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The level of C&OIn the atmosphere is increasing to unprecedented levels leading to a
global warming era. Reducing the amount of,@®m the atnosphere by capturing it is
crucial to decrease the effects of climate change and eventually revert it. However,
capturing CQis costly and inefficient if it cannot balorisedafterwards. Capturing GO
and utilizing it to produce chemical building bloskithin the frame of Carbon Capture
and Utilization(CCUYechnologies is receiving a lot of attention. In this respesing
alkaline solutiongo capture CQ and the electrochemical CQ@eduction are promising
technologes to convert CQ into valuable poducts and as such reduce greenhouse
emissions whilevalorisingthe CQ. However, the capture and electrochemical .CO
conversion have been investigated almost exclusively as separate proce&ses.
disadwantage is that gaseousCQ is desorbed and compressetb be fed to the
electrolyser with an important contributionto operational costs. To improve the
valorisation integrating the capture and conversion steps by utilizing the qpapture
solution, in he form of bicarbonate, directly as a £€€durce forthe electrochemical CO
reduction is a promising approach. This technology is however limitadebglow CQ
release rate at the catalytic interphase and the high competition with undesired co
reactions like the Hydrogen Evolution Reaction (H&#R)g themain reasons fotow
Faradaic efficiencies and partial current densiti&s. increasethe feasibility ofthe
integrated concepiand delivering the knovinow of the technologythis doctoral thesis is

elaborated.

In the first part, an overview of the conteiks given, discussing the role GICUn the
battle againsglobal warming. In addition, the most fundamehéspects of th&€€ CU value

chainare explained



Abstract

In the second part, the readdas provided with the most recent information on the
industrialization of CQ electroreduction andthe integration of CQ capture and
electrochemical conversioin two literature reviews It is shownthe technologyis
promisingand hence still in its early stagesf development whereengineering and
energetic aspects limihe up-scalability towards applicatioffhese shortomingsformed

the starting pointfor this thesis

The third part consists ofthree experimental chapters. A fundamental study on the
mechanism of bicarbonate electrolysis is provided. It was proven hoartimnate was

not the substrate of the electrochemical reaction bhostead the CQ supplied via an
equilibrium of bicarbonatein water. In addition, bicarbonate was found to be a proton
donor specis, promoting theHER the main cereaction, thus limitig the efficiency of

the reaction. A strategy to inhibit the Hydrogen Evolution Reaction was proposed,
increasing the faradaic g€iency of the reaction. Additionally, based on the findings of
these chaptersa novel integrated capture and conversion systavolving biomimetic

catalysis is proposed.

Lastly, an upscaled bicarbonagdectrolyserwas built. The engineering aspects of the
electrolysemwerestudied,andthe parametersverescreened to identifghe mostenergy
efficient operational window Theg optimal parameters were later used for a prauff
concept Direct Air Capturelectrolyser For the first time, Cfwas captured fronthe air

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

By the reakation of thisthesis we provide the necessary background on bicarbonate
electrolysis, whickenables further research focused on upscaling the integrated concept.
Additionally, we have benchmarked a procedure to capture and converinGiDe and a
single systenwhich, although it is stilin its early stagescontributesto a great exted

the development ofthe technology to higher Technology Readiness Levels.
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De CQ-gehaltein de atmosfeer stijgt tohooit eerder gezienaiveaus, wat leidt tot een
tijdperk van opwarming vaons planeet Het verminderen van de hoeveelheid £©de
atmosfeer door het af te vangen is cruciaal om de effecten van klimaatverandering te
beperkenen uiteindelijk terug teschroeven Het afvangen van G@ echter kostbaar en
economschinefficiént als het achteraf niet gevaloriseerd kan worden. gibuik van
CQ als grondstofom chemische bouwstenen te produceren in het kader Garbon
Capture and Utilizatiokrijgt veel aandacht. In dit opzicht hebbamine-gebasserde of,
in hetalgemeenalkalische oplossingen bewezen efficiénte-@®angoplossingete zijn
en de elektrochemische G@©onversie is een veelbelovende technologiBeide
processen worderechter bijna uitsluitend als afzonderlijke processen onderzoEbh
complexitet van afvang is de desoptie v&Q uit de opvangoplossing erervolgenge
compressievoordat het naar de elektrolyser wordt gestuueh omgezet Deze factoren
hebben een belangrijke contributie e operationele kasvan de toepassingOm de
economighe haalbaarheidte verbeteren, kunnen de afvang en conversiestappen
idealiter géntegreerd worden waarbij de postcaptureoplossing, dei CQ
geconcentreerdin de vorm van bicarbonaabevat en direct als C@&bron voor de
elektrochemische C&reductiekandienen Deze technologie wordt echtéeperkt door
lage Faradagfficiéntie en partiéle stroomdichtheden, wateidt tot eenlangzame C®
afgifte bij de katalytische interfase en de hogempetitie met nevenreactieszoals de

waterstofevolutiereactie.

Eers wordt een overzicht gegeven van de context waarinatitierzoekzich afspeelt,
waarbij de rol van Cfals broeikaseffect wordt besproken en déarbon Capture &
Utilization wordt voorgetseldom dit tegen te gaan. Daarnaast worden de meest

fundamenteleaspecten van afvang en elektrochemische-@0nversietoegelicht

Xi



Samenvatting

Vervolgens wordt de lezemet twee literatuurstudiessoorzien van de meest recente
informatie over de industrialisatie van g€lektroreductie en overthet geintegreerd
concept Hier wordt aangetoond in welke mate hoewel het veelbelovend is, de
technologie nog inzijn kinderschoenen staatnaast detechnische en energetische
aspecten die de opschaalbaarheid beperken. Vanuit deze tekortkomingen is het

onderzoekskader van dit proefschrift otdan.

In het derde deel zijn drie experimentele hoofdstukken te vinden. Er wordt een
fundamentele studie gegeven over het mechanisme van bicarbonaatelektrodyse
bewezendatbicarbonaat nieageert alsubstraat van de elektrochemische reactie, maar
in wel CQ in de evenwichteactie met water. Bovendien bleek bicarbonaat een
protondonorsoort te zijn, die de waterstofevolutiereactie, de belangrijkstgerreactie,
bevoordelt, waardoor dereactieefficiértie beperkt wordt. Er werd een strategie
voorgesteld omde waterstofevolutiereactie te onderdrukken waardoor deFaraday
efficiéntie van debeoogle reactie werdbevorderd Daarnaast wordt, op basis van de
bevindingen van Hoofdstukken 6 en 7, een nieuw ge&itegreerd vang en

conversiesysteem voorgesteldp bass vanbiomimetische katalyse.

Ten slotte werd, een opgeschaalde bicarbonaatelektrobyggaraat gebouwd. De
technische aspecten van de elektrolyseur werden bestudeerd om de parameters
instellingenvoor eenenergiezuinigesysteem te idenficeren Deze weden vervolgens
gebruiktin eenproof-of-conceptexperiment, met de integratie van dairect Air Capture
toegepassing ende (bicarbonaat) ektrolyzer Voor het eerst werd CQuit de lucht
opgevangen ede afvamgoplossingervolgengyebruik in deslektrochemiscle omzetting

in formiaat en CO

Xii
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Carbon capture and the electrochemical reduction of £O

IN THIS FIRSTARTER OF THE THESIS, AN INTRODUCTION IS PROVIDED TO ENSUR
READERS CAN EASILY UNDERSTAND AND FOLLOW THE TOPICS AND DISCUSSION
WORK. AN OVERVIEW OF THE STRATEGY FOLLOWED TO CAPTURE AND CONVE
CQ, THE INTEGRATED CAPTURE AND ELECTROGCEERNREBUCTION, WILL BE
REVIEWED.

Thetechno-economicassessmenof the integrated and the twestep strategy(section

1.5) was performedn a collaboratiorwith Pietefjan Debergh from VITO.
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1.1 A strategy to reduce emissions: the capture and conversioQCOf

1.1.1CQ and the global warming

Current carbondioxide (C®) levels are higher than at any point in at least the past
800.000 years (Figure 1.[M). The last time that these levels were reached was more than
three million years ago when the temperate was~3 xC higher than during the pre

industrialeraand the sea level20x higher than todayj2]

450
400

350

highest previous
concentration (300 ppm)
.

300

250 .“'\“':’“ y ’\f:'((‘u J;:.r"

carbon dioxide (ppm)

200

ice age
150 (glacial)

100
800,000 600,000 400,000 200,000 0

years before present

Figure 1.1Global atmospheric carbon dioxide concentrationsA)G®Oparts per million
(ppm) for the past 800,000 years. Graph by NOAA Climate.gov based drodataiithi,
et al,, 2008, via NOAA NCEI Paleoclimatology Progtam.

The rise ofatmosphericCQ levels (currently over 400 ppm)s nostly @used by

anthropogenicactivity such as industrial wastgeneration energy production or fueled

2



CHAPTER 1: Carbon capture and the electrochemical reduction of CO

transportation[3,4] During millions of years, the plants pulled out the atmospherig CO
through photosynthesis and, in a little more thane century, we have retured that CQ
back to the atmosphergs] Every year, more GG@s liberated intothe atmosphere than
natural processes can remove, increasing the yearly net amount of atmosphexi¢nCO

the last decade, the growth rate was already 2.3 ppm year

50

40
Emissions from fossil

' 30 fuels, industry and land-

20

Gt CO,

2015 )
: negative

T : T T T T 1
1980 2000 2020 2040 2060 2080 2100
year

Figure 12. Amount of CQemitted per year (grey). The International Panel for Clanat
Change set a scenariorfthe global C@emissions to achieve a temperature anomaly of
no more than 2 °C, ideally 1.5 °C (red). A net&dssion approaches 10 Gt in 2050 and
is zero in 20706]

TheCQ molecule unlike other abundant gases in thémosphere like @or Ny, ab®rbs
energy in a variety of wavelengths (2002000 nm) within the infrared (IR) rangehéh
irradiated by infrared sunlighthe CQabsorbs tls energyand reemits it towards every
direction (which includes Earthgraduallyover time causing the greerduse effect and
therefore an increase in temperature in the EartAlthough greenhouse gases are
necessary to maintain the living conditions on Edr#h., they maintain the temperature

constant and within life conditias), an unbalance of these, as isetftase of C£) may
3
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Ol dzaS +y dzyO2y idNRff SR N FShisicgnseguemtdiKalied | IS N
global warmingGlobal warmings posing a threat to the safety of society asah result

in many alterations tohie environment, eventually imgerting human health and quality

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

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

droughts.

Reduing the amount of C®presentin the atmosphere is thus crucial tvoidthese
effects and eventuallyrevert the situation (Figure 1.2[pecreasing the emissions and the
production of CQis the most straightforward strategy to reduce the atmospheriec CO
concentrationhowever, althogh several global commitments have beemposedduring

the last decade, the levels atmosphericCQ are far from being reduced and are still
increasing8,9] Therefore, capturing the GOnust be includedn the strategy Several
technologies have beeproposed to tackle the challenge of reducing atmospherig CO

levels, being Carbon Capture & Utilization (CCU) one of the most prorfii€ing.
1.1.2Carbon Capture & Utilization

CCUwhich aims to valorise the G atechnology where C£Is captured fron a gasous
medium, like the atmosphere or flue gas, to be converted to valuable products such as
chemical precursorfike formic acid, C) plasticsand fuels (Figure 1.3)J11] Whenthe
capture of C@ (from fossil,biogenic sources or directly from ¢hair) is considered
different types of emission reductions can be identified that contribute to the
International Panel on Climate Change (IPCC) scedai@apture from fossderived CQ
and utilization(i.e., CQ feedstockis used for fuelrecycing); 2) Capture from fossil
derived CQ@ and utilization via mineralization or permanent £8orage where the
intended CQemissions are not released into the atmosphere and therefore avdided
permanentincorporation of C@into building materials bagskon concrete); 3)Jse of
biogenic C® (i.e., directly captured from the air) and utilization (where the £©

4
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captured andused in the chemical/fuel industry and theeleasedcyclically; and 4)
Captureof biogenic C®(as described in 3) combined withilization via mineralization
or permanent C@storage (as described in A)he thirdcaseoffers an optimistic scenario
where anthropogenic COs introduced into the chemical industry as a chemhbuilding

block, thus increasing the valorisation of CCU

CO, CAPTURE

N
t‘ Raw

materials
& Waste

| 006

\ CONVERSION

£} processes [N

<

Materials >

|C§3 Polymers"cﬁ,>

Figure 1.3CQ net cycle proposed in the CCU technology

CCU consist of two separate stepise capture andthe conversion stepsWhile the
overall efficiencyof the procesdepends on th& combination, they are studied often
independentlyj12,13]C0; is capturedwith adequate agents, such as amines or alkaline
solutions isolated whileregenerding the capture medium and compressed to be
suppliedto a conversion systeifd4] This last occurs iapure, gasousform, as a derivate

(such as carbonatand carbamateor sequestrated in a materil5¢17] The captured
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form will also determine how easy is to convert it afterwards and the oveéalU

efficiency(e.g., carbamates requirel00°Cto release Cg).

ForCQ conversionseveral technologies wva been proposegdbeing the most significant
summarized in Table 1.1From these conversion strategies, the electrocatalytic
conversion of C&eCQR)is gaining increasing interest in the scientific community since
it allows more flexible use of electiigi(i.e., demand side managemenpresents a one
step conversion of GQo G, G and even & products and potentially allowsthe
production ofa wide rangeof molecules(see Table 1.118¢20] Both CQ capture and

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

Table 1.1 Some technologies proposed to convertAZ1 ]

Technology Energy input  Main product(s) TRL References
Thermocatalysis Heat and Methanol, Methanot 59 [22]
pressure methane, urea  Methane 89
Urea: 9
Mineralisation Chemical Carbonate salts Concrete [23]
(reaction with ingredients: 48
metal cations) Concrete curing:-B
Electrocatalytic Electricity COl/syngas, COl/syngas/formic  [24,25]
formic acid, acid 4-8
otherGand G+ G+ 13
Bioelectrocdalytic Electricity Methane 4-7 [26]
Photo(electro)catalysis Solar with or ~ Methanol, 1-3 [27,28]
without methane
electricity
Plasmacatalytic Weakionised CO, methanol, 1-3 [29]
plasma ethylene, other
G+ products
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1.2CQ Capture

CQ can be captued from the air, namely Direct Air Capture (DAC), or industrial waste
stream, namely flue gas captuf@0,31]To separate C&rom the gagousmedig, firstly
a reactive absorbent solution(like amines or alkaline solutiong used. Then, GQs
stripped from the absorbent and stored as lasigh pressused pure gas(>99.9%)
However, dependingn which sources the CQ captured(air or flue gas)the process
variessince the concentration of G@nd composition of the sourcedsferent(i.e., %C®

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

A typical DAConceptis shown in Figure 1.4. By using/entilator system, the air is
directed at a certairflow rate through the contaabr module where it reacts with the
capture solutionj.e., NaCH, which isseparated from the air via a membrane contactor
(seeAnnex A.1.1 The atmospheric COeactswith NaOHto form NaCQ. To separate

the NaCQ from the aqueous solution, a causticization with CaOBl)performed,
converting the NeCQ to CaC@ Since CaCQs insoluble in waterQ.013 gL?), 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 CadCralcinated to extract the G@nd, by Lime
hydration, is regeneated back to Ca(Ok)The C®is compressed and stode

On the other hand, a process to capture 3@m flue gas is shown in Figure 1.5. Since
the concentration of C®in flue gas is much higher than in air{@% vs @4%) the
process is lesenergy inensive As will be discussed hapter 4, this technology is
already appliedon industrial scale. The flue gas is collected from the induspraganht
sourceand enters an absorber module where the liquid absorbentagneousamine
solution,is sprayed irthe scrubber. The aminen the small dropletseacts with the C®

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

and the amine and CGQreisolatedand gored in a pure form.
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Figure 1.4DACProcess usingodium hydroxide as the absorbeand including a solvent

regeneration step. Rdrawn from[32]
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Figure 1.5 CQ capture from flue gas bysingan amine solutioras an absorber and

regenerating the solvenin the stripper.Redrawn from[33]
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1.3Ekctrochanical CQ conversion

Once C®Qis captured,compressedand stored with high purityit is converted into
valuable productssuch alastics syngas ofuels by applying energyAs mentioned
earlier, electrocatalysis is a promising conversion rodthndis selectedfor elaboration

in this thesis. The electrocatalytic, or in other words, the electrochemicac@@version

Is a reactionwhere the CQ is converted by applying electricityas energy sourgeto a
specieswith a lower oxidation stateand thuselectrochemically reduced:orthisreason

the electrochemical COconversion is more commonly named electrochemicak CO
reduction (eCeR).

Avariety of eCeR productsexist andt is important to evaluatehe ecoromic viability of
the corresponding proas withina given value chaiby atechno-economic analysis
(TEA). Each product requires a different catasysten) reaction pathway (Figure 1.6)
and amount of CQfeedstock and eergy to be producedshowing a different market
value rangeThe system aabe evaluated mainly by two means: highlume production
and/or high value of the producErom the list of products shown in Tabl@ Iformic acid
(HCOOHANnd CO are posed as two of the most pronggomoducts for the applicability of
the CCU technolgg Formc acidis a bulk chemical of high interest in energy storage
(formic acid fuel cell) and as a precursor building block for the chemical ind@4i85]

On the other hand, CO is used for syngasduction when mixed with Hand as a
chemical butling block, tod36,37]Nevertheless, £and G productsshowthe 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,aditiough tre market price is lower than
other products such as methanol asthanol,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 corsren of CQto formic acid and

CO are already running, vahm will be discussed ithapter 4

In this doctoral thesis, fori acidwas selected as the target product for the eRDas an
WS | & ariekmolecle, for R&D purposeSince eCgR systers are,usually,basedon
(mild)alkaline electrolyts, formate will be the species formedTo obtain formate from
CQ, Snbased electrocatalyst was used basedtleir outperforming properties (cheap
in cost, abundant, notoxic, widely studied and highly seleat)[38] Eventually, for the
upscaling studieCO was targeted, too, usirgAgbased catalyst.

Table 12. Market price and yearly global production séme eCeR products (2018).
Some electrocatalys@ble toconvet CQ to specific productd.39,40]

eCOR nx Market Normalized Yearly Electrocatalyst References
Product electrons price price production

($/kg) ($le)x 16 (Mt)
CO (syngas) 2 0.06 0.8 150 Ag, Au, Cu [41¢45]
(6{0) 2 0.60 8.0 -
HCOOH 2 0.70 16 0.60 Pb, Sn, Pd [38,46,47]
CHOH 6 0.60 3.1 110 CuCuQ [48,49]
CH 8 0.18 0.4 250 CuCuQ, [50,51]
CHCHOH 12 1.00 3.8 77 CuCuQ [52,53]

10
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Methanol (y=3) and formaldehyde (y=1)

Formic acid (x=1
or folrmattle (§(=0)) % C? \

[L] co.

[ ] ¢, products
[ ] c.. products
.

Caal® /
4H + e
Z(H +e) '. 0 e
— OV
/S(H’+e')
Ethanol (z=3) and —
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Ethylene % % |

1-propanol and
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Figure 1.6 Overview of reaction pathways for egfOtowards different products. Reproduced with the permissiof88f
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1.4 Integrating thecapture and the conversion of GO

The capture and the electrochemical conversion steps have been well defined and studied
separately. Therexistalready pilot plans for both DAC and e@® systemgseeChapte

4 and 3, respectively) Furthermore someindustries(i.e., petrochentsal) 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 reasth when evaluatinghe overall CCU process as a
combined systemThe effortsto reach this feasibilityaly on optimizing even further the
capture or the conversion step, as separate steps. Nevertheless, high €seefihapter

1.5) is spent in the minorteps that connecthe capture and the conversion stepften
neglected in researchFor instanceone-third of the costsin capturing C@lay in
regenerating and compressing the £&ter it has been captured, since most of the
conversion technology in thstate-of-the-art requires pure, high concentrated ¢@
operate. Therefore, if these steps are avoided, the capital and operational costs of
technology decreases will be discussed the techno-economic assessmelflt EA)of

Chapterl.5.

An integrated epture and electrochemical G@onversion system is proposed (Figure
1.7), where C@is captured fromthe air by DAC, however, this time, less concentrated
KOH is used as capture solution instead of concentrated NaOH solutiorchdius is
two-folded: Frstly, since the C&must be aptured 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 themperature and pressuie Secondly, Ks preferred over
Na' in the conversiorstep sincethe conductivity is higher (less ohmic drop). This time,
the causticizatiorstep is avoided since there is no interest in separating theaS@ solid
carbonate. The postapture solution, composed giotassiumbicarbonate(KH®s, to
simpify is mentioned just as bicarbonate in this thesiss directly supplied to the

electrochemicatell. Therepotassiumbicarbonatehas both the role of electrolyte and
12
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CQ source, delivering COthat comes from the equilibrium with ater, to the surface of
the electrode, where it is converted. The pasinversion solution leaves tledectrolyser
and enters alownstream process (DSP) where the carbon product is separated from the
rest of the solution, KOBNbicarbonate which is recirculatetb the capture step to start

the procedure agaifb4,55]

In the next sectiona TEAIs performed where the integrated strateg¢CQ is captured
and supplied as bicarbonate to thedectrolyse) is compared to the conventional two
step route(CQ is compessed and regeneratdaeforebeing supplied to thelectrolysey.
The aim is to deliver a context for the integrated concept, as welidastify the
advantages and limitations of the strategy compared to the stdtthe-art two-step

route.

== N
CO, capture @

Ai fl

ir or flue gas ~= ~: x eCO R
~’Y§'Y§'- T_‘P co, -

® a4 AF
5 & 5"

KOH‘,q)] [(HCONNJ

Alkalinity regeneration

K.

KHCOg(aq, b COz‘aq) + KOH(Bq)

B )

KOH,,
CH,0,
DSP

Hgure 1.7.Schematic representation of an integrated Gfapture and electrochemical

conversion system involving KOH as capture solution.
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1.5 Techneeconomicassessment: Integrated vs. Tw&iep route

This section aim$o evaluateand validatethe economic feasibilt of integrated C®
capture and conversion. More concretely, £f&@ptured from air using an alkaline solvent
(KOH in wateris consideed, after which the resultingbi)carbonate stream is sent to an
electrochemical cell, where the G@ released again andirectly converted into a
valuable product. This novel route is compared with the conventional approach, whereby

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

DAC is assumed to lzetechnology that delives the CQ feedstockin the present work.
More specifically, the technology developed by the Canadian company Carbon
Engineering is considerdgd2] The carbon engineering process has been described in
detail by Keithet al. (2018) Thisarticle constitutes tle basis for themass and energy
balances of the CQapture step in the present work. Interestingly etarticle provides
energy consumption data for each of the main unit operations separgtaby This allows

for studyingthe novel route, which only uses the air conttarcstep, andoenchmarkingt

with the conventional approachrhis technology consists of four main unit operations
First,the air is brought into contact with a capture solution containing KOH. During this
process, C&s absorbed in the form of potassiu(bi)carbonate, while other gases flow
through the contactor without reacting. The subsequent unit operations (pellet reactor,
calcination and slaker) serve to release the (@@ pureform and to recover theapture
solution so that it can be rased.Dataabout the dectrochemical conversion of pure €0
and (bi)carbonate hae been obtained from the work of Vermet al. (2017)andLiet al.
(2019) respectivel}56,57] CO has been considered the target product since for this
product there is substantiadata for both routes availablélhis TEA is scalable to other
products, however sensitive differences must be considereth ashe selectivity of the
reaction(<20 % dr G+ products)or the valorisation of caeactions (i.e., HER is valorised
in the inegrated route when CO is targeted since it will be further used for syngas

production)
14
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Table 13 summarizes the main mass aedergyrelated parameters for the twestep

(conventional) and integrated route. The overall traofé between the two options is

clear: the integrated route allows to avoid most of the energy consumption yt&gure

and its efficient usein the electrochemical conversion stedowever the integrated

route faces higher energy consumption in the electrochemical conversion stejo doe

less energyefficient electrolysis (carbonate electrolysis presents lower FE than

conventional eCg&R) In addition,Faradaic efficiency (FE) is lower.

Table 13. Comparison of the process performance of the #8tep andintegratedroute.

Cell potertials at which industrially relevant current densities (> 200en¥X) have been

achievedare chosen.

Parameter Two-step route
CQ capture

CQ regeneration energy consumption 1.46
(MWh tCQ%Y)

Auxiliary system energy consumption 0.40
(MWh tCQO?)

Electrochemical conversion

Cell potential (V) 2.3
Faradaic efficiency 90%
CQ utilisation - single pass 10%

CQ utilisation - incl. recycling of exit  60%
CQ
Reference [56]

Integrated route

0.08

3.5

30%
100%

100%

[57]

A single pass CQitilisationis assumed in the study of &t al. (2019)(integrated route)

as 100% of the captured €9 storedascarbonatein the carbon pool, and therefore not

lost, eventually being reduced in the cyclic technolagygrucial feature of the proposed

15
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integrated oute is the ability to regenerate the capture solvent (KOH) during the
electrochemical conversion step, so that afterwaitdsan be recycled to the G@apture

step, closing the loogHowever, 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 highiynlikely, andthese energy losses wermt considered in the
approach of Let al. Neverthelessye decided to use this assumption for th&Ato
simplify the mocel, although for future, more detailed models, an accurate value for the

single pass Ctilization must be used.

Concerninghe importance of FE when producing CO, it needs to be kept in mind that in
industrial applications CO is only an intermediatenethanation (CO 3Hh A CH + HO),

and is often used in conjunction with Hwhich is the main byroduct of the
electrochemical conversion step. Fischieopsch (FT) based conversion of syngas
requiresan H/CO molar ratio of about 2, implying that a BE33% would already be
sufficient if the remainder of the current spent forH; production. For that reason, we
consider the FE of the integrated pathwlaigh enoughand a scenario with FE = 33% for
both cases. This ratio would allawe production ofdifferent syntheticfuel types e.g.,

for aviation, through the H process.

As said, the assumptions for the £fapture step are all based on the work of Kestlal.
(2018). As for operational and maintenance cofPEX)the integrated route was
assuned to haveone-fourth of the cost of the twestep route, since only one out &fur-

unit operations remains in place (= the air contactor).This assumption is an
approximation since every process presents different OPEX, therefore results might
slightly dffer (increasing or decreasing the costs) if the OPEX costs are accurately
calculated for the integrated routdheelectrolysercost data are all based on information
about conventional wateelectrolysergsee Mayyast al. 2019)[58] A critical assumion

here is that the Cé&electrolysemwwould 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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CHAPTER 1: Carbon capture and the electrochemical reduction of CO

also assumed that, after electrolysis, unreacted @0Guld be separatedrom CO and H

a2 GKFd AG OlFy 0SS NBO-e'®msiRained basadDhIRamdbti A 2 y
al. (2019)[59] Since for the integrated route full G@tilization has been reported, this

cost is not applicable there. Tablelsummarizes the economic assutigms made in the

TEA.

Table 14. Economic assumptiorasdescribed by Keitlet al. (2018)[32]

Parameter Two-step route Integrated route
CQ capture
[ | LIG dzNB LI (IC@iyear?)! t 796 250
hLISNI: GA2Y I |yR Y 42 10.5
tCO?)
Capture plant lifetime (gar) 20
Electrochemical conversion
Electrolyser/ ! t 9 kWp € 1000
Stack lifetime (h) 40000x
Balance of plant lifetime (gar) 20
Operational and maintenance cost 1.75
(% CAPE}ear?)
Downstream processing (GO 40 n.a.
separaton N Y & & y@4FHa 0
General
9f SOUNN OWOR O2ai 50
WACC (%) 7.5
Operating hours (lyear?) 8000

*Recently, Sargent et al., proposed a lifetime of 80000 h as desirable, based on values
reached by industrial water electrolyzg@0] Nevertheless, the data proposed by Keith

et al. (2019), was used in the TEA since a more detailed maasidelivered.
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Integrated capture an@lectrochemical conversion of 2O

Based on the assumptioristed in Table 13 and Table X4, the syngas production cost
was derived (assuming that both CO angd wbuld 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 gllocess stepsThe original Carbon Engineering
approach envisages natural gassagnergy source for ththermallydrivenprocess steps
(whereby also these emissions are captured), howgwerassume that this cannot be a
longterm solution due to the fassil source engyy input As can be observed, the
integrated route offers a major cost reduction at the level of the Cfpture step (Figure
1.8). While the conventional G@apture approacheads toa cost obH 51 1172, this would
rather be<p n 1én thé 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 famajor process simplification of the £0

capture step (only the air contactor is required).

250 . .

2
)
o
o

150

100

Capture cost, € tCO
N
o

Integrated route Two-step route

B CAPEX [ IElectricity - auxiliary systems
I Electricity - CO,, regeneration [l Operational & maintenance costs

Figure 1.8Comparison of the GQ@apture cost of the integrated and twstep route
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CHAPTER 1: Carbon capture and the electrochemical reduction of CO

However, as indicated previously, the direct use of (bi)carbonate solutistesaid of pure

CQ has a downside in that the energy efficien(®&E)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 tstep route (Figurel.9). It is for
(bi)carbonate found that, despite the high cell potential of the integrated route, this
option is more economical than the twaiep approach. The gains in terms of2C@&pture
costs seem to outweigh the extra electricity consumption. If dedl potential ofthe
integrated route would be 4/ instead of 3.%/ as assumed here, the cost of both routes

would be roughly equal.

200 | |

100 .

an

o
T

I

syngas production costs, € Mwh™’

Integrated route IR - Flexible operation Two-step route

I E ectrolyzer [ Electricity [ CO,, capture
B DsP I General OPEX

Figure 1.9Comparison of syngas production cost of the {step andintegratedroutes

(IR)

The analysis has assumedseloadoperation (8000 hourgear’d | UMWk which is
the historical electricity price for large industrial consumers in the EU. However, since in

the integrated route C&can be easily stored in a liquid form, intermittent operation with
19
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a directconnecton and renewable power source can be envisaged. This comes at the
expense ofewer operating hours, but avoids grid tariffs, taxes, etc. related to baseload
operation.UsinganSE YLX S5 6S O2yaARSNI I A0Syl NxA2 gA
MWh? (e.g.,through a combination of solar PV and onshore winid)is provides an

avenue for further cost reductions ithe (bikarbonate route(Figure 1.9¢ flexible

operation).

Whereas a significant cost reduction appears possibieernngthe two-step approach,

it needs to be noted that all production costs obtained here reneevatedo  wmMnn €
MWh'0 & C2NJ NEBFSNBYy OSzI (KS badeNNdrgspondtKabaltk 0  LINJ
c n Mwh?. Ideally, further cost reductions would be achieved, for example in the form

of lower cell potential through improved bipolar membranes a4l ag lowerelectrolyser

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 G@refore, a

sensitivity analysis was performed.

As for futue research, it is important to further validatde alkalinity regeneration
principle since losses in alkaliniof the capture agent would quickly erode the benefit
compared to the twestep approach (Figurk10). A loss of about 5% of the molar amount
of KOH required to capture 1 mol of &diring each cycle is sufficient make the tatep

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

Another critical parameter to consider is the cell potential of the integrated routeeSi
electricity cost represents more than half of the total cost of this route, any deviation in
terms of cell ptential has a very measurable impact. At around 3v/8he integrated
and two-step route perform equal, while improvements can lead to a §igamt cost

reduction, and vice versa (Figutell).
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syngas production costs, € MWh"’
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Figure 110. Impact of electrolyte losses in thetegrated route on syngas production

cost
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Figure 111.Impact of the cell potential of the integrated route on syngas production.cost
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A third paameter considered is the amount of exit (unreacted@mnd in the syngas
after reaction. While Let al. (2019) have not found any exit €@ the syngas stream,
other articles on bicarbonate electrolysis have done so. Therefore, the impact of varying
the amount of exit C&is shown in Figuré.12, for two different CQ separation costs.
While low levelof exit CQ (<10%) have little effect on the production cost, higher rates

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

It should benoted that here it is assumed that @§eparated from syngas can be recycled
again to the electrochemitaconversion step. Considering that there are commercial
technologies available to separate £fdom CO/H mixtures, such as pressure swing

adsorption(PSA), this seems like a plausible assumption. Howewrali(2019) have

noted that this recyclingpas not yet been demonstrated experimentally.

N
o
o

180 1

160 A

140 | :

120 1

syngas production costs, € Mwh

—
o
o

10 20 30 40 50
Exit COZ, %

o

—40 € ton”' —80 € ton™’

Figure 112. Impact of the amount of exist G@nd DSP cost on syngas production cost

(integrated routeonly).
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CHAPTER 1: Carbon capture and the electrochemical reduction of CO

It is clearly shown hown the integrated conceptthe costs are decreased compared to
the conventional twestep strategy. Howeverto reach this economic feasibilityfirst
bicarbonate electrolysis nat be properly understood, as the reports aaémost non
existent and the mechanism is not clear. Additionally, a proper method to deliver DAC
solutions (with enough bicarbonate) to theectrolyseris needed as, up to day, only
synthetic bicarbonate solidns were used aaCQ source (for fundamenteresearch)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 hghly cancentratedbicarbonate solutions (>0.5 M) to the etedyzer. It is
essential that the conversion parameters shown in Table 1.3 (FE 30% at 2009n#&em
taken as reference for the realization of this the®ased on these premises, the scope

and outlineare developed, which are discusseadthe following chapter
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Scope and outline

THE OVERALL SCOPE, OUTLINE AND GOALS OF THIS DOCTORAL THESIS V
EXPLAINED IN THIS CHAPTER, ENABLINEGEABERS TO COMPREHEND THE
STRUCTURE AND FLOW OF THE WORK.

25



Integrated capture and electrochemical conversion o CO

2.1 Scope

From the TEAf section 15, it is concluded thaintegratingthe CQ capture and the
electrochemical reductionf CQ is a promising strategy to reduce the costsuchCCU
technology. In this contextalthough for eCe@R these products have been widely
reported, converting (bi)carbonate into useful chemicals (like formate or €£9ctively

and efficiently (i.e., FE30%)remains a major challengeAt the start of this work
bicarbonate redation was almost non existing in literatyreeven at the most
fundamental levellt wasevendiscussed within thecientificcommunity if the reaction

was feasible at the usuabperatingconditionsof eCQR. From that point, the challenge
was clear: how aawe make (bi)carbonate electrolysis work? To unravel this, first, a more
fundamental questia 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 witin two schoolsof thought the bicarbonate anion is directlseduced,or it
provides C® 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 n different wayssuch as thermodynamically (e.g.,
electrochemical potential) or kinetically (e.gnass transfer of reactants)hastly, after
obtaining the knowhow and proving that (bi)carbonate can be electrolyzed at relevant
currert densities (16400 mA cm?), (bi)carbonate solutionsthis time obtained by

capturing C@from the air, were electrolyzed

The goal of this doctoral thesis is to deliver a proof of concept and provide-knamnon
the integration of capture and electrochemal CQconversiontherefore upscaling from
TRL 1 (fundamental research) to T&RI(proof of concept) Only by proving that a
bicarbonate electrolyzer can convert post LQ@apture solutions, a proper
commercialization strategy can be proposed towards8RLThis strategy shuld include

the optimization of the capture system and the direct integration of the electrolyzer to
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the capture process (TRi64 finally leading to a pilot plant (TRL 7) (Figure 2.1). Our target
Is that with the results obtained ithis thesis, the indstrialization of an integrated CO

capture and conversion system is closereality.

Figure 2.1 TRL scale of eGRxechnologies

2.2 Strategy

The strategy of the research performed in this thesisbased onthree major pillars

literature review, fundamentalesearchand reactor engineering.

Firstly, a revision of the statef-the-art of eCOR technology is performed, both in the
frame of upscaling towards industrialization ahe integratingconcept This is crucial to
undersand the implementation status as well asto identify the challenges and

bottlenecks.

Secondly, a more fundamentapproach is appliedi.e.,the mechanism of bicarbonate
electrochemical reduction isnravelled An understanding of the role of bicarbonads

substratein eCQR is necessarty propose a pathway towards upscaling
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