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!ōǎǘǊŀŎǘ 

The level of CO2 in the atmosphere is increasing to unprecedented levels leading to a 

global warming era. Reducing the amount of CO2 from the atmosphere by capturing it is 

crucial to decrease the effects of climate change and eventually revert it. However, 

capturing CO2 is costly and inefficient if it cannot be valorised afterwards. Capturing CO2 

and utilizing it to produce chemical building blocks within the frame of Carbon Capture 

and Utilization (CCU) technologies is receiving a lot of attention. In this respect, using 

alkaline solutions to capture CO2 and the electrochemical CO2 reduction are promising 

technologies to convert CO2 into valuable products and as such reduce greenhouse 

emissions while valorising the CO2. However, the capture and electrochemical CO2 

conversion have been investigated almost exclusively as separate processes. A 

disadvantage is that gaseous CO2 is desorbed and compressed to be fed to the 

electrolyser, with an important contribution to operational costs. To improve the 

valorisation, integrating the capture and conversion steps by utilizing the post-capture 

solution, in the form of bicarbonate, directly as a CO2 source for the electrochemical CO2 

reduction is a promising approach. This technology is however limited by the slow CO2 

release rate at the catalytic interphase and the high competition with undesired co-

reactions like the Hydrogen Evolution Reaction (HER) being the main reasons for low 

Faradaic efficiencies and partial current densities. To increase the feasibility of the 

integrated concept and delivering the know-how of the technology, this doctoral thesis is 

elaborated. 

In the first part, an overview of the context is given, discussing the role of CCU in the 

battle against global warming. In addition, the most fundamental aspects of the CCU value 

chain are explained. 
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In the second part, the reader is provided with the most recent information on the 

industrialization of CO2 electroreduction and the integration of CO2 capture and 

electrochemical conversion in two literature reviews. It is shown the technology is 

promising and hence still in its early stages of development where engineering and 

energetic aspects limit the up-scalability towards application. These shortcomings formed 

the starting point for this thesis. 

The third part consists of three experimental chapters. A fundamental study on the 

mechanism of bicarbonate electrolysis is provided. It was proven how bicarbonate was 

not the substrate of the electrochemical reaction but instead, the CO2 supplied via an 

equilibrium of bicarbonate in water. In addition, bicarbonate was found to be a proton 

donor species, promoting the HER, the main co-reaction, thus limiting the efficiency of 

the reaction. A strategy to inhibit the Hydrogen Evolution Reaction was proposed, 

increasing the faradaic efficiency of the reaction. Additionally, based on the findings of 

these chapters, a novel integrated capture and conversion system involving biomimetic 

catalysis is proposed.  

Lastly, an upscaled bicarbonate electrolyser was built. The engineering aspects of the 

electrolyser were studied, and the parameters were screened to identify the most energy-

efficient operational window. These optimal parameters were later used for a proof-of-

concept Direct Air Capture electrolyser. For the first time, CO2 was captured from the air 

and then directly converted, electrochemically, to formate and carbon monoxide (CO).  

By the realisation of this thesis, we provide the necessary background on bicarbonate 

electrolysis, which enables further research focused on upscaling the integrated concept. 

Additionally, we have benchmarked a procedure to capture and convert CO2 in one and a 

single system which, although it is still in its early stages, contributes to a great extend 

the development of the technology to higher Technology Readiness Levels.



 

xi 
 

{ŀƳŜƴǾŀǘǘƛƴƎ 

De CO2-gehalte in de atmosfeer stijgt tot nooit eerder geziene niveaus, wat leidt tot een 

tijdperk van opwarming van ons planeet. Het verminderen van de hoeveelheid CO2 in de 

atmosfeer door het af te vangen is cruciaal om de effecten van klimaatverandering te 

beperken en uiteindelijk terug te schroeven. Het afvangen van CO2 is echter kostbaar en 

economisch inefficiënt als het achteraf niet gevaloriseerd kan worden. Het gebruik van 

CO2 als grondstof om chemische bouwstenen te produceren in het kader van Carbon 

Capture and Utilization krijgt veel aandacht. In dit opzicht hebben amine-gebasserde of, 

in het algemeen, alkalische oplossingen bewezen efficiënte CO2-afvangoplossingen te zijn 

en de elektrochemische CO2-conversie is een veelbelovende technologie. Beide 

processen worden echter bijna uitsluitend als afzonderlijke processen onderzocht. Een 

complexiteit van afvang is de desoptie van CO2 uit de opvangoplossing en vervolgens de 

compressie voordat het naar de elektrolyser wordt gestuurd, en omgezet. Deze factoren 

hebben een belangrijke contributie in de operationele kost van de toepassing. Om de 

economische haalbaarheid te verbeteren, kunnen de afvang- en conversiestappen 

idealiter geïntegreerd worden, waarbij de post-capture-oplossing, dei CO2 

geconcentreerd in de vorm van bicarbonaat bevat, en direct als CO2-bron voor de 

elektrochemische CO2-reductie kan dienen. Deze technologie wordt echter beperkt door 

lage Faraday-efficiëntie en partiële stroomdichtheden, wat leidt tot een langzame CO2-

afgifte bij de katalytische interfase en de hoge competitie met nevenreacties zoals de 

waterstofevolutiereactie.  

Eerst wordt een overzicht gegeven van de context waarin dit onderzoek zich afspeelt, 

waarbij de rol van CO2 als broeikaseffect wordt besproken en de Carbon Capture & 

Utilization wordt voorgetseld om dit tegen te gaan. Daarnaast worden de meest 

fundamentele aspecten van afvang en elektrochemische CO2-conversie toegelicht. 
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Vervolgens, wordt de lezer met twee literatuurstudies-voorzien van de meest recente 

informatie over de industrialisatie van CO2-elektroreductie en over het geïntegreerd 

concept. Hier wordt aangetoond in welke mate, hoewel het veelbelovend is, de 

technologie nog in zijn kinderschoenen staat, naast de technische en energetische 

aspecten die de opschaalbaarheid beperken. Vanuit deze tekortkomingen is het 

onderzoekskader van dit proefschrift ontstaan. 

In het derde deel zijn drie experimentele hoofdstukken te vinden. Er wordt een 

fundamentele studie gegeven over het mechanisme van bicarbonaatelektrolyse, en 

bewezen dat bicarbonaat niet ageert als substraat van de elektrochemische reactie, maar 

in wel CO2 in de evenwichtreactie met water. Bovendien bleek bicarbonaat een 

protondonorsoort te zijn, die de waterstofevolutiereactie, de belangrijkste nevenreactie, 

bevoordelt, waardoor de reactie-efficiëntie beperkt wordt. Er werd een strategie 

voorgesteld om de waterstofevolutie-reactie te onderdrukken, waardoor de Faraday-

efficiëntie van de beoogde reactie werd bevorderd. Daarnaast wordt, op basis van de 

bevindingen van Hoofdstukken 6 en 7, een nieuw geïntegreerd vang- en 

conversiesysteem voorgesteld, op basis van biomimetische katalyse. 

 Ten slotte werd, een opgeschaalde bicarbonaatelektrolyse-apparaat gebouwd. De 

technische aspecten van de elektrolyseur werden bestudeerd om de parameters-

instellingen voor een energiezuiniger systeem te identificeren. Deze werden vervolgens 

gebruikt in een proof-of-concept experiment, met de integratie van de Direct Air Capture-

toegepassing en -de (bicarbonaat) elektrolyzer. Voor het eerst werd CO2 uit de lucht 

opgevangen en de afvangoplossing vervolgens gebruik in de elektrochemische omzetting 

in formiaat en CO. 
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 h Charge transfer coefficient  

C* Bulk concentration [mol L-1] 

Ci Concentration of reactant [mol L-1] 

Cdl Double-layer capacitance [ʍ cm-2] 

Cc Coating capacitance [ʍ cm-2] 

D Diffusion constant [cm2 s-1] 

ҟG° Standard Gibbs free energy [J mol-1] 

 ɻ Thickness of the diffusion layer [cm] 

Eeq Equilibrium potential [V] 

E°eq Standard equilibrium potential [V] 

E°red Standard reduction potential [V] 

E Applied potential [V] 

Eo Amplitude [V] 

 ́ Overpotential [V] 

f Frequency [Hz] 

F Faraday constant [96485 C] 

I Intensity [A] 

Io Current response to amplitude [A] 

j Current density [A cm-2] 

jo Exchange current density [A cm-2] 

kc Rate constant 

K*
c (Pseudo)rate constant [s-1] 

Ka Acidity constant 

kb Binding constant [L mol-1] 

 ˁ Conductivity [ʍ-1 cm-1] 

n Amount of product [mol] 
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N Capacitance ideal factor 

 ˄ Reaction rate [mol s-1] 

i˄ Vibrational mode 

 ̟ Radial frequency [rad s-1] 

ʊ Phase shift [rad] 

Q Total charge [C] 

Qi Dedicated charge [C] 

R Ideal gas constant [J Kҍ1 molҍ1] 

Ri Resistance [ʍ] 

 ́ Resistivity [ʍ cm] 

Rs Resistance of the electrolyte [ʍ] 

Rct Charge transfer resistance [ʍ] 

Rp Pore resistance [ʍϐ 

S Area of the electrode [cm2] 

t Time [s] 

T Temperature [K] 

VCell Cell voltage [V] 

VRHE Potential vs RHE [V] 

Wr Warburg resistance [ʍ] 

z Number of electrons 

Z Impedance [ʍ] 

½Ω Real impedance [ʍ] 

½ΩΩ Imaginary impedance [ʍϐ 

Zo Impedance response to amplitude [ʍ] 
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IN THIS FIRST CHAPTER OF THE THESIS, AN INTRODUCTION IS PROVIDED TO ENSURE THE 

READERS CAN EASILY UNDERSTAND AND FOLLOW THE TOPICS AND DISCUSSION OF THIS 

WORK. AN OVERVIEW OF THE STRATEGY FOLLOWED TO CAPTURE AND CONVERT THE 

CO2, THE INTEGRATED CAPTURE AND ELECTROCHEMICAL CO2 REDUCTION, WILL BE 

REVIEWED.  

The techno-economic assessment of the integrated and the two-step strategy (section 

1.5) was performed in a collaboration with Pieterjan Debergh from VITO. 
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1.1 A strategy to reduce emissions: the capture and conversion of CO2 

1.1.1 CO2 and the global warming 

Current carbon dioxide (CO2) levels are higher than at any point in at least the past 

800.000 years (Figure 1.1).[1] The last time that these levels were reached was more than 

three million years ago when the temperature was ~3 хC higher than during the pre-

industrial era and the sea level ~20× higher than today.[2] 

 

Figure 1.1. Global atmospheric carbon dioxide concentrations (CO2) in parts per million 

(ppm) for the past 800,000 years. Graph by NOAA Climate.gov based on data from Lüthi, 

et al., 2008, via NOAA NCEI Paleoclimatology Program.[1] 

The rise of atmospheric CO2 levels (currently over 400 ppm) is mostly caused by 

anthropogenic activity such as industrial waste generation, energy production or fueled 
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transportation.[3,4] During millions of years, the plants pulled out the atmospheric CO2 

through photosynthesis and, in a little more than one century, we have returned that CO2 

back to the atmosphere.[5] Every year, more CO2 is liberated into the atmosphere than 

natural processes can remove, increasing the yearly net amount of atmospheric CO2. In 

the last decade, the growth rate was already 2.3 ppm year-1.  

 

Figure 1.2. Amount of CO2 emitted per year (grey). The International Panel for Climate 

Change set a scenario for the global CO2 emissions to achieve a temperature anomaly of 

no more than 2 °C, ideally 1.5 °C (red). A net CO2 emission approaches 10 Gt in 2050 and 

is zero in 2070.[6] 

The CO2 molecule, unlike other abundant gases in the atmosphere like O2 or N2, absorbs 

energy in a variety of wavelengths (2000-12000 nm) within the infrared (IR) range. When 

irradiated by infrared sunlight, the CO2 absorbs this energy and re-emits it towards every 

direction (which includes Earth) gradually over time, causing the greenhouse effect and 

therefore an increase in temperature in the Earth. Although greenhouse gases are 

necessary to maintain the living conditions on Earth (i.e., they maintain the temperature 

constant and within life conditions), an unbalance of these, as is the case of CO2, may 
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ŎŀǳǎŜ ŀƴ ǳƴŎƻƴǘǊƻƭƭŜŘ ǊƛǎŜ ƛƴ 9ŀǊǘƘΩǎ ŀǾŜǊŀƎŜ ǘŜƳǇŜǊŀǘǳǊŜΦ[7] This consequence is called 

global warming. Global warming is posing a threat to the safety of society as it can result 

in many alterations to the environment, eventually impacting human health and quality 

of life. Those alterations include the rise of the sea levels, the acidification of the oceans, 

more drastic weather, and the regularity of natural catastrophes such as floods or 

droughts. 

Reducing the amount of CO2 present in the atmosphere is thus crucial to avoid these 

effects and, eventually, revert the situation (Figure 1.2). Decreasing the emissions and the 

production of CO2 is the most straightforward strategy to reduce the atmospheric CO2 

concentration however, although several global commitments have been imposed during 

the last decade, the levels of atmospheric CO2 are far from being reduced and are still 

increasing.[8,9] Therefore, capturing the CO2 must be included in the strategy. Several 

technologies have been proposed to tackle the challenge of reducing atmospheric CO2 

levels, being Carbon Capture & Utilization (CCU) one of the most promising.[10] 

1.1.2 Carbon Capture & Utilization 

CCU, which aims to valorise the CO2, is a technology where CO2 is captured from a gaseous 

medium, like the atmosphere or flue gas, to be converted to valuable products such as 

chemical precursors (like formic acid, CO), plastics, and fuels (Figure 1.3).[11] When the 

capture of CO2 (from fossil, biogenic sources or directly from the air) is considered, 

different types of emission reductions can be identified that contribute to the 

International Panel on Climate Change (IPCC) scenario: 1) Capture from fossil-derived CO2 

and utilization (i.e., CO2 feedstock is used for fuel recycling); 2) Capture from fossil-

derived CO2 and utilization via mineralization or permanent CO2 storage, where the 

intended CO2 emissions are not released into the atmosphere and therefore avoided (i.e., 

permanent incorporation of CO2 into building materials based on concrete); 3) Use of 

biogenic CO2 (i.e., directly captured from the air) and utilization (where the CO2 is 
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captured and used in the chemical/fuel industry and then released cyclically); and 4) 

Capture of biogenic CO2 (as described in 3) combined with utilization via mineralization 

or permanent CO2 storage (as described in 2). The third case offers an optimistic scenario 

where anthropogenic CO2 is introduced into the chemical industry as a chemical building 

block, thus increasing the valorisation of CCU. 

 

Figure 1.3. CO2 net cycle proposed in the CCU technology 

CCU consist of two separate steps: the capture and the conversion steps. While the 

overall efficiency of the process depends on their combination, they are studied often 

independently.[12,13] CO2 is captured with adequate agents, such as amines or alkaline 

solutions, isolated while regenerating the capture medium, and compressed to be 

supplied to a conversion system.[14] This last occurs in a pure, gaseous form, as a derivate 

(such as carbonate and carbamate) or sequestrated in a material.[15ς17] The captured 
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form will also determine how easy is to convert it afterwards and the overall CCU 

efficiency (e.g., carbamates require >100 °C to release CO2). 

For CO2 conversion several technologies have been proposed, being the most significant 

summarized in Table 1.1. From these conversion strategies, the electrocatalytic 

conversion of CO2 (eCO2R) is gaining increasing interest in the scientific community since 

it allows more flexible use of electricity (i.e., demand side management), presents a one-

step conversion of CO2 to C1, C2 and even C2+ products and potentially allows the 

production of a wide range of molecules (see Table 1.1).[18ς20] Both CO2 capture and 

conversion will be discussed in the next chapters (1.2 and 1.3) separately.  

Table 1.1. Some technologies proposed to convert CO2.[21] 

Technology Energy input Main product(s) TRL References 

Thermocatalysis Heat and 

pressure 

Methanol, 

methane, urea 

Methanol: 5-9 

Methane: 8-9 

Urea: 9 

[22] 

Mineralisation Chemical 

(reaction with 

metal cations) 

Carbonate salts  Concrete 

ingredients: 4-8 

Concrete curing: 7-8 

[23] 

Electrocatalytic Electricity CO/syngas, 

formic acid, 

other C1 and C2+ 

CO/syngas/formic 

acid: 4-8 

C2+: 1-3 

[24,25] 

Bioelectrocatalytic Electricity Methane 4-7 [26] 

Photo(electro)catalysis Solar with or 

without 

electricity 

Methanol, 

methane 

1-3 [27,28] 

Plasmacatalytic Weak-ionised 

plasma 

CO, methanol, 

ethylene, other 

C2+ products 

1-3 [29] 
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1.2 CO2 Capture 

CO2 can be captured from the air, namely Direct Air Capture (DAC), or industrial waste 

stream, namely flue gas capture.[30,31] To separate CO2 from the gaseous media, firstly 

a reactive absorbent solution (like amines or alkaline solutions) is used. Then, CO2 is 

stripped from the absorbent and stored as a high pressurised, pure gas (>99.9%). 

However, depending on which source is the CO2 captured (air or flue gas), the process 

varies since the concentration of CO2 and composition of the source is different (i.e., %CO2 

in flue gas lies between 1-10% while it is 0.04% in air).   

A typical DAC concept is shown in Figure 1.4. By using a ventilator system, the air is 

directed at a certain flow rate through the contactor module where it reacts with the 

capture solution, i.e., NaOH, which is separated from the air via a membrane contactor 

(see Annex A.1.1). The atmospheric CO2 reacts with NaOH to form Na2CO3. To separate 

the Na2CO3 from the aqueous solution, a causticization with Ca(OH)2 is performed, 

converting the Na2CO3 to CaCO3. Since CaCO3 is insoluble in water (0.013 g L-1), it 

precipitates as a solid and can be separated from the rest of the solution. In this step, the 

NaOH is recycled, too. Finally, the CaCO3 is calcinated to extract the CO2 and, by Lime 

hydration, is regenerated back to Ca(OH)2. The CO2 is compressed and stored. 

On the other hand, a process to capture CO2 from flue gas is shown in Figure 1.5. Since 

the concentration of CO2 in flue gas is much higher than in air (1-10% vs 0.04%) the 

process is less energy intensive. As will be discussed in Chapter 4, this technology is 

already applied on industrial scale. The flue gas is collected from the industrial point 

source and enters an absorber module where the liquid absorbent, an aqueous amine 

solution, is sprayed in the scrubber. The amine in the small droplets reacts with the CO2 

to form carbamate. Afterwards, the carbamate solution is thermally treated in a stripper 

and the amine and CO2 are isolated and stored in a pure form.  
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Figure 1.4. DAC Process using sodium hydroxide as the absorbent and including a solvent 

regeneration step. Re-drawn from [32] 

 

Figure 1.5. CO2 capture from flue gas by using an amine solution as an absorber and 

regenerating the solvent in the stripper. Re-drawn from [33] 
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1.3 Electrochemical CO2 conversion 

Once CO2 is captured, compressed, and stored with high purity, it is converted into 

valuable products, such as plastics, syngas or fuels, by applying energy. As mentioned 

earlier, electrocatalysis is a promising conversion method and is selected for elaboration 

in this thesis. The electrocatalytic, or in other words, the electrochemical CO2 conversion 

is a reaction where the CO2 is converted, by applying electricity as energy source, to a 

species with a lower oxidation state, and thus electrochemically reduced. For this reason, 

the electrochemical CO2 conversion is more commonly named electrochemical CO2 

reduction (eCO2R).  

A variety of eCO2R products exist and it is important to evaluate the economic viability of 

the corresponding process within a given value chain by a techno-economic analysis 

(TEA). Each product requires a different catalyst system, reaction pathway (Figure 1.6) 

and amount of CO2 feedstock and energy to be produced, showing a different market 

value range. The system can be evaluated mainly by two means: high volume production 

and/or high value of the product. From the list of products shown in Table 1.2, formic acid 

(HCOOH) and CO are posed as two of the most promising products for the applicability of 

the CCU technology. Formic acid is a bulk chemical of high interest in energy storage 

(formic acid fuel cell) and as a precursor building block for the chemical industry.[34,35] 

On the other hand, CO is used for syngas production when mixed with H2 and as a 

chemical building block, too.[36,37] Nevertheless, C2 and C3 products show the highest 

valorization potential, like ethanol, due to their direct application as fuels and their 

potential higher (premium) price. 

As observed in Table 1.2, CO and formic acid, although the market price is lower than 

other products such as methanol and ethanol, have the highest market price per electron 

spent, thus being firm candidates for the development of CCU technologies. In this 
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context, some pilot plants for the electrochemical conversion of CO2 to formic acid and 

CO are already running, which will be discussed in Chapter 4. 

In this doctoral thesis, formic acid was selected as the target product for the eCO2R, as an 

ΨŜŀǎȅΩΣ ƭƻǿ-risk molecule, for R&D purposes. Since eCO2R systems are, usually, based on 

(mild)alkaline electrolytes, formate will be the species formed. To obtain formate from 

CO2, Sn-based electrocatalyst was used based on their outperforming properties (cheap 

in cost, abundant, non-toxic, widely studied and highly selective).[38] Eventually, for the 

upscaling studies, CO was targeted, too, using, a Ag-based catalyst. 

Table 1.2. Market price and yearly global production of some eCO2R products (2018). 

Some electrocatalysts able to convert CO2 to specific products. [39,40]  

eCO2R 

Product 

nх 

electrons 

Market 

price 

($/kg) 

Normalized 

price  

($/e-) × 103  

Yearly 

production 

(Mt) 

Electrocatalyst References 

CO (syngas) 2 0.06 0.8 150 Ag, Au, Cu [41ς45] 

CO 2 0.60 8.0 - 

HCOOH 2 0.70 16 0.60 Pb, Sn, Pd [38,46,47] 

CH3OH 6 0.60 3.1 110 Cu/CuOx [48,49] 

CH4 8 0.18 0.4 250 Cu/CuOx [50,51] 

CH3CH2OH 12 1.00 3.8 77 Cu/CuOx [52,53] 
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Figure 1.6. Overview of reaction pathways for eCO2R towards different products. Reproduced with the permission of [39]
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1.4 Integrating the capture and the conversion of CO2 

The capture and the electrochemical conversion steps have been well defined and studied 

separately. There exist already pilot plants for both DAC and eCO2R systems (see Chapter 

4 and 3, respectively). Furthermore, some industries (i.e., petrochemical) have installed 

flue gas capture systems in their waste stream to decrease the carbon print their 

processes leave. Although these systems are at high Technology Readiness Level (TRL), 

technological feasibility is not yet reached when evaluating the overall CCU process as a 

combined system. The efforts to reach this feasibility lay on optimizing even further the 

capture or the conversion step, as separate steps. Nevertheless, high energy (see Chapter 

1.5) is spent in the minor steps that connect the capture and the conversion step, often 

neglected in research. For instance, one-third of the costs in capturing CO2 lay in 

regenerating and compressing the CO2 after it has been captured, since most of the 

conversion technology in the state-of-the-art requires pure, high concentrated CO2 to 

operate. Therefore, if these steps are avoided, the capital and operational costs of 

technology decrease, as will be discussed in the techno-economic assessment (TEA) of 

Chapter 1.5. 

An integrated capture and electrochemical CO2 conversion system is proposed (Figure 

1.7), where CO2 is captured from the air by DAC, however, this time, less concentrated 

KOH is used as capture solution instead of concentrated NaOH solution. This choice is 

two-folded: Firstly, since the CO2 must be captured in form of an aqueous (bi)carbonate 

solution, the final concentration of the salt must lay below the solubility point (between 

2 and 3 M, depending on the temperature and pressure). Secondly, K+ is preferred over 

Na+ in the conversion step since the conductivity is higher (less ohmic drop). This time, 

the causticization step is avoided since there is no interest in separating the CO2 as a solid 

carbonate. The post-capture solution, composed of potassium bicarbonate (KHCO3, to 

simplify is mentioned just as bicarbonate in this thesis), is directly supplied to the 

electrochemical cell. There, potassium bicarbonate has both the role of electrolyte and 
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CO2 source, delivering CO2, that comes from the equilibrium with water, to the surface of 

the electrode, where it is converted. The post-conversion solution leaves the electrolyser 

and enters a downstream process (DSP) where the carbon product is separated from the 

rest of the solution, KOH an bicarbonate, which is recirculated to the capture step to start 

the procedure again.[54,55]  

In the next section, a TEA is performed, where the integrated strategy (CO2 is captured 

and supplied as bicarbonate to the electrolyser) is compared to the conventional two-

step route (CO2 is compressed and regenerated before being supplied to the electrolyser). 

The aim is to deliver a context for the integrated concept, as well as identify the 

advantages and limitations of the strategy compared to the state-of-the-art two-step 

route. 

 

Figure 1.7. Schematic representation of an integrated CO2 capture and electrochemical 

conversion system involving KOH as capture solution. 
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1.5 Techno-economic assessment: Integrated vs. Two-step route 

This section aims to evaluate and validate the economic feasibility of integrated CO2 

capture and conversion. More concretely, CO2 captured from air using an alkaline solvent 

(KOH in water) is considered, after which the resulting (bi)carbonate stream is sent to an 

electrochemical cell, where the CO2 is released again and directly converted into a 

valuable product. This novel route is compared with the conventional approach, whereby 

CO2 capture and electrochemical conversion are done in two distinct steps. 

DAC is assumed to be a technology that delivers the CO2 feedstock in the present work. 

More specifically, the technology developed by the Canadian company Carbon 

Engineering is considered.[32] The carbon engineering process has been described in 

detail by Keith et al. (2018). This article constitutes the basis for the mass and energy 

balances of the CO2 capture step in the present work. Interestingly, the article provides 

energy consumption data for each of the main unit operations separately, too. This allows 

for studying the novel route, which only uses the air contactor step, and benchmarking it 

with the conventional approach. This technology consists of four main unit operations. 

First, the air is brought into contact with a capture solution containing KOH. During this 

process, CO2 is absorbed in the form of potassium (bi)carbonate, while other gases flow 

through the contactor without reacting. The subsequent unit operations (pellet reactor, 

calcination and slaker) serve to release the CO2 in a pure form and to recover the capture 

solution so that it can be re-used. Data about the electrochemical conversion of pure CO2 

and (bi)carbonate have been obtained from the work of Verma et al. (2017) and Li et al. 

(2019) respectively.[56,57] CO has been considered the target product since for this 

product there is substantial data for both routes available. This TEA is scalable to other 

products, however sensitive differences must be considered such as the selectivity of the 

reaction (<20 % for C2+ products) or the valorisation of co-reactions (i.e., HER is valorised 

in the integrated route when CO is targeted since it will be further used for syngas 

production) 
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Table 1.3 summarizes the main mass and energy-related parameters for the two-step 

(conventional) and integrated route. The overall trade-off between the two options is 

clear: the integrated route allows to avoid most of the energy consumption in CO2 capture 

and its efficient use in the electrochemical conversion step. However, the integrated 

route faces higher energy consumption in the electrochemical conversion step due to the 

less energy-efficient electrolysis (carbonate electrolysis presents lower FE than 

conventional eCO2R). In addition, Faradaic efficiency (FE) is lower. 

Table 1.3. Comparison of the process performance of the two-step and integrated route. 

Cell potentials at which industrially relevant current densities (> 200 mA cm-2) have been 

achieved are chosen. 

Parameter Two-step route Integrated route  

CO2 capture 

CO2 regeneration energy consumption 
(MWh tCO2

-1) 
1.46 0 

Auxiliary system energy consumption 
(MWh tCO2

-1) 
0.40 0.08 

Electrochemical conversion 

Cell potential (V) 2.3 3.5 

Faradaic efficiency 90% 30% 

CO2 utili sation - single pass 10% 100% 

CO2 utili sation - incl. recycling of exit 
CO2 

60% 100% 

Reference [56] [57] 

 

A single pass CO2 utilisation is assumed in the study of Li et al. (2019) (integrated route) 

as 100% of the captured CO2 is stored as carbonate in the carbon pool, and therefore not 

lost, eventually being reduced in the cyclic technology. A crucial feature of the proposed 
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integrated route is the ability to regenerate the capture solvent (KOH) during the 

electrochemical conversion step, so that afterwards it can be recycled to the CO2 capture 

step, closing the loop. However, this can only be assumed if the capture efficiency stays 

at 100%, i.e., if KOH is 100% recovered and not lost in the process (for example, by salt 

precipitation). This is highly unlikely, and these energy losses were not considered in the 

approach of Li et al. Nevertheless, we decided to use this assumption for the TEA to 

simplify the model, although for future, more detailed models, an accurate value for the 

single pass CO2 utilization must be used.  

Concerning the importance of FE when producing CO, it needs to be kept in mind that in 

industrial applications CO is only an intermediate of methanation (CO + 3H2 Ą CH4 + H2O), 

and is often used in conjunction with H2 which is the main by-product of the 

electrochemical conversion step. Fischer-Tropsch (F-T) based conversion of syngas 

requires an H2/CO molar ratio of about 2, implying that a FE of 33% would already be 

sufficient if the remainder of the current is spent for H2 production. For that reason, we 

consider the FE of the integrated pathway high enough and a scenario with FE = 33% for 

both cases. This ratio would allow the production of different synthetic fuel types, e.g., 

for aviation, through the F-T process. 

As said, the assumptions for the CO2 capture step are all based on the work of Keith et al. 

(2018). As for operational and maintenance costs (OPEX), the integrated route was 

assumed to have one-fourth of the cost of the two-step route, since only one out of four-

unit operations remains in place (= the air contactor). This assumption is an 

approximation since every process presents different OPEX, therefore results might 

slightly differ (increasing or decreasing the costs) if the OPEX costs are accurately 

calculated for the integrated route. The electrolyser cost data are all based on information 

about conventional water electrolysers (see Mayyas et al. 2019).[58] A critical assumption 

here is that the CO2 electrolyser would achieve stable operations over a prolonged period 

(multiple years), which is required to bring down the CAPEX to an acceptable level. It is 
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also assumed that, after electrolysis, unreacted CO2 would be separated from CO and H2 

ǎƻ ǘƘŀǘ ƛǘ Ŏŀƴ ōŜ ǊŜŎȅŎƭŜŘΦ ! ǎŜǇŀǊŀǘƛƻƴ Ŏƻǎǘ ƻŦ пл ϵ ǘ-1 is maintained based on Ramdin et 

al. (2019).[59] Since for the integrated route full CO2 utilization has been reported, this 

cost is not applicable there. Table 1.4 summarizes the economic assumptions made in the 

TEA. 

Table 1.4. Economic assumptions as described by Keith et al. (2018).[32]   

Parameter Two-step route Integrated route 

 CO2 capture 

/ŀǇǘǳǊŜ Ǉƭŀƴǘ /!t9· όϵ tCO2
-1year-1) 796 250 

hǇŜǊŀǘƛƻƴŀƭ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘǎ όϵ 
tCO2

-1) 
42 10.5 

Capture plant lifetime (year) 20 

 Electrochemical conversion 

Electrolyser /!t9· όϵ kW-1) 1000 

Stack lifetime (h) 40000* 

Balance of plant lifetime (year) 20 

Operational and maintenance cost 
(%CAPEX year-1) 

1.75 

Downstream processing (CO2 
separation fǊƻƳ ǎȅƴƎŀǎύ όϵ tCO2

-1) 
40 n.a. 

 General 

9ƭŜŎǘǊƛŎƛǘȅ Ŏƻǎǘ όϵ MWh-1) 50 

WACC (%) 7.5 

Operating hours (h year-1) 8000 

*Recently, Sargent et al., proposed a lifetime of 80000 h as desirable, based on values 

reached by industrial water electrolyzers.[60] Nevertheless, the data proposed by Keith 

et al. (2019), was used in the TEA since a more detailed model was delivered. 
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Based on the assumptions listed in Table 1.3 and Table 1.4, the syngas production cost 

was derived (assuming that both CO and H2 would be valorised). This reflects the 

minimum syngas price that would need to be obtained to cover all expenses over the 

project lifetime and offer investors their required return on capital. Electricity is assumed 

to be the sole source of energy for all process steps. The original Carbon Engineering 

approach envisages natural gas as an energy source for the thermally driven process steps 

(whereby also these emissions are captured), however, we assume that this cannot be a 

long-term solution due to the fossil source energy input. As can be observed, the 

integrated route offers a major cost reduction at the level of the CO2 capture step (Figure 

1.8). While the conventional CO2 capture approach leads to a cost of >нлл ϵ ǘ-1, this would 

rather be <рл ϵ ǘ-1 in the integrated route. A strong cost reduction is observed across all 

main categories: CAPEX, electricity cost and operational and maintenance cost. This result 

is intuitive since the integrated route allows for a major process simplification of the CO2 

capture step (only the air contactor is required). 

 

Figure 1.8. Comparison of the CO2 capture cost of the integrated and two-step route 
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However, as indicated previously, the direct use of (bi)carbonate solutions instead of pure 

CO2 has a downside in that the energy efficiency (EE) of the electrochemical conversion 

step is lower. To evaluate which of the two effects prevails, the total syngas production 

cost was calculated for both the integrated and two-step route (Figure 1.9). It is for 

(bi)carbonate found that, despite the high cell potential of the integrated route, this 

option is more economical than the two-step approach. The gains in terms of CO2 capture 

costs seem to outweigh the extra electricity consumption. If the cell potential of the 

integrated route would be 4 V instead of 3.5 V as assumed here, the cost of both routes 

would be roughly equal.  

 

Figure 1.9. Comparison of syngas production cost of the two-step and integrated routes 

(IR) 

The analysis has assumed baseload operation (8000 hours year-1ύ ŀǘ рл ϵ MWh-1, which is 

the historical electricity price for large industrial consumers in the EU. However, since in 

the integrated route CO2 can be easily stored in a liquid form, intermittent operation with 
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a direct connection and renewable power source can be envisaged. This comes at the 

expense of fewer operating hours, but avoids grid tariffs, taxes, etc. related to baseload 

operation. Using an ŜȄŀƳǇƭŜΣ ǿŜ ŎƻƴǎƛŘŜǊ ŀ ǎŎŜƴŀǊƛƻ ǿƛǘƘ пллл ƻǇŜǊŀǘƛƴƎ ƘƻǳǊǎ ŀƴŘ ол ϵ 

MWh-1 (e.g., through a combination of solar PV and onshore wind). This provides an 

avenue for further cost reductions in the (bi)carbonate route (Figure 1.9 ς flexible 

operation). 

Whereas a significant cost reduction appears possible concerning the two-step approach, 

it needs to be noted that all production costs obtained here remain elevated όҔ млл ϵ 

MWh-1ύΦ CƻǊ ǊŜŦŜǊŜƴŎŜΣ ǘƘŜ ŎǳǊǊŜƴǘ όƘƛƎƘύ ǇǊƛŎŜǎ ƻŦ ƻƛƭ όмлл ϵ barrel-1) correspond to about 

сл ϵ MWh-1.  Ideally, further cost reductions would be achieved, for example in the form 

of lower cell potential through improved bipolar membranes as well as lower electrolyser 

cost. Additionally, the results presented in this TEA are highly sensitive to parameters 

such as the loss of electrolyte, the cell potential or the (unreacted) exit CO2. Therefore, a 

sensitivity analysis was performed. 

As for future research, it is important to further validate the alkalinity regeneration 

principle, since losses in alkalinity of the capture agent would quickly erode the benefit 

compared to the two-step approach (Figure 1.10). A loss of about 5% of the molar amount 

of KOH required to capture 1 mol of CO2 during each cycle is sufficient make the two-step 

route more economical. Higher losses drastically increase the production cost. 

Another critical parameter to consider is the cell potential of the integrated route. Since 

electricity cost represents more than half of the total cost of this route, any deviation in 

terms of cell potential has a very measurable impact. At around 3.75 V, the integrated 

and two-step route perform equal, while improvements can lead to a significant cost 

reduction, and vice versa (Figure 1.11). 
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Figure 1.10. Impact of electrolyte losses in the integrated route on syngas production 

cost. 

 

Figure 1.11. Impact of the cell potential of the integrated route on syngas production cost. 
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A third parameter considered is the amount of exit (unreacted) CO2 found in the syngas 

after reaction. While Li et al. (2019) have not found any exit CO2 in the syngas stream, 

other articles on bicarbonate electrolysis have done so. Therefore, the impact of varying 

the amount of exit CO2 is shown in Figure 1.12, for two different CO2 separation costs.  

While low levels of exit CO2 (<10%) have little effect on the production cost, higher rates 

are found to have a measurable impact on the production cost.  

It should be noted that here it is assumed that CO2 separated from syngas can be recycled 

again to the electrochemical conversion step. Considering that there are commercial 

technologies available to separate CO2 from CO/H2 mixtures, such as pressure swing 

adsorption (PSA), this seems like a plausible assumption.  However, Li et al. (2019) have 

noted that this recycling has not yet been demonstrated experimentally. 

 

Figure 1.12. Impact of the amount of exist CO2 and DSP cost on syngas production cost 

(integrated route only). 
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It is clearly shown how, in the integrated concept, the costs are decreased compared to 

the conventional two-step strategy. However, to reach this economic feasibility, first 

bicarbonate electrolysis must be properly understood, as the reports are almost non-

existent and the mechanism is not clear. Additionally, a proper method to deliver DAC 

solutions (with enough bicarbonate) to the electrolyser is needed as, up to day, only 

synthetic bicarbonate solutions were used as a CO2 source (for fundamental research). By 

the end of this thesis, we want to propose a commercialization strategy of the integration 

route by improving the metrics of bicarbonate electrolysis (i.e., FE>30%) and successfully 

delivering highly concentrated bicarbonate solutions (>0.5 M) to the electrolyzer. It is 

essential that the conversion parameters shown in Table 1.3 (FE 30% at 200 mA cm-2) are 

taken as reference for the realization of this thesis. Based on these premises, the scope 

and outline are developed, which are discussed in the following chapter.
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Scope and outline 

 

 

 

 

 

 

 

 

 

 

 

 

 

THE OVERALL SCOPE, OUTLINE AND GOALS OF THIS DOCTORAL THESIS WILL BE 

EXPLAINED IN THIS CHAPTER, ENABLING THE READERS TO COMPREHEND THE 

STRUCTURE AND FLOW OF THE WORK. 
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2.1 Scope 

From the TEA of section 1.5, it is concluded that integrating the CO2 capture and the 

electrochemical reduction of CO2 is a promising strategy to reduce the costs of such CCU 

technology. In this context, although for eCO2R these products have been widely 

reported, converting (bi)carbonate into useful chemicals (like formate or CO) selectively 

and efficiently (i.e., FE>30%) remains a major challenge. At the start of this work, 

bicarbonate reduction was almost non existing in literature, even at the most 

fundamental level. It was even discussed within the scientific community if the reaction 

was feasible at the usual operating conditions of eCO2R. From that point, the challenge 

was clear: how can we make (bi)carbonate electrolysis work? To unravel this, first, a more 

fundamental question had to be asked: What is the mechanism of the electrochemical 

(bi)carbonate reduction? Literature was not very concise on the reaction pathway, being 

debated within two schools of thought: the bicarbonate anion is directly reduced, or it 

provides CO2 which is later reduced. Only after understanding the mechanism of 

(bi)carbonate reduction, the engineering aspects of the reactor could be properly studied. 

Different parameters, such as the temperature, flow of catholyte or catalyst configuration 

affect the reaction efficiency in different ways such as thermodynamically (e.g., 

electrochemical potential) or kinetically (e.g., mass transfer of reactants). Lastly, after 

obtaining the know-how and proving that (bi)carbonate can be electrolyzed at relevant 

current densities (10-400 mA cm-2), (bi)carbonate solutions, this time obtained by 

capturing CO2 from the air, were electrolyzed  

The goal of this doctoral thesis is to deliver a proof of concept and provide know-how on 

the integration of capture and electrochemical CO2 conversion, therefore upscaling from 

TRL 1 (fundamental research) to TRL 4 (proof of concept). Only by proving that a 

bicarbonate electrolyzer can convert post CO2 capture solutions, a proper 

commercialization strategy can be proposed towards TRL 8-9. This strategy should include 

the optimization of the capture system and the direct integration of the electrolyzer to 
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the capture process (TRL 4-6) finally leading to a pilot plant (TRL 7) (Figure 2.1). Our target 

is that with the results obtained in this thesis, the industrialization of an integrated CO2 

capture and conversion system is closer to reality. 

 

Figure 2.1. TRL scale of eCO2R technologies 

2.2 Strategy 

The strategy of the research performed in this thesis is based on three major pillars: 

literature review, fundamental research, and reactor engineering. 

Firstly, a revision of the state-of-the-art of eCO2R technology is performed, both in the 

frame of upscaling towards industrialization and the integrating concept. This is crucial to 

understand the implementation status, as well as to identify the challenges and 

bottlenecks.  

Secondly, a more fundamental approach is applied, i.e., the mechanism of bicarbonate 

electrochemical reduction is unravelled. An understanding of the role of bicarbonate as 

substrate in eCO2R is necessary to propose a pathway towards upscaling.  


























































































































































































































































































































































































































































































































































