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Summary

In 2021, the EU announced its aim to reach climate neutrality by 2050. In 2024, the EU
recommended a 90% reduction in net greenhouse gas (GHG) emissions by 2040
compared to 1990 levels. According to the IPCC Sixth Assessment Report issued in 2022,
the gate to reach the 1.5°C goals is closing but still possible. This, however, requires
immediate and profound changes across all sectors of our economy.

In 2022, among all industries, the chemical industry was responsible for 10% of the total
CO; emitted by the industrial sector. Hence, the chemical industry needs to accelerate
its defossilisation. To achieve this, fossil-based fuels and feedstock should be replaced by
alternatives featuring lower environmental impacts. For instance, fossil-based carbon
sources currently used as feedstock can be replaced by CO; captured from the air or
industrial emissions, while fossil-based fuels used in utilities can be substituted with
renewable energy such as solar, wind, and geothermal. The combination of renewable
energy and CO, as carbon feedstock has resulted in the development of carbon capture
and utilisation powered by intermittent renewable electricity (IRE).

Nonetheless, it is challenging for electrochemical processes to deal with irregular
fluctuations in the electricity supply. Insufficient electricity supply can result in a lower
production rate, while excessive electricity supply can damage electrolysers.
Furthermore, these variances can be much higher than the disruptions studied in
conventional process system engineering. It is difficult to manage the variances to
maintain a long-term and steady production rate and quality of products simply by
control systems without taking care of the flexibility of chemical facilities. Therefore, it
is important to understand how electrochemical plants can be operated flexibly under a
fluctuating electricity supply. Moreover, even if electrolysers could be fully flexibly
operated, current downstream processing (DSP) technologies, as well as their
corresponding equipment, are all designed for continuous operation. Hence, designing
an electrochemical plant with flexibility in mind is essential.

Furthermore, a feasibility study is necessary to understand the market competitiveness
of a new technology. It provides not only a holistic view of novel technologies at an
industrial scale but also valuable insights for their further development. Otherwise, the
potential bottlenecks in the technical performance, investment risk, and/or
environmental hotspots might be overlooked.

Electrochemical processes powered by renewable electricity to produce chemicals are
gaining momentum in the chemical industry. A vast number of researchers have
explored water electrolysis at an industrial scale. However, fewer studies have
investigated the electrosynthesis of the target product under intermittent electricity
supply. Hence, given the EU’s ambition regarding carbon neutrality by 2050 and the



chemical sector being a major CO, emitter, novel CO, electrochemical conversion
technologies coupled with IRE should be further investigated. This dissertation aimed
to understand:

what process designs and conditions could facilitate the upscaling of a novel CO;
electrochemical plant under intermittent renewable electricity supply?

This main research question was divided into three research sub-questions as below,
which were studied and understood accordingly in order to answer the main research
question.

1. What does flexibility mean when designing flexible novel chemical processes?

2. How does intermittency affect the techno-economic and environmental
performances of a novel CO; electrochemical plant?

3. What factors can potentially influence the competitiveness of a novel CO,
electrochemical technology against its market competitor?

For sub-question 1, a systematic literature review on flexibility spanning from 1990 to
2020 was conducted. The background of flexibility was revisited, and a conceptual
framework for defining, designing, and evaluating flexibility for novel flexible chemical
processes was proposed. This framework encloses definitions, elements, types, and
indicators of flexibility.

For sub-question 2, an electrochemical plant centred on microbial electrosynthesis
(MES) producing hexanoic acid was designed and modelled in Aspen Plus, where
liquid-liquid extraction (LLE) and vacuum distillation were selected as DSP
technologies. This MES plant produces 99wt% hexanoic acid from CO, captured from
flue gas at an industrial scale (10 kt/y). The volume flexibility of the MES plant was
explored at the equipment level by fixing the size of distillation-based columns and
varying the throughput rates. Then, the plant, in the form of its mass and energy
balances, was coupled with IRE (i.e., solar and wind) profiles and buffering units
(batteries and a storage tank) using Python scripts. Later, an optimisation of the plant
scheduling and the size of the storage tank was also performed to reach the optimal
economic potential for this plant. Finally, how the intermittency impacted the plant’s
techno-economic performance, and carbon footprint was assessed.

For sub-question 3, the techno-economic and environmental performances of
hexanoic acid produced from MES were compared to those of its competitors. Two
future value chains for hexanoic acid were considered. The first value chain expanded
to incorporate CO, capture activity and produced hexanoic acid as the final product
with the same functions as today’s. Its competitors were plant-based and fermentative
hexanoic acid. The second value chain expanded to incorporate CO, capture activity
and the activity of upgrading hexanoic acid to n-alkanes, which can be marketed as
neat sustainable aviation fuel (SAF). Its competitors are currently certified (neat) SAFs.

In the end, we obtained the relevant insights to answer the main research question from
the technical, economic, and environmental aspects as below:



Technical aspect

First of all, regardless of whether continuous or intermittent electricity supply is used,
the productivity and product concentration of the electrolysers should be improved.
Otherwise, complex DSP technologies and purification trains could be required, which
can indirectly restrict the flexibility of the plant. For example, in the MES plant, two
cycles of liquid-liquid extraction and solvent regeneration with stringent operating
conditions heightened the chance of decreasing the volume flexibility of the plant.
Additionally, more utilities and chemicals can be consumed in the DSP to recover and
purify the products. On the other hand, this suggests that electrolysis technologies with
low productivity and a dilute product stream can better aim for potential applications
where less concentrated products are required.

When IRE is coupled, though electrolysers might be flexible in terms of throughput rate,
the DSP technologies might still be subject to stringent operating conditions. Their
inflexibility would significantly affect production time and quantity, thus affecting
economic outcomes. Therefore, designers should stress the choice of flexible
technologies for the entire plant, including DSP. In addition, consciously sizing
equipment to accommodate expected fluctuations is essential; the volume flexibility of
all the equipment in the entire plant should match. Furthermore, buffering units can
smoothen the intermittency by decoupling the less flexible units from the more flexible
units. Their sizing and scheduling as how much and when to store or drain, can also
impact the plant’s volume flexibility. Lastly, installing smaller parallel units instead of
one larger unit can keep the production ongoing when the electricity supply is relatively
low by shutting down part of the parallel units.

The pattern of electricity profiles also matters. When the available electricity is more
often below the minimum required load for production or above the maximum
tolerable load of the plant, the available electricity is more likely not used, leading to
less production. The peaks and valleys in IRE profiles are never perfectly alternating, so
the extra electricity available in the previous hour cannot always be stored and used to
compensate for the electricity shortage in the next hour. Sometimes, the electricity
shortages are too long, and it will be cost-prohibitive to install buffering units such as
storage tanks to fill the gap. Therefore, choosing less intermittent electricity profiles in
the first place and implementing design strategies to counteract the fluctuations can be
helpful.

Economic aspect

When the novel electrochemical plant is driven by constant grid electricity, its product
might be competitive but not advantageous in today’s market due to the high CAPEX of
the specific equipment and the operating costs of electricity consumption. With
intermittency, the sunk cost appears to worsen further. Therefore, the technology has to
be enhanced and is indeed under continuous improvement so that equipment costs
become much lower. Moreover, a cheaper electricity deal should be made between the
plant and renewable electricity suppliers. Cheap buffering units, such as storage tanks,
can enhance the plant’s volume flexibility by smoothening the intermittency and



promoting production quantity while improving economic outcomes. Optimising the
scheduling of the plant, in addition to implementing buffering units, can further
promote volume flexibility, production, and hence economic performance. The aim is
to minimally invest in their capital costs while using them to promote production
maximally. On the other hand, the product can also have a chance in the market if its
market price increases in the future, implying 1) a soaring demand for the product in
general, 2) competing but less sustainable production routes being charged
significantly for waste generation, 3) a collapse in its production via other cheaper
pathways, or 4) a striking change in consumer’s behaviour.

Environmental aspect

Combining electrolysis with renewable electricity exhibits lower environmental
impacts than current grid electricity. However, it is not necessarily cleaner than its
market competitors. The possible fossil-based utilities, solvents, and/or other
chemicals used in the DSP can be a bottleneck, which is essentially linked to the DSP
technologies selected. Moreover, the carbon intensity of the CO, feedstock stream also
matters, as the CO, might not be biogenic or atmospheric and the capture process
consumes energy, solvent, and/or chemicals.

This dissertation performed an ex-ante assessment of a novel technology, which
required several assumptions and rendered limitations. An important limitation of this
work is that ramping rates were not considered. This work was conducted as a first
exploration of flexibility in a novel plant (technology readiness level 3). Introducing
ramping rates would require experimental data. Therefore, the results obtained in this
dissertation are optimistic, and it can be expected that additional penalties will occur
for both production quantity and utility consumption. Also, the advantages of batteries
might become more apparent in preventing the shutdown of production. Furthermore,
the two main DSP technologies used in this dissertation were membrane-based LLE
and vacuum distillation. The possibility that they would impact the environmental
performances was already known before the modelling. However, they were still
selected owing to the lack of data and models of potentially cleaner DSP technologies.

This thesis only looked at one design strategy to cope with intermittency (use of
buffers). Other design strategies for volume flexibility can be investigated, such as
deploying more flexible DSP technologies or modularising the units. If other flexibility
types are also desired for the plant, the interaction between different flexibility types
should also be studied. Furthermore, today’s hexanoic acid has a niche market owing to
its current commercial production method. Just replacing the current market of
plant-based hexanoic acid with MES-based hexanoic acid can be challenging. First,
plant-based hexanoic acid is much cheaper as it is a by-product. Additionally, hexanoic
acid from the bio-fermentation route is also highly competitive, given its higher
technology readiness level and similar levelised production cost. Therefore, creating
more demand to expand the hexanoic acid market and/or its derivatives is necessary.
This thesis indicates that upgrading hexanoic aid to n-alkanes is not attractive from an
environmental perspective unless significant changes in the process occur. Other
options, such as adipic acid, could be explored.



Finally, the industrial sector, together with the power supplier, should make a joint effort
so that the deployment of electricity-based chemical processes can make a significant
contribution to the defossilisation of the industrial sector.






Samenvatting

In 2021 kondigde de EU haar doelstelling aan om in 2050 klimaatneutraal te zijn. In
2024 deed de EU de aanbeveling om de netto broeikasgasemissies tegen 2040 met 90%
te verminderen ten opzichte van 1990. Volgens het zesde evaluatierapport van het
IPCC, dat in 2022 werd gepubliceerd, is het nog mogelijk om de vereiste doelstellingen
te behalen om de gemiddelde temperatuurstijging te limiteren tot 1,5°C. Echter vereist
dit snelle en ingrijpende veranderingen in alle sectoren van onze economie.

Van alle industrieén was de chemische industrie in 2022 verantwoordelijk voor 10% van
de totale CO;-uitstoot van de industriéle sector. De chemische industrie zal daarom
dus ook haar defossilisatie moeten verrsnellen. Om dit te bereiken moeten fossiele
brandstoffen en grondstoffen worden vervangen door alternatieven met een lagere
impact op het milieu. Zo kunnen de huidige fossiele grondstoffen die als koolstofbron
worden gebruikt,worden vervangen door CO, dat uit de lucht of industriéle emissies
wordt opgevangen, terwijl fossiele brandstoffen die in nutsbedrijven worden gebruikt,
kunnen worden vervangen door hernieuwbare energie zoals zonne-, wind- en
geothermische energie. De combinatie van hernieuwbare energie en CO, als
koolstofbron heeft geresulteerd in de ontwikkeling van de afvang en gebruik van
koolstof in combinatie met intermittent renewable electricity (IRE).

Het is echter een uitdaging voor elektrochemische processen om om te gaan met
onregelmatige fluctuaties in de elektriciteitsvoorziening. Een gebrekkige
elektriciteitsvoorziening kan leiden tot een lagere productiesnelheid, terwijl een te hoge
elektriciteitsvoorziening de elektrolysers kan beschadigen. Bovendien kunnen deze
variaties veel groter zijn dan de verstoringen die in conventionele Process Systems
Engineering worden onderzocht. Het is moeilijk om deze variaties te beheren om een
stabiele productiesnelheid en -kwaliteit op lange termijn te behouden door
enkelregelsystemen te gebruiken zonder rekening te houden met de flexibiliteit van
chemische installaties. Daarom is het belangrijk om te begrijpen hoe elektrochemische
processen  flexibel kunnen worden bediend bij een fluctuerende
elektriciteitsvoorziening. Bovendien, zelfs als elektrolysers volledig flexibel zouden
kunnen worden bediend, zijn de huidige downstream processing (DSP) technologieén
en de bijbehorende apparatuur allemaal ontworpen voor continue werking. Daarom is
het essentieel om bij het ontwerp van een elektrochemische installatie rekening te
houden met flexibiliteit.

Bovendien is een haalbaarheidsstudie noodzakelijk om inzicht te krijgen in de
concurrentiekracht van een nieuwe technologie op de markt. Het biedt niet alleen een
holistische kijk op nieuwe technologieén op industriéle schaal, maar ook waardevolle
inzichten voor hun verdere ontwikkeling. Zonder deze haalbaarheidsstudie zouden de
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potentiéle knelpunten in de technische prestaties, het investeringsrisico en de
milieuproblemen wel eens over het hoofd gezien kunnen worden.

Elektrochemische processen op basis van hernieuwbare elektriciteit voor de productie
van chemicalién worden steeds belangrijker voor de chemische industrie. Een groot
aantal onderzoekers heeft waterelektrolyse op industriéle schaal onderzocht, maar een
stuk minder studies hebben de elektrosynthese van het doelproduct met variabele
elektriciteitsvoorziening onderzocht.Gezien de ambitie van de EU met betrekking tot
koolstofneutraliteit in 2050 en gezien het feit dat de chemische sector een belangrijke
CO;-uitstoter is, moeten nieuwe CO, elektrochemische conversietechnologieén in
combinatie met IRE verder worden onderzocht. Dit proefschrift was gericht op het
begrijpen van:

welke procesontwerpen en -condities kunnen de opschaling van een nieuwe CO;
elektrochemische installatie onder intermitterende hernieuwbare
elektriciteitslevering vergemakkelijken?

Deze hoofdonderzoeksvraag werd onderverdeeld in drie deel onderzoeksvragen, zoals
hieronder beschreven, die dienovereenkomstig werden bestudeerd en begrepen om de
hoofdonderzoeksvraag te beantwoorden.

1. Wat betekent flexibiliteit bij het ontwerpen van flexibele nieuwe chemische
processen?

2. Hoe beinvloedt intermittentie de technisch-economische en milieuprestaties
van een nieuwe CO, elektrochemische fabriek?

3. Welke factoren kunnen mogelijk het concurrentievermogen van een nieuwe
CO, elektrochemische technologie ten opzichte van zijn concurrent op de
markt beinvloeden?

Voor deelvraag 1 werd een systematisch literatuuronderzoek naar flexibiliteit van 1990
tot 2020 uitgevoerd. De achtergrond van flexibiliteit werd opnieuw bekeken en er werd
een conceptueel kader voorgesteld voor het definiéren, ontwerpen en evalueren van
flexibiliteit voor nieuwe flexibele chemische processen. Dit raamwerk omvat definities,
elementen, soorten en indicatoren van flexibiliteit.

Voor deelvraag 2 werd een elektrochemische installatie met microbiologische
elektrosynthese (MES) voor de productie van hexaanzuur ontworpen en gemodelleerd
in Aspen Plus, waarbij vloeistofo-vloefstofextractie (LLE) en vacuiimdestillatie werden
geselecteerd als DSP-technologieén. Deze MES-installatie produceert 99wt%
hexaanzuur uit CO, dat is opgevangen uit industriéle schaal rookgas (10 kt/y). De
volumeflexibiliteit van de MES-installatie werd op het niveau van de apparatuur
onderzocht door de grootte van de distillatickolommen vast te zetten en de
doorvoersnelheid te variéren. Vervolgens werd de installatie, in de vorm van massa- en
energiebalansen, gekoppeld aan IRE-profielen (d.w.z. zonne- en windenergie) en
buffereenheden (batterijen en een opslagtank) met behulp van Python-scripts. Later
werd ook de planning van de installatie en de grootte van de opslagtank
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geoptimaliseerd om het optimale economische potentieel voor deze installatie te
bereiken. Ten slotte werd beoordeeld hoe de intermitterende werking de
technisch-economische prestaties van de installatie en de koolstofvoetafdruk
beinvloedde.

Voor deelvraag 3 werden de technisch-economische en milieuprestaties van
hexaanzuur uit MES vergeleken met die van zijn concurrenten. Twee toekomstige
waardeketens voor hexaanzuur werden overwogen. De eerste waardeketen werd
uitgebreid met CO-afvangactiviteiten en produceerde hexaanzuur als eindproduct met
dezelfde functies als nu. De concurrenten waren plantaardig en fermentatief
hexaanzuur. De tweede waardeketen breidde zich uit met COj-afvang en de
opwaardering van hexaanzuur tot n-alkanen, die op de markt kunnen worden gebracht
als onverdunde duurzame vliegtuigbrandstof (SAF). De concurrenten zijn de
huidigegecertificeerde (zuivere) SAF’s.

Uiteindelijk hebben we de relevante inzichten verkregen om de belangrijkste
onderzoeksvraag te beantwoorden vanuit de technische, economische en
milieuaspecten, zoals hieronder beschreven:

Technisch aspect

Ten eerste, moeten de productiviteit en productconcentratie van de elektrolysers
worden verbeterd, ongeacht of er een continue of intermitterende
elektriciteitsvoorziening wordt gebruikt. Zonder deze verbeteringenzouden complexe
DSP-technologieén en zuiveringstreinen nodig kunnen zijn, wat indirect de flexibiliteit
van de installatie kan beperken. In de MES-fabriek bijvoorbeeld, werd de kans op
vermindering van de volumeflexibiliteit van de fabriek verhoogd, doordat er twee cycli
van vloeistof-vloeistof extractie en solvent regeneratie met strikte operatie condities
nodig waren, om de vereiste product concentratie te behalen. Bovendien kunnen de
lage productconcentraties uit de reactor het verbruik van nutsvoorzieningen en
chemicalién verhogen om de producten terug te winnen en te zuiveren in de DSPom in
verhogen . Aan de andere kant suggereert dit dat elektrolysetechnologieén met een lage
productiviteit en een verdunde productstroom zich beter kunnen richten op potentiéle
toepassingen waar minder geconcentreerde producten nodig zijn. Tot slot, kan het
installeren van kleinere parallelle eenheden in plaats van één grotere eenheid de
productie op gang houden wanneer de elektriciteitsvoorziening relatief laag is door een
deel van de parallelle eenheden uit te schakelen.

Wanneer het proces gekoppeld is aan IRE, kunnen elektrolysers weliswaar flexibel
opereren in termen van doorvoersnelheid, maar de DSP-technologieén kunnen nog
steeds onderworpen zijn aan strikte operatie condities. Het gebrek aan flexibiliteit bij
de DSP-technologieén zou een aanzienlijke invloed hebben op de productietijd en
-hoeveelheid en dus ook op de economische resultaten. Ontwerpers moeten daarom de
nadruk leggen op de keuze van flexibele technologieén voor de hele fabriek, inclusief de
DSP. Daarnaast is een bewuste dimensionering van apparatuur om verwachte
fluctuaties op te vangen essentieel; de volumeflexibiliteit van alle apparatuur in de hele
fabriek moet overeenkomen. Bovendien kunnen buffereenheden de intermittentie
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afvlakken door de minder flexibele eenheden los te koppelen van de meer flexibele
eenheden. De dimensionering en planning van deze buffereenheden, zoals hoeveel en
wanneer moet worden opgeslagen of afgetapt, kan ook van invloed zijn op de
volumeflexibiliteit van de installatie.

Het patroon van elektriciteitsprofielen is ook van belang. Wanneer de beschikbare
elektriciteit vaker lager is dan de minimaal vereiste belasting voor productie of hoger
dan de maximaal aanvaardbare belasting van de fabriek, is de kans groter dat de
beschikbare elektriciteit niet wordt gebruikt, wat leidt tot minder productie. De pieken
en dalen in IRE-profielen zijn nooit perfect afwisselend, de extra elektriciteit die in het
vorige uur beschikbaar was, kan dus niet altijd worden opgeslagen en gebruikt om het
elektriciteitstekort in het volgende uur te compenseren. Soms zijn de
elektriciteitstekorten te lang en is het te duur om buffereenheden zoals opslagtanks te
installeren om het gat op te vullen. Daarom kan het nuttig zijn om in eerste instantie te
kiezen voor minder intermitterende elektriciteitsprofielen en ontwerpstrategieén te
implementeren om de fluctuaties tegen te gaan.

Economisch aspect

Wanneer de nieuwe elektrochemische installatie wordt aangedreven door constante
netstroom, is haar product misschien wel concurrerend maar niet voordelig op de
huidige markt vanwege de hoge CAPEX van de specifieke apparatuur en de
bedrijfskosten van het elektriciteitsverbruik. Met intermittentie lijken de verzonken
kosten nog hoger te worden. Daarom moet de technologie worden verbeterd en wordt
ze inderdaad voortdurend verbeterd, zodat de kosten van de apparatuur veel lager
worden. Bovendien moet er een goedkopere elektriciteitsdeal worden gesloten tussen
de fabriek en de Ileveranciers van hernieuwbare elektriciteit. Goedkope
buffereenheden, zoals opslagtanks, kunnen de volumeflexibiliteit van de centrale
vergroten door de intermittentie af te vlakken en de productiehoeveelheid te
bevorderen, en kunnen daarmee de economische resultaten verbeteren. Het
optimaliseren van de planning van de fabriek, naast het implementeren van
buffereenheden, kan de volumeflexibiliteit en de productie, en dus ook de economische
prestaties verder verhogen. Het doel is om zo min mogelijk te investeren in de
kapitaalkosten van deze maatregelen, terwijl ze gebruikt worden om de productie
maximaal te bevorderen. Anderzijds zou het product ook een kans kunnen maken op
de markt als zijn marktprijs in de toekomst stijgt, wat impliceert dat 1) de vraag naar het
product in het algemeen stijgt, 2) concurrerende maar minder duurzame
productieroutes aanzienlijk worden aangerekend voor afvalproductie, 3) de productie
ervan via andere, goedkopere routes instort, of 4) het gedrag van de consument
opvallend verandert.

Milieuaspect

De combinatie van elektrolyse met hernieuwbare elektriciteit heeft een lagere impact
op het milieu dan elektrolyse met de huidige netstroom. Het is echter niet
noodzakelijkerwijs schoner dan de concurrenten op de markt. De mogelijke fossiele
grondstoffen, oplosmiddelen en/of andere chemicalién die in de DSP worden gebruikt,
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kunnen een knelpunt vormen dat voornamelijk samenhangt met de gekozen
DSP-technologieén. Bovendien is de koolstofintensiteit van de CO, -grondstofstroom
ook van belang, aangezien de CO, mogelijk niet biogeen of atmosferisch is en het
afvangproces energie, oplosmiddelen en/of chemicalién verbruikt.

Dit proefschrift voerde een ex-ante beoordeling uit van een nieuwe technologie,
waarvoor verschillende aannames en beperkingen nodig waren. Een belangrijke
beperking van dit werk is dat er geen rekening is gehouden met ramping rates. Dit werk
werd uitgevoerd als een eerste verkenning van flexibiliteit in een nieuwe installatie
(technology readiness level 3). Het introduceren van ramping rates zou experimentele
gegevens vereisen. De resultaten die in dit proefschrift zijn verkregen zijn daarom
optimistisch, en het is te verwachten dat de daadwerkelijke productiehoeveelheid en
elektriciteitsverbruik nadeliger zullen uitpakken. Daarentegen kunnen de voordelen
van batterijen duidelijker worden doordat ze het stilleggen van de productie kunnen
voorkomen. Verder waren de twee belangrijkste DSP-technologieén die in dit
proefschrift werden gebruikt membraan gebaseerde vloeistof-vloeistof extractie en
vaculimdestillatie. De mogelijkheid dat deze procestechnologieén de milieuprestaties
zouden beinvloeden was al bekend voor de modellering. Toch werden ze geselecteerd
vanwege het gebrek aan gegevens en modellen van potentieel schonere
DSP-technologieén.

In dit proefschrift hebben we slechts naar één ontwerpstrategie gekeken om met
intermittentie om te gaan (het gebruik van buffers). Andere ontwerpstrategieén voor
volumeflexibiliteit kunnen worden onderzocht, zoals het inzetten van flexibelere
DSP-technologieén of het modulariseren van de eenheden. Als er ook andere soorten
flexibiliteit gewenst zijn voor de installatie, moet ook de interactie tussen de
verschillende soorten flexibiliteit worden bestudeerd. Bovendien heeft hexaanzuur op
het moment een nichemarkt vanwege de huidige commerciéle productiemethode.
Alleen al het vervangen van de huidige markt van plantaardig hexaanzuur door
hexaanzuur op basis van MES, kan een uitdaging zijn. Ten eerste is plantaardig
hexaanzuur veel goedkoper omdat het een bijproduct is. Daarnaast is hexaanzuur uit
de biovergistingsroute ook zeer concurrerend, gezien de hogere technology readiness
level en vergelijkbare genivelleerde productiekosten. Daarom is het nodig om de markt
van hexaanzuur en/of zijn derivaten uit te breiden door meer vraag naar deze
producten te creéren. Deze dissertatie geeft aan dat het opwaarderen van hexaanzuur
tot n-alkanen niet aantrekkelijk is vanuit milieuoogpunt, tenzij er significante
veranderingen in het proces plaatsvinden. Andere opties, zoals adipinezuur, zouden
kunnen worden onderzocht.

Tot slot, zou de industriéle sector samen met de energieleverancier een gezamenlijke
inspanning moeten leveren, zodat de inzet van op elektriciteit gebaseerde chemische
processen een belangrijke bijdrage kan leveren aan de defossilisering van de industriéle
sector.
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AF Allocation factor

AIS Available input space
ANP Annualised net profit
AP Aspen Plus

ASTM American Society for Testing and
Materials

ASU Air separation unit

ATJ Alcohol-to-jet

BE Belgium
BESS Battery energy storage system

C6A Caproic/Hexanoic acid

CAPEX Capital expenditures

CCO Crude coconut oil

CCS Carbon capture and storage

CCU Carbon capture and utilisation

CEPCI Chemical Engineering Plant Cost Index
CSAM Cropland Spatial Allocation Model

DAC Direct air capture

DIS Desired input space

DLO Direct land occupation
dLUC Directland use change
DR Demand response

DSM Demand-side management

DSP Downstream processing

EAC Equivalent annualised cost
EC Electricity consumption
EIS Expected input space

EU European Union

Nomenclature

FE Faradaic efficiency
FT Fischer

GHG Greenhouse gas
GLO Global

GLOBIOM Global Biosphere Management
Model

GWP Global warming potential

HEFA Hydroproccessed esters and fatty acids

HFS-SIP Hydroprocessing of Fermented
sugars - synthetic iso-paraffins

HOC Hayden-O’Connel
HT High temperature

IGCC Integrated gasification & combined
cycle

iLUC Indirect land use change

IMAGE Integrated Model to Assess the Global
Environment

IPCC Intergovernmental Panel on Climate
Change

IRE Intermittent renewable electricity

ISO International Organization for
Standardization

LCA Life cycle assessment

LCI Life cycle inventory

LCIA life cycle impact assessment
LLE Liquid-liquid extraction
LLPS Low-low-pressure steam
LMTD Log-mean temperature difference
LPC Levelised production cost
LPS Low-pressure steam

LRR Load ratio range

LT Low temperature

LUC Land use change
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MEA Monoethanolamine
MES Microbial electrosynthesis
MILP Mixed-integer linear programming

MINLP Mixed-integer non-linear
programming

MIQCP Mixed-integer quadratically
constrained programming

MPS Medium-pressure steam

NGCC Natural gas combined cycle
NL Netherlands
NRTL Non-random two-liquid

OPEX Operating expenses

PhD Doctor of Philosophy
PSE Process system engineering

PV Photovoltaics

REC Range of effective capacities

RED Renewable Energy Directive
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SOEC Solid oxide electrolysis cell
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SR Solvent regeneration

ST Storage tank
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UN United Nations
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Chapter 1

1 Research background

Global surface temperature between 2011 and 2020 was 1.1°C higher than the
pre-industrial time and is likely to reach 1.5°C between 2021 and 2040 if the warming
rate remains unchanged [1]. In the past few decades, the sea level in different regions
has been rising steadily owing to the acceleration of ice melting, and the number of
wildfires as well as hurricanes around the world has soared [2, 3]. These consequences,
resulting from and exacerbated by global warming, undeniably affect life on Earth.
Therefore, global warming must be mitigated to prevent possible future catastrophic
impacts on our planet. In 2015, the Paris Agreement was signed at the UN Climate
Change Conference to limit the global temperature to 2°C above the pre-industrial
level, preferably 1.5°C [4]. Since the root cause of global warming is the excessive
concentration of greenhouse gases (GHGs) in the atmosphere, in 2021, the EU
announced its aim to reach climate neutrality by 2050 [5]. In 2024, the EU
recommended a 90% net GHG emissions reduction by 2040 compared to 1990 levels [6].
According to the IPCC Sixth Assessment Report issued in 2022, the gate to reach the
1.5°C goals is closing but still possible [7]. This, however, requires immediate and
profound changes across all sectors of our economy.

The industrial sector contributed 9 Gt of CO, emissions in 2022, falling behind the pace
suggested in the "Net Zero Emissions by 2050 Scenario", which expects less than 7 Gt of
CO; from the industrial sector by 2030 [8]. Among all industries, the chemical industry
was responsible for 935 Mt of direct CO, emissions due to the production of primary
chemicals, accounting for 10% of total CO, emitted by the industrial sector [9]. Hence,
it is important for the chemical industry to accelerate its energy transition and
defossilisation. To achieve this, fossil-based fuels and feedstocks need to be replaced by
alternatives featuring lower environmental impacts. For instance, fossil-based carbon
sources currently used as feedstock can be replaced by CO, captured from the air or
industrial emissions, while fossil-based fuels used in utilities can be substituted with
renewable energy such as solar, wind, and geothermal. The combination of renewable
energy and CO, as carbon feedstock has resulted in the development of
electricity-based carbon capture and utilisation (CCU) powered by intermittent
renewable electricity (IRE). Moreover, the potential of consuming fluctuating electricity
could enable CCU processes powered by IRE to be a promising solution towards
demand response (DR), which is a decarbonising strategy adopted by the power sector.

1.1 Carbon capture and utilisation via electrochemistry

CCU via electrochemistry is composed of two steps. In the first step, CO; is separated
from other compounds present in the industrial emissions or atmosphere. Then, CO,
is electrochemically reduced to chemicals or fuels. This conversion is commonly called
CO; electroreduction or CO> electrolysis (I will use both terms interchangeably in this
chapter), where the C atoms gain electrons, and their oxidation state is reduced. Here,
electricity is no longer simply a type of utility but also the key source that activates the
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reactions. Hence, electricity is considered a feedstock in electrochemistry.

1.1.1. CO; capture

CO, is usually fed into an electrolyser at high purity for stable and efficient conversion.
Otherwise, impurities or toxic compounds can lead to, for instance, electrode
passivation [10, 11]. Therefore, as the first stage of the entire CCU process, CO, capture
and purification is crucial. Note that purification is seen as part of CO, capture in this
dissertation.

Capture from industrial emissions

Carbon dioxide emitted from industrial or combustion processes can be captured
on-site for use as a feedstock for the synthesis of other carbon-containing products (i.e.,
CCU) or stored in a geologic formation (i.e., carbon capture and storage; CCS).
Industrial emission streams contain not only CO, but also other gaseous components
such as H»0, Oy, NOy, SOy, HCI or volatile organic compounds. Once captured and
purified to the required levels for transportation, cleaned CO, is transported to the
electrochemical plant for conversion and downstream processing.

CO, concentration in flue gas from natural gas power plants is 3-4%, 10-15% in
pulverised coal plants, and 15-30% in steel and cement plants [12]. Various
technologies for CO, capture from flue gas in different sectors have been studied, as
briefly summarised in Table 1.1. Note that some technologies have reached a
technology readiness level (TRL) of 9 and have been widely implemented in the
industry [12, 13].

Table. 1.1. Examples of CO» capture technologies in different types of plants, also including
direct air capture. Data retrieved from [12], unless otherwise stated. The costs were originally in
US dollars and were converted to Euros using 2019’s average exchange rate, 1:1.12 [14]. TRL:
technology readiness level. NGCC: natural gas combined cycle. IGCC: integrated gasification &
combined cycle.

Levelised cost

CO> source Technology TRL (€/t CO, captured)
Cement plant Calcium looping 6 18-67
Partial Oxyfuel calciner 6 54
Amine scrubbing 6 43-67
Steel plant Amine scrubbing 9 58-106
Oil refinery Amine scrubbing 9 31-89
Steam reforming plant Amine scrubbing 9 52-90
Ethanol plant Dehydration 9 13 [15]
Power plant (pulverised coal)  Post-combustion amine scrubbing 9 66-74
Power plant (NGCC) Post-combustion amine scrubbing 9 79-92
Power plant (IGCC) Pre-combustion 7 87-146
Air Solid direct air capture 8-9  714-893 [16]
Liquid direct air capture 8-9 357-563 [16]
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Capture from air

There are two main types of direct air capture (DAC) technologies, namely solid and
liquid. Solid DAC first binds CO, using solid amine-functionalised sorbents, then
releases CO, using ambient-pressure steam (~100°C), and finally separates the steam
and CO,. Climeworks is a pioneer in solid DAC and has been commercially operating
solid DAC plants since 2009 (https://climeworks.com/). Liquid DAC first absorbs
CO, by an aqueous basic solution (e.g., KOH), then converts the CO-rich solution to
CaCOs using the Ca(OH),, and finally calcinates the CaCO3 (~900°C) to release CO,.
Carbon Engineering is a representative of liquid DAC companies and expects to operate
its first commercial plant in 2025 (https://carbonengineering.com/). No matter
whether liquid or solid, the average cost of DAC is notably higher than capturing from
industrial emissions [12], as can be seen in Table 1.1. The possible causes are: 1) lack of
supply chain, 2) first-of-a-kind plants, and 3) a vast energy consumption due to the low
concentration of CO, present in the atmosphere (i.e., 0.04 vol%) [17].

1.1.2. CO; electroreduction

CO, electroreduction belongs to and is often labelled as a Power-to-Chemical,
Power-to-Gas, or Power-to-Fuel technology, depending on the product. CO;
electroreduction can be direct or indirect. A direct conversion reduces CO» to the final
product by an electrolyser in a single step. In an indirect conversion, CO, is first
reduced to CO. Then, CO is upgraded into the final product via electrochemical,
thermochemical, or fermentative conversion. Additionally, there is also CO,
co-electrolysis with the presence of H,O. According to the operating temperature, CO,
electrolysers are classified into low-temperature (LT) and high-temperature (HT)
electrolysers.

LT CO;, electrolysers can be operated below 100°C, with the electrolytes being aqueous
solutions [18]. LT CO; electrolysers can be equipped with a cation, an anion, or a bipolar
exchange membrane. In general, O, is produced in the anode chamber while CO; is
fed into the cathode chamber and reduced to a target product such as formic acid [11].
The electrolysis catalysts are primarily metals. However, in recent years, microorganisms
have gained attention because of their ability to form longer carbon chains and higher
resistance to impurities [19-21].

A solid oxide electrolyser cell (SOEC) is a HT electrolyser, where the electrolytes are
solid oxides with high melting temperatures and good ionic conductivity [22]. SOECs
are equipped with metal catalysts and operated between 500 and 850°C [23]. In a
typical SOEC, CO, alone or with steam are brought into contact with the cathode
catalyst. Then, CO or syngas is generated as a product and leaves the electrolyser via the
cathode. Oj is also formed in the cathode layer, though it penetrates through the solid
electrolyte to the anode layer and it is eventually converted into O, [23].

Table 1.2 summarises a state-of-the-art of products generated from direct CO,
electrolysis and co-electrolysis. To date, only limited technologies have reached a
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demonstration scale. For example, Voltachem (https://www.voltachem.com/)
operates a LT CO; electrolysis plant producing formate at a demonstration scale (TRL
7-8). Sunfire, for instance, runs a HT water-CO, co-electrolysis pilot plant producing
syngas (TRL 6-7) (https://www.sunfire.de/en/). Topsoe has licensed the pilot
production of CO via HT CO; electrolysis (TRL 6-7) (bhttps://www.topsoe.com/).

Table. 1.2. Overview of direct CO> electroreduction products. Note that the prices were estimated
using renewable electricity but without considering their intermittency. The costs were originally
in US dollars and were converted to Euros using 2019’s average exchange rate, 1:1.12 [14]. Temp.:
temperature. HT: high temperature. LT: low temperature. e : electrons required. TRL:
technology readiness level. Ref.: references.

Cathode Levelised Market

Product Temp. e catalyst TRL cost (€/kg)  price (€/kg) Ref.
CO HT 2 Metal 7-8 0.16-0.57 0.13 [24]
Syngas HT 4 Metal 6-7 1.90 0.17-0.43 [23]
Formic acid LT 2 Metal 6-7  0.09-2.35 0.45 [24]
Methanol LT 6 Metal 3 0.48-2.36 0.23 [24]
Methane LT 8 Metal 3 0.96-5.11 0.11 [24]
Acetic acid LT 8 Microorganism 3 5.80 0.58 [25]
Ethanol LT 12 Metal 3 0.33-10.06  0.43 [24]
Ethylene LT 12 Metal 3 0.58-4.39 0.52 [24]
Butyric acid LT 20 Microorganism 3 7.77 1.61 [25]
Hexanoic acid LT 32  Microorganism 3 8.84 3.30 [25]

1.1.3. Downstream processing

Downstream the electrolyser, the products synthesised through electrolysis are
prepared to fulfil the product market requirements (e.g., purity) o. CO; electroreduction
does not often generate highly concentrated product streams, except for CO and
syngas. Table 1.3 provides an overview of current leading DSP technologies
accompanying CO, electroreduction [26]. Note that these DSP technologies are all
mature. However, the required purification train can be energy-intensive and/or
expensive. Therefore, DSP can impact the techno-economic and environmental
performances of CCU processes.

1.2 Intermittent renewable electricity

In 2022, the EU achieved a renewable energy share of 23% in its gross final energy
consumption [30]. Specifically, renewable electricity represented 41% of the EU’s gross
electricity consumption in 2022. Among the total electricity generated from all
renewable sources, wind accounted for 37.5%, while solar made up 18.1% [30], and the
European Commission aims to increase the renewable energy share to 45% by 2030
[31].
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Table. 1.3. Overview of current recovery and separation methods for dilute streams of CO,
electroreduction.

Technology Advantages Disadvantages Ref.
SOlvent. « Low capital costs « Acidification required [27]
extraction

« High yield of product * Further process to

regenerate solvent

» High selectivity » High energy demand

Precipitation » Low capital costs i Undes.lred solid waste [27]
generation

 High yield of product » High membrane fouling

« High purity of product  High capital costs
Reverse osmosis ¢ High purity of product « High costs [27, 28]

* Low energy demand » High energy demand

 High selectivity » High energy demand
Adsorption  High selectivity e High membrane fouling  [27]
Electrodialysis  High purity of product  Further process to purify  [27]

» No acidification « High capital costs
Distillation » High purity of product » High energy demand [27]
Membrfme » Low energy demand e High membrane fouling  [27]
separation

 High yield of product « High membrane fouling
Nanofiltration * Reduced chemical usage e Further process to purify  [28, 29]

¢ Low energy demand

However, increasing shares of wind and solar electricity will pose challenges to the grid
due to their intermittent nature. Hence, the power sector has indicated that DR, which
relies on the load shift from the customer’s side (e.g., the industrial sector), will be
needed [32]. Electrochemical processes could potentially support intermittent
electricity generation through 1) DR modulation and 2) by lowering the demand on the
minimum threshold power that the grid or even standalone renewable electricity
providers have to guarantee. @ The reason is that electrochemical conversion
technologies 1) are more flexible in terms of starting up and shutting down than
traditional thermal-based technologies and 2) consume electricity as feedstock.

Nonetheless, it is challenging for electrochemical processes to deal with irregular
fluctuations in the electricity supply, especially when coupled with standalone
renewable electricity providers. Insufficient electricity supply can result in a lower
production rate, while excessive electricity supply can lead to damage to electrolysers
[32, 33]. Furthermore, these variances can be much higher than the disruptions studied
in conventional process system engineering (PSE). It can be difficult to manage the
variances to maintain a long-term and steady production rate and quality of products
simply by control systems without taking care of the flexibility of chemical facilities [34].
Therefore, it is important to understand how electrochemical plants can be operated
flexibly under a fluctuating electricity supply. Moreover, even if electrolysers can be
fully flexibly operated, current DSP technologies, are generally designed for continuous
operation. Hence, it is important to gain knowledge about the trade-offs of designing an
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electrochemical plant with flexibility in mind.

1.3 Flexibility

Flexibility is often referred to as operational flexibility [35] or process flexibility [36]. In
PSE, flexibility is seen as a component of operability, accompanied by controllability,
reliability, and resiliency [37]. Operability is the ability of a chemical plant to perform
satisfactorily when the operating conditions deviate from the nominal design
conditions [38]. Controllability exhibits the quality and stability of a process when
responding to short-term disturbances and transitions from one operating point to
another [35, 39]. Controllability thus relies on the design and implementation of a
control system that directs and regulates equipment behaviour [39-41]. Reliability
corresponds to the probability of mechanical or electrical failure during normal
operation [35]. Resiliency indicates the ability of the plant to move quickly and
smoothly from one operating condition to another [42], including the ability to recover
from process perturbations [38]. Resiliency essentially reflects a system’s inherent
dynamic characteristic without deploying a control system [43]. Flexibility, therefore,
represents the ready and static capability of a plant to operate over a range of
conditions feasibly [43], which is enabled by the process configuration and equipment
design without involving a control system.

As a result, flexibility has been a key option to cope with various types of uncertainties
[44]. For example, flexible processes have been purposed for processing feedstock of
varying compositions [45], operating under fluctuating electricity prices [46], or
meeting volatile customer demand [47]. While a set of methods and indicators have
been developed for designing and quantifying flexibility [35, 48, 49], these were
intended for conventional chemical processes whose dynamics are well-understood
and are already equipped with a comprehensive control system. Consequently, it is
difficult to compare the flexibility of candidate designs whose process configuration is
still under development and dynamics are unknown.

1.4 Feasibility and competitiveness

The pathway to enable broad adoption of novel technologies is usually underpinned by
the information obtained from feasibility studies [50, 51]. A feasibility study dives into
detail and investigates critical aspects of the technologies (e.g., technical, economic,
and environmental), evaluating the likelihood of their success. This is crucial because it
not only provides a holistic view of novel technologies at an industrial scale but also
valuable insights for their further development. Otherwise, the potential bottlenecks in
the technical performance, investment risk, and/or the environmental hotspots might
be overlooked.

Apart from the technical capabilities of the focused technologies (e.g., energy efficiency;,
product yield), some studies on upscaling of low-TRL technologies from lab to
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industrial applications also encompass system conditions. In this dissertation, "system
conditions" is seen as an umbrella term for external conditions outside the plant
enclosing the technology, which cannot be manipulated by designers or engineers.
These conditions can be, but are not confined to, the quality and availability of
feedstock [52], market demand [53], market competition [25], external infrastructure
requirements [25], utility price [54, 55], equipment cost [23], and even policies [56]. For
example, for emerging technologies making use of renewable feedstock and or energy,
the quality and availability of the renewables can directly affect the production quantity
or quality, indirectly impacting the profitability [45, 52]. Moreover, cutting-edge
electrolysers that are currently expensive can dominate the capital expenditure on
equipment acquisition, which is a key determinant of profitability [10]. Additionally,
the use of scarce noble metals (e.g., palladium) as catalysts creates sustainability
concerns both for their mining impacts and future resource availability [57]. And while
many novel technologies proposed to replace conventional technologies are expected
to have lower environmental footprints (or at least, lower global warming potential),
their environmental performance does not decide their market competitiveness. For
the further development and upscaling of these technologies, their competitiveness
should be examined from all aspects (e.g., technical, economic, environmental, and
societal) in advance.

2 Knowledge gaps

Electrochemical processes powered by renewable electricity to produce chemicals are
gaining momentum in the chemical industry. A vast number of researchers have
explored water electrolysis at an industrial scale, for e.g., [34, 58-60]. However, fewer
studies have investigated the electrosynthesis of the target product under intermittent
electricity supply, for e.g., [33, 46, 61]. Given the ambition of the EU regarding carbon
neutrality by 2050 and the chemical sector being a major CO, emitter, CO
electrochemical conversion technologies coupled with IRE should be further
investigated. Based on section 1, the following knowledge gaps have been identified:

¢ Lack of understanding, evaluation and application of the concept of "flexibility" in
the design of future electrochemical plants.

¢ Lack of knowledge on how intermittency would affect the techno-economic and
environmental performances of a novel CO; electrochemical plant.

e Limited knowledge about the competitiveness of novel CO, electrochemical
conversion technologies driven by renewable electricity in the market, especially
in the market of products with a longer carbon chain.

3 Research questions

Based on the knowledge gaps identified, the overarching aim of this dissertation is:
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to understand which process designs and conditions could facilitate the upscaling of
anovel CO; electrochemical plant under intermittent renewable electricity supply

This aim was divided into three research questions:

1. What does flexibility mean when designing flexible novel chemical processes?

2. How does intermittency affect the techno-economic and environmental
performances of a novel CO; electrochemical plant?

3. What factors can potentially influence the competitiveness of a novel
electrochemical technology powered by renewable electricity against its market
competitors?

4 Research approach

This PhD work started with a systematic literature review on the topic of flexibility in
the chemical engineering field. Then, a sequence of ex-ante assessments centred on a
preselected novel technology was conducted, which included process design, techno-
economic assessment (TEA), optimisation of the scheduling, and life-cycle assessment
(LCA).

4.1 Case study - microbial electrosynthesis

In this dissertation, microbial electrosynthesis (MES) was chosen as an illustrative case
study to represent cutting-edge CO, electroreduction technologies. MES has several
advantages compared to other electroreduction technologies, including:

1. Microorganisms are more tolerant against impurities in the CO, feed stream than
metal-based catalysts [62, 63].

2. Microorganisms can directly produce carbon chains longer than C, via chain
elongation, while metal catalysts cannot [21].

The MES technology selected can convert CO, to medium-chain carboxylic acids. The
technology is currently at a lab scale (TRL 3) [64]. Among the possible product acids,
hexanoic acid, also known as caproic acid, has the highest market value. Historically, it
has been a by-product of the fractional distillation of coconut or palm kernel oil and
currently has a niche global market [65]. Moreover, it has a promising future because of
its potential to be upgraded to, for instance, n-alkanes, which are suitable as a blender
for traditional aviation fuel [66, 67]. Another potential market, if hexanoic acid
w-oxidation is successfully developed, is the replacement of fossil adipic acid (also
known as hexanedioic acid) in nylon production by renewable adipic acid.

Fig. 1.1 provides a schematic diagram of a MES electrolyser. It consists of an anode and
a cathode compartment that are divided by a cation exchange membrane. The metal
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catalysts on the anode splits water into H*, electrons, and O,. O leaves the chamber
from the head space, and H" cations penetrate to the cathode chamber through the
membrane. The microbial cells on the cathode take up COy, electrons and H*, and
produce longer carbon products possibly via the Wood-Ljungdahl pathway [25]. Note
that this specific MES electrolyser is an in-house technology unique at the Delft
University of Technology, being developed by Dr. Ludovic Jourdin [63, 68-70]. Dr.
Ludovic Jourdin uses a mixed microbial consortium consisting of Burkholderiales,
Clostridiales, Natranaerobiales, and Methanobacteriales for this MES electrolyser [64].
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Fig. 1.1. Schematic configuration of a MES electrolyser

4.2 Ex-ante assessment

To evaluate the lab-scale technology as if it was already available at an industrial scale, a
process was first designed based on various inputs and simulated in Aspen Plus v12
[71]. The process started with the supply of captured, cleaned (i.e., assumed 100%) CO,
to the MES electrolyser. The product from the electrolyser is highly diluted, and thus, a
DSP train was designed to reach the purity required for selling at market conditions.
Importantly, Dr. Ludovic Jourdin and colleagues provided the technical specifications
such as mass and energy balances of the MES electrolyser [69] and made near-future
projections on some of its performance parameters, which were at the basis of the work
done in this PhD thesis. In addition, the selection of DSP technologies separating and
purifying hexanoic acid was based on the experimental work and the Aspen Plus
simulation performed in [72].

28



Chapter 1

Since the kinetics of this specific MES electrolyser are unknown, the unit was modelled
as a black box in Aspen Plus. It was represented by a calculator block, where its mass
and energy balances were coded using Fortran. Mass and energy balances obtained
from the process simulation served as the basis for the techno-economic assessment.
Technical performance was characterised by annual product quantity, energy
consumption, and a flexibility range. The flexibility range was estimated at both
equipment and plant levels. At the equipment level, the range was estimated by fixing
the equipment size and varying the flow rates in Aspen Plus. At the plant level, a Python
script was written to connect the Aspen process model with the selected intermittent
electricity profile to identify the electricity power range between which the plant could
operate satisfyingly. Capital expenditure (CAPEX), operating expenses (OPEX), levelised
production cost (LPC), and annualised net profit (ANP) were used to assess the
economic performance of the plant. The CAPEX was calculated based on the
equipment cost information available in Aspen Process Economic Analyzer v12, which
uses data from the process simulated in Aspen Plus.

The use of batteries and a tank was considered as buffering units to boost production
and enhance flexibility at the plant level. A mixed-integer nonlinear programming
(MINLP), particularly mixed-integer quadratically constrained programming (MIQCP)
problem was developed to optimise the size of the buffering units and the scheduling of
the plant, i.e. when and how much product can be produced to reach optimal
economic performance. It was programmed in Python-Pyomo [73, 74] and solved by
Gurobi [75]. The calculation was performed in DelftBlue supercomputer [76].

A life cycle assessment was performed on a cradle-to-gate basis to compare the MES
technology with its competitive technologies [50]. The Life Cycle Inventory (LCI) covers
the range from when resources are extracted from the environment until after they are
emitted into the environment or sent to the next gate. The LCI was constructed using
SimaPro 9.6 with data from the commercial databases Ecoinvent 3.8 [77] and
Agri-footprint 5.0 [78]. Process data required for the LCI were derived from the Aspen
Plus simulations and complemented with data from relevant literature. The impact
assessment followed the ReCiPe Midpoint Hierarchist method with a 100-year time
horizon of environmental impacts [79]. The indicators selected were global warming
potential (GWP; COeq), land use change (LUC; m?a crop eq), indirect land use change
emissions (iLUC emissions; CO,eq) and water consumption (m3).

5 Dissertation outline

This dissertation is arranged as follows:
Chapter 2:

This chapter answers the first research question. It reviews how flexibility has been
historically approached in the field of chemical engineering, especially in PSE. A
conceptual framework for designing and evaluating the flexibility of future chemical
processes is proposed, which encloses definitions, elements, types, and indicators of
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flexibility. This framework identifies not only flexibility types in the chemical industry
and common strategies adopted to enable them but also elements of flexibility that
could help process designers define their design needs related to designing flexible
chemical processes. Additionally, it proposes a set of indicators that could help process
designers evaluate the flexibility of process design of low-TRL technologies so that it
would be possible to compare the level of flexibility among different design options.

Chapter 3:

This chapter addresses the second research question. A chemical plant producing
hexanoic acid from CO» captured from flue gas is designed. The plant uses MES as its
core conversion unit and is powered by IRE (i.e., solar and wind). In this chapter, the
volume flexibility of the MES plant is explored. The chapter studies how the
intermittency of different renewable electricity profiles impacts the plant’s
techno-economic performance and identifies the trade-offs of deploying batteries for
increasing the plant’s volume flexibility. The design and assessment of the flexible MES
plant follow the framework proposed in chapter 2.

Chapter 4:

This chapter extends the work carried out in chapter 3 and finishes answering the second
research question of this thesis. The chapter explores the techno-economic implications
of using batteries versus storage tanks in the MES plant for buffering the intermittency
due to the use of IRE. Moreover, a MIQCP is applied to optimise the storage tank size
and the scheduling of the plant, thereby allowing the assessment of how optimisation
can improve the plant’s volume flexibility and economic performance. Additionally, in
this chapter, a carbon footprint assessment is conducted on a cradle-to-gate basis to
compare the difference in emissions between using the IRE and constant grid electricity

supply.
Chapter 5:

This chapter answers the final research question. It examines the environmental
implications of deploying MES to produce hexanoic acid. With this aim, two future
value chains for hexanoic acid are proposed and modelled. The first value chain
incorporates CO, capture and considers the production of hexanoic acid as the final
product with the same functions as today’s. The second value chain incorporates CO,
capture and considers the production and upgrading of hexanoic acid to n-alkanes and
sells n-alkanes as the final product, as a blending component of conventional aviation
fuel to form sustainable aviation fuel (SAF).

Chapter 6:

The final chapter concludes this dissertation by summarising the findings and providing
an answer to each research question. It also points out the limitations of this dissertation
and provides recommendations for future work.
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Abstract

Incorporating (operational) flexibility into process design has been a key approach to
cope with uncertainties. The increasing penetration of renewables and the need to
develop new low-carbon technologies will increase the demand for flexibility in
chemical processes. This chapter presents a state-of-the-art review focusing on the
origin, definition, and elements of flexibility in the chemical engineering context. This
chapter points out a significant overlap in terminology and concepts, making it difficult
to understand and compare flexibility potential and constraints among studies.
Further, this chapter identifies a lack of available metrics for assessing specific types of
flexibility and the need for developing indicators for exploring the potential flexibility of
novel chemical processes. This chapter proposes a classification of flexibility types and
provides an overview of design strategies that have been adopted so far to enable
different types of flexibility. Finally, it offers a conceptual framework that can support
designers to evaluate specific types of flexibility in early-stage assessments of novel
chemical processes.
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1 Introduction

Chemical companies adopt emerging technologies or adapt existing technologies to
maintain or improve their competitiveness. However, external factors such as volatile
market conditions or changing environmental policies introduce uncertainties
affecting process or company performance. Trade-offs can arise in terms of effort, time,
cost, or technical performance when a company fails to adopt novel technologies or
adapt existing technologies to respond to emergent uncertainties. Introducing
flexibility into a plant or a process design is one of the most opted responses to cushion
the potential effects of uncertainties [1].

Flexibility in chemical processes is not a new or unfamiliar topic. Back in 1962, Thomas
[2] suggested increasing attention to batch processing plants. They had the flexibility
for easy expansion to respond to local steadily increasing market demand and the
flexibility for multipurpose applications to accommodate variations in process
conditions and change product types. More importantly, they were more economically
feasible [2]. During the 1980s and 1990s, researchers investigated the optimal design of
flexible chemical processes or plants under uncertainties, focusing on applying
mathematical approaches [3-9]. The research was based on the premise that a flexible
plant is expected to guarantee a feasible region of process operating parameters that are
manageable via manipulating control variables [6, 10]. With the advent of the 21%
century, the potential for producing multiple products, namely polygeneration, gained
attention in the literature. For instance, Yamashita and Barreto [11] studied integrated
energy systems that could be designed with output flexibility. The system was
amenable to diverse feedstocks and capable of flexibly producing various products,
including electricity. Meerman et al. [12] explored the flexible operation of an
integrated gasification poly-generation plant that had both feedstock (i.e., coal and
different types of biomass) and output flexibility (electricity at peak hours and biofuels
during off-peak hours) as a way to respond to changes in market conditions.

The results of a bibliometric analysis focusing on flexibility in the chemical industry
over the past three decades are shown in Fig. 2.1-2.3. The figure illustrates the changes
in research scope of flexibility in the chemical industry (the size of the circles reflects
the frequency with which the keyword appears in the literature inventory. The distance
between the two circles reflects the closeness of their connection. See section 2 for
more information.). In the 1990s, as can be seen in Fig. 2.1, the most common keywords
were mathematical models, optimisation, process control, computer simulation,
scheduling, algorithms, and flexible manufacturing systems. Approaches were
developed mostly related to numerical analysis, often used to identify trade-offs
between capital cost and flexible process design in terms of, among others, operating
conditions and equipment selection [8, 13, 14]. Studies made use of mathematical
models such as mixed integer linear programming (MILP) or mixed integer nonlinear
programming (MINLP) to determine, for instance, optimal scheduling patterns of
flexible batch operation processes to minimise the changeover time between different
operations, maximising the production time and manufacturing flexibility to meet
volatile market demands [15-17]. Computer simulation has been a valuable tool since
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then, and it is not surprising that it appeared prominently in the research at the time.
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Fig. 2.1. Bibliometric analysis network maps of flexibility-related keywords in the chemical
industry in 1990-1999.

During the first decade of the 21% century (see Fig. 2.2), flexibility included more
frequently business, safety, and environmental aspects. However, some of these
elements had already emerged in the previous decade. As the oil crisis that occurred in
the 1990s ended and a further take-off in the chemical industry happened, an
increasing number of studies were published on how to manage a chemical company
flexibly in terms of, for instance, investment and marketing [18-21]. Meanwhile, costs
and environmental impacts started to be used not only to monitor performance but
often also as indicators of the feasibility of investing in (flexible) chemical plants
[22-25]. Regarding the technical design of a chemical plant, driven by safety concerns,
equipment was required to be designed with flexibility in mind so that variations in
operating conditions could be accommodated to avoid severe equipment failure and,
hence, entire process failure [22, 26].
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Fig. 2.2. Bibliometric analysis network maps of flexibility-related keywords in the chemical
industry in 2000-2009.

With the growth of environmental awareness in the last decade, a more comprehensive
range of environment-related topics appeared in flexibility studies (see upper left
quadrant in Fig. 2.3), exemplified by issues such as energy efficiency, energy utilisation,
carbon dioxide, renewable energy sources (RES), and biomass. Of particular interest for
the design of flexible chemical processes is the variable supply of energy from
renewable sources. For instance, the seasonality of biomass and its variability in origin
and type [27] have resulted in studies focusing on the design of chemical plants with
feedstock flexibility at their core [28, 29]. Similarly, "smart power grids", a topic that at
first sight seems irrelevant to the chemical industry, has emerged in flexibility studies. It
is often used in conjunction with terms referring to significant deployment of RES such
as solar and wind energy [30, 31], illustrating a current trend of further coupling the
chemical and the power sectors. The increasing penetration of intermittent RES in the
power grid has brought up technical challenges for the chemical industry, as it is now
expected that the chemical industry will conduct flexible operations within a range of
loads to help balance fluctuations in electricity supply [32].
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Fig. 2.3. Bibliometric analysis network maps of flexibility-related keywords in the chemical
industry in 2010-July 2020.

The overview above points out a change in the attributes and goals through which
flexibility has been defined over time. This is not always obvious as the same
terminology is often used, but its meaning changes. For example, while flexible
operation is described in some studies as the ability to operate over a range of operating
conditions [7, 13], others define it as the ability to easily switch between operations [16,
33]. The term is the same, but the implications are different. Other terms that are used
to mean the same or overlapping concepts are, for instance, feedstock flexibility [28, 29,
34], fuel flexibility [12], volume flexibility [35, 36], operational flexibility [7, 37]. Using
similar terminology to refer to different concepts, some of them overlapping, creates
confusion in the field, making it difficult to compare studies and assess the types of
flexibility and their potential. The conflating terminology also makes it difficult to select
indicators to evaluate and monitor flexibility. In literature, several metrics for
quantifying flexibility, such as flexibility index [7], stochastic flexibility index [8, 9, 38,
39], and dynamic flexibility index [40] are available, which involve three kinds of
variables (i.e., control, design, and state) and uncertain parameters. These metrics
originate in the field of process systems engineering. They aim to analyse the overall
flexibility of chemical processes and help designers identify optimal designs that
balance the degree of flexibility and cost. It is, however, unclear how to apply these
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metrics to assess designs of future concepts, that is, theoretical designs of technologies
that are not yet at a commercial scale. In these cases, uncertain parameters, especially
the three kinds of variables described previously and their relation to each other, are not
well understood. Therefore, for such designs, there should be simplified and explorative
metrics that allow evaluating and comparing the flexibility of different plant designs or
plant configurations.

Given the importance of flexibility in the coming decades, there is a need to harmonise
flexibility-related terminology, concepts, and indicators to decrease confusion for
researchers new to the topic. Moreover, it is essential to propose a framework that can
suffice the assessments of the comparisons among novel designs. Such a framework
can support designers and decision-makers in the chemical industry to better
understand the types of flexibility they are designing towards, how different types of
flexibility interact with each other, and how to assess the level of specific flexibility types
a design has. However, such a systematic framework is currently lacking, though some
studies have already worked on harmonising the definitions of several flexibility types
and reviewing known strategies to enhance feedstock flexibility [34, 41]. This chapter
aims to fill this gap by examining how flexibility has been studied and proposing a
conceptual framework for evaluating specific flexibility types of novel chemical
processes. The framework encloses definitions, elements, types, and indicators of
different flexibility types in the chemical (including biochemical) engineering context.
In light of the future coupling between the chemical industry and the energy system, we
are particularly interested in the demand for flexibility of chemical processes.

2 Methodology

This chapter departed from definitions, taxonomies, and other relevant concepts of
flexibility presented in the literature of chemical engineering. First, a systematic
literature search was performed to retrieve information needed for constructing the
framework. Then, a framework was developed that combines definitions, elements,
types, and indicators of flexibility.

The literature review focused on journal papers studying flexibility from 1990 - July 2020
via Scopus. The goal was to make an inventory of (i) the definitions used, (ii) existing
taxonomies, and (iii) indicators used to assess flexibility. Furthermore, to make certain
that biochemical technologies were also included, as they are expected to play a role
in flexibility in the future chemical industry, searching criteria relating to biochemical
technologies were added. The search criteria are given in Appendix A.

In total, 1521 studies were identified on Scopus. Studies that look into the flexibility of
materials and do not focus on the chemical industry or study flexibility at molecular or
laboratory scales were excluded. This resulted in 1249 that were further analysed. Both
author and indexed keywords of the 1249 studies were mapped by decade using
VOSviewer. VOSviewer is a software tool for creating bibliometric maps based on the
correlation amongst a set of data. It allows to generate network maps and identify

44



Chapter 2

correlations. For further information on this tool, we refer to
https://www.vosviewer.com/. The results of this analysis have been discussed in
section 1. To prepare the literature inventory, a sample of 106 papers was further
analysed to develop a conceptual framework for evaluating the flexibility of novel
chemical processes.

For each study, the goal of each study was first summarised, and the terms used for
different kinds of flexibility were documented along with their implicit or explicit
definition. However, if a term was mentioned without a definition and the definition
could not be derived from the study, the term was not further considered in the review.
In addition, the design strategies used to enable each kind of flexibility were also
documented, if any. Flexibility types (i.e., some of the flexibility terminologies) without
design strategies were excluded from the framework. Second, when possible, the
relation amongst different flexibility types was captured. Finally, indicators used to
measure or evaluate flexibility were noted, if any.

3 State-of-the-art
3.1 Definition of flexibility

In chemical engineering, one of the most common uses of flexibility is as a component
of operability, which is often called operational flexibility [7, 28, 36, 42-51] or process
flexibility [38, 52-56]. Flexibility is usually defined as the ready capability of a plant to
operate over a range of conditions feasibly [57]. Walsh and Perkins [58] considered
operability as the ability of a system to tackle uncertainty, accommodate disturbances,
and resolve concerns for reliability and maintenance. Bahri, Bandoni, and Romagnoli
[59] indicated that operability is easy to operate and control a process. Grossmann and
Morari [60] defined operability as the ability of a chemical plant to perform
satisfactorily under conditions different from the nominal design conditions. Operating
condition is an umbrella term that can refer to process operating parameters (e.g.,
temperature, flow rates, and pressure), product specifications, feed quality, and so on
[60, 61]. "Ready" implies the ability to accommodate expected (e.g., stochastic process
operating parameters [38]) or wanted uncertainties in some conditions (e.g.,
intermittent renewable energy supply). Flexibility is incorporated in the design of the
physical process line(s), where related unit operations and equipment are specified,
denoted as process [44, 53, 62] or processing route [52]. This chapter addresses it as a
process line.

Other components of operability refer to controllability, reliability, and resiliency [4, 7,
60, 63, 64]. Controllability addresses the quality and stability a process presents when
responding to short-term perturbations and transitions from one operating point to
another (7, 64]. Controllability thus relies on designing and implementing a control
system that directs and regulates equipment behaviour [22, 64, 65]. Reliability is
associated with the probability of mechanical or electrical failure during normal
operation [7]. Resiliency is sometimes defined as the ability of the plant to move fast
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and smoothly from one operating condition to another [61], or as the dynamic
capability to quickly recover from process disturbances in a fast and smooth manner
[60]. Resiliency has the ultimate goal of determining a system’s inherent dynamic
characteristic (e.g., deadtime [66]) without selecting a particular controller [57]. In
recent years, resilience engineering [67, 68] has become a popular topic in system
engineering. The perception of resilience in this context is different from the one used
in the chemical engineering context. The discussion on resilience engineering is
outside the scope of this chapter.

Finally, it is important to note that while most studies examine flexibility as a
characteristic of steady systems [15, 58], some studies have studied flexibility in the
context of dynamic systems [38, 57, 64, 65]. Steady-state flexibility is the flexibility
discussed in the two previous paragraphs. Among the papers studied in this review,
only Grossmann, Calfa, and Garcia-Herreros [57] explicitly explained that realising
dynamic flexibility in a plant involves identifying manipulated variables that guarantee
feasible operation in the worst case of time-varying uncertain parameters. The authors
suggest that "dynamic flexibility" is not designed for a particular transient disturbance
but for the overall dynamic performance of a plant. This chapter focuses on
steady-state flexibility, which is shortly referred to as flexibility.

3.2 Types of flexibility

Different terms of flexibility can be identified (see Table 2.1). A problem, however, is
that the definitions used for the different terminologies overlap in literature (see Table
2.2). In this section, the definitions used in each case are further discussed. It should
be noted that flexibility terminologies "operational flexibility" and "process flexibility"
are also found in the literature, and they have already been identified as synonyms of
"flexibility" in section 3.1. Therefore, though they are listed below, they are not discussed
in detail in this section.

3.2.1. Same concepts- different terminologies

3.2.1.1 The ability to handle changes in quantities and/or qualities of inflow
materials

Feedstock flexibility, fuel flexibility, raw material flexibility, electrical flexibility, and load
flexibility are terms used in the literature to indicate the ability of a piece of equipment,
a process or a plant to handle changes in quantities and/or qualities of inflow materials.
Quality refers to the chemical compositions or physical properties (e.g., boiling point,
density, state of matter, and size). Raw material flexibility or feedstock flexibility is often
studied as an option to maximise the flexibility of a complex processing network and
minimise the net present value of its operations [55, 100]. For instance, in the
petrochemical industry, pipelines were designed early on to handle crudes with
different qualities to avoid the high capital cost of installing dedicated pipelines as well
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Table. 2.1. Flexibility terminologies identified in the literature.

Terms References
Operational [7, 28, 34, 36, 37, 42-51, 60, 69-71]
Process [22, 29, 38, 52-56, 72, 73]

Feedstock [12, 28, 34, 41, 46, 53-55, 74-77]
Raw material [55, 78]

Fuel [11,12]

Plant 12,27, 32, 47,50, 72, 79-82]
Volume [21, 35, 36, 52, 53, 83, 84]
Product [28, 34, 46, 52, 53, 55, 77, 78, 81, 84, 85]
Production [12, 86-89]

Expansion [1, 36]

Scheduling [87,90]

Recipe [53, 91]

Capacity [34, 36, 46, 85, 92]

Location [46, 92]

Innovation [46]

Load [93, 94]

Electrical [95, 96]

Others (without any term)  [2-6, 8-10, 13, 15-20, 23, 24, 30, 31, 33, 40, 57-59, 61-66, 97-106]

as to accommodate fluctuations in crude flow rate [5]. Another design strategy to
enable raw material flexibility is to produce the main product from different raw
materials by using different production schemes [52]. A production scheme, also called
production pathway [29, 51, 52], specifies the requirements for the raw material, the
product qualities and the synthetic pathway (including unit operations, and hence their
corresponding process operating parameters as well as utilities) to complete the
conversion. In this case, process line design (e.g., equipment selection and sizing) plays
a major role in enabling raw material flexibility.

With the development of biotechnology and the need to reduce CO, emissions, the use
of non-fossil feedstocks has gained relevance in the chemical industry. Due to the
uncertainties in the long-term availability of, e.g., lignocellulosic feedstocks and the
need to minimise the dependence on a given type of feedstock, designing processes
that can deal with the use of multiple types of feedstocks has gained relevance.
Common strategies are to (i) select and/or design equipment that can deal with
variations in types of feedstocks [12, 28], (ii) blend different types of feedstocks [101],
and (iii) install buffer unit(s) to regulate fluctuations in, e.g., chemical composition.
Kou and Zhao [28], for instance, proposed a plant design based on a gasifier that was
capable of converting multiple types of feedstocks into syngas. Their design contains an
extra process unit to regulate the fluctuating ratio of components in the syngas stream
before the syngas is sent to the following conversion unit. Similar examples are
published in other works [27, 29, 53, 74].

RES are, however, not only renewable carbon feedstocks. In recent years, the
introduction of RES with intermittent nature has resulted in challenges in balancing the
power grid. With the potential of using electrified chemical processes in the industrial
sector as a Demand-Side Management (DSM) strategy or as an energy storage,
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requirements for electrical flexibility or load flexibility are emerging. This kind of
flexibility is then defined as the ability of a machine, process or plant to cope with
uncertainties in power supply. There are three general design strategies explored in
literature [44, 70, 71, 93-95, 102], (i) selecting and/or designing equipment
(function-wise) so that it can be dynamically operated; (ii) selecting and/or oversizing
equipment (capacity-wise) that meet wide load requirements, and (iii) installing buffer
units (e.g., batteries for buffering electricity supply fluctuations or storage tanks for
decoupling units with flowrate fluctuations from steadily operated units and hence
buffering changing flowrates) to cope with the uncertainties in qualities and quantities
of flows caused by fluctuating electricity supply. To lower operating costs, the ability to
adjust electricity consumption subject to changing electricity prices is also studied in,
for instance, the flexible operations of air separation plants [104].

3.2.1.2 The ability to change the qualities of outflow materials

The ability to produce outflow products with different qualities is referred to in the
literature as product flexibility or recipe flexibility. This type of flexibility may be
required when reactions inherently result in multiple products [55]; or when a company
aims to maximise the flexibility of a process network containing multiple process lines
and to minimise its operating costs or diversify revenues [27, 53]; Mansoornejad,
Chambost, and Stuart [52] pointed out that recipe flexibility is basically a strategy to
enable product flexibility, where different production schemes are exercised on either
the same process line or different process lines, but certainly with different operating
conditions. Note that though some facilities can produce a set of products with
different qualities, they are not considered flexible with regard to the outflow materials
if the products can only be produced in fixed proportions at all times [55]. Two
strategies are frequently employed to realise this type of flexibility [27, 28, 52]: (i) select
synthetic pathways that inherently result in multiple products, and (i) implement
different production schemes. Uria-Martinez, Leiby, and Brown [76] and Norton and
Grossmann [55] pointed out that different production schemes can be completed in the
same process line by sharing part of the same process line or in a dedicated process
line.

3.2.1.3 The ability to vary throughput

The need to vary throughput over time is driven by uncertainties in product demand or
feedstock availability. Several terms, such as volume flexibility, production flexibility,
capacity flexibility, and expansion flexibility, are used in the literature to describe this
type of flexibility. Despite the different terms, three common design strategies can be
identified to enable this type of flexibility [53, 73, 78, 88], namely, (i) designing
equipment to handle peaks in flowrates; (ii) installing parallel same units or even entire
process lines so that some equipment can be switched on/off to adjust the overall
production level, and (iii) robust scheduling. Note that the ability to adjust production
level via expanding or contracting is denoted as capacity flexibility by Worsdorfer, Lier,
and Crasselt [92] as well as expansion flexibility by others [1, 36] who are particularly
interested in designing modular plants.
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3.2.1.4 The ability to switch to another production scheme

Another type of flexibility is the ability of a plant to switch to another production
scheme. This is usually required for plants where part (or all) of production resources
are shared among different production schemes. Mansoornejad, Chambost, and Stuart
[52] described product flexibility (denoted as production flexibility by Meerman et al.
[12]) as the ability to economically changeover to produce a new (set of) product(s),
which is different from the definition of product flexibility in section 3.2.1.2.
Polygeneration facilities are a typical example of plants that are designed around the
idea of production flexibility, for instance, [12]. The design strategies in literature [12,
52] to address this type of flexibility are (i) select and/or design equipment that is able
to handle inflow materials with different qualities and/or produce outflow materials
with different qualities and (ii) select or design production schemes and equipment
that can be switched on/off at request.

3.2.2. Concepts with agreement on terminologies

Scheduling flexibility is the ability to adjust the allocation of production resources for
different production cycles over time. It is a type of flexibility that is historically present
in batch or semi-continuous processes, where part of or the entire production
resources could be shared among more than one production scheme over time. A set of
production resources refers here to a process line and all relevant materials that could
be processed (e.g., raw materials) or consumed (e.g., utilities and labour) on a line for a
production cycle. A production cycle includes all the time spent making a product,
from the preparation of production resources until the product is packed up and ready
for delivery. The realisation of scheduling flexibility considers the process design and
the effort of supply chain planning. However, in this chapter, only design strategies
related to process design are addressed. In literature [5, 15, 103], flexibility has also been
studied regarding scheduling multipurpose plants, though they did not explicitly use
the term. Nowadays, some electrochemical plants, where electricity acts mainly as a
feedstock type, are expected to be designed with scheduling flexibility so production
cycles can be scheduled easily at request, responding to DSM [95]. Scheduling flexibility
is often embedded into the plant design via (i) equipment sizing or (ii) installing
multiple same units or process lines [5].

A summary of the different terminologies and concepts and the overlap between them
is provided in Table 2.2. Note that location flexibility and innovation flexibility were
rarely the focus of studies dealing with flexibility, and the respective design strategies
were hardly found in the literature. Therefore, they are not discussed further in this
chapter. The term operational flexibility and process flexibility are identical to
flexibility, as explained in section 3.1. Hence, they are also not further elaborated in this
section. Moreover, plant flexibility is an umbrella term for all types of flexibility that a
plant has. Thus, it is not a specific type of flexibility that can be enabled via specific
design strategies.
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Table. 2.2. Overview of overlap between flexibility terminologies

Flexibility terminology Concept/definition

Feedstock, Fuel,

Raw material, Electrical,
Same or similar concepts, Load
different terminologies

Ability to handle changes in quantities
and/or qualities of inflow materials

Ability to change the quality of
outflow materials

Ability to switch to a different
production scheme

Product, Recipe

Production, product

Volume, Capacity,

Production, Expansion Ability to vary throughput

Ability to adjust resource allocation to

Schedulin . .
Concepts matched ng different production cycles
with a uni inol . Ability to move a plant from one place
que terminology Location ty ve ap p
to another
Ability to adapt to try out innovative
Innovation ty P Y

products and processes

Ability to operate over a range of
conditions feasibly

Ability of a plant to operate over a
range of conditions

Same terminology applied  Operational
to different concepts
Plant

3.3 Hierarchical levels of flexibility

In the literature, there are three hierarchical levels often considered during plant
design: plant, process line and equipment. The plant level involves all process lines and
their corresponding production schemes in a plant. A process line was previously
defined in section 3.1. The process line level further incorporates the production
schemes that can be exercised on it. The equipment level indicates a single piece of
equipment and everything related to it (e.g., dimensions, functions or utilities usage).
In some multipurpose plants, changes in, e.g., feedstock type, product type, and
throughput, are tackled by installing dedicated process lines or by modifying the
process line that will be used by multiple production schemes [52, 55, 76]. Modifying a
process line requires installing or removing extra equipment or modifying single pieces
of equipment. For instance, if a gasifier does not have the ability to handle inflow
syngas with fluctuating CO/H, ratio, extra equipment can be installed to adjust the
ratio ahead of the gasifier [12]. Examples of design details at the equipment level can
also be seen in electrochemical plants, where electrolysers must be selected or designed
with the ability to cope with fluctuations in electricity supply [44, 93, 95] and in
multi-feedstock and multiproduct bio-based plants where different biomass feedstock
types are handled through the same set of pre-treatment and conversion units while
following upgrading and purification units are dedicated to each product [12, 27, 28,
76]. It should be noted that often more than one level has to be considered
simultaneously to enable flexibility.
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3.4 Indicators for evaluating flexibility

To understand flexibility, it is important to not only define the concept but also to
develop indicators that allow us to assess and monitor it. Most indicators in the
literature originate from the field of process control. The most known is the flexibility
index developed by Swaney and Grossmann [7] followed by other metrics developed
upon it (e.g., stochastic flexibility index [8, 9, 38, 39], dynamic flexibility index [40]).
They are used for characterising and quantifying the overall operational flexibility of
high-TRL technologies with all the involved variables (i.e., design, state, and control)
and uncertain parameters known. The flexibility index calculates the size of the space
of uncertain parameters (e.g., throughput, temperature, pressure) over which
steady-state operation of chemical processes could be feasibly managed by adjusting
the control variables (e.g., flow rates, valve coefficient) [7, 60, 72, 84]. It is, however,
difficult to apply it when the values of the variables (i.e., design, state, and control) and
the relations among them are not fully understood, which is the case in ex-ante
technology assessments of low-TRL technologies. Such designs are not technologically
ready to be assessed using the flexibility index. A similar metric to the flexibility index is
the operability index (also known as output controllability index), proposed by Vinson
and Georgakis [105]. A comprehensive study on the similarities and differences
between the flexibility index and the operability index was done by Lima et al. [72].
Different to the flexibility index, which measures the space of parameters that can be
manipulated by control variables, the operability index calculates the extent to which
the desired output variables (e.g., purity of products, product quantity) can be achieved
using available input variables (e.g., purity of feedstock, inflow rates) with the presence
of known disturbances [72]. A variant of operability index is the servo operability index
(also noted as servo output controllability index), also developed by Vinson and
Georgakis [105]. In contrast to the operability index, the desired output variables are
translated into corresponding desired input variables. Therefore, these two metrics
focus on the input and output variables, and hence can be incorporated to designs at
the process synthesis phase, where the process control structure is unknown while the
control objectives are known [72, 105, 106]. These metrics reflect the overall operability
of designs on different hierarchical levels to achieve desired results. It should be noted
that the metrics are not intended for quantifying specific flexibility types, and therefore
require (minor) adaptions.

It is, however, surprising that there is a lack of a standardised set of indicators that
allows evaluating specific flexibility types in literature. Also, in many studies, explicit
indicators are lacking altogether. Flexibility is often used rather as part of the scoping of
the studies than a goal that needs to be evaluated. In the studies that attempted to
evaluate specific flexibility types, two categories of indicators were used to compare the
degree of flexibility between design options. One category measures the range of
available options. The other focuses on impacts (also noted as trade-offs by some
researchers). For the first category, for instance, the number or type of feedstocks that
can be processed is used as an indicator of flexibility in selecting equipment [12, 28]. In
the articles studying the ability to deal with fluctuating electricity, normalised
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maximum ramping rates, maximum turndown ratios, response time, the range of
operable current density, peak-to-base load ratio, or load range are often used as
indicators of flexibility [44, 70, 93-95, 102].

For the second category, in order to compare alternative flexible designs, researchers
have also considered impacts on economic, technical or environmental performances
as indicators of flexibility. Impacts are case-specific, and hence, the acceptability of
impacts is subjective, which in many studies is simply described as "without violating
the design specifications or constraints" [22, 60, 69]. However, there are studies where
specific indicators are used to evaluate impacts. The overall economic performance of a
plant has widely been applied as an indicator because economics is one of the most
important drivers for enabling all kinds of flexibility. Huesman [44] quantified the
impact of flexibility on economic performance by comparing the profits of two
electrochemical plants powered by electricity with different levels of intermittency.
Energy efficiency is seen as an indicator where flexibility in handling uncertainties in
production rate [93], and feedstock and product qualities are studied [12, 95].
Downtime has also been used as an indicator where the changeover between
production schemes is frequently required [87, 95], because it affects the production
time and, hence, the overall production level.

4 Framework for comparing and assessing flexibility

In this section, we present a framework developed to support the identification,
comparison and evaluation of flexibility in the early-stage design and the ex-ante
assessments of novel chemical processes.

4.1 Step 1 - Define uncertainties

As discussed in section 3.1, flexibility is implemented to respond to uncertainties, either
stochastic process operating parameters or expected uncertainties. Therefore, the first
step is to identify the uncertainties that the design needs to respond to. Answering the
following questions can help designers in this task:

e What are the potential sources of uncertainties? (e.g., feedstock
qualities/quantities, product qualities/quantities)

e What are the boundaries of uncertainties? (e.g., highest or lowest possible
flowrates)

¢ What is the expected frequency of changes in operating parameters, over a given
time horizon? (e.g., flowrate fluctuates at all times or only once between two
production cycles)
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4.2 Step 2 - Define flexibility

After the uncertainties are identified, the needs for flexibility have to be defined. Table
2.3 depicts five types of flexibility identified from the literature review: feedstock
flexibility, product flexibility, volume flexibility, scheduling flexibility, and production
flexibility. As discussed in section 3.2, they are directly derived from the sources of
uncertainties introduced to processes. The identification of the needs is case-specific.
Therefore, the flexibility types should be adapted when needed (this will be explained in
section 4.2.1). Moreover, it should be stressed that when dealing with changes in
quantities of the inflow materials (i.e., part of feedstock flexibility), this type of flexibility
is essentially analogous to volume flexibility. Therefore, accordingly, the design
strategies and indicators of volume flexibility can be applied.

Table. 2.3. Classification of flexibility types and their respective concept and design strategies.

Type Concept Design strategies
(i) Implement different production schemes to
The ability to handle produce different product types
Feedstock changes in quantities and/or (ii) Blend different types of feedstocks
qualities of inflow materials (iii) Select and/or design the equipment that

can deal with variations in feedstock quality
(iv) Install buffer unit(s) to regulate fluctuations
in feedstock quality.

The ability to change the (i) Select synthetic pathways that inherently

Product i . produce multiple products
qualities of outflow materials .. . .
(ii) Implement different production schemes
(i) Select and/or design (function-wise)
equipment that can deal with variations in
o throughput
Volume Elr iizﬁgztto vary (ii) Select and/or design equipment (capacity-

wise) that meet wide load requirements

(iii) Install buffer units to decouple units with
variations in throughput from steadily
operated units

(iv) Install parallel units or process lines

(v) Robust scheduling

The ability to adjust resources
Scheduling allocation for different
production cycles

(i) Oversize equipment
(ii) Install parallel same units or process lines

(i) Select and/or design equipment that can
handle inflow materials with different

The ability to switch to . .
Production . Y . qualities and/or produce outflow materials
exercise another production o -
with different qualities
scheme

(ii) Select and/or design production schemes
and equipment that can be switched on/off at
request

53



Chapter 2

4.2.1. Define flexibility by specifying the elements of flexibility

Based on the literature review, we identify five elements that need to be considered
when defining flexibility: (i) target, (ii) range, (iii) hierarchical level, (iv) timescale, and
(v) impact. Such a definition can therefore be: the ability of [a plant/process
line/equipment] to operate over [a range of operating conditions] on [a certain
timescale basis] to cope with [a target] with acceptable [impact]. The contents of the
brackets need to be specified in each case.
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e Target. A target is derived from the sources of uncertainties and elaborates the

content of a flexibility type, which narrows down the design scope. For instance, if
the general concept of feedstock flexibility is defined as "the ability to handle
changes in quantities and/or qualities of inflow materials”, then it is necessary to
explicitly describe the flexibility type, for example, "the ability to cope with
fluctuating electricity supply". The target here is a fluctuating electricity supply.

Range. Flexibility is designed to handle deviations from nominal operating
conditions. A range indicates how many options are available once the operating
conditions deviate from the nominal ones. A range is derived from the
boundaries of uncertainties. They can be a series of continuous values (e.g., 30-50
kg/hr) or a set of discrete criteria (e.g., product types such as biofuel or
hydrogen). Continuing with the example above, the range can be expressed, for
instance, as "the ability to operate over 20-110% of the nominal electricity load to
cope with fluctuating electricity supply".

Hierarchical level. The hierarchical level reflects the degree of detail a design
needs to reach in order to meet the design requirements derived from the
flexibility needs. The hierarchical levels also reflect at which level the flexibility
needs to be assessed for a given purpose. The amount of data and requirements
decreases with the level of aggregation. For instance, Wang, Mitsos, and
Marquardt [93] used peak-to-base load ratio to evaluate a plant’s flexibility with
regard to operations powered by intermittent renewable electricity, while Buttler
and Spliethoff [94] used the range of load ratio to compare the flexibility among
different electrolysers in relation to operation under fluctuating electricity supply.
Continuing with the example above, if only the electrolyser requires flexibility,
then the definition becomes "the ability of the electrolyser to operate over
20-110% of the nominal electricity load to cope with fluctuating electricity

supply".

Timescale. Uncertainties are time-dependent. A unit time period can be a second,
an hour, a day, a season, or a production cycle, etc. Selecting the unit of time will
depend on the goal of the assessment. For example, some biorefineries have to
change feedstock type every season, while some multiproduct batch plants may
need to change over to another production scheme after every production cycle.
Adding the timescale to the above example, the definition can be elaborated as
"the ability of an electrolyser to operate over 20-110% of its nominal electricity
load to cope with fluctuating electricity supply at all times".
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e Impact. Designing for flexibility often results in impacts when compared to a
reference design. Such impacts concern, for example, technical performance
(e.g., conversion efficiency, product purity), economic performance (e.g., net
present value, payback time), human resources (e.g., time, effort) and/or
environmental performance (e.g., global warming potential, acidification).
Impacts can be either positive or negative (i.e., penalties). Impacts are often
quantified by comparing the performance of the (relatively more) flexible design
to the performance of a reference design. Specifying impacts or limits to impacts
in advance can help narrow down the number of design options. For instance,
adding the requirements related to impacts to the above example, the flexibility
can be then finally specified as "the ability of an electrolyser to operate over
20-110% of its nominal load to cope with fluctuating electricity supply at all times
while keeping the overall conversion efficiency above 80% at minimum cost,
effort or downtime".

4.2.2. Pay attention to possible relations among different types of flexibility

When designing novel chemical processes, it should be noted that a need for a given
type of flexibility might trigger the need for other types of flexibility. For example,
production flexibility will be needed when feedstock and or product flexibility is
enabled at the equipment and or process line level. Production flexibility might, in
turn, trigger the need for scheduling flexibility. Another example at a different level is
the expectation from power companies for (electro)chemical plants to have enough
scheduling flexibility to operate at request, which would trigger the need for the plants
to have feedstock flexibility [95]. However, interactions among different flexibility types
are case-specific and often only detectable during the design procedure, leading to
iterative work.

4.3 Step 3 - Apply design strategies for flexibility

Once the needs for flexibility are defined, the following step is to identify and select
strategies to address flexibility. Table 2.3 summarises design strategies identified in the
literature for the five general flexibility types. Note that the strategies can be considered
in any order depending on the purpose of the study. Furthermore, note that if changes
in the quantities of inflow materials are expected (i.e., part of feedstock flexibility), the
design strategies are similar to those of volume flexibility.

4.4 Step 4 - Evaluate flexibility

As discussed in section 3.4, indicators for evaluating specific flexibility types are scarce
in the literature, and if available, they often focus on one type of flexibility. This section
provides illustrative examples of standardised indicators per type and hierarchical level
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(see Table 2.4). The list is not exhaustive and can be further expanded or adapted over
time. Some of the indicators were based on literature (i.e., No. 1 and 8). Others are
proposed to make the assessment of different types of flexibility more comprehensive.
Note that flexibility is, in fact, a relative value (flexible compared to), and hence, the value
of an indicator should be compared between a (relatively more or less) flexible design
and a reference design.

Flexibility can impact a plant at different hierarchical levels, as discussed in section 3.3.
Whether such impact is considered acceptable is case-specific, and it is up to the
evaluator to decide whether a given impact is acceptable. For instance, increasing
flexibility at the cost of environmental or economic performance. Therefore, the table
does not specify a desired direction for the impacts. Furthermore, note that when there
is only one process line in a plant, the indicators at the process line level can also be
applied to the plant level. In addition, when the assessment concerns theoretical
designs, for instance, designs of novel plants that are not commercial. In this case, some
of the indicators in the table are not applicable. Examples of implementing some of the
indicators in Table 2.4 are briefly illustrated below.

Feedstock flexibility

One indicator (No. 2 in Table 2.4) that can be used to characterise this type of flexibility
is "the ability to use varying feedstock types while producing the same product type in a
given period of time". Its math expression quantifies the maximum number of
feedstock types that can be used to produce a given product and is reported as an
absolute value. For instance, a process line uses a feedstock type to produce a product.
Due to the unavailability of the feedstock in winter, the designers introduce another
feedstock type to keep the operation ongoing. As a result, feedstock flexibility is
increased at the process line level. However, using the second feedstock type would
result in twice as much energy being used at the same production rate. Not using the
second type of feedstock would increase the risk of having to close up the plant for
periods of time (and thus, result in economic losses). Hence, the indicators can provide
insights into the trade-offs. Nevertheless, they do not suggest any acceptability.
Stakeholders have to determine the trade-offs between the feedstock flexibility that
increases the revenue and utility usage that leads to cost penalties.

There is also a more complex indicator (No. 1) that characterises "the ability to handle
expected changes in feedstock qualities while satisfying the product specifications in a
given period of time". It is an indicator adapted from the operability index introduced
by other works [72, 105, 106], where more detailed explanations and illustrations are
available. It sheds light on the extent to which the potential changes in input variables
(e.g., concentration, moisture content, and temperature) are within the design range.
The design range is based on the equipment design and output specifications.
Equipment design determines the range in the input variables that a given equipment
can handle, which is referred to in the operability index as available input space (AIS)
[105]. In the case of concentration, for instance, this would mean the range between the
lowest and highest concentrations specified in the equipment design. The output
specifications determine the range of values of input variables that lead to desired
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output variables, which is referred to in the operability index as desired input space
(DIS) [105]. The range in potential changes in the input variables is referred to in this
chapter as expected input space (EIS). All the input variables here only characterise
feedstock qualities. In this context, the indicator reflects how much a design can
accommodate the uncertainties in the feedstock qualities. The maximum possible
value of its math expression is 1. If it is below 1, it implies that the design still has room
for improvement from a technical perspective.

Product flexibility

Similar to the feedstock flexibility indicator, an indicator (No. 5) that gives an absolute
value is proposed. This indicator is defined as "the ability to produce a variety of
product types while using the same feedstock type in a given period of time". It
provides information about the maximum number of product types that can be
produced by a given feedstock type, for instance, at the plant level. Note that the value
of the indicator can differ between hierarchical levels. The total number of products
may be higher at the plant level than at the process line or even at the equipment level,
indicating that the measure of flexibility is highly dependent on the level at which it is
evaluated. As it was discussed before, the evaluation of flexibility to explore potential
impacts, for instance in terms of additional costs or even additional profit.

Volume flexibility

An indicator (No. 8) that can be used to assess volume flexibility is "the ability to cope
with changes in throughput rates without violating the equipment design in a given
period". The throughput rate can be characterised by either the mass or volumetric
flow rate. Its math expression elucidates a range of throughput rates, allowing it to meet
product specifications, which are normalised to the designed throughput rate. For
instance, the nominal load of a given commercial electrolysis stack that uses renewable
electricity is 20 kW. However, it also produces the product as long as the load of the
stack is between 5 kW and 22 kW. According to the indicator, the volume flexibility is
25% 110% at the equipment level. However, when the load is between 25% and 50%,
though the product specifications are satisfied, the product yield (impact in this
example) drops by 15%, calculated using the math expression of the No. 10 indicator.

Scheduling flexibility

Scheduling flexibility is only applicable when the design is physically available. The
indicator (No. 12) characterises "the ability to start a production cycle without wasting
much time in preparation in a given period of time". Its math expression can be used to
calculate the ratio between time spent on preparation and time of the whole
production cycle. The lower it is, the higher the scheduling flexibility the design has.
The indicator (No. 15) provides insight into the reduction in production quantity due to
time spent in preparation, compared to the scenario when fewer production cycles (can
be 1 by design) are required to be executed in a given period of time. Stakeholders then
need to decide the extent to which the scheduling flexibility of the design should be so
that it responds faster to the supply chain planning. However, they also have to balance
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it with certain impacts in terms of, for instance economic performance.
Production flexibility

If production flexibility is defined as "the ability to alternate production schemes on the
same process line in a given period of time", the indicator (No. 14) can cast light on it.
Its math expression quickly counts the maximum production schemes that can be
exercised on a given process line, which is an absolute value. The higher the value is,
the more flexible the process line is. However, switching between different production
schemes on the same process line usually does not sacrifice nothing at all times. The
math expression of the No. 15 indicator quantifies, for example, how much utility water
is used to clean the process line for the switch. Stakeholders should weigh the
importance between production flexibility that might, for instance, lower the capital
cost and the extra utility usage that could, for instance, increase the operating cost.

58



Chapter 2

“[oA9] [eITYOIBIATY LD UT 1Y 01 PAPIIU USYM PalSN(pPE 9q PINOYS 4! ‘UOISSIIAXd A} UT 1 ¥ ST 9IDY) IOASUBYM ¢

"[AS] [BTYITRISIY YIBS Ul 11J 01 Papaau Uaym paisnipe aq pnoys 1w ‘uorssaidxs ay1 ur /1w e s1 919y I9AUSYM,

“[0A9] [BOIYOIRISIY YOBA UL 1l 0} PAPaU uaym pajsnipe aq poys 4w ‘uorssardxe oy ur 4w e st o190y} ToAdUBYM

“AJoan10adsa1 ‘[easy yuerd pue ‘aury sseoo1d ‘quswdmba 01 spuodsa11od ¢ pue ‘g ‘1[99,

‘ugisap (N) mau e 1o (g) Sunsixa ue 0} d[qedridde are s101ed1puUT 9Y) 19IAYM $3)LIIPUT 193(qOy

*(u31s9p 911 S[qIXAJ SI0W 3} ‘DN[RA 3} 19YSIY o) “3"9) 9ANBUISI[E UE 0] paredwiod AN[IGIXa[J JO UOTIISIIP PAIISAP 9} 91BIIPUI SMOLIR 9L,

a8ed 1xau uo anunuo)n

aer ([76] woxy pardepe) awmn
P NT | ﬁisw:o‘ﬁw poausisap 8y} 03 pasIewIou Nw MN@ME “MN\“S 30 porrad uaai8 e ur udrsep yuswrdmbe oSuey 8 sumo
suoneoyrads jonpoid joow JRoTT ~ o oy Sunejora noyim sarer indysnoiyy
0] smofe Jer) a8uer aer indydnoy ], wnu™ xou ut saSueyd ym adod 03 A1fiqe oy,
anrea pausisap ay) 0} auin Jo porad udarf e ut (TeoTUYa))
o . T N, _n I
£el Nd paredwod a8esn Ann ur uoneIAdp YL us .:,%S w sod/y1onpozd ur seurera jo aousnbasuod 1oedury L
B ® S SONI[ON JO 3sn a1} UT saduey)
anfea paudisap aw jo por1ad uaald e ur sadAy
« Ju_ 7t (reoruyoay)
[ N oy} 03 pareduwrod adA) }20)spaay uaaid u ?SEE —Jw jonpoid ay) ur sadueyd Jo }Nsal e se pasn oedw 9
® Jo A;nuenb [e10) o) uT UONEBIASP Y, : $001SPadj JO Junoure Ay} ur sagueyn ¥ I
adfy awn jo porrad uaard e ur adA) Y001spasy 1onpoiq
€T Nd ! )0031spaaj UaAI3 e wio1j paonpoid aq ued (J)xew aures ay) 3ursn a[iym sadA) Jonpoid a3uey S
yey) sadA) 1onpoid jo IoquInu WNWIXe Jo Kyarrea e sonpoid 0y Aifiqe 9y,
aw jo por1ad uaald e ur sadA)
. anfea paudisap ayl 01 n n (TeoTUY231)
€21 N B w — N )201spaay ur sadueyd jo souanbasuod 4
paredwod adesn A1mn ur UOHIBIASP Y, usisop Joedury
® SB SANI[IIN JO asn ay) ul saduey)
anfea awn jo porrad uaard e ur sadAy
» dy, _d (reoruyoay)
€C N paugisap ay 01 paredwod adA) jonpoid EFPEEE w )001spaaj ul saueyd Jo aouanbasuod Toedw €
uaAI3 e Jo Aynuenb o) ur uoneladp Ay, : ® se 1onpoid Jo Junowre o) ul saduey) 1
adfy awm jo pourad uaald e
A N9 ! 1onpoid uaaid e sonpoid 01 pasn aq ued (A4S ppxew ut 2d£) 3onpoid aures ay Suronpoid afrym a8uey z
ey} sadA) )0031Spady) JO IOqUINU WINWIXEA sadAy yo01spaay Surhrea asn 0y AiIqe ay,
suoneoyroads ndino d awm jo N001spaag
. . | pue udrsap yuawdmba o) uo paseq aguex (tsotl zﬁmw qu epe) potiad uaard e ur suoneoyroads jonpoid oSue
el N'd u1sap oY) unyIm are safqerrea ndur P e oy Surfysnes a[rym sanifenb yo01spasy ! I
ur saueyd [enuajod 9] U)X JBYM O, (S1gUSIVUSIA) ur sodueyd pajdadxa afpuey 01 Aiiqe ay [,
puaYM
,S[PAST iuo.ﬁo JIqIxay uondmosaq uorssardxa ypew 3uog uontuyaq ‘ON adAg,
QIO

"AIIqIxaY) 3unenead 10} s103edipul jo sajdwexy *§°g *d3[qeL

59



Chapter 2

More

Type No. Definition Long math expression Description flexible  Object  Levels
when
The NUL_Q to cope with mxﬁmnﬁ.ma w(DISA AISNEIS) Ho what m.ﬁma the Um.;m:w:m_ orm:.mmm in
changes in throughput rates without —_— input variables are within the design
9 Range A . . W(EIS) . Y 1 EN 1,2,3
unwanted results in a given period of range based on the equipment design
Volume . (adapted from [105]) o
time and output specifications
i i design
Impact Changes in the product u antity as a mp My The deviation in product yield compared
10 X consequence of changes in the throughput —_ - X N 2,3
(technical) R R . . m design to the designed value
rates in a given period of time f me
Changes in the use of utilities as a maesign .. The deviation in utility usage compared
Impact . U inlout . N
11 (technical) consequence of changes in throughputrates ~ my; — —desian to the designed value multiplied by the N 1,2,3
in a given period of time %s.:?wm load ratio
The ability to start a production cycle ¢ . The ratio of the time spent on
. . . . . preparation . . .
Schedulin: 12 Range without wasting much time in preparation P preparation to the time duration of a | E 1,2,3
8 for a given period of time productioncycle complete production cycle
Changes in the amount of product as a . The deviation in the quantity of a given
Impact . R design ;
13 (technical) consequence of changes in production my —my product type compared to the designed E 1,2,3
cycles in a given period of time value
The ability to alternate production . .
o . Maximum number of production schemes
. 14 Range schemes on the same process line in a given max Ng; . . 1 EN 2
Prodcution . . i on a given process line
period of time
Impact The quantity omﬁ.z_::wm spent moa wéﬁnr_:m switching Utility usage for switching between
15 . between production schemes in a given m . E 1,2,3
(technical) u production schemes

period of time
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5 Conclusion

This chapter aimed to develop a conceptual framework of flexibility that can serve as a
conceptual guideline for the design and assessment of novel flexible chemical
processes. The chapter identified how flexibility-related topics have evolved in the past
three decades, shifting from focusing on the optimisation of, mostly, well-understood
high-TRL processes to the designing of novel chemical processes that employ
renewable energies such as biomass, intermittent renewable electricity and others,
which inherently carry additional uncertainties. We identified significant overlaps in
terminology and concepts, resulting in confusion when comparing different studies
dealing with flexibility. Based on the literature, we proposed a definition and identified
5 types of flexibility: feedstock flexibility, product flexibility, volume flexibility,
scheduling flexibility and production flexibility. Furthermore, the chapter identified
design strategies that are adopted to enable these types of flexibility, from which
process designers could draw lessons when designing for similar flexibility needs.

To support the design and assessment of different flexibility types, we identified 5
elements of flexibility: target, range, hierarchical level (i.e., equipment, process line or
plant), timescale and impact. Further, as standardised indicators to evaluate the
specific flexibility types of processes are largely lacking, the chapter proposed a first set
of indicators for evaluating specific flexibility types independent of a control structure.
In further work, the indicators should be tested and further refined, and economic as
well as environmental perspectives should be further incorporated. In this chapter
utilities are considered part of the production scheme, however, since utilities and their
related equipment also gained attention in the context of flexibility (e.g., heat exchange
network), utilities should be incorporated as a separate factor into the framework.

Finally, it is important to stress that coupling the energy sector with increasing
penetration of renewable energy and the chemical industry will remain a key challenge
in the coming decades. The need and requirement for flexibility will gain increasing
importance for both sectors and will play a key role in the way novel chemical processes
are designed and implemented. The development of methodologies that support the
assessment of flexibility options early on requires further work and attention from the
academic and industrial communities.
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Chapter 3

Chapter-specific nomenclature

Symbols
Jing Electricity stored in the BESS at time ¢, GJ/h
Electricity discharged from the BESS at time ¢,

Jout; GJ/h

Electricity consumption immediately used for
Je hexanoic acid production at time ¢, GJ/h
P, Available electricity from the wind and/or solar

farm at time ¢, GJ/h

Vector of hourly available electricity over hourly
%4 nominal electricity consumption (for
intermediate calculation), %
Heat exchange surface area, m
Yearly coverage percentage of shortage hours at
an available electricity power v, %

Electricity cost, M€/y

Feedstock cost, M€/y

Electricity consumption, GJ/h

2

o >
<

Mass flow rate at plant level, kt/y

Mass flow rate at equipment level, t/h

Plant lifetime, years

Heat duty, kJ/s

Discount rate, %

Temp  Temperature of the hot stream, K

temp  Temperature of the cold stream, K

U Overall transfer coefficient, kJ/ (s m? K

ur Utility cost at plant level, M€/y

Available electricity power generated by the wind

and/or solar farm (time-independent), GJ/h

Available electricity power generated by the wind

v and/or solar farm (time-independent; for
intermediate calculation), GJ/h

wT Waste treatment cost, M€/y

~os3 oz oSmm

A Integers
Price, €/kg
0] Statement inside the Iverson bracket
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Superscripts

H Hybrid renewable electricity

; Type of equipment (for volume
flexibility analysis)

k Case number, from 0 to 6

w Wind electricity

Subscripts

C6A Hexanoic acid

in Inlet

LB Lower boundary

max Maximum value
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Abstract

Combining intermittent renewable electricity (IRE) with carbon capture and utilisation
is urgently needed in the chemical sector. In this context, microbial electrosynthesis
(MES) has gained attention. It can electrochemically produce hexanoic acid, a
value-added chemical, from CO,. However, there is a lack of understanding regarding
how the intermittency of renewable electricity could impact the design of a MES plant.
We studied this using Aspen Plus models. A MES plant that was powered by constant
grid electricity could operate from 100% down to 70% of its nominal capacity, at which
point the heat exchangers and the internal geometrical design of the distillation towers
became bottlenecks. The levelised production cost of hexanoic acid (LPCcga) was
estimated at 4.0 €/kg. Switching to IRE supply increased LPCcga to 5.3 €/kg (for wind
electricity) and 4.7 €/kg (for hybrid renewable electricity). A battery energy storage
system (BESS) was deployed. The lowest LPCcgp was found at a BESS installation of 29
GJ/h for wind electricity (5.1 €/kg) and at 12 GJ/h for hybrid renewable electricity (4.7
€/kg). In both situations, the volume flexibility of the MES plant was not improved. At
the investigated market and operating conditions, coupling IRE to the MES plant was
economically infeasible.
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1 Introduction

According to the IPCC Sixth Assessment Report, it is still possible to reach the 1.5 °C
climate goals [1]. This, however, requires immediate and profound changes across
different sectors. As a major emitter of greenhouse gases, the chemical sector should
take urgent measures to reduce its emissions. A potential option is to accelerate the
transition from fossil to renewable energy and shift to technologies that use low-carbon
feedstocks and energy streams [2].

By having the potential to combine intermittent renewable electricity (IRE) with carbon
capture and utilisation (CCU), electrochemical CO, utilisation has drawn significant
attention in the chemical sector. Lately, microbial electrosynthesis (MES) has come into
sight for its ability to convert CO> into volatile carboxylic acids (VCAs), such as formic,
acetic, butyric acids, and hexanoic acid [3, 4]. Formic acid requires two electrons (2 e™)
when the faradaic efficiency (FE) is 100% and an electric energy of 3.88 kWh/kg at a FE
of 90%. Similarly, acetic acid needs 8 e~ and 11.89 kWh/kg. Butyric acid asks for 20 e~
and 20.28 kWh/kg. Hexanoic demands 32 e~ and 24.60 kWh/kg [4]. Among all, hexanoic
acid, also known as n-caproic acid, has the highest market price (i.e., 2.5-4.2 €/kg [5, 6].
Unlike the others, hexanoic acid only has one industrial production method, which is
the fractional distillation of coconut or palm kernel oil. Additionally it is a by-product
accounting for less than 1 wt% [7]. Hence, its availability is constrained by the
production of these two plant oils. Subsequently, it is subjected to disruptions in both
markets caused by, for example, weather [8] or export bans [9]. However, high-purity
hexanoic acid (i.e., >98 wt%) has a wide range of important applications, such as animal
feed additive, flavour additive, and chemical raw material [10]. The use of MES has the
potential to decouple the production of hexanoic acid from biomass and vegetable oils
and expand what until now has been a niche market due to limited natural resources.
For instance, as a longer carboxylic acid, hexanoic acid can be upgraded to a blend in
sustainable aviation fuels via ketonisation and hydrodeoxygenation [11, 12].

As with any other electrochemical technology, MES can run flexibly on a fluctuating
electricity supply [13-15]. However, the MES unit is simply part of a process. To meet
product requirements, downstream processing (DSP) also plays a vital role. Since MES
produces hexanoic acid in a dilute environment, rigorous DSP is required to reach a
high-purity product stream. Published recovery and purification technologies for
separating VCAs, such as hexanoic acid, from water, are energy-intensive and or costly
[16-18]. They include distillation, reactive distillation, adsorption, electrodialysis,
solvent extraction, nanofiltration, reverse osmosis, membrane separation, and
combinations thereof. Novel methods like capacitive deionization are also being
explored in this area [19]. Woo and Kim [20] modelled the recovery and purification of
VCAs, including hexanoic acid, from a dilute aqueous stream in Aspen HYSYS. Their
selected recovery method was liquid-liquid extraction (LLE), using nonyl acetate and
hexyl acetate as solvents, followed by distillation. Saboe et al. [21] experimentally
performed the extraction of hexanoic acid from a dilute stream using solvents Cyanex
923 and trioctylamine (TOA) in membrane-based LLE and following solvent
regeneration. They also simulated solvent regeneration and ambient distillation units
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in Aspen Plus. Benalcazar et al. [22] simulated LLE of hexanoic acid with n-decane and
subsequent purification by distillation in Aspen Plus. The overall recovery yield of
hexanoic acid in these three studies was above 90%, and its purity was above 99 wt%.

However, the abovementioned DSP technologies have been developed for steady and
continuous operations. Integrating IRE into an electrochemical plant will introduce
fluctuations in the throughput rates of the DSP. A common tool to handle fluctuations
is "flexibility" [23-25]. For coping with fluctuations in electricity supply and,
consequently, volume/mass flowrates, the flexibility type desired is volume flexibility
[25]. It is defined as the ability, at a hierarchical level (i.e., equipment, process route, or
plant), to operate over a range of throughput rates on a given timescale basis (e.g., per
second, per month) to cope with a target (e.g., variations in feedstock quantity) without
unacceptable impacts (e.g., profitability). The incorporation of volume flexibility in the
process design should lead to the operating window that guarantees the proper
function of an electrochemical plant powered by IRE.

Nonetheless, the literature provides limited insights into the implications of
incorporating intermittency and subsequent volume flexibility in the design of
chemical processes, especially for technologies that are currently at a low technology
readiness level (TRL), such as the MES technologies that are at a TRL of 2-3. Depending
on the types of microorganisms, MES technologies can take in different feedstock and
synthesise various products. The technical and/or economic performances of some
MES technologies at the plant level have been evaluated by ex-ante assessments,
though under constant power supply [6, 26-30]. For instance, Christodoulou et al. [31]
estimated the production cost of direct conversion of CO, into formic, acetic, and
propionic acids, methanol, and ethanol, respectively. Only formic acid and ethanol
were reported to have a lower production cost than their market value when simply the
assumed cheaper price but not the real intermittency of renewable electricity was
considered. Shemfe et al. [29] assessed the production cost of the formic acid converted
from CO,, between 5-15 €/kg, which is lower than the market price. Nonetheless, the
DSP was not included in their process system. Wood et al. [30] evaluated a range of
products synthesised straight from CO, directly captured from air. The production
costs are significantly higher than their market value. Jourdin et al. [6] examined the
hexanoic acid production directly from CO, and short-chain carboxylic acids (SCCAs),
respectively. Both the capital and operating costs of generating hexanoic acid from CO,
are much lower than from SCCAs. However, the net present value is negative even
without considering the cost of DSP. Promoting the electron selectivity towards
hexanoic acid to 100% would make the process that encompasses the DSP profitable.

Up to date, the impact of IRE on the MES operation that produces carboxylic acids has
only been investigated at a lab scale, e.g., [3, 32, 33], whereas the impact of IRE in the
design of a MES plant that produces carboxylic acids is unknown. Beyond MES, some
Power-to-Chemicals studies have considered design strategies for enhancing volume
flexibility at different stages of TRL, e.g., [34-39]. For instance, Bree et al. [34]
considered five strategies to enhance the volume {flexibility of a conventional
chlor-alkali process against the variable electricity supply: (i) oversizing the equipment;
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(ii) adopting a more flexible conversion technology; (iii) installing storage tanks; (iv)
incorporating a water electrolyser or fuel cell; (v) implementing a battery energy storage
system (BESS). They concluded that, in their case, a more flexible technology
economically performed better than a less flexible technology assisted by a BESS. In
another example, Huesman [36] adopted a BESS to improve the flexibility of a methanol
plant using CO; from direct air capture and H; from water electrolysis coupled with
solar power, but the resulting penalty in the manufacturing cost was high. The intuitive
approach to improving flexibility with a BESS seemed again hardly helpful, particularly
regarding economics. Nonetheless, it is uncertain if this ineffectiveness of installing a
BESS also applies to other electrochemical production systems.

Given the importance of an alternative production route of hexanoic acid and the
flexible operation of electrochemical processes coupled with IRE, this chapter aims to
contribute to the methodological approach for designing and assessing flexible
processes at a low TRL, using microbial electrosynthesis of hexanoic acid as the only
conversion technology. This chapter conducts an ex-ante assessment to evaluate the
potential techno-economic performances of this specific MES technology, assuming it
is available today. A plant centred on this specific MES technology and powered by IRE
supply is designed. The DSP of the MES plant will rely on membrane-based LLE with
TOA, vacuum distillation, and ambient distillation. In addition, as a strategy for
enhancing the volume flexibility of the MES plant, a BESS will be deployed in the plant.

2 Methodology

2.1 Process system

2.1.1. Design consideration

The nominal production capacity of hexanoic acid was fixed at ca. 10 kt/y. The MES
plant was designed to obtain an overall recovery yield of 99.8% of hexanoic acid at 99
wt% purity in liquid form. The remaining 1 wt% of the composition consists of water,
acetic acid, butyric acid, and the extraction solvent. Due to the reaction stoichiometry,
pure oxygen was produced as a by-product at ca. 22 kt/y [6]. The plant was assumed to
be located in the Port of Rotterdam, the Netherlands. With construction starting in 2018
and operation in 2019, the lifetime of the plant was assumed to be 30 years [6].
Equipment with a shorter lifetime was assumed to be replaced after 15 years of
operation. Furthermore, it was assumed that feedstock, except for electricity, was
supplied as needed and that the product was delivered to the market without further
packing or conditioning.

2.1.2. Process description

The MES unit was designed on the basis of experimental data used in [6]. The DSP was
designed based on experimental and exhaustive Aspen Plus simulation results of a
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similar system in [21]. Fig. 3.1 is a simplified block flow diagram of the plant. Purge
streams, heat exchangers, and centrifuges have been omitted from the figure for
simplicity.

of

BESS
. Anode
e * I\3/|ZECS Liquid-liquid Solvent
N 1.02 bar Acidification extraction regeneration
sre
—> (LLE1) —> (SR1)
» Cathode 1.02 bar 32°C 250°C
A 1.02 bar 0.05 bar
| CaHPO, | t |
Solvent Liquid-liquid
Dehydration regen eration extraction
(SR2) <——  (LLE2) -—
203 c 250°C 32°C
1.02 bar 0.05 bar 1.02 bar
99 wt% Hexanoic acid T

Fig. 3.1. Simplified block flow diagram of the MES plant. MES: microbial electrosynthesis; LLE:
liquid-liquid extraction; SR: solvent regeneration; TD: dehydration column; TOA: trioctylamine.

MES is driven by electricity. A BESS is installed prior to it to buffer fluctuations in the
electricity supply. Demineralised H,O feeds the anode compartment of the MES, while
demineralised H,O, pure CO,, and Ca(OH), enter its cathode compartment. In the
anode chamber, H,O is split into O, and H*. O, is vented from the headspace of the
anode chamber. All H" passes through the membrane to the cathode compartment.
The outlet stream of the cathode compartment contains aqueous acetate, butyrate,
hexanoate, and their corresponding acids. The purity of the carboxylates and carboxylic
acids is in total 1 wt% [6]. This outlet stream is acidified using aqueous H3PO, to
precipitate Ca®>* as CaHPQ,, which is removed using a centrifuge. The liquid stream
from the acidification unit is sent to a membrane-based LLE (LLE1) that uses
trioctylamine (TOA) as extracting solvent [21]. The extract stream is pre-heated before
entering a vacuum solvent regeneration column (SR1). TOA from the bottom of SR1 is
recycled to the LLE1. The overhead stream of SR1 contains carboxylic acids and water
in a higher mass purity than in the outlet stream of the acidification unit. However, after
a single extraction unit, this ratio is still below the azeotropic composition. Therefore,
the overhead stream from SR1 is fed to a second membrane-based LLE with TOA as
solvent (LLE2). The extract stream from LLE2 is pre-heated, centrifuged to remove salt
precipitate, and sent to a second solvent regeneration column (SR2). The bottom
stream from SR2 contains TOA and is recycled to LLE2. The overhead stream of SR2 is
sent to a dehydration column (TD). Short-chain carboxylic acids (i.e., acetic and butyric
acids) and water are separated from the hexanoic acid as distillate, and this distillate is
recycled to the MES. The bottom stream of the dehydration column is the hexanoic acid
stream, which is centrifuged to remove the remaining salt precipitate and cooled to
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room temperature. The final product stream is liquid hexanoic acid at 99 wt% purity.
The two raffinate streams (from LLE1 and LLE2) and the distillate stream from the
dehydration unit are cooled and recycled to the cathode compartment of MES, to
enhance the overall yield of hexanoic acid on CO;. A more detailed process description
is presented in Appendix B, and the process flowsheet can be found in Appendix C.

2.1.3. Modelling approach and key assumptions

A non-random two-liquid thermodynamic model was chosen as the global property
method with the Hayden-O’Connell equation of state for vapour phase properties,
namely NRTL-HOC, in Aspen Plus v12 (referred to as Aspen hereafter). This
thermodynamic property package can deal with dilute electrolyte streams and
carboxylic acids.

MES has not been made a built-in model in Aspen. A dynamic computation model of
MES could be incorporated into the simulation to enhance the accuracy [40]. However,
the kinetic data of the MES-producing hexanoic acid is not available yet. Hence, it was
modelled as a black box using an RYield model in Aspen, controlled by Fortran codes in
a calculator block. It represents the MES by its mass balance, energy balance, and
process parameters. All information, such as operating conditions, electron selectivity,
productivity, and purity of the MES, is based on [6] and their previous experimental
work cited therein. Details are compiled in Appendix B. The three heat-based
distillation columns (i.e., SR1, SR2, and TD) were modelled using built-in RadFrac
models with condenser and reboiler. The vacuum needed for the two vacuum solvent
regeneration units (i.e., SR1 and SR2) was generated by ejectors which were driven by
medium-pressure steam; these were modelled by expanders in Aspen, in the absence of
ejectors. Their energy consumption and sizes were estimated based on the operating
conditions from [21] and are summarised in Appendix B. The two LLE units should be
two membrane contactors [21]. They were modelled as two extraction towers. Salt was
assumed to be completely removed by a filter before the main stream entered LLEL.
The local property method selected for both LLE units was the universal quasichemical
functional-group activity coefficients with the Hayden-O’Connell equation of state for
vapour phase properties (UNIFAC-HOC). Further modelling assumptions and details
about the process are provided in Appendix B.

Heat was consumed or generated as utilities, such as low-pressure steam. The same
type of utilities consumed and generated were subtracted. Note that heating was always
a one-time process while cooling was staged. Furthermore, electricity was integrated.

The BESS and IRE profiles were not directly modelled in Aspen. Section 2.5 explains their
integration with the process model.

Given the TRL of MES and membrane-based LLE, it is challenging to validate the
simulation results of the whole process configuration without experiments or pilots.
However, we carried out a sanity check at the unit level with the help of analogous
literature, technology developers, and industrial experts. See more details in Appendix
B.
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2.2 Electricity supply profiles

Three electricity supply profiles were considered. One supplied constant grid electricity
at the nominal electricity consumption rate of the MES plant ("J,"; GJ/h). The other
two were IRE profiles: 1) wind electricity from an onshore wind park, and 2) hybrid
renewable electricity supply consisting of the same wind park together with an
additional solar farm. The IRE profiles were generated on the basis of Rotterdam’s wind
speed and solar radiation data with an hourly interval over 2019 (8760 hours). The raw
data was initially retrieved as hourly capacity factors from [41]. They were then
converted into energy per hour by multiplying with the peak capacities of the selected
wind park (Windpark Slufterdam, the Netherlands; 50.4 MWp) [42], and the solar farm
(Shell Moerdijk, the Netherlands; 27 MWp) [43]. A direct line was assumed between the
MES plant and the solar and wind farms. Furthermore, the solar and wind farms were
built primarily to support the MES plant. With these assumptions, the renewable origin
is guaranteed and the additionality condition is met following the latest regulations of
the EU [44]. Also, it was assumed that the renewable electricity farm did not supply
electricity to the MES plant as per demand. Instead, the intention was to explore how
much available electricity from the renewable electricity farm the MES plant could
consume. The electricity the plant could not consume was simply not used by the
plant. The IRE profiles were represented by two datasets of 8760 data points each, "P;’V !
(GJ/h) for the wind power supply data and "P{J " (GJ/h) for the hybrid power supply
data. The values were treated such that "PIW /J," and ”Pf{ /]," have a precision of 1%.
Details can be found in Appendix C.

The price of the constant grid electricity was assumed as the average electricity
wholesale price for industrial use in the Netherlands in 2019, i.e., 25.56 €/GJ [45]. For
the hypothetical future pricing scheme of renewable electricity, two three-tier
load-following pricing schemes were assumed for the two IRE profiles, mimicking a
power purchase agreement. The pricing scheme of the wind electricity profile is
illustrated in Fig. 3.2. It was determined based on both load and time. Peak hours were
assumed to be 30% of the time in a year when the capacity factor was the lowest.
Off-peak hours were assumed to be 30% of the time in a year when the capacity factor
was the highest. Mid-peak hours were assumed to be 40% of the time in a year when the
capacity factor was in the middle. The off-peak, mid-peak, and peak prices were
assumed to be 85%, 100% and 115% of that of the constant grid electricity, respectively
[46]. The same rationale was applied to the hybrid renewable electricity profile.
Furthermore, it was assumed that the electricity profiles and their pricing schemes were
the same throughout the 30 years of the plant’s lifetime. Details pertaining to the
pricing are presented in Appendix C.
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Fig. 3.2. Three-tier load-following pricing scheme used for wind electricity.

2.3 Operating schemes

Operating scheme 1 followed four rules specified for the hourly operation of the plant
together with the BESS:

1) when the total electricity available from the IRE and the BESS does not reach the
minimum tolerable throughput rate of the plant (how it was obtained is explained
in section 2.5.1), shut down the production;

2) otherwise, ensure the minimum tolerable throughput rate of the plant, if needed,
with the backup electricity from the BESS;

3) if the BESS is not fully charged and not used for production, charge it;
4) if the BESS is fully charged, increase the production of the plant using IRE directly.

Operating scheme 2 proposed that:
1) when the total electricity available from the IRE and the BESS does not reach the

minimum tolerable throughput rate of the plant, shut down the production;

2) otherwise, boost the production as much as possible, by using the backup
electricity from BESS in addition to IRE;

3) if the BESS was not fully charged, only charge it during off-peak hours when the
two prior rules were satisfied.

A critical assumption was that the ramping time was negligible. Details about the two
operating schemes are schematically illustrated in Appendix B.

2.4 Cases

In total, seven cases were examined, as summarised in Table 3.1. In each case, the BESS
implementation, electricity supply profile, and the operating scheme of the plant were
specified if applicable.
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Table. 3.1. Summary of cases the plant level considered in this chapter. BESS: battery energy
storage system.
Case Electricity supply profile =~ BESS implementation = Operating scheme

0 Grid No -
1 Wind No -
2 Hybrid No -
3 Wind Yes 1
4 Hybrid Yes 1
5 Wind Yes 2
6 Hybrid Yes 2

2.5 Volume flexibility estimation

To integrate the Aspen process model with the BESS, the electricity profiles, and the two
operating schemes, Python scripts were created. They were used to extract mass and
energy balances of the process model from Aspen at varying throughput rates and to
assess techno-economic performances.

To design for or assess any type of flexibility, five elements have to be specified for the
context, namely hierarchical level, target, range, time scale, and impacts [25]. As has
been stated in section 1, this chapter focuses on the volume flexibility of the MES plant.
However, to evaluate the volume flexibility at the plant level in Cases 1 to 6, we first need
to understand the volume flexibility at the equipment level independent of any case.
Hence, the five elements are specified for the volume flexibility at both the equipment
and plant levels (see Table 3.2).

Table. 3.2. Definitions of volume flexibility used in this chapter, based on [25]. REC: range of
effective capacities. LRR: load ratio range.

Element Specification
Hierarchy level Equipment Plant
. Fluctuating throughput rates  Fluctuating electricity supply
Target (unit) (kg/h) (GJ/h)
Range (unit) REC (%) LRR (%)
Time scale Hourly Hourly

1. Fully consuming electricity

1. Meeting the product available from wind and/or

Impacts/conditions

requirements

4 solar farm
2. Not damaging the 2. Meeting the product
equipment requirements

3. Not damaging the equipment

At the equipment level, volume flexibility is defined as the ability of the equipment to
operate within a range of flow rates while meeting the product and design requirements.
It was characterised by the range of effective capacities (REC), which is elaborated on in
section 2.5.1.

At the plant level, volume flexibility is represented by the range of electricity available
from the renewable electricity farm that the plant could fully consume while meeting
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product requirements without damaging the equipment. It was characterised by the
load ratio range (LRR). LRR is impacted by REC. Moreover, LRR is also associated with
other factors such as electricity supply profiles and operating schemes of the plant. LRR
is further detailed in section 2.5.2.

Additionally, the precision of both REC and LRR was set as 1% in this chapter.

2.5.1. Equipment level

REC!, as calculated by Equation 3.1, represents the minimum "7’ . " and maximum

min
"ral " tolerable throughput rates a piece of equipment could handle. Values are
normalised to the nominal value "mf," [25]. The larger the range, the higher the
flexibility of the equipment, i.e., the larger the range of throughput rates at which each
piece of equipment operates safely while satisfying the designed recovery yield and
purity of hexanoic acid. The limits were detected by failures to meet product
requirements, temperature requirements for heat exchangers, or experiencing unstable
hydraulics of tower trays. In this chapter, the assessment of volume flexibility at the
equipment level focused on three heat-based distillation columns (i.e., SR1, SR2 and
TD) because their operating conditions, such as temperature and pressure are more
complex and stringent. The rest of the equipment was assumed to be fully flexible
without loss in performance or penalty in energy consumption.

nivv

Coml .k
REC' = [—=%, —==] 3.1)
mU mO

To determine REC?, the throughput rates should be varied while the dimensions of the
columns were fixed at the nominal conditions in the Aspen model. Nonetheless, in
Aspen, equipment is, by default, automatically resized when the throughput rate varies.
In a built-in RadFrac model with an integrated condenser and reboiler, the dimension
of a column can be manually fixed by specifying the tray diameter, tray spacing, etc.
However, the dimensions of the integrated condenser and reboiler cannot be fixed and
hence change with variations in throughput rates. To address this issue, the distillation
columns were modified using a single-tower RadFrac model (without integrated
condenser or reboiler) with a separate condenser and reboiler (heat exchangers, namely
HeatX) as well as two splitters to recirculate the streams to the columns. This new
combination is called the "decomposed model" in this chapter. The areas "A" of the
condensers and reboilers of SR1, SR2 and TD could thus be fixed in the HeatX model at
their nominal capacities according to Equations 3.2 and 3.3 [47]. Heat duty "Q" and
log-mean temperature difference "LM T D" were obtained at the nominal conditions.
The overall heat transfer coefficient "U" was estimated following heuristics, based on
the temperatures and liquid properties [48]. The details are summarised in Appendix B.

Q=UxA*xLMTD 3.2)

(Tempi, —tempoyt) — (Tempoyr — tempiy)
Tempin—tempout
Tempour—tempin

LMTD =

3.3)
In
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After the decomposed models were constructed, the flowrates were varied. At different
rates, split ratios between the reflux and distillate streams, as well as between the boilup
and bottom streams, were adjusted to keep the purity and recovery yield of hexanoic
acid in the outlet streams at the nominal conditions (deviation < 0.01%). The utility
usage was controlled by Design Specs. Here, it was assumed that for each piece of
equipment driven by electricity, its input flow rate was always proportional to its
electricity consumption rate. Therefore, the minimum and maximum electricity
consumption of the plant without any BESS (i.e., "Jiin" and "Jyax") could also be
obtained, calculated as in Equations 3.4 and 3.5. They will be used in the evaluation of
Cases 3 to 6.

Py

Jmin =max—"2 x I, (3.4)
T
ml
]max=m,a~x% *Jo (3.5)
i m,

To assist volume flexibility at the equipment level, the energy consumption (GJ/h) of the
three columns was evaluated.

2.5.2. Plant level

Case 0

Since Case 0 was powered by constant grid electricity, it did not need a BESS to buffer the
fluctuations in the electricity supply. Moreover, it essentially corresponds to the nominal
conditions of the MES plant. Hence, volume flexibility is not applicable to Case 0.

Cases 1 and 2

In Cases 1 and 2, no BESS was deployed. As mentioned, for each equipment driven by
electricity, its flow rate was assumed to be always linear to its electricity consumption
rate. Therefore, in Cases 1 and 2, the volume flexibility of the plant could be the frontier
depicted by the most limiting RECs (see Equation 3.6).

LRRY = RECSBY A RECSE2 A RECTP (3.6)

Cases3to6

In Cases 3 to 6, since a BESS was installed in the plant, the plant as a whole could
consume extra electricity in addition to its nominal electricity consumption, or
consume electricity when the production was off. Hence, the operating profile of the
plant changed, and the "LRR*" was quantified differently from using Equation 3.6. Its
boundaries were determined using Equation 3.7, which was linked to the plant’s
operating profile and, thus, the IRE profile. The operating profile consisted of the
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electricity stored in the BESS "J znk” the electricity discharged from the BESS "Jou tk "
and the electricity directly used for production "J;" (see the illustration in Fig. 3.3). For
the IRE profile, we use "P" for explanation here, while the same rationale applies to
"P;/V" as well.

.f\DSP 99wt%
Hexanoic
i(\;l,:: e acid
Electricity Intermediate stream  Feedstc Solvent Product Waste
| > | >> [ [ > [

Fig. 3.3. Illustration of the operating profiles in Cases 3 to 6.

The lower boundary of "LRR*" is defined as minVLkB. It is the minimum "v/J," among
the vector " VL"B". "v" is an available electricity power generated by the hybrid
renewable electricity farm, which is time-independent. "J," is the hourly nominal
electricity consumption of the MES plant. " VLkB" is composed of continuous "v/J,"
ratios (with a precision of 1%) that the "v" is equal to or smaller than the minimum
electricity consumption of the MES plant without any BESS "Jyni," while the "CK"
equals to 100%. "CK" represents the percentage of hours in a year the plant can fully
consume the available electricity from the hybrid renewable electricity farm
"Jing +]k—v PH" as well as produce hexanoic acid "]f+]0utfz]mm" over the hours
when the "PH " equals to a specific "v". To count the hours when this happens, the
Iverson bracket "[®]" is used. If the statement ® inside the bracket is true, the value is
1; otherwise, it is 0. "C,’f:lOO%" means that the plant can fully consume the available
electricity from the hybrid renewable electricity farm and produce hexanoic acid
whichever hour this electricity power "v" is generated by the hybrid renewable
electricity farm "PH" in a year.

The upper boundary of "LRR*" is defined as mianB. It is the maximum "v/J," among
the vector " Vk " Vl’]‘B " consists of a continuous range of "v/J," ratios (with a precision
of 1%) that the " v" is equal to or larger than the maximum electricity consumption of the
MES plant wuhout any BESS "J,4x" while the "CX" equals to 100%. Note that applying
Equation 3.7 to Cases 1 and 2 would get the same results as with Equation 3.6.
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To assist volume flexibility at the plant level, the shutdown time (h/y) and production
quantity of hexanoic acid (kt/y) were also assessed. Shutdown time counts when
"]f+]0utf:0".

2.6 Economic assessment

Capital expenditure (CAPEX), operating expense (OPEX), and levelised production cost
of hexanoic acid (LPCcga) were used to assess the economic performance of the plant’s
inside battery limits (i.e., process facility). The CAPEX was calculated as the sum of direct
capital costs (i.e., purchase equipment cost), indirect capital costs (e.g., construction,
supervision), and working capital costs. The purchase costs of equipment were either
obtained from the Aspen Process Economic Analyzer v12, retrieved from vendors (e.g.,
ejectors), or estimated based on literature (e.g., MES). The direct costs and indirect costs
were estimated using factors (e.g., a percentage of purchased equipment cost) available
in references [47, 49, 50]. A CAPEX flow might differ due to the replacement of BESS and
LLE units at the end of year 15 as well as the salvage value of the whole plant at the end
of its life, while the OPEX remains the same every year (assuming constant price of raw
materials and utilities).

The OPEX includes costs for feedstock "F", electricity "E", utilities "UT", operation and
maintenance "O&M", and waste treatment "W T". Feedstock costs were calculated
using the mass balance and feedstock’s prices. Electricity and utility costs were
calculated based on the energy balance of the plant and local energy prices. All the
prices and assumptions to quantify CAPEX and OPEX can be found in Appendix B.

The LPCcga in all seven cases was calculated using Equation 3.8. An economic allocation
was applied between hexanoic acid and oxygen following Equation 3.9. Thirty years of
the plant’s lifetime at a discount rate "r" of 8% were assumed [6]. The salvage value of
the plant was assumed to be 3.3% of the initial CAPEX [6, 51].

X! (CAPEXS +0&M* + FF+ UTF + wTk 4 EF)

ko_
LPCE, = AFcea T (3.8)
y=1Mcea
M2 Ocea
AFcea=—5 o4 0 (3.9
Mcgs9c6a+Mg,00,
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3 Results and discussion

3.1 Process modelling at the nominal conditions

Table 3.3 summarises the techno-economic results of the MES plant without a BESS at
the nominal conditions, i.e., results of Case 0. The production of hexanoic acid requires
much more electric energy than energy from the hot utilities. This is not surprising
given the electricity consumption of the electrolyser, which is at the core of the concept.
Among the hot utilities, low-pressure steam yielded a negative value, indicating that
there was more generation of this utility than consumption. The net amount of this
utility was partially used for the low-low-pressure steam demand and partially used
outside the plant without profit. The annual consumption of CO, was 23 kt/y.
Therefore, the electricity required to convert a tonne of CO; into hexanoic acid was 24.7
GJ/t (= 6.9 MWh/t). Detailed utilities and electricity consumption and a complete
stream table can be found in Appendix C.

Among all the items contributing to the OPEX, the annual electricity cost was the highest,
accounting for 36%, followed by operations and maintenance costs (22%) and feedstock
(20%). The levelised production cost of hexanoic acid, LPC%6 , Was estimated at 4.0 €/kg,
which was 33% higher than the assumed market price (i.e., 3 €/kg for 2019), but still fell

within the range of current market prices of hexanoic acid (i.e., 2.5-4.2 €/kg) [5].

Table. 3.3. Techno-economic results in Case 0 (prices in 2019).

Technical indicators Value'
Utilities
Low-low-pressure steam - TJ/y 3.7
Low-pressure steam - T]/y -20.1
Hotoil - T]/y 217.4
Medium-pressure steam - TJ/y 11.2
Chilled water - TJ/y 61.7
Cooling water - T]/y (kt/y) 144 (2302)
Electricity consumption - TJ/y (=GWh/y) 600 (=167)
Economic indicators Value
CAPEX - M€ 93
Fixed capital investment - M€ 79
Working capital - M€ 14
OPEX - M€/y 34
Operations and maintenance - M€/y 9.5
Feedstock - M€/y 6.7
Electricity - M€/y 15.4
Utilities (incl. cooling water) - M€/y 0.9
Waste treatment - M€/y 1.6
Levelised production cost of hexanoic acid, LPCOC6 A - €/kg 4.0

1A negative value indicates that there is more production of this utility than consumption.
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3.2 Volume flexibility
3.2.1. Equipment level

Table 3.4 summarises the REC of the three process columns and pinpoints the
bottlenecks for reference. The bottlenecks were the pieces of equipment that limit the
minimum and maximum values of throughput rate for each distillation column; these
were the condenser and the tower (the tray’s hydraulic performance was affected).

Table. 3.4. Summary of volume flexibility limits at equipment level and its bottlenecks. REC:
range of effective capacity. SR: solvent regeneration. TD: dehydration column.

Equipment REC Lower boundary bottleneck Higher boundary bottleneck
SR1 [56%, 100%] Condenser oversized Condenser undersized
SR2 [65%, 100%]  Tray’s hydraulic performance Condenser undersized
D [70%, 100%]  Tray’s hydraulic performance = Condenser undersized

The dimensions of condensers were fixed at the nominal conditions. During the test to
estimate volume flexibility at a lower throughput rate, the reflux and boilup ratios were
adjusted to maintain the same temperature profile inside the tower as under nominal
conditions (to obtain the targeted product streams). The resulting throughput rate of
the condenser declined, and the value of Q decreased. Since the U, A, and the
conditions of utilities were fixed (e.g., inlet and outlet temperature, steam ratio), LM T D
was forced to be reduced gradually. It would eventually reach the minimum
temperature difference and thus the minimum heat duty limited by the initial design.
Moreover, according to Equation 3.3, the decrease of LM T D marks a reduction in the
Tempout of the condenser, which might affect the operating conditions of the next unit.
Therefore, to allow a lower throughput rate, an extra heater should be installed to
amend the deviation of Tempout in avoidance of possible failure of subsequent unit
operations. At a larger throughput rate, the distillate stream cannot be fully condensed.
In a future design, overdesigning the condensers is an option to perform for larger
ranges of throughput rates. More explicitly, the overdesign factor allowed for a heat
exchanger in the industry is normally within 20% to avoid fouling [52, 53]. Another
option is to increase the initial temperature difference between the target cooling or
heating stream and the utility used.

The performance of the tray’s hydraulics also appeared as a bottleneck. It was reported
as having a low loading rate in Aspen. The loading rate in the tower is calculated as the
rate of liquid that is split from the condensed overhead stream, and that is sent back to
the tower, which is associated with the reflux ratio. The internal geometry of the tower
imposes a minimum threshold loading rate for the trays. When the inlet flow rate keeps
declining, it eventually results in a low loading rate. The liquid was held up on the upper
stages by the gas, leading to undesired operating conditions.

Operating the distillation columns at lower throughput rates than the nominal rate
results in an increase in energy consumption per tonne of hexanoic acid produced. The
highest increase occurs in the final dehydration column TD. At the point when its
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throughput rate reaches the lowest possible value of 70% of its nominal rate, its energy
consumption per tonne of hexanoic acid produced increased maximally: 8% compared
to its nominal conditions. This finding coheres to the reality in industry, which usually
reports higher variations. However, in this chapter, compared to the total energy
consumption, the variation can be considered negligible. Refer to Appendix B for
further details.

3.2.2. Plant level

Cases 1 and 2

The volume flexibility results of Cases 1 and 2 are presented in Table 3.5. No BESS was
implemented in these two cases, so the plant had to be shut down for 44% and 31% of
the nominal operating time per year (i.e., 8760 h/y), respectively. The resulting
production quantity of hexanoic acid was 47% and 34% lower than the nominal
production target. Case 2 performed better because it was coupled with the hybrid
electricity profile, which supplies more electricity throughout the year. In terms of
volume flexibility, in both cases, the plant could fully consume available electricity and
operate safely while satisfying the product purity and recovery yield when the available
electricity was 70% and 100% of the plant’s nominal electricity consumption. Below
70%, the plant always had to be shut down.

Table. 3.5. Results of Cases 1 and 2.

Case 1 Case 2
Shutdown time (h/y) 3837 2678
Production quantity (kt/y) 5.4 6.7

LRR*  [70%,100%]  [70%, 100%)]

Cases3to6

A BESS was installed in the MES plant in Cases 3 to 6. To reflect the impact of operating
schemes, Cases 3 and 5 or 4 and 6 are compared in Fig. 3.4. As the deployed capacity of
BESS increased, the shutdown time was reduced, and the production quantity
increased more rapidly under operating scheme 1. Moreover, under scheme 1, the
results indicate that to completely avoid shutting down the plant by covering all the
long periods of electricity shortage, a minimum BESS capacity of 12.5 TJ/h (=3.5 GW)
would be required in Case 3 and of 1.7 TJ/h (=0.47 GW) in Case 4 (note these numbers
are not plotted in the figure). The corresponding values would be higher under scheme
2.

As for the impact of a BESS on volume flexibility, the lower boundary of LRR* could
only be slightly expanded as the BESS capacity increased under scheme 1. Therefore,
the improvement in volume flexibility was insignificant. This result implies that in this
context, selected BESS capacities and operating schemes could not expand the range of
available electricity that can be fully consumed by the plant while safely producing
hexanoic acid that satisfied the product purity and recovery requirements. On the other
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hand, to provide more details regarding how shortage hours were partially covered with
the help of a BESS, an example is provided to demonstrate the conditions of coverage
percentage of shortage hours "C,’f " versus electricity power generated by the renewable
electricity farm over nominal electricity consumption of the reference process "v/J,".
For instance, in Case 4 (see Fig. 3.5), at a BESS capacity of 20 GJ/h (=5.6 MW), the MES
plant could partially cover shortage hours "100%>C2>0" when the available electricity
power was between 40% and 69% of its nominal electricity consumption rate
"69%=v/],240%". This partial coverage accounted for the decrease in shutdown time
and the increase in production quantity.

Case 3 Case 4 Case 5 Case 6

e
=]
=3
=3

3000 4

—_—
2000 -\ - _
1000 1 1 1 1

Shutdown time (h/y)

Production (kt/y)

« J
= YT TV WM
o
~ 60% 1
—— Upper boundary
40% —— Lower boundary
0 10 20 30 4 s o0 10 20 30 4 S 0 10 20 30 4 50 ©0 10 20 30 40 50
BESS Capacity (GJ/h) BESS Capacity (G)/h) BESS Capacity (GJ/h) BESS Capacity (G)/h)

Fig. 3.4. Shutdown time, production quantity of hexanoic acid, and loa ratio range (LRR) in Cases
3to6.

Another common trend between shutdown time and production quantity under
scheme 1, was that the decreasing or increasing trend plateaued locally as the BESS
capacity approached 50 GJ/h. This indicates the existence of a hurdle for deploying
BESS at a certain point. This is essentially related to the long periods of electricity
shortage. A BESS installation of 50 GJ/h was only enough to cover short periods of
electricity shortage. Moreover, under operating scheme 1, little extra electricity was
taken in by the plant equipped with a BESS. This is confirmed by the right part of Fig.
3.5. When the "v/]," was above 100%, meaning when there was extra electricity, the
"C4" was small. Regarding operating scheme 2, it performed worse in any of the three
indicators.

To summarise, an operating scheme where the BESS could be charged at peak hours
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Fig. 3.5. Coverage percentage of shortage hours "C4" versus available electricity over nominal
electricity consumption of the reference process "v/J,". An example of Case 4 with a BESS of 20
GJ/h. Red dashed lines: boundaries of LRR* with a BESS of 20 GJ/h.

and used to cover electricity shortage periods was more effective in improving overall
production quantity, when compared to an operating scheme where the BESS can only
be charged at off-peak hours and used for increasing the production as soon as possible.
However, even under the first operating scheme, the benefits from a BESS will eventually
plateau locally when its capacity increases, due to the long periods of electricity shortage.

As for the impact of different electricity profiles on technical performances, Cases 3 and
4 or Cases 5 and 6 can be compared. Undoubtedly, the cases where hybrid electricity
was supplied performed better, as the hybrid electricity profile consists of solar and wind
electricity, which renders a higher average capacity. Otherwise, the trends were the same
for all technical indicators.

3.3 Economic performance

The economic results of Cases 1 to 6 are shown in Fig. 3.6. Comparing Cases 1 and 2 to
Case 0, the levelised production cost of hexanoic acid (LPClé6 ) was penalised by 34%
and 19%, respectively, owing to the reduced production quantity and therefore less
revenue. In both cases, the shares related to capital goods (i.e., O&M and CAPEX)
increased while the shares relevant to daily operation decreased (i.e., the rest).

To compare the impact caused by different operating schemes, Cases 3 and 5 or Cases 4
and 6 should be compared to each other. Under operating scheme 1 (i.e., Cases 3 and
4), initially, the BESS contributed to decrease the LPCcgs. In Case 3, the LPC(3:6 , went
down to 5.1 €/kg when the capacity of BESS was 29 GJ/h (=8.1 MW), leading to an
improvement of 4% compared to Case 1. In Case 4, the lowest LPC‘(‘:6 , reached was 4.7
€/kg with a BESS of 12 GJ/h (=3.3 MW), which was improved by less than 1% upon Case
2. Compared to LPCOC6 ,» the penalty in production cost was 28% in Case 3 and 18% in
Case 4. Meanwhile, the shares of CAPEX and O&M costs first declined and then

increased along with the increase in the BESS capacity. This trend points out that a
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Fig. 3.6. Levelised production cost of hexanoic acid and its breakdown versus a range of BESS
capacities.

higher BESS capacity does not guarantee a lower LPCcgp. This was due to the fact that
the extra production of hexanoic acid was not always linear to the BESS capacity, as
visualised in Fig. 3.4. Therefore, at a certain point, the increased capital investment in
BESS could not be paid back by the limited extra revenue. Under operating scheme 2
(see Cases 5 and 6), the LPCEé6 A and LPC%6 A aS well as the shares of CAPEX and O&M
costs raised proportionally to the BESS capacity, which suggests that the installation of
BESS did not enhance the economic viability under this scheme. The reason was that
the use of the BESS was restricted, which is capital intensive and thereby resulting in a
high sunk cost. This finding is in line with other similar studies [4, 30]. Moreover,
similar to the technical performances, different electricity profiles did have an impact
on the values but not on the trends.

4 Conclusions

The current chapter conducts an ex-ante assessment of a novel MES process for
synthesising hexanoic acid under IRE supply. This chpater aims to (i) contribute to
volume flexibility estimation, (ii) elucidate the impact of intermittency on the
techno-economic performance of a MES plant, (iii) and understand the use of batteries
as a strategy to improve the performance of the plant.

At the equipment level, the sizing of condensers and the internal geometrical design of
the tower were identified as bottlenecks in the volume flexibility of the separation
columns. To enhance the volume flexibility of condensers, three options are
recommended: 1) deploy condensers and reboilers that allow a smaller minimum heat
duty; 2) overdesign, or 3) increase the initial temperature difference between the target
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cooling or heating stream and utility stream. Moreover, operating the equipment below
its nominal rates penalises the utility consumption. Regarding the internal design of the
tower and trays, a better design of column’s internal geometry or a higher reflux ratio
could enhance their volume flexibility. Eventually, based on the results at the
equipment level, in this chapter, column TD restricted the volume flexibility of the
entire plant.

At the plant level and nominal conditions (i.e., Case 0), the levelised production cost of
hexanoic acid (LPCOC6 ) was 4.0 €/kg, which is competitive in today’s market. When the
electricity source was switched from constant grid electricity to IRE without
implementing flexibility strategies (i.e., Cases 1 and 2), the LPCcgp was penalised by
34% and 19%, respectively. It was a consequence of shutting down the plant for 44%
and 31% of the time per year due to electricity shortage. Batteries could help to reduce
the penalties in production quantity. However, under an operating scheme where the
batteries can be charged during peak hours and primarily used to cover the shortage
(i.e., Cases 3 and 4), the penalties in LPCcgp was not exaggerated only when short
periods of electricity shortage were covered. Otherwise, the capital investment in
batteries became too large to be compensated by the revenue obtained from the
increase in hexanoic acid production. Moreover, under the operating scheme where the
batteries can only be charged during off-peak hours (i.e., Cases 5 and 6), the batteries
were not used enough owing to the stringent operating scheme. Consequently, the
batteries barely increased the production time, and the limited additional revenue
could not pay back the capital investment. In any case, coupling the MES plant with IRE
is not economically viable in this context.

For future work, along with the development of the MES technology, more details of the
technologies should be included, such as more realistic assumptions and estimations.
Also, it should be highlighted that the solvent regeneration and distillation unit
operations should be validated by experiments or pilots in the future. Moreover, novel
extraction technologies for dilute VCAs, such as electrodialysis, can be considered and
incorporated into the simulation model when they become more mature. Other design
strategies to improve volume flexibility can also be studied. In addition, operating
schemes, namely the scheduling of the plant, can be optimised while maximising
production. Importantly, the environmental performance should also be assessed to
understand the impact and potential of the technology.
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Abstract

CO, electroreduction driven by intermittent renewable electricity is promising for
defossilising the chemical industry, but intermittency challenges the performance of
downstream processing units. This chapter aims to understand the impacts of
intermittency in the design, volume flexibility, and scheduling of a microbial
electrosynthesis plant that converts CO into hexanoic acid. A battery and a storage
tank were considered to buffer the intermittency. In explorative case studies, there was
no economic advantage when using the battery. A storage tank with optimised size
combined with optimal scheduling improved the plant’s volume flexibility by 10%. The
carbon footprint became almost 3 times lower when switching from grid to renewable
electricity, but the levelised production cost of hexanoic acid (LPCcga) increased.
Hence, coupling with renewable electricity was not economically but environmentally
favourable, and the use of the tank compared to not using any storage unit allowed for a
7% decrease in the LPC¢ga.
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1 Introduction

To mitigate anthropogenic global warming, accelerating energy transitions is crucial in
many industrial sectors, including the chemical sector [1, 2]. To reduce CO, emissions
in the chemical sector, fossil-based feedstock and fuels are expected to be replaced by
cleaner alternatives. For instance, fossil-based carbon sources can be replaced by CO»
captured from the air or exhaust gas, while fossil-based electricity can be substituted by
renewable energy such as solar and wind. Therefore, the electroreduction of CO, to
value-added chemicals with renewable electricity is a promising alternative in the
chemical sector. Among the different CO, electroreduction technologies, microbial
electrosynthesis (MES) is an emerging technology that can convert CO, into useful
chemicals through electricity-driven microbial reactions, such as into hexanoic acid [3,
4]. High-purity hexanoic acid has a high market value and is, hence, an attractive
product. It is currently produced by fractional distillation of coconut or palm kernel oil,
mainly exported by Indonesia or Malaysia [5, 6]. As a result, this product is constrained
by the origins and availability of raw materials, whereas the MES route would allow for
more flexible supply chains and upscaling. Up to now, both fundamental research and
ex-ante techno-economic assessments of low-temperature direct CO, electroreduction
technologies, focus on the synthesis of commodity chemicals or fuels such as methane,
methanol, or ethylene [7]. Their downstream recovery and purification processes are
challenging because of the low concentration of the targeted products and the type of
impurities. However, downstream processing (DSP) is often overlooked in ex-ante
techno-economic assessments [8]. MES produces hexanoic acid in a dilute aqueous
environment. Hexanoic acid has a longer carbon chain and can form an azeotrope with
water. As a result, the reported separation trains cannot easily recover it to a high degree
of purity [9-11]. Moreover, the intrinsic variability in renewable electricity and
consequent fluctuations in the throughput rate of the MES unit further exacerbate the
challenge in the DSP design.

In the previous chapter [12], we proposed and modelled a MES plant producing
high-purity hexanoic acid at a design capacity of ca. 10 kt/y and consuming 602 TJ/y of
electricity. The DSP technologies selected to purify the hexanoic acid stream were
liquid-liquid extraction (LLE), solvent regeneration (SR), and distillation. We assessed
the plant’s volume flexibility (understood as the ability of the plant to operate over a
range of electricity loads while meeting product requirements and not damaging the
equipment [13]) for different intermittent renewable electricity (IRE) profiles and
storage strategies with batteries. According to our modelling results, the MES plant
without a battery energy storage system (BESS) could be operated between 70% and
100% of its nominal capacity. The major bottleneck was the last heat-based distillation
unit in the process. Below 70%, the plant must be shut down. The results suggested that
covering short periods of electricity shortage by a BESS increased the product quantity
synthesised yearly, though the reduction in the production cost was insignificant (e.g.
with a BESS size under 14 MW). On the other hand, covering long periods of electricity
shortage was too capital-intensive; the capital investment in the BESS soared because
of the substantial capacity required, whereas limited extra revenue was obtainable. For
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instance, to avoid all shutdown periods, a BESS of nearly 500 MW would have been
needed. Based on the outcome of the previous chapter [12], which investigated
different predefined sizes and operating schemes of the BESS (discrete cases), we
argued that if a capital-intense flexibility strategy is not used efficiently, it can lead to a
high sunk cost. Optimising the sizes of the buffering units, the use of the buffering units
and the operating loads of the MES plant was deemed necessary. In contrast to the
expensive BESS, a cheaper buffering option, storage tanks (ST), has been advised in
literature to decouple the more from the less flexible sections of a process to buffer the
fluctuations in flow rates caused by intermittent renewable electricity in
Power-to-Chemicals plants [14-19].

Operation scheduling has been primarily intended for meeting product demand and
reducing capital and operating costs [20, 21]. However, in recent years, integrating IRE
into the electricity grid while minimising operating costs has led to a considerable and
growing number of studies, which have approached the IRE integration problem as a
scheduling problem with a commonly used hourly resolution over a year [1, 19, 22-27].
Such a problem has usually been formulated as a mixed-integer linear programming
(MILP) or a mixed-integer nonlinear programming (MINLP) problem.

In this chapter, we extend the previous chapter [12] by addressing two questions: i) how
does hourly fluctuation in the electricity supply affect the sizing of the buffering units
(i.e., BESS and ST) and scheduling of a MES plant? and ii) what are the subsequent
trade-offs in terms of techno-economic performances and carbon emissions when the
buffering units are installed, and the scheduling is optimised?

2 Methodology

This chapter started with building the system model, where the design considerations
of the plant were specified, the process model was developed, and electricity profiles
were selected (see section 2.1). Next, explorative case studies were conducted under
predefined operating schemes and predefined buffering unit sizes (see section 2.2),
which were the starting point of the optimisation problem. They helped to narrow the
optimisation down, namely reducing several variables and nonlinearities, which
eventually determined the use of a ST as the only buffering unit and confined the
boundaries of variables. Section 2.3 elaborates on how these cases were characterised
by various indicators. Next, a MINLP (i.e., mixed-integer quadratically constrained
programming-MIQCP) problem was constructed and solved in Python (see section 2.4).
The operating patterns of the MES-based plant and of the tank and the size of the tank
were optimised to obtain a maximum annualised net profit (ANP). This optimised case
was further evaluated using several indicators presented in section 2.3. In addition, the
carbon footprint was calculated for the optimised case and compared with the cases
with grid electricity and continuous operation, and with IRE but without buffering units
(see section 2.5), revealing the impacts of IRE as well as of the optimal scheduling and
buffering unit size on the carbon footprint. Last, sensitivity analyses were performed on
the optimised case (see section 2.6).
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Table 4.1 gives an overview of the six (reference, explorative, and optimisation) cases
studied in this chapter (see details in section 2.2). For clarification, Cases A, B and C are
the same as Cases 0, 2, and 4 in the previous chapter [12], respectively. Moreover, it
summarises the various indicators used in this chapter for characterising the
performances of the different cases (see details in section 2.3 and section 2.5).

Table. 4.1. Overview of the case studies. IRE: intermittent renewable electricity; BESS: battery
energy storage system; ST: storage tank.

Reference Explorative Optimised
Case (k) A B C D E F
Factors considered
Electricity profile Grid IRE IRE IRE IRE IRE
Buffering units implemented - - BESS ST  BESS&ST Depends
Predefined sizes of buffering units - - Yes Yes Yes -
Predefined operating scheme - - Yes Yes Yes -
Optimised scheduling - - - - - Yes
Optimised sizes of buffering units - - - - - Yes
Indicators used
Production shutdown time per year (h/y) - Yes Yes Yes - Yes
Hexanoic acid production (kt/y) - Yes Yes Yes - Yes
Levelised production cost of hexanoic acid, Y Y Y Y Y
LPC’EGA (€/kg) es es es es - es
Load ratio range, LRR¥ (%) - Yes Yes Yes - Yes
Total electricity consumption EC’tCt " (%) - Yes Yes Yes - Yes
Surplus electricity consumption E Cfp 1 (%) - - Yes - - Depends
Extra production required, Mcg 4 xr (kt/y) - - - - Yes -
Extra production available, Mg Axa ktly) - - - - Yes -
Carbon footprint (t CO2eq/t C6A) Yes Yes - - - Yes

2.1 System model

2.1.1. Design considerations

The MES plant was assumed to be installed in the Port of Rotterdam and have a lifetime
of 30 years. It produces 99 wt% hexanoic acid as the main product at a nominal
production rate of ca. 10 kt/y (at a continuous operation, 8760 hours/y) and ca. 22 kt/y
of compressed O, as a by-product. Its configuration is described in section 2.1.2.

2.1.2. Process description

Fig. 4.1 is a simplified block flow diagram of the MES plant. Demineralised H,O is fed
into the anode chamber of the MES, and the by-product, O, is produced.
Demineralised H,O, CO», Ca(OH),, and electrons are supplied to the cathode chamber,
where carboxylates and corresponding carboxylic acids are generated. The stream is
then sent to the DSP units for acidification, filtration, recovery via two LLE units with
distillation-based SR, and final distillation-based dehydration to obtain the 99 wt%
hexanoic acid.
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H.O ST
- Anode '

MES Liquid-liquid I: Solvent

32°C
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Fig. 4.1. (a) Block flow diagram of the process of hexanoic acid production via MES. MES: microbial
electrosynthesis. BESS: battery energy storage system. LLE: liquid-liquid extraction. SR: solvent
regeneration. TD: dehydration column. ST: storage tank. TOA: trioctylamine (solvent used for
liquid-liquid extraction). (b) A simplified illustration of the operating patterns of the MES plant.
Notice: the acidification unit was omitted in this figure. DSP: downstream processing.

2.1.3. Electricity profiles

Two electricity profiles were selected and used. One was constant grid electricity
provided at the plant’s nominal capacity. It was assumed to be sold to the MES plant at
the average industrial electricity price in the Netherlands in 2019 [28]. The second
profile was hybrid IRE, consisting of combined solar and wind power. This profile has
an hourly resolution and was generated based on the wind speed and solar radiation in
the region of Rotterdam in 2019. As a design condition, the average hourly capacity of
the hybrid farms (i.e., solar and wind farms) was set 200% of the nominal hourly
electricity consumption rate of the MES plant. Appendix B explains how the profile was
generated and its corresponding pricing scheme.

2.2 (Case specification

2.2.1. Case A

This is the first reference case where the plant was powered by constant grid electricity
and operated at its nominal conditions, and no buffering unit was installed.
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2.2.2.Case B

This is the second reference case where the plant was driven by hybrid IRE while no
buffering unit was deployed. For the operation of the plant, it was assumed that when
the available electricity from the hybrid farms could not enable the production at the
plant’s minimum tolerable throughput rate, which is 70% of its nominal capacity, the
plant was shut down. On the other hand, if the available electricity was higher than the
plant’s maximum tolerable electricity load, which is 100% of its nominal capacity, the
production was kept at its maximum capacity and the surplus electricity available (the
amount of electricity that exceeds the plant’s nominal electricity consumption rate) was
not used.

2.2.3. Case C

This is an explorative case where the plant was driven by hybrid IRE, and a BESS was
installed before the MES unit (see Fig. 4.1). The plant’s operating scheme was
predefined, and the BESS capacity was varied. Based on the range of tolerable
capacities mentioned for Case B, at each BESS capacity studied, the plant’s operating
scheme was defined by the following sequential rules (schematically depicted in
Appendix B):

1) when the total electricity available from the hybrid IRE and the BESS does not
reach the minimum tolerable electricity power of the plant, which is 70% of its
nominal capacity, shut down the production of hexanoic acid;

2) otherwise, ensure the production at the plant’s minimum tolerable throughput
rate, if needed, with the stored electricity from the BESS;

3) if the BESS is not fully charged and not used for production, charge it. It is
possible that the BESS is charged while the production is off because of
insufficient electricity to reach the plant’s minimum tolerable throughput rate;

4) if the BESS is fully charged, increase the production of hexanoic acid using hybrid
IRE directly up to the plant’s maximum throughput rate, which is 100% of its
nominal capacity;

5) electricity that cannot be consumed (because the BESS is fully charged and the
plant is working at 100% of its nominal capacity) is not used by the MES plant.

Moreover, we assumed that 1) at the start of operation (t=1), the BESS was already fully
charged; 2) the BESS could be charged or discharged up to its full capacity within one
hour; 3) in consistency with the previous chapter [12], for each equipment, the material
flow rate was linear to the electricity consumption rate. As measured in the previous
chapter [12], the consumption rate of utility (i.e., heating and chilling) was non-linear
to the material flow rate due to the penalties for deviating from the nominal operating
conditions.
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2.2.4.Case D

In this explorative case, the plant was driven by the hybrid IRE and a ST was
implemented in front of the SR1 (see Fig. 4.1) to decouple the more flexible section (i.e.,
units prior to the ST) from the less flexible section (i.e., units after the ST) of the process.
This location was proposed based on the fact that the heat-based columns were
limiting fluctuations handling, and SR1 is the first heat-based column in the plant [12].
The plant’s operating scheme was predefined, and the ST size was varied.

Based on the range of tolerable capacities of Case B, at each ST size studied, the plant’s
operating scheme was specified by the sequential rules below (schematically depicted in
Appendix B):

1) when the electricity available from the hybrid IRE and the intermediate chemicals
stored in the ST together cannot enable the plant’s minimum tolerable throughput
rate, shut down the production;

2) otherwise, ensure the production at the minimum tolerable throughput rate of the
plant, if needed, with the stored intermediate chemicals from the ST;

3) if the ST is not fully filled and the intermediate chemicals stored inside it are not
used for production, fill it. It is possible that the production is off due to
insufficient flow going to SR1, however, the MES can consume electricity and the
intermediate chemicals produced are stored in the ST;

4) when the ST is fully filled, increase the production without using the stored
chemicals from the ST until the plant’s maximum throughput rate, which is 100%
of its nominal capacity;

5) electricity that cannot be consumed (because the ST is fully filled, and the plant is
working at 100% of its nominal capacity) is not used by the MES plant.

Note that the intermediate chemicals stored in the ST could essentially be seen as "stored
electric energy", which was the electricity available from the hybrid farms previously and
used by MES to generate product compounds and then stored in the chemical bonds.

Moreover, we assumed that 1) at the start of operation (t=1), the ST was already fully
filled; 2) the ST could be filled or drained up to its full capacity within one hour; 3) same
as the third assumption for Case C; 4) electricity was all consumed by the more flexible
section of the process and utility was all consumed by the less flexible section of the
process for simplicity, which was supported by the results in the previous chapter[12],
where only 1.5% of electricity was consumed in the less flexible section and only 1% of
the utility was used in the more flexible section. See Appendic C for the check of this
hypothesis.
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2.2.5.Case E

In this last case study, the plant was driven by hybrid IRE and a BESS and a ST were
implemented at the same plant locations as in Cases C and D, respectively. This case
study aimed to understand if the two buffering units would have synergies and further
promote the production quantity of hexanoic acid and the economic performance of
the plant. Since storage tanks are usually much cheaper than batteries, we explored the
potential advantages of deploying a BESS in addition to a ST of the size that yielded the
best economic performance in Case D, to assess if the BESS unit can enable extra
hexanoic acid production to pay back its capital costs and even improve the operating
income.

First, we calculated how much extra production of hexanoic acid was required per year
"Mcs Axr' to pay back each GJ/h of BESS implemented when the ST was already in place.
Then, we calculated how much extra production per year "Mcg " Was available per
GJ/h of BESS implemented in addition to this ST (see equations in section ).

The operating scheme when the BESS and ST were implemented concurrently was also
predefined. This scheme was based on the assumption that the BESS should be used
more frequently so it could consume more electricity (that otherwise will not be used)
to boost the production of hexanoic acid [12]. At each BESS capacity studied, the plant’s
operating scheme followed the sequential rules below (schematically depicted in
Appendix B):

1) when the electricity available from hybrid IRE, the stored electricity in the BESS,
and the intermediate chemicals stored in the ST cannot enable together the plant’s
minimum tolerable throughput rate; the production is shut down;

2) otherwise, ensure the production at the plant’s minimum tolerable throughput
rate, if needed, with stored electricity from the BESS and/or the stored chemicals
from the ST;

3) ifthe ST isnotfully filled and the intermediate chemicals stored inside are not used
for production, fill it. It is possible that the production is off due to insufficient flow
going to SR1, however, the MES can still consume electricity and the intermediate
chemicals produced can be stored into the ST. When the ST is full and the first rule
still cannot be achieved, the BESS can be charged;

4) when the ST is fully filled, increase the production of hexanoic acid without using
the stored chemicals from the ST until the plant reaches its maximum throughput
rate, i.e., 100% of its nominal capacity. If the hybrid IRE does not reach 100% of the
plant’s nominal electricity load, stored electricity in the BESS shall be used. If the
hybrid IRE is over 100% of the plant’s nominal electricity load, and the BESS is not
fully charged, charge the BESS;

5

=

electricity that cannot be consumed (because the BESS is fully charged, the ST is
fully filled, and the plant is working at 100% of its nominal capacity) is not used by
the MES plant.
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The assumptions made are consistent with Cases C and D.

2.3 Techno-economic evaluation

The process model was first developed at nominal conditions and a continuous
operation in Aspen Plus [12]. The mass and heat balances of the process at different
throughput rates were retrieved from Aspen Plus and combined with a buffering unit,
the hybrid IRE profile, and an operating scheme using Python scripts, where the
indicators described in this section were calculated.

2.3.1. Levelised production cost

The levelised production cost of hexanoic acid (LPCcgp) is calculated using Equations
4.1-4.3. Costs include capital expenditure (CAPEX) and operating costs (OPEX). CAPEX
of the plant is a sum of direct costs, indirect costs, and working capital. Direct costs are
the purchase costs of all physical items, estimated based on the Aspen process model.
Values were retrieved from Aspen Process Economic Analyzer v12, webpages, or
literature. Indirect costs and working capital were estimated according to heuristics
[29-31] expressed as a series of percentages of purchase costs. OPEX is classified into
five categories: operation and maintenance, feedstock, utilities (i.e., heating and
chilling), waste treatment, and electricity. Operation and maintenance costs are
associated with the purchased costs as well as labour costs and were calculated
according to the abovementioned heuristics. Feedstock and waste treatment costs were
based on mass balances and material prices. Utilities and electricity prices were
obtained for the Netherlands. A discount rate of 8% was assumed over the lifetime of 30
years. The plant would depreciate over 30 years, and a salvage rate of 3.3% of the initial
CAPEX was considered. Since the plant has a salvage value and some equipment (i.e.,
LLE & BESS) will be replaced after 15 years, CAPEX varies over time. The construction of
the plant was assumed to last for a year.

Considering that the by-product O, was produced at a higher quantity than hexanoic
acid, an economic allocation between hexanoic acid and O, was applied to both
indicators ("AFcea"). The selling prices of hexanoic acid and O, were based on
literature [32, 33]. More details about economic inputs and heuristics used are provided
in Appendix B.

R (CAPEXY + 0&M* + FF + UTF + Tk + EF)

ko_
LPCCGA_AFCGA s ik (4.1)
y=1"cCe64A
OPEX* = ogM* + F¥ + UT* + wTk + EF 4.2)
M4, 0cea
AFcea= —— cod v 4.3)
MCGAGCBA + MO2 002
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2.3.2. Load ratio range

The load ratio range (LRR) was used to quantify volume flexibility at the plant level. It
was defined in the previous chapter [12] as the amount of available electricity (unit:
GJ/h) from the hybrid farms that the plant could fully consume while meeting product
requirements (i.e., purity and recovery rate) without damaging the equipment, divided
by the plant’s nominal electricity consumption rate (unit: GJ/h). Hence, the boundaries
of LRR are expressed in percentages, and a precision of 1% was used. The formulas for
calculating the LRR (see Equation 4.4) were proposed in the previous chapter [12] and
are slightly modified and briefly explained below with the help of Fig. 4.2.

/\ DSP 99wt%
H :
Waste exalm)lc
- acid

Fig. 4.2. A simplified illustration of the operating patterns of the MES plant. Notice: the
acidification unit was omitted in this figure. DSP: downstream processing.

First of all, the LRR is calculated using the power profile and outcome operating profiles
over a year with a time resolution of one hour (i.e., 8760 hours). In the first step, based
on the annual power profile of the hybrid farms "P? ", at each power "v" generated by
the farms, the total number of hours was counted together using an Iverson bracket (see
Equation 4.4). Then, based on the resulting operating profiles of the plant, the number
of hours were counted at each electricity power "v" if the plant met two expectations
simultaneously: 1) fully consumed the available electr1c1ty "Ji ll’lt +Jk k=v=PH" from
the hybrid farms and 2) produced hexanoic acid ”Xf = 0.7X," (0.7 is explained in the
following paragraph). Next, at each electricity power, a percentage "CX" was calculated
using the two counts. This percentage represents how frequently the plant was operated
with the two expectations met when the electricity power was "v". This percentage is
denoted as the coverage percentage hereafter. If the coverage percentage is 100% at a
particular "v", it means that the plant could always operate as expected when "v" was
supplied from the hybrid farms. Finally, a continuous range of the electricity power was
identified, where the corresponding coverage percentages were all 100%.

LRRF = [min v}, max V5 ] 4.4)
s.t.

=[1,8760] N Z
YierUink+ 7k =v=PH x¥>0.7X,]

ck=
Y YrerPH =v]

H
VvePp
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kK _ YV k _
VLB = {Ewsjminy CVU*E[V,]m,-n] =100%}

k _ Y k -
VUB - {Elv meaxr CVU*E[]mava] - 100%}

The LRR of Cases A and B was [70%, 100%)] based on the previous chapter [12]. It means
that during any hour in which the available electricity from the hybrid farms was
between 70% and 100% of the process’s nominal electricity consumption, the plant
could take in all the available electricity while safely producing hexanoic acid. Below
70%, there was an electricity shortage, and the plant had to be shut down. Above 100%,
without a BESS or a ST, the surplus electricity available from the hybrid farms could not
be used by the plant.

2.3.3. Total and surplus electricity consumption

Total and surplus electricity consumption were distinguished. Both are cumulative
indicators and are expressed as percentages. During the calculation, both numerators
and denominators were summed per annum or by a specific available electricity power
generated by the hybrid farms. The detailed explanations are as follows. The total
electricity consumption "EC’;H " is the electricity taken in by the plant "Ji n’; +J:"
divided by the available electricity power from the hybrid farms "P{J " (see Fig. 4.2). The
surplus electricity consumption "ECX " focuses on the plant’s surplus electricity
spl

consumption "Jink + J¥ - J," and the surplus available electricity "PH — J," from the
hybrid farms. "J," is the nominal electricity load of the plant. Equations 4.5 and 4.6
show how these two indicators are summed by per annum "T", respectively. Equations
4.7 and 4.8 show how these two indicators can be summed by a specific available

noon

electricity power generated by the hybrid farms "v", respectively.

ik 4 Tk
ECk, = M,T: [1,8760] N Z 4.5)
ZteTPt
v ZeerUink+ k- o) IPH > o]
Ecspl = H_ H (4.6)
SierPH T IPH > Jo]
kg 7k =
ECyy = Loer VUG ) 2] vvepry 4.7)
YiervIPf =v]
pok - Yierw—Jo)Uink+ 8 =pPH =v> J,] ws)
spl Yrerw—Jo)IPH=v> Jo] ‘

2.3.4. Extra production required and available

As mentioned in section 2.2.5, two extra indicators were specially used for Case E. The
extra production required "Mcea, " was calculated using Equation 4.9. The capital
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cost of the BESS was annualised to the equivalent annualised cost (EAC) using
Equations 4.10 and 4.11. The extra production available "Mcg Axa was calculated
based on the extra electricity the BESS can consume when the ST was already deployed.
The extra electricity the BESS could consume from the hybrid IRE was calculated when
applying the operating scheme in section 2.2.5. Then, it was translated into "Mcs Axa"
using Equation 4.12.

. EACBESS 1+ 0&MBESS
Mcea,xr = (4.9)
’ ; D FA+WTA+EA+UTA
min LPCE; , - FWI A EosUT2
ceA
; CAPEX!
EAC' = ——— (4.10)
(pl
1
gl = — LT @11
-
. Extra electricity consumed by the BESS . 4
Mcea,xa = * Mg a 4.12)

Jo

2.4 Optimisation problem

The MIQCP problem was coded in Pyomo [34, 35] and solved with Gurobi [36]. In light of
the large problem size, a tolerance of 0.1% was imposed on the lower and upper bounds.
The problem was solved in a high-performance computer [37]. A memory size of 1.2
TB was requested for this optimisation. It took ca. 18 hours to find the globally optimal
solution.

2.4.1. Objective function

This optimisation aims to find a maximum ANP g4 instead of the maximum LPCcga
to circumvent the nonlinear form of the objective function. ANP¢g4 is defined by the
annual revenue upon hexanoic acid subtracted by the OPEX and EACP!" allocated to
hexanoic acid (see Equations 4.13-4.15). The annual revenue is the product of the yearly
production quantity and market prices of the main product.

ANPCGA:BCBAMCGA—AFCGA(EACplant+OPEX) (4.13)
n i wcC
EACP!aM = Y FACT+ —— (4.14)
: plant
i=1 ®p
1-—
nplant
(pplunt _ (1+r) (4.15)

r
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The optimisation variables were the scheduling profile and the size of buffering units.
The scheduling profile is composed of electricity stored into the BESS "Jin; ", electricity
from the hybrid farms that is directly consumed by the plant excluding the BESS "J f "
intermediate chemicals stored into the ST "Lin; ", intermediate chemicals directly sent
to the DSP from the MES "Lf ", and intermediate chemicals sent to the DSP from the ST
"LoutiD " (see in Fig. 4.2). The size of buffering units were "Vpgss" and "Vsr". Therefore,
the objective function could be formulated based on Equation 4.13 as:

max Ocea Y. XF - AFcga [EACP’“’” +O0PEXF ) (4.16)
Vigss, Vst Jinf ,JE,Linf LT, Loutl XF teT

vve PH T =11,87601nZ

where all the variables are continuous.

2.4.2. Constraints

The electricity consumption rate (of the more flexible section of plant) "J¥ + Jourf™"
(GJ/h) was between 0 and its nominal rate "J," (GJ/h). The throughput rate of the DSP
”Lf + Loutf" (m3/h) should be between 70% and 100% of its nominal rate "Lo" (m3/h)
or shut down the production "Lf + Lout! = 0". Moreover, the electricity consumption
rate of the whole plant " ]f +Jin;" (GJ/h) cannot be larger than the power supply "Pfl "
(GJ/h) or the plant’s nominal capacity "J," (GJ/h). Time spent for ramping, starting up
and shutting down were neglected.

o<sEF+joutt <j, veer 4.17)

Ll;+L0ut§D F F
0~75L—51VLt+L0”tr =0 VteT (4.18)
o

o<sEF+Jinf <PH vier (4.19)

Since Equation 4.18 is a disjunctive constraint that can increase computational demand,
a binary variable y; was introduced to define this constraint, which is the only binary
variable in this optimisation.

LY + Loutt
0.7y, = =Yt 1€ 0,1} VteT (4.20)
0

Two adjacent equipment should have the same load ratio. Taking into account that for
each equipment its throughput rate is linear to its electricity consumption rate, the

equations can be written as:
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JE+jout!  LE+Linf
Jo Lo

VteT (4.21)

th: + Loutf Xf

U S——— (4.22)
Lo Xo

Further, it was assumed that at t=1 the ST was full. Therefore, the cumulative quantity

of the intermediate stream stored into or used from the ST at any time "¢" should not

exceed the maximum capacity of the ST "Vsr". The same rationale applied to the BESS.

t
~Vsr< Y (Linf + Loutf) <0 vieT (4.23)
t=1

t
~Vppss< Y. Uink +Joutfy<o vieT (4.24)
t=1

Moreover, filling "Linf" or draining "Lout!" the ST could not occur simultaneously.
The same applies to the BESS. Equations 4.25 and 4.26 exhibit nonlinearity. Usually, it
can be avoided by introducing binary variables and combining them with the prefixed
capacities of the buffering units [19]. However, the capacities of the BESS and ST were
also variables in this context. Hence, the nonlinearity of Equations 4.25 and 4.26 was
kept.

LinfLoutf =0 vteT (4.25)

Jinf joutf =0 vrerT (4.26)

2.4.3. Cost functions

Equation 4.27 shows a general example of a cost function of storage tanks. Unlike
"CAPEXPBESS" which is usually linear to the BESS capacity, "CAPEXST" presents a
nonlinear relation to the size of the ST "Vgr" [29-31]. This eventually introduces a
nonlinearity to the objective function. Therefore, underpinned by the results of the
explorative case studies, the range of possible optimal sizes of ST could be narrowed
down, and Equation 4.27 could be linearised to Equation 4.28. "a", "g", "A", "n", "0",
and "e" are constants; exact values can be found in Appendix B.

CAPEXST = a(B+ V) 4.27)
CAPEXST =wVgp +¢ (4.28)

Moreover, for the "OPEXF", as shown in the previous chapter [12], nonlinearities exist
between the utility consumption and production rate of hexanoic acid because of the
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penalties in utility usage due to flexible operation. This non-linear relation would
introduce another binary variable into the optimisation, enlarging the optimisation size
and slowing down the calculation. Therefore, given that the penalties in utility
consumption were negligible compared to the plant’s total consumption, the utility cost
was linearised to the production rate based on the plant’s nominal conditions (see
Equation 4.29).

ZteTXf

tETXt

OPEXF = (EA +FA+wTA+ UTA] +o&MF vier (4.29)

2.5 Carbon footprint accounting

2.5.1. Goal and scope definition

A cradle-to-gate system boundary was chosen. The global warming potential (GWP) was
evaluated for Cases A, B (reference cases), and F (optimised case). Carbon emissions
related to facility and infrastructure were neglected in this chapter, assuming that the
capital goods only account for a small portion of carbon emissions [38].

2.5.2. Functional unit and allocation method

The functional unit selected was 1 tonne of hexanoic acid produced. As oxygen was
also produced, and to be consistent with the techno-economic assessment, an economic
allocation of emissions was used.

2.5.3. Product system

Fig. 4.3 depicts the product system. The foreground system comprises three activities:
CO> capture, CO; transport and hexanoic acid production. The CO, capture activity
was not simulated in this chapter. It was assumed that the MES plant was located in the
Port of Rotterdam, which is the initiator of a CO, transport and storage project -
Porthos. Additionally, the leading CO, emitter in the Porthos project is integrated oil
refineries [39]. Hence, it was assumed that the CO, capture facility was placed at these
emission points. CO; is separated from the post-combustion flue gas by chemical
absorption using monoethylamine (MEA) [39]. Therefore, in the foreground system, the
CO, capture activity consists of amine scrubbing, CO, compression, and waste
treatment (non-recycled solvent and water). After CO; is purified and compressed at
the emission points, CO, is transported using the CO, network in the Port of
Rotterdam. It is assumed that the MES plant can source purified and compressed CO;
on demand from the pipeline network. Emissions from pipeline transport of CO, were
neglected. Moreover, it was assumed that the CO, conditions after transportation
fulfilled MES unit requirements (i.e., no further CO, purification unit was needed in the
plant) [40, 41].
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The end use of the products and solid waste generated in the foreground system were
outside the system boundaries of this study. The reason for making this assumption for
the solid waste was that it is mainly CaHPO, and can be recycled and treated for
biomedical applications [42]. Meanwhile, the background system consists of the
production of the solvent, other chemicals, heating energy (incl. chilling), electricity,
infrastructure, and transport. Note that emissions from the original source of CO, were
not included, assuming that the carbon emissions incurred during the production of
flue gas are 100% allocated to the target products of the oil refineries [43].

| Flue gas | [ Raw materials Water Primaryenergy Land ]
v

Background system

[Heat Electricity | [ Other chemicals ] [ Solvents | [ Transport |

Emissions
Effluent
Sludge

CO, capture
( Amine scrubbing

Hexanoic acid production
(‘MEs | Acidification | SR |
[ LLE ][ Dehydration ]

Waste treatment

Hexanoic acid
0,

[ Compression

[ Waste treatment

[P ———

Fig. 4.3. Product system. MES: microbial electrosynthesis. SR: solvent regeneration. LLE: liquid-
liquid extraction.

Process data of hexanoic production was taken from the resulting mass and energy
balances of the Aspen process model. Process data of CO, capture was retrieved from
[39, 44]. The emission data of the background system and elementary flows were
retrieved from Ecoinvent [45] via SimaPro. Note that there is no data for Ca(OH), and
trioctylamine (TOA). Therefore, a similar chemical or solvent was used as an analogous.
Complete process data and life cycle inventory data are presented in Appendix D.

2.6 Sensitivity analyses

In the economic sensitivity analysis, the influence of five parameters on the LPCcg4 Was
analysed for the optimised Case E as listed in Table 4.2. A second sensitivity analysis
was carried out to investigate the impact of the carbon intensity of the electricity grid
and utility on the GWP in Cases A and E It was assumed that the future electricity grid
and utility would be defossilised by 90%. A third sensitivity analysis was done on the
allocation method of GWP for Cases A, B and E Mass allocation was applied.

Table. 4.2. Table showing different CAPEX values, selling price of hexanoic acid, and interest rate.

Low High
CAPEX of MES, CAPEXMES (Me) x10%  x200%
CAPEX of LLE, CAPEXELE (\M€) x10%  x200%
CAPEX of ST, CAPEXST (M€) x10%  x200%
Selling price of hexanoic acid, O¢cg4 (€/kg) -1 +1
Interest rate, r -0.05 +0.05
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3 Results and discussion
3.1 Reference cases

The annual production in Case A was 10 kt/y, and the resulting LPCcea was ca. 4.0
€/kg. In Case B (see Table 4.3), as no storage was deployed, the plant’s volume flexibility
remained as [70%, 100%]. As a result, the plant was shut down for 2678 hours. The drop
in annual production was over 30%, and the LPC¢g4 was penalised by 19%.

Table. 4.3. Results of Cases A to D. BESS: battery energy storage system. ST: storage tank.
LPCcg4: levelised production cost of hexanoic acid. EC;;;: cumulative electricity consumption.
ECgp,: surplus electricity consumption.

A B
LRRF - [70%, 100%)
Production shutdown time per year (h/y) 0 2678
Hexanoic acid production (kt/y) 10.12 6.73
Levelised production cost of hexanoic acid LPC](‘:GA (€/kg) 3.96 4.70

C D

(plant with a BESS) (plant with a ST)
Buffering capacity to fully eliminate shutdown 1666 GJ/h (=463 MW) 1964 m3
Hexanoic acid production when no shutdown (kt/y) 8.43 8.02
_ LPCy whennoshutdown €/kg) _____________ 2 TR

minLPCk, , (€/kg) 4.67 4.38
Sizes of buffering unit 12 GJ/h (=3.3 MW) 43 m3
Production shutdown time (h/y) 1954 989
Hexanoic acid production (kt/y) 7.30 8.01
Ethl per annum 65% 2%
ECspl per annum <0.01% -

3.2 Explorative case studies

3.2.1. Cases C and D

The key results are summarised in Table 4.3 and Fig. 4.4. In Case C, where a BESS was
implemented, a capacity of 1666 GJ/h (=463 MW) was sufficient to manage the periods
with electricity shortage (Case B), implying a LRR of [0%,100%] for the whole plant
during a year. The resulting production of hexanoic acid was 8.43 kt/y. This
corresponds to 83% of the amount produced in Case A. In Case D, where a ST was
installed, a size of 1964 m® was necessary to enable production without shutting down
the plant. The resulting production of hexanoic acid was 8.02 kt/y, 80% of the nominal
production. The difference between 8.43 kt/y in Case C and 8.02 kt/y in Case D was
caused by the fact that batteries can store surplus electricity to promote the overall
production (electricity consumptions higher than the equivalent to 100% plant load)
while storage tanks are limited by the 100% plant load. According to the LPCcg4 results,
the plant with a ST was economically favoured even though it produced less hexanoic
acid. This was due to the big difference in the CAPEX between a ST and a BESS.
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Furthermore, compared to Case A (see Table 4.3), the LPC¢g4 of Cases C and D were
still considerably higher.

Case C Case D
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Fig. 4.4. Results of the MES plant with a BESS and a ST individually (i.e., Cases C and D,
respectively) in production quantity of hexanoic acid, shutdown time, levelised production cost

of hexanoic acid "LPCk_ ", total electricity consumption, "EC¥ " per annum, and surplus
C6A p ttl P p

electricity consumption "ECfp ;" per annum.
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The trends and values of annual production, annual shutdown hours, and cumulative
electricity consumption per annum as the sizes of both buffering units increase were
similar between Cases C and D (see Fig. 4.4). The increase or decrease of these three
indicators plateaued when the size of buffering units was around 40 GJ/h (=11 MW) or
40 m3, respectively. The plateaued production quantity was about 8 kt/y, 80% of the
nominal production and close to the production generated when the shutdown time was
fully eliminated. The annual shutdown hours were reduced from 2678 to nearly 1000.
The total electricity consumption per annum reached nearly 72% of the total electricity
available from the hybrid farms. In Case C, see Fig. 4.4, the lowest LPC gﬁ " achieved
using a BESS was slightly lower than 4.7 €/kg, with a corresponding BESS capacity of 12
GJ/h. In contrast, in Case D, the lowest LPC?6 4 achieved using a ST was 4.4 €/kg, with a
corresponding ST volume of 43 m. It can be seen that, even when the installed capacity
of BESS was 50 GJ/h, the value of surplus electricity consumption was less than 0.3%.
This result showed that the BESS was hardly used for storing surplus electricity, which
should have been its advantage over a ST.

It can be concluded that a ST was a less expensive and equally effective buffering choice
over a BESS. With optimised scheduling, a ST should be used more efficiently to boost
the production, the range of the variable "Vsr" in the optimisation problem being
smaller than 43 m3, as shown in Fig. 4.4.

3.2.2.Case E

Using the results in Case D as a starting point, Fig. 4.5 shows the extra production of
hexanoic acid required to pay back the cost of the BESS installed when a ST of 43 m®
was installed. It was clear in Fig. 4.5 that when such a ST was operated following the
schemes explained in section 2.2.5, making the BESS larger would not generate enough
extra production to pay back its capital cost. According to the resulting operating
profile of the BESS, the BESS was charged for 694 hours and discharged for 716 hours in
a year. For the rest of the time, the BESS was not used. This could be a particular result
of the electricity profile selected in the Rotterdam area and the farms’ size used in this
case study, together with the size of the MES plant and BESS. Hence, in this context, the
attempt to use BESS as much as possible to boost production failed; we could not equal
100% of the plant’s load during the whole year.

3.3 Optimised case - Case F

Underpinned by the results of the explorative case studies, the optimisation problem
focused on the sizing and scheduling of the use of the ST only, and the BESS-related
components (i.e., "]inf", "]outf", and "Vpgss") were not considered in the
optimisation.

The obtained optimal size of the storage tank was 35 m3. The techno-economic results
of the optimised case (i.e., Case F) are summarised in Table 4.4. Cases A, B, D-ST35 and
D-ST43 were used for comparison. D-ST35 is the subcase of Case D when the ST is 35
m?, while D-ST43 is another subcase of Case D when the ST is 43 m3. The following
paragraphs compare and discuss these cases per indicator.
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Fig. 4.5. Extra production of hexanoic acid required to pay back the annualised capital investment
in BESS versus extra production of hexanoic acid available per GJ/h of BESS installed in addition
to a ST of 43 m3.

Table. 4.4. Comparison of cases. LRR: load ratio range. LPC¢g4: levelised production cost of
hexanoic acid. EC,,;: total electricity consumption.

A B D-ST35 D-ST43 F
Shutdown time per year (h/y) 0 2678 1075 989 1135
Hexanoic acid production (kt/y) 10.12 6.73 7.96 8.01 8.00
LPCkGA (€/kg) 3.96 4.70 4.39 4.38 4.37
LRRIg - [70%,100%] [70%,100%] [67%,100%] [60%,100%]
EC’;” per annum 100% 60.3% 63.8% 66.4% 66.0%

3.3.1. Shutdown time and production quantity

In Case E the plant’s production shutdown time was 1152 hours per year, which was
more than halved upon Case B but still noticeably longer than in Case D-ST43 and
especially Case D-ST35. However, the production quantity in Case F was slightly
improved upon Case D-ST35. This result proved that, under the investigated
conditions, longer production shutdown time does not necessarily lead to less product
or revenue. This finding can be explained by Fig. 4.6 and electricity consumption
conditions discussed in section 3.3.3. Fig. 4.6 is a snapshot of 24 hours showing the
available electricity from the hybrid farms and how Cases D-ST35 and F consumed the
electricity for hexanoic acid production. The Y-axis values for Cases D-ST35 and F
represent the sum of available electricity directly from hybrid farms and "stored electric
energy” consumed in that specific hour (i.e., corresponding x-axis value). What is
different between the two cases was that, in Case E the production was more often
promoted as soon as possible instead of being kept at 70% of the nominal production
rate.
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Fig. 4.6. Illustration of production promotion by the optimised scheduling. A snapshot of a day.

3.3.2. Load ratio range

Fig. 4.7a shows the results of coverage percentage - how frequently the plant can be
operated while consuming all the electricity supplied by the hybrid farms and
producing hexanoic acid when the power supply from the hybrid farms is below 70% of
the plant’s nominal electricity consumption rate. The red dashed line marks the lower
boundary of LRR. Left to this line, the plant cannot always use all the electricity
supplied while producing hexanoic acid at the same time. In Case F when the
electricity supplied from the hybrid farms was between 60% and 100% of the plant’s
nominal electricity consumption rate, the plant could always use all the electricity
supplied while safely producing hexanoic acid that meets requirements. The lower
boundary of the LRR for Case F was lower than for Cases D-ST35 and D-ST43. This was
related to the steep slope in Case F when the electricity power was between 53% and
60% of the plant’s nominal electricity consumption rate (see X-axis), and the coverage
percentage dropped from 100% to 53% (see the left Y-axis). Given that in Fig. 4.7b, the
electricity consumption conditions for the three cases were similar when electricity
power was between 53% and 60% of the plant’s nominal electricity consumption rate,
the slope in Case F shown in Fig. 4.7a indicates that the plant shut down production
more frequently than kept producing by using the intermediate chemicals stored in the
ST. Such a slope was not found in either Cases D-ST35 or D-ST43, where the operating
scheme was predetermined. This suggests that strategically shutting down production
when facing larger shortages and bridging smaller shortages would enhance the
volume flexibility of the plant.
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3.3.3. Electricity consumption

In Case F the total electricity consumption per annum was 66%. Compared to Case
D-ST35, it was enhanced by 2.2%. Meanwhile, it was only 0.4% lower than in Case
D-ST43, which is an insignificant decrease. Since the plant with a ST would never
consume electricity beyond its nominal electricity load, the difference in total
electricity consumption resulted from the consumption when the ratio of available
electricity from the hybrid farms and nominal electricity consumption was below 70%.
The total electricity consumption summed by different electricity loads below 70% is
shown in Fig. 4.7b. It can be deduced that a smaller ST with better scheduling could
perform reasonably well compared with a larger ST operating under a specific
predefined operating scheme, which was an educated guess based on the results of
volume flexibility of the reference case. Since the production quantity was highly
associated with the electricity consumption conditions, the results here confirm the
finding in section 3.3.1 that a longer production shutdown did not necessarily result in
lower production.

3.3.4. Levelised production cost

The LPCIC:6 4 is 4.4 €/kg, which is lower than in Case B but is higher than in Case A as
well as the current market price of hexanoic acid (i.e., 2.5-4.2 €/kg [32]). Unexpectedly,
the LPCE, , is similar to the LPCE; 973 and LPCE; 7735, The reasons are the minor
increment in production quantity and the moderate decrease in the storage tank size.
The breakdown of LPCéGA, LPCEBA, and LPC’EGA is shown in Fig. 4.8a. When Cases B
and F are compared with Case A, the total amount of capital cost-related items (i.e.,
CAPEX and O&M) increased while the total amount of operation-related items (i.e., the
rest items) decreased. The trend was reversed when comparing Case F to Case B. This
indicates that shifting from constant electricity supply to hybrid IRE leads to less output
and, thus, less revenue and, eventually, a higher sunk cost in the capital items.

Implementing a ST helped reduce the impact, though to a minor extent.

3.3.5. Carbon footprint

As can be seen in Fig. 4.8b, Cases B and F exhibit similar GWPs, around 5.3 t COzeq/t
C6A, which indicates that the impact of linearisation of utility consumption on GWP is
negligible. Moreover, Fig. 4.8b shows that the GWP of Case F was 2.8 times lower than
that of Case A, which is credited to the coupling between the MES plant and hybrid IRE.

In all three cases, the CO, capture process led to an emission of 1.0 t CO2eq/t C6A.
Since the CO; used for hexanoic acid production as feedstock was 2.2 t CO,/t C6A, the
carbon intensity of capturing CO, is up to 0.4 t COzeq/t CO, captured. However, in
Case A, the CO, capture process was only responsible for 7% of total emissions, while in
Cases B and E it constituted 19% of the total emissions as a result of the change in
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Fig. 4.8. (a) Breakdown of the levelised production cost of hexanoic acid in Cases A, B, and
E CAPEX: capital expenditure. O&M: operation and maintenance. F: feedstock. WT: waste
treatment. E: electricity. UT: utility. (b) Carbon footprint and their breakdown for Cases A, B and F
with an economic allocation.

electricity source. In Case A, the highest share of emissions was attributed to electricity
generation, utilities’ generation, and other chemicals’ syntheses. In both Cases B and F
the three largest contributors were utilities generation, production of other chemicals,
and electricity generation. This was due to the energy-intensive nature of the DSP and
the use of fossil-based chemicals and solvents.

3.3.6. Sensitivity analyses

Economic

The results of the economic sensitivity analysis are shown in Fig. 4.9a. The impact of
changes in parameters on LPCIC:6 4, Was almost linear to the changes in the variables,
except for the CAPEX™MES and G¢g4. This is caused by the resulting positive operating
income and consequent tax. CAPEXMFS makes up for 50% of the CAPEX of all
equipment.  Therefore, lowering its cost not only reduced the initial capital
expenditures of the plant but also the annual O&M. This, in turn, increased the annual
operating income, which became positive. It was similar for the O¢g4. The original O¢ea
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was not sufficient for the plant to make a positive operating income. As the selling price
increased and thus the revenue increased, the plant’s operating income turned positive.
In both situations, the resulting operating income fell in the high-tax range in the
Netherlands (see Appendix B for tax details). As a result, the operating costs increased,
and the LPCE6 , became higher than expected. This change induced by tax did not
occur to the CAPEXE because its decrease was not enough to enable a positive
operating income.

LPCE, , (€/kg)
(a) 35 4.0 "ESGA gS.() 5.5

CAPEX™ES
CAPEX'F |

CAPEX®T A

Low High

Carbon footprint
(t COzeq/t C6A)

90% ' 60% 30% ' 0%
—— Case A - grid electricity Case A - heat
() — Case F - grid electricity =~ —— Case F - heat

Carbon footprint
(t COzeq/t C6A)

Caée A Caée B Casl.e F

Fig. 4.9. (a) Results of the economic sensitivity analysis. CAPEX™MES: capital cost of the microbial
electrosynthesis unit. CAPEX LLE. capital cost of the liquid-liquid extraction units. CAPEX ST,
capital cost of the storage tanks. O¢g 4: selling price of hexanoic acid. r: interest rate. (b) Sensitivity
analysis on the carbon intensity of grid electricity and utility (incl. chilling energy). (c) Change in
carbon footprint from original results that used economic allocation versus using mass allocation.

Carbon footprint

The results of sensitivity analysis on the emission intensity of grid electricity and utility
in Cases A and F are shown in Fig. 4.9b. Case A was more sensitive to the changes in
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emission intensity of grid electricity, while Case F was more sensitive to that of utility
energy. In Case A, only grid electricity was supplied throughout the supply chain, which
was the highest emitter. Hence, it makes sense that decarbonising the grid electricity
posed a higher impact. In Case F utility, which was generated from natural gas, emitted
the most. Electricity consumed in the MES plant was already from renewables and thus
provided less opportunity for further decarbonisation. Therefore, the observation from
this sensitivity analysis, again, suggested that electricity should no longer be seen as a
defossilising focus if further defossilisation is expected for a MES plant coupled with
hybrid IRE.

Regarding allocation, using mass allocation instead of economic allocation lowered the
GWP by two-thirds based on the GWP obtained with economic allocation (see Fig. 4.9c).
In Case E the GWP allocated to liquid oxygen would change from 0.3 t CO2eq/t O, to 1.7
t CO2eq/t O,. Note that the current GWP per tonne of liquid oxygen generated by an air
separation unit in Europe is around 0.6 t CO2eq/t O, [45]. Usually, with mass allocation,
the technical improvement of the technologies or processes that lead to an increased
mass ratio of the main products is more visible [46]. Nonetheless, in the MES plant,
the mass ratio between hexanoic acid and oxygen always remains the same. Therefore,
this advantage of mass allocation does not apply in this context. On the other hand,
mass allocation is more reliable when the market price of the (by)products changes over
time [46]. Therefore, the employment of mass allocation will be sensible if the amount
of oxygen produced via MES becomes much more indispensable in the market or the
prices of the two products become more volatile over time.

4 Conclusion

This chapter has investigated how intermittency affects the sizing of the buffering units
and scheduling of a novel MES plant designed to produce 10 kt/y at continuous and full
load and what the trade-offs are in terms of economic performance and carbon
emissions. Firstly, explorative case studies were conducted to simplify the optimisation
problem. Then, a MIQCP problem was proposed to optimise the scheduling profiles
and the size of a ST, seeking the maximum ANPcga. Last, techno-economic and
environmental performances of the optimised case, compared to relevant explorative
case studies, were assessed.

Concluding from the explorative studies, a ST was found to be more economical than a
BESS to buffer fluctuations in available electricity from the hybrid farms when the load
was between 0 and 100% of the plant’s nominal consumption rate. A BESS had a limited
advantage in consuming surplus electricity when the available electricity supply from
the hybrid farms was over 100% of the MES’s plant nominal capacity. Additionally, the
deployment of BESS had a high impact on the CAPEX of the plant when its capacity was
larger than 12 GJ/h (=3.3 MW). Hence, a ST was in a better position to foster the
economic potential of the MES plant. With the help of a ST of 43 m®, available
electricity that was below 100% of the plant’s nominal consumption rate could be
nearly completely used by the MES plant while the levelised production cost of
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hexanoic acid was lowered compared to the ST-free case. As a result, this chapter only
considered the ST in the optimisation. The resulted optimal size of the ST was 35 mS.

When compared to the case where the operating scheme of the ST was predefined, the
optimal scheduling profile suggested 1) the plant stops producing hexanoic acid and
store the intermediate chemicals when the available electricity from the hybrid farms
was below 60% of the plant’s nominal electricity consumption and 2) the intermediate
chemicals stored to promote production should be used as soon as possible. This
practice also enhanced the volume flexibility, expanding the load ratio range from [70%,
100%] to [60%, 100%]. However, the levelised production cost was not significantly
reduced because both the reduction in CAPEX and increase in revenue were marginal.

Even with an optimal size of ST and an optimal scheduling profile, the MES plant
powered with the selected hybrid IRE was less economically viable compared to the
case when it was powered by constant grid electricity. From an environmental point of
view, the MES plant running on the hybrid IRE outperformed the MES plant on
constant grid electricity. The cradle-to-gate carbon emissions became 2.8 times lower,
as the substantial amount of electricity the MES demanded was replaced by hybrid
renewable IRE. The results show that using grid electricity is not an option unless it is
further decarbonised. Moreover, the impact of penalties on energy consumption
induced by flexible operation was minor.

The results also show that in the MES plant powered by hybrid IRE, utility energy, solvent
and other chemicals were the major CO, emitters. To further defossilise the MES-based
system, utilities, solvents, and other chemicals would need to be produced from non-
fossil sources.

As for limitations, this study did not include ramping, starting-up, and shutting-down
procedures, and the assumed charging and discharging rates of the BESS were highly
optimistic. Taking these factors into account may affect the results for the BESS because
the stored electricity could possibly be used to prevent the plant from being completely
shut down. The low potential for BESS was also compounded by the fact that the
electricity profile and pricing scheme were highly specific, though reasonable. Perhaps
the advantage of BESS would be more visible under other pricing schemes [19] or
electricity profiles with a more alternating pattern. To enable a more efficient
optimisation, the nonlinearities could be linearised to avoid the large memory demand.
Given the low technology readiness level of the technology, many hypotheses were
considered in the plant modelling. As the technology advances, the proposed model of
the MES unit and the plant should be updated, also to incorporate operation under a
variable electricity profile; validation of operation under IRE in a lab or pilot plant setup
would be needed. Moreover, with the possibility to scale up the global market of
hexanoic acid due to future applications such as blends for sustainable aviation fuels
[47], it is important to investigate the environmental burdens of the full value chain. A
comprehensive life cycle assessment should be performed to understand the
environmental performances from a broader perspective.
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Abstract

Microbial electrosynthesis (MES) is a novel carbon utilisation technology aiming to
contribute to a circular economy by converting CO, and renewable electricity into
value-added chemicals. This chapter presents a life cycle assessment of hexanoic acid
(C6A) production via MES for current uses as a food additive, precursor to lubricant,
and antimicrobial in pharmaceuticals and for future upgrading to a potential neat
sustainable aviation fuel (SAF). On a cradle-to-gate basis, MES-based C6A exhibits a
carbon footprint at 5.5 t CO2eq/t C6A, similar to fermentation- and plant-based C6A.
However, its direct land use is more than one order of magnitude lower than
plant-based C6A. On a cradle-to-grave basis, MES-based neat SAF emits 325 g
CO2eq/M]J neat SAF, which is significantly higher than the counterparts from currently
certified routes and conventional petroleum-derived jet fuel. However, its negligible
indirect land use change emissions might potentially make it competitive against neat
SAFs originating from first-generation biomass.
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1 Introduction

Direct electrochemical conversion of CO, to chemicals powered by renewable
electricity can play a key role in the energy transition in the chemical sector. Some
studies have investigated the environmental impacts of small-molecule products,
which are usually commodity chemicals with a low market price, such as chlorine [1],
methane, ethanol, and ethylene [2]. Insight into the potential for converting CO; to
larger molecules is currently limited. In recent years, the conversion of CO; to
carboxylic acids (e.g., propionic acid, butyric acid, valeric acid, and hexanoic acid [3])
with a longer carbon chain via microbial electrosynthesis (MES) has caught the
attention of researchers [4, 5]. These chemicals do not only have a higher economic
value as compared to shorter C-chain chemicals but can also be used as a platform
chemical and for synthesising fuels [6, 7]. Among the carboxylic acids that MES can
produce, hexanoic acid (C6A), also known as caproic acid, has the highest market price
between 2.5-4.2 €/kg [8] and is used, among others, as a food additive, precursor to
lubricants, and antimicrobial in pharmaceuticals [9]. Therefore, some researchers are
particularly interested in producing C6A from CO, via either MES [8] or
biofermentation [10]. Production of C6A from CO, through MES has three key
advantages:

I. MES can be driven by renewable electricity and converts CO, into a valuable
product, thereby fitting with the need to defossilise chemical production [11, 12].

II. C6A can be catalytically upgraded to n-alkanes via ketonisation and subsequent
hydrodeoxygenation [13, 14]. On average, n-alkanes make up about 20 wt% of
current Jet A fuel [15, 16]. Synthetic n-alkanes can be potentially blended with
petroleum-derived jet fuel to a maximum of 50 vol% [15, 17], denoted as neat
sustainable aviation fuel (SAF) [18] or neat synthetic kerosene [19]. SAFs are an
essential option for defossilising jet fuels, with a market size estimated at 230
billion gallons (equivalent to 870 million m?®) in 2050 [15, 20]. The ideal carbon
chain length for aviation fuels is between 8 and 16 [15, 21], with an average
carbon number of 11.4 [13, 14]. The ketonisation has experimentally converted
98 wt% of C6A to Cg-Cj6 n-alkanes [14], with an average carbon chain length of 11
[14] or 11.3 [13]. These characteristics could potentially qualify n-alkanes from
C6A as a neat SAF. Adoption of the ketonisation route for neat SAF would,
however, require a massive increase in C6A production. As a reference, C6A is
projected to reach a global market of ca. 100 kt/y in 2027 [22] (see Appendix D for
details).

III. The current commercial production method of C6A is the fractional distillation of
coconut or palm kernel oil [9] where C6A is a by-product accounting for less than
1 wt% of the products. Hence, it is subject to limited resources [6] (e.g., exporting
bans on plant oils as recently occurred in Indonesia) and sustainability concerns
[23].

The sustainability of hexanoic acid will play an important role in its further use in new
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markets. In chapter 3, we designed a process model for MES-based C6A in Aspen Plus
and assessed its techno-economic performance integrated with an intermittent source
of electricity [24].

To date, there is limited information on the potential environmental impact of C6A
production via MES. Sadhukhan, Gadkari, and Muazu [3] evaluated the global warming
potential of the production of a range of carboxylic acids (incl. C6A) at an equipment
level, the results of which are directly visualised at
https://tesarrec.web.app/sustainability/mes. In [25], the authors carried out
a carbon footprint of C6A from fermentation at a plant level, however, within a
gate-to-gate scope. This chapter aims to provide a better understanding of the
environmental footprint of producing C6A via MES to supply the current market and as
a potential feedstock for neat SAF.

2 Methodology

To identify and assess the potential environmental impacts, a life cycle assessment
(LCA) was conducted, assuming two future deployment scenarios for C6A. The details
are further explained in this section.

2.1 Production of hexanoic acid

Fig. 5.1 provides an overview of the production of C6A via MES. In the anode chamber
of the MES reactor, water is converted into H* and O,. O, leaves the reactor via the
headspace, while H" permeates the membrane to reach the cathode chamber. In there,
CO:; is fed as a carbon source while Ca(OH), is dosed to control the pH. Microbial cells
attached to the cathode convert the CO, with electrons and H* to produce aqueous
hexanoate via acetate and butyrate. After the MES unit, the hexanoate is acidified to
C6A by H3zPO4. Next, C6A is recovered by liquid-liquid extraction (LLE) using
trioctylamine (TOA), followed by solvent regeneration (SR). Finally, the stream is
dehydrated to reach the market purity requirement of 99 wt%.

In this chapter, we depart from a process model of C6A production via MES developed
in chapter 3 [24]. A nominal capacity of 10 kt/y of purified C6A was assumed. According
to the reaction stoichiometry, O, was produced as a by-product at about 22 kt/y, and it
was compressed to 80 bar. The plant was designed for continuous operation (8760 h/y).
It is assumed to be situated in the Port of Rotterdam (the Netherlands) and powered
by renewable electricity from dedicated wind and solar farms nearby (see Appendix D
for additional information). To reduce the impact of fluctuations, a storage tank (ST)
was used as a buffer. The ST was placed before the first solvent regeneration column
(see Fig. 5.1). In chapter 4 [26], the tank’s size and the scheduling of the entire plant
were optimised to reach a maximum annualised net profit under the pre-selected hybrid
renewable electricity profile on an hourly basis. This resulted in an ST size of 35 m3,
which allows to produce ca. 8 kt of C6A per year. Specifications of the MES reactor and
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heat and mass balances of the plant are summarised in Appendix B and Appendix D,
respectively.

Two scenarios were studied to understand the potential environmental impacts of MES-
based C6A:

 Scenario I: MES-C6A would fulfil the market demand of current applications.

¢ Scenario II: MES-C6A would be used to produce neat SAF, which is a potential new

application.
-0 H-PO. TOA | ST
— - Anode v ,
MES :
32°C o : | —
1.02 bar Acidification Liquid-liquid v Solvent
32°C — extraction —# regeneration
» Cathode — 1.02 bar 32°¢ 250°C
A 1.02 bar 0.05 bar
| CaHPO, | |
Solvent Liquid-liquid
Dehydration <¢————— regeneration <+—— extraction —<—
203°C 250°C 32°C
1.02 bar 0.05 bar 1.02 bar
99 wt% Hexanoic acid | T S a

Fig. 5.1. Simplified block flow diagram of producing hexanoic acid via microbial electrosynthesis
(MES). ST: storage tank. TOA: trioctylamine.

2.2 Life cycle assessment

An ex-ante LCA was performed for a hypothetical N"'-of-a-kind plant, following ISO
14044 [27]. We used SimaPro 9.6 and the databases Ecoinvent 3.8 [28] and
Agri-footprint 5.0 [29]. The method selected for the life cycle impact assessment (LCIA)
was ReCiPe Midpoint H. The environmental impacts from infrastructure were not
included in this study as their contribution is expected to be marginal [30].

As indicated in Fig. 5.1, the plant produces both hexanoic acid and oxygen, with the
amount of oxygen being twice that of hexanoic acid. The multifunctionality due to O,
co-production was treated in two ways: 1) economic allocation and 2) system expansion
with substitution in the manner of subtraction (referred to as substitution hereafter).
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2.2.1. Scenario I

2.2.1.1 System boundary

In this scenario, the MES-based C6A would displace the counterfactual C6A, and it is
assumed to have the same product functionality (same chemical composition), the
system boundary was set as cradle-to-gate. The foreground system focuses on the
activities that are specific to this study and includes CO;, capture (solvent used:
monoethanolamine-MEA), CO, transport, and C6A production, as shown in Fig. 5.2.
The source of CO, is assumed to be the flue gas of a point source. The flue gas is
therefore considered a waste stream, and therefore, following ISO guidelines, 100% of
resources and emissions are allocated to the products of the point source [31]. This
implies that the emissions allocated to the systems are only those of the CO, capture
unit. The background system includes heat, chilling, and electricity generation,
solvents and other chemicals production, and transportation, as outlined in Fig. 5.2.

l Flue gas | [ Raw materials Water Primaryenergy Land ]
v

Background system

[Heat Electricity | [ Other chemicals ] [ solvents | [ Transport |

Emissions
Effluent

7 Foreground system >,
[ r Sludge
! CO, capture Hexanoic acid production !
1 . .

Amine scrubbin idificati !
i ( g [ MES ][ Acidification |[ SR | - [ T———
1 [[ Compression (_LLE ][ Dehydration | |1 0,
H 1
i [ Waste treatment [ Waste treatment | ]

1

\\ /,

Fig. 5.2. System boundary of MES-based hexanoic acid in Scenario I. MES: microbial
electrosynthesis. SR: solvent generation. LLE: liquid-liquid extraction.

2.2.1.2 Functional unit and indicators

The selected functional unit was one tonne of produced C6A. In this scenario, three
impact categories are addressed. Since MES is a carbon utilisation technology, global
warming potential (GWP; t CO,eq/t C6A) was selected as the first indicator. The second
indicator was land use change (LUC; m?a crop eq/t C6A) because it is a key bottleneck
for the current production pathway, and the MES plant requires dedicated solar and
wind farms, which can require a significant amount of land for their installation. LUC
can be decomposed into direct land use change (dLUC) and indirect land use change
(iLUC). dLUC occurs when cropland is converted for production or service [32]. iLUC
happens when changes in the use of existing cropland for production or service would
result in those goods or services (e.g., food) being produced on another (crop)land [33].
Although iLUC emissions (t CO2eq/t C6A) are important, there is a lack of data due to
the challenges in quantification. Hence, they are not incorporated into the GWP
calculation in SimaPro but are discussed separately in this study. Direct land
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occupation decoupled from the time factor (DLO; m?) was estimated for the renewable
electricity farms and the MES plant based on their capacities. Finally, water
consumption (m3/t C6A) was included as it is a key reactant for the MES and is also
used as a cooling utility (i.e., make-up cooling water), and it is a key concern for
plant-based C6A production. Water consumption refers to "freshwater withdrawals
which are evaporated, incorporated into products and waste, transferred to different
watersheds, or disposed into the land or sea after usage" [34].

2.2.1.3 Reference system and comparison to other studies

For the reference system, a coconut oil production route was selected. the system
boundary is depicted in Fig. 5.3. In the foreground system are crude coconut oil (CCO)
production, CCO transport, and C6A production. the CCO was assumed to be imported
from Southeast Asia to Europe to produce C6A. Data obtained from Ecoinvent was used
for these activities. As C6A is a by-product in the CCO route (accounting for less than 1
wt%), the emissions were allocated between C6A and other fatty acids using economic
allocation.

As mentioned in section 2.1, the MES system also produces oxygen as a by-product. In
the reference system, it was assumed that O, is produced using an air separation unit
(ASU). The data was obtained from Ecoinvent and was used for substitution.

Finally, for comparison purposes, GWP data for fermentation-based hexanoic acid
produced from waste, an alternative production route, was gathered from [25], and the
DLO of the pilot plant based on this fermentation route was used for discussion
(http://www.chaincraft.nl/).

2.2.1.4 Life cycle inventory

Life cycle inventories (LCI) of the MES and coconut routes are provided in Appendix D.
For the MES route, except for the electricity used to directly power the MES plant (scope
1), emissions from other utilities were accounted for in scope 2 and based on natural
gas. The electricity used to regenerate cooling water belonged to scope 2 utilities and
was also assumed to have originated from natural gas. From here onward, electricity
refers to electricity consumed on site; utilities refer to the rest scope 2 utilities. For the
reference coconut route, utilities were from a mix of fossil and non-fossil fuels, as
reported in Ecoinvent. Although it can be expected that in the future, the background
systems will entirely rely on renewable sources, we decided to keep the background
system as of today to better explore the impact of changes in the foreground versus the
background system.

Regarding solvents (i.e., MEA and TOA) and other chemicals (i.e., Ca(OH), and H3POy,),
since TOA and Ca(OH), were not available in Ecoinvent, analogous compounds (i.e.,
triethylamine and Al(OH)s, respectively) were used in the LCI.
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Fig. 5.3. System boundary of the reference system: (a) coconut-based hexanoic acid; (b) Oz from
an air separation unit. CCO: crude coconut oil.

2.2.1.5 Sensitivity analysis

To assess the impacts of changes in the background system, for the MES route, the
impact of the carbon footprint from utilities on the GWP per functional unit was
assessed via one-at-a-time sensitivity analyses.

In addition, since coconut is used in the reference system, we compared the relevant
data in two different databases: Ecoinvent 3.8 and Agri-footprint 5.0. We could not
directly compare the environmental metrics for hexanoic acid between these two
databases owing to the lack of any fatty acid data in Agri-footprint. Thus, we used the
impacts allocated to CCO production for comparison and analysed between both
databases.
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2.2.2. Scenario I1

2.2.2.1 System boundary

In this explorative scenario, the system boundary includes the transport of C6A to the
neat SAF production plant (which was assumed to be 200 km away from the MES plant)
and the production of neat SAF (see Fig. 5.4). The mass balance and emissions for the
conversion of C6A to neat SAF were collected from literature [13, 14].

' Flue gas I [ Raw materials Water Primaryenergy Land ]

v

Background system

[ Heat Electricity ] [ Other chemicals ] [ Solvents ] [ Transport ]

Emissions
Effluent
Sludge

CO, capture

H Amine scrubbing
|
H Waste treatment

Hexanoic acid production

Neat SAF production

:

Neat SAF

Hexanoic acid
transport

Wastewater

hydrodeoxygenation

Fig. 5.4. System boundary of MES-based hexanoic acid in Scenario II. MES: microbial electrolysis.
SR: solvent regeneration. LLE: liquid-liquid extraction. SAF: sustainable aviation fuel.

2.2.2.2 Functional unit and comparison to other studies

The functional unit was one MJ of neat SAF produced. It was calculated from the
stoichiometry of converting C6A to neat SAF using the ratio 2.22 kg C6A:1 kg neat SAF
[13, 14] and the calorific value of average jet fuels, i.e., 43.4 MJ/kg [13, 35] (check
Appendix D for details).

In this scenario, we focus on only one indicator, global warming potential (GWP; g
COzeq/M]J neat SAF).

In contrast to scenario I, no reference system was explicitly modelled in scenario II.
Instead, the results of the current analysis were compared to the GWP of alternative
neat SAFs produced from biomass, which were retrieved from the literature [21, 36-38].
Since the referencing data might have different system boundaries, in the discussion
(see section 3.2.1), we included the final combustion emissions of conventional jet fuel
for the neat SAF, which is 74 g CO2eq/M]J [39] in addition to its cradle-to-gate system
boundary to obtain a rough approximation of the cradle-to-grave direct GHG
emissions, while recognising that emissions will be underestimated as transport of the
product and any additional processes (e.g., storage) are not included. To the best of our
knowledge, data on the LUC and iLUC emissions are not available for specific neat
SAFs. For biofuels, the LUC and resulting iLUC emissions data are usually based on the
biomass feedstock type, and data on converting the biomass feedstock to bioethanol or
biodiesel is available in the literature [33, 40]. This data was used for discussion
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purposes (see Appendix D for details). Note that the neat SAF discussed in this chapter,
neither MES- nor biomass-based SAF necessarily meets the regulated specifications.
For the purpose of this study; it is assumed that they do.

2.2.2.3 Life cycle inventory

In addition to the LCI described in section 2.2.1.4, data on C6A transport and neat SAF
production were added to the LCI (see Appendix D). Specifically, according to Hugq et al.
[13], the emissions of neat SAF production activity are 15 g CO,eq/M]J neat SAF.

3 Results and discussion

The LCA results are presented in Table 5.1. The results are discussed in the following
sections.

Table. 5.1. Cradle-to-gate life cycle assessment results in Scenario I and II. SAF: sustainable
aviation fuel.

Global warming potential ~ Direct land use change =~ Water consumption

Scenario I tCOzeq/t C6A m?a crop eq/t C6A m3/t C6A
MES route
with economic allocation 5.5 416 122
with substitution 4.6 407 61
Coconut route
with economic allocation 5.0 9,335 1,202
. Global warming potential
Scenario IT g COzeq/MJ ﬁfat SAF
MES route
with economic allocation 297
with substitution 251

3.1 Scenariol

3.1.1. Global warming potential

On a cradle-to-gate basis and when the economic allocation was applied, a tonne of
C6A produced via MES generated about 5.5 t CO2eq (see Table 5.1). Among the three
activities (i.e., CO, capture, CO, transport and C6A synthesis) (see Fig. 5.5), C6A
production played a major role, accounting for 82% of the total emissions. The top
three emitters were utility generation, synthesis of other chemicals (i.e., H3PO4 and
Ca(OH)3), and electricity. It should be noted that even though renewable electricity has
alower carbon intensity than Dutch grid electricity, due to the large consumption in the
C6A plant, the total emissions related to it were still considerable. As for the CO,
capture activity, it contributed 18% to the total carbon footprint, where utilities (steam)
were the major emitter. The emissions resulting from short-distance CO, transport via
pipeline were negligible in this study.
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Fig. 5.5. Breakdown of the GWP and (b) dLUC of the MES route with economic allocation. Small
values are hidden from the pie chart but shown in the legend.

Table 5.1 also shows the importance of allocation on the final results, with substitution
resulting in a lower GWP (16%) than economic allocation. This difference represents
the emissions saved by producing O in the MES process instead of producing the same
amount of O, in an ASU.

A comparison of the GWP of the MES route with the reference system and literature
data. Table 5.1 shows that coconut-based C6A has a GWP at a similar level to the
MES-based counterpart. We also compared the results to an alternative route
(fermentation-based C6A). Three data points were found in [25]. They modelled the
processes using a similar downstream processing configuration as in this chapter,
namely LLE and SR. Their process used organic solid wastes at the lab and pilot scales.
Two key differences in the LCA should be noted. First, the authors used gate-to-product
system boundaries (equivalent to gate-to-gate), and second, they used mass allocation.
The emissions ranged from 8.7 to 14.9 t CO,eq/t C6A, with the pilot scale rendering the
lowest emission. Note that in their work [25], only the feedstock (i.e., organic solid
wastes) was of non-fossil origin. The values of emissions of MES- and
fermentation-based hexanoic acid are close. Considering the current technology
readiness level of this MES (i.e., 2-3), differences in system boundaries, and differences
in allocation methods, although MES seems to perform better, it is hard to assess which
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route outperforms the other regarding the GWP.

3.1.2. Land use

Fig. 5.6 shows the importance of other chemicals and electricity in the land footprint
of the MES route. Note that H3PO,4 alone made up 50% of the share. In contrast to
GWP, the allocation method did not have a significant impact on the results. When using
substitution instead of allocation, the change in dLUC appeared insignificant. According
to Ecoinvent’s documentation for O, from an ASU in Europe, the dLUC is dominated by
a small fraction of its electricity consumption that originates from combusting wood
chips. Compared to the reference case, the dLUC of coconut-based C6A is 9,335 m2a
crop eq/t C6A, which is 20-fold higher than the MES-based plant. According to Alouw
and Wulandari [41], the large land footprint of the reference might result from the low
productivity of coconut in major exporting countries such as Indonesia and Malaysia.

olo
A
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Fig. 5.6. Breakdown of the dLUC of the MES route with economic allocation. Small values are
hidden from the pie chart but shown in the legend.

As discussed previously, wind and solar farms can lead to iLUC. Fthenakis and Kim [42]
reported 7.5~18.4 m?a/GWh for ground-mounted photovoltaic (PV) systems and
1.8~5.5 m?a/GWh for onshore wind farms. These values would correspond to
0.03~0.07 and 0.04~0.11 mZ?a/t C6A, respectively. Both values are, however,
insignificant when compared to the dLUC (i.e., 416 m?a crop eq/t C6A).

The iLUC emissions in the MES system could also originate from wind and solar farms.
According to Agostini et al. [43], iLUC emissions associated with ground-mounted PV
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systems are less than 0.4 g CO,eq/M]J electricity [44]. Converting it to our functional
unit, it is equivalent to 6 1073 t CO,eq/t C6A, which is negligible compared to the direct
GHG emissions (i.e., 5.5 t COzeq/t C6A). iLUC emission data on onshore wind farms
are scarce. However, one could argue that iLUC emissions would be negligible as well
because wind turbines must be installed with large spacings, and the free lands could be
used [42].

To estimate the DLO of the MES plant, we used the combined DLO of a membrane
electrolysis facility for chlorine production [45] and an ethanol plant that captures CO;
from the flue gas of an adjacent steel plant and produces ethanol via fermentation [46].
The chloralkali plant has a capacity of 200 MW and occupies 0.32 km? of land (see
Appendix D for calculation details). The ethanol plant is also equipped with
downstream separation and purification units. It has a volumetric capacity of 80,000
m?/y and occupies a land area of ca. 0.14 km? (see Appendix D for calculation details).
The MES plant has a nominal electricity capacity of 19 MW and a volumetric capacity of
10,900 m3/y. This rough calculation indicated that the DLO of the MES plant could
remain below 1 km2. Meanwhile, the DLO of the existing dedicated wind and solar
farms in this scenario is estimated to be ca. 2.9 and 0.47 km?, respectively (see
Appendix D for calculation details). Therefore, the land for the MES plant is smaller
than the land needed for renewable electricity farms. In total, MES and electricity
generation DLO is around 4 km?. The fermentation route is operated at a pilot scale,
and it is reported to occupy an area of 0.01 km? for 2 kt/y of >98 wt% medium-chain
carboxylic acids (see Appendix D for calculation details).

3.1.3. Water consumption

When using economic allocation, the MES system consumes about 122 m3/t C6A (see
Fig. 5.7). H3PO,4 contributed two-thirds of the total water consumption. The
production of all the other chemicals made up about 70% of total water consumption.
The generation of renewable electricity accounted for 14%. When substitution was
applied, the results showed 50% less water consumption. This can be explained
because 50% less water is consumed in the MES system to produce the same amount of
0, from an ASU. Note that coconut-based C6A uses 1,202 m3 /t C6A produced,
equivalent to 10 times the water footprint of MES-based C6A. This point is further
discussed in section 3.1.4.

3.1.4. Sensitivity analysis

Given the importance of the utilities’ contribution to the GWP, one-at-a-time sensitivity
analyses on electricity and heat energy (incl. chilling) were performed (see Appendix
D). If the carbon intensity of the grid electricity (consumed in the CO, capture and
cooling water regeneration activities) were reduced by 90%, the MES system’s GWP
could be lowered by 9%. This is because electricity from the grid only accounts for 13%
of the GWP in the plant (the electricity used by the electrolyser is mainly provided by a
renewable plant). With a similar reduction in carbon intensity in the heat source (incl.
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Fig. 5.7. Breakdown of water consumption of the MES route with economic allocation.

chilling), the GWP could be lowered by 32%. This indicates that defossilising the heat
(incl. chilling) supply remains important in this kind of system.

The results of the sensitivity analysis on the carbon intensity of solvents and other
chemicals show that changes in their carbon intensity are less significant. A 50% change
in the triethylamine’s carbon intensity can lead to a 7% variation in the final GWP, while
the same change in the Al(OH)3 carbon intensity can cause a 4% variation (see
Appendix D).

Beyond the MES plant, it is important to highlight the large range of values found in
literature, affecting the overall results. CCO has a GWP of 3.3t CO2eq/t CCO in Ecoinvent,
while it is 6.7 t CO2eq/t CCO in Agri-footprint. The difference gets even larger for other
impacts. For instance, dLUC is 6,510 m?a crop eq/t CCO in Ecoinvent and 20,000 m?a
crop eq/t in Agri-footprint, while water consumption is reported as 840 m>/t CCO in
Ecoinvent and 4.6 m®/t CCO in Agri-footprint. Based on Ecoinvent’s documentation,
the differences in water consumption could be linked to the quantity of irrigation water
used and the allocation methods. Therefore, based on the information provided in the
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literature, pinpointing the cause of the differences was not possible, making a robust
comparison of the technologies’ relative performance difficult.

3.2 Scenario II

3.2.1. Global warming potential

The cradle-to-gate GWP of the neat SAF produced is significantly higher than that of the
conventional route. This is independent of the allocation method used (297 g
CO2eq/M]J neat SAF when using economic allocation and 251 g CO,eq/M] neat SAF
when using substitution). These values are 26-fold higher than conventional jet fuel
(i.e., 9.6 g CO2eq/MJ [39]). If we include the final combustion emissions of conventional
jet fuel for the neat SAF, 74 g CO,eq/M]J [39], the cradle-to-grave emissions will increase
to 371 g CO2eq/M]J neat SAF using economic allocation while 325 g CO,eq/M]J neat SAF
using substitution.

Since, according to Hugq et al. [13], the neat SAF production activity, converting C6A to n-
alkanes, only emits 15 g CO2eq/M] neat SAF, the total cradle-to-gate emissions remained
dominated by the production of C6A (see Fig. 5.8).

A comparison with literature data ([21] and references therein) on the GWP of different
production routes of neat SAFs was performed. When neglecting the iLUC emissions
and using substitution, the cradle-to-grave GWP of neat SAF produced through MES
appears at least 3 times larger than most of its counterparts from alternative routes.
Only when peatland rainforest or tropical forest is transformed into orchards that grow
certain first-generation biomass (e.g., soybean oil and palm oil), will the substantial
emissions caused by dLUC make the GWP of the neat SAFs produced from the
first-generation biomass higher than the MES-based neat SAF [38]. The comparison
with literature data is, however, not straightforward. For instance, using the guidelines
for assessing emissions in the biofuel industry [47], avoided emissions can be counted
as negative emissions, while the GHGs are not truly removed from the atmosphere. If
the subtraction is significant, the impression can be given that the biofuel has a lower
carbon footprint on a cradle-to-gate basis [48]. This point has been reported elsewhere,
for example, [13]. Second, the choice of the system boundary and the treatment of
multifunctionality are not harmonised in the literature. Ng, Farooq, and Yang [21], for
instance, estimated the CO,eq emissions of a neat SAF derived from woody residues
based on the emission data provided in [49]. This study only considered scope 1
emissions and did not include utilities or other activities on the supply chain. The same
approach was used to estimate the emissions in [50]. Finally, in several cases, it is
impossible to trace back how data was generated. Pavlenko, Searle, and Christensen
[36], for instance, reported a carbon intensity of neat SAFs generated from municipal
wastes at 14.8 g CO2eq/M]J, which is only 40% of the 37.5 g CO2eq/M] reported in the
original source used for the estimation [48]. This points out a problem that goes well
beyond the scope of this chapter regarding the harmonisation of system boundaries
and allocation methods used in SAF literature.
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Fig. 5.8. Breakdown of the cradle-to-gate GWP and of the MES-based neat SAF with economic
allocation. Small values are hidden from the pie chart but shown in the legend.

3.2.2. Land use

The dLUC of the MES-based neat SAF is around 0.02 m?a crop eq/M]J. The iLUC of wind
and solar farms is negligible compared to the dLUC. dLUC and iLUC data for alternative
non-SAF biofuels originating from various feedstock types can be found in [33, 40] (see
also Appendix D). Among the studies in literature, the total LUC of the biofuel derived
from agricultural residues is around 0.025 m?a crop eq/M]J biofuel (= 2.5 ha/TJ) for
agricultural residues, which is hence comparable to the MES-based neat SAF.

Regarding emissions from iLUC, as previously discussed in section 3.1.2, the iLUC
emissions of the MES route in Scenario I are likely to have limited impact. In Scenario
11, although iLUC data on the upgrading process is lacking, it can be assumed to have a
minor impact due to its efficient DLO and no use of biomass. Our reasoning for an
efficient DLO is: 1) the upgrading reactions feature high yields and purities; 2)
according to the process proposed by Huq et al. [13], there are only seven unit
operations involved, making it a relatively simple process route. Reported iLUC
emissions of alternative biofuels can be found in [33, 40] (see also Appendix D).
Bioethanol can be produced from different categories of biomass and has iLUC
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emissions in the range of 0-50 g CO,eq/M]J. Biodiesel produced from energy crops and
first-generation crops were assessed for iLUC emissions in both reports. According to
Valin et al. [33], biodiesel derived from switchgrass, miscanthus, and willow/poplar can
even lead to negative emissions at the gate. After the biodiesel is combusted, the carbon
will be released, resulting in carbon neutrality at best but not carbon negativity. For
other feedstock, their iLUC emissions are above 50 g CO2eq/M]. Values are higher for
neat SAFs from first-generation biomass, reaching up to 250 g CO.eq/M]J. If these
values are used as an indication for the iLUC emissions of alternative neat SAFs, the
direct GHG plus iLUC emissions of neat SAF produced from first-generation biomass
(e.g., palm oil and soybean oil) via the up-to-date most industrialised route
(hydroproccessed esters and fatty acids-HEFA) can exceed 300 g CO.eq/MJ on a
cradle-to-grave basis. Thus, the neat SAF derived from MES-based C6A might be
competitive.

4 Conclusion

This chapter assessed the environmental impacts of C6A produced via MES and
renewable electricity and its derivative neat SAF and compared the results with other
production routes. Cradle-to-gate assessments were performed to quantify global
warming potential, land use, and water consumption of production systems. Both
economic allocation and substitution were applied to examine the multifunctionality of
the MES production system.

When an economic allocation was applied, the results showed that the GWP of C6A
produced from CO; via MES is comparable to the GWP of C6A produced from coconut
oil via fractional distillation and from organic solid wastes via fermentation. Factors
that would reduce the carbon footprint of the MES route are defossilising heat and
chilling utilities used in energy-intensive downstream processing as well as using less
carbon-intensive chemicals.

The results also highlight the advantage of MES in terms of land use, as it is 20 times
lower than the reference case (coconut-based hexanoic acid). Additionally, the direct
land occupation of the renewable electricity farms is likely larger than the MES plant
itself. The major shares in both land use and water consumption of the MES route are
due to the vast consumption of renewable electricity in the C6A production activity and
the chemicals used in the C6A production activity, especially H3POy, for its large
consumption of fossil resources. The overall picture indicates that the MES-based C6A
has a lower environmental impact than the coconut-based C6A.

If C6A produced via MES is further upgraded to produce neat SAF, the GWP of this route
does not seem to outperform alternative routes, with the exception of iLUC emissions.
A reliable comparison with published LCA studies on biomass-based SAF production is
currently difficult due mainly to differences in system boundaries. Nonetheless,
considering the direct CO,eq emissions and iLUC emissions together, neat SAF derived
from MES-based C6A might be competitive with counterparts that use first-generation
biomass. However, there are alternative neat SAFs with a lower carbon intensity being
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developed and industrialised. Finally, for future research, the conversion of C6A
produced via MES to other chemicals, such as adipic acid, should be explored.
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1 Overview

This dissertation explored the impact of intermittency of renewable electricity on the
design and upscaling of a novel CO; electrochemical plant. We first developed a
conceptual framework for designing and assessing future novel flexible chemical
processes against various uncertainties. Then, we used a case study on hexanoic acid
production via microbial electrosynthesis (MES) as a representative of novel CO,
electrochemical conversion technologies to explore the impacts of intermittency on the
design and performance of a CO, electrochemical plant and design strategies for
improving its flexibility and evaluating its economic and environmental performances.

This chapter first summarises the research outcomes and answers the main research
question proposed in chapter 1. Then, analyses and discusses the limitations of this
research, followed by the recommendations for future research.

2 Research outcomes

This dissertation aims to understand:

which process designs and conditions could facilitate the upscaling of a novel CO;
electrochemical plant under intermittent renewable electricity supply

To reach this aim, three research sub-questions were proposed. Below is a quick
background recap for each research sub-question, followed by results and conclusion.
Then, an overall conclusion is made to the main research question covering technical,
economic, and environmental aspects.

Sub-question 1: What does flexibility mean when designing flexible novel chemical
processes?

Designing for flexibility has been extensively studied in process system engineering
(PSE). However, it has mostly focused on well-understood processes equipped with a
control system. In recent years, the possibility to shift toward alternative carbon
sources (e.g., biomass and CO;) and alternative energy sources (e.g., renewable
electricity) have increased uncertainties regarding feedstock quality and/or quantity
fluctuations in chemical processes. Not only a growing number of novel flexible
technologies are being considered to cope with the fluctuations, but innovative plant
configurations are also being developed to enable flexible operations. Nonetheless, a
framework (understanding a framework as a guideline) for designing and assessing
such flexible designs for novel technologies was missing. Moreover, the terminology
used in case studies focusing on flexibility is confusing, making it harder to compare
results and draw insights.

To address these knowledge gaps, in chapter 2, a systematic literature review on
flexibility was conducted. The review covered the period 1990 to 2020. The background
of flexibility was revisited, and a conceptual framework for defining, designing, and
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evaluating flexibility for novel flexible chemical processes was proposed.

Flexibility has been historically part of operability and represents the static boundaries
the physical equipment can guarantee independent of any control system. It is a
comparative characteristic for processes facing uncertainties that designers know and
allow.

In chapter 2, we propose that to define flexibility, five elements of flexibility should be
specified in advance, based on the design requirements: target, range, hierarchical level,
time scale, and impact (see Table 6.1). Using these elements, flexibility can be defined as
"the ability of [a hierarchical level] to operate over [a range of operating conditions] on [a
certain time scale basis] to cope with [a target] with acceptable [impact]". The definition
of flexibility for a specific case allows us to identify the type of flexibility that a process
design needs to enable. In literature, there are five types of flexibility: feedstock, product,
volume, scheduling, and production (see Table 6.2). For each type, we identified several
design strategies (listed in Table 6.2) that can be used to enable or improve flexibility.
Finally, a selection of indicators was proposed to evaluate the different flexibility types
(see Table 2.4 in chapter 2).

Table. 6.1. Elements of flexibility.

Element Explanation
A target can be derived from the sources of uncertainties and elaborates the
content of a flexibility type (e.g., fluctuating electricity supply).
A range indicates how many options are available once the operating
conditions deviate from the nominal ones. A range is derived from the
Range boundaries of uncertainties. They can be a series of continuous values
(e.g., 30-50 kg/h) or a set of discrete criteria (e.g., product types such
as biofuel or hydrogen).
The hierarchical level reflects the degree of detail a design needs to reach in
order to meet the design requirements derived from the flexibility needs. The
hierarchical levels also reflect at which level the flexibility needs to be
assessed for a given purpose. The amount of data and requirements
decreases with the level of aggregation. The hierarchical level can be
equipment, process, plant, etc.
Uncertainties are time-dependent. A unit time period can be a second, an

Target

Hierarchical level

Time scale hour, a day, a season, a production cycle, or others.
Designing for flexibility often results in impacts when compared to a
reference design. Such impacts concern, for example, technical performance
(e.g., conversion efficiency, product purity), economic performance (e.g., net
Impact present value, payback time), human resources (e.g., time, effort) and/or

environmental performance (e.g., global warming potential, acidification).
Impacts can be either positive or negative (i.e., penalties). Impacts are often
quantified by comparing the performance of the (relatively more) flexible
design to the performance of a reference design.

For designing future flexible chemical processes, designers and stakeholders should
first determine the types of uncertainties to incorporate. Then, the corresponding
flexibility types can be defined based on case-specific conditions and expectations
using the five elements identified in this dissertation. Finally, the flexibility types can be
quantified separately using the corresponding indicators proposed in chapter 2 to
compare different candidate designs. It is important to note that the list of indicators is
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not exhaustive, it can be modified, or new indicators can be proposed. Moreover,
during the design phase, it might be found that a flexibility type might trigger another
type, and in such a case, the design would be modified. Additionally, designers or
technology developers might find that the evaluated impacts are unacceptable and
changes to the design need to be made. Therefore, the design procedure might iterate.
In the end, the framework allows users to get a general idea of what technologies,
locations, configurations, operating conditions and other relevant system conditions
the processes should have and how the processes should run.

Table. 6.2. Classification of flexibility and their definition as well as design strategies.
(i) Implement different production schemes to
The ability to handle changes ~ produce different product types
Feedstock in quantities and/or qualities (ii) Blend different types of feedstocks

of inflow materials (iii) Select and/or design the equipment that can deal
with variations in feedstock quality
(iv) Install buffer unit(s) to regulate fluctuations in
feedstock quality.
(i) Select synthetic pathways that inherently

Product The g‘t.nhty to change the . produce multiple products
qualities of outflow materials (ii) Implement different production schemes
(i) Select and/or design (function-wise) equipment
that can deal with variations in throughput
e (ii) Select and/or oversize equipment (capacity-wise)
Voume The ability to vary throughput that meet wide load requirements ty
(iii) Install buffer units to decouple units with
variations in throughput from steadily operated
units
(iv) Install parallel units or process lines
(v) Robust scheduling
Scheduling The ab.ility to a('ijust resources (1) Oversize equipment ' .
allocation for different (ii) Install parallel same units or process lines
production cycles (i) Select and/or design equipment that can handle
. The ability to switch to inflow materials with different qualities and/or
Production . . - o L.
exercise another production produce outflow materials with different qualities
scheme (i) Select and/or design production schemes and

equipment that can be switched on/off at request

Sub-question 2: How does intermittency affect the techno-economic and
environmental performances of a novel CO; electrochemical plant?

Researchers have been investigating the concept of coupling intermittent renewable
electricity and novel CO: electrochemical conversion technologies (and of water
electrolysers and electrified units, among others), but only a limited number of works
has studied the impact of intermittency on the technical design at an industrial scale.
Novel CO, electrochemical conversion technologies, especially low-temperature ones,
produce a wide range of products but in a dilute stream, while the products are sold at a
high purity. Hence, downstream processing (DSP) technologies are paramount to
recover and purify the products to meet market requirements. An intermittent
electricity supply impacts the throughput rate of the whole plant, therefore, how the
DSP technologies respond to intermittent renewable electricity is worth studying. The
subsequent trade-offs in the techno-economic and environmental performances of an
electrochemical plant should also be understood for its future development.
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In chapter 3, we modelled an electrochemical plant cantered on (MES) producing
hexanoic acid, at an industrial scale (i.e., 10 kt/y), in Aspen Plus (see the block flow
diagram in Fig. 3.1 in chapter 3). To estimate the volume flexibility of the downstream
processes, the dimensions of the distillation columns were fixed and the flow rates were
varied. To fix the dimensions that are always automatically adjusted by Aspen Plus as
the flow rate changes, we decomposed an integrated distillation column equipped with
a reboiler and condenser into a tower with two separate heat exchangers. Additionally,
introducing fluctuations inherent within IRE to technologies or equipment not
intended for flexible operation might result in undesired product quality and or cause
damage to the equipment and, subsequently, hazards to process safety. Hence, during
the estimation, we stopped varying the flow rates once hazard signals appeared, such as
when the tray’s hydraulics were unstable, or the column’s overhead steam could not be
condensed.

Then, it was observed that the temperature and pressure profiles inside the distillation
tower had to remain unchanged to ensure the same recovery rate and product purity as
the nominal conditions. Our results indicate that the maximum condensing capacity of
the condenser restricted the maximum tolerable flow rate of all the distillation columns
at their nominal value, while the tray’s hydraulic stability of the distillation column
restricted the minimum tolerable flow rate. In the design under study, the last
distillation column, which is the final step needed to reach the product’s purity, had the
highest minimum tolerable flow rate compared to other columns and thus limited the
volume flexibility of the entire plant to no lower than 70% of its nominal throughput
rate. Eventually, the volume flexibility of the plant was [70%, 100%)].

To assess the impact of intermittency on the performance of the plant, the plant
simulation was run using different electricity profiles (i.e., solely wind power and hybrid
power consisting of both solar and wind power). Not surprisingly, intermittency had a
significant impact on the operation of the plant. With a wind electricity supply, the
intermittency resulted in a total shutdown time of 3837 hours and an increase in the
levelised production cost of hexanoic acid (LPCcga) of 34%. With a hybrid electricity
supply, the intermittency resulted in a total shutdown time of 2678 hours and an
increase in the LPCcga of 19%. The results show that when using profiles with higher
levels of intermittency (i.e., only wind power) and, subsequently, more often under the
threshold power needed for production, the plant had to be shut down more frequently,
which resulted in less production and higher LPCcgs. To minimise the impact of
intermittency, the model was then run using pre-defined operating schemes with and a
battery energy storage system (BESS) (in chapter 3 and chapter 4) and a storage tank
(ST) (in chapter 4) as buffer units, with pre-selected sizes. See in Table 6.3, a BESS of 8.1
MW led to the lowest LPCcga when the plant was powered by wind electricity; the
penalty caused by intermittency was reduced by 7%. Under a hybrid electricity supply,
a BESS of 3.3 MW led to the lowest LPCcgp, which reduced the penalty caused by
intermittency by merely 2%. This implies that the BESS was more useful when the
intermittency level was higher (i.e., wind electricity).

The LPCcep did not always improve as the BESS capacity increased. The extra
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Table. 6.3. Techno-economic results of the MES plant driven by different electricity profiles.
Hybrid electricity =~ Wind electricity

Lowest LPCcga (€2019/kg) 4.67 5.08
Corresponding BESS capacity (GJ/h) 12 (=3.3 MW) 29 (=8.1 MW)
Shutdown time (h/y) 1954 2124
Hexanoic acid production (kt/y) 7.30 6.74

production of hexanoic acid enabled by the BESS could not always offset the capital
costs. With the largest capacity of BESS that the resulting LPCcga was still lower than
without this BESS, the load ratio range (LRR) of the plant could not be enhanced under
any investigated level of intermittency. Therefore, the use of a BESS is not advised based
on the investigated conditions.

In chapter 4, a ST was installed to store the intermediate (liquid) chemical stream prior
to the first solvent regeneration column to buffer the fluctuations that were caused by
intermittency in the electricity supply. At the same capital cost, a ST showed a higher
equivalent storing capability than a BESS. As a result, when the resulting LPCcga
remained lower than the LPCcga obtained without a buffering unit, in addition to
increasing the production quantity and LPCcga, a ST could also slightly enhance the
volume flexibility (i.e., from [70%, 100%] to [67%, 100%]) by bridging more periods of
electricity shortage. The volume flexibility could be further expanded by optimising the
scheduling of the plant, reaching a range of [60%, 100%]. However, despite the use of
buffer units (i.e., BESS or ST) and the optimised scheduling, coupling the MES plant to
intermittent renewable energy (IRE) resulted in penalties of about 20% in production
quantity and 10% in LPCcga compared to the case where the MES plant was powered by
constant grid electricity.

In chapter 4, we also assessed the impact of intermittency in the cradle-to-gate carbon
footprint of hexanoic acid. As expected, using renewable energy sources instead of the
electricity from the Dutch grid (year 2019), resulted in a substantial decrease in the GWP
(from 15 to 5 t CO2eq/t C6A). This was due to the current carbon footprint of the grid
mix, which still contains a high share of fossil sources.

To answer question 2, although electrolysers might be flexible to IRE supply, the
thermal-based downstream processing (DSP) can become a bottleneck because of their
operating conditions for ensuring the quality and recovery rate of the product.
Therefore, flexibility should be incorporated when selecting technologies or designing
equipment. Furthermore, with the increase in electricity fluctuations, the shutdown
time increases, and the subsequent production quantity reduces, resulting in an
increase in the LPCcga. This points out the fact that the capital costs incurred based on
continuous operation are not being used enough to generate sufficient revenue. This
phenomenon, namely sunk cost, is a prominent problem for the flexible operation of
capital-intensive equipment.

Introducing buffering units can, to a certain extent, enable operation and production
when the available electricity is under the plant’s threshold electricity consumption
rate, thus increasing the production quantity and lowering the levelised production
cost, compared to the case where the plant is operated under intermittent conditions
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without buffering units. Additionally, if an expensive buffering unit (e.g., batteries) is
not used sufficiently to generate enough extra revenue, its capital cost cannot be paid
back, causing an unacceptable sunk cost. Furthermore, optimising the scheduling of
the entire plant equipped with a buffering unit was necessary.

Sub-question 3: What factors can potentially influence the competitiveness of a novel
electrochemical technology powered by renewable electricity against its market
competitor?

Currently, hexanoic acid is commercially produced as a byproduct from the fractional
distillation of coconut or palm kernel oil. For the future development of and investment
in MES, it is essential to understand how competitive it can be in today’s and
tomorrow’s markets. Another promising pathway is bio-fermentation based on ethanol
or shorter carboxylic acids via chain elongation, which has been operated at a pilot
scale [1]. Hexanoic acid has a small market, but researchers have been investigating the
feasibility of synthesising n-alkanes from hexanoic acid to produce "neat sustainable
aviation fuel" (neat SAF), which can be blended with conventional jet fuels.

In this thesis, we assessed the techno-economic and environmental performance of
producing hexanoic acid via MES and compared it to today’s production route based on
plant oils and a bio-fermentation route. In chapter 3 and chapter 4, the economic
evaluation of hexanoic acid produced via MES was conducted. When the plant was
powered by constant grid electricity, the LPCgga Was around 4 €;019/kg, which is near
the upper boundary of today’s market price (i.e., 2.5 to 4.2 €2019/kg [2]) and comparable
to the production cost of bio-fermentation route (i.e., 3.2 and 8.0 €2919/kg [3]). When
coupled with IRE, the lowest LPCgga that could be achieved was 4.4 €5019/kg when
using a ST and optimised scheduling. Though this figure is higher than the upper
boundary of today’s market price, it can be deemed competitive. The largest shares of
LPCcsa were capital costs and operation and maintenance costs, collectively
accounting for 49%. Electricity consumption was responsible for 32% of the costs.
Among the capital costs, the MES reactor and liquid-liquid extraction (LLE) membrane
contactors were the most expensive due to: 1) the large number of MES stacks driven by
the low productivity of MES, 2) the large number of LLE membrane contactors due to
the low concentration of hexanoic acid in the product stream of the MES, and 3) the
high costs of novel technologies such as the MES stacks and LLE membrane contactors.

In chapter 5, the life cycle impacts of the supply chains for MES-based and
coconut-based hexanoic acid were compared (see Table 6.4). The CO, supplied to the
MES plant was assumed to come from flue gas in integrated refineries. In the first
scenario, it was also assumed that the end use of hexanoic acid from both routes was
the same and therefore, cradle-to-gate boundaries were used (see Fig. 6.1).

The MES-based hexanoic acid had a global warming potential (GWP) of 5.5 t CO2eq/t
C6A, at the same level of the coconut-base counterpart (5.0 t COzeq/t C6A) and
fermentative counterpart (8.0 to 15.0 t COzeq/t C6A [4]). On the value chain of
MES-based hexanoic acid (i.e., CO, capture, CO, transport, and C6A production), C6A
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Table. 6.4. Life cycle assessment results of the MES and coconut routes on a cradle-to-gate basis
using economic allocation.

Economic allocation Global warming potential Direct land use Water consumption
tCOzeq/t C6A m2a crop eq/t C6A m3/t C6A

MES route 5.5 416 121

Coconut route 5.0 9,335 1,202

l Flue gas | [ Raw materials Water Primaryenergy Land ]
v
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! 3
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Fig. 6.1. Product system. MES: microbial electrosynthesis. SR: solvent regeneration. LLE: liquid-
liquid extraction.

production activity played a major role, accounting for 82% of the total emissions. The
top three subcategorised emitters on the entire value chain were fossil-based utility
generation (41%), synthesis of other fossil-based chemicals (26%), and generation of
the renewable electricity used in the MES plant (13%). In terms of direct land use
(dLUC) and water consumption, MES-based hexanoic acid exhibited an impact of 416
m?a crop eq/t C6A, which is more than one order of magnitude lower than the
coconut-based counterpart (9,335 m?a crop eq/t C6A ) due to the low productivity of
coconut in its major exporting countries such as Indonesia and Malaysia [5]. Among all
the activities, C6A production alone made up 98% of the dLUC. The largest contributor
to the dLUC of MES-based hexanoic acid was the synthesis of other fossil-based
chemicals (62%), followed by the generation of the renewable electricity used in the
MES plant (32%). The water footprint of MES-based hexanoic acid was 121 m3/t C6A.
C6A production activity accounted for 96% in total. Among the subcategories, the
synthesis of other fossil-based chemicals (72%) and the generation of the renewable
electricity used in the MES plant (12%) were the hotspots. The reference product,
coconut-based hexanoic acid, had a water footprint one order of magnitude higher
than the MES-based counterpart (1,202 m?3/t C6A), which remains questionable due to
the conflicting data provided in different life cycle inventory (LCI) databases.

From the results in chapter 5, the neat SAF upgraded from MES-based hexanoic acid
had cradle-to-gate emissions of 297 g CO,eq/MJ neat SAF when using economic
allocation and 251 g CO2eq/M] neat SAF when using substitution. The corresponding
cradle-to-grave emissions were around 371 and 325 g CO2eq/M]J neat SAF, respectively.
Benefiting from its negligible indirect land change (iLUC) emissions, the MES-based
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neat SAF could be environmentally competitive against some neat SAFs that are
produced from the 1st-generation biomass (e.g., palm oil and soybean oil) via the
currently most industrialised route: hydroproccessed esters and fatty acids (HEFA), of
which the direct COeq emissions and iLUC emissions can collectively exceed 300 g
CO2eq/M]J neat SAF. However, given the growing development and deployment of other
neat SAFs with a carbon intensity lower than the conventional jet fuel (<89 g CO2eq/M]J
[6]) on a cradle-to-grave basis (e.g., neat SAFs originating from agricultural and
municipal solid wastes), upgrading hexanoic acid to n-alkanes might not be the route
to follow from an environmental point of view.

From the results and analysis presented above, some key hurdles of the feasibility of
novel CO, conversion technologies powered by renewable electricity have been
identified via the case study of MES, which can be translated into the core attributes of
their competitiveness. From a technical perspective, and in contrast to the competing
technologies, the novel electrolysers have not yet reached a high yield or a highly
concentrated product stream. Therefore, intensive DSP for separating and purifying the
target product is needed, requiring inputs of utilities, chemicals, and solvents.
Moreover, DSP (because of their operating principles and heat exchangers,
dimensioned for steady-state operation) can require stringent operating conditions and
thus possibly restrict the flexibility of the entire plant’s operation. From an economic
perspective, as employing novel and thus costly equipment, high CAPEX can be a
hotspot that reduces their current/short-to-medium term competitiveness towards
more established production pathways. Additionally, given the large quantity of
electricity consumption, economics will strongly rely on the electricity price. From an
environmental perspective, the use of renewable electricity can greatly lower
greenhouse gas (GHG) emissions, but it still notably contributes to other environmental
impacts. Another environmental bottleneck can be the DSP technologies selected,
where a large quantity of fossil-based utilities, solvents, and other chemicals are
consumed. Furthermore, without using biomass as feedstock, CO, conversion
technologies can avoid considerable direct and indirect land use and corresponding
emissions. Last but not least, the end product of novel CO, conversion technologies
coupled with renewable electricity, which involves market development, should be
carefully determined, taking into account also future competitors based on alternative
raw materials and processes.

Main question: What process designs and conditions could facilitate the upscaling of
anovel CO; electrochemical plant under intermittent renewable electricity supply?

Technical aspect

First of all, regardless of whether continuous or intermittent electricity supply is used,
the productivity and product concentration of the electrolysers should be improved.
Otherwise, complex DSP technologies and purification trains could be required, which
can indirectly restrict the flexibility of the plant. For example, in the MES plant, two
cycles of liquid-liquid extraction and solvent regeneration with stringent operating
conditions heightened the chance of decreasing the volume flexibility of the plant.
Additionally, more utilities and chemicals can be consumed in the DSP to recover and
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purify the products. On the other hand, this suggests that electrolysis technologies with
low productivity and a dilute product stream can better aim for potential applications
where less concentrated products are required.

When IRE is coupled, though electrolysers might be flexible in terms of throughput rate,
the DSP technologies might still be subject to stringent operating conditions. Their
inflexibility would significantly affect the production time and quantity, thus the
economic outcomes. Therefore, designers should stress the choice of flexible
technologies for the entire plant, including DSP. In addition, consciously sizing
equipment to accommodate expected fluctuations is important; the volume flexibility
of all the equipment in the entire plant should match. Furthermore, buffering units can
smoothen the intermittency by decoupling the less flexible units from the more flexible
units. Their sizing and scheduling as how much and when to store or drain, can also
impact the plant’s volume flexibility. Lastly, installing smaller parallel units instead of
one larger unit can keep the production ongoing when the electricity supply is relatively
low by shutting down part of the parallel units.

The pattern of electricity profiles also matters. When the available electricity is more
often below the minimum required load for production or above the maximum
tolerable load of the plant, the available electricity is more likely not used, leading to
less production. The peaks and valleys in IRE profiles are never perfectly alternating, so
the extra electricity available in the previous hour cannot always be stored and used for
compensating electricity shortage in the next hour. Sometimes, the electricity shortages
are too long, and it will be cost-prohibitive to install buffering units such as storage
tanks to fill the gap. Therefore, choosing less intermittent electricity profiles in the first
place and implementing design strategies to counteract the fluctuations can be helpful.

Economic aspect

When the novel electrochemical plant is driven by constant grid electricity, its product
might be competitive but not advantageous in today’s market due to the high CAPEX of
the specific equipment and the operating costs of electricity consumption. With
intermittency, the sunk cost appears to further worsen. Therefore, the technology has to
be enhanced and is indeed under continuous improvement such that equipment costs
become much lower. Moreover, a cheaper electricity deal should be made between the
plant and renewable electricity suppliers. Cheap buffering units, such as storage tanks,
can enhance the plant’s volume flexibility by smoothening the intermittency and hence
promoting production quantity while improving the economic outcomes. Optimising
the scheduling of the plant, in addition to implementing buffering units, can further
promote volume flexibility, production, and hence economic performances. The aim is
to minimally invest in their capital costs while using them to maximally promote
production. On the other hand, the product can also have a chance in the market if its
market price increases in the future, implying 1) a soaring demand for the product in
general, 2) competing but less sustainable production routes being charged
significantly for waste generation, 3) a collapse in its production via other cheaper
pathways, or 4) a striking change in consumer’s behaviour.
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Environmental aspect

Coupling electrolysis with renewable electricity exhibits lower environmental impacts
than with current grid electricity. However, it is not necessarily cleaner than its market
competitors. The possible fossil-based utilities, solvents, and/or other chemicals used
in the DSP can be a bottleneck, which is essentially linked to the DSP technologies
selected. Moreover, the carbon intensity of the CO, feedstock stream also matters, as
the CO, might not be biogenic or atmospheric, and the capture process consumes
energy, solvent, and/or chemicals.

3 Limitations

This dissertation performed an ex-ante assessment of a novel technology, which
required the use of several assumptions. In this section, the major assumptions and
limitations in methodologies are discussed.

3.1 Assumptions

An important limitation of this work is that ramping rates were not considered. This
work was conducted as a first exploration of flexibility in a novel plant (TRL 3).
Introducing ramping rates would require experimental data. The results obtained in
this dissertation are therefore optimistic and it can be expected that additional
penalties both in production quantity and utility consumption would occur.
Furthermore, the advantages of batteries might become more apparent in preventing
the shutdown of production.

Regarding the flexibility of the DSP units, apart from the three distillation columns, other
equipment was assumed to be fully flexible, meaning they could operate no matter what
flow rate it was and, meanwhile, were not subject to any loss in performance or safety
hazards. This was done because other units have less stringent operating conditions.
Also, within the volume flexibility range of the three columns, the efficiency of other
units is limitedly impacted according to industrial experience. In reality, it's important to
note that their efficiency would not always remain the same as the nominal conditions,
and their operational safety should not be overlooked.

In chapter 4, when a ST was implemented in the MES plant, it was hypothesised that
electricity was all consumed by the more flexible section of the process and utility was
all consumed by the less flexible section of the process for simplicity, which was
supported by the results in chapter 3, where only 1.5% of electricity was consumed in
the less flexible section and only 1% of the utility was used in the more flexible section.
Though this assumption caused negligible changes in the production quantity, the
results of the volume flexibility range would significantly change if this assumption was
not made. When the intermediate chemicals were stored in the ST, the DSP did not use
the corresponding quantity of electricity required to convert the intermediate
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chemicals to final products. As a result, even though the available electricity was equal
to or higher than the plant’s nominal electricity consumption rate, the process would
not be available to consume electricity at the nominal rate.

Regarding the supply chain, it was also ideally assumed that the renewable electricity
plant would always prioritise the needs of the MES plant, which made them dedicated
to the MES plant. According to the EU regulations, if the renewable electricity plants are
new, then the additionality is guaranteed. Otherwise, apart from in-house renewable
electricity farms, any existing renewable electricity farm should not be dedicated to a
specific customer [7]. In this dissertation, data from two existing renewable electricity
farms were used as references, although our intention was to establish a power
purchase agreement with new renewable electricity plants. Electricity shortage caused
by insufficient allocation would hamper the MES production and, consequently, the
levelised production cost. Moreover, it was assumed that CO, used in the MES plant
was at a constant quality and could be supplied on demand. In this way, no CO,
pre-treatment was considered in the MES plant. Therefore, extra pre-treatment and
storage units for CO, should be considered in further work.

Regarding the economic parameters, assumptions were made regarding the purchase
costs of the MES and BESS units. However, not all assumed data inputs underwent a
sensitivity analysis since the main investigated variable was the intermittency level. All
in all, the investigated conditions and assumptions in this dissertation are highly
specific. The methods used in this work can be applied to other studies, but the results
or trends should not be directly generalised to other similar Power-to-Chemicals
concepts without rigorous reasoning.

3.2 Selection of downstream processing

The two main DSP technologies used in this dissertation were membrane-based LLE
and vacuum distillation. Membrane-based LLE requires preceding acidification of
carboxylates and the use of a solvent, while vacuum distillation consumes a great deal
of medium-pressure steam and hot oil. The possibility that they would impact the
environmental performances was already known before the modelling. Indeed, the LCA
results showed that the acid used for the acidification was the reason why "other
chemicals" were among the major contributors to the environmental impacts. The hot
oil made "utilities" another bottleneck.

They were still selected for several reasons. First, they have been applied to recover and
purify hexanoic acid by others [8]. Second, distillation is a mature technology and is
used by competing processes [4, 9]. There are alternative emerging and possibly cleaner
technologies promising for separating and purifying carboxylic acids, such as reverse
osmosis, electrodialysis, and anion exchange with carbon dioxide expanded methanol
desorption [10]. However, models of those technologies are not directly available in
Aspen Plus, and at the time of writing this work there was insufficient data to even
model these technologies as a black box. One can certainly create models in Aspen
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Custom Modeler based on their thermodynamic and kinetic data, if any, and import
them into Aspen Plus. However, this is not the focus of this PhD thesis, and therefore, it
was decided to select more conventional units.

3.3 Process simulation

This dissertation designed and modelled the chemical process at steady state in Aspen
Plus. The MES unit was treated as a black box due to the lack of its thermodynamics
and kinetics. In the following research, Aspen Custom Modeler could be employed.
Moreover, as the design was the first attempt, the equipment was not sized to match
their volume flexibility. Additionally, the reference design was finished with some
inherent flexibility. If it had been optimised for steady-state operation, its CAPEX would
have been lower. Finally, in Aspen Plus simulation, heat was consumed or generated as
utilities, such as low-pressure steam and hot oil. The same type of utilities consumed
and generated were subtracted. More costs would have been incurred to implement
extra heat exchangers for the heat integration. Lastly, regarding the validation of
simulation, the work performed in this thesis is an ex-ante assessment for a design that
it is not yet deployed (the technology is at TRL 3). A formal validation of results would
require a pilot or demonstration unit that would produce experimental data to validate
the results. Instead, we only performed a sanity check at the equipment level using data
from literature from analogous processes and expert opinions. Experiments or pilots
should be performed to validate the results in the future.

3.4 Indicator for volume flexibility

In this dissertation, the design of the indicator for volume flexibility at the plant level,
LRR, also took into account demand response (DR). Therefore, LRR emphasised how
much available electricity from the renewable electricity farms could be fully consumed
by the plant. In terms of production of hexanoic acid, LRR only indicated if hexanoic
acid was produced without detailing the precise production quantity. In some cases,
when the production quantity was improved, LRR was not improved, hence creating an
incomplete picture.  Furthermore, as mentioned in section 3.1, the apparent
improvement in LRR when a ST was installed, and the scheduling was optimised mainly
relied on the assumption made that the more flexible part of the process consumed all
the electricity. Otherwise, the formulas defining LRR should be modified.

3.5 Optimisation

The optimisation problem in chapter 4 was solved as a one-layer mixed-integer
quadratically constrained programming (MIQCP) problem, which requested
substantial computational power and time. One quadratic constraint was formulated to
prevent the ST from filling and draining simultaneously. Normally, this nonlinearity
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could be reduced by adapting the one-layer MIQCP problem to a two-layer
mixed-integer linear programming (MILP) problem. The outside layer can loop the
capacity of the ST as an integer variable. Meanwhile, the nested layer treats the capacity
of the ST as a constant parameter and introduces another two binary variables to
confine the filling and draining variables of the ST using linear inequalities with a
constant ST capacity. We benefited from the DelftBlue supercomputer, which was
powerful enough to directly solve the one-layer MIQCP problem. If there is no access to
such powerful computers, the abovementioned method is suggested.

3.6 Treatment of multifunctionality

Economic allocation and system expansion with substitution were used to address the
multifunctionality of the system during the LCA. System expansion without
substitution was not performed owing to the complex product portfolio resulting from
the fractional distillation of plant oils. If MES-based hexanoic acid is able to replace
current plant-based hexanoic acid in the future, system expansion with substitution
and consequential LCA should be performed to provide a more comprehensive
understanding of the environmental impacts.

4 Recommendations

4.1 Microbial electrosynthesis

It is recommended that the MES'’s tolerance of impurities in the CO, feed stream should
be investigated by the technology developers. Moreover, kinetic data of the MES
operated under intermittency should be studied at a lab scale to enable dynamic
modelling of the plant. And undoubtedly, the productivity and efficiency of the MES
should be largely enhanced. As informed by Dr. Ludovic Jourdin, at the end of my PhD
journey, the productivity of this MES electrolyser has been enhanced three-fold as
compared to what was assumed in this dissertation, though the purity of the product
stream has not been notably improved.

Furthermore, today’s hexanoic acid has a niche market owing to its current commercial
production method. Just replacing the current market of plant-based hexanoic acid
with MES-based hexanoic acid can be challenging. First, plant-based hexanoic acid is
much cheaper as it is a by-product.  Additionally, hexanoic acid from the
bio-fermentation route is also highly competitive given its higher TRL and similar
LPCcga. Therefore, creating more demand to expand the market of hexanoic acid
and/or its derivatives is necessary. This thesis indicates that upgrading hexanoic aid to
n-alkanes is not attractive from an environmental perspective unless significant
changes in the process occur. Other options, such as adipic acid, could be explored.
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4.2 Renewable electricity and volume flexibility

The pattern of IRE profiles is essentially a geographical factor. Therefore,
back-engineering, as what pattern of (hybrid) IRE profiles is ideal to enable a feasible
production, can also be studied. This information can help with plant siting, renewable
electricity sourcing, plant scheduling, etc. However, it should be noted that this practice
should not exacerbate the imbalance of the local grid network. Moreover, the pricing of
renewable electricity could also play a role in the hourly operation of the plant, which is
recommended for further investigation.

In this thesis, we only looked at one design strategy to cope with intermittency (use of
buffers). Other design strategies for volume flexibility can be investigated, such as
deploying more flexible DSP technologies or modularising the units. If other flexibility
types are also desired for the plant (as defined in chapter 2), the interaction between
different flexibility types should also be studied. Maybe an indicator for overall
flexibility needs to be proposed if justifiable.

This dissertation has shown that the electrochemical plants would face significant
economic penalties if they operate flexibly rather than at a steady state, and if the
electricity and equipment are available at current market prices. These economic
penalties would possibly discourage the electrochemical plants from participating in
DR. Then the question comes as to why the electrochemical plants should take the risks
alone. The industrial sector, together with the power supplier, should make a joint
effort so that the deployment of electricity-based chemical processes can make a
significant contribution to the defossilisation of the industrial sector.
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A.1 Searching criteria for the literature search performed

on Scopus

Table. Al. Searching criteria for the literature search performed on Scopus.

Boolean Search item Field
operator
English Language
"chemical industry" OR "chemical plant" OR . .
" - " " . - Article title,
AND "proce.ss industry "OR Pr.ocess engineering (")R Abstract,
chemical process" OR "biochemical industry Keywords
OR biorefinery OR biorefineries
Article title,
AND flexible OR flexibility Abstract,
Keywords
chemical OR biochemical OR biotechnology OR
AND renewable OR biofuel* ® All fields
human OR nonhuman OR animal* OR
microelectronic OR optical OR genetic* OR Article title,
AND NOT ceramic* OR "metal-organic framework" OR Abstract,
MOF* OR "glass transition" OR "tensile strength" Keywords
OR graphene* OR nanocomposite* OR nanoparticle*
AND NOT article OR "priority journal" OR "conference paper" Keywords
"flexible electronic" OR "flexible electronics" OR Article title,
AND NOT "flexible foam" OR "flexible substrate" OR "flexible Abstract,
bone" OR "flexible surface" OR "flexible device" Keywords
AND NOT "pqum?r int?.rnational": OR optical OR "polymer Source title
reviews" OR "ink world
Article title,
AND NOT "surface modification" OR spectroscopy Abstract,
Keywords
polyurethane OR "flexible packaging" OR "flexible
AND NOT textile" OR "flexible film" OR yarn OR "flexible fiber"  All fields
OR carbontube OR nanotube
Date range 1990 - present (July 2020)
Document types  All
Access types All
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A.2 Details on mapping parameters of the bibliometric
graphs in VOSviewer

The keyword maps were created based on bibliographic data exported from Scopus
decade by decade. Co-occurrence was chosen to be the type of analysis, and the unit of
analysis was all keywords. The counting method was full counting. Keywords shown on
the maps had a minimum number of occurrences of 5. However, to avoid sheltering
other keywords caused by some popular generic keywords, keywords listed in the table
below were unselected from the keywords list in VOSviwer and hence invisible on the
maps. Other specific parameters for mapping can be found in the table below as well.

Table. A2. Mapping parameters in VOSviewer.

non non

"chemical industry", "chemical engineering", "chemical plant",
Unselected keywords "chemical plants", "chemical process", "chemical processes",

"flexibility", "process industry", and "process engineering"
Normalization method  Associate strength

Resolution 300%
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B.1 Technical specifications of microbial electrosynthesis

Technical specifications of the microbial electrolysis (MES) technology used in this
dissertation are specified in Tables B1-B4. "input assumptions" are approved by Dr.
Ludovic Jourdin and Dr. Adrie Straathof at Delft University of Technology based on Dr.

Jourdin’s previous work [1] and references therein.

Table. B1. MES performance settings

MES performance settings

Note

Current density (A/ m? effective area) 1000 input assumption
_ — 2 .
Total e~ uptake rate [mole e~ /(m* active 37 calculated
area*h)]
Total faradaic efficiency into products (incl. 100 input assumption
biomass & Hy) (%) P p
Total e~ uptake rate (mole e~ /h) 382336  calculated
Carbon selectivity (carbon for production
and biomass growth, excl. pH control)
Cinto caproate (%) 80 input assumption
C into butyrate (%) 10 input assumption
C into acetate (%) 10 input assumption
Cinto biomass 0 input assumption
Cell voltage (V) 1.80 input assumption
CO3 conversion efficiency (%) 100 input assumption
H™ membrane crossover efficiency (%) 90 input assumption
. o experimental
Temperature influent (°C) 32 conditions [1]
o experimental
Temperature effluent (°C) 32 conditions [1]
o experimental
Reactor temperature (°C) 32 conditions [1]
Pressure inside the electrolyser (bar) 1.02 xp er.lr'nental
conditions [1]
experimental
Cathode pH 5.8 conditions [1]
experimental
Anode pH 2 conditions [1]
Electricity consumption (TJ/y) 582 calculated
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Table. B2. Material balance

Material balance Note

Required mole e~ for caproate per mole C outcome 4.3 calculated
Required mole e~ for butyrate per mole C outcome  0.50 calculated
Required mole e~ for acetate per mole C outcome 0.40 calculated
Required e™ per mole C outcome 5.2 calculated
e~ into caproate (%) 0.83 calculated
e” into butyrate (%) 0.10 calculated
e~ into acetate (%) 0.08 calculated
e~ into biomass (%) 0 calculated
Caproate productivity (mol/m? effective area/h) 0.96 calculated
Butyrate productivity (mol/m? effective area/h) 0.18 calculated
Acetate productivity (mol/ m? effective area/ h) 0.36 calculated

Total faradaic efficiency into products (excl.

biomass) (%) 1 input assumption
H* needed in all cathode chambers for the

. . 382 calculated
production of organics (kmol/h)
H* produced in all anode chambers (kmol/h) 382 calculated
H* crossed over (kmol/h) 344 calculated
H™ needed for production from catholyte
because of non-100% H™ transfer efficiency 38 calculated
(kmol/h)
H* for Hy production (kmol/h) 0 calculated
OH™ needed to neutralise the acids (kmol/h) 14 calculated
OH"™ generated because of extra H* consumption 38 calculated
in cathode (kmol/h)
CO3 addition to neutralise OH™ to keep pH@5.8 24 calculated
(kmol/h)
H»O produced in all cathode chambers (kmol/h) 117 calculated
HO reacted in all anode chambers (kmol/h) 191 calculated
O3 produced (kmol/h) 96 calculated
e required incl. all(mol/m? active area/h) 37 calculated
e~ required for production excl. biomass growth 37 calculated

(mol/ m? active area/ h)

CO3, for production excl. biomass growth
(kmol/m? active area/h)

CO2 total consumption for production (kmol/h) 74 calculated

0.0072  calculated

Table. B3. Hexanoic acid (C6A) production parameters - plant level
C6A Production parameters - plant level

(some deviation from simulation results) Note

C6A production target (t/y) 10040  input assumption
Nominal effective operating time (h/y) 8760 input assumption
C6A production rate (kg/h) - in product stream 1146 calculated
Caproate production rate (kmol/h) 10 calculated
Butyrate production rate (kmol/h) 1.85 calculated
Acetate production rate (kmol/h) 3.7 calculated
Caproate production rate (kg/h) 1136 calculated
Butyrate production rate (kg/h) 161 calculated
Acetate production rate (kg/h) 218 calculated
Carboxylates max purity in the MES (kg/m3) 10 input assumption
Water out from cathode (kmol/h) 8420 calculated

Water into cathode (kmol/h) 8303 calculated

Water flowrate into anode (kmol/h) 191 calculated
Caproate productivity (kg/m? active area/day)  2.66 input assumption
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Table. B4. Scaling up MES - plant level

Scaling up MES - plant level Note
Total active area (m?) 10247  calculated
Active area of a single cathode (m?) 2.5 input assumption
# of cells/cathode chambers 4099 calculated
Total volume of real total cathode chamber (mg) 128 calculated
Caproate flowrate per cathode chamber (g/h) 277 calculated
Caproate flowrate per cathode chamber (mol/h) 2.4 calculated
Butyrate flowrate per cathode chamber (mol/h)  0.45 calculated
Acetate flowrate per cathode chamber (mol/h) 0.90 calculated
Biomass flowrate per cathode chamber (mol/h) 0 calculated
Butyrate flowrate per cathode chamber (g/h) 39 calculated
Acetate flowrate per cathode chamber (g/h) 53 calculated

B.2 Details of the process route

Fig. B1 illustrates the process route. The microbial electrosynthesis (MES) stacks were
operated at 32°C and 1.02 bar [1]. The anode compartments of the MES stacks were fed
with demineralised H,0, and O, was produced. Renewable pure decompressed CO,
(e.g., CO; stripped from flue gas, compressed to 100 bar) and demineralised H,O fed
into the cathode compartments. The faradaic efficiency of the products was assumed to
be 100%. The conversion efficiency of dissolved CO, was assumed to be 100% in this
process. The carbon selectivity was assumed to be 10% in acetate and acetic acid, 10%
in butyrate and butyric acid, and 80% in caproate and hexanoic acid (C6A) [2]. Biomass
growth was assumed to be inhibited [3]. Due to the maximum limit of carboxylic acids
on microbial cells’ activity, the titre of the carboxylates and corresponding acids was
assumed to be 10 g/L. 100% of H* generated in the anode chamber crossed from the to
the cathode chamber over the cation exchange membrane. The pH value of the cathode
compartment was maintained at 5.8 by dosing Ca(OH),. pH buffer chemicals and
nutrients were neglected. The outlet stream of the cathode compartments is further
acidified with H3PO; solution in preparation for later purification and
commercialisation. In the acidification unit, CaHPO, was generated and partially
precipitated. The first purification unit is a set of liquid-liquid extraction based
membrane contactor stacks (LLE1), operated at 1.02 bar [4]. Tri-octylamine (TOA) was
supplied to the extent that 99.95% of the C6A was extracted. The raffinate stream was
recycled to the MES unit after 2% of purging. The following vacuum solvent
regeneration column (SR1) was operated at 0.05 bar. The column had 5 stages with the
third stage being the feed stage. Two operating variables (i.e., reflux ratio and bottoms
to feed ratio) were employed to control two Design Specifications of the column: (i) a
recovery rate of 99.94% for C6A and (ii) a mass purity of 0.02% for TOA in the distillate.
Its distillate stream was fed into another LLE-based membrane contactor set (LLE2)
operated at 1.02 bar. TOA was supplied to the extent that 99.93% of the C6A was
extracted. The raffinate stream was recycled to the MES unit after 2% of purging. The
extract stream was sent to another solvent regeneration column (SR2), which was
operated at 0.05 bar. This column had 4 stages with the second stage being the feed
stage. Two operating variables (i.e., reflux ratio and bottoms rate) were employed to
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control two Design Specifications of the column: (i) a recovery rate of 99.87% for C6A
and (ii) a mass purity of 1.7 1072 for TOA in the distillate. Its distillate stream was fed to
a dehydration column (TD) operated at 1.02 bar. This column had 20 stages, with the
19th stage being the feed stage. Two operating variables (i.e., reflux ratio and bottom
rate) were employed to control two Design Specifications of the column: (i) a recovery
rate of 15.77% for butyric acid in the bottom stream and (ii) a mass purity of 99% for
C6A in the bottom stream. The bottom stream was the product stream and was cooled
down to a storage temperature of 25°C and centrifuged to remove the last hint of
CaHPO, precipitate. The final product stream was then C6A at a purity of 99 wt% in
liquid form. It was assumed that all the CaHPO, precipitate was removed with a
moisture content of 8%. The process flowsheet and stream table are provided in
Appendix C.

of
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C2A:0.01%
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C4A: 0.10%
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CaA: 0.57%

Fig. B1. Block flow diagram with operating conditions of key unit operations and mass purity of
carboxylates and carboxylic acids of key streams, if any. MES: microbial electrosynthesis. LLE:
liquid-liquid extraction. SR: solvent regeneration. TD: dehydration column. TOA: tri-octylamine.
C27: acetate. C2A: acetic acid. C4™: butyrate. C4A: butyric acid. C6™: hexanoate. C6A: hexanoic
acid.

B.3 Decomposed models for distillation columns

The built-in trayed RadFrac column integrated with reboiler and condenser was
initially selected to represent the three distillation columns (i.e., SR1, SR2, and TD) in
the process. However, when estimating the volume flexibility of the three distillation
columns, the size of the reboilers and condensers could not be fixed within the
integrated models. Therefore, decomposed columns were created by adapting the
integrated RadFrac column. The default integrated reboiler and condenser were
selected as none in the RadFrac settings. Instead, two HeatX and two splitters were
added adjacent to the distillation tower, representing the total reboiler and total
condenser (as shown in Fig. B2).
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Fig. B2. An example of a decomposed distillation column. CUI/CUO: cold utility in/out. HSI/HSO:
heating stream in/out. S-BTM: bottom stream. S-OVH: overhead stream.

B.3.1 Distillation tower

The internal dimension of the distillation tower could be fixed by specifying the
number of stages, the spacing between stages, the tray details, etc. Details of the
internal dimensions and settings of the three distillation columns are summarised in
Appendix C. It should be noticed that combining two isolated HeatX with a single
distillation tower changed how feed streams should be sent to the column, accordingly,
the RadFrac settings should be adjusted. Fig. B3 is an example of the feed-in
convention settings for the decomposed column. Apart from the original feed stream,
reflux and boilup streams were also supposed to be sent back to the column. Within the
integrated RadFrac model (see Fig. B4), the reflux stream is sent to the column above
the first tray, and the boilup stream is above the last stage (i.e., the reboiler). In a
decomposed model, the reflux stream could be managed the same as the feed-in
convention. As for the boilup stream, the intuitive option was to send it on the second
last stage (i.e., the last tray), which meant that the second last stage was not used for
gas-liquid interaction. As a result, the quality of its product stream would not meet the
expectations. On the other hand, it implies that to replicate the desired results as that of
the integrated RadFrac column, an additional tray had to be added below the original
last tray. This practice would increase the total stages and, thus, the height of the tower.
However, the hydraulic behaviours were monitored for the heightened tower. With
proper adjustment, the additional try did not impact the hydraulic behaviour of the
above ones. Moreover, the initial integrated RadFrac column was used for economic
analysis. With the heightened tower, there were two feed-in conventions. For the first
option, the boilup stream could be fed on the last tray, where the product stream flows
out. Alternatively, the boilup stream could be sent below the last tray, so the last tray
was used for the interaction between the liquid and steam. However, the product
stream could only come out on/above the last tray, and the stream quality was not
desired. Therefore, this option was discarded.
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Feed streams

MName Stage Convention
FEED 2 Above-Stage
REFLUX 1 Above-5tage
» | BOILUP 4 On-Stage

Fig. B3. An example of the feed-in convention settings for the decomposed column.

Coolant

Condenser
_____ Reflux Drum
Feed
Reflux Distillate
Tray |
Tower
Sump
Steam
(T
Bottoms

Fig. B4. A schematic illustration of the feed-in convention of an integrated trayed RadFrac column.
The reflux stream is sent to the column above the second stage (i.e., the first tray). The boilup
stream is sent below the second last stage (i.e., the last tray) [5].

B.3.2 Heat exchanger

The reboiler and condenser were modelled by two HeatX units. The size of the HeatX
was fixed considering 100% the nominal throughput rate. First, the Model Fidelity was
selected as "Shortcut" and the Calculation Method as "Design". Then, the outlet vapour
fraction was specified as 0 for the hot utility stream in a condenser or 1 for the cold
stream in a reboiler. The minimum temperature approach was set to 5°C for
condensers or 10°C for reboilers. Second, the cold and hot utilities were specified as
material streams. The usage of the two utility streams was controlled by Design Specs.
Third, the split fractions of the two splitters in the decomposed RadFrac column could
be estimated by copying the reflux and boilup ratios in the result page of the initial
integrated RadFrac column. Fine-tuning of the splitting fractions might be required to
reach the same results as that of the integrated RadFrac column. Fourth, the process
model was run, and the thermal results (e.g., heat duty "Q", stream temperatures,
log-mean temperature difference "LMTD") were recorded. Fifth, the Calculation
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Method was changed to the Simulation Method where the overall heat transfer
coefficient "U" and overall heat exchange area "A" were to be specified. The "U"
Method was specified with a "U" value, which was estimated according to the heuristics
provided by Sieder, Seader, and Lewin [6]. With the "Q" and "LMTD" obtained in the
previous step, "A" could be determined with the application of Equation B1. The
decomposed column was then set up and ready for the estimation of volume flexibility.
Specifications of the heat exchangers are summarised in Table B5.

Q=U+A*xLMTD B1)
LMTD = (Tempin — tempoyr) — (Tempoy; — tempjy)
ln(Tempin_tempout)
Tempuut_[emp[n
where,

Q, heat duty, kJ/s

U, overall heat transfer coefficient, kJ/ (s*m2 *K)
LMTD, log-mean temperature difference, K

A, heat exchange surface area, m?

Tempj,, inlet temperature of the hot stream, K
Tempouy:, outlet temperature of the hot stream, K
tempijy, inlet temperature of the cold stream, K
tempour, outlet temperature of the cold stream, K

Table. B5. Specification of heat exchangers.
U

Wrsmi A m?)  Tempj, (°C)  Tempyy CC) Utility
TD condenser 0.11 37.31 105.15 100.62 Cooling water
SR1 condenser 2.27 11.96 96.90 30.06 Chilled water
SR2 condenser 2.83 1.89 114.13 32.11 Chilled water
« /s,}:n 2oy A (m?)  tempy, (°C)  tempyy (°C) Utility
TD reboiler 0.57 5.57 195.73 203.01 Hot oil
SR1 reboiler 1.14 83.38 247.76 250.48 Hot oil
SR2 reboiler 1.14 2.02 133.61 221.78 Hot oil
Aspen model (i.e., the results of the process at nominal conditions,
Sources [7]

unless otherwise stated)
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B.4 Validation of the process model

Given the technology readiness level of MES and membrane-based LLE, it is
challenging to validate the simulation results of the whole process configuration
without experiments or pilots. However, we carried out a sanity check at the unit level
with the help of analogous literature, technology developers and industrial experts.
Specifically:

MES unit

The MES was scaled up based on the input assumptions approved by Dr. Ludovic Jourdin
and Dr. Adrie Straathof, based on their experimental work and projection for near-future
performances of this specific MES unit.

LLE units

The LLE modelled in Aspen Plus was based on the experimental work of [4]. The purities
of carboxylic acids they had were 100 g/L acetic acid, 100 g/L butyric acid, and 100 g/L
hexanoic acid. They tested a range of organic phase to aqueous phase volume ratios for
their first cycle of extraction (equivalent to LLE1 in our block flow diagram): 0.03-4.00.
Their results showed that when the volume ratio was 0.10, the first extraction led to a
caproic acid recovery rate of 90%. After the second cycle of extraction, the recovery rate
of hexanoic acid reached 99%. These values were used as an indication for our units
LLE1 and LLE2.

We first calibrated the Aspen Plus models by testing the range of volume ratios (i.e.,
0.03-4.00) using carboxylic acids’ purities studied in [4] (i.e., 100 g/L acetic acid, 100 g/L
butyric acid, and 100 g/L hexanoic acid). A LLE unit was modelled in Aspen Plus using
an extraction tower with the property method UNIF-HOC. When the volume ratio was
0.09, a 90% recovery rate was obtained. When switching to the composition derived
from our simulated MES unit (i.e., 1.5 g/L acetic acid, 1 g/L butyric acid, and 7.5 g/L
hexanoic acid), 90% of hexanoic acid was recovered using a volume ratio of 0.07.

Next, we adapted the volume ratios of our two extraction towers (i.e., LLE1 and LLE2),
because we aimed to recover hexanoic acid as much as possible considering that we also
designed a purging rate of 2% when the raffinate streams were recycled. For LLE1, the
feed stream was dilute ((i.e., 1.5 g/L acetic acid, 1 g/L butyric acid, and 7.5 g/L hexanoic
acid); the volume ratio had to reach 0.42 to yield a recovery rate of 99.95%. For LLE2,
since the carboxylic acids in the feed stream were more concentrated (i.e., 3.9 g/L acetic
acid, 23.0 g/L butyric acid, and 587 g/L hexanoic acid), a volume ratio of 0.12 led to a
recovery rate of 99.93%.

SR units

The vacuum solvent regeneration was modelled following the Aspen Plus simulation
model in [4]. Their simulation model was based on experimental work. According to
their experiment, 76% and 90% of hexanoic acid were recovered after their first and
second cycles of solvent regeneration, respectively. Note that they focused on acetic

181




Appendix B

acid, and they obtained a 100% recovery rate of acetic acid after the first cycle already.
For their simulation model, they used the Winn-Underwood-Gilliland method in the
Aspen Plus DSTWU shortcut distillation model. They specified a recovery rate of 99.5%
and 0.001% for acetic acid and TOA in the distillate stream, respectively. They
controlled the vacuum such that the boiling point of the bottom stream was less than
250°C. After obtaining the reflux ratio and column stages, they switched to a RadFrac
model.

For our two SR units (i.e., SR1 and SR2 in our block flow diagram), we also first used
DSTWU shortcut models and then changed to RadFrac models. However, since we
focused on hexanoic acid, our operating conditions were specified differently in
DSTWU models. For SR1, 99.94% recovery rate of hexanoic acid and 0.02 wt% of TOA in
the distillate stream were specified. The boiling point of the bottom stream was
controlled around 256°C at 0.05 bar. For SR2, 99.87% recovery rate of hexanoic acid and
1.75 107 wt% of TOA in the distillate stream were specified.

Dehydration

The ambient distillation (i.e., TD in our block flow diagram) was modelled following the
Aspen Plus simulation model in [4]. However, no relevant experiment was conducted
by them. They used the DSTWU shortcut model, which we followed. We specified a
recovery rate of 15.77% for butyric acid and (ii) a mass purity of 99% for hexanoic acid in
the bottom stream.

Decomposed models

When designing the decomposed models for SR1, SR2, and TD, we followed heuristics
in [6-10] and also consulted industrial experts regarding the design of column internals
and heat exchangers.

Sanity check

Finally, we did a sanity check with similar simulation work [4, 11]. First, they reached a
high purity of carboxylic acids (>98 wt%). Note that their focus was not hexanoic acid.
Second, our total heating duties (in MJ/kg carboxylic acid) for condensers and reboilers
of the entire downstream processing (i.e., SR1, SR2, and TD) are comparable to the heat
duties for the condensers and reboilers of their entire downstream processing. Woo and
Kim [11] reported 36 MJ/kg of volatile fatty acid (without heat integration). Saboe et al.
[4] obtained around 28 M]J/kg acetic acid (high-water case with heat integration). In our
simulation, we obtained 29 MJ/kg hexanoic acid for condensers and reboilers (with heat
integration).
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B.5 Inputs for techno-economic assessment

B.5.1 Feedstock, products and waste treatment

Table. B6. Prices of inlet and outlet streams of the MES plant.

Item Price (€2019/t)  Source
CO2 50 [12]
H»0 0.4 [1]
Ca(OH)» 155 [13]
H3PO4 362 [14]
TOA 1000 [15]
Hexanoic Acid (C6A) 3000 [16]
02 76 [17]
Wastewater 0.1 [18]
Conventional solid/liquid waste 23 [18]
Hazardous solid/liquid waste 150 [19]

B.5.2 Utility

Table. B7. Specifications of utilities.

Inlet Outlet

Inl 1
Utility n e.t state Value | pressure state Value Outlet
variables . pressure (bar)
(bar) variables
Chilled water Temperature 5 1.02 Temperature 7.5 1.02
Cooling water f’o o 25 1.02 1(30 o 20 1.02
Hot oil 330 1.02 310 1.02
Low-low-pressure steam
(LLPS) 1 3.9 0 3.9
LLPS-generation Vapour 0 3.9 Vapour 1 3.9
Low-pressure steam fraction fraction
(LPS) 1 5.5 0 5.5
LPS-generation 0 5.5 1 5.5
Medium pressure steam
(MPS) 1 21 0 21
Source Aspen Plus (i.e., embedded information provided by AspenTech [20]), [21]

Table. B8. Prices of utilities.

Utility Price (€2019/GJ)
Chilled water 2.4
Cooling water 0.19
Hot oil 3.1
Low-low-pressure steam (LLPS) 1.7
LLPS-generation 1.7
Low-pressure steam (LPS) 1.7
LPS-generation 1.7
Medium pressure steam (MPS) 2.0
Source [20, 22]
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B.5.3 Tax
Table. B9. Specifications of company tax in the Netherlands in 2019.
Value
High-tax threshold in the Netherlands 2019 (€/y) 200,000
Low tax rate 15%
High tax rate 25%
Source [23]

B.5.4 Operation and maintenance

Table. B10. Percentages for estimation operation and maintenance costs [8].

Category Feature Factor Basis
Labour costs Operating supervision 0.15 of operat%ng labour
Laboratory charges 0.15 of operating labour
f fix capital
. Maintenance 0.06 9 captta
Maintenance costs investment
Operating supplies 0.15 of maintenance
. Taxes 0.02 f)f fix capital
Fixed & general costs investment
General costs 0.2 of labotTr, supervision
and maintenance
of labour, supervision
Plant overhead Plant overhead 0.6 o SuP
and maintenance
Wage per person 55,000 €/y

B.5.5 Microbial electrosynthesis unit
Table. B11. Economic specifications of the MES [1].

Total cathode area (m 10,247
Single cathode area (m?) 2.5
Active factor 0.8
Cathode cost (€/m?) 155
Cathode CAPEX (M€) 2.0
Anode area (mz) 10,247
Anode cost (€/m?) 500
Anode CAPEX (M€) 6.4
Cathode chamber thickness (m) 0.01
Anode chamber thickness (m) 0.01
Membrane area (m?) 10,247
Membrane cost (€/m?) 10
Membrane CAPEX (M€) 0.13
Single cell volume (m3) 0.06
Total volume (m?) 256
Frame cost (€/ m3) 4,000
Frame CAPEX (M€) 1.0
MES CAPEX (M€) 9.5
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B.5.6 Membrane-based liquid-liquid extraction unit

The two LLE units should be two sets of membrane contactors [4]. They were modelled
as two extraction towers, and the property method selected was UNIFAC-HOC.

B.5.6.1. Dimensioning

Their dimensions were estimated based on Equation B2 [4] and parameters retrieved
from different sources (see Table B12).

Productivity * Vi = Area * Product flux (B2)

where,
VF, volume of the previous vessel, L

Table. B12. Parameters for quantifying the dimensions of the two membrane-based LLE units.

Productivity (g/ (h*L)) Vr (L) | Product flux (g/ (h*m?))
LLE1 9.85 155441 10
LLE2 575 2084
Source Aspen model (4]

B.5.6.2. Dimensions and costs

Table. B13. Dimensions and costs of the two membrane-based LLE units.

A single LLE stack LLE1 LLE2 Lifetime (y)
Area (n?) 560 153109 | 119797 15
Number of stacks 1 273 214
Cost (€) 7200 1968549 | 1540246 -
Source [24, 25] [26]

B.5.7 Battery energy storage system (BESS)

Table. B14. A summary of the techno-economic assumptions for BESS [27-29].
Material Ins(t;lée;((lﬂc)ost Efficiency Lifetime (y) Salvagerate  Self-discharge  Response time

Lithium 0.33 0.9 15 0.05 negligible negligible
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B.5.8 Storage tank

Pumps around the storage tank (ST) were neglected. The following formula can be used
for calculating the capital costs of a storage tank that is larger than 1 m3. Parameters a,
B, n, and A are assumed based on [10, 30].

ST _ n
CAPEX —a(ﬁ+7LVST) (B3)

where,

CAPEXST, capital costs of a storage tank, M€

a, installed CAPEX factor based on the purchase cost, 4.31 1076
B, constant, 58000

A, constant, 16000

Vs, volume of the storage tank in m?
7, constant, 0.7

B.5.9 Ejectors

The vacuum for the two vacuum solvent regeneration units (i.e., SR1 and SR2) should be
generated by medium-pressure steam-powered ejectors. However, due to the absence
of built-in ejector models in Aspen Plus, they were modelled by expanders.

B.5.9.1. MPS consumption

The following Equation B4 [4] and date in Table B15 and Table B16 can calculate the
energy consumption of the two ejectors.

=5 (73
12/ nC k' -1

where,

Wiy, vacuum pump net work of evacuated gas, kJ/mol

nc, pump efficiency

k, heat capacity ratio (Cp/Cy)
R, ideal gas constant, kJ/(mol*K)

P\
(—2) —1} (B4)
Py

T1, temperature at the inlet of the vacuum pump, K
P, pressure at the inlet vacuum pump, bar
P, discharge pressure of the vacuum pump, bar
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Table. B15. Processing parameters of the two ejectors.

Ejector1  Ejector 2 Source

Ty (°C) 32.14 55.95 Aspen model
k 1.15 1.07 Aspen model
R (J/mol*K) 8.31 8.31 -

P; (bar) 0.05 0.05 Aspen model
P, (bar) 1.02 1.02 Aspen model
Pump efficiency ¢ 0.5 0.5 [4]
Processing vapour flow rate @100% load (L/h) 502316 136149  Aspen model
Processing mass flow rate @100% load (kg/h) 1950.91 1299.89  Aspen model
Processing molar flow rate @100% load (kmol/h) 52.27 16.44 Aspen model

Table. B16. Heating value the medium-pressure (MPS) steam.
MPS heating value (MJ/kg) Source
1.87787 (20]

B.5.9.2. Cost

Based on the flow rates of the two ejectors, their costs were estimated.

Table. B17. Estimation of the costs of the two ejectors,
Ejector1 Ejector2
Cost (€/piece) 6000 4000
Source [31]

B.5.10 Centrifuges

Table. B18. Dimension of centrifuges.

Proc@eizlélo}go ig:lzu(ilf /uht) rate Unit energy consumption (MJ/ m?)
Centrifuge 1 157
Centrifuge 2 64 5
Centrifuge 3 1.67
Centrifuge 4 1.5
Source Aspen model [32]

Table. B19. Cost of centrifuges.
Centrifuge 1  Centrifuge2 Centrifuge3 Centrifuge 4

Cost (€) 160000 90000 20000 20000
Alfa Laval CH Alfa Laval CH Alfa Laval Alfa Laval
900 & 700 300 & 600 AlfaPure S2  AlfaPure S2
Source [33]
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B.5.11 Additional heaters

The additional three heaters were installed after SR1, SR2, and TD, respectively. The
maximum energy consumption required for these heaters to correct the temperature of
the stream flowing into the next unit can be calculated by Equation B5 and data in Table
B20 and Table B21. Then, they were sized in Aspen Plus based on their conditions in
the two tables. Finally, their costs were estimated by Aspen Process Economic Analyzer
based on their sizes. Note that the temperature that was to be corrected was measured
during the estimation of volume flexibility at the equipment level.

Q= rcpAT (B5)

where,

Q, energy consumption, J/h
ri1, mass flow rate, kg/h

Cp, specific heat, J/ (kg*K)

AT, temperature difference, K

Table. B20. Parameters for quantifying maximum energy used by the additional heaters.

Mass flow rate ¢ U/(kg") AT (K)

@100% load (kg/h)
Heater 1 1950.91 3501.32 14.78
Heater 2 1299.89 2460.82 15.46
Heater 3 144.19 3758.79 22.63
Source Aspen model

Table. B21. Heating value of low-low-pressure (LLPS) steam.
Heating value of LLPS (MJ/kg) Source
2.14 [20]
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B.5.12 Capital expenditures (CAPEX)

Table. B22. Percentages for estimating CAPEX based on purchased equipment [8].

Appendix B

Purchased equipment

Percentage of purchased equipment

Direct Costs
Purchased equipment installation 0.39
Instrumentation and Controls (installed) 0.43
Piping (installed) 0.31
Electrical systems (installed) 0.1
Buildings (including services) 0.15
Yard improvements 0.12
Service facilities (installed) 0.55
Total Direct 2.05
Indirect Costs
Engineering and supervision 0.32
Construction expenses 0.34
Legal expenses 0.04
Contractor’s fee 0.19
Contingency 0.37
Total Indirect 1.26
Working capital 0.75
B.5.13 Chemical Engineering Plant Cost Index
Table. B23. Chemical Engineering Plant Cost Index (CEPCI) [34].
Year CEPCI
2019 6075
2018 60.3.1
2017  567.5
2016  541.7
B.5.14 Labour requirements
Table. B24. Estimation of labour requirements for the MES plant.
Type of equipment Workers/unit/shift | Source | MES plant
Blowers and compressors 0.1 7
Centrifugal separator 0.3 4
Heat exchanger 0.1 (8] 23
Process towers 0.5 3
Reactor, continuous 0.5 1
Electrified stacks 1 assumed 3
Total 10
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B.6 Operating schemes

B.6.1 Operating scheme 1 in chapter 3 (Case C in chapter 4)
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B.6.3 Operating scheme in Case D in chapter 4
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B.6.4 Operating scheme in Case E in chapter 4
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B.7 Energy consumption at the equipment level

Fig. B9 shows the impact on the dehydration column (TD) when operating the plant at
a lower production rate than the nominal rate on the energy consumption of the
column, where the condenser and reboiler were distinguished. The x-axis corresponds
to the range of operable throughput rates, which are normalised to the nominal
throughput rate. It is obvious that the deviation of energy consumption from the
nominal condition increases steadily as the flow rate is farther away from the nominal
flow rate. For column TD, at the lowest tolerable flow rate, the deviation ratio of energy
consumption of its condenser reached the highest among all the heat exchangers of the
three columns, almost 8% of the nominal condition. The energy consumption
behaviour of the heat exchangers of the other two separation columns had the same
fashion (see Fig. B10 and Fig. B11). However, their highest deviation ratio was smaller.
The results revealed that more energy was spent per unit mass of the product if the
process route was operated below its nominal throughput rate, elucidating the penalty
in energy efficiency.
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Fig. B9. Energy consumption of the condenser and reboiler of the dehydration column TD.
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Fig. B10. Energy consumption of the condenser and reboiler of the solvent regeneration column
SR1.
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Fig. B11. Energy consumption of the condenser and reboiler of the solvent regeneration column
SR2.

Table. B25. Summary of the impact on energy consumption at the equipment level.
Column Heatexchanger Maximum deviation from the nominal conditions

™D Condenser 7.61%
Reboiler 4.46%

SR1 Conde.nser 5.37%
Reboiler 0.56%

Condenser 7.22%

SR2 Reboiler 3.45%

B.8 Hypothesis check

In chapter 4, for cases where a ST was installed, it was assumed that the whole electricity
was consumed by the more flexible part of the process (upstream of the ST) and that the
whole heat was consumed by the downstream units after the ST, which was based on
our calculations in chapter 3, where 98.5% of the electricity consumption was allocated
to the more flexible part, and 99% of the utility consumption was allocated to the less
flexible part. This hypothesis was reflected in Equations 4.17 and 4.21 in chapter 4.

An error check was done to investigate how much product quantity would have been
reduced if the assumption had not been made. We used Case D-ST35 as an example.
The reduction in product quantity was less than 1%.
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This appendix directs readers to the supporting information that is not possible to be
presented within this book but can be accessed online at https://doi.org/10.4121/
d7c9¢c167-c04b-4b6b-83cd-3d2da3790736. The contents included are specified as
follows:

1. Aspen Plus process flowsheets

2. Excel sheets containing inputs for process modelling and economic assessments
and process modelling and techno-economic results

3. Python scripts
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Appendix D

D.1 Energy and mass balances

The following mass and energy information of the MES route and additional
assumptions in Table D1 were used to construct the life cycle inventory (LCI) table.

Table. D1. Process information of the MES route - results of chapter 4. C6A: hexanoic acid.

Streams Value Unit Note
Feedstock streams

Captured CO, 2272 kg/t C6A produced
Demineralised water 3201 kg/t C6A produced
Ca(OH), 473 kg/t C6A produced
H3PO, 708 kg/t C6A produced
Solvent-trioctylamine 214 kg/t C6A produced
Heat (by natural gas) 22.6 GJ/t C6A produced
Product streams

Hexanoic acid 8.00 kt/y

0, 17.6 kt/y

Waste streams

Solid waste (CaHPO, sludge) 821 kg/t C6A produced
Wastewater 2629 kg/t C6A produced
Waste solvent 213 kg/t C6A produced
Utility

Chilling energy (by natural gas) 6.09 GJ/t C6A produced
Hot oil (by natural gas) 21.5 GJ/t C6A produced *
Medium-pressure steam (by natural gas)  0.92 GJ/t C6A produced *
Cooling water 227,470 kg/t C6A produced **
Renewable electricity

Wind electricity 68.9 GJ/t C6A produced
Solar electricity 14.1 GJ/t C6A produced

* Heat energy in the LCI table is composed of hot oil and medium-pressure steam.

** Cooling water was supplied externally, and hence, it was a scope 2 stream. For the
mass balance, it was counted as one-time consumption. In the life cycle assessment
(LCD), it was recycled and regenerated by the supplier. Only 10% of it was supplemented
due to evaporation or leak. It was assumed that the cooling water was regenerated by
heat exchange with seawater. The electricity consumption was calculated using
Equations D1 and D2 and information in Table D2:

p- P8V (D1)

n
where,

P, pump work, W

p, density, kg/m3

g, acceleration of gravity, 9.81 m/s2
V, volumetric flow rate, m3/s

H, pump head, m

71, pump efficiency
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Q=nmcpAT (D2)

where,

Q, heat flow rate, J/s

m, mass flow rate, kg/s

p specific heat, J/ (kg*K)
AT, temperature different, K

Table. D2. Information needed to calculate the pump work for regenerating the cooling water.
|4

p Amine scrubbing  C6A production

Cooling water 997 1.56 0.073 25 4189

Seawater 1030 Tobe calculated Tobecalculated 1 3930

Cp
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D.2 Life cycle inventory

D.2.1 MES route
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D.2.2 Coconut route

Table. D4. LCI of the coconut-based hexanoic acid. RER: Europe.
Input Quantity  Unit Source Ecoinvent data source
Hexanoic acid production - from coconut oil

Fatty acid RER | fatty acid production,

Fattyacid 1000 kg/t C6A  [4] from coconut oil

D.2.3 Crude coconut oil production

Table. D5. LCI data of the crude coconut oil production. RER: Europe. GLO: global.
Database Data source
Agri-footprint  Crude coconut oil, mart mix, at regional storage RER
Ecoinvent Coconut oil, crude | market for GLO

D.2.4 Sustainable aviation fuel

Table. D6. LCI of the upgrade of hexanoic acid to n-alkanes.

Input Quantity  Unit Source Ecoinvent data source

Hexanoic acid transport
Transport, freight, lorry 16-32

Transport-truck 200 km assumed !  metric ton, euro6 RER | market
for transport
Upgrading to neat SAF
Hexanoic acid 2.22 kg/kg neat SAF [5, 6]
Emissi
missions 15 g COzeq/MJ neat SAF (5]

(gate-to-gate)

11t was assumed that the neat SAF plant was 200 km away from the MES plant.
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D.3 Sensitivity analyses

D.3.1 Heat energy (incl. chilling) and grid electricity

55001 —— Grid Electricity
Heat (incl.chilling)

52504

5000

4750+

4500 -

4250+

4000

Global warming potential (kg CO,eq/t C6A)

w
~
u
o

-90% -60% -30% 0
Change of input

Fig. D1. Sensitivity analysis results - the impact of reduced carbon intensity of grid electricity and
heat energy (incl. chilling) on the global warming potential per tonne hexanoic acid produced.

D.3.2 Solvent and other chemicals

5900 4 TEA

AI(OH)3
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5700 4

5600

5500 4

5400

53004

5200 4

Global warming potential (kg CO,eq/t C6A)

5100+
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Fig. D2. Sensitivity analysis results - the impact of the carbon intensity of substituting solvent and
chemical on the global warming potential per tonne hexanoic acid produced. TEA: triethylamine.
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D.4 Information on alternative SAFs

The emission data of alternative neat SAFs from bio-sources are abundant in the
literature. Ng, Farooq, and Yang [7] reviewed the CO,eq emissions of bio-based neat
SAFs, focusing on the major four out of the six production routes of biojet fuels that
have been certified by the American Society for Testing and Materials (ASTM). These
neat SAFs that can be blended with conventional jet fuels are Fischer-Tropsch synthetic
paraffinic kerosene (FT-SPK), hydroprocessed esters and fatty acids (HEFA),
alcohol-to-jet synthetic paraffinic kerosene (ATJ-SPK), and hydroprocessing of
fermented sugars - synthetic iso-paraffins (HFS-SIP). For each route, multiple authors
include data points from other studies, by either directly retrieving others’ results or
calculating based on process data presented in others’ work. The CO.eq emissions
mainly tend to cover the direct greenhouse gas (GHG) emissions and sometimes
indirect land use change (iLUC) emissions. In this work, with a focus on direct GHG
emissions, we used the values directly reported in the references, which are plotted in
Fig. D3.
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-
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: . @
@
0 P a0 «® 4
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Fig. D3. GHG emissions of neat SAFs via four reference routes. This figure is made based on the
data presented in [7-9]. GHG: greenhouse gas. SAF: sustainable aviation fuel. FT: Fischer-Tropsch.
ATJ: Alcohol-to-jet. HFS-SIP: Hydroprocessing of fermented sugars. HEFA: Hydroprocessed esters
and fatty acids. 1st gen: the first generation.

D.5 Information on alternative biofuels
As current neat SAFs are mostly biofuels and the comparable and available data from
literature stress on biofuels (i.e., bioethanol and biodiesel), for indirect land use and its

induced emissions in regard to alternative neat SAFs, we used data in biofuel-focused
studies [10, 11], which are visualised in Fig. D4.
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Overmars et al. [10] first calculated net direct LUC (dLUC) for each type of feedstock
based on their gross dLUC following two allocation methods (i.e., Renewable Energy
Directive (RED) and economic value). Then they applied two area contribution
approaches (i.e., local and exporting regions) to quantify indirect LUC (iLUC) based on
net dLUC. Next, they applied two models (i.e., Integrated Model to Assess the Global
Environment (IMAGE) and Cropland Spatial Allocation Model (CSAM)) to estimate the
emission factors based on iLUC. Then they multiply the factors by the iLUC. Here, we
discuss their best estimates of iLUC and iLUC emissions. The best estimates are
weighted averages of the two area contribution approaches, which were calculated by
Overmars et al. [10]. Please refer to their work for calculating details.

Valin et al. [11] computed two values that sum the dLUC and iLUC Global Biosphere
Management Model (GLOBIOM) and following the RED allocation method. One for
cropland, and the other for agricultural land. Here, we stick to the cropland. By
employing the same set of methods, Valin et al. [11] also obtained emissions consisting
of dLUC and iLUC emissions for each type of feedstock. They performed Monte Carlo
Simulation for uncertainty analyses, and they reported an average emission value for
each type of feedstock.
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Fig. D4. Direct and indirect land use change of reference biofuels (i.e., bioethanol and biodiesel).
This figure is produced based on results obtained by [10, 11]. dLUC: direct land use change. iLUC:
indirect land use change. 1st-gen: the first generation. S/M: switchgrass or miscanthus. W/P:
willow or poplar.

D.6 Relevant hypothesis

D.6.1 Global market of hexanoic acid

The global market for caproic acid is projected to reach 252.8 million US dollars by 2027
[12]. The market price of hexanoic acid is around 2.5-4.2 k€/t [13]. Therefore, its global
production capacity has been estimated at around 100 kt/y in 2027.
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D.6.2 Renewable electricity profile

The hybrid renewable electricity profile was generated based on Rotterdam’s wind
speed and solar radiation data on an hourly basis over 8760 hours in the year 2019. The
raw data was initially retrieved as hourly capacity factors from [14]. They were then
converted into energy per hour by multiplying with the peak capacities of the selected
wind park (Windpark Slufterdam, the Netherlands; 50.4 MWp) [15], and the solar farm
(Shell Moerdijk, the Netherlands; 27 MWp) [16]. This electricity profile is the same as
the one used in chapters 4 and 3.

D.6.3 Upgrade of hexanoic acid to neat SAF

The conventional jet fuel is composed of alkanes, among which, the n-alkanes range
from Cg to C1g and have an average carbon number of 11.3-11.4 [5, 6, 17]. Jet fuel has a
calorific value of 43.4 MJ/kg [5, 18].

Hexanoic acid can be self-ketonised and subsequently hydrodeoxygenised to n-alkanes.
Which can be used as a blend for conventional jet fuel. Hexanoic acid has 6 carbons, and
the resulting average carbon number of n-alkanes from its self-ketonisation is 11. Self-
ketonisation of hexanoic acid can reach a yield of 98% [6] while hydrodeoxygenation
can reach 95% [5] based on experimental data. The overall yield was reported between
79% and 82% based on simulation data [5]. Therefore, we assumed that the yield of
converting hexanoic acid to Cg - C;g n-alkanes (denoted as neat SAF in this work) with
an average carbon number of 11.3 was 85%. Consequently, the reaction stoichiometry
between hexanoic acid and neat SAF was 2.22 kg hexanoic acid:1 kg neat SAF.

D.6.4 Directland occupation calculation

The land occupation of the Rotterdam-based chloralkali plant [19], the Ghent-based
Steelanol plant [20], the Rotterdam-based wind park [15], the Amsterdam-based
fermentative  carboxylic acids plant (https://chaincraft.com/), and the
Rotterdam-based solar farm [16] were estimated by the Google Maps Area Calculator
Tool on https://www.daftlogic.com/.
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D.7 Data support for figures

Table. D7. Breakdown of global warming potential of MES-based hexanoic acid, with an
economic allocation. Unit: kg CO2eq/t C6A. Data supporting Fig. 5.5 in chapter 5.
COy capture  COg transport  C6A production

Utility 736.8 1513.4
Electricity 211.1 733.9
Other chemicals 5.9 1393.3
Solvent 17.0 493.2
Water 0.7 1.1
Waste treatment 12.3 339.7
Transport 25.2

Table. D8. Breakdown of direct land use change of MES-based hexanoic acid, with an economic
allocation. Unit: m2a crop eq/t C6A. Data supporting Fig. 5.6 in chapter 5.
COy capture  COg transport  C6A production

Utility 6.0 7.6
Electricity 3.2 132.8
Other chemicals 0.2 257.3
Solvent 0.2 7.8
Water 0.0 0.0
Waste treatment 0.2 0.8
Transport 0.2

Table. D9. Breakdown of water consumption of MES-based hexanoic acid, with an economic
allocation. Unit: m3/t C6A. Data supporting Fig. 5.7 in chapter 5.
COy capture  COg transport  C6A production

Utility 2.68 5.38
Electricity 1.57 14.76
Other chemicals 0.16 84.05
Solvent 0.26 7.53
Water 2.28 3.10
Waste treatment -2.02 0.81
Transport 0.02

Table. D10. Breakdown of cradle-to-gate global warming potential of MES-based neat SAF, with
an economic allocation. Unit: g CO2eq/M]J neat SAF. Data supporting Fig. 5.8 in chapter 5.

CO, CO, C6A C6A Neat
capture transport production transport SAF production
Utility 37.7 77.4
Electricity 10.8 37.5
Solvent 0.9 25.2
Waste treatment 0.6 17.4
Other chemicals 0.3 71.3
Water 0.0 0.1
Transport 1.3 1.7
Upgrading 15.0
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