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Abstract

Bioenergy with carbon capture and storage (BECCS) is expected to play an important role in
climate change mitigation by enabling negative emissions. The most established technology
for post-combustion COs capture is amine-based absorption, but this process is associated
with drawbacks such as high energy demand and environmental and health concerns. Hot
potassium carbonate (HPC) absorption is a potential alternative, but its broader application
is limited by slow absorption kinetics, making the use of rate promoters important. Against

this background, a rate-based Aspen Plus model of the absorption section of Stockholm
Exergi’s HPC-based BECCS pilot plant was developed. The model was based on a previously
developed unpromoted model and was extended to include a promoted solvent containing
boric acid and vanadium.

The model was tuned and validated against available pilot-plant data using solvent loading
and gas temperature as validation targets at one operating point. Good agreement with
the pilot-plant data was achieved under the validated conditions, showing that it was possi-
ble, within the scope of the thesis, to develop a rate-based model capable of describing the
promoted HPC absorption process at the selected operating point.

The model was then used to compare promoted and unpromoted solvent cases and to evaluate
the effects of the two promoters. The promoted solvent was found to improve the predicted
absorption performance compared with the unpromoted solvent. Vanadium had the dominant
effect within the model, while boric acid had a smaller and more indirect influence.

A key limitation of the work is the limited amount of available pilot-plant data. Since val-
idation was possible only at a single operating point, the model response under varying
operating conditions and solvent compositions could not be experimentally confirmed. In ad-
dition, missing thermodynamic and transport parameters for the promoter species introduced
further uncertainty. The model should therefore primarily be viewed as a representation of
the real process under the validated conditions rather than as a fully predictive model for
wider operating ranges.

Despite these limitations, the work provides a useful first step towards improved rate-based
modeling of a promoted HPC process and offers a foundation for future model development.

Key words

Bioenergy with carbon capture and storage (BECCS), Hot potassium carbonate, Rate-based
modelling, Absorption, Aspen Plus®, Rate promoters, vanadium pentozide, boric acid



Abstrakt

Bio-CCS forvantas spela en viktig roll i arbetet med att begrénsa klimatférandringarna genom
att mojliggora negativa utsldpp. Den mest etablerade tekniken for avskiljning av COq fran
rokgaser dr aminbaserad absorption, men denna process ar forknippad med nackdelar sa-
som hog energianvdndning samt miljo- och hélsorelaterade utmaningar. Absorption med
varm kaliumkarbonatlosning (HPC) utgor ett mojligt alternativ, men dess bredare anvéind-
ning begridnsas av langsam absorptionskinetik. Detta kan férbéttras genom anvindning av
hastighetspromotorer som 6kar absorptionshastigheten.

Mot denna bakgrund utvecklades i detta examensarbete en hastighetsbaserad Aspen Plus-
modell av absorptionsdelen i Stockholm Exergis HPC-baserade BECCS-pilotanlaggning. Mod-
ellen byggde vidare pa en tidigare framtagen opromoterad modell och utokades for att inklud-
era ett promoterat 16sningsmedel innehallande borsyra och vanadin.

Modellen justerades och validerades mot tillgéngliga pilotdata med l6sningsmedelsbelastning
och gastemperatur som valideringsmal vid en driftpunkt. God &verensstammelse med pilot-
data uppnaddes under de validerade forhallandena, vilket visar att det inom examensarbets
ramar var mojligt att utveckla en hastighetsbaserad modell som kan beskriva den promoter-
ade HPC-absorptionsprocessen vid den valda driftpunkten.

Modellen anvindes dérefter for att jaimféra promoterade och opromoterade 16sningsmedels-
fall samt for att utvirdera effekterna av de tva promotorerna. I modellen visade det pro-
moterade l6sningsmedlet forbattrad absorptionsprestanda jamfort med det opromoterade
16sningsmedlet. Vanadin hade den dominerande effekten i modellen, medan borsyra hade
en mindre och mer indirekt paverkan.

En viktig begransning i arbetet &r den begriansade tillgangen till pilotdata. Eftersom valid-
ering endast var mojlig vid en driftpunkt kunde modellens respons under varierande drift-
forhallanden och l6sningsmedelssammanséattningar inte verifieras experimentellt. Dessutom
introducerade avsaknaden av termodynamiska parametrar och transportparametrar fér pro-
motorspecies ytterligare osikerheter. Modellen bor darfor framst betraktas som en represen-
tation av den verkliga processen under de validerade férhallandena snarare &n som en fullt
prediktiv modell for bredare driftomraden.

Trots dessa begréansningar utgor arbetet ett anvindbart forsta steg mot férbéttrad hastighets-

baserad modellering av en promoterad HPC-process och erbjuder en grund for framtida mod-
ellutveckling.

Nyckelord

Bio-CCS, Koldiozidinfingning, Varm kaliumkarbonat, Aspen Plus®, Absorption, Hastighet-
spromotorer, Vanadinpentoxid, Borsyra
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1 Introduction 1

1 Introduction

1.1 The need for Carbon Dioxide Removal

In recent years it has been made evident that only decreasing greenhouse gas emissions, even
at a fast pace, will not be enough to keep global warming below 2 °C in accordance with
the Paris agreement (Shukla et al., 2022). It will also be necessary to reduce the amount of
carbon dioxide (COg) in the atmosphere. In order to achieve this, carbon dioxide removal
(CDR) methods must be deployed. Reflecting on this, CDR methods is included in all of
the Intergovernmental Panel on Climate Change’s scenarios that meet the Paris agreement
temperature goal (Shukla et al., 2022; Smith et al., 2024).

According to the Intergovernmental Panel on Climate Change, CDR is defined as the anthro-
pological capturing and subsequent decade to millennial long storage of of atmospheric CO»
(Shukla et al., 2022). Carbon capture and storage (CCS), is a more general term than CDR.
CCS includes all industrial processes that chemically capture, concentrate and geologically
storage of COq, which can either fossil, biogenic or atmospheric sources (Smith et al., 2024).
The are several different CDR methods, with varying technology readiness levels, mitigation

potential and timescale for storage. These will be discussed further in subsection 2.1.

The short medium and long term role of CDR as a climate mitigation strategy is illustrated
in Fig. 1.1. The figure shows how the relative importance of CDR increases over time as
global greenhouse gas emissions are reduced. In the short term, the main focus remains rapid
emissions reduction, while CDR mainly contributes by balancing a smaller share of emissions.
In the longer term, CDR becomes increasingly important for counteracting residual emissions
and eventually achieving net-negative emissions. Although large-scale deployment of CDR
is still limited today, CDR methods already exist and are currently being implemented.
Approximately 2 Gt CO4 per year is currently removed globally (Smith et al., 2024). However,
to remain consistent with pathways limiting global warming to below 2 °C, removal rates in
the order of 7-9 Gt CO9 per year may be required by 2050 (Smith et al., 2024).
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Figure 1.1: Illustration of the role of CDR across short, medium, and long term climate
mitigation pathways, including the relationship between residual emissions and removals
(Smith et al., 2024).

It should be clearly stated that CDR alone is not sufficient to mitigate climate change. Greatly
reducing all types of greenhouse gas (GHG) emissions will still be required. Limiting residual
emissions should be the main objective when policy makers draft sustainability strategies,
rather than overtly depending on CDR (Smith et al., 2024). Nonetheless, it is a vital area of
technology to be used alongside and integrated with other sustainability methods if dangerous

levels of climate change are to be avoided (Smith et al., 2024).

1.2 Problem definition

Carbon capture can be achieved using reactive absorption of COs. One solvent that can
be used is Hot Potassium Carbonate (HPC). Compared to more conventional amine-based
solvents, HPC offers several advantages, including low toxicity, high thermal stability and
lower regeneration energy demand. However, the main drawback of the HPC process is the
relatively slow COg absorption rate. To enhance the rate, chemical promoters can be added
to the solvent (Mirzaei et al., 2025), but these introduce additional chemical complexity to
the process. As such, modeling of promoted HPC systems remains challenging and there is

currently limited published work in this area.

The focus of this thesis is in particular the boric acid (BA) and vanadium-promoted HPC
CO3 absorption process used in the Stockholm Exergi Bio Energy with Carbon Capture and
Storage (BECCS) pilot plant. At the current stage of development of this process there
is a need for a model that can describe the promoted absorption under realistic operating
conditions, and be compared to pilot plant data. This master thesis poses the following

questions: Can such a model be developed? If so, how well can it describe the CO5 absorption
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observed in the pilot plant?

1.3 Purpose and Goals of Master Thesis

The main objective of this master thesis is to develop, validate and evaluate a rate-based
model of the vanadium and boric acid-promoted HPC absorption section of Stockholm Ex-
ergi’'s BECCS pilot plant using the process simulation software Aspen Plus ®, Version 14.

To achieve this, the following sub-goals are defined:
e Describe the background and motivation for the work.
e Present the theoretical background required for modeling reactive gas-liquid absorption.

e Develop a rate-based Aspen Plus model of the vanadium and boric acid-promoted
HPC process by extending a non-promoted base model with relevant thermodynamic,

equilibrium and kinetic relationships.
e Validate the model against available pilot plant data.

e Compare the promoted and unpromoted model in order to evaluate the predicted con-

tribution of BA and vanadium to the absorption performance.

e Test the model under varying operating conditions to evaluate its sensitivity and assess

how the inclusion of promoters influences the predicted absorption performance.

The broader purpose of this master thesis is to contribute to the continued development of
BECCS processes. A validated model can support process analysis, future optimization, and
an improved understanding of how the considered promoters affect absorption performance,
which is relevant for researchers and engineers working with HPC absorption development.
Such optimization may, for example, contribute to reduced capture costs or increased COq
capture efficiency. The thesis is therefore not only relevant from a process technology and
modeling perspective, but also from a broader sustainability perspective, as it relates to the
development of technology intended to mitigate climate change. Furthermore, if better pro-
cess understanding can be achieved, this can help in making informed technical decisions
regarding solvent selection, process integration pathways and long-term large-scale deploy-

ment.

1.4 Delimitations of thesis

The modeling work in this thesis is limited to the absorption section of Stockholm Exergi’s
BECCS pilot plant. Though gained insights could potentially be generalized, the model
should be primarily be considered a representation of this specific process, rather than a
general model for all boric acid and vanadium-promoted HPC processes. The work does not
include a techno-economic analysis, life cycle assessment or work related to other sections of
the pilot plant, nor the planned large-scale plant. Due to limitations in Aspen Plus and in
available species data, simplified representations of parts of the promoter chemistry have also

been necessary.
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1.5 Structure of thesis

The thesis is structured as follows:

e Chapter 1 introduces the thesis by presenting the relevance of the work, problem

formulation, purpose, goals, delimitations and overall structure of the thesis.
e Chapter 2 presents the technological context and background relevant to the thesis.
e Chapter 3 presents the theoretical framework used in the thesis.
e Chapter 4 describes the methodology and implementation of the Aspen Plus model.
e Chapter 5 presents and discusses the results of the modeling work.
e Chapter 6 summarizes the main conclusions of the thesis.

e Chapter 7 gives suggestions for future work and possible improvements to the model.
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2 Background

2.1 CDR methods

Today, around 2 Gt COs per year is removed from the atmosphere using CDR methods
(Smith et al., 2024). These can be divided into two types: conventional and novel meth-
ods. Currently, most CO» is removed though conventional methods, i.e. afforestation and
reforestation, but novel methods involving the process industry, are growing faster in terms
of innovation and capturing potential. There are many different methods and technologies
included within conventional and novel CDR methods. Fig. 2.1 gives an overview of the ones
described in this report. While there are several additional CDR methods, the ones described
here are those that offer the most advantageous combination of mitigation potential, storage
timescale, and technological readiness level (Smith et al., 2024), and can therefore be consid-
ered the most likely to have the greatest overall impact on climate change mitigation in the

near future.

 E— CDR methods ]

Conventional Novel

[ \ |

Afforestation/ .
Reforestation BECCS DACCS Biochar
|
[ \ |
Oxyfuel Post- Pre-combustion
combustion combustion
I Vanadium
[ I ]
Adsorption Absorption Membranes Inorganic
promoters Boric acid

Ammonia- Organic
based MEA HPC promoters
Enzymatic

promoters

Figure 2.1: Overview of CDR methods described in the background section of this report.
Light blue blocks represent methods and technologies relevant to the practical part this
thesis. (Original image)

2.1.1 Conventional CDR methods

The currently most widely implemented conventional CDR method, also considered to have
the highest mitigation potential is afforestation /reforestation (A/R) (Smith et al., 2024). A/R
are land based CDR methods that increase forest carbon sinks. In both cases, COs is removed
from the atmosphere and stored as biomass through photosynthesis (Ménard et al., 2023).
Conventional CDR methods are generally cheaper than novel methods, but come with the
drawback of shorter storage times (only decades to centuries) compared to novel approaches
(Shukla et al., 2022). Furthermore, conventional methods come with sustainability-related
trade-offs, most notably competition for land use with food production (Fujimori et al., 2022),

and therefore need to be implemented with careful consideration of such issues.
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2.1.2 Novel CDR methods

Novel CDR methods are generally characterized by lower technology readiness levels and are
currently only implemented at relatively small scale. Compared to conventional methods,
they offer longer storage time scales (hundreds to thousands of years) but are associated with
higher costs (Smith et al., 2024).

Direct Air Carbon Capture and Storage (DACCS) is a novel CDR method that captures CO2
directly from ambient air and stores it permanently, typically through geological storage.
Deployment is currently limited by high costs and energy demands, but DACCS is often
considered to have one of the highest long-term mitigation potentials since it is not constrained

by biomass availability or specific emission sources (Fuss et al., 2018).

Another novel CDR method is the use of biochar. In this method biomass is converted into a
stable, carbon-rich material through pyrolysis and applied to soils, allowing carbon captured
during plant growth to be stored for long periods (Lehmann et al., 2021). Biochar is currently
the novel CDR methods capturing the largest amount of COs, but the method is limited by
low storage durability and long-term mitigation potential (Smith et al., 2024).

Bio-Energy with Carbon Capture and Storage (BECCS) is a another type of novel CDR
method, which involves the capturing and storing of biogenic CO,. As biomass is converted
to produce bio-energy, for example to be used for heating, COs is released as a byproduct.
The idea of BECCS is to capture and permanently store this COg, typically in geological
formations. Since the CO» taken up during biomass growth is removed from the atmosphere
through photosynthesis, BECCS can generate net-negative CO9 emissions when the resulting
biogenic COq is captured and permanently stored (Heimann et al., 2025). See Fig. 2.2 for
schematic of a BECCS concept.

Figure 2.2: Schematic of BECCS concept as proposed by Stockholm Exergi (Wretborn,
2026).
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Although promising, there are several challenges associated with the BECCS CDR method.
First, BECCS involves a relatively high energy penalty (Notz et al., 2011), which lowers the
overall efficiency of the plant. This energy penalty, however, can be mitigated when coupling
the BECCS process to e.g. a district heating network that can utilize the waste heat from
the BECCS process to provide heating to buildings (Gustafsson et al., 2021)

Secondly, BECCS depends on the availability of affordable and sustainable biomass, which is
could be a limiting factor as there is significant uncertainty as to whether sufficient amounts
of sustainably available biomass can be supplied at the scales assumed in many mitigation
scenarios (Fuss et al., 2018). Lastly, similar to afforestation and reforestation, large-scale
biomass use may compete with food production or biodiversity conservation if not carefully
managed (Shukla et al., 2022). This means that the choice of feedstock is critical for ensuring
the sustainability of BECCS. Using residues or waste biomass, such as forest residues as
planned by Stockholm Exergi (see subsection 2.2), is generally considered more sustainable
than relying on dedicated energy crops. As such, the location of a BECCS plant should be
in proximity to a sustainable biomass source, in order so avoid either emissions related to
biomass transportation or competition with food production (Fuss et al., 2018). As BECCS
is the method most relevant to this report, its technological aspects and different process

pathways are discussed in further detail in subsection 2.3.

2.2 The BECCS plant at Stockholm Exergi, Sweden

Stockholm Exergi operates Europe’s largest biomass-based combined heat and power (CHP)
plants: the KVV8 facility which is fueled by forestry residues. The plant is located in central
Stockholm at Vartaverket, and supplies district heating and electricity to the Stockholm
region (Collet, 2026). The Stockholm Exergi BECCS project is a strong candidate for CDR
due to its favorable location and system context. Existing district heating infrastructure
enables efficient utilization of excess heat from CO» capture, reducing overall energy penalties
(Gustafsson et al., 2021). Furthermore, Sweden’s established biomass supply chains provide
reliable access to the biomass used to fuel the process, ensuring that captured COs can
result in net-negative emissions when permanently stored (Levihn et al., 2019). Stockholm
Exergi currently operates a BECCS pilot plant, with a full scale plant expected to capture
800 000 tons CO2/y under construction. The project faces challenges including regulatory
uncertainty around negative emission accounting, future biomass availability, and uncertain
capture and storage costs. Nevertheless, studies indicate that the Stockholm Exergi BECCS
project remains a robust CDR option (Stenstrom et al., 2024).

2.3 Bio-Energy with Carbon Capture and Storage Technologies

Rather than being a single, specific process, BECCS includes several different implementation

pathways, each associated with both advantages and disadvantages. One common way to
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classify BECCS processes is by the stage at which COg is generated and separated for capture:
pre-combustion, post-combustion, and oxyfuel combustion. There is not one answer as to
which pathway is superior, rather this has to be evaluated on a case-by-case basis (Kanniche
et al., 2010).

In pre-combustion capture, the fuel is first converted into a synthesis gas (syngas) through
gasification or reforming. The syngas mainly consists of carbon monoxide (CO) and hydrogen
(Hz), and can both come from fossil sources such as natural gas and bio-based sources such
as gasified agricultural and forestry waste as well as municipal solid waste (Gao et al., 2023).
The CO is then reacted with steam in a water—gas shift reaction to form COs and more Hs.
COg is separated from the gas mixture at this stage, for example using chemical absorption
(Monteiro et al., 2024). The CO; content of a pre-combustion stream has a high CO9 content
and contains no Ny. This makes the subsequent COq separation more energy efficient than for
post-combustion, which is an advantage to pre-combustion (Notz et al., 2011). As such, pre-
combustion can be economically attractive when integrated with gasification processes, but
is not flexible to retrofit to other existing processes not already involving syngas production,
which is major limitation to the pre-combustion carbon capture (Li, 2025) (Kanniche et al.,
2010).

As the name suggests, post-combustion capture involves separating COs from the flue gas
after the fuel, biomass in the case of BECCS, has been combusted with air. The principal
advantage of post-combustion capture is its flexibility and retrofitting possibilities, as the
capture unit is installed downstream of the combustion process and does not require major
changes to the existing plant design (Notz et al., 2011). The COg concentration in the flue
gas is relatively low typically around 3-20 vol% which can make the COs separation costly
(Monteiro et al., 2024). The COy can be separated from the flue gas using several different
processes, most commonly absorption, but adsorption and membrane separation can also be

used. These separation methods are discussed in further detail in subsection 2.4

An alternative to pre- and post-combustion is oxyfuel combustion, during which the fuel
is combusted with a stream of high concentrated (95-99 vol%) oxygen gas (O2) (Monteiro
et al., 2024). The main advantage to this process is that it produces flue gases with a
high concentration of COs9, around 75% which simplifies CO5 separation.However, oxyfuel
combustion involves efficiency penalties from energy-intensive oxygen production and often
requires costly retrofits to existing power plants (Kanniche et al., 2010). The possibility
of retrofitting Stockholm Exergi’s KVV8 CHP plant for oxygen-enriched combustion as an
alternative to full oxyfuel operation was recently investigated by Rosell (n.d.), who found
that oxygen enrichment could increase the CO9 partial pressure in the flue gas and reduce
the energy demand of the carbon capture process, although the high cost of oxygen production

remained a major challenge.
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2.4 Separation methods for post-combustion carbon capture

Absorption is the most well-established post-combustion COg2 separation technology (Chao
et al., 2021). An important advantage of absorption is the high COq capture efficiency and
ability to handle large flue gas volumes with relatively low COq concentrations. Drawbacks
include high energy penalties due to solvent regeneration and CO2 compression (Notz et al.,
2011), as well as solvent degradation and corrosion issues when the common, amine-based
solvents are used (Li, 2025).

Absorption-based COy capture can be divided into physical and chemical (reactive) absorp-
tion. In physical absorption, CO2 dissolves in the solvent without reacting and is therefore
only effective at high COs partial pressures, making it unsuitable for post-combustion cap-
ture (Notz et al., 2011). In contrast, chemical absorption involves reactions between COq
and the solvent, enabling efficient capture even at the low COsy concentrations typical of
post-combustion flue gases (Notz et al., 2011). As chemical absorption is the most relevant

separation method for this thesis, the theory behind the method is detailed in section 3.

Adsorption and membrane separation are alternatives to absorption. Adsorption uses solid
sorbents rather than liquid solvents, reducing corrosion issues, but is highly sensitive to flue
gas impurities such as water vapor, nitrous oxides (NO), and sulfur oxides (SO;), requir-
ing extensive gas pre-treatment. In addition, regeneration of adsorbents through temper-
ature or pressure swing processes can lead to significant energy consumption (Chao et al.,
2021). Membrane separation relies on selectively permeable materials that allow COq to pass
through while retaining other gas components, enabling simpler operation without solvent
regeneration. However, membrane performance depends strongly on pressure gradients and
is therefore more suitable for higher COy partial pressured, while material stability and foul-
ing remain challenges. Although both technologies show future potential, further material

development is needed before large-scale industrial deployment (Chao et al., 2021; Li, 2025).

2.5 Solvents for post-combustion absorption

Monoethanolamine (MEA) is the most prominent solvent for chemical absorption of COq
(Monteiro et al., 2024). The main advantages of MEA is the compound’s fast absorption
kinetics and high COg absorption capacity (Cao et al., 2015). However, MEA also comes
with several issues. MEA is relatively corrosive and prone to degradation, which produces
additional corrosive and toxic degradation products (Kittel et al., 2009). This leads to in-
creased quality requirements on equipment, higher waste treatment costs (Monteiro et al.,
2024), and potential risks to both the environment and human health (Ghayur et al., 2019).
Furthermore, the use of MEA raises sustainability concerns, not only due to the hazardous
nature of the compound and its degradation products, but also because of the high energy
demand associated with solvent regeneration (Ochedi et al., 2021). An alternative to MEA
is aqueous ammonia (NHs), which is generally less corrosive, more resistant to degradation,

and lower in cost compared to MEA, while still having acceptable CO2 absorption capacity
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(Chao et al., 2021). However, there are some drawbacks to the process as well. Mainly,
the volatility of NHg leads to solvent loss, which is an issue both from an economical and
safety perspective (Yeh and Bai, 1999). Aqueous ammonia has been receiving attention as
an alternative solvent for post-combustion COs capture and has been tested at pilot scale.

However, it has not yet been fully commercialized (Obek et al., 2019).

Aqueous solutions of carbonates can also be used as solvents for COo absorption. A well-
established example is the Hot Potassium Carbonate (HPC) process. As the name suggests,
HPC uses potassium carbonate (PC) (KoCOg3) as the active components (Ochedi et al.,

2021).The overall absorption of CO9 into an aqueous PC solution reads as:

CO9 + HyO + K9HCO3 = 2KCO;3 (1)

PC has several advantages compared to amine-based solvents such as MEA. Importantly,
the chemical is not prone to degradation and has much lower toxicity. This makes it safer to
handle, less environmentally problematic (Ayittey et al., 2020) while also reducing equipment
requirements and operational costs (Ochedi et al., 2021). If done at elevated temperature, as
is the case with HPC, regeneration of the solvent can be relatively efficient and economical,
with lower absorption and regeneration heat compared to many amine systems (Ochedi et al.,
2021). The main drawback of the HPC process is the relatively slow COg absorption rate
(Hu et al., 2016). This can result in large absorber units and increased power consumption
required for flue gas compression, which increases the energy demand and cost of the process.
Chemical promoters can be used to significantly improve absorption kinetics (Hu et al., 2016).

Such promoters are described further in subsection 2.8.

2.6 HPC absorption process for BECCS

In the HPC process, the absorption of COy takes place in a unit called an absorption col-
umn. A schematic of the absorption and subsequent desorption process is shown in Fig. 2.3.
Two streams enter the absorption column: flue gas containing COs and a solvent with a
low COq content and typically 20-30 wt% K2COg (Kohl and Nielsen, 1997). This stream is
referred to as the lean solvent. As absorption takes place at an elevated pressure, the flue gas
must be compressed before entering the column (Puxty and Maeder, 2016). This constitutes
a significant part of the total energy requirement of post-combustion carbon capture pro-
cesses (Steeneveldt et al., 2006). The flue gas enters at the bottom of the column, while the
solvent is fed in from the top. The two streams flow in opposite directions, creating counter-
current conditions, which maximize the concentration gradient-dependent driving force for
mass transfer throughout the column. Within the column internal structures increase the
interfacial surface are between the gas and the liquid streams, so that mass and heat can
be efficiently transferred between the phases (Richardson et al., 2002). In the case of the
Stockholm Exergi BECCS plant structured packings are used.
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Figure 2.3: Schematic of absorption and desorption in the HPC process (Levihn et al.,
2019).

In the absorption column, as the flue gas moves upward, COs is transferred from the gas into
the solvent. The extent to which the solvent has absorbed COs is commonly described by the
solvent loading, which provides a measure of how much of the solvent’s absorption capacity
has been utilized. As absorption proceeds, the acidic nature of COs causes the pH of the
solution to decrease from around 10 at the top to around 9 at the bottom. Two streams leave
the absorption column: COs-depleted flue gas exits at the top, while the COs-rich solvent,

known as the rich solvent, exits at the bottom.

The rich solvent then enters the top of a desorption column, also referred to as a stripper,
where the absorption of COs is reversed through temperature increase and depressurization,
shifting the equilibrium towards gaseous COs. While the absorption of COs in HPC is
exothermic, the desorption process is endothermic and therefore requires the addition of
heat to maintain an elevated temperature. Alongside flue gas compression, heating of the
stripper represents one of the larger energy expenses of the process (Puxty and Maeder, 2016).
COg, exits the column at the top as a concentrated gas stream which is further purified and
then liquefied though cooling and pressurization for more efficient transportation (Wretborn,

2026). The regenerated lean solvent is recycled back to the absorber.

2.7 Chemistry of Potassium Carbonate

Absorption of COs3 into aqueous PC involves a series of reactions whose net effect is described
in reaction (7). The detailed steps that lead to this net reaction are given in reactions (2) - (6)

(Smith et al., 2016). Reaction (2) describes the physical absorption of COs. The subsequent
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chemical conversion of dissolved COs is referred to as the hydration of COs. The CO; reacts
either with OH™ to produce HCOj or with water, reactions (3) and (4), respectively. HoCO3
formed in reaction (4) can then further react to produce additional HCOj3 according to
reaction (5). As can be seen from the consumption of OH™ and the production of H3O
ions, reactions (3) and (5) result in a decrease in pH. From this it follows that absorption of
COq is favored by alkaline conditions, as higher concentrations of H3O™ ions will shift the
equilibria towards CO» at the expense of HCO5 . However, this drop in pH buffered by the
equilibrium reaction between HCOj; and water, reaction (6). (Smith et al., 2016).

CO2(g) = COz(aq) (2)

COy(aq) + OH™ (aq) = HCO3~ (aq) (3)
COy(aq) + H20(1) = HyCO3(aq) (4)
HyCO3(aq) + HoO(1) = HCO3™ (aq) + H30™ (aq) (5)
HCO3™ (aq) + Hy0(1) = CO3%™ (aq) + H30™ (aq) (6)
CO3(g) + CO3%~ (aq) + H20(1) = 2HCO3 ™ (aq) (7)

For pH > 9, as is usually the case in industrial applications, reaction (3) is the rate limiting
step, while reaction (4) that runs in parallel is slow in comparison and as such can be neglected
(Hu et al., 2016). Reactions (5) and (6) on the other hand are so fast that they can be
considered as instantaneous. Neglecting reaction (4) the overall reaction rate coefficient for
the absorption of CO2 in an unpromoted, alkaline system, ko, [1/s] is given by Eq. (8)
(Astarita et al., 1981).

Fov = kop-[OH ] (8)

where kqp- [m?/(mol-s)] is the second order reaction rate constant for reaction (3). As such,
the reaction rate, 7¢ [mol/(m?-s)], of the forward reaction between COy and OH™, reaction
(3), is given by Eq. (9).

s = kog- [OHT][CO2] = koy[CO2] 9)

The buffering characteristic of the carbonate solution means that the OH™ concentration
remains approximately constant within the relevant pH-range, including at the gas-liquid
interface. This means that the reaction behaves as first order with respect to COs, since
the approximately constant OH™ concentration can be incorporated into the overall rate

constant, koy. In other words, the reaction can be considered pseudo-first order with respect
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to CO2 (Ye and Lu, 2014).

It should be noted that the reaction rate expressions applied in this thesis are based on
concentration rather than activity. In non-dilute electrolyte solvents such as those used in
reactive absorption, activity is often used instead. This is because the effective reactivity
of ionic species may be different from their bulk concentration due to non-ideal interactions
in solution. When concentration-based experimental reaction rate constants are used, these
effects are included indirectly in the fitted rate constants rather than being accounted for
separately. As a result, the values of the rate constants may depend on the composition and
concentrations of the system from which they were derived (Holland, 2018; Mirzaei et al.,
2025). This should be kept in mind when applying such expressions to systems with different

solvent composition or speciation.

Solvent loading, denoted as 6, can be used to characterize how much CO4 has been absorbed
in relation to the total solvent capacity. # = 0 means that the solution only contains Cog_
and no CO3 has been absorbed to form HCOj. If § = 1 on the other hand, that means that
all the COg_ in the solution has reacted to form HCOj; and no more COy can be hydrated.
It is also common to express solvent loading as percentage of full absorption capacity, with
100% loading being analogous to # = 1. The stoichiometric relationship between COs and
PC in reaction (1) is 1:1. Given that PC is the limiting reactant, 6 can be expressed as the
ratio between the concentration of absorbed COg2 (equivalent to half the concentration of
HCO3) and the concentration of added PC (equivalent to half the concentration of K*) see

reaction (10).

_ NC0s,ms _ [HCOs™] _ [HCO37] (10)
NK,COs3 [HCO3_] + 2[0032_} [K+]

where nco,,,. [mol] is the amount of absorbed CO9 and nk,co, [mol] is the amount of KoCOj3

in the solution.

2.8 Promoters in PC solutions

In the most general of terms, promoters can be described as chemical compounds added
to the absorption solvent in order to increase the COg absorption performance by enabling
an additional reaction pathway (Smith et al., 2016). As the promoter is regenerated in the
process it can be considered a catalyst for the hydration of COs. The ideal promoter should
be effective, stable, non-volatile, not corrosive or toxic, environmentally friendly, recyclable
and of course not too expensive (Ochedi et al., 2021). There are several kinds of promoters,
generally classified into inorganic, organic and enzymatic promoters based on the promoter’s

chemical and physical properties (Hu et al., 2016).

Amines, most commonly MEA and diethanolamine (DEA), can be used as organic promoters

for CO9 absorption when added to aqueous PC. (Hu et al., 2016). Using amines as promoters
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comes with the same pros and cons as when using amines as main solvent components.
Mainly, they enhance absorption kinetics leading to a more efficient absorption process, but
also degrade, cause corrosion and increase the energy requirement for solvent regeneration
(Ochedi et al., 2021). Piperzine is another amine promoter gaining traction, having the
advantages of being less corrosive and less prone to degradation as compared with DEA
and MEA (Oexmann and Kather, 2009), while still having high promoting performance
(Cullinane and Rochelle, 2004). However, piperzine has a low solubility in aqueous PC. This
is an significant issue, as low solubility increases risk of precipitation, which poses a risk to

the operation and equipment of the process (Fosbol et al., 2013).

Carbonic anhydrase is a type of enzymatic promoter that catalyzes the hydration of CO5 to
buffer the pH within the human body. This enzyme has been investigated as more sustainable
alternative to conventional promoters. It is non-toxic and environmentally friendly while also
having the potential of effective CO2 absorption promotion (Abubakari et al., 2026). A
major limitation of enzymatic promoters is their sensitivity to harsh operating conditions.
To address this, research is being conducted to improve the stability of the enzymes through
immobilization. (Russo et al., 2022). However, immobilization has also been shown to reduce
promoter activity (Russo et al., 2022; Sahoo et al., 2012), and further research is needed before

this can be considered a viable option for the promotion of COy absorption in HPC.

Inorganic promoters have the advantages of low vapor pressure, as well as low sensitivity
to high temperatures and impurities (Smith et al., 2016). A challenge related to inorganic
promoters is that their speciation very much affects their promoting performance, with some
speciations being effective while others have little impact on the absorption. Because specia-
tion depends on operating conditions such as temperature, concentration, ionic strength, and
pH, the effectiveness of an inorganic promoter can vary significantly from process to process
(Hu et al., 2016). The inorganic promoters used in this thesis, boric acid and vanadium, will

be described in further detail in subsections 2.9 and 2.10, below.

2.9 Boric acid as a promoter

Boric acid (BA) with the chemical formula H3BO3 is an inorganic promoter that has attracted
interest due to its environmentally friendly nature as well as low tendency to degrade or react
with impurities (Shen et al., 2014). The effectiveness of BA as a promoter, however, has
been debated in the literature. Some studies report only a limited enhancing effect on the
absorption rate (Mirzaei, 2026; Ochedi et al., 2021; Smith et al., 2016). Other studies suggest
that BA substantially enhance absorption kinetics (Ghosh et al., 2009; Guo et al., 2011; Shen
et al., 2014).

As seen in Fig. 2.4, BA has multiple possible speciations. Only small amounts, 1-5 wt%, of
BA is usually added to the PC solution (Endo et al., 2011; Ghosh et al., 2009; Smith et al.,
2012). Adding more seems to have little additional effect (Ahmadi et al., 2008; Endo et al.,
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2011). This can be due to the formation of polyborates above a BA concentration of 0.025
M (Ingri et al., 1957). As polyborates do not show promoting characteristics, it is expected

that increasing the amount of BA beyond this concentration will not enhance promotion.

B,0,(OH),

B,0,(OH)s \Q\_ 1 LW /B203(0H)5-

B(OH); §

H
B,0,(OH), % A \H+\\\B404(0H)62'
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Figure 2.4: Diagram of borate speciations (Hu et al., 2016).

In an aqueous system BA will be in equilibrium with monoborate (B(OH), ), see reaction
(11). A mechanism for borate-promoted CO2 hydration was proposed by Guo et al. (2011).
According to this mechanism the promoting species B(OH), reacts directly with COg2 to
form an intermediate borate-carbonate complex, which then dissociates to produce HCOy, see
reactions (12) and (13). The formation of the intermediate is considered the rate-determining

step. In alkaline conditions the hydration is considered irreversible.

B(OH);3-H,O = B(OH),~ +H* (11)
B(OH);~ + COy — B(OH)4C027 (12)
B(OH)4COQ_ +H,O — B(OH)g -HyO + HCO3™ (13)

If including the borate-promoted CO2 hydration the overall absorption rate of COg, rov, B
can be described according to Eq. (14).

Tov,B = Ton- + Borate = (kop- [OH™] 4+ kg[B(OH)4™])[COg] (14)

where kqp- is the reaction rate constant for reaction (3) and kg is the reaction rate constant
for reaction (12) (Thee et al., 2014).

It should be noted that Imle et al. (2013) found no presence of the borate-COy complex in

alkaline conditions, and the promoting mechanism proposed by Guo et al. (2011) is not fully
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agreed upon by researchers. Furthermore, the kinetic experiments of Guo et al. (2011) were
conducted at a total boron concentration of only 6.25 mM, which is far below the 1-5 wt% BA
typically added to PC solutions in industrial processes. At such low boron concentrations,
the boron speciation is also expected to differ significantly from that in industrially relevant

solutions (Ingri et al., 1957).

Mirzaei (2026) proposed that rather than B(OH), acting as a catalyst, BA enhances absorp-
tion kinetics by increasing the rate of the existing reaction between COs and OH™, reaction
(3), though ionic interactions with these reacting species. However, the overall impact of
BA on absorption rate was shown to be relatively small. The rate increased slightly with
increasing BA concentration, reaching a maximum of approximately 30% absorption rate
enhancement at a total boron concentration of 0.6 M. Beyond this concentration, no further
increase in absorption rate was observed. The loading of the solution was found to have
little impact on rate enhancement. Furthermore, the activation energy of reaction (3) was
found to be unaffected by BA. The relationship between BA concentration and reaction rate
enhancement cannot be explained by the borate-promoted reaction mechanism proposed by
Guo et al. (2011), which, at a constant pH would instead predict the absorption rate to

continue increasing with increasing BA concentration.

Mirzaei (2026) instead concludes that when added to a PC solution, BA acts as a co-buffer
that increases the solution’s net CO5 absorption capacity. Upon addition, BA will convert
some carbonate ions to bicarbonate ions, shifting the lower limit of the buffering zone, 6y, to
lower loading. In Fig. 2.5, this is visualized by the greater distance between 6y and end of
the buffering zone, 0, for the system including boron. Because 6y is shifted to lower loading,
the co-buffered solvent can be regenerated to a leaner state, i.e. § < 0, during reboiling. This
extends the operating loading range which increases the buffering capacity of the solution,
allowing a larger net amount of CO4 to be absorbed compared to a boron-free solution. As
shown by the leftward shift of #; in Fig. 2.5, BA was also found to reduce the buffering
capacity slightly at higher loadings. However, this reduction is smaller than the gain in
buffering capacity at lower loadings caused by the downward shift of #y. Therefore, the
addition of BA was still found to cause a net increase in the CO4 absorption capacity of the

solution, when considering the entire operating loading range.
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Figure 2.5: pH as a function of solvent loading. Circles represent experimental data. Lines
were obtained through calculations using equilibrium data. Solid line: with boron. Dashed
line: without boron. The loading range between the two transitions, fy and 61, represent
the buffering capacity of the solution. T = 298 K, solvent strength = 25 wt% KyCOs3, total
boron concentration = 0.12 M. (Mirzaei, 2026).

The effect of BA on the absorption capacity has been observed in several previous studies as
well (Endo et al., 2011; Shen et al., 2014; Field, 1975; Eickmeyer, 1984) and is proposed by
Mirzaei (2026) to be the main advantage of adding BA, rather than the effect on the COq
reaction rate. At a total boron concentration of 0.2 M the capacity was found by Mirzaei
(2026) to increase by around 30%, in terms of moles COy captured, while at 0.5 M an 80%
increase was observed. Given a total boron concentration low enough for polyborates to have
a negligible impact, the buffering capacity can be expected to increase linearly with boron

concentration.

2.10 Vanadium as a promoter

Vanadium has been shown to be an effective promoter for absorption of CO2 under typical
HPC-process operating conditions (Mirzaei and Babler, 2025), with a performance compara-
ble to that of MEA under optimal conditions (Nicholas et al., 2014). In the Stockholm Exergi
BECCS process, vanadium is added as vanadium pentoxide (V20s5). Like boron, vanadium
can exist in many speciations (see Fig. 2.6), the distribution of which is complex and difficult
to predict. It depends on several conditions: the total vanadium concentration, pH and tem-
perature, concentration of COg_ and HCO3 and other types of ions (Nicholas et al., 2014),
as well as the ionic strength of the solution (Mirzaei and Babler, 2025), as well as alkaline
conditions have been shown to promote the formation of monovanadate species (Nicholas
et al., 2014). Higher total vanadium concentration, on the other hand has been shown to
lead to the formation of polyvanadates and carbonate-vanadate complexes, neither of which
exhibit promoting activity. Because the fraction of active vanadium species is limited by the
formation of polyvanadates at higher total vanadium concentrations, it seems that adding
more than a 3 wt% (= 0.2 M) V505 does not enhance absorption efficiency. Beyond this con-
centration, additional vanadium has not been shown to lead to an increase in the promoting

monovanadate species (Mirzaei and Babler, 2025).
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Figure 2.6: Simplified diagram of vanadium speciations in neutral to alkaline conditions
(Nicholas et al., 2014).

Although it is difficult to determine which of the vanadium species shown in Fig. 2.6 are
responsible for the promoting activity, both hydrogen monovanadate (HVOi_) and hydro-
gen divanadate (HVgO%f) appear to be likely candidates, as they have been reported to
exhibit high catalytic activity for CO9 hydration (Rashwan et al., 2025). Multiple studies
have focused on HVO?{ as the active species (Mirzaei and Babler, 2025; Phan et al., 2015;
Rashwan et al., 2025) while Nicholas et al. (2014) included HV20§_ as well. However, at the
high temperatures and alkaline conditions of the HPC process, as well as the optimal VO3
concentration of 0.2 M and low-medium solvent loadings proposed by Mirzaei and Babler
(2025), the results from the research of Nicholas et al. (2014) agree that HVO3; ™ will be a
more active promoter, as compared with HVgO?T In this thesis HV, Og_ was not considered
in the model as it was shown by Mirzaei and Babler (2025) that this species will be in much
lower concentration than HVOi_ given the loading present in the absorption column, and

can therefore be considered to have negligible promoting impact in comparison.

Mirzaei and Babler (2025) showed that COg absorption converts the promoting species
HVOZ_ into non-promoting, stable carbonate-vanadate complexes. The formation of sta-
ble carbonato-complexes means that the concentration of HVOi_ would decrease closer to
the bottom of the column, leading to less efficient promoting performance there. This could
be partly compensated for by the increase in HCO3 concentration that comes with increased
loading, as this ions has a been shown to have positive effect on the formation of HVO;™
(Nicholas et al., 2014). The same study by Mirzaei and Babler (2025) concluded that in
operating conditions typical for the HPC process, VoO5 was the most effective as a promoter
at solvent loadings of 10-40% and a total VoOs5 concentration of 0.2 M. Given these condi-
tions the absorption rate could be increased up to 2-3 times. Beyond this concentration little

additional effect on the rate was found.

The mechanism for the hydration of COs catalyzed by HVOi_ presented here is the one



2 Background 19

proposed by Mirzaei and Babler (2025). Firstly, when added to the aqueous PC solution
V205 will dissociate to form Ho VO, (reaction (15)). At low V2Os5 concentrations and alkaline
conditions this reaction can be considered irreversible with 100% dissociation. The HoVO,
will then deprotonate to be in equilibrium with the promoting species HVOi_ (reaction (16)).
As can bee seen in both these reactions, addition of V505 will cause the pH to decrease. This
can be compensated for by the addition of a strong base such as potassium hydroxide (KOH),
with 4 mol of KOH per mole V505 (Mirzaei and Babler, 2025).

V205(S) + 3H,0 (1) —— 2H5VO,~ (aq) +2HT (aq) (15)

H,VO4~ (aq) = HVO4% (aq) + HT (aq) (16)

Once the active vanadium species HVOZ_ is formed, it can participate in the catalytic hy-
dration of COs. First, HVO?[ reacts with dissolved CO4 to form a monocarbonato-complex
(reaction (17)). This is the rate-determining step. The complex then reacts with OH™,
producing HCOj3 and regenerating HVO3 ™ (reaction (18)). Overall, CO5 and OH™ are con-
verted to HCOj, while the HVOi_ is regenerated, allowing it to repeatedly promote the

same reaction.

HVO,42~ (aq) + COz(aq) = HVO4CO52~ (aq) (17)

HVO04CO02% (aq) + OH™ (aq) = HVO4*™ (aq) + HCO3™ (aq) (18)

As for the second species found by Nicholas et al. (2014) to be an active promoter, HV,03™,
no explicit reaction mechanism was proposed. However, it was suggested that the catalyzed
CO3 hydration may happen via the carbonic anhydrase mechanism, in a similar manner to

BA as described in subsection 2.9.

The CO4 will still react to an extent directly with OH™, as in an unpromoted solution.
As such, the reaction rates of both the unpromoted and the vanadium-catalyzed reaction
pathway must be taken into account when considering the overall pseudo-first order reaction
rate constant in a vanadium-promoted solution. In the study conducted by Mirzaei and
Babler (2025) only the H\/Oi_ was considered as the promoting species rather than the
couple HVO?{ and HVQO‘;*, due to the low concentration of the latter. In this work the
overall pseudo-first order reaction rate constant in a vanadium-promoted solution, ko, v, was

presented as:

kov.v = kop- [OH™] + ky[HVO4*7] (19)

where ky is the second order rate constant for the reaction between CO5 and HVOE_. In the
same study the rate constant was shown to increase exponentially with the ionic strength of

the solution. When applying concentration-based rate expressions to non-dilute vanadium-
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promoted systems, as is the case in this thesis, the effect of the ionic strength must be
accounted for explicitly. This can be done by calculating ky in accordance with Eq. (20)
(Mirzaei and Babler, 2025):

Inky =Inky + p1 (20)

where I is the ionic strength, k{ is the rate constant for infinite dilution (I — 0) and /3 is an
empirical parameter. [ is a temperature-dependent empirical factors, calculated using Eq.
(21): (Mirzaei and Babler, 2025)

B =0.23788 — 7.1978 - 10747 — 26.146/T + 7.29 - 10~ "1? (21)

The absorption rate of CO3 in a vanadium-promoted solution, 7, v is given by Eq. (22)

TOV,V — TOH— + THVO42_ — (kOH— [OH_] + kv [HVO42_])[COQ] (22)

where kqp- is the reaction rate constant for reaction (3) and ky is the reaction rate constant
for reaction (17) (Mirzaei and Babler, 2025).

2.11 Combined use of BA and vanadium

Research on the combined use of BA and V205 as promoters is limited. Imle et al. (2013)
reported that the addition of BA and vanadate does not increase the equilibrium solubility
of CO4 in PC solutions. Rather, the authors suggested that the industrial benefits of using
both promoters are likely related to enhanced absorption kinetics. There are two patents
related to combined use of BA and V205 as promoters in HPC solutions: Field (1975) and
Eickmeyer (1984). Though the two patents suggest different optimal promoter to solvent
ratios, they agree that both the absorption capacity and absorption rate is enhanced by the
promoters. Furthermore, Field (1975) suggests that the effect is synergistic, which argues
for the use of these promoters in combination. Because BA buffers the pH it may help keep
a larger fraction of the vanadium in promoting speciations, as this fraction has been shown
to decrease with the lower pH found at higher loadings (Mirzaei and Babler, 2025). Field
(1975) also noted that in a commercial absorber the top of the column is the region where
the driving force for absorption is lowest, and that it is therefore particularly important that
the absorption rate coefficient remains high in this section. This is one reason why promoter

effects in the upper part of the absorber may be especially important.
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3 Theory

3.1 Models for interfacial mass transfer

The rate of mass transfer across a gas-liquid interface depends on the transfer driving force
as well as the resistance to mass transfer in the either phase. If a chemical reaction occurs on
either side of the interface, the mass transfer rate will also depend on the reaction kinetics.
This will be further discussed in subsection 3.2 (Coulson et al., 1999). When modeling gas-
liquid mass transfer, it is often of interest to predict the mass transfer coeflicient. This
coefficient accounts for the mass transfer resistance and is often expressed as a function
of the diffusivity of the transferring species (species A), denoted as D 4. A reasonable mass
transfer model should reproduce the experimentally observed dependence of the mass transfer
coefficient on diffusivity. Here, k denotes the mass transfer coefficient, which quantifies the
rate of mass transfer across the phase boundary. Such models typically predict k& oc /D4
for liquids and k oc D4%/? for gases (Cussler, 2009). Models that are considered reliable
should also predict the mass transfer coefficient to scale approximately as k o v%/3, where v

represents the characteristic fluid velocity.

In this subsection, the three most commonly used interfacial mass transfer theories are dis-
cussed: the two-film theory, the penetration theory, and the surface renewal theory. These
models differ primarily in how they account for the time dependence of mass transfer. The
two-film theory is the simplest of the three and is based on a steady-state assumption, whereas
the penetration- and surface renewal theories describe time-dependent mass transfer and offer
a more rigorous, and often more realistic, representation of interfacial mass transfer phenom-
ena (Cussler, 2009). It should be noted, however, that theoretical models are not a substitute
for experimental data, and predictions based on these theories must also be validated against

measurements obtained from real systems.

3.1.1 Two-film theory

A widely applied, simple yet useful theory for describing the mechanism of interfacial mass
transfer is the two-film theory (Cussler, 2009). This theory divides the domain in which mass
transfer occurs into four regions: the bulk of the gas phase, the gas film, the liquid film,
and the bulk of the liquid, see Fig. 3.3. Mass transfer in the bulk gas and liquid phases
is considered to occur by convection, and any concentration or partial pressure gradient in
these regions are assumed to be negligible. The specie being absorbed is transported from the
bulk of the gas phase through the gas film to the gas—liquid interface and onwards though
the liquid film to the liquid bulk. On either side of the interface, thin stagnant films are
assumed to exist, within which mass transfer occurs solely by molecular diffusion (Coulson
et al., 1999).
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Figure 3.1: Simplified Two-film theory diagram. (Original image, based on figure by
Coulson et al. (1999))

Given that the concentration of the absorbed component is low, diffusion within the films
is governed by Fick’s law, which dictates that the mass transfer rate is proportional to the
concentration or partial pressure gradient across the film (Richardson et al., 2002). The
concentration/partial pressure gradient within the films are assumed to be linear and are
calculated from the difference between the bulk and interfacial concentrations. It is further
assumed that all resistance to mass transfer is located within the gas and liquid films, and
that there is no resistance in either the bulk phases or at the interface itself. The mass

transfer process is treated as occurring under steady-state conditions (Coulson et al., 1999).

Equilibrium is assumed to exist at the interface, and the equilibrium relationship between
the gas and liquid phases of the transferred specie (COs2 in the case of this thesis) therefore
determines the interfacial concentrations. For dilute gas—liquid absorption systems, Henry’s
law can be used to describe the relationship between the partial pressure of a component in
the gas phase, P4, and the concentration of the same component in the liquid phase, Cy4,

given that these two are in equilibrium, as given in Eq. (23) (Coulson et al., 1999).

Py=HC}y4 (23)

where H is the Henry’s constant, specific to species A. Henry’s law can be applied both at
the interface, and for the bulk of the liquid. In the second case the partial pressure in the gas
phase in equilibrium with the liquid is denoted as P*. At the interface, the partial pressure

and concentration are denoted as P4 ; and Cjy ;, respectively.

The molar flux, N4 of species A through the gas-side film is given by Eq. (24)

N
Ny =k (Pa— Py;) < /TA — (Pa;— Pa) (24)
g
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where ky is the gas-side mass transfer coefficient, P4 is the partial pressure of component A

in the gas bulk, and P, ; is the partial pressure of A at the gas-liquid interface.
Similarly, the molar flux through the liquid-side film is given by Eq. (25)

Na
NA:/C[(CAJ‘—CA) <~ kil:(CAJ'—CA) (25)
where k; is the liquid-side mass transfer coefficient, C'y ; is the concentration of component A
at the interface, and Cy is the concentration of A in the liquid bulk. For mass transfer though

a liquid film with the thickness z the mass transfer coefficient can be expressed according to

Eq. (26):

k= Da (26)

z

where D4 is the diffusivity of species A in the liquid phase (Richardson et al., 2002).

Applying Henry’s law (Eq. (23)) to Eq. (25) the concentrations can be converted to partial
pressures. If this equation is then divided by the Henry constant one ends up with Eq. (27)
H *

NAE = (Pai— Pa") (27)
Under steady-state conditions, the molar flux of component A through the gas and liquid
films must be equal, i.e. N4 in the gas phase is equal to N4 in the liquid phase. This allows
for adding together Eq. (24) and (27) which eliminates the interfacial partial pressures.
Isolating N4 allows for a new expression for the molar flux across the interface, see Eq. (28):
(Richardson et al., 2002)

Na =Ky (Pa—Fj), (28)
where K is the overall gas-side mass transfer coefficient, as given by Eq. (29):

1 1 H
_ _ 29
K, & (29)

3.1.2 The Penetration Theory

The penetration theory, first proposed by Higbie in 1935, is an alternative framework that can
be used to describe mass transfer across a gas-liquid interface. The two-film theory is based
on the assumption of a steady-state system, meaning the mass transfer rate is constant. In
contrast, the penetration theory is an unsteady-state model in which species A is assumed to
diffuse from the interface to the bulk in a unsteady-state manner. The concentration profile
is assumed to vary with time as the mass transfer rate decreases, in theory from ¢ty = oo to
too = 0 (Coulson et al., 1999).

The theory is based on several assumptions. Most importantly, the interfacial area is imagined
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as a film with a semi-infinite thickness, generated by the liquid which flows along the interface.
The liquid is considered to consist of small elements, that initially have the same concentration
of species A as the bulk. The elements then come in contact with the interface for finite
amount of time. This is referred to as the contact/exposure time, t.. t. is assumed to be
the same for all elements. As long as the contact time is very short, the assumption of
an infinitely thick interfacial region is reasonable, as the part of the region furthest from the
interface will not have time to reach equilibrium concentration. Given a sufficiently turbulent

system, this is a reasonable assumption (Coulson et al., 1999).

During the contact time, species A will be transferred from the gas to the liquid, diffusing
further into the liquid element with time. At the interface equilibrium is assumed to be
reached instantaneously (Cussler, 2009). At first the concentration gradient is very steep,
going from equilibrium concentration to zero very close to the interface. With time the
concentration penetrates into the liquid film, smoothing out the concentration gradient, see

Fig. 3.2, hence the name penetration theory.

100

100 # Exposure time
(arbitrary units)

Percentage saturation

Distance from surface

Figure 3.2: Evolving concentration profile within liquid element in contact with interface
according to penetration theory (Coulson et al., 1999).

After being in contact with the interface the liquid element will be remixed in with the
bulk, another element taking its place. The interfacial flux will vary due to the evolving
concentration profile. The average flux is given by Eq. (30). If comparing Eq. (30) to
the expression for the flux in according to the two-film theory (Eq. (25)) the mass transfer
coefficient according to the penetration theory can be derived , see Eq. (31) (Cussler, 2009).

D
Na=2y/Z2(Ca;—Ca). (30)
Tte
k=224 (31)
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where t. is the average contact time between the liquid element and the gas phase.

3.1.3 The Surface Renewal Theory

The surface renewal theory is an another unsteady-state model used to describe interfacial
mass transfer. It is a modification of the penetration theory, first introduced by Danckwerts
(1951). The main difference is the assumption of a contact time distribution of the liquid
elements, rather than a uniform contact time. In short, the penetration theory views the
interface surface as being periodically renewed, while the surface renewal theory views it as

being randomly renewed.

In the surface renewal theory, when a liquid element is in contact with the interface mass
transfer occurs in the same way as in the penetration theory (Cussler, 2009). However, there
is no specific contact time that this element will be at the interface before being remixed in
with the bulk. Instead, the probability of a liquid element at the interface being replaced
and the surface being renewed, is independent of how long it has been there, and the renewal
is random. The element might stay at the interface for an infinitely short, or infinitely long
time, with the most likely scenario being somewhere in between. The actual contact times
within the distribution will depend on how rapidly new surface area is generated, which is
known as rate of renewal or renewal frequency, s [s~!]. Since this parameter is difficult to
estimate, it must generally be determined experimentally. The expression for interfacial flux
and the mass transfer coefficient proposed by the the surface renewal theory theory is given
by Eq. (32) and Eq. (33), respectively (Coulson et al., 1999).

Nag=+Das(Ca;i—Ca). (32)

k=+/Das (33)

where s is the renewal frequency of the surface.

3.1.4 Comparison of interfacial mass transfer models

As can be seen in Egs. (31) and (33), the penetration theory and the surface renewal theory
predict the same desirable dependence of k on D 4, that is k o« D 4. Both theories also have
unknown variables, t. and s. However, while mathematically similar, the random aspect of
the surface renewal theory could be seen as better reflecting the randomness of turbulent

flows, as opposed to assuming a single, uniform contact time (Luo et al., 2021).

When comparing the two-film theory to the penetration and surface renewal theories the latter
two can be considered to provide a more realistic picture of the mass transfer mechanism in
the case of industrial gas absorption processes, as interfacial turbulence has been noted in
multiple studies related to such processes (Richardson et al., 2002; Cussler, 2009; Gaspar

and Fosbgl, 2015). However, the simpler two-film theory is acceptably accurate for stagnant,



3 Theory 26

or laminar systems (Wang et al., 2018). Furthermore, despite its simplicity, the two-film
theory is often considered a sufficient base model for mass transfer (Cussler, 2009), such as

the rate-based absorption model of this thesis.

3.2 Absorption coupled with chemical reaction

The interfacial mass transfer models described above are based on the case when there is
no chemical reaction taking place. Absorption coupled with reaction in the liquid phase can
be described by extension of the two-film theory, and will be done so in this subsection.
While the conditions of the gas phase will remain the same as without a reaction, the overall
reaction rate in such a case will depend on both the resistance to mass transfer in the films

and the reaction kinetics (Coulson et al., 1999).

In a general case, depending on the relative rates of diffusion and chemical reaction, the
reaction may occur very close to the interface or within a reaction zone located inside the
liquid film. In systems where the reaction is fast, the non-volatile reactive species, denoted
as species B, diffusing from the bulk of the liquid, is depleted near the interface, which means
the absorbed gas, species A, has to diffuse further into the liquid film before reacting. The
position of the reaction zone is therefore determined by the balance between the diffusion
rates of both species A and species B. On the other hand, if the reaction is very slow the liquid
species has plenty of time to diffuse into the liquid film and the conditions will be similar to
those of physical absorption. If the reaction rate is neither very fast or very slow, the overall
rate of the absorption process is determined by the chemical reaction rate (Richardson et al.,
2002).
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Figure 3.3: Simplified two-film theory diagram, given a pseudo-first order reaction
(Original image, based on figure by Chikukwa et al. (2012))



3 Theory 27

Fig. 3.3 shows a schematic of the concentration profiles of the reacting species A and B,
as would be the case in the HPC process. Here, species A represents CO», while species B
can be either OH™ or a promoter. Because species B is present in excess, the impact of the
reaction on its concentration is negligible, and its concentration throughout the film remains
essentially the same as in the bulk. In other words, the reaction can be considered pseudo-
first order. This is represented by the constant concentration of species B in Fig. 3.3. The
chemical reaction between the two species will, however, cause a considerable decrease in the
concentration of COg in the liquid film, as indicated by the "curved" profile of C4 in Fig.
3.3. This increases the concentration gradient across the liquid film, leading to faster mass
transfer. To quantify the increased mass transfer rate, an enhancement factor, E, can be
introduced which essentially describes how much greater the flux will be due to the reaction
(Gaspar and Fosbgl, 2015). E is defined by Eq. (34)

o kl,T‘CE
= 7]@

where k; ., and k; is the mass transfer coefficient in the liquid film with and without a reaction,

E <~ kl,m; = Fk; (34)

respectively.

The enhancement factor depends on the hydrodynamic conditions of the liquid, the kinetics
of the chemical reaction as well as the diffusivities. These properties are lumped in the Hatta
number. The Hatta number, here denoted as Ha, is a dimensionless number that compares the
rate of chemical reaction to the rate of diffusion in the liquid film (Gaspar and Fosbgl, 2015).
Large Hatta numbers indicate that the reaction rate is much greater than the diffusion rate,
which means the reaction will mainly occur in the film. Given a pseudo-first order reaction
the Hatta number can be calculated according to Eq. (35) (Mirzaei and Babler, 2025).
Ha = YForDa (35)
Ky
where ko is the pseudo-first orderliquid-phase reaction rate constant, D 4 is the diffusivity of
species A in the liquid phase and k; is the liquid-side mass transfer coefficient in the absence of
chemical reaction. The enhancement factor of a pseudo-first order reaction can be calculated
according to Eq. (36) (Gaspar and Fosbgl, 2015).

Ha

E~ Ha for Ha > 3 (37)

Once E has been calculated, it can then be applied to Eq. (29) to adjust the overall mass
transfer coefficient, K, in order to account for the increase in mass transfer rate due to the

reaction, giving Eq. (38).

— = (38)
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It should be noted, that though the enhancement factor and Hatta number are commonly
derived from the two-film theory, these parameters can also be used within the frameworks of
penetration and surface renewal theory though adjustment of the enhancement factor. This
has been shown to allow reaction kinetics to be incorporated into unsteady-state interfacial

mass transfer models with acceptable accuracy (Chang and Rochelle, 1982).

3.3 Vapor-liquid equilibrium

If a component can exist in both the vapor and liquid phase of a two-phase system, such
as for example an absorption column, the system will strive for equilibrium between the
concentration of the component in the liquid phase and the partial pressure of the component
in the gas phase. For a constant total amount of substance, a higher equilibrium partial
pressure of the component indicates lower solubility of the same component in the liquid
phase. A common way to describe this vapor-liquid equilibrium (VLE) is using fugacity and
activity coefficients, as given by Eq. (39) (Kaur and Chen, 2020).

Drot Yi & = i %i f? (39)

where py: is the system pressure, y; is the vapor-phase and z; liquid-phase mole fraction of
component 7, respectively. f? is the standard-state liquid fugacity at the system temperature
and pressure, and ¢; is the vapor-phase fugacity coefficient. This variable can be described
using equations of state (EOS), which relate the specific molar volume to temperature and
pressure. Moreover, «y; is the liquid-phase activity coefficient which deals with non-ideal
behavior of the liquid. There are several established models for calculating ~;, both semi-
empirical ones such as Margules and Van Laar and theory-based ones such as the non-random
two-liquid (NRTL) and Wilson model (Gebreyohannes et al., 2016).

In the case of HPC CO4 absorption, the VLE describes the relationship between the equi-
librium partial pressure of the gaseous COg, p¢,, in the flue gas stream and the loading of
the PC solution in the absorption column. The VLE is of great importance as it impacts
absorption rate as well as capacity. Operational conditions that effect the VLE by increas-
ing the equilibrium pressure will decrease the rate of absorption as the pressure difference
between the equilibrium and actual partial pressure, i.e. the driving force for absorption,
will be smaller. Several studies have investigated the impact of temperature, pressure, PC
concentration and loading on CO3 solubility in PC solutions. Notable and often cited works
are by Tosh et al. (1959) as well as Korbutova et al. (1980). In these works equilibrium
data was collected under varied operational temperatures and PC concentrations relevant to
industrial CO4 absorption. This data makes it possible to build a VLE model for CO2 in PC

systems and forms the basis for the absorption modeling carried out in this thesis.

The works by Tosh et al. (1959) and Korbutova et al. (1980) both showed the equilibrium

partial pressure to increase exponentially with increasing loading, see Fig. 3.4. This can be
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explained by the reactive aspect of COq absorption in a PC solution. A higher loading means
a higher HCOj3 concentration, see Eq (10). As this species is in equilibrium with dissolved
COg a higher loading also means a higher concentration of dissolved CO5 and therefor a higher
equilibrium partial pressure above the PC solution (Smith et al., 2016). In an absorption
column this means that the absorption rate will be slower in the lower part of the column,
where loading is higher. The same works showed the weight fraction of the PC solvent on
the other hand, to have little effect on the VLE. (Smith et al., 2016).
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Figure 3.4: Vapor-liquid equilibrium of COs in potassium carbonate solution as a function
of loading at 70 °C. Solvent strengths are given as weight fractions of KoCOj3 in aqueous
solvent. The dashed line represents the overall trend of the experimental VLE data.
Original image from Smith et al. (2016), based on data from Tosh et al. (1959) and
Korbutova et al. (1980)

The VLE is both temperature and pressure dependent. As the COy absorption process is
the exothermic effect of an equilibrium reaction, Le Chatelier’s principle dictates that higher
temperatures would lower the solubility and favor COq in gaseous form (Novak, 2018). This
means that for the same loading, the equilibrium partial pressure will increase with increasing
temperature. This temperature dependence has been corroborated by multiple studies (Tosh
et al., 1959; Korbutova et al., 1980; Shen et al., 2014). According to the same principle,
an elevated pressure will favor dissolved rather than gaseous COs and therefore promote

absorption, which has also been shown experimentally (Isa et al., 2019).

3.3.1 Effect of promoters on VLE

The ideal catalyst should only effect absorption kinetics, and not the VLE. However, both
promoters relevant to this thesis are acidic in nature. These species therefore effect the COao-
carbonate equilibria (see Egs. (2) - (6)). As such, the impact of vanadium and BA on the
VLE of COs in relation to HPC solutions are of interest.

A recent study by Mirzaei (2026) showed that the effect of BA on the CO2 VLE depends on
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both solvent loading and BA concentration. At low solvent loadings, the effect of BA on the
equilibrium pressure was found to be small, as the total equilibrium pressure in this region is
dominated by the water vapor pressure. At higher solvent loadings, however, the equilibrium
pressure increased with increasing BA concentration. The effect was reported to be relatively
small at lower BA concentrations (0.3 - 0.6 M), but became clearly noticeable above 0.6 M and
was found to be significant at 1.2 M BA. As seen in Fig. 3.4, the equilibrium partial pressure
of CO4 over PC solutions has been shown to increase exponentially with loading (Tosh et al.,
1959; Korbutova et al., 1980). The results of Mirzaei (2026) suggest that this increase is
amplified by the presence of BA, particularly at higher solvent loadings. This is in line with
earlier observations by Endo et al. (2011) and Shen et al. (2014), who also reported increased
COg partial pressures in BA-containing HPC solutions. However, Mirzaei (2026) indicate

that this effect is mainly relevant at higher solvent loadings and boron concentrations.

The solubility of COs9 in an industrially typical, vanadium-promoted HPC solution was in-
vestigated by Schéfer et al. (2012). The authors found vanadium to lower the solubility.
However, at loadings lower then 80% the effect was inconsequential: the partial pressure

increasing by less than 3% at 70 °C and even less at higher temperatures.

Imle et al. (2013) investigated the effect of adding of BA and vanadium together as promoters
in an HPC solution. The results showed that both the species reduce CO2 solubility. However,
the reduction decreases with loading, and at loadings below 80% the effect is small. In
summary, given the low concentrations of promoters as well as low to moderate loadings of
the HPC process, these species can be assumed to not significantly effect the VLE. A claim
further supported by the work of Astarita et al. (1981).

3.3.2 Modeling of VLE

The Aspen Plus process simulation software is well suited for modeling of VLE. The software
can do so using the activity coefficient approach, based on the definition of VLE given in
Eq.(39). The fugacity is computed using an EOS. The activity coefficient is computed using
an appropriate activity coefficient model. In the case of the HPC process, the ionic nature of
the PC solution must be considered when doing so. This is because though the ions do not
directly take part in the VLE-reaction, they react and interact with the components that do
and because of this impact the activity coefficient. To account for this, electrolyte activity
models have been developed, which are able to handle these types of more complex electrolyte
system. One such model is the Electrolyte NRTL model. (AspenTech, 2022). In the case
of HPC CO3 absorption Aspen Plus has built in equilibrium data sourced from the work by
Tosh et al. (1959), which the software applies to the electrolyte activity model to describe
the VLE of the system.
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3.4 Modeling of an absorption process

There are two ways of conducting a mathematical analysis of a multistage process such as
absorption. One can either take the simpler equilibrium-based approach, or the more rigorous,
rate-based approach. Both of these methods will be discussed in this section on the basis
of two-film theory, starting with the equilibrium-based model. As the actual model in this

thesis will be rate-based, more attention will be given to this second approach.

3.4.1 Equilibrium-based modeling

Using the equilibrium-based approach the absorption column is divided into theoretical
stages. The fundamental assumption here is that the gas and liquid streams leaving each
theoretical stage are in equilibrium with each other. Mass and energy balances can de de-
rived for each stage, and with adequate input data and known process operating conditions
the number of theoretical stages needed to achieve the desired separation of components can
be calculated. However, equilibrium is rarely reach at a real stage. As such, the concept
of stage efficiency can be used in order to determine the number real plates/trays in the
column based on the calculated theoretical number of stages. In the case of packed columns,
when there are no real plates, the "height of an equivalent theoretical plate" (HETP) is used
instead. Alternatively, if the number of plates/HETP are know the degree of separation that

can be achieved can be computed (Sinnott, 2005).

3.4.2 Rate-based modeling

In rate-based modeling it is still useful to divide the column into stages, representing trays or a
segment of the packing, over which mass and energy balances can be derived. However, there
is no assumption of equilibrium between the stream at such a stage. Instead rate equations
and mass transfer coefficients are used to calculate mass and energy transport between the
gas and liquid phase. Several assumptions are made in the rate-based model: (Almoslh et al.,
2020; Falahat et al., 2011)

1. In the bulk of the liquid the reacting species are in equilibrium.

2. Plug flow behavior is assumed for the bulk phases, such that axial transport occurs

only by convection while axial dispersion is neglected.
3. Heat and mass transport has access to the same interfacial surface area.
4. The absorption column is adiabatic.
5. No pressure difference between the gas and liquid phases on the same stage.

6. No temperature difference between the bulk and the interface, or in radial direction.
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Figure 3.5: Mass and energy flows over an arbitrary stage n, based on two-film theory for
interfacial mass transport (Original image, adapted from figure by Almoslh et al. (2020))

Fig. 3.5 shows the mass and energy flows over an arbitrary stage n. These flows can be
calculated trough the use of equations describing material balances, energy balances, rate of
mass and heat transfer, summation of composition, the hydraulic equation of pressure drop,
and equilibrium relations. These equations are given in Egs. (40) - (49), where F', L and
V' are the molar flow rates of the feed, liquid and vapor, respectively. N4 is the interfacial
molar flux, r4 is the reaction rate, K 4 is the equilibrium ratio between phases, x 4 is the mole
fraction in the liquid phase and ¥4 is the mole fraction in the vapor phase for species A, H is
the enthalpy, @ is the heat input to the stage, and ¢ is the heat transfer rate. The full set of
notations, along with units and descriptions are given in Table 3.1. By solving the equations

for each stage the mass and energy transfers of the absorption process can be modeled.

Mass balances for bulks:

Eral 4+ Loizan-1+ NE, +15, — Lawa, =0 (40)

FY Y+ Var1yamir + Ni, + 74, — Vatan =0 (41)

Mass balances for interfacial films:

Nh, +rlh — Nk, =0 (42)
Ny, 47l —NA, =0 (43)

Phase equilibrium at the interface:

yAIA,n - KA,TL‘II’,I{Ln =0 (44>



3 Theory

33

Summations of mole fractions:
Dowan—1=) yan—1=) ah,—1=> yh,—1=0
A A A

Energy balances for bulks:

Fy Hy'' + Lo Hy o+ Qyf + = LnHy =0

Fy HyY 4 Vit Hyoy + Q= @y — VaHy =0

Energy balances for films:

qn —anO

(45)
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Table 3.1: Notation for rate-based column equations

Symbol Unit

Description

x - Mole fraction in the liquid phase
y - Mole fraction in the vapor phase
K - Equilibrium ratio between phases
N mol/(m?h) Interfacial molar flux

r 1/h Reaction rate

L mol/h Liquid flow rate

14 mol/h Vapor flow rate

F mol/h Feed flow rate

H J/mol Enthalpy

Q J/mol Heat input to stage

q J/mol Heat transfer rate

Subscripts

A Species A

n Arbitrary stage in absorber column
n—1 Stage above stage n

n+1 Stage below stage n
Superscripts

F Feed

f Film

I Interface

L Liquid

\%4 Vapor
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4 Methodology

This chapter describes the methodology used to develop and validate the Aspen Plus® model
of the promoted HPC absorption process. The purpose of the work was to extend an existing
unpromoted model with relevant promoter chemistry so that the BA and vanadium-promoted
absorption of COs could be represented in the model of the Stockholm Exergi BECCS pilot
plant.

First, the overall model setup and main assumptions are presented. Then, the implemented
kinetic and equilibrium reactions are described, followed by the methods used to account for
limitations in the available chemistry data, including the correction of the vanadium-related
rate constant and the treatment of the ionic contribution of boric acid. Lastly, the chapter

describes how the model was validated and tested against pilot plant data.

4.1 The Aspen Plus model
4.1.1 Model scope and development basis

The Aspen Plus® process simulation software models chemical processes based on user-
defined inputs such as stream conditions, operating parameters, and thermodynamic models.
In CO4 absorption applications, the software uses these inputs together with mass and energy
balances, reaction kinetics and equilibrium relationships of phases and reactions to simulate
the absorption and hydration of COs. This makes it possible to predict key process outputs
such as stream compositions, temperatures, COg capture performance, and energy duties
(AspenTech, 2022).

The modeling work in this thesis was limited to the absorption section of the HPC process,
since this is the part of the process where CO9 capture takes place and where the effect of the
promoters is most relevant. The aim was therefore to develop a detailed rate-based model
of the absorber that could describe the promoted absorption under conditions representative
of the Stockholm Exergi BECCS pilot plant. The vanadium and boric-acid-promoted model
was developed as an extension of an unpromoted model of the Stockholm Exergi BECCS pilot
plant, previously built and validated by Kéare Gustafsson, Industrial Doctoral Candidate at
KTH. The base methods and flowsheet were kept the same as for the unpromoted model.
The operating conditions were changed to match those used in the pilot plant tests with
the promoted solvent. This was done so that the model could later be validated against the

results of these tests.

4.1.2 Model flowsheet and absorber setup

Figure 4.1 shows the Aspen Plus flowsheet used to model the absorption section of the
Stockholm Exergi BECCS pilot plant. In the actual HPC process, COs is absorbed in a

packed column where compressed flue gas enters from the bottom and lean solvent enters
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from the top, creating counter-current contact between the phases. The Stockholm Exergi
pilot plant is designed to mimic the lower half of the planned full-scale absorber, rather than
the full absorption column. To represent this in Aspen Plus, two identical RadFrac columns

in series were used to approximate the two-section configuration of the pilot absorber.

COOLER1 ABSORB1

2—! FLUEGAST FLUEGAS? |

FGCOMP

CONDWA

ABSORB2

L=

Figure 4.1: Flowsheet of the Aspen Plus model used to represent the absorption section of
the Stockholm Exergi BECCS pilot plant. The model consists of two RadFrac absorber
columns in series, together with upstream flue gas compression and cooling, and solvent

cooling and feed streams.

The design specifications and operating conditions in the model were set to match those of the
pilot plant. Sulzer Mellapak " 250X structured packings were chosen as the columns’ internal
structures, as this was the closest match available to the MellapakCC" packing used in the
pilot plant. See Tab. 4.1 for all column design specifications, and Tab. 4.2 for the input
conditions of the streams entering the absorber. The gas stream was assumed to contain only

COg2, O2 and N, and neither the gas nor solvent streams were assumed to contain impurities.
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Table 4.1: RadFrac absorption column design specifications. Values set to match design
specifications of Stockholm Exergi BECCS pilot plant

Specification Value
Number of sections 2
Diameter 0.168 m
Height per section 10.06 m
Nr of stages per section™ 15
Stage height * 0.67 m
Absorber pressure
Top section 5.81 bar
Bottom section 5.91 bar
L/G 6.41 [kg/keg]
Packing Sulzer Mellapak 250X

* Number of stages is used by Aspen to discretize the height od the packed column

Table 4.2: Input conditions of the gas and liquid streams entering the absorber. Values set
to match input streams of Stockholm Exergi BECCS pilot plant

Stream parameter Gas feed Liquid feed
Flow rate 32.1 m3/h * 1547.3 kg/h
K2CO3 - 26.6 wt%
Solvent loading, 6 - 46.0 %

COs concentration 17 % -
Temperature 293.5 K 362.1 K
Pressure™* 6.0 bar 9.5 bar
Density 7.64 kg/m? 1250.0 kg/m?

* Actual volumetric flow rate, corresponding to 177 Nm? /h under normal conditions.

** Pressure before entering the absorber. Within the column, the liquid pressure will equi-

librate to the gas pressure. A higher pressure is used for the liquid feed in the pilot plant

because the absorber is at times operated at pressures up to 8 bar. No issues related to

flashing of CO2 during pressure equilibration at the top of the absorber have been observed.

4.1.3 Thermodynamic method and rate-based settings

As a base method the electrolyte activity model Electrolyte NRTL was used along with

the Redlich-Kwong EOS, as was suggested in a PC-solvent COs absorption example model

provided by AspenTech (2022). The liquid-side film resistance was modeled using the setting
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"Discretize film" with three discretization points, while "Consider film" was selected for the
gas phase. These settings ensure that reactions are only allowed to occur on the liquid side
of the interface, while accounting for resistance to mass and heat transfer in both films. The
reaction condition factor, which determines where within each section of the liquid film the
reaction rate is evaluated, was left at its default value of 0.5, corresponding to the midpoint
of each section. It was not necessary to specify separate enhancement factors for the film
reactions, as Aspen can model reactions occurring within the film and explicitly account for

the resulting enhancement of mass transfer (AspenTech, 2022).

4.1.4 Implementation of promoter species

Within the model promoting species were added to the lean solven in amounts corresponding
to those used in the pilot plant. Although the exact concentrations cannot be disclosed due to
confidentiality agreements between Stockholm Exergi and the promoter supplier, the values
are consistent with those reported as typical in the literature. In a real life plant, V405
would be added together with KOH in amounts resulting in a molar ratio of 1:2 vanadium to
potassium atoms. KOH is added to prevent a decrease in pH caused by reaction (15) (Mirzaei
and Babler, 2025). However, Aspen lacks many of the necessary properties of VoO35. In the
model, vanadium was instead added as HVOi_, with additional KT molar ratio of 1:2 to
maintain charge balance. This is stoichiometrically equivalent to adding equimolar amounts
of VoOg and KOH, provided that the number of vanadium atoms remains the same. BA
was introduced as B(OH); alongside an equivalent amount of K, as can be done in a real
life plant to enhance the absorption capacity and limit HKCOg precipitation (Mirzaei, 2026).
However, to simplify the model, precipitation of solids was not considered. Also, given the

operating conditions of the plant, precipitation is not expected to be an issue.

Accurate simulation in Aspen relies on a large number of component-specific parameters,
particularly in electrolyte and rate-based models where both thermodynamic and transport
properties must be described. When species are added manually rather than taken from the
original Aspen databank, some of these parameters may be missing or unavailable. It should
be noted that Aspen does not contain fitted IONMOB parameters for the manually added
ions B(OH),, HVOZ*, and HoVO, . The IONMOB parameter is used by Aspen to compute
ionic diffusivities in electrolyte mixtures, which are in turn used in the rate-based model
to calculate ionic transport within the liquid phase. When no IONMOB value is available,
Aspen instead applies a nominal default value and issues a warning that such default values
should not be used for ions. Consequently, the diffusivities and liquid-phase transport of these
promoter ions are associated with increased uncertainty compared to species with complete
databank parameters. The IONRDL parameter, which is related to the thermal conductivity
of the solvent mixture, was also missing for all the species added to the promoted model.

This introduces additional uncertainty to the temperature-related calculations of the model.
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In addition, Aspen did not contain any electrolyte pair parameters for the ions added specif-
ically to the promoted model: B(OH);, HVO?™ and HyVO,. This means that no values
were available for the Electrolyte NRTL pair parameters for interactions involving those ions.
These parameters are used by the Electrolyte NRTL model to describe short-range interac-
tions between ionic and molecular species in the liquid phase. As such, these parameters
influence the calculated activity coefficients. When these parameters are missing for a spe-
cific component, Aspen uses generic default values instead. For the parameters GMELCD
and GMELCE, the default values is 0, while GMELCN is set to 0.2. For GMELCC, Aspen
chooses the default depending on the type of pair considered: (8,—4) for water-solute pairs,

(10, —2) for solvent-solute pairs, and (0,0) for other pairs.

Because Aspen relies on default parameter values for the added promoter species, the repre-
sentation of their ionic interactions and liquid-phase transport is associated with additional

uncertainty. This should be kept in mind when interpreting the model results.

4.2 Implemented kinetic and equilibrium reactions

When building a rate-based model of the promoted absorption process all relevant reactions
and associated equilibrium and kinetic data must be added in the model. For the unpromoted
HPC absorption process the relevant reactions (2) - (7), and the necessary data were available
within Aspen, while the data for the promoter-associated reactions were taken from literature.
All equilibrium reactions (see Tab. 4.4) were added to the global chemistry to the model,
allowing the streams to the absorber at equilibrium. The kinetic reactions (see Tab. 4.3)

where added within the absorbers.

Reaction (3), i.e. the reaction between CO9 and OH™, is the rate determining step of the
unpromoted hydration of CO,. Because this step controls the overall absorption, it must be
described in the rate-based model using kinetic rate constants rather than an equilibrium
constant. Therefore, in the absorbers, this equilibrium was represented as two irreversible
kinetic reactions with different rate constants: one for the forward reaction and one for the

reverse.

When constructing the model, a choice had to be made as to whether the contribution of
BA should be represented according to the catalytic role proposed by Guo et al. (2011),
or according to the ionic effects suggested by Mirzaei (2026). The kinetic experiments of
Guo et al. (2011) were conducted at only 6.25 mM total boron, which is far below the
boron concentrations relevant to the present system. At such low concentrations, boron
speciation is expected to differ significantly from that in concentrated PC solutions, where
concentration-dependent effects such as polyborate formation may become important. In
contrast, the ionic contribution estimated by Mirzaei (2026) was derived from data at boron
concentrations closer to those used in the present model, and is therefore considered more
representative of the pilot plant solvent. Combined with the explanation provided by Mirzaei
(2026) for the plateau in the rate-enhancing effect of BA above 0.6 M, which the work of
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Guo et al. (2011) fails to describe, as well as the proximity of the work in both time and
place, which allowed for real-time discussion with the author, the final model was based on
the findings of Mirzaei (2026).

Nevertheless, in the interest of comparing the two approaches, a model incorporating the
BA-catalyzed COy hydration was also completed. The performance of this model was then
compared to that of the main model. According to Guo et al. (2011) the formation of a borate-
carbonate complex, reaction (12), is the rate determining step. This reaction therefore needs
a rate constant. The subsequent release of HCO3 and regeneration of the promoter, reaction
(13), as well as the buffering reaction (11) are considered fast equilibrium reactions, only
requiring equilibrium constants. As the borate-carbonate complex is not available within
Aspen the promoted reaction mechanism was modeled as one kinetic reaction, see reaction

(50), as was done in a previous work by Smith et al. (2012).

B(OH);~ + COy — B(OH)3 + HCO3~ (50)

Similarly, for the HVOi_—promoted COg2 hydration the formation of the vanadate-carbonate
complex, reaction (17) is considered the rate determining step and therefore needs a rate
constant. The subsequent release of HCO3 and regeneration of the promoter, reaction (18),
as well as the equilibrium between HVO?~ and HaVOj (reaction (16)) are considered fast

equilibrium reactions. These only require equilibrium constants.

There are two main limitations to the Aspen Plus software when introducing the vanadium
reactions. The first and most important being that there are very few vanadium speciations
available within Aspen, and the vanadate-carbonate complex is not one of them. Secondly,
the software does not allow the same specie, in this case HVO?{, to be both the reactant
and product of a reaction. This means that it was not possible to simply add reactions (17)
and (18) together to cancel out the intermediate, as was done with BA. To circumvent this
problem, four reactions were added together to form the kinetic reaction (51). These four
reactions are: Firstly, reaction (17) in which CO2 and HVO?{ reacts to form the vanadate-
carbonate complex. Secondly, reaction (18) in which this complex dissociates to release the
bicarbonate ion. Thirdly, the self-ionization of water. Finally, the reversal of the equilibrium
reaction reaction between HVO?~ and HoVO] (reaction (16)). The promoted specie HVO?™
was then considered to be regenerated though the fast forward reaction of the equilibrium
reaction (16). The rate constant for reaction (51) was taken as the rate constant for the first,

rate determining step.

HVO,%™ + COy + HyO — HyVO,~ + HCO3™ (51)

For both the BA- and vanadium-promoted reaction pathways, only the forward reactions
were considered. In the case of BA, the promoted reaction is cited in the literature as
being irreversible. Furthermore, under the absorption conditions considered here, CO» is

continuously replenished from the gas phase, which drives the promoted reactions in the
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forward direction. The reverse promoted reactions were therefore assumed to be negligible.

The reaction rates constants of the kinetic reactions are computed within the model using

the built-in power law expression given by Eq. (52):

k = kgffe_T%g (52)

where k is the reaction rate constant, k® is the pre-exponential factor, E, is the activation
energy, T is the absolute temperature and R is the gas law constant. See Tab. 4.3 fo all
kinetic reactions and associated E, and k° implemented in the model. Aspen then uses the
reaction rate constant k along with the concentrations of the reacting species, to calculate

the reaction rate, r, see Eq (53).

r = kILCY (53)
where C; is the concentration of reactant ¢, and «; is the stoichiometric coefficient of reactant
i.

Table 4.3: Parameters for modeling of temperature dependent kinetic reaction rates.
These reactions were only implemented within the absorber sections.

Reacti k%.10-12 E. Ref
eaction [m? / (mol-s)] 13 /mol] eference
COz; + OH™ — HCOg3
Solution not containing BA 43.2 55471 (AspenTech, 2022)
Including ionic contribution of BA 52.3 55471 Subsection 4.4
HCO3 — CO2 + OH™ 238000 123305 (AspenTech, 2022)
HVO;~ + COz + H,O — Hy VO, + HCO3
Top section 0.1072 35940 Subsection 4.3
Bottom section 0.0640 35940 Subsection 4.3
*B(OH); + CO; — B(OH)3; + HCO3 0.253 35800 (Thee et al., 2012)

* Not included in final model

The equilibrium constants of the equilibrium reaction were computed within the model using
the built-in expression given by Eq. (54):
B
In(Keq) = A+ T + Cn(T) (54)

where K., is the equilibrium constant, and A, B and C are used-supplied coefficients. See

Tab. 4.4 for all equilibrium reactions and associated coefficients.
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Table 4.4: Parameters for modeling of temperature dependent equilibrium reactions.
These reactions were implemented within the "GLOBAL" part of the model.

Reaction A B C Reference

HCO; = CO3~ + H+ 216.05 -12431.7 -35.4819 (AspenTech, 2022)
*CO2 + OH™ = HCOg 231.465 -12092.1 -36.7816 (AspenTech, 2022)
HO = OH™ + H* 132.899 -13445.9 -22.4773 (AspenTech, 2022)
H,VO; = HVO?™ + H* -14.999 -1738.06 0 (Imle et al., 2013)
B(OH)3 + H,O= B(OH); + H" 177.6 -10266.5 -28.9 (Guo et al., 2011)

* Modeled as two kinetic reactions within absorbers
The constants for all reactions unrelated to vanadium or boron species shown in Tab. 4.3 and
Tab. 4.4 were the same in the promoted and unpromoted model, except in the case where

the ionic contribution of BA to the reaction between CO9 and OH™ was included.

4.3 Correction of vanadium-related rate constant

As Aspen lacks most vanadium speciations, only HVOZ_ and HoVO, could be added within
the model. This means that Aspen will assume that all the added vanadium will be present
as HVOZ_ and HoVO, . The rate of the reaction between H\/Oi_ and COs is proportional to
the concentration of HVO?[, as given by Eq. (22), this will lead to Aspen overestimating this
reaction rate. In reality, given the loading range and total vanadium concentration relevant to
the HPC process, a significant fraction of vanadium atoms will be trapped as non-promoting
polyvanadates and vanadate-carbonate complexes (Mirzaei and Babler, 2025). Only a portion
of the vanadium atoms will be present as HVO?{. To account for this a factor XHVOi‘ was
introduced representing the fraction of the vanadium atoms present as HVOi_ as a function
of the total vanadium concentration, Cy, and the loading, 6, see Eq. (55). To simplify the
function the temperature and solvent strength were considered constant, as these are close
to constant within the absorber. As such, the function is valid for solvent strengths close to
26.6 wt% KoCOg3 and an average solvent temperature of approximately 360 K. The function
was fitted to values extracted from a comprehensive speciation model for carbonate-vanadate
systems developed by Mirzaei and Babler (2025).

Xivo,2- = 1.37 = 1.60Cy — 1.37- 10720 + 0.531C; + 9.73 - 107 °Cy 0 — 8.96 - 106> (55)

The factor Xyy,2- along with the factor accounting for the dependence of the reaction rate
on ionic strength, e8! calculated using Eq. (20) was multiplied with the pre-exponential factor
for infinite dilution, k7Y, presented by Mirzaei and Babler (2025) to compute a new, effective
pre-exponential factor, k:gf s S€e Eq. (56). The term accounting for the effect of ionic strength,
eBl was calculated outside the model and included in k:gf f- This was done because Aspen’s

Power Law expression uses reactant concentrations rather than activities when calculating
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the reaction rate. As a result, non-ideal ionic effects are not directly included in the kinetic
expression itself, but may still influence the calculated rate indirectly by effecting on species
concentrations and speciation. k:gf § was then used as the pre-exponential factor in the power

law expression within Aspen, Eq. (52).

kgf ¢ had to be calculated outside the model, because in a RadFrac column the only built-in
expression available in Aspen for kinetic reactions is for the power law expression given by
Eq. (52). Alternatively, a Fortran subroutine for user defined kinetics can be used, but that
was considered beyond the scope on this thesis. The the actual column, the loading and ionic
strength will vary along the column. However, as kgf 7 was calculated outside the model this
could not be taken into consideration. Instead, the average loading and ionic strength of the
inlet and outlets of each section were used. The effect of this approximation will be discussed

in section 5. See Table 4.5 for values used to calculate kgf 2

Table 4.5: Parameters used in the calculation of the effective pre-exponential factor.
Numerical values represent section-averaged values.

Top section Bottom section

6* [%] 55.4 69.1

Liquid flow rate [m3/h]  1.244 1.251

Cy [mol/]] 0.198 0.197

I [mol/m?] 10778 10405

B [m?3/mol] 6.11 -10~* 5.85 -10~*
Xﬁvoﬁ* 0.420 0.259

k% [s7!(mol/1)7] 1.702 -101* 6.402 -10'°

* Estimated average leaving the top and bottom section of the absorption column ** Calcu-
lated using Eq. (55)

4.4 Accounting for the ionic contribution of BA

As discussed in Section 4.2, BA was included in the final model through its ionic contribution
to the reaction between CO9 and OH™ rather than as a separate promoted reaction. This was
considered the more suitable approach for the boron concentrations relevant to the present
system. The ionic contribution of BA to the reaction rate between COs and OH™ is not
automatically accounted for by Aspen. Therefore, this effect had to be incorporated manually
into the model. This was done by extrapolating data from the supplementary information
accompanying the work of Mirzaei (2026). Based on this data, at a temperature of 358 K
and a BA concentration similar to that in the solvent, the reaction rate constant can be

expected to be approximately 21% higher than in a BA-free solution. As such, the original
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pre-exponential factor, k°, for the reaction between COy and OH™ was multiplied by a factor
of 1.21, before being implemented in Aspens power law, see Eq. (52) This calculation was
made outside the model. This approach comes with the limitation of not allowing the ionic
contribution, and therefore the impact of BA in the absorption rate, vary with varying BA

concentration.

In general, the magnitude of the ionic contribution of BA will depend on the BA concentration
in the solvent. No data was available for the exact BA concentration in the promoted solvent,
so a similar concentration was used as an approximation. Furthermore, due to the same lack
of data, the ionic contribution was kept the same when testing the model with varying BA
concentrations. Within the relevant BA concentration range the change in the rate of the
reaction between COy and OH™ with varying BA concentration was found by Mirzaei (2026)
to be minor. As such, this approximation was considered acceptable. Furthermore, any
ionic contribution to the reverse reaction was not taken into account. When conducting
the calculations, an average loading of 62.3% was used. This was considered an acceptable
approximation, as Mirzaei (2026) found the kinetic effect of BA to be relatively independent

of solvent loading.

4.5 Validation of model

After the promoted model was constructed it was validated against pilot plant data provided
by Stockholm Exergi. The model was tuned to match the measured gas stream temperature
and solvent loading between the absorber sections and in the outlet streams of the pilot,
shown in Tab. 4.6. The tolerance for the solvent loading was set to 0.005 loading units, and

the temperature tolerance was set to 0.1 temperature units.

The tuning was carried out using two tuning factors: Firstly, the vapor mass transfer coef-
ficient factor. This is a scaling factor for the mass transfer in the vapor (gas) phase, which
is multiplied with the vapor phase mass transfer coefficient predicted by Aspen. Secondly,
the heat transfer factor, which is a scaling factor for heat transfer within the absorber. The
heat transfer between the phases predicted by Aspen is multiplied by this factor. These
scaling factors allow Aspen to adjust the predicted mass and heat transfer rates so that the
model better reflects the actual performance of the pilot plant. The optimal values of the
tuning factors were found using Aspen’s Design Spec function. This function varies the tun-
ing factors until the simulated absorber outlet temperature and solvent loading matches the

experimental values as closely as possible.

The vapor mass transfer coefficient factor was chosen rather than the liquid mass transfer
coefficient factor, as varying the liquid-side factor was found to have little effect on the
absorption performance. This is characteristic for reactive absorption in the range of Hatta
numbers Ha > 3, where the reaction rate is greater than the diffusion rate. Under such
conditions, the absorption process becomes less sensitive to mass transport in the liquid

bulk, meaning that changes in the liquid-side mass transfer coefficient have relatively little
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influence on the overall absorption rate. A similarly small effect was found when varying the

interfacial area.

Table 4.6: Tuning targets for validation of promoted model

Parameter Between sections Outlet stream
Temperature [K] 324.9 351.1
Loading [%] 64.90 73.34

4.6 Post-validation analysis of model

After the model had been validated, an absorber report was compiled in Aspen Plus to obtain
information about mass transfer coeflicients within the absorber. Furthermore, profiles de-
scribing concentrations, flows and pressures within the absorbers were extracted to investigate

the effect of the promoters on pH and COq partial pressure.

Within the model, tests with only BA, only vanadium and neither promoter in the solvent
were conducted to investigate the effect of the promoters within the model and to compare
their isolated and combined performance with that of the two promoters in combination. It
should be noted that when the term "unpromoted model" is used in the following chapters,
it refers to the validated promoted model with the promoters removed from the solvent, and
should not be confused with the original unpromoted base model, for which slightly different
operating conditions and tuning factor values were used. This means that the heat transfer
factor, vapor mass transfer coefficient factor, and operating conditions were identical in the
promoted and unpromoted models, with the only difference being the absence of vanadium
and BA in the solvent.

Since no pilot plant data were available for cases where the promoters were used in isolation,
these cases could not be validated directly against experimental results. In addition, one test
with a changed temperature and one with a changed pressure were conducted for both the
promoted and unpromoted model. These tests were used to investigate how the promoters
affect the temperature and pressure dependence of the model, and to compare this with what

would be expected based on experimental pilot plant data.

The loading between the sections, as well as in the rich stream, was used as a measure of the
impact these variations had on the absorption performance. Loading was chosen because it
was also used during model tuning, making any deviation from the tuning target, i.e. the
experimental pilot plant data, easier to detect and evaluate when the promoter concentrations
were varied. It also gives a direct measure of how much carbonate has been converted to
bicarbonate, and therefore how much CO5 has been absorbed. To provide additional context
for the absorption performance of the unpromoted and promoted model, the COs capture

rate, defined as the fraction of incoming COs in the gas stream that was captured, was also
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calculated, together with the amount of COs captured per unit time. During these tests,
the mass flow, and thus the solvent strength, was kept constant by adding water to the lean
solvent. The promoter effects predicted by the model could then be compared with those
expected based on previous studies, allowing the limitations and assumptions of the model

to be evaluated.
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5 Results and Discussion

This chapter presents the main results from the developed Aspen Plus rate-based model and
discusses what these results indicate about the effect of BA and vanadium on CO4 absorption
both within the model and in the pilot plant absorber. Throughout this chapter, the term
model absorber refers to the Aspen Plus simulation, pilot plant absorber to the experimental

unit, and full-scale absorber column to the industrial-scale system.

The chapter starts with the validation results, before comparing the promoted and unpro-
moted cases and looking at how the model responds to changes in promoter concentration,
pressure and temperature. Lastly, the main limitations of the model and the most important

sources of uncertainty are discussed.

5.1 Results of model validation

Overall, the results show that it was possible to develop a rate-based Aspen Plus model of
the HPC COs absorption process including both vanadium and BA as promoters. Firstly,
the promoters could be implemented within the unpromoted base model. Secondly, by using
tuning factors, the model could be made to match the available data at the pilot plant
operating point in terms of the gas stream temperature and solvent loading as presented
in Table 4.6. This indicates that the model development and validation-part of the main
objective of this thesis was achieved for the specific pilot plant conditions the model was
validated against. However, how well the model represents the internal absorber behavior
and predicts performance under changed conditions is more uncertain, and is discussed along

with the actual result of the model prediction, in the following sections.

5.1.1 Comparison of tuning factors in unpromoted and promoted model

Table 5.1 shows the differences in tuning factors between the cases with and without promot-
ers in the solvent. The heat transfer tuning factor decreased in both sections of the absorber.
Interestingly, the vapor mass transfer coefficient was found to increase in the top section
while decreasing in the bottom section. Possible reasons for this difference will be discussed
further in Section 5.2. It should be remembered that the ‘top section’ here, and throughout
the rest of the report, refers to the upper section of the modeled lower-half absorber segment,

not the top of the full-scale column.
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Table 5.1: Tuning factors for validation of unpromoted and promoted model

Tuning factor Unpromoted Promoted Change

Vapor mass transfer coefficient
Top section 0.036 0.045 + 26 %

Bottom section 0.013 0.012 -9%

Heat transfer
Top section 3.085 1.585 - 48.6 %
Bottom section 3.076 2.9323 -245 %

As seen in Table 5.1, the change in both tuning factors was greater in the top section, indi-
cating that the effect of the promoters may be more pronounced there. This interpretation is
in agreement with previous studies which have shown that the most active promoter species,
HVO}, decrease in concentration with increased loading (Mirzaei and Babler, 2025; Nicholas
et al., 2014). This decrease is partly reflected in two ways in the model. Firstly, by the
HVOj species being disfavored in equilibrium with HoVO} at lower pH, as is the case in the
lower parts of the absorber column, both in the pilot plant and within the model. Secondly,
by the implementation of the effective pre-exponential factor, k:gf 2 which approximates the
effect of the formation of carbonato-vanadate complexes and polyvanadates at the expense
of HVO, . As can be seen in Table 4.5, this effect is most pronounced in the second sec-
tion, where the fraction of HVO, is expected to be lower. If carbonato-vanadate complexes
and polyvanadates had been included explicitly in the model, their effect could have been
accounted for with higher accuracy as this fraction would have been allowed to vary along
the column. It should be noted, that though the larger change in tuning factors in the top
section is consistent with the promoter effect being more pronounced there, the tuning factors

themselves should not be interpreted as direct physical measures of promoter activity.

The low vapor mass transfer coefficient factor seen in Table 5.1 may indicate that the model,
prior to tuning, overestimates the absorption performance. The need to significantly reduce
the vapor mass transfer coefficient means that the transfer of COs from the gas phase to
the liquid phase has to be effectively limited in order for the Aspen model to reproduce
the experimental results from the pilot plant. One possible explanation for this is that the
model overestimates the driving force for absorption in the vapor phase. This could be due
to the COq equilibrium pressure being underestimated, or the local gas-phase COs partial
pressure being overestimated before tuning. Since the combined BA- and vanadium-promoted
PC solution is relatively novel, and there is limited thermodynamic data available for this
system, it is reasonable to assume that Aspen may not be able to fully capture the COy VLE

of the solvent.

In addition to possibly overestimating the driving force for absorption in the vapor phase, the

model may overpredict or underestimate other factors that influence vapor-side mass transfer.
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One such factor being the effective gas—liquid contact area. This area could differ between
the model and the pilot plant due to differences between the MellapakCC packing used in
the real plant and the Sulzer Mellapak 250X packing available within Aspen. Additionally,
inaccuracies in the representation of interfacial phenomena, such as wettability or liquid
holdup, could affect the available mass transfer area. While gas-phase diffusion of COs is
generally well understood and less likely to be a major source of error, simplifications relating

to hydrodynamics or flow regimes made by Aspen could still contribute to deviations.

The promoter chemistry does not seem to be the main cause of the very low vapor mass
transfer coefficient factor, as both the unpromoted and promoted model require a vapor mass
transfer coefficients factors of the magnitude 1072, This suggests that the HPC process base
model overestimate the absorption performance of the pilot plant to begin with. It should also
be kept in mind that much of the literature used for the equilibrium and kinetic data as well
as for evaluating the result comes from lab-scale kinetic experiments. In such experiments,
it is possible for conditions to be close to ideal. In a packed pilot absorber, however, process
conditions such as hydrodynamics, interfacial area, wetting, and gas-phase transport can have
a much larger impact on the overall absorption rate. As such, in a real absorption column,
it is challenging to achieve ideal process conditions. The need for such a pronounced tuning

factor might therefore partly reflect this.

The magnitude of the tuning factor may have implications when evaluating the effect of
promoters that influence the reaction rate, in this case mainly vanadium. As discussed
above, if the vapor-phase mass transfer coefficient factor is strongly reduced during tuning,
the absorption will become increasingly limited by vapor-side transport rather than by the
liquid-phase reaction rate. As such, changes in the reaction rate could have a smaller effect
on the predicted absorption performance than would otherwise be expected. To avoid this, a
different tuning strategy could be used, where the deviation between model and experiment
is accounted for in another way. This was considered outside the scope of this thesis due to

time constraints, but could be explored in future work.

5.1.2 Resistance to mass transfer within absorber

Within the model, the dominant resistance to mass transfer was found to be in the vapor
phase. This is apparent when comparing the binary mass transfer coefficients for CO9 and the
other components in the vapor and liquid films. When the tuning factors for both phases were
set to the same value of 0.1 as a test, the liquid mass transfer coefficient was approximately
40 times larger than the vapor coefficient. Though a value of 1 for both factors would have
been more intuitive, it was not possible to get the model to converge in this case. It should be
noted that the liquid and vapor mass transfer coefficients compared here are Aspen’s binary
mass transfer coefficients used internally in the rate-based model correlations, and not the
gas- and liquid-side mass transfer coefficients used in Eq. (24) and Eq. (25). The binary

coefficients reported by Aspen are expressed in the same units (kmol/h) for both phases.
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Aspen combines these coefficients with molar density and interfacial area internally when
calculating mass transfer rates. In contrast, the coefficients in Eq. (24) and Eq. (25) are
based on different driving-force formulations in the vapor and liquid phases and therefore have
different units. Aspen’s binary coefficients are instead diffusivity-based transport coefficients

used internally in the rate-based calculations.

The large difference in the mass transfer coefficients of the two phases could explain why
the vapor binary mass transfer coefficient could be used effectively to tune the model, while
changes to the liquid binary mass transfer coefficient had only a minor effect on the predicted
absorption performance and could therefore not be used for tuning. During validation, the
vapor mass transfer coefficient factor converged to a value well below 1 for both the unpro-
moted and promoted model. This made the difference between the two phases even more
pronounced. As a result, in the validated model the liquid phase mass transfer coefficient is

approximately 1000 times greater than the vapor phase mass transfer coefficient.

The resistance to mass transfer within the model can be interpreted in terms of the enhance-
ment factor, F, described in more detail in Section 3.2. Although F is not explicitly defined
within the model, it can still be viewed as representing the effect of the chemical reaction on
mass transfer in the liquid phase. The reaction enhances mass transfer in the liquid phase,
effectively increasing the liquid-phase mass transfer coefficient and thereby increasing the

overall mass transfer coefficient, K, see Eqgs. (34)-(38).

If the Hatta number given by Eq. (35) is used as an approximation for E in Eq. (34) and
substituted into Eq. (25), the liquid phase mass transfer coefficient, k;, is eliminated from the
equation resulting in an expression independent of k;, when Ha > 3, which can reasonably be
assumed for the present system. Although the k; term in these equations is not identical to
Aspen’s liquid binary mass transfer coefficient, the same general behavior likely still applies.
It can therefore be speculated that the vapor-phase resistance becomes dominant because the
reaction-enhanced mass transfer in the liquid phase makes the liquid-side resistance much

smaller in comparison.

5.2 Comparison of promoted and unpromoted model

To evaluate the effect of the promoters, the validated promoted and unpromoted models were
compared under the same operating conditions. The comparison considers both the overall
absorber performance and the differences in the predicted reaction and mass transfer behavior
within the column. Since the model was validated primarily against outlet loading and
temperature of each section, the internal concentration profiles and reaction trends within the
model absorber discussed in this section should mainly be interpreted as qualitative model-

based indications rather than directly validated descriptions of the pilot plant absorber.

The internal model results are mainly presented as functions of loading rather than column

stage. This was chosen because changes in loading is more directly connected to the local
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absorption performance and reaction conditions along the height of the column, making
trends in species concentrations and COs partial pressure easier to interpret. This is also

consistent with the use of loading as a main parameter for evaluation throughout the thesis.

5.2.1 Overall effect of promoters on absorber performance

Table 5.2: Comparison of absorber performance predicted by promoted and unpromoted

model. Loadings are shown for the lean stream, the stream between absorber sections, and

the rich outlet stream. Captured amount and capture rate are based on COs mass flows in
the flue gas stream and pure gas stream

Loading [%)] Overall performance

Lean Between Rich Captured CO, Capture rate
Modeled case

stream sections stream [kg/h] [%0]
Promoted 46.0 64.94 73.37 35.95 60.3
Unpromoted 46.0 62.49 69.71 31.24 52.4

The absorption performance predicted by the promoted and unpromoted model are shown
in Table 5.2. As expected, the fully promoted solvent gave better absorption performance
than the unpromoted case. The difference in performance between the two cases is also more
pronounced in the top section of the absorber. In the top section, the loading increases by
almost 19 percent units in the promoted solvent, 2.5 percent units more than the unpromoted
solvent. In the bottom section the loading increases by 8.4 percent units in the promoted

solvent, 1.2 percent units more than the unpromoted solvent.

The promoters having a greater effect in the top section is consistent with the earlier discussion
in Section 5.1, where the change in tuning factors suggested the promoter effect to be stronger
in the top section of the absorber. This will likely have implications when the effect of the
promoters predicted by the model is evaluated in the context of a full-scale BECCS plant.
Since the model absorber is based on pilot plant data, which only represents the lower half
of the full-scale absorber column, the full effect of the promoters may not be fully reflected
in the model absorber results of this thesis. Both previous studies and the model indicate
that the promoters will likely be more active further up the height of the full-scale absorber
column, where the driving force for absorption is lower (Field, 1975; Mirzaei and Babler,
2025). This means that high promoter activity further up the height of the column could be
extra beneficial, as it would help maintain the absorption rate where the process is probably
the slowest. This suggests that the promoters may have the most effect in the upper part of
the full-scale absorber not included in the model absorber. As such, if the model had been
of the upper part of the full-scale absorber, the promoters may have been predicted to have

an even greater impact on the absorption performance.

Although the difference in loading between the promoted and unpromoted case might seem
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small, the effect on the overall absorber performance is more noticeable when looked at in
terms of captured COs mass flow. When comparing the values presented in Table 5.2 the
promoted model is predicted to capture 4.71 kg/h more COgy than the unpromoted model,
which corresponds to an approximately 15% increase in amount of COy captured. In a full-
scale BECCS plant this increase would translate into substantially more COs captured per
year, or the possibility of reducing the equipment size and thereby lowering the operational

cost of the plant.

Since the model only represents the lower part of the full-scale absorber, and the promoters
may be more active higher up in the column, the real improvement in a full-scale plant is
likely to be greater than the 15% predicted by the model. Even so, these results show that the
model predicts the combined use of BA and vanadium as promoters to substantially improve
the COo HPC absorption process.

5.2.2 Effect of promoters on dissolved CO; in the liquid phase

The difference in the performance of the promoted and the unpromoted case can also be seen
when examining the concentration of dissolved COg in the liquid bulk along the absorber.
The concentration of dissolved CO4 will be very low compared to carbonate and bicarbonates.

Still, the CO9 concentration gives an indication of the extent the hydration reaction.
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Figure 5.1: Concentration of dissolved molecular CO3 in the liquid phase as a function of
loading in the promoted and unpromoted solvent.

Fig. 5.1 shows that the concentration of dissolved COs in the liquid phase is significantly
lower in the promoted solvent than in the unpromoted solvent throughout the absorber. The
slightly different slopes and spacing between the data points (column stages) in the lower
and upper parts of the loading range are caused by the transition between the bottom and
top absorber sections. Different mass transfer tuning factors were used in the two sections in
order to match the model to the pilot plant data. The higher tuning factor in the top section
resulted in faster gas phase mass transfer, allowing more CO2 to be hydrated at each stage

in this section.



5 Results and Discussion 53

The discontinuity between the eighth and ninth data point in both cases is also due to the
switch between the top and bottom section of the absorber. Within the model, equilibrium
has time to set in the stream between the sections. This results in a higher CO5 concentration
as the solvent enters the bottom section, than when the solvent left the top section. In the
pilot plant, it is not necessarily the case that equilibrium has time to set in between the
sections. As such, the discontinuity observed in the model is likely not representative of the
real system, but rather a result of the base model architecture. The difference is smaller in
the promoted model, but may lead to an underestimation of the absorption performance in
the bottom section of the unpromoted model. This is because the higher COs concentration
entering the bottom section reduces the driving force for absorption. As this issue was
identified very late in the thesis timeline and originates from the base model, it was considered

outside the scope of this work to address it further.

The lower concentration in the promoted solvent seen in Fig. 5.1 is expected, and depicts
the main effect of absorption coupled with chemical reaction. As the promoters increase
the reaction rate, dissolved COs5 is consumed more quickly in both the liquid film and the
bulk liquid. This lowers the bulk concentration of dissolved CO2 meaning the concentration
difference between the interface and the bulk becomes larger, increasing the liquid-side driving
force for absorption. According to Fick’s law this leads to faster mass transfer. It should
be noted though, that this comparison of the promoted and unpromoted model is based on
internal model variables rather than directly measured quantities. As such, this result should
mainly be regarded as a qualitative indication of how the model represents the effect of the

promoters.

For both cases, the concentration of dissolved COs increases toward the lower part of the
absorber, though the effect is very small in the promoted model. This is expected, as the
solvent loading increases toward the lower part of the absorber. At higher loadings, a larger
fraction of the reactive OH™ in the solvent has already been consumed by absorbed COg, i.e.
the pH is lower. This disfavors the hydration of COs meaning dissolved COq9 will build up
to a higher concentration in the liquid phase. The concentration increase is much smaller in
the promoted case, showing that the promoted solvent is better able to maintain a low bulk

CO3 concentration throughout the column by facilitating faster CO2 hydration.

However, these results should be interpreted with caution, as the drop in dissolved CO» con-
centration in the promoted model is more pronounced and rapid than expected. This suggests
that the model may overestimate the reaction rate enhancement caused by the promoters. As
discussed in section 4.1.4, Aspen does not contain fitted IONMOB or electrolyte pair param-
eters for the manually added promoter ions. This means that both the mass transport in the
liquid phase and the activity coefficients of these ions are described in a simplified manner.
This may lead to an overestimation of how quickly the promoter ions can move and react
in the liquid film, and therefore also to an overestimation of the liquid-side driving force for

absorption due to an unrealistically low bulk COs concentration. The absolute values should
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therefore not be interpreted as quantitatively reliable. Still, the results do indicate the ex-
pected qualitative effect of the promoters. That is, they help maintain a lower dissolved CO4
concentration throughout the absorber by increasing the rate at which COs is hydrated in
the liquid phase. In turn, this increases the driving force for absorption, which enhances the

overall absorption rate.

5.2.3 Effect of promoters on OH™ concentration profile

Since the absorption process is sensitive to the concentration of OH™, and thereby the pH, it is
relevant to compare how this concentration changes when the promoters are added. Fig. 5.2
shows that the OH™ concentration in the promoted solvent is lower than in the unpromoted
solvent at the same loading. This is expected due to the acidic nature of the vanadium-
promoted reaction system, which results in the net production of H3O™ and thereby lowers the
pH. See reactions (51) and (16). As described in Section 2.7, a lower pH is generally expected
to have a negative effect on absorption performance. However, despite this drawback, the
kinetic enhancement provided by vanadium still appears to make its addition worthwhile,

both in the model and in practice.

2 Mo,

® Promoted

[OH-] (mmol/l)

Unpromoted

45 50 55 60 65 70 75
Loading (%)

Figure 5.2: OH™ concentration as a function of loading in the promoted and unpromoted
solvent.

Interestingly, the slope of the OH™ concentration profile is steeper in the unpromoted system.
This may be due to the buffering effect of BA. As OH™ is consumed, some of this is partly
compensated for by the leftward shift of the equilibrium between BA and B(OH), , reaction
(11). As such, the less steep slope of the OH™ concentration profile in Fig. 5.2 could be an

indication that the model is, at least to some extent, reflecting the buffering effect of BA.

5.2.4 Effect of promoters on CQOy partial pressure

As shown in Fig. 5.3, the partial pressure of COs is lower above the promoted solvent
than above the unpromoted solvent at the same loading. This is likely due to the faster
conversion of dissolved molecular COs in the promoted solvent. This means the concentration

of molecular COs in the liquid phase will remain lower, as shown in Fig. 5.1. With less
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molecular CO4 available in the liquid phase, the equilibrium between dissolved and gaseous

CO2 will result in less CO2 in the gas stream as well.
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Figure 5.3: Partial pressure of CO3 in the column as a function of loading in the promoted
and unpromoted solvent.Each data point corresponds to one stage in the absorber column.

The lower partial pressure of COs in the promoted model may also help explain why the vapor
mass transfer coefficient factor increased in the top section of the absorber in the promoted
case (see Table 5.1). Since the gas-phase COqy partial pressure above the promoted solvent
is already lower in this region, the effective driving force for absorption may be reduced
compared with the unpromoted case. Aspen would therefore need less compensation through
a reduction of the vapor-side mass transfer coefficient, which is consistent with the higher

tuning factor in the top section.

As opposed to the top section, the vapor mass transfer coefficient factor was found to be
lower in the bottom section in the promoted model. This implies that Aspen needs to limit
the interfacial mass transfer more in the promoted solvent than the unpromoted solvent in
the bottom section, despite the lower partial pressure of COs. This could be due to the
significantly higher CO2 concentration in the bottom section of the unpromoted model, as
shown in Fig. 5.1, which would translate to a lower driving force for absorption in the liquid
phase of the unpromoted model. This could mean Aspen needs to tune down mass transfer
less though the use of the the vapor mass transfer coefficient factor, in order to match the

pilot plant data.

5.3 Relative contribution of vanadium and BA

The effect of including or excluding each promoter on the solvent loading in the middle of
the absorber and in the rich stream is shown in Table 5.3. When the isolated promoters
are compared, it is evident that vanadium is predicted by the model to have the stronger
promoting effect. The contribution of BA is predicted as much smaller. Both of these results

are in line with what would be expected based on previous studies.
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Table 5.3: Effect of BA and vanadium on absorber performance predicted by the model.

Loadings are shown for the lean stream, the stream between absorber sections, and the rich

outlet stream. Captured amount and capture rate are based on COy mass flows in the flue
gas stream and pure gas stream. Fully promoted and unpromoted cases are included for
reference, and the values of these loadings are the same as those presented in Table 5.2

Loading [%)] Overall performance

Lean Between Rich Captured CO; Capture rate
Modeled case

stream sections stream [kg/h] [%]
Only V 46.0 64.92 73.35 35.93 60.27
Only BA 46.0 62.45 69.62 31.12 52.19
Promoted 46.0 64.94 73.37 35.95 60.3
Unpromoted 46.0 62.49 69.71 31.24 52.4

Interestingly, when only BA was included, the model predicted a marginally poorer perfor-
mance than for the unpromoted solvent. The difference in captured amount was small: -
0.12 kg CO9/h. If such an effect was to be observed in a real plant, it could be explained
by the slight reduction in absorption capacity at higher loadings found by Mirzaei (2026).
However, a more likely explanation in the context of this model is the slightly lower OH™
concentration in the BA-promoted case, which would reduce the rate of the reaction between
CO2 and OH™. This is likely a consequence of reducing the other solvent components to
make room for B(OH); while keeping the total mass flow constant. The difference in OH~
concentration is small, but so is the difference in absorption performance. The ionic contri-
bution of BA to the reaction between CO2 and OH™ is included in the model, but it seems
not to fully compensate for the lower OH™ concentration. This interpretation of the results
was supported by an additional test in which the ionic contribution was removed from the
model. In that case, the rich stream loading of the BA-promoted solvent decreased by 0.5
percentage points, showing that the ionic contribution does have an effect, but not one large

enough to fully compensate for the loss of OH™.

At the same time, the comparison between the vanadium-only and fully promoted solvent
indicates that BA does have a minor positive effect in the model. If this had not been the
case, the solvent containing only vanadium would be expected to perform better than the fully
promoted case, which is not what the results show. Instead, the model with both promoters
performed slightly better than the case with only vanadium. Since the OH™ concentration
is slightly lower in the fully promoted case than in the vanadium-only case, this difference is
unlikely to be caused by OH™. Rather, it is likely the effect of the overall reaction rate of
COg being slightly lower in the vanadium-promoted solvent due to the exclusion of the ionic
contribution of BA.

Evaluating the impact of the two promoters also highlights an important difference between

them from a modeling perspective. Representing the absorption enhancement provided by
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vanadium is relatively straightforward, given that the approximation of k:gff is accepted.
On the other hand, the absorption enhancement mechanism of BA is considerably more
uncertain, to the point that it is still debated in the literature. Furthermore, the BA-related
model parameters are based on extrapolation of limited data from a single study. Even though
the source is considered credible, this inevitably introduces a higher level of uncertainty as
to the influence of BA on absorption behavior predicted by the model. As such, the model

does not have as strong a theoretical basis in the case of BA, as compared to vanadium.

Furthermore, based on the available information, it is possible that the model does not fully
capture the effect of BA. By acting as a buffer and stabilizing the solution pH, BA will help
maintain vanadium in its active species, HVO?[, by limiting shifts in speciation otherwise
caused by a drop in pH. In the model, the reduced concentration of H\/Oi_ is approximated
through the factor XHVOi‘? but this factor is based on data from a study where BA was not
present in the solvent. If BA had been included in that study, the approximated value of
XHVOi‘ would possibly have been higher at the same loading and vanadium concentration, as
this factor, among other factors described in section 2.10, depends on pH. This would probably
have resulted in better promoting performance and if so, made the beneficial effect of BA on
vanadium promotion more pronounced. In other words, excluding the interaction between
BA and vanadium may cause the model to underestimate the positive effect of BA, especially
at higher loading where the loss of HVO?L_ becomes more important. The significance of
interaction between the promoters is further supported by the synergistic effect suggested by
Field (1975).

Another important point is that one of the main benefits of BA in an HPC process is not
relevant within the loading range represented by this model. As discussed in the background
section 2.9, BA increases the buffering capacity by shifting the lower limit of the buffering
zone to lower loading, see Fig. 2.5, which allows the solvent to be regenerated to 8 < 0
during reboiling. This increases the operating loading range and thereby the net absorption
capacity of the process. However, in the present model the lower section of the absorber
is simulated, and the entering solvent already has a loading of 46%. This means that even
if the solvent had been regenerated to 8 < 0 before entering the top of the full absorber,
that effect would not be visible within the part of the column represented here. As such,
a significant positive effect of BA is not expected to be strongly reflected in this model.
Moreover, this particular benefit is likely of limited practical relevance in an industrial context,
since continuous full-scale operation rarely involves solvent loadings close to or below zero.
In practice, the solvent entering the absorber typically has a much higher loading, meaning
that the extended buffering capacity at very low loadings is unlikely to have a significant

impact on overall process performance.
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5.4 Effect of varied vanadium concentration

As can be seen in Table 5.4 and Fig. 5.4, a higher total vanadium concentration results in
higher loadings of the rich stream, and vice versa. This is expected, as the vanadium-promoted
reaction rate is proportional to the concentration of the reacting species, see Eq. (22). How-
ever, the effect is clearly non-linear. A large increase in loading is predicted by the model
already at low vanadium concentrations, while the effect of adding more vanadium becomes
progressively smaller. In other words, the model predicts a strong initial promoting effect, fol-
lowed by a saturation in absorption performance as the vanadium concentration is increased
further. Most of the total increase in rich loading between the unpromoted and fully pro-
moted cases is already achieved by 20% of the baseline vanadium concentration, indicating

that the marginal benefit of further vanadium addition is limited within the present model.

Table 5.4: The effect of varying the amount of vanadium in the solvent. Percentages
represent fraction of vanadium added as compared to the main model. Average CO-
reaction rate includes both vanadium-promoted and unpromoted reaction.

5% V 20% V 50% V 100% V.  150% V

Loading |%]

Rich stream [%)] 72.32 72.90 73.14 73.37 73.46
Between sections [%] 64.28 64.65 64.79 64.94 64.99
Xnvo,2-
Top Section 0.60 0.57 0.51 0.42 0.34
Bottom Section 0.41 0.39 0.34 0.26 0.19
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Figure 5.4: The effect of varying the vanadium concentration on the rich stream loading.
Percentages represent the fraction of vanadium added compared to the main model.

The limited effect of increasing the vanadium concentration above the baseline value can

partly be explained by the change in Xyy,2-. At a higher total vanadium concentration,
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a greater fraction of the vanadium will be present as polyvanadates and vanadate-carbonate
complexes, leaving a smaller fraction as the promoting HVOi_. Because of this, a somewhat
reduced effect of increasing the vanadium concentration above the baseline value can be
expected. However, when the Xyy,,2- -factor was first introduced in the model, the impact
on absorption performance was limited, with the rich-stream loading decreasing only slightly,
from 73.50% to 73.37%. This can be compared to the work by Mirzaei and Babler (2025) in
which the overall mass transfer coefficient was found to be almost 40 % lower at a loading
of approximately 60 % compared to a loading of approximately 45 %, under similar process
conditions as in the model. In theory this should translate to a greater impact on absorption
performance than what is predicted by the model. As such, the absorption enhancing effect
almost reaching its peak at 20% of the baseline vanadium concentration is unlikely to be
explained by changes in Xyy,2- alone, and suggests that additional factors influence the

absorption behavior in the model.

A possible explanation for the relatively small impact of increasing the vanadium concen-
tration above around 20% is that the low vapor-phase mass transfer coefficient used in the
tuned model makes the absorption more strongly vapor-side limited. In the unpromoted sol-
vent, dissolved COg can accumulate because the reaction with OH™ is relatively slow. When
vanadium is added, even at a low concentration, this dissolved CO5 is consumed much more
quickly through the promoted reaction pathway, which lowers the COs concentration in the
liquid and increases the driving force for absorption. However, because the vapor-side mass
transfer is already strongly restricted in the tuned model, the additional CO2 may not be
supplied to the interface much faster. Consequently, once some vanadium is present, further
increases in the liquid-phase reaction rate could have a smaller effect on the overall absorption

performance than would be expected from experiments and kinetic data alone.

The missing parameters for the vanadium species may further enhance the early saturation
of the promoting effect predicted by the model. If the transport of HVOZ* and HaVO,
is effectively overestimated due to the missing IONMOB parameter, the model may allow
vanadium to diffuse too easily through the liquid film. This would reduce any transport
limitation on the promoter species, making vanadium readily available to react with CO»
even at low concentrations. In addition, the missing electrolyte pair parameters mean that
the activity coefficients of the vanadium species are described using generic default values,
which could also be affecting the calculated reaction rate. If this causes the effective reactivity
of HVOZ_ to be overestimated, the model will predict that even a small amount of vanadium is
enough to rapidly reduce the dissolved CO2 concentration. This would make the promoting
effect appear to level off earlier than would be expected physically. Taken together, this
suggests that the model likely captures the qualitative trend correctly, but overestimates how

quickly the full promoting effect is reached as the vanadium concentration is increased.

Another possible factor that might yield a minor additional uncertainty to the results is the

use of section-averaged values for loading and ionic strength in the calculation of kgf Iz This is
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a simplification, and may reduce the sensitivity of the model to changes in vanadium concen-
tration. In reality, the speciation and promoting activity of vanadium will vary continuously
along the column, and this variation might be more pronounced than what is captured by

the section-averaged approximation.

The difference in absorption performance between the vanadium-promoted model and the
vanadium-free model, is more pronounced than when the amount of vanadium is varied.
This is reasonable, as previous studies have shown vanadium to have a promoting effect, even
at relatively low concentrations. It should be noted that these studies do not include BA.
Though, as BA was shown to have only a small additional rate-enhancing effect, both within
the model and in previous studies, the improved absorption performance can still reasonably

be attributed mainly to vanadium.

5.5 Effect of varied BA concentration

Table 5.5: The effect of varying the amount of BA in the solvent when including
BA-promoted CO5 hydration and when inducing ionic contribution of BA to unpromoted
CO2 hydration. Percentages represent fraction of BA added as compared to the main model.

50% BA 100% BA 150% BA

BA-promoted reaction
Loading between sections [%)] 64.93 64.94 64.94
Loading rich stream [%)] 73.37 73.37 73.38

Ionic contribution of BA
Loading between sections [%] 64.93 64.94 64.94
Loading rich stream [%] 73.37 73.37 73.38

Table 5.6 shows that varying the BA concentration has only a very small effect on the pre-
dicted absorption performance, both when applying the BA-promoted reaction proposed by
Guo et al. (2011) and when applying the constant ionic contribution estimated from the data
of Mirzaei (2026). For both approaches, the loading between sections and in the rich stream
changes only marginally across the tested concentration range of 50-150% BA. Based on the
values shown in Table 5.6, the two approaches give practically identical results. It is reason-
able that the two approaches produce similar results within the relevant BA concentration
range, as the main limitation of the Guo et al. (2011) model, namely that it predicts the
reaction rate to continue increasing with increasing BA concentration, is not significant in
this range. This limitation is expected to become more important at higher boron concen-
trations, particularly above approximately 0.6 M, where the reaction rate has been found to
no longer increase with increasing BA concentration (Mirzaei, 2026). The similar absorption
performance predicted by the model within the relevant concentration range supports the

approximation of treating the BA effect as a constant ionic contribution in this thesis.
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Table 5.6: The effect of varying the amount of BA in the solvent when including
BA-promoted CO4 hydration and when inducing ionic contribution of BA to unpromoted
CO2 hydration. Percentages represent fraction of BA added as compared to the main model.

50% BA 100% BA 150% BA

BA-promoted reaction
Loading between sections [%)] 64.93 64.94 64.94

Loading rich stream [%)] 73.37 73.37 73.38

Ionic contribution of BA
Loading between sections [%)] 64.93 64.94 64.94
Loading rich stream [%)] 73.37 73.37 73.38

It should also be noted that the same missing parameters discussed previously for the vana-
dium ions are also missing for B(OH),, i.e., the IONMOB parameter and the electrolyte
pair parameters. This will likely also affect the predicted behaviour of the borate species.
However, since BA is expected to have only a minor effect on the absorption performance
within the relevant loading range, and this is also in line with what is predicted by the model,
the missing parameters do not appear to have as dramatic an effect for BA as for vanadium,
see section 5.4. Of course, it cannot be known whether this limited effect is what would still

be predicted if Aspen were not missing these parameters.

The limited effect of BA presented here is also consistent with the results in Table 5.3, where
BA alone was found to have little effect on the predicted absorption performance even when
vanadium was excluded. This suggests that the small effect of varying BA is not mainly
because the vanadium promotion dominates the model response, but rather that BA itself is

predicted to have only a limited impact under the conditions represented in the model.

5.6 Pressure and temperature sensitivity of model

As discussed in section 5.4, the results of varying the concentration of vanadium suggested
that the promoted model may be insensitive to changing operating conditions. This was
indicated by the predicted absorption performance changing less with changing conditions
than would be expected. A similar tendency is seen when varying the absorber pressure and

lean solvent temperature, as shown in Table 5.7.
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Table 5.7: Effect of reduced absorber pressure and reduced lean solvent temperature on
the predicted rich-stream loading in the promoted and unpromoted models.

Baseline Pressure Temperature
conditions change change
Pressure in absorber [bar| 5.9 4.9 5.9
Lean Temperature [K] 362 362 342
Loading rich stream |%]
Unpromoted 69.71 68.91 67.31
Promoted 73.37 73.31 73.73

For the promoted model, both the pressure and temperature changes have only a small ef-
fect on the predicted rich-stream loading. The response of the unpromoted model on the
other hand is more pronounced, with both reduced pressure and reduced temperature low-
ering the predicted rich-stream loading. This is in line with what would be expected based
on both general absorption theory. Experimentally, the absorption performance was found
to be pressure and temperature sensitive for both the promoted and unpromoted solvents.
Therefore, the weak response of the promoted model seems somewhat unrealistic, or at least
weaker than would be expected based on both general absorption theory and the available

pilot plant observations.

Theoretically, and in practice, lowering the total absorber pressure lowers the operating
partial pressure of COs in the gas phase, thereby reducing the driving force for absorption by
decreasing the difference between the operating and equilibrium COq partial pressures. This
should lessen the absorption performance. A possible explanation for this not being the case
within the promoted model is that the reaction rate of the promoted reaction may be too
fast, as discussed in Section 5.2. This could be related to the very low bulk concentration
of dissolved COg predicted for the promoted model, as shown in Fig. 5.1. If the promoted
hydration of dissolved COq is too fast, the COs that does enter the liquid phase might be
consumed almost immediately, even at a lower total pressure. As a result, the model may
continue to predict a large concentration gradient in the liquid phase, maintaining a relatively
high absorption driving force despite the lower operating COq partial pressure. This could

contribute to the promoted model appearing less pressure-sensitive than expected.

The insensitivity of the model may also be related to the missing IONMOB and electrolyte
pair parameters for the added vanadium species. If the transport of HVOZ_ and HoVO, is
overestimated due to the missing IONMOB parameter, the model may be underestimating
the mass transport limitation of the promoted reaction. In addition, the missing electrolyte
pair parameters introduce additional uncertainty in the predicted non-ideality of the solvent.
This may affect both the reaction rate and the calculated COq equilibrium partial pressure.

As shown in Eq. (39), the equilibrium partial pressure depends on the activity coefficient of
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dissolved COs, which is related to the non-ideality of the solvent. If Aspen does not have
electrolyte pair parameters for all ions in the solvent, this non-ideality cannot be predicted
as accurately. This introduces additional uncertainty in the calculated COs equilibrium
partial pressure, which in turn affects how the system responds to changes in pressure and

temperature.

The weak temperature sensitivity may have a similar explanation. If the mass transport of the
promoter species is already effectively overestimated, lowering the temperature would have
less of a negative impact on their movement and distribution than it should. This could make
the promoted absorption remain highly effective even at the lower temperature. Interestingly,
the promoted model predicted a slight increase in loading when the temperature was lowered.
This differs from the unpromoted model, where lower temperatures instead corresponded
to lower loading. Although the difference was small, this result further indicates that the
temperature dependence of the promoted reaction system is not fully captured by the model.
A possible explanation is that lowering the temperature affects different parts of the system
in opposite ways. Lower temperatures generally reduce reaction rates, see Eq. (52), and
diffusional transport, while at the same time, in accordance with Le Chatelier’s principle,
favoring exothermic absorption reactions such as the reaction between CO2 and OH™. It is
therefore possible that the model captures the thermodynamic benefits of lower temperature
more strongly than the negative effects on promoter transport and reaction kinetics, resulting

in a small net increase in loading.

It should be noted that a slight increase in loading at lower temperature was also indicated
by one of the pilot plant measurements. However, since this observation was based on only a
single operating point, it should be interpreted with caution. Nevertheless, this could indicate
that the behavior predicted by the promoted model, though unexpected based on theory, is

not entirely unrealistic.

Temperature enters both the activity coefficient calculations and several transport-related
correlations. Since fitted electrolyte pair parameters are missing for the added ions, the
temperature dependence of the liquid-phase thermodynamics is associated with a significant
level of uncertainty. In addition, the IONRDL parameter, which is related to the thermal
conductivity of the solvent, is also missing for the species added specifically to the promoted
model, introducing further uncertainty in the transport properties. As such, it is likely that
the model does not fully capture how the promoted solvent should respond to changes in

temperature.

5.7 Thesis limitations and sources of uncertainty

There are several limitations to the model and to the thesis as a whole that should be
acknowledged. Although the model was able to match the pilot plant data points, a number of
assumptions and simplifications had to be made to achieve this. These introduce uncertainty

in the results, especially when considering internal absorber behavior or predicting how the
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real pilot plant would respond under changed conditions.

5.7.1 Limitations of the validation approach

One of the main limitations relating to the validation of the model is the lack of pilot plant
data. The model could only be validated against a single operating point, using solvent
loading and gas stream temperature as the validation targets. While good agreement was
achieved at this specific point, validation under only one operating condition does not show
whether the model responds correctly when process conditions are changed. This means that
the predicted effects of changes in promoter concentration, pressure, and lean solvent temper-
ature could not be validated experimentally, which introduces uncertainty when interpreting

the model’s sensitivity relating to the variation of these conditions.

A further limitation is that no pilot plant data were available for cases where the promoters
were used in isolation. As such, these cases could not be validated experimentally. The
related results should therefore be interpreted with some caution. They may still provide
some indication of how the real process could behave. However, they are likely more useful
for interpreting the relative contributions of the two promoters within the model than for

predicting how the actual plant would behave when the promoters are used in isolation.

Another limitation is that the model was validated against a limited number of pilot plant
measurements, mainly absorber outlet temperature and rich-stream loading. This means
that the model can reproduce the overall pilot plant absorber performance, but it does not
necessarily mean that the internal behavior of the model absorber is represented correctly.
Because of this, results based on internal absorber behavior, such as the predicted concentra-
tion profiles of dissolved CO2 and OH™, gas-phase CO3 partial pressure, and where along the
column the promoters are most active, should be interpreted more as qualitative indications

than as directly validated descriptions of the real absorber.

Lastly, the way the model was tuned may also be a limiting factor. Since the model was tuned
using adjusted tuning factors, part of the agreement with the pilot data may be because
these factors compensate for simplifications in the model or missing parameters, rather than
because the model fully describes the real behavior of the absorber. This means that the
tuning factors should not be interpreted as having a direct physical meaning, even though

they were still useful for getting the model to match the pilot plant.

5.7.2 Missing thermodynamic and transport parameters for promoter species

One of the largest sources of uncertainty in the promoted model is the lack of thermody-
namic and transport parameters for the added promoter species in Aspen Plus. This most
likely affects how well the model can predict the behavior of the promoted solvent, especially
its response to changes in promoter concentration, pressure and temperature. The specific

implications for these behaviors have already been discussed in the relevant result and dis-
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cussion sections, but overall the missing parameters make it harder to know how accurately
the promoted model represents the real system under conditions differing from the validated

case.

It should be clearly stated, that the effect of these missing parameters is speculative. Due to
time limitations, it was not possible to estimate reasonable values for the missing parameters,
implement them in the model, and test how strongly the model response would change. This
means that, while the missing parameters are a likely source of uncertainty, their exact impact

on the results could not be confirmed within the scope of this thesis.

5.7.3 Simplified representation of BA

The contribution of BA to the overall hydration rate of COy was represented through a
manually added increase in the rate of the reaction between COg and OH™ rather than
through a separate promoted reaction, as was the case with vanadium. This increase was
based on extrapolated literature data at conditions similar, but not identical, to those of
the model. Since the ionic contribution was calculated outside the model, and based on a
limited amount of data points, it was not adjusted when the BA concentration was varied,
nor did it change along the length of the absorber as local conditions such as pH and loading
changed. As a result, the model could possibly capture some qualitative effect of BA, but the
quantitative accuracy of its contribution across the full absorber and under changed operating

conditions remains uncertain.

Given the total boron concentration in the solvent, polyborates are also likely to exist at
the higher loadings in a real absorber (Mirzaei and Babler, 2025). However, as these species
were not available in Aspen they were not included in the model. While the effect of polybo-
rates on the ionic contribution is indirectly included in the rate enhancement applied to the
unpromoted reaction, these species were not taken into account in relation to the buffering
capacity of the solution. This is a simplification, as polyborate formation has been found to

reduce this capacity (Mirzaei, 2026).

However, since the predicted absorption performance of the model was found to be only
minimally affected by BA, the simplifications made in relation to this species can overall be
considered acceptable within the scope of this work. Even so, they should still be acknowl-

edged when interpreting the results.

5.7.4 Simplified representation of vanadium

The promoted model uses a simplified representation of how vanadium behaves in the solvent
and how it promotes the reaction. Since the effect of vanadium depends strongly on which
vanadium species are present, any inaccuracy in the implemented equilibria or reaction pa-
rameters may affect both where in the absorber vanadium appears most active and how large

its contribution is predicted to be.
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One part of this simplification is the way the vanadium reactions were represented in the
model. Only the promoted reaction and the equilibrium between HoVO, and HVO?™ were
included, even though several additional vanadium-related reactions and species are reported
in the literature (Imle et al., 2013). Some of these involve protons, which means that their
omission may affect the predicted pH and therefore also the predicted vanadium speciation
as well as overall absorption performance. The promoted reaction itself was also represented
in a simplified way as a combination of several reactions. The overall reaction rate was
approximated using the rate constant for the reaction between CO2 and HVO?[, based on
the assumption that the other involved reactions are much faster, and therefore are not rate
limiting. This is reasonable as a first approximation, but it means that any mass transport
limitations or process condition-dependence in the other reaction steps are not reflected in
the model.

Further simplification had to be made because vanadium species such as polyvanadates and
carbonate-vanadate complexes were not available as components within Aspen. Their effect
was accounted for indirectly through the correction factor XHVOi*v representing the fraction
of vanadium present as active species HVO?{. This is a simplified treatment, as these omitted
species may influence the solution differently than if the vanadium were simply assumed to be
present as inactive HVO?[, for example through effects on pH and the non-ideal behavior of
the solvent. Furthermore the factor XHvoi* was kept constant within each absorber section,
based on the average loading, even though vanadium speciation is expected to vary along the
absorber as the loading changes. Since the fraction of HVOi_ decreases significantly with
increasing loading, this may lead to an underestimation of the promoted reaction rate near

the top of each section and an overestimation lower down.

Another simplification is that the effect of ionic strength on the vanadium-promoted reaction
was treated as constant within each absorber section. The effect was based on an average
value, even though the ionic strength in reality changes along the column. Since a higher
ionic strength gives a higher reaction rate, and the reaction itself also affects the solution
composition and therefore the ionic strength, this is a significant simplification. In the present
work it was however difficult to avoid, since the ionic-strength dependence had to be accounted

for manually outside the model.

Overall, these simplifications add uncertainty to the predicted effect of vanadium, especially
when interpreting where in the absorber the promoter is most active and how the model
responds to changes in operating conditions. Since vanadium was found to have a much
larger impact on the model than BA, these simplifications are likely more important for
the overall behavior of the promoted model and should therefore be kept in mind when

interpreting the results.
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5.7.5 General limitations of interfacial mass transfer modeling

Finally, it should be noted that the present model, like any rate-based Aspen absorption
model, is based on simplified theoretical descriptions of interfacial mass transfer. In such a
model the two-film theory is used as the basis for describing mass transfer and absorption with
chemical reaction. As described in the theory chapter, section 3.1, the penetration theory and
surface renewal theory may provide a more realistic description of interfacial mass transfer
given the turbulent flow regimes of an absorber. This is not a limitation specific to the present
model, but rather a general limitation of this type of modeling approach. In the present work,
the uncertainty related to aspect is much smaller than the model-specific limitations discussed
above. Still, it should be remembered that simulated results are approximations rather than

exact descriptions of the real system being modeled.
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6 Conclusion

In this thesis, a rate-based Aspen Plus model of the HPC CO4 absorption section of Stockholm
Exergi’s BECCS pilot plant was developed. The model was based on an earlier model for
the same pilot plant using the unpromoted solvent. The pilot plant was operated under
conditions intended to represent the lower part of a full-scale absorber column. As such, the
lean solvent used in the pilot plant entered the absorber at a relatively high loading. BA
and vanadium were incorporated as promoters in the HPC solution through a combination
of Aspen’s built-in electrolyte chemistry and additional approximations of the effects of the
promoter species on the reaction kinetics. The resulting model was tuned and validated
against available pilot plant data using solvent loading and gas stream temperature as the

validation targets.

Through the use of tuning factors related to heat and mass transfer, it was possible to obtain
agreement between the predicted outputs of the model and the pilot plant data at the selected
operating point. The main research question can therefore be answered positively: within
the scope of this thesis, it was possible to develop a rate-based model that describes the

promoted HPC absorption process under the operating conditions used during validation.

The comparison between the promoted and unpromoted model showed that the inclusion of
BA and vanadium in the PC solvent improved the predicted absorption performance, which
was expected. Furthermore, the results suggest that vanadium is the dominant promoter
in the studied system, while BA appears to play a more limited and secondary role within
the conditions represented by the model. However, the weak isolated BA effect in the model
should not be interpreted as an indication that BA is unimportant in a full HPC process, since

important BA-related benefits are only partly represented within the scope of this thesis.

Beyond reproducing the pilot plant temperature and loading outputs at the validated oper-
ating point, an important outcome of this thesis is the identification of the model’s several
limitations and main sources of uncertainty within its prediction. Based on these findings it
can be concluded that the model in its present form should not be seen as accurately predict-
ing absorption performance under varied operating conditions. However, the identification
if these factors provide a useful starting point for further model development. As such, the
thesis has not only shown that the intended model can be constructed, but also highlighted
where future work should focus in order to improve its applicability over a wider range of

operating conditions.

Despite its limitations, the model developed in this thesis represents a first step towards
reliable rate-based modeling of the promoted HPC process. Thereby supporting future de-
velopment of an HPC process. In a wider context, the thesis forms a small part of the broader
development of industrial carbon capture technology, which is expected to play an important

role in the transition towards a more sustainable society.
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