesium, corresponding to different random configurations. The total energy is 

shown as the difference compared to the case with zero ions in excess. Also, the 

baseline energy from having the corresponding number of cesium ions in the solution 

has been subtracted so that the y-axis shows the net energy of adsorption. 
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Normally, the Langmuir isotherm can be rewritten like Equation (42) so 

that the max adsorption 𝑞𝑚 and the adsorption parameter 𝐾𝐿 can be 

deduced from a linear fit based on the concentration 𝑐 and the storage 𝑞. 

If the adsorption energy increases quadratically with the adsorption, the 

energy per adsorbed ion is linear. Furthermore, the rate depends 

exponentially on the energy barrier, so we have shown that 𝐾𝐿,𝑞 =

𝐾𝐿 exp(−𝑘𝑞𝑞), with −𝑘𝑞 being a correction parameter. This leads to the 

electrostatic Langmuir (EL) isotherm. Normally, the parameter 𝑘𝑞 is 

small, so the exponential can be expanded to a first-order Taylor 

polynomial (exp(−𝑘𝑞𝑞) ≈ 1 − 𝑘𝑞𝑞). The result of this approximation is 

shown in Equation (43). Linear regression can find the parameters of this 

expression, the same as with the classic Langmuir adsorption. 

To test the new formulation, we fitted adsorption data from the literature 

and compared it with the results from the classic Langmuir isotherm. The 

Langmuir isotherm is identical to the EL isotherm when −𝑘𝑞, meaning 

the EL isotherm should always have at least as good fitting accuracy. 

However, the interaction effects for PBA were small, so we would expect 

similar results for both models. These ideas are consistent with the results. 

Aside from better accuracy, a big value of the EL model is that it provides 

are more physically sound explanation of physisorption phenomena when 

electrostatic effects are important. Because of the generality of the model, 

we hypothesize that the EL isotherm could be valuable in many systems 

wherein electrostatic effects influence physisorption. 
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  a)   b) 

  
  c)   d) 

  
Figure 69. Standard and electrostatic (EL) Langmuir isotherms. (a, b, c) 

Experimental data from Ref. 254. This is the adsorption of cesium ions on three types 

of Prussian blue-embedded magnetic hydrogel beads (PB-MHBs). The beads will 

adsorb cesium and then be magnetically extracted from the solution. (d) Experiment 

data from Ref. 255. This is the adsorption trend of cesium ions on a material with 

PBA anchored on a 3D reduced graphene aerogel. 

 

5.3.5.  Related Publications 

• Paper 9 investigated diffusion patterns in PBA materials and 

presents the ladder mechanism of diffusion.  

• Paper 12 Presents a generalized ladder mechanism diffusion in 

PBAs, extending the previous study to encompass different 

cationic species. 

• Paper 16 investigates physisorption on PBA. 
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5.4. A Software Package 

5.4.1.  Context: The Value of Building the Software 

When I started the doctoral thesis, a lot of the research time went into 

setting up the models and making them work. Limited stability also meant 

that I could not investigate a lot of conditions that I wanted to probe 

further. One day, I got an email from another researcher who struggled 

with modeling CDI and had come across my early models. He complained 

about his difficulties and said he wished I had made a video tutorial so he 

could learn how to use it better. And so I did. I compiled the results of the 

latest model into a program with a lot of complex parts under the hood 

and produced a video tutorial on how to use it. Because of the time 

required to make the model, I also put extra effort into making it general 

enough that I could use it myself in different studies instead of rebuilding 

it every time. 

Nowadays, the program saves me lots of time in my research. It is fast 

and flexible enough to be used in most circumstances, and the added 

speed means I can test out ideas that would never have been explored 

otherwise. 

 

5.4.2.  The ELC Model 

Simulating the device level with CDI has historically carried many 

challenges. It requires a stable mesoscopic model for the investigated 

conditions and solid macroscopic implementation. Even with the theory 

available, a lot of know-how is required to ensure that the simulations are 

correct and to properly analyze the output results. 

To address this, we compiled the results from the macroscopic and 

mesoscopic modeling efforts into a comprehensive software package in 

COMSOL. It is based on the theory in the ELC model, as presented in 

Paper 13. The program contains the generalized form of the mesoscopic 

equation separated into different interfaces. This means different 

geometries can be tested by just exchanging the geometry part for 

something else, and new materials can be tested by changing material 

parameters.  
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The fitting parameters are derived to represent the key operational metrics 

in CDI, meaning the model only requires a few key measurements to fit a 

new device. Stabilizing implementational features are already included in 

the model by default. Faradaic reactions can also be enabled. Finally, 

there are prebuilt interfaces that can be enabled for computing CV/CV, 

ft-CDI/fb-CDI, and batch/continuous flow. 

The entire model along with a video tutorial can be found on Mendeley 

data by googling the links below: 

Nordstrand, Johan (2022), “ELC Software and Tutorial”, Mendeley Data, 

V1, doi: 10.17632/fy7c4z4vbn.1 

 

a) b) 

 

 
c) 

 
 

Figure 70. Reproduced from Paper 15. The interface from the ELC program. (a) 

There are three main interfaces. The Brinkman equations calculate the water flow, 

the secondary current distribution calculates the current, and the transport of diluted 

species calculates the adsorption, ion transport, and concentration-dependent 

conductivity. Other interfaces, such as events, charging mode, and flow mode, give 

options for automatically operating different modes. (b) As an example, this is the 

equation corresponding to the charging current. The current locally follows the 

classic equation for charging a capacitor. (c) The equations show how the localized 

current translates to a removal rate R via the charge efficiency lam. 
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5.4.3.  Related Publications 

• Paper 15 presents the software and tutorial for the ELC model 

 

5.5. Multiscale Combinations 

5.5.1.  Context: Why Multiscale? 

Quantum chemistry has become widely successful as a method of 

predicting atomic interactions and material properties without first 

making experiments. At the same, the approach contains an inherent 

challenge. The simulation methods can include around 1000 atoms, but 

even a single mole of atoms is 1023. And devices contain many moles of 

material. There is thus an enormous difference in scales. So, how can we 

make quantum-level simulations relevant on the macroscale? 

Multiscale modeling would be one way of addressing this challenge. 

Fundamental modeling could relate the result for the 1000 atoms with the 

local unideal behavior of the material. FEM methods could then relate the 

local behavior with the macroscopic behavior of the full device. Every 

level will have its challenges, but successfully combining the scales 

would mean that quantum-level prediction would become relevant for 

large-scale devices. 

 

5.5.2.  Context: Top-to-Bottom or Bottom-to-Top 

One time, professors from other countries came to visit us and hear about 

our methods. My task was to hold a presentation about the modeling 

work. Several of them were experts in FEM simulation methods, so I 

began by talking about our work in that area to get a discussion going. 

They jumped on the chance and an intense discussion soon erupted about 

the need for data and modeling fitting. Some were curious about what we 

could do with the model if the available data was limited. A man sitting 

close to me answered “Well, you always need some data for fitting any 

model!”.  
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That became a perfect transition for me to start talking about the atomic-

level work and how some material properties can be simulated without 

any fitting data from the material. The key is to know what parameters in 

the FEM model you need to predict and then to figure out the minimal 

simulations on the quantum scale that could give the desired answers. It 

turned out that the same man had lots of knowledge about the PBA 

systems, and we had a very interesting discussion on the topic. After the 

presentation, he came up to me and said “That was interesting. Usually, 

people start from the quantum scale and see what they can say about the 

macroscopic case, but you go the other way around.” 

The presentation made me realize that my experiences during my Ph.D. 

times have given me a different perspective on modeling compared to 

many others. The FEM modeling was central for me because that was my 

starting point when I began my Ph.D. The fundamental modeling 

approaches, such as the DL model, became important because I wanted 

to answer key questions in CDI with the limited available data. In the end, 

atomic-level modeling became an extension of the same approach as I 

fought to answer some FEM questions for which no experimental data 

could be obtained in advance. So, what makes this approach special is 

that we start from the macroscopic level to see what questions should be 

answered by the quantum simulations, rather than making quantum 

simulations to see what macroscopic questions they could answer. 

 

5.5.3.  A Top-to-Bottom Approach 

The overarching goal of the multiscale combination in this work is to 

answer questions related to the performance of a full device without 

requiring extensive experiments to investigate the electrode materials. 

The corresponding method would be to combine modeling methods that 

are specialized for different length scales. Specifically, we can consider 

three main scales: the macroscale, the mesoscale, and the microscale.  
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The macroscale would be a simulation that shows the device level or 

similar. In a top-to-bottom approach, a key aspect of the macroscale is 

that it should contain the performance metrics. For instance, a modeling 

work might aim to improve the charging rate of a CDI process. In that 

case, the macroscale should be about the CDI process and contain 

expressions for calculating the charging rate under the relevant 

experimental conditions. Here, this level relates to the section about FEM 

modeling approaches. 

The microscale is the most detailed computational level. The point here 

is to use computational methods that can provide insights into the ideal 

system behavior without requiring model fits to experimental data. That 

makes it possible to deduce how material properties affect key system 

behavior without first synthesizing the materials. Here, this level relates 

to the section about microscopic modeling approaches. 

Finally, the mesoscale is everything between the above two levels. If a 

FEM model solves the macroscopic problem, the mesoscale should 

answer how the bulk material behaves locally. For instance, a 

mathematical expression can state how the adsorption rate at a given place 

on the electrode depends on the local charging state and electric potential. 

Another challenge is that the microscale usually gives the ideal behavior. 

A quantum-chemistry calculation might estimate the local capacitance of 

a small area in a piece of carbon cloth, but the mesoscale is required to 

calculate the overall capacitance based on the porosity and volumetric 

surface area of the cloth. 

Put together, we can understand the modeling process through these three 

levels (Figure 71). On the macroscale: The first step in the top-to-bottom 

approach is to define the global output, such as energy efficiency. The 

next step is to consider what a model must include for it to be able to 

incorporate this. The final step is to figure out what minimal input the 

macroscopic calculation needs in terms of local behavior. On the 

mesoscale: the first step is to find the equations and parameters that define 

that local behavior. The next step is to simplify the big list of available 

parameters by looking at which are the most relevant to study. The final 

step is to translate these parameters into a minimal set of ideal parameters.  
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On the microscopic level: the first step is to find what mechanisms are 

affecting the ideal parameters. For instance, energy barriers could affect 

a diffusion constant. The next step is the identify and construct a model 

that can estimate these parameters. Finally, the last step is to relate the 

model to a target. For instance, how would variations in the material 

composition (target) ultimately affect the energy efficiency (output)? 

Making these combinations is by no means a simple task. The contents of 

the levels will vary a lot depending on the application. Also, the content 

of any of the levels could be a research field. The multiscale modeling 

presented below is only possible because of extensive research on the 

separate levels, and multiscale modeling taken to a new field may require 

extensive work on the separate levels before it is possible to link them. 

Based on this, the next section will show an example of multiscale 

modeling that combines knowledge from all the previous sections. 

 

Figure 71. A flowchart for a multiscale combination of modeling methods. The top-

to-bottom method uses modeling on the macro-, meso-, and microscales. The first step 

is to define an output metric, such as energy efficiency, that is to be evaluated. The 

last step is to define a target aspect of a material or similar that is to be tested. When 

going between the level, the idea is to always look for the minimum information 

needed from a lower level to complete the calculation on the upper level. 
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5.5.4.  Multiscale Example 

This section will present an example of multiscale modeling that 

combines results from all the previous sections. The idea is to predict how 

the atomic structure of a PBA electrode material affects the macroscopic 

charging rate of a CDI device. 

On the macroscopic level, the charging rate depends in a large part on the 

external voltage and circuit resistance. That is normal for material in an 

electrode. However, the special thing about intercalation materials is that 

there is a limit to how quickly the ions can diffuse into the material. So, 

it is more difficult to charge such materials quickly than it is to charge 

slowly. Because this diffusion aspect is central to the PBA material, we 

would like to investigate it further. Let us consider a device with an 

overdose (large mass) capacitance on the other electrode. Also, the 

flowrate in the channel is high enough that the device is not starved. 

Under those conditions, only the PBA electrode matters, so it is enough 

to only model that part in FEM. Also, the external voltage/current 

becomes a boundary condition at the side where the electrode meets the 

solution because it determines the concentration/flux of ions. That means 

the internal diffusion is left as the focus of the model. A FEM model could 

solve that with Equation (44) (Fick’s law). Here, 𝐷𝑒 is the effective 

diffusion constant and 𝑐 is the concentration. 

 ∂𝑐

∂𝑡
= 𝐷𝑒

∂2𝑐

∂𝑥2
 

(44) 
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On the mesoscopic level, the goal is to relate the FEM model with 

something that the quantum simulations can solve. Equation (44) shows 

that the FEM model can be solved if the effective diffusion coefficient is 

known. However, the quantum simulation contains a small number of 

atoms and calculates only the ideal diffusion rate. So, it is up to mesoscale 

modeling to relate the effective diffusion coefficient with the ideal one. 

That can be done with Equation (45), wherein τ is the tortuosity, ϵ𝑝 is the 

equivalent porosity, and 𝑝𝑓
  is the proportion of filled sites (non-vacant). 

To recap, the simulations showed the vacant regions are blocking 

diffusion, so the non-defective regions are like the pore channels in a 

porous material. Using an analog to the standard formula for calculating 

the effective diffusion coefficient in a porous material, it is thus possible 

to relate the effective and ideal diffusion coefficients. 

 𝐷𝑒 =
ϵ𝑝

τ
𝐷 =

ϵ𝑝

ϵ𝑝
−1/2

𝐷 = 𝑝𝑓
3𝐷 

(45) 

On the microscale, then, the goal is to calculate the ideal diffusion 

coefficient. As explained earlier, this can be done by scanning the energy 

barriers of various transitions inside the unit cell and calculating the 

corresponding diffusion rates. By using a supercell and periodic boundary 

conditions, the simulation conditions can mimic the real large-scale 

crystal. Except for the unideal part. An interesting aspect here is that 

different types of PBA materials or intercalating cations could be tested 

using the same framework. 
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The simulation results are shown in Figure 72. The model is surprisingly 

close to the experiment performance, considering that the diffusion 

coefficient was calculated using the only quantum-chemical method. 

Crucially, the model captures the trend that the experiment shows when 

the charging rate changes. The premises here are that the experimental 

CDI cell is charging with different rates of constant current, and it 

switches between desalination and regeneration when the external voltage 

reaches ±1.2 𝑉. If the charging rate is low, the ions have time to diffuse 

deep into the crystal, meaning the charging can be maintained for a long 

time without using an exceedingly large charging voltage. On the other 

hand, high charging rates mean the ions do not have time to diffuse deeper 

into the material. Thus, the overall charge storage is lower when the 

voltage reaches its maximum value. 

 

   a)    b) 

  
Figure 72. Reproduced from Paper 9. External voltage and current during CC 

charging and discharging of a CDI device. The charging/discharging rates were 500 

mA/g, 200 mA/g, 100 mA/g, and 50 mA/g. The device used PB for one electrode and 

a large mass of activated carbon in the other electrode. (a) Experimental results. (b) 

Model results. 

 

5.5.5.  Related Publications 

• Paper 9 presents a multiscale model with FEM and DFT. The 

model predicts macroscopic charging trends based on atomic-level 

material structures. 
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6. Conclusions  
In this thesis we have climbed the modeling mountain one step at a time, 

going from macroscopic to mesoscopic and finally microscopic models. 

Standing at the top, we can now see how the water flows all the way from 

the peak to the sea. This section will look back down the mountain and 

map out the path we have taken. 

 

6.1. Macroscale Modeling 

At the wide base of the modeling mountain, closest to the water, we have 

the macroscopic models. The work in this thesis has demonstrated how 

such modeling can be used to predict device-level output depending on 

the structure and operations of the CDI device. Thus, we could predict the 

viability of bipolar electrodes for rapid desalination. The articles also 

showed how spacers with capacitance follow a principle of ohmic 

charging, which could make the device more robust against ion starvation. 

We have also investigated the impact of various device geometries and 

upscaling methods on the CDI process. 

The ELC model was developed to get better stability, computational 

speed, and tractability. Before this thesis started, stimulations were 

mainly 0D or 1D, and the authors of the main 2D model reported that it 

was unstable even for a single CDI cell. Now, we have simulated stacks 

of over 100 cells. Moreover, we can simulate in 3D and with complex 

asymmetric geometries. Key simulations have been performed on the 

order of minutes instead of hours.  
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Also, the previous models worked for a specific application and had to be 

completely rebuilt for new situations. Instead, the software has been 

presented based on the ELC model that contains interfaces that can be 

enabled/disabled to directly switch between operational modes and 

geometries can be interchanged without rebuilding the rest of the model. 

These developments in 2D modeling have been essential for enabling the 

simulations of the device geometries. Interestingly, the ELC software is 

also fast enough that it can be used as a staple simulation tool, including 

for cases wherein lower-dimensional models would normally be used. 

 

6.2. Mesoscale Modeling 

At the center of the modeling mountain are the mesoscopic models. These 

are necessary to find the local behavior behind macroscopic models. The 

work in this thesis has presented multiple mesoscopic modeling advances 

that make complex and large-scale macroscopic simulations more 

feasible.  

A key milestone is the DL model, which explores the similarity between 

electro-adsorption and classic Langmuir adsorption. By adapting the 

classic Langmuir isotherm to CDI, we could develop a decoupled model 

that simulates CDI with greater stability and transparency. Aside from 

describing adsorption through voltage-induced sites, we also introduced 

a system-identification method to fit the model with more flexible data 

requirements, and a transport formulation was adopted to bring the 

Langmuir framework to the dynamic setting. 

The work has also explored a variety of model frameworks including 

model combinations. The double-layer modeling (such as mD) can be 

good model modeling with a lot of detail and physical resolution. Here, 

we have contributed through algorithms and implementational methods 

that make the model more tractable in the 2D-FEM setting. Also, the 

circuit modeling approaches can be good for compactly modeling the key 

CDI behavior. They also provide the most tractable method for simulating 

leakage reactions in CDI. Here, we have contributed by deriving the 

ERaC model, which adapts the classical Randles circuit to applications in 

CDI. Circuit modeling also forms the basis for the ELC model.  



 

Microscale Modeling  149 
 

 

Finally, the work explores fundamental similarities in the physical 

pictures painted by these models. For instance, the RC model (circuit 

based) gives the same macroscopic output as the Lagergren first-order 

dynamics (isotherm based). And, while the DL model (isotherm based) 

considers voltage-induced sites on the electrode surface, the mD model 

(double-layer based) considers tightly packed Stern layers inside 

micropores smaller than 2 nm. Also, the mD model (double-layer based) 

uses Stern-layer capacitance to describe storage capacity in analogy with 

a capacitive circuit element (circuit based). 

 

6.3. Microscale Modeling 

Near the top of the modeling mountain are the microscopic models. These 

are essential for finding the atomistic material properties that lead to the 

behavior on the mesoscopic level. A lot of the research in the field 

concerns material development, but CDI models on larger scales typically 

need to know the material properties in advance to predict anything. 

This thesis mainly looks at PBA materials to understand how their 

compositions affect the charging rate in CDI. We found a ladder 

mechanism of ionic transport, meaning the cations climb frames formed 

by surrounding negative cyanide groups. Thus, empty regions are bad for 

diffusion because there are too few negative charges to attract the cations 

to leave the cavity wall. Meanwhile, fully enclosed unit cells are bad for 

diffusion because there is too much negative charge, trapping the ions. 

When building the material, it was to be important to choose a 

composition that leads to a smooth energy landscape when the cations are 

diffusing between intercalation sites in the PBA matrix. Another work 

investigated passive cesium adsorption on PBA and found analogies 

between electrostatic deviation from the Langmuir isotherm in that 

system and the electro-adsorption situation in CDI. This strengthens the 

idea that there are similarities in the mechanisms of physisorption and 

electrosorption. 
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6.4. Multiscale Modeling 

At the top of the mountain, we plant the flag of multiscale modeling. This 

thesis centers around modeling across scales with the ultimate dream to 

predict how atomistic material composition affects the performance of 

devices. The idea is to construct the macroscale first and then find the 

minimal requirements from the mesoscale to be able to solve the problem. 

After that, the idea is to similarly find the minimal requirements from the 

microscale to solve the mesoscale requirements. This process produces 

the most compact model that can predict macroscopic behavior based on 

the material structure. Here is how our developments on the different 

scales fit together. 

The macroscale uses FEM methods to describe how the full device works. 

To make this level work, we have developed robust simulation methods, 

particularly through the ELC model. These simulations require that the 

local properties are known, at the mesoscale level. Here, the mD, DL, and 

circuit models are relevant. We have focused on developing widely 

applicable models that are more stable than traditional models, which aids 

the connection with the macroscale. The mesoscale simulations require 

that the material properties are known at the microscale level. We focused 

on simulations of PBA materials and diffusion to demonstrate that it is 

possible to calculate mesoscopically relevant behavior based on 

variations in the material composition. Put together, these methods made 

it possible to predict charging trends of CDI devices with PBA material, 

based on the PBA atomic composition. 

Having the macroscopic simulation results from the multiscale simulation 

also made it possible to backtrack and identify microscopic conditions. 

For instance, we could determine the diffusion pathway is PBA by 

comparing different diffusion scenarios with experiment data for the 

macroscopic diffusion rate. 
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6.5. Future Work 

6.5.1.  Macroscale Modeling 

More work can be done to broaden simulations on the macroscale and 

make them more accessible. To start, one of the last articles in the thesis 

investigated bipolar configurations in CDI and demonstrated their 

potential for fast desalination. Under those conditions, diffusion could be 

a limiting factor in flow-between CDI. Thus, developing flow-through 

bipolar devices is promising. At the same time, they could face challenges 

with internal short-circuiting, which could be addressed by optimizing the 

operation. Similarly, other device geometries and configurations could be 

explored with the simulation methods developed in this work. 

Aside from using the model, future work could be directed toward 

developing the ELC software and model. For instance, the production and 

transport of species from leakage reactions could be added to the model. 

More advanced methods of simulating multi-ion solutions could be 

explored. Control systems and system-identification methods could be 

integrated with the software implementation. Explicit support for 

membrane CDI should be added. Also, the ELC model could be 

developed into fully open-source software that does not require a 

COMSOL license. Finally, we hope that researchers who develop other 

models will present open-source software based on those models too so 

that the CDI community can benefit from increased accessibility. 

 

6.5.2.  Mesoscale Modeling 

On the mesoscale, more work is needed to make the ELC model more 

robust to large changes in the inlet concentration. The current version 

works under normal conditions, but the adaptation to the available 

COMSOL interfaces for double-layer capacitance means some 

concentration-dependent effects are neglected. Thus, the model could 

become even better if COMSOL interfaces are updated to support these 

effects, or if the model is developed to bypass these implementational 

challenges.  
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Another aspect of model development is to make models more 

explainable. Here, the challenge is that models with abstract fitting 

parameters might not be able to relate macroscopic behavior with 

microscopic behavior. More work could thus be dedicated to finding links 

between atomistic behavior and mesoscopic parameters. As an example, 

the study on cesium adsorption could explain how specific macroscopic 

isotherm behavior related to atomistic electrostatic interactions via the 

isotherm fitting parameters. Similar links could help better explain the 

underlying physical picture in the DL model. The PBA diffusion study is 

an example of when being explainable works well. The mesoscopic defect 

modeling made it possible to relate atomic-level diffusion constant with 

macroscopic diffusion rate. The gain of having an explainable model here 

was that we could identify diffusion pathways. 

 

6.5.3.  Microscale Modeling 

The microscale has strong potential. This thesis has mainly concerned 

with intercalation materials, but the same type of modeling could be 

expanded to other materials as well. It might be challenging, but studies 

on ion adsorption in ACC could be valuable for better understanding the 

underlying principles of electrosorption. 

Many other aspects of the materials are also relevant to investigate. For 

instance, it would be possible to calculate the strains in intercalation 

materials during the charging process. Also, the PBA materials are prone 

to degrading during the CDI operations, so it is relevant to investigate 

features such as stability, solubility, and harmful side reactions. 

Calculating the conductivity is important for predicting resistive losses. 

The investigation in the thesis mainly looks at variations in what types of 

metal ions make up the PBA crystal, so another important step is to 

broaden the input to more material options. For instance, some successful 

PBA material mix in small quantities of different metal types to get better 

overall performance. 
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6.5.4.  Multiscale Modeling 

Here are finally some remarks on multiscale modeling to wrap up the 

thesis.  

This thesis has paved the way for future research up the mountains of 

modeling. We have demonstrated that atomic-level properties can be used 

to predict device-level output trends. 

In CDI, these methods could be expanded on all levels. More types of 

microscopic materials structures could be incorporated, and more 

microscopic behavior could be examined. More thorough mesoscopic 

modeling is needed to properly relate the atomic and device-level 

properties. Algorithms and methods are needed on all levels to better link 

the scales. And the macroscopic level could be expanded to include more 

relevant device simulations. The work has just begun. 

The multiscale method is relevant for many other applications too. 

Quantum simulations can today simulate thousands of atoms, which is far 

from the molar level (1023), and even farther from a device scale. The 

multiscale approach will be relevant in any application wherein material 

properties affect device-level performance. The big dream is that the 

world will one day have a library of methods that firmly connects all the 

levels for all such applications. 
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End of Thesis. 

Thank You for Reading! 
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Appendix A: Deeper View of the Experiment Setup 
 

The doctors most learned in theory are seldom the most skilled 

practitioners. 

 Edmé Pierre Beauchêne 256 

 

This is mainly a work about theory, and I am grateful to all the colleges 

who collaborated with me to get experiment data, as well as to the reports 

in the literature that fueled the modeling work with benchmarking data. 

Still, I believe that it is important that theorists should be able to 

understand experiments and be able to communicate with 

experimentalists. Therefore, this section will use some of my experimental 

results to give the general reader a deeper view of how the CDI setups 

could look like. 

The core experiment setup for lab-scale CDI has just a few components 

(Figure 73). There is a reservoir for inlet water and a reservoir for treated 

water. A pump pushes the inlet water through the device to allow the 

device to remove the salt ions before the water arrives at the outlet 

reservoir. The pumps usually vary in size depending on the size of the 

device. The common sizes in our lab that you will see in the papers pump 

around 5 mL/min. The CDI electrodes have current collectors that 

connect to an external power supply. The power supply will usually feed 

the device with either a constant voltage or a constant current. 
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Figure 73. An animated image of a CDI setup. The power supply (left) feeds a voltage 

to drive the pump and the desalination device. The is a beaker of water for the inlet 

water and one for the outlet water. The pump (bottom of stand) pushes water through 

the CDI device (top of stand), which desalinates the water. 

 

A closer look shows that the water enters the cylindrical device from the 

size of one end and exits through the middle at the other (Figure 74a). The 

idea here is that the outer casing has a small gap, so the inlet water fills 

the gap and then travels perpendicularly through the electrode-spacer 

winding before exiting through the center pipe. The cylindrical structure 

is not the only type of structure. The most common devices use flat 

structures where the water flows in between the electrodes inside the 

casing of the CDI device. There are also lots of variations in how to store 

the water and feed it to the device (Figure 74b) 
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a) 

 

 

b) 

 

 

 

Figure 74. An experimental setup. Reproduced from Ref. 257. (a) A photo of the pump 

(left) and the cylindrical CDI device (right). (b) Another alternative to using small 

beakers is to use a large, stirred, and air-tight container for the water.  

 

When operating CDI and making experiment measurements, it is 

important to use repeated cycles of desalination and regeneration. This is 

mainly because of instabilities; it usually takes time before the device 

settles so that the consecutive cycles are identical. In our normal 

operations, each cycle can be up to an hour and it can take a few cycles to 

reach stability.  
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Figure 75 shows an Arduino circuit that can automatically cycle the 

device based on switching relays. The Arduino board accepts C-code 

from a USB-connected computer that tells the device when to switch. The 

shown circuit can also alter the polarity of the device, meaning it changes 

which electrode is positive and which is negative. In a classic capacitor, 

this will not matter. However, in CDI the electrode tends to degrade after 

prolonged operation because of chemical reactions at the electrode 

surface. Thus, switching polarity can reduce and recover some of this 

degradation. 

 

Figure 75. Reproduced from Ref. 257. A schematic showing the Arduino setup for 

automatic switching in CDI. The relays change between connecting the device (CDI 

cell) to the voltage supply (for charging) or a short circuit (for discharge).  

 

The most fundamental measurements when working with CDI are the 

current and the effluent conductivity. In a solution with normal sea salt, 

the conductivity is almost proportional to the salt concentration, so the 

conductivity graph (Figure 76) translates directly to the time-dependent 

effluent concentration. In the continuous mode, water continuously flows 

through the device, meaning the effluent concentration is the same as the 

influent concentration if there is no adsorption. Also, the concentration is 

lower than this baseline during desalination and higher during 

regeneration. 
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Getting a great reading is not trivial. For instance, the baseline 

conductivity can change with time due to evaporation, changes in 

temperature, or other experimental errors. Also, if the system is not 

airtight (such as in Figure 76), vertical lines will appear in the plot at the 

times when air bubbles are passing the conductivity meter. 

 

 

Figure 76. Reproduced from Ref. 257. An example of conductivity data with poor 

experimental quality. The conductivity changes in cycles as the device switches 

between desalination and regeneration. However, there are also lots of vertical lines 

corresponding to air bubbles passing through the system. 

 

There are multiple ways of improving experimental quality. To start, it is 

good to ensure as small variations as possible concerning side conditions 

such as the temperature. Long operation times can also help stabilize the 

system. A concrete way of reducing noise from variations in the inlet 

conductivity would be to measure both inlet and outlet conductivity and 

subtract the variations in the inlet from the outlet in postprocessing 

(Figure 77). Also, larger and air-tight tanks could reduce the variations in 

the water and further reduce noise in the data. 
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Figure 77. An example of how to measure both inlet and outlet to reduce noise in 

conductivity data. Reproduced from Ref. 257. (a) The raw outlet has unusually large 

variations in the baseline conductivity that are larger than the variation from the CDI 

process. (b) The inlet measurement confirms that most of the variation occurs before 

the water enters the device. (c) The post-processing leads to a graph showing only the 

variation caused by desalination because the baseline correction formula corrects the 

raw outlet with the raw inlet 

 

In summary, this section has shown some deeper examples of what the 

CDI setup could look like and some interesting considerations when using 

the technique. 
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Appendix B: Frequently Raised Comments 
Disclaimer: Contains opinion 

Papers go through a peer-review process before publication. The idea is 

that people who are experts in a field will raise comments and concerns 

to determine if a work should be published and, sometimes, give the 

author a chance to correct any shortcomings. This section elaborates on 

some of the common discussions to give some extra insight to those who 

only read the thesis. 

 

The Dynamic Langmuir Model 

While lots of people have been positive, there have been some challenges 

to the dynamic Langmuir model. The most common is that the mD model 

is the only ‘correct way’ of modeling CDI. Reviewers have cited a 

prominent review paper in CDI, which states that the isotherms cannot be 

used in CDI because they have the wrong physical picture. The authors 

also present a table (figure 12 in that work) that compares what the 

isotherm models and the mD model could do at the time when the review 

article was published. The main argument thus has two parts: that ions 

accumulate in double layers instead of adsorbing on surfaces (physical 

picture), and that there are aspects of CDI operations that isotherm models 

cannot explain (practical use). 

Let us start with the latter part about practical use. The authors make the 

point that isotherms models are lacking compared to competing models 

because there were things the mD model could do that the isotherms could 

not. To counter the idea of “isotherm models cannot do it now so they 

will never be able to do it”, we explicitly demonstrated in the first paper 

that the DL model can do all the things listed in the review paper’s table, 

as illustrated in our abstract. Because successive reviewers have 

continued to push for more validation, the papers on the DL model now 

collectively contain lots of experimental validation across a wide range of 

experimental conditions. More details about this can be found in the 

attached papers. 
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Let us continue by talking about the physical picture. The classic 

Langmuir isotherm assumes that gases in air or ions in a liquid adsorb on 

a monolayer on a surface. The double-layer models instead claim that ions 

accumulate in gradual layers where there are more ions closer to the 

surface and fewer farther away (an extended Boltzmann distribution). The 

tightly packed layer close to the surface is called the Stern layer, while 

the long tail is the diffuse layer. However, most adsorption occurs in 

micropores that are so small that the largest micropores (2 nm diameter) 

are wall-to-wall about the size of two hydrated ions next to each other. 

Thus, the mD model states that the diffuse layers overlap to the point 

where it is enough to only consider the tightly packed Stern layers along 

the pore walls. I would argue that the principal difference between that 

and electro-adsorption on a surface is minimal. The point here is not to 

say that double-layer models are wrong or that the DL model is the right 

model. Rather, there are clear similarities between the approaches, and 

both work well for predicting performance. Thus, having both could 

provide different interesting viewpoints for looking at a system. 

Different viewpoints see different insights. 

In the end, multiple journals accepted works on the DL model, meaning 

many reviewers liked its new viewpoints for CDI. I am incredibly happy 

to see that. 

  



 
  195 

 

 

 

Interdisciplinary Work 

A lot of the work in this thesis is interdisciplinary. That is, it combines 

ideas from different fields to create something new. CDI combined with 

isotherm modeling. CDI combined with system identification. CDI 

combined with control theory. CDI with atomic-level simulations. CDI 

with FEM. The challenge here is that such work might not be the deepest 

work in either field even though it is valuable, because it creates a 

combined idea based on known methods in each field.  

What would sometimes happen is that the reviewers would demand that 

it be the deepest work in their field, even though that was never an option. 

So, they would mention an interesting question or a paper in their field 

and ask that the new manuscript refocuses on those issues. After I 

complied, they realized that the work had become too similar to 

previously published works in that field. Not seeing that it was adding the 

most value to their field, they would suggest that the work be transferred 

to a journal from the other field instead. And the people from the other 

journal would do the same thing. For instance, a physics reviewer might 

suggest a journal in computer science and vice versa.  

It repeatedly surprised me how hard it was to get recognition for the 

interdisciplinary parts of the work. In hindsight, I believe the easiest 

papers to get through the review process were often the ones that were the 

easiest to understand. I am not saying that the reviewers did not know 

what they are doing. I am also not saying the review processes I went 

through were harsher than anyone else’s. The point of this section is to 

raise awareness about some of the difficulties with cross-disciplinary 

work. 

Still, in the end, many editors recognized the value in the submitted 

manuscripts and decided that they were indeed good fits for the journal. 

Despite the challenges, I am happy to see how it turned out and sincerely 

hope that interdisciplinary work will have a bright future. 
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Appendix C: Public Outreach 
Disclaimer: Contains opinion 

I once overheard two women, who were student councilors, talking on a 

train. One jokingly explained “I tried to advise my daughter about what 

to study for high school, but she replied – Mooom! You don’t know 

anything about this! – So now I try to give her advice discreetly, such as, 

‘do something you like’.” The advice to ‘do something you like’ is 

common but not that helpful. Education in Sweden is free and you can 

educate yourself in whatever you like. So, how can we expect children in 

elementary school to know exactly what they want to do? I believe the 

most important thing is to show young people what options they have. For 

instance, we who are scientists could take the opportunity to show what 

it means to work in research. 

This thesis has mainly described the research work that has been part of 

my doctoral studies. Aside from that, I have also been teaching at the 

university level for several years. Ultimately, the taxpayers have paid for 

the doctoral work via the Swedish Research Council. Thus, I believe it is 

important to recognize that, aside from education and research, public 

outreach is one of the main missions that the universities have (Swedish: 

Tredje Uppgiften). As part of my employment at KTH, I have contributed 

to this mission in several ways. 
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For elementary school students, I participated in a great event called the 

Researchers’ night (Swedish: Forskarfredag). This is the largest 

conference in Sweden that gathers participants from research and all parts 

of society. In addition to inspiring young students to get into science, it is 

also a chance for scientists to reach out to the public about the important 

work that happens and must continue to happen at the universities. At this 

event, my role was to visit elementary schools and talk about my research. 

What surprised me the most was how engaged the students were when I 

asked them about topics they would be interested in if they got the chance 

to do research. There is a lot of passion out there, we just need to channel 

it. There can be great value in showing young people what the options are 

and inviting them to contribute to building a better world. 

To encourage that interest in science, we have welcomed classes of high-

school students to visit and see the work that we do. When I was in school, 

I never saw the pupils as being passionate about science. So, it always 

surprised me at the lab when students had been passionately listening to 

the professor and came out with their eyes glowing like they suddenly 

saw the world in a new light. People often talk about how to get young 

people interested in studying. In my experience, we can get a long way 

by just showing them the options they have and why the things they are 

learning now will matter in the future. 

To reach a broader audience, I presented my research work at the 

Stockholm International Youth Science Seminar (SIYSS) in 2019. SIYSS 

gathers hundreds of high-school students for this conference that seeks to 

inspire them to get into science. To achieve this, the organization invites 

promising young scientists from all around the world, one from each 

country, to come and present at the seminar during the Nobel week. I can 

highly recommend this event both to presenters and high-school students. 

This type of event is a great way to allow young people to open their eyes 

and see the options they have for their future. 
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Figure 78. The city hall in Stockholm, Sweden. In addition to attending a conference, 

the SIYSS participants were invited to a dinner at the city hall during the Nobel 

banquet. Reproduced from Arild Vågen. The image holds a Creative Commons 

Attribution-Share Alike 3.0 Unported license.  

 

There are also events that can reach those who already started on a path 

toward research. Our research group is part of the water center at KTH 

(WaterCentre@KTH). Every year, the center welcomes the participants 

of a competition called the Stockholm Junior Water Prize. This is a 

competition for high-school students (15-20 years old) who have made 

innovations in water technology. I had the joy of presenting work from 

our lab during their visits and discussing research with them. It has been 

an incredible inspiration for me to see so many young people engaged in 

science and innovation. At the same time, it is a great opportunity for 

them to see what research can be like. 
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Showing research to adults is important as well. Not everyone becomes a 

researcher, but it creates a better understanding of what researchers do 

and how they can contribute to the world. As an example of what can be 

done, we have recorded films about the work in CDI. Specifically, the 

driven people at the SCI communication department at KTH collaborated 

with me during my doctoral studies to create a film about desalination 

with capacitive deionization. I was surprised to see how good they were 

at creating high-quality movies.  

Videos can also be significant in education. Lots of young people have 

told me how much help they have gotten from watching recorded lectures 

on the internet during their studies. Multiple lecturers have already 

recorded their lectures at KTH, and I sincerely hope this is a growing 

trend where more people share their experiences through recorded 

lectures. 

In summary, I believe public outreach is enormously important, 

especially for inspiring young people of all ages. Thus, I hope that more 

researchers will continue and expand their efforts in reaching out to the 

public. 
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Appendix D: Opinions on Free Research 
Disclaimer: Contains opinion 

The Swedish Research Council has funded this doctoral thesis. They are 

the main government institute in the country for supporting free research; 

that is, research grants that are not limited to a specific area. Because I 

am happy about their support, I would like to take the time to express my 

views on free research. Note that the opinions expressed here are solely 

my own. 

Stanley Whittingham recently won the Nobel prize for inventing the 

lithium-ion battery. This type of energy storage device is critical in the 

model world and exists in every mobile device nowadays. At the GYSS 

conference, he told me “the funding we got in the beginning was critical 

when we started developing the lithium-ion battery. Luckily, the funders 

gave us substantial and stable resources. They said it would be nice if we 

invented something that would be useful to them, but they never told us 

what to do. That long-term stability and freedom gave us the basis for 

inventing the lithium-ion battery. Nowadays, I tell my student to have two 

projects: one that is safer and one that is riskier. It is the risky one that 

will really make an impact on the world if it succeeds.” 

What I learned from this story is that free research is critical for making 

huge innovations. The first component of his success from free research 

was stability. If the funders had decided to only give money to researchers 

who have a track record of producing all the time, he would have been 

forced to focus on safe projects. He would have made continual progress 

that way, sure, but he would also have missed the opportunity to make the 

big breakthrough. However, free research does not mean that the funders 

randomly give money to everyone. The important thing is that there is a 

solid review process that judges project proposals by the value of their 

ideas rather than blindly pursuing current success metrics, a process that 

accepts that risks are necessary for allowing big breakthroughs. 



 
202 Appendix D: Opinions on Free Research 

 
 

The second success of free research was that he could do the necessary 

fundamental work because he was not restrained by demands for 

immediate practical applications. Today, there is a tendency for funding 

to focus more and more on projects that have immediate practical 

applications, rather than free ideas that could be big in the future. The 

Nobel-prize winners in medicine a few years back told a similar story at 

their Nobel press conference “The discoveries we made in oxygen sensing 

have huge applications today, for instance in treating cancer. But we 

could not have reached these applications had we not been allowed to 

spend so many years doing fundamental research.” Free research could 

be key to finding new approaches instead of just honing existing ones. 

The third part of his success from free research was that he could choose 

his topic. His funders could have told him what to work on, but that would 

be problematic for finding the big breakthroughs. Historically, people 

have been terrible at predicting such trends. J.K Rowling was famously 

rejected by 9 publishers before managing to publish Harry Potter. Some 

fun historic quotes among many are “The horse is here to stay but the 

automobile is only a novelty, a fad.” and “Television won't be able to hold 

on to any market it captures after the first six months. People will soon 

get tired of staring at a plywood box every night.” The point here is that 

by being on the front lines, Whittingham was closest to the challenges and 

could make the best of the opportunities that arose. 

In summary, I believe free research is critical for breakthrough 

discoveries. It gives researchers the necessary stability to do rigorous 

work on groundbreaking ideas while having the freedom to leverage the 

opportunities that arise along the way. 

 

Figure 79. A Nobel prize medal. Free research can be powerful for cultivating 

breakthrough discoveries, and Stanley Whittingham won a Nobel prize for inventing 

the lithium-ion battery. Reproduced from David Monniaux. The image holds an 

Attribution-ShareAlike 3.0 Unported CC license. 
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Appendix E: Papers 
Following is a compilation of the scientific publications that are the basis 

for this thesis. Papers 1-19 are the journal publications in chronological 

order and Papers 20-21 are the conference publications. 

 

Here is a list of the papers, grouped by their main theme: 

Macroscopic 

Papers 6, 10-11, 13-15, 17-18, 20-21 

Mesoscopic 

Papers 1-5, 7-8, 19 

Microscopic 

Papers 9, 12, 16 

 

Additionally, several of the works span multiple scales. Papers 10-11, 13, 

and 17 concern mesoscale theory developments that are tested on the 

macroscale. Paper 16 predicts mesoscale trends from microscopic 

properties. Paper 9 spans all scales. 

 

 

 






