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Fanney Einarsdóttir, Seonggyun Kim, Maja Larsson, Erik Readwin, Rosa
Sandén, Alexander Singh, Sanna Védrine, Martin Wood
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Abstract

This report studies the techno-economic feasibility of implementing Carbon Capture, Utiliza-
tion, and Storage (CCUS) technologies in Sweden. focusing mainly on two critical industries,
cement and pulp. This was done by studying two production plants: the Slite Cement Plant
and the Korsnäs Pulp Plant. The chosen plants were due to one mainly being a source of
biogenic CO2 from Korsnäs and the other mainly fossil in nature from Slite. The key ob-
jective is to reduce CO2 emissions while aligning with the Sustainable Development Goals
(SDGs). AspenPlus v14 was used to simulate and design the CO2 capture and utilization
system used in the project. Using 30 wt % monoethanolamine (MEA)-based absorption for
high efficiency and scalability. The captured CO2 was assessed in two downstream processes:
permanent storage with Northern Lights and the chemical utilization for methanol synthesis.

The economic evaluation considers capital and operational expenditures (CapEx and OpEx)
for each pathway, incorporating site-specific flue gas compositions, process design optimiza-
tions, and sensitivity analyses. The results show that carbon utilization is a potential source
of revenue, but at a higher cost, and eventually, emissions are offset by CO2. In contrast,
CO storage2 has robust climate benefits by removing greenhouse gasses from the atmosphere
but lacks financial benefits for biogenic carbon emissions. For fossil-based CO2, carbon cred-
its were found as a source of income. Key performance indicators (KPIs) such as cost per
captured carbon (CCC), net present value (NPV), and return on investment (ROI) highlight
the trade-offs between environmental impact, cost-effectiveness, and scalability. The report
concludes with the future of carbon capture and what needs to change for it to be sustainable
from an economic standpoint.
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1 Introduction

1.1 Background

Carbon dioxide (CO2) is a greenhouse gas that accumulates in the atmosphere and con-
tributes significantly to global warming. One way of decreasing the amount of CO2 that
is emitted is replacing fossil fuels with renewable energy sources, which do not increase the
amount of CO2 in the atmosphere over time. While it is urgent to transition to renewable
energy sources instead of burning fossil fuels, certain critical industries face challenges in
completely removing their CO2 emissions. For example, the construction sector relies on the
production of cement which produces CO2 as a by-product. The pulp industry also releases
CO2, which in that case is biogenic due to the processing of biological material [1, 2]. There-
fore, Carbon Capture Utilization and Storage (CCUS) technologies that can be retrofitted
to the effluent streams of existing chemical plant facilities have the potential to decrease the
negative environmental impact of these industries while continuing to operate. After the
carbon is captured, it can then either be stored (Carbon Capture Storage, CCS) or used as a
raw material in other applications such as for the production of methanol (Carbon Capture
Utilization, CCU), see Figure 1.

Figure 1: An overview of Carbon Capture Utilization and Storage [3].

In CCS, the captured carbon is transported to an underground storage site, which can be
onshore or offshore [4]. The transport is most often through pipelines or ships. The reservoir
containing the stored CO2 can be of different sorts, for example, a depleted gas or oil field or
a deep saline aquifer. For CCU, the captured carbon can be revalorized for other purposes.
It can be used directly, for example, bound in construction products or alternatively, it can
be used as a feedstock and be converted into chemical products such as methanol, oil, or
plastics.

1.2 Sustainable Development Goals

The Sustainable Development Goals (SDGs) are the United Nations framework for addressing
climate change and mitigating its negative effects. Since CCS and CCU are both technologies
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to implement sustainability industrially, they naturally align with some of the SDGs. Table 1
shows the SDGs that have a direct and indirect interaction with the effects of CCS and CCU.
Having a direct interaction means that the CCUS itself affects the SDG in some way, while
indirect interactions are when the CCUS has for example upstream or downstream effects on
the SDG [5, 6].

Table 1: SDGs with Direct and Indirect Interaction with CCS and CCU.

SDG Category Direct Interaction Indirect Interaction

Environmental SDG 13 SDG 14
Social SDG 7 SDG 11
Economic SDG 9, SDG 12 N/A

Environmental SDGs are the goals that impact the environment. SDG 13 addresses tak-
ing urgent action to combat climate change and its impacts. Both CCS and CCU contribute
positively to this goal by capturing the CO2 that would be emitted to the atmosphere, and
instead storing it in safe deposits or converted into methanol to be used again. Thus, the
greenhouse effect is counteracted, especially with CCS. SDG 14 is about conserving and sus-
tainably using the oceans, seas, and marine resources for sustainable development. This is
not entirely related to carbon capture, but rather indirectly. Since CCS is about reducing
the amount of carbon emitted, there will be less interaction between carbon and masses of
water and hence a lower contribution to ocean acidity.

Economical SDGs are the SGDs with financial aims. SDG 9 has direct interactions with
CCS and CCU which is about building resilient infrastructure, promoting inclusive and sus-
tainable industrialization, and fostering innovation. Both CCS and CCU are innovative
solutions that promote sustainable industrialization, so they align well with SDG 9. SDG 12
is to ensure sustainable consumption and production patterns. Clearly, CCS ensures sustain-
able consumption by burying the emission products, and CCU ensures sustainable production
patterns by transforming carbon from emissions to new fuels, instead of using fossil resources.

Social SDGs affect the wellbeing and welfare of people. SDG 7 aims to ensure access
to affordable, reliable, sustainable, and modern energy for all. This aligns well since CCU is
the definition of modern energy. However, how reliable and affordable it is depends on what
energy source is used to produce the methanol from the CO2. SDG 11, to make cities and
human settlements inclusive, safe, resilient, and sustainable, applies indirectly, since CCS
and CCU overall create a more sustainable environment, but the plants could also disturb
the areas where they operate.

1.3 Formulation of Problem

The first step to reduce CO2 emissions in industrial processes is to assess the feasibility of
retrofitting existing facilities with CCUS technologies. This requires analyzing the technical
and economical aspects of carbon capture, utilization, and storage processes.
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1.3.1 Aim and Objectives

The aim of the project is to find the most economically suitable way of addressing carbon
emissions from two main points: a cement plant in Slite, Gotland, and a pulp factory in Ko-
rsnäs. The primary objective of this investigation is the recommendation of the downstream
application for the captured CO2 based on a techno-economic analysis.

Firstly, the Carbon Capture Utilization and Storage (CCUS) processes for different efflu-
ent types and downstream applications (storage or utilization) will be designed based on
literature data on carbon storage, capture, and utilization technologies and processes. The
different kinds of scenarios possible will be further discussed in Section 1.3.3. Secondly, the
economic study will analyze the capital and operating expenditures, and revenue, and perform
a sensitivity analysis. This will in turn be used to calculate the following key performance
indicators (KPIs); Cost per captured carbon (CCC), net present value (NPV), and return
on investment (ROI). These metrics can then be used to compare the economic feasibility of
each alternative.

1.3.2 Delimitations

The delimitations of this project include the main CCU and CCS processes. The processes
will be retrofitted to the effluent of industrial plants and the feed for the CO2 capture will be
limited to data based on existing cement and pulp facilities. The only utilization application
for the captured CO2 will be direct hydrogenation for methanol production, though other
applications exist but will not be considered within the scope of this investigation. The
hydrogen (H2) for the direct hydrogenation step will not be produced on-site and will be
sourced from a H2 production plant. Additionally, all electricity used in the process will be
from renewable sources. The delimitations are summarized in Figure 2 below.

Figure 2: Delimitations for CCUS techno-economic analysis.
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1.3.3 Scenarios for Consideration

Since the project scope considers two types of emissions, from cement and pulp plants, as
well as two downstream applications for the captured carbon, utilization and storage, there
are four possible scenarios to consider as summarized in Table 2 below.

The main differences that are considered with the emissions from cement and pulp plants
are the molar compositions and the overall flow rates. These factors will affect the size and
energy consumption and eventually the cost of the project. Additionally, the type of carbon
emission, biogenic or fossil, will affect the potential revenue based on the carbon credit or
tax regulations as discussed later.

The motivation for carbon utilization is that there are financial incentives in selling the
methanol produces in the process. However, the carbon will still be emitted and will still
ultimately contribute to the greenhouse effect. The motivation for carbon storage is that the
carbon would not reach the atmosphere at all since the carbon is permanently encapsulated
and cannot contribute to the greenhouse effect. In fact, if the CO2 that is captured comes
from biogenic sources, it results in negative emissions.

Table 2: Different scenarios for CO2 usage.

Case No. Feed Type Carbon Application

1 Cement Utilization
2 Cement Storage
3 Pulp Utilization
4 Pulp Storage
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2 Industrial Plants for CCUS Retrofitting

Retrofitting industrial facilities with CCUS technologies require evaluating, emission types,
processing capacity, and site planning to ensure the necessary infrastructure.

2.1 Emission Classifications

There are two types of CO2 emissions as shown in Figure 3: fossil and biogenic. Fossil
emissions come directly from finite, fossil fuels while biogenic emissions come from natural,
renewable sources. Capturing fossil CO2 emissions decreases the overall pollution and green-
house effect approaching a net-zero effect whereas capturing biogenic CO2 contributes to
negative emissions, since these emissions are not considered to contribute to the greenhouse
effect due to their renewable nature.

Figure 3: Biogenic carbon cycle vs fossil emissions [7].

2.2 Industrial Plant Carbon Emissions

The cement and pulp plants were chosen since they differ in primary type of carbon emission.
The pulp plant mainly consumes renewable materials which results in biogenic emissions
whereas the cement plant emissions produces mostly fossil emissions from incineration of
finite materials and fuels.

2.2.1 Slite Cement Plant

The cement plant that will be used as a model in this project is the Slite plant in Gotland,
Sweden. A simple overview of the whole process from mining to distribution is shown in
Figure 4 below.
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Figure 4: Process diagram of Slite cement plant [8].

In Slite, 69% of the fuel is recycled and a quarter is from biogenic sources and the rest is
from fossil sources [9]. The main CO2 emission points are from the limestone incineration
and the combustion in the kiln which contribute 50% each to the total emissions [10]. Both
of these points are in close proximity to each other, both connected to the kiln, so they are
assumed to be combined into one stream. The carbon emissions from limestone incineration
are classified as fossil emissions since limestone is a finite material. However, the CO2 from
the fuel combustion is partly biogenic because of the mixture fuel. According to data from
Naturv̊ardsverket, the biogenic part of the total stream of CO2 is about 13% [11].

Table 3: Generic composition of cement plant flue gases [12].

.

Species Composition (mol%)

O2 7.5
H2O 18.2
CO2 17.8
N2 56.5

From the same source, there were compositions of CO, SO2 and NOx gases as well, but in
much smaller quantities. Those concentrations were measured to 1 887, 14, and 237 ppm
respectively, and were therefore negligible when calculating the overall flow rate.

2.2.2 Korsnäs Pulp Plant

The primary sources of CO2 emissions from a pulp mill are the recovery boiler, bark boiler,
and the limekiln. However, all streams of hot flue gas are brought together and fed into
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steam turbines which become the main emission point [13]. A bark boiler is also called a
power boiler. The Korsnäs pulp mill production is 97% fossil free [14]. A process diagram of
the Korsnäs pulp plant is shown in Figure 5 below.

Figure 5: Process diagram of Korsnäs pulp plant [15].

The generic outlet composition for flue gas from pulp plants is summarized in Table 4 below.

Table 4: Generic composition of pulp plant flue gases.

Species Composition (mol%)

O2 1.2
H2O 30.9
CO2 20.4
N2 47.4

As shown in Table 4, the total flow rate of the flue gas from the pulp plant is 6.22×105 m3/h.
Again, the substances in smaller amounts were not included in the volumetric flow rate. The
SOx and NOx concentrations were both very small, 50 and 175 ppm respectively.

2.2.3 Summary

Table 5 summarizes the background information, plant capacity and emissions for both the
cement and pulp plants selected for this feasibility study. As displayed in Table 5, the total
flow rate out of the Slite cement plant is about 8.03×105 m3/hour and for the pulp plant
about 6.22×105 m3/hour. This was estimated from the general composition of cement and
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pulp plant flue gases shown in Table 3 and 4 respectively by calculating all the flow rates
from the molar compositions there together with the emission data in Table 5 and adding
them up to a total flow.

Table 5: General information about cement and pulp plants [11, 16].

Cement plant Pulp plant

Information
Name Slitefabriken, Heidelberg

Materials Cement AB
Korsnäsverket, Billerud

Location Slite, Gotland, Sweden Gävle, Sweden
Plant Capacity

Product 2.5×106 t-cement/year 7.5×105

t-cardboard/year
Flue gas 8.03×105 m3/hour 6.22×105 m3/hour

CO2 emissions
Fossil CO2 1 337 734 t-CO2/year 16 377 t-CO2/year
Biogenic CO2 174 237 t-CO2/year 1 128 694 t-CO2/year

2.3 Site planning

To effectively plan for building the carbon capture, carbon storage, and carbon utilization
processes, a suitable location for the facilities needs to be determined. This includes deter-
mining whether or not there is enough space on the chosen industrial facilities onsite or if the
process or parts of the process will need to be relocated offsite. Since there are challenges
finding the correct correlation between plant production and physical size, the methodology
used for determining the right areas for the plants is outlined below:

1. An existing plant with the required capacity is chosen and its area measured using
Google Earth.

2. A place with the measured amount of area is searched for in the proximity of the cement
and pulp plants.

3. It can be decided if the process can be implemented onsite or if the CO2 has to be
moved offsite.

2.3.1 Carbon capture plants

Firstly, carbon capture plants need to be built for the cement and the pulp production. In
Slite, there are already plans to build a carbon capture and storage plant [17]. The place
chosen for the plant is Östra Brottet, which is 20 ha (200 000 m2), and can capture, compress
and temporarily store 1.8 million t-CO2/year. A model of the future CCS plant at Slite is
shown from two angles in Figure 6.
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Figure 6: A model of the future carbon capture plant in Slite [18].

Since a place already is found for the carbon capture in Slite, now a place with the same
dimensions at Korsnäsverket needs to be found. The capacity of the Slite CCS plant is
also enough for the carbon capture from the pulp plant, which produces 1.5 Mt-CO2/year
compared to the cement plant’s 1.8 Mt-CO2/year (see Table 5) which means that 20 ha will
be enough for this plant as well. An unused part south-east of the pulp plant was measured
to about 33 ha and therefore chosen as the carbon capture site for pulp production. Figure
7 displays the area in satellite view.

Figure 7: Site chosen for the pulp carbon capture.

2.3.2 Methanol plants

After having captured the carbon, it needs to be converted into methanol if one of the carbon
utilization scenarios are chosen. To be able to conduct the utilization onsite, there has to be
an area large enough for the methanol plant available close to respective production plant.
However, firstly the size of the plant has to be decided. Here, an existing plant with the right
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or slightly higher consumption of CO2 as the production plants produces is searched for. The
closest to 1.8 million t-CO2/year, which corresponds to the cement emission, was found in
the Topsoe methanol plant in Turkmenistan which consumes about 2.6 Mt-CO2/year [19].
The site was measured to about 55 ha, which then is what will be needed for the methanol
plants that are to be built.

As the size of the methanol plant is determined, the second step is to find somewhere to
build it. The first choice would be onsite, and therefore the area around Slitefabriken is
explored. Quite close to the site, an old quarry called Västra brottet stands depleted [20].
This is about 74 ha and could hence be used as site for the methanol plant in Slite. The
place is marked on the map in Figure 8 below.

Figure 8: Site chosen for the Slite methanol production plant.

For the pulp methanol plant, a site near Korsnäsverket is desirable. After scouting the area
and ascertaining where all the nature reserves and residential areas where, a piece of land
about > 200 ha was found in close proximity to Korsnäsverket. The area is displayed in
Figure 9.
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Figure 9: Site chosen for the Korsnäs methanol production plant.

hi
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3 Technology Literature Review

This section presents a comprehensive technical review about carbon capture, utilization,
and storage. For each of these processes within the overall CCUS framework, several options
of process technologies, configurations, materials, and other factors are considered. These
evaluations are then used as the foundation for designing a complete process in Section 4.

3.1 Carbon Capture

There is a wide range of carbon capture technologies with various industrial applications
and levels of technological maturity. Broadly, carbon capture technology can target CO2

at two primary points: either directly from ambient air (Direct Air Capture, DAC) or at
an industrial emission point. For emission-based capture, technologies can be classified into
three primary approaches based on the stage of the process at which capture occurs: pre-
combustion, oxyfuel combustion, or post-combustion as shown in Figure 10 below [21].

Figure 10: Carbon capture approach classifications. Based on [22].

Pre-combustion capture involves carbon-rich fuels such as coal or biomass which are gasi-
fied to produce syngas, which is a mixture of carbon monoxide (CO) and hydrogen (H2).
The CO is then converted to CO2 in a water-gas shift reaction. This allows CO2 to be sepa-
rated early in the process and the hydrogen can be used as clean fuel. Pre-combustion is a
commercially available technology and can be retrofitted but only into existing gasifying fa-
cilities [21]. One benefit is that the stream entering the carbon capture unit has a higher CO2

concentration which means the system will have lower energy requirements. For example,
to achieve 90% capture efficiency, pre-combustion capture requires about 3.35 GJ/t-CO2 [23].

Oxyfuel combustion capture involves burning fuel in pure oxygen instead of air, produc-
ing flue gases composed of CO2 and water vapor. The high concentration of CO2 simplifies
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the capture, as the water can easily be condensed out [21]. The main drawback is the amount
of energy required to produce pure oxygen, which increases the cost and energy penalty. Ad-
ditionally, high CO2 concentrations can lead to corrosion. Oxyfuel systems can achieve over
90% capture efficiency, using around 4.05 GJ/t-CO2[23].

Post-combustion capture involves extracting CO2 from flue gases of traditional com-
bustion processes using air, where CO2 is diluted with nitrogen and other contaminants. It
is the most developed and widely used, especially since it is the most versatile approach for
retrofitting carbon capture into existing infrastructure [21]. However, the main challenge
with this process is the high energy for separating the CO2 from the flue gas due to the lower
concentrations of CO2, which reduces the capture efficiency. With an estimated CO2 removal
of 90%, post-combustion requires about 4.14 GJ/t-CO2 [23].

For the scope of the project, only post-combustion carbon capture is applicable since this sort
of technology can be retrofitted to existing plants with CO2 emissions such as cement and
pulp plants. Figure 11 below outlines the types of post-combustion carbon carbon capture.

Figure 11: Post combustion carbon capture technologies [24].

Selecting a suitable post-combustion carbon capture technology depends on many factors
such as processing scale, flue gas concentration, operating costs, and technological maturity.
These factors, along with others, are discussed in detail below.

3.1.1 Absorption

One of the most technologically mature processes for carbon capture is absorption [25]. This
type of carbon capture process takes place in two main steps: absorption and desorption.
Absorption is the first step where the CO2 from the industrial flue gas is absorbed into a
solvent. The output from the absorber unit is a purified gas stream, containing near zero
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CO2 concentration, and a CO2-rich solvent stream. Stripping, or desorption, is the second
step where the CO2-rich solvent is regenerated to be recycled back to the absorption column
and a near-pure CO2 stream is recovered to be further processed for storage or utilization.

Figure 12: Overview of a typical absorption-desorption process [25].

Some of the important design considerations for absorption-desorption for a CO2 capture
process include the choice of solvent and column type. Each process configuration has ben-
efits and drawbacks in terms of energy consumption, suitability, and operational complexity
as discussed below.

Solvents
There are two main types of solvents for absorption-based carbon capture, chemical and
physical, depending on the type of interaction between the solvent and absorbed component.

Physical solvents capture CO2 based on solubility, without a chemical reaction. They work
well under high pressure, releasing CO2 when the pressure is reduced. Dimethyl ether of
polyethylene glycol (DEPG), used in Selexol, is stable with low volatility and high CO2 solu-
bility, while methanol used in Rectisol, is highly effective but requires very low temperatures
and can be lost to evaporation [26].

Chemical solvents react directly with CO2 to form compounds that enhance absorption
rates. Key examples include amines, ammonia, and salt solutions. Amines such as mo-
noethanolamine (MEA), diethanolamine (DEA), and methyl diethanolamine (MDEA) are
common. MEA is often used as a benchmark in 30 wt% aqueous solutions, it’s highly reac-
tive but has limitations such as high regeneration energy demands, volatility, and corrosion
potential. DEA and MDEA offer lower volatility and regeneration costs but absorb CO2

more slowly, while piperazine (PZ) is added to amines for faster kinetics and better ther-
mal stability. Ammonia is also effective and requires less energy for regeneration but poses
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challenges due to volatility and potential side reactions. Salt solutions, like potassium and
sodium carbonates, are cost-effective, low-toxicity options that regenerate easily, although
their slower reaction rates limit them at low CO2 pressures [26].

Mixed solvents blend chemical and physical types to reduce energy costs and increase per-
formance for CO2 capture in various conditions. The goal is to enhance the strengths of each
type of solvent. The selection of an appropriate solvent depends on the characteristics of the
flue gas stream being treated [26].

Columns
Absorption columns are designed to maximize liquid-gas contact surface areas in order to
promote the mass transfer of a target species, in this case CO2, between the two phases.
There are four main types of columns with different benefits and drawbacks which are there-
fore suitable for different industrial applications [27–29]. Figure 13 shows the differences
in the internal design for various absorbers and Table 6 summarizes the contact methods,
advantages, and disadvantages for each type of column.

Figure 13: Types of absorption columns (left to right: spray, tray, packed, bubble) [30].
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Table 6: Types of absorption columns.

Column Type Contact method Advantages Disadvantages

Packed Column Packing material:
· Structured or random
· Materials: metals,

plastic, ceramics

· Continuous and high
surface area

· Large pressure drop
results in higher energy
use

· Fouling or clogging due
to impurities

Tray Column Horizontal plates in series:
· Gas and liquid phases

come in contact with
each other at
equilibrium at each tray

· Better control of mass
transfer

· Easier maintenance
· Lower pressure drop

· Stepwise design results
in smaller overall mass
transfer efficiency

Bubble Column Bubbles (flue gas):
· Bubbles rise through

the liquid and CO2 is
absorbed into the
solvent

· Long liquid-gas contact
times

· Bubble coalescence
decreases the surface
area of the bubbles

Spray Column Droplets (solvent):
· Solvent droplets are

sprayed and CO2 is
absorbed into the
solvent

· Low pressure drop
results in lower energy
use, simpler
maintenance, and lower
capital costs

· Higher flexibility for gas
load variations

· Performance challenges
of nozzles such as
clogging and uneven
spray distribution

Numerical Simulation
Commercial process simulation softwares such as Aspen Plus have been extensively used to
model MEA-based chemical absorption for CO2 capture in order to evaluate different possible
industrial scenarios, solvent configurations, and process optimizations. These simulations
provide valuable inside into process design, energy consumption, and capture efficiency. Four
key publications were selected to extract specific process parameters and operating conditions
for various industrial flue gas effluents are summarized in Table 7 below.
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Table 7: Examples of Aspen simulations for MEA-based absorption for carbon capture.

Gervasi et al. [31] Parkhi et al. [32] Wells et al. [33] Ren et al. [34]

Gas Feed
Source Cement Pulp Iron and Steel Biomass
Flow Rate 1.71 × 105 m3/h 73 972 kg/h 130–210 m3/h 30–100 kg/h
CO2 (%) 23.75 20.4 10–25 8.4–16.5
H2O (%) 4.16 30.9 - -
N2 (%) 69.71 47.4 - 3.2
O2 (%) 2.38 1.2 - -

Solvent Feed
Flow Rate 1.698×103 m3/h - 300–1200 kg/h 100–300 kg/h
MEA 30 wt% 30 wt% 35 wt% 30 wt%

Absorber
Capture Eff. 85% 90% 90–95% 40–88.3%
Pressure 1.2 bar - - 1.01 bar
Temperature 40–55°C - 35–45°C -
Internal Bubble Cap Tray Structured Packing Structured Packing Structured Packing

Stripper
Pressure 1.9 bar 1.8 bar 1–2 bar 1–2.5 bar
Temperature 116°C (inlet) - 85–110°C 95–120°C
Internal Bubble Cap Tray Structured Packing Random Packing Structured Packing

These process examples help determine some of the initial specifications for the base case
design for the MEA-based absorption process as discussed later in Section 4.1.

3.1.2 Cryogenic

Cryogenic separation is a method to separate CO2 from gas mixtures by cooling and com-
pressing to low temperatures and high pressures [24]. This process results in the formation
of up to 99.99% pure liquid CO2, which is suitable for transport and storage. This method
is most appropriate for gas streams with high CO2 concentrations, it becomes less efficient
at lower concentrations. Cryogenic separation faces some challenges notably since it very
energy-intensive due to the cooling and compression required, leading to high operational
costs. Additionally, technical issues such as the risk of solid CO2 clogging equipment also pose
significant challenges. Overall, the infrastructure and energy requirements make cryogenic
carbon capture less economically competitive compared to other carbon capture methods
such as amine scrubbing [23]. Figure 14 shows an example of the process.

24



Figure 14: Cryogenic carbon capture [35].

3.1.3 Membrane separation

Membrane separation for carbon capture involves using selective membranes to separate CO2

from flue gas streams [23]. There are two main types of membrane technologies used: gas
separation membranes and gas absorption membranes. Gas separation membranes separate
CO2 from flue gas by passing it through a high pressure membrane, with recovery on the
low pressure side. Gas absorption membranes such as solid microporous membranes assist
CO2 absorption into a liquid, offering high removal efficiency while minimizing flooding or
foaming [24]. An illustration can be seen in Figure 15.

Figure 15: Gas absorption membrane for CO2 separation [36].

Membrane materials for CO2 separation must balance high permeance, selectivity, and stabil-
ity. Polymeric materials dominate because of their low cost, ease of processing, and scalability,
with examples including polycarbonates, polyimides, and polysulfones. Inorganic membranes
have superior stability but are brittle and costly. Hybrid membranes combine the benefits of
both. Advanced designs like thin-film composites are promising for improved performance
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in post-combustion CO2 capture, overcoming the limitations of traditional polymeric mem-
branes [37].

The main advantages of membrane technology is the reduced physical footprint, no chemical
additives, no moving parts, and low capital cost. The disadvantages are the lower CO2 purity
produced than in other processes, need for multi-stage processes for high recovery, and low
technology readiness level [38].

3.1.4 Adsorption

Adsorption for carbon capture involves binding CO2 gas molecules to the surface of solid
adsorbent materials with high surface areas. This process is versatile due to its high energy
efficiency, low waste production, and ability to operate across a wide range of operating
conditions, making it scalable for various industrial applications. Some challenges include
high sensitivity to impurities such as NOx and SOx which can degrade the adsorbent material
over time resulting reduced efficiency in the long-term.

Figure 16: Physical adsorption and desorption process [39].

There are two main types of adsorption processes based on the type of interaction between
the solvent and adsorbed component: chemical and physical. The choice of adsorption ma-
terial depends on the specific application and composition of flue gas. Physical adsorption
temporarily binds the gas molecules to the surface via weak intermolecular forces such as van
der Waals interactions and is therefore a reversible process and the absorbent material can be
regenerated and reused. Some examples of physical adsorbent materials are zeolites, metal
organic frameworks, activated carbon, and silica. Generally, physical adsorption is faster.
Chemical adsorption permanently binds the gas molecules to the surface via chemical bonds
and is therefore an irreversible process. This process has a higher selectivity and capacity
than physcial adsorption and therefore is better under lower CO2 concentrations. Some ex-
amples of chemical adsorbent materials are amine-based sorbents, metal oxides, and alkali
metals.
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3.1.5 Chemical looping

Chemical looping technology captures and separates CO2 from flue gas based on a metal,
most commonly calcium, reversibly reacting between its metal-carbonate form (CaCO3) and
its metal-oxide form (CaO) as follows:

CaCO3 −−⇀↽−− CaO + CO2 (R1)

The calcium looping process includes two main steps: carbonation and calcination. Carbon-
ation is where the sorbent, CaO, reacts with CO2 to produce CaCO3 and thereby reducing
the concentration of CO2 in the gas. This step corresponds to the reverse reaction of R1.
Calcination is where CaCO3 is decomposed at high temperatures to regenerate CaO and to
produce a concentrated stream of CO2. This step corresponds to the forward reaction of R1.

This type of technology has a promising potential integration in processes like cement and
pulp production where kiln units already use limestone and therefore only the addition of
a carbonator unit would be necessary. In cement production, the rotary kiln which is used
for the clinker formation step already includes the calcination of CaCO3 from limestone and
generates CaO and CO2. Therefore, there is potential the rotary kiln can be retrofitted to act
as a calciner in the calcium looping process and the CaO-rich purge stream has the potential
to be used as feedstock for the carbonator [13]. In pulp plants in the causticizing step of
the Kraft process, there is a step to calcinate limestone to produce lime, which can therefore
directly be implemented to capture CO2 by adding a carbonator. Figure 17 below shows the
suggested implementation for calcium looping for a pulp plant.

Figure 17: Carbon capture for Kraft process using calcium looping [13].

The direct integration of calcium looping technology into the kiln units is promising however
it requires changes to the kiln operating conditions to efficiently use the CaO and CaCO3.
Such modifications are beyond the scope of this techno-economic analysis.
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3.2 Carbon Storage

Captured CO2 can be permanently stored underground in bedrock at depths greater than
800 meters, where it exists as a supercritical liquid due to the high pressure [40]. Similar to
oil and natural gas, CO2 can naturally be trapped underground for millions of years. This
principle forms the basis of geological CO2 storage, where carefully managed sites can securely
contain injected CO2 permanently. Reservoirs are porous, permeable rock formations deep
underground, onshore or offshore, where fluids or gases like oil, gas, CO2, freshwater, or
brine collect, and when clustered these reservoirs form fields. Suitable CO2 storage reservoirs
are typically found in sedimentary basins, where compacted sediment forms rock, though
some igneous formations may also be viable. To securely store CO2, reservoirs must have an
impermeable caprock, or seal, that prevents the gas from migrating beyond its boundaries or
reaching the surface. The storage sites can be divided into three categories, saline formations
or saline aquifers, depleted oil and gas fields, and unconventional storage resources [41].
Figure 18 illustrates onshore and offshore storage.

Figure 18: Description of different CO2 storage types [41].

3.2.1 Storage sites

The first CO2 storage project to reduce emissions was started in 1996 at Sleipner gas fields
in the North Sea in Norway [41]. The Nordic Competence Center for CCS (NORDICCS)
identified other potential carbon storage sites in the Nordic region by evaluating subsurface
geology, availability, and associated risks. The region offers substantial underground capacity
for CCS, with the potential to store 86 Gt of CO2, equivalent to 554 years of emissions from
the Nordic countries. However, Sweden faces challenges compared to Norway, which has oil
and gas fields that can be repurposed as CO2 traps. Sweden’s bedrock, both onshore and
offshore, primarily consists of low-porosity crystalline rocks such as granite, making it un-
suitable for CO2 storage. Sedimentary rocks like limestone and sandstone, which are better
suited for this purpose, are limited in Sweden [42].

The most promising CCS sites in Sweden are located in the southern Baltic Sea and the
southwest Sk̊ane region, but these are still in the early investigation stage, with results not
expected until 2026 [40, 42]. While deep saline aquifers in southern Sweden offer an estimated
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storage capacity of 1.6 billion tons of CO2, no storage infrastructure has been developed. This
has led Sweden to shift its focus from mapping domestic storage potential to relying on near-
to mid-term CO2 storage in Norway, which offers a significantly greater storage capacity
of 29 billion tons on its continental shelf [42, 43]. Sweden’s dispersed CO2 capture points
and small emission volumes (0.5–2.0 Mt-CO2/year) make cross-border transport to Norway’s
extensive storage sites essential. A 2019 resolution by the London Protocol now permits
such transport for sub-seabed storage, providing Sweden with a viable pathway to address
its CCS challenges by making use of Norway’s developed infrastructure and more abundant
sequestration capacity [42, 43].

A full-scale CCS value-chain project in Norway, called Longship, is a collaboration between
the Norwegian Government and companies to initiate CCS by 2024 [43]. One aspect is the
Northern Lights project which manages the transport and permanent storage of CO2. North-
ern Lights will provide infrastructure for industry emitters in Norway and Europe. The aim is
to contribute to establishing a commercial CCS market in Europe [44]. The Northern Lights
will transport and store CO2 from European industries starting from 2026 [45]. Another
project that offers extensive storage for industries, is the Danish project Greensand which
will be stored in the North Sea. The project is planned to be operational in early 2026 and
offer the storage of CO2 from Danish biomethane productions [46].

3.2.2 Transport

Once captured, the CO2 is to be transported from the plant where it was captured, to either
an onshore or an offshore storage site. If the selected site is offshore, transport by pipeline or
ship can be used [47]. Both transport alternatives are considered viable options for large-scale
CCS and transport, but the capacity of captured CO2 and transport distances affect the costs
and further, the choice of transport type [48]. The transport of CO2 using tanker trucks is
mainly used for bulk transportation in cryogenic vessels for retail purposes. However, using
this type of transportation for geological storage purposes is deemed too expensive [49]. The
method of transportation highly affects the compression and conditioning process at the cap-
ture site.

Transport by pipeline is typically preferred for shorter distances between the capture plant
and the storage site, due to its continuous operation and lower per-unit transport costs over
time. Transport by shipping is preferred for longer distances and higher flexibility [50]. In
addition, ships become important since many industrial plants are located along the coasts
and the permanent injection sites are often offshore as well [49]. Figure 19, shows a concept
of a ship-based CCS chain including the capture process, liquefaction, intermediate storage
before and after ship transport, and pumping the CO2 into a suitable final storage site.
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Figure 19: Concept of ship-based CCS chain [47].
.

Another component in the transport chain that might be of importance, regardless of type
of transport, is the intermediate storage of CO2, which is shown in Figure 19. Particularly in
cases where one single site stores CO2 from multiple sources, or if the CO2 is stored to multiple
sites. The intermediate storage provides a steady flow of CO2 to the storage sites, which is
significant for maintaining a safe transmission and operation that is not interrupted at the
storage site. Intermediate storage would also perform as a buffer between the capture and
permanent storage process in cases of regular or unforeseen maintenance at the storage site
[49]. This storage solution also provides a simple technical solution regarding ship transport,
since they do not need to be dimensioned for offshore offloading of CO2 [51].

3.2.3 Compression

The conditions for transport in pipelines and ships differ from each other. Pipelines operate
at supercritical pressure and ambient temperature, while ships transport CO2 in a liquefied
state at much lower pressure and temperature, to reduce volume. It takes approximately
one-five hundredth of the volume if CO2 is liquefied compared to gaseous. Figure 20 shows
different pressurization approaches, including the conventional approach for pipelines and
ships [47, 50, 52].

Figure 20: Different CO2 pressurization approaches [52].
.

CO2 can be transported in liquid form at a pressure between the triple point (5.18 bar, -
56.6°C) to the critical point (31.0 bar, 73.8°C), which can be seen in Figure 21 [53]. After
the stripper step in the capture process, CO2 often has a pressure of 1 bar. It is important
to compress the CO2 above the triple point before the liquefaction. Otherwise, solid CO2

will be formed during the cooling [52].
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Figure 21: Phase diagram of pure CO2 [53].
.

The desired inlet pressure is different between onshore and offshore pipelines. While an
onshore pipeline requires conditions of 150 bar and ambient temperature, an offshore pipeline
operates at 200 bar [48]. Figure 22 shows the flow diagram of conditioning to offshore
pipeline transport including four compression stages with intercooling between, combined
with dehydration, followed by pumping.

Figure 22: Flow diagram of conditioning to offshore pipeline export process [54].
.

Figure 23 shows a flow diagram of conditioning to shipping export of CO2 to 6.5 bar and -50°C,
using ammonia liquefaction (cooling and expansion). The gas is cooled down to 25°C between
the compression stages and the water content is removed [54]. A large refrigeration system
is needed to liquefy CO2 near the triple point, whereas a substantial compression system is
required near the critical point. Additionally, as the critical point is approached, the density
of the liquefied CO2 decreases, making transportation near the critical point less advantageous
[47]. Furthermore, impurities in the CO2 may result in higher transport pressures [50].
A higher liquefaction pressure reduces the costs of the liquefaction and pumping systems
but increases the costs of storage tanks and CO2 carriers. The most common liquefaction
condition mentioned in literature is 7 bar which corresponds to liquefied petroleum gas
(LPG). A study performed a comparison of different liquefaction pressures, where 15 bar was
the optimal alternative [47].
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Figure 23: Flow diagram of conditioning to shipping export [54].
.

The most common process designs for liquefying CO2 are open and closed cycles. For the
open cycle, a fraction of the CO2 is recycled for the liquefaction. In the closed cycle, an
external refrigeration cycle is used for the liquefaction [50]. However, it was found the open
cycle was unfeasible for CO2 streams with impurities.

The selection of a storage site plays a pivotal role in determining the appropriate trans-
port alternatives and compression requirements, which in turn shape the overall efficiency
and feasibility of the carbon capture process. These interdependencies highlight how different
storage scenarios can influence the design and operation of carbon capture and storage.

3.3 Carbon Utilization

Carbon utilization includes a range of technologies and processes aimed to convert CO2 into
valuable products, thereby mitigating its environmental impact and creating economic oppor-
tunities. This section explores two major strategies for CO2 utilization: direct applications,
where CO2 is used in its captured form for various industrial processes, and chemical trans-
formation, in particular methanol synthesis from CO2 through a catalytic process. Each of
these approaches has distinct benefits and challenges, and their integration into large-scale
industrial applications is critical for achieving carbon neutrality goals.

In the following subsections, key pathways for direct utilization of CO2 will be discussed,
including enhanced oil recovery and supercritical CO2 applications in food and materials
processing. Then, the chemical transformation pathway is explored, focusing on the hydro-
genation of CO2 to methanol, which holds promise as a versatile solution for both emissions
reduction and energy storage.

3.3.1 Direct Utilization

McLaughlin et al. have conducted an extensive review of various technologies to utilize
captured CO2 [55]. There are numerous potential uses for purified CO2, including biofuel
production, pharmaceutical manufacturing, fuel cell creation, and enhanced oil recovery.
However, many of these utilization processes are not economically viable on a large scale.

32



At present, enhanced oil recovery (EOR) is the most commonly implemented application for
captured CO2 and remains the most cost-effective utilization option [56].

Enhanced Oil Recovery
EOR involves injecting CO2 into depleted oil or gas reservoirs to enhance production and
prolong the life of the field [56]. As CO2 is injected into the oil-bearing zone, it mixes with
and displaces the oil, increasing pressure in the producing intervals and reducing the oil’s
viscosity to boost extraction capacity [57]. While the operational procedures of EOR are
similar to CO2 injection in saline reservoirs, not all injected CO2 is stored in the reservoir.
Some CO2 remains trapped underground, but the primary goal of EOR is to extract more
oil and gas. Once decommissioned, EOR fields could potentially be repurposed as perma-
nent CO2 storage sites [58]. When assessing the effectiveness of EOR for CO2 mitigation,
emissions associated with continued oil production must be considered in the life cycle as-
sessment (LCA)—the net CO2 removal through this process should be reviewed for a more
comprehensive assessment.

The CO2 reuse market, particularly in the U.S., is largely driven by EOR activities, with the
majority of these operations based in West Texas [59]. Current demand for CO2 stands at
62 t-CO2/year, but some estimates suggest this could increase to as much as 500 t-CO2/year
[59]. A technoeconomic model has shown that Recycle–CCS–EOR (RCE) projects could
reduce carbon emissions by 54.7% more than traditional EOR, though economic feasibility
depends on market conditions [60]. The main barrier to expanding CO2 utilization is the
lack of adequate transportation infrastructure [55].

Supercritical CO2 Applications in Food and Materials Processing
Supercritical CO2 (SC-CO2) extraction has emerged as a versatile and efficient technology in
the food industry, offering a sustainable alternative to conventional methods. This process
exploits the unique properties of supercritical CO2, such as its tunable density and solvating
power, to extract bioactive compounds, oils, and other valuable components from food and
agricultural materials. SC-CO2 is widely preferred due to its non-toxic, non-flammable, and
environmentally friendly nature, making it ideal for producing high-purity products with-
out residual solvents. Its applications range from extracting essential oils and flavors to
recovering bioactive compounds from by-products. Additionally, SC-CO2 demonstrates the
potential for inactivating microbes and enzymes, contributing to food preservation. Recent
advancements in scaling up SC-CO2 processes have further enhanced its industrial relevance,
solidifying its role in sustainable food processing [61].

SC-CO2 has also found applications in the recovery of metals, particularly in addressing en-
vironmental challenges and resource sustainability [62]. Utilizing supercritical CO2, typically
with suitable co-solvents, enables selective leaching of metal ions from complex matrices such
as electronic waste, mining residues, and industrial catalysts [63–65]. This method has ad-
vantages over traditional hydrometallurgical and pyrometallurgical techniques, as it reduces
chemical waste, energy consumption, and environmental contamination. Metals such as gold,
platinum, and rare earth elements can be efficiently recovered using SC-CO2 due to their tun-
able solvating properties. The process is increasingly being explored for sustainable urban
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mining, aligning with the recent growth of the battery industry and circular economy princi-
ples, and offers potential for industrial scalability with advancements in solvent formulations
and process optimization.

3.3.2 Chemical Transformation - Hydrogenation to Methanol

Among various pathways for CO2 utilization, methanol synthesis stands out as one of the most
promising options due to its versatility and potential for large-scale application. Methanol
can serve as a valuable feedstock for the production of chemicals such as olefins and can also
be used as a fuel or energy carrier, thus offering a sustainable solution for both emissions
reduction and energy storage. Recent studies have focused on optimizing the hydrogenation
of CO2 to methanol, aiming to improve kinetic model accuracy, process efficiency, and cost-
effectiveness, while enhancing overall sustainability.

Bowker’s review emphasizes the importance of CO2 as a key carbon source for methanol syn-
thesis [66]. While industrial methanol production typically uses CO as the carbon feedstock,
there is growing interest in developing processes that directly convert CO2 and hydrogen into
methanol. This shift is driven by the need for more sustainable, carbon-neutral production
methods. Bowker also highlights ongoing efforts to implement these processes on a commer-
cial scale, with a demonstrator plant currently under construction to showcase the viability
of CO2-based methanol synthesis.

Chemistry
The chemistry in methanol synthesis from CO2 involves three catalytic reversible reactions:
CO2 hydrogenation (R2), CO hydrogenation (R3), reverse water-gas-shift reaction (R4).
Cu/Zn/Al2O3 catalysts are the most widely used and a lot of data on their density, porosity,
and particle dimensions have been reported [60, 67–69].

CO2 + 2H2 −−⇀↽−− CH3OH+H2O (R2)

CO + 3H2 −−⇀↽−− CH3OH (R3)

CO2 +H2 −−⇀↽−− CO+H2O (R4)

Nyári et al. [70] compared different kinetic models for CO2 hydrogenation, reported details
on how to implement them in Aspen Plus, and investigated the impact of model selection on
the results of technoeconomic analyses. Most of the kinetic models found in the literature
assume that CO2 is the main source of methanol, reducing the system to only two reactions:
R2 and R4.

The exothermic nature of the overall reaction imposes an optimization challenge, where there
is a trade-off between reaction kinetics and thermodynamic equilibrium limit—the maximum
single-pass conversion is limited below 30% within the range where the reaction rate is suffi-
ciently fast. However, recycling unreacted gas with the molar recycle ratio higher than 5 can
work around this limit, yielding overall CO2 conversion up to 97–99% [71].

34



Process
Although there is no existing commercial-scale CO2 hydrogenation process reported at the
moment, numerous studies on the design and optimization of the process have been pub-
lished. As shown in Figure 24, the process typically involves three main stages: catalytic
hydrogenation in a reactor, vapor-liquid separation through flash distillation, and purification
via distillation. Three key publications were selected to extract specific process parameters
and operating conditions: Van-Dal and Bouallou [68], Battaglia et al. [60], and Yusuf and
Almomani [69].

Figure 24: MeOH process.

Van-Dal and Bouallou [68] proposed a process that integrates CO2 capture via chemical ab-
sorption from flue gases, with hydrogen produced through water electrolysis using carbon-free
electricity. The methanol plant provides 36% of the thermal energy needed for CO2 capture,
reducing the overall energy costs associated with the capture process. Their analysis indi-
cated a potential CO2 abatement of up to 1.6 tons per ton of methanol produced. In their
optimized process, parallel heat integration was implemented: a fraction of the hot product
stream preheats the reactor feed, and the remainder supplements the heating duty of the
reboiler in the distillation column and preheats the liquid feed to the column.

Battaglia et al. [60] focused on the integration of CO2 capture, water electrolysis, and
methanol synthesis, developing a comprehensive process model to simulate a system that
captures CO2 from a coal-fired power plant and converts it into methanol using renewable
hydrogen. The authors applied pinch analysis to optimize thermal integration, resulting in
significant energy savings and improved plant efficiency. Notably, the process involves se-
rial heat recovery, where the entire hot process stream is used to preheat the reactor feed
and subsequently the liquid feed to the distillation column. Their process, operating at
an overall efficiency of 37.22%, demonstrated the potential for reducing methanol production
costs to a range of €565–€2 706 per ton, depending on the energy source used for electrolysis.

Yusuf and Almomani [69] studied CO2 catalytic hydrogenation with a Cu/ZnO/Al2O3 cat-
alyst at 70 bar and 210°C, achieving 95.66% CO2 conversion and over 99% methanol yield.
They optimized the system using Aspen Energy Analyzer V11 for pinch analysis with a 5°C
Tmin, balancing reduced utility costs and increased capital costs from additional heat ex-
changers.

These studies provide important information on the key process units and operating condi-
tions for CO2 hydrogenation to methanol. Table 8 summarizes the process parameters used

35



in the three studies, which will serve as the basis for our initial base case simulation.

Application and Quality Standard
Methanol is an incredibly versatile substance used in a wide range of everyday household
products, essential automotive components, and the production of other valuable chemicals.
Increasingly recognized as a clean and sustainable fuel, methanol stands out for its clean-
burning characteristics, which reduce emissions and enhance fuel efficiency in land and marine
vehicles. When produced from renewable sources like captured CO2 or waste, methanol be-
comes a carbon-neutral fuel, aligning with climate policies aimed at reducing greenhouse gas
emissions.

International Methanol Producers & Consumers Association (IMPCA) has published detailed
quality specifications for methanol as a marine fuel [72], which is the most widely accepted
quality standard for MeOH production. Their recent standard recommends the dry-basis
methanol purity > 99.85wt% and water content < 0.1wt%.
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Table 8: MeOH synthesis: Detailed process parameters.

Van-dal and Bouallou [68] Battaglia et al. [60] Yusuf and Almomani [69]

Feed CO2

Pressure 1 bar 1 bar 47.63 bar
Temperature 25°C 25°C 12.3°C
Flow rate 88.0 t/h 88.0 t/h 76.46 kmol/hr
Source Coal power plant Coal power plant Cryogenic biogas upgrading

process

Feed H2

Pressure 30 bar 30 bar 20 bar
Temperature 26°C 26°C 25°C
Flow rate 12.1 t/h 12.1 t/h 535.22 kmol/hr
Source Water electrolysis Water electrolysis or

natural gas reforming
Water electrolysis

Reactor
Inlet pressure 75.7 bar 65 bar 75.7 bar
Inlet temperature 210°C 250°C 210°C

Catalyst
Catalyst type Cu/ZnO/Al2O3 Cu/ZnO/Al2O3 Cu/ZnO/Al2O3

Catalyst weight 44 500 kg - -
Catalyst density 1 775 kg/m3 1 560.7 kg/m3 1 775 kg/m3

Particle diameter 5.5 mm - 5.5 mm
Bed porosity 0.4 0.39 0.4
Pressure drop Ergun equation - Ergun equation

Thermo model RKS w/ modified Huron-Vidal
mixing rules for high P

NRTL-RK for low P

- RKS

Kinetic model Vanden Bussche and Froment
[vanden˙steady]

Other Graaf

MeOH Purity 99% 99% >98%

The specifications in Table 8 are used to determine some of the initial specifications for the
CO2 hydrogenation process as discussed in Section 4.3.1.
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4 Process Design

This section presents the proposed process design for each sub-process within the overall
CCUS framework including capture, storage, and utilization. These processes are designed
based on the literature review in Section 3. The proposed processes are simulated in Aspen-
Plus v14.

4.1 Carbon Capture

As discussed in Section 3.1, there are many different approaches to capture carbon from
industrial flue gases. The most technologically advanced process is MEA-based absorption
[23]. MEA was chosen with regards to the design specifications. The objective was to capture
up to 90% of the CO2 from the emission streams of the plants. Of all the available methods
of CO2 removal absorption is the most mature when most research is done on the subject.[73]

The most common method of absorption is 30 wt% MEA in an aqueous solution. This
method of cleaning the in coming flue gas was chosen for several reasons. The method of
choice has to be able to operate at industrial scale, this is true for MEA absorption as it is
highly solvable in water which is key given the scale. Furthermore, to decrease the cost of
operation the solvent has to be easily recyclable which is also true for MEA with only a small
percentage being lost each cycle depending on the conditions in the system [73].

MEA reacts with CO2 in an exothermal kinetic reaction. The reaction produces heat as
a result. The mechanism of how MEA and CO2 react in the absorber can be seen in reaction
5.

MEA + CO2 +H2O −−→ MEACOO− +H3O
+ (R5)

In the sStripper the reaction is revered as seen in reaction 6.

MEACOO− +H3O
+ −−→ MEA+ CO2 +H2O (R6)

There are also several more reactions present in the system that happen at equilibrium and
kinetically. These reactions can be seen below [74].

MEAH+ +H2O −−⇀↽−− MEA+ CO2 +H2O (R7)

2H2O −−⇀↽−− H3O+OH− (R8)

HCO3
− +H2O −−⇀↽−− CO2−

3 +H3O (R9)

CO2 +HO− −−→ HCO−
3 (R10)

HCO3
− +H2O −−→ CO2−

3 +H3O
+ (R11)

4.1.1 Proposed Capture Process

The conditions in the given system are dependent on the size of the different components in
the system as well as the inlet streams. The main components in the system are: absorber,
heat exchanger, and stripper. Where mainly the absorber and stripper are of concern. The
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inlet stream in question is the flue gas and lean solvent entering the absorber. The flue gas
entering the system is based on Naturv̊ardsverket’s report of the emissions from both Slite
and Korsnäs. This means the system for CO2 capture is almost devoid of NOx and SOx

as the emission streams for both industries have already been treated according to Swedish
regulations [75]. The liquid-to-gas ratio was determined mainly through sensitivity analysis
and was approximately 0.3 mol CO2 per mol MEA. Due to the space limitations described
in Section 2.3 and the need to optimize both CO2 capture and MEA recovery, the system
was designed to minimize its footprint. This resulted in a plant layout that prioritizes height
over width. The incoming flue gas is directed to an absorption column, whose height and
diameter were determined through sensitivity analysis to ensure effective CO2 capture while
avoiding operational issues such as flooding. The absorber includes several stages optimized
for CO2 capture rather than profitability, and it uses metal packing material chosen based
on a literature review of contemporary systems [76].
The conditions in the absorber were decided partly through a sensitivity analysis and partly
through a literature study. Through literature, a good starting point was determined and it
was optimized through sensitivity analysis.

The stripper, like the absorber, is also a packed column using the same type of material
for consistency and efficiency. It is designed with multiple stages to maximize CO2 release,
with dimensions and operational parameters optimized to prevent flooding. The pressure
remains consistent throughout the system, adapted to meet the needs of different applica-
tions. To ensure separation in the stripper a kettle re-boiler is used to increase the overall
temperature of the solvent to reverse the equilibrium between MEA and CO2. Between the
absorber and stripper, a heat exchanger is employed to precondition the flow, improving
energy efficiency. The complete model is seen in Figure 25.

Figure 25: CCS schematic.

4.1.2 Simulation Implementation and Results

The key assumptions and unit input specifications for simulating the process in AspenPlus
are summarized in Tables 9 through 11.
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Table 9: Assumptions for AspenPlus simulation implementation for carbon capture.

Assumption Value Reference

Aspen package V14.0 -
Equation of State ENTL&RK [74]
G/L ratio 0.3 [73]
Packing material Flexipac [73]
Calculations Equilibrium [73]
Thermal degradation None [73]
Flue gas temperature 18°C [73]
Solvent temperature 40°C [73]

Table 10: Composition of the flue gases for Carbon Capture process (t/h).

Molecule Cement Pulp

CO2 130.75 172.64
O2 53.89 5.59
N2 348.80 193.37
H2O 72.26 81.07

Total 605.70 452.67

Table 11: Composition of solvent stream for Carbon Capture process (t/h).

Molecule Mass flow (cement) Mass flow (pulp)

Water 1410.83 1074.74
MEA 628.15 459.67
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Table 12: Aspen Plus input specifications for carbon capture process.

Block Specification Input (Cement) Input (Pulp)

Absorber Top stage pressure 1.2 bar 1.2 bar
Number of stages 6 6
Height 40 m 35 m
Diameter 12 m 8 m

Heat exchanger Hot outlet temperature 80°C 80°C

Stripper Top stage pressure 1 bar 1 bar
Number of stages 20 20
Reboiler ratio 0.9 0.9
Height 35 m 30 m
Diameter 18 m 17 m

Flash Drum Outlet Temperature 6°C 6.84°C

Cooler Outlet Temperature 40°C 40°C

Tables 12 through 15 present the simulation results including the unit energy consumption,
capture rates, and cleaned flue gas composition.

Table 13: Aspen Plus output results for carbon capture process.

Block Result Output (cement) Output (pulp)

Absorber Temperature 69.43°C 68.13°C

Heat exchanger Heat duty 70.39 MW 55.02 MW
Exchanger area 8 012.22 m2 5 445.56 m2

Stripper Bottom stage temperature 103.45°C 103.23°C
Reboiler heat duty 1 210.84 MW 667.15 MW

Flash Drum Heat duty −31.39 MW −55.19 MW

Cooler Heat duty −118 457.96 MW −117.10 MW
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Table 14: Results from the CO2 captured unit.

Result Cement Pulp

CO2 capture rate (t-CO2/hr) 161.21 122.88
CO2 capture efficiency (%) 93.43 93.99
Specific reboiler duty (GJ/t-CO2) 27.02 25.57

Table 15: Composition of the clean gas from absorber.

Molecule Cement (mol%) Pulp (mol%)

MEA 8.85×10−5 7.32×10−5

CO2 3.8×10−6 4.94×10−6

N2 0.84 0.91
H2O 0.05 0.06
O2 0.11 0.02

As seen most CO2 is captured with only a small fraction leaving with the clean gas. Some
CO2 leave with the purge stream that balances the system’s solvent composition.

4.2 Carbon Storage

As discussed in Section 3.2, for the captured carbon to be stored it must be further condi-
tioned to meet specific pressure and temperature for safe and efficient transportation to a
storage site. These conditions vary with the transportation type and specific requirements
for the receiving storage site. For this project, storage with Northern Lights in Norway is the
most suitable option due to its proximity to Sweden, robust infrastructure including trans-
port of CO2 on their ships, and large capacity for CO2 storage. Their facility has recently
begun operations with CO2 emissions from their partner cement plant and they are expected
to accept other industrial CO2 by 2025, which is within this project timeline [44].

The specific storage condition requirements for the Northern Lights ships to transport the
CO2 from the capture plant to their injection site are outlined in Table 16 below. The
proposed conditioning process to obtain these conditions and the corresponding Aspen sim-
ulation implementation are described in the following sections.

Table 16: Target conditions for CO2 storage at Northern Lights [44].

Parameter Specifications

Temperature −30.5 to −26.5°C
Pressure 13 to 15 bar(g)
Density < 1100 kg/m3

CO2 Purity 99.81 mol%
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4.2.1 Proposed Conditioning Process

To achieve the target conditions described in Table 16, several compression and cooling steps
are combined based on established storage processes [54, 77]. First, the captured CO2 gas is
incrementally compressed with cooling after each stage to increase the pressure while limiting
the temperature rise and removing the water. In the first series of compressions, the pressure
of the gas is increased from 1 to 15 bar through three identical compressors. The intermediate
pressures are calculated using the compression ratio which is defined as follows:

R =

(
PD

PS

) 1
n

(1)

where PD and PS are the discharge and suction pressures (bar), and n is the number of
stages. The compression ratio should be between 1.2–3 to balance mechanical limitations
and thermodynamic efficiency [78].

Next, ammonia refrigeration is used to cool the CO2 to subzero temperatures in a heat
exchanger. The ammonia refrigeration process is in a closed loop and the ammonia is regen-
erated by compression, cooling, and expansion. Finally, the cooled CO2 is expanded through
a Joule-Thompson valve where the pressure drop reduces the temperature and pressure and
results in the phase change into a liquid-gas equilibrium. After expansion, the CO2 is sepa-
rated in a flash drum. The liquid CO2 stream is sent to intermediate storage and the gaseous
CO2 is recycled back into the process to minimize waste and to assist in pre-cooling the
warmer CO2 stream. The proposed process is shown in Figure 26 below.

Figure 26: Proposed process for CO2 conditioning for shipping.

4.2.2 Simulation Implementation and Results

The key assumptions and unit input specifications for simulating the process in Aspen Plus
V14 are summarized in Tables 17 and 18 below.
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Table 17: Assumptions for Aspen simulation implementation for carbon storage.

Assumption Value Reference

Equation of State Peng-Robinson [54, 77]
Compressor isentropic efficiency 0.75 [77]
Compressor mechanical efficiency 0.90 [78]
Compression ratio range 1.2-3 [54, 77, 78]

Table 18: Aspen Plus input specifications for storage conditioning process.

Block Specification Input

Compressorsa

K1, K2, K3 Pressure ratio 2.47
K4 Discharge pressure 25 bar
K5, K6 Pressure ratio 2.64

Flash vesselsb

F1 Pressure 6.09 bar
F2, F3 Pressure 15 bar

Coolers
C1 Temperature, pressure 35°C, 2.47 bar
C2 Temperature, pressure 35°C, 6.09 bar
C3 Temperature, pressure 30°C, 15 bar
C4 Temperature, pressure 30°C, 25 bar
C5 Temperature, pressure 35°C, 5.3 bar
C6 Temperature, pressure 35°C, 14 bar

Heat exchangerc

E1 Hot CO2 stream outlet temperature −12°C
Cold CO2 stream outlet temperature −10°C

Expanders
V1 Discharge pressure 2 bar
V2 Discharge pressure 15 bar

a The isentropic efficiency is 0.75 and the mechanical efficiency is 0.90 for all compressors.
b The duties are zero for all flash vessels.
c The heat exchanger involves three streams and therefore requires two outlet stream specifications.
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The resulting streams for the streams entering and leaving the overall process are summarized
in Table 19. The flow rate of the ammonia refrigerant in the closed loop is 5.2×104 and
4.0×104 kg/h for the cement and pulp plants respectively.

Table 19: Product and waste stream data for compression for cement and pulp plants.

Plant Type Cement Pulp

Stream Product Waste Product Waste

Phase L L L L
Temperature (°C) −28.3 19.1 −28.3 18.3
Pressure (bar) 15 1 15 1
Flow Rate (t/h) 150 0.55 120 0.46

CO2 (mol%) 99.83 0.01 99.82 0.01
H2O (mol%) 0.13 99.99 0.15 99.99
Other (mol%) 0.030 - 0.3 -

The product streams from the cement and pulp plants meet the specifications required for
shipping with Northern Lights outlined in Table 16.

4.2.3 Proposed Intermediate Storage and Transportation Logistics

Once the CO2 is compressed to the desired conditions, it is stored in intermediate storage
vessels onsite until the ships from Northern Lights arrive to transport the liquefied CO2 to
their permanent storage site. The total travel time between the industrial facility and the
Northern Lights facility is calculated as follows:

τ =
DNL

vship
× 2 + τload + τunload (2)

where τ is the total round trip transportation time (days), DNL is the one-way distance to the
Northern Lights facility which is 1 415 and 1 770 km for cement and pulp plants respectively
[79], vship is the average speed of the ship which is 15 knots (27.78 km/h) [80], and τload are
the τunload CO2 loading and unloading times which are both 1 day each [80]. Based on these
parameters, the total transportation time for a round trip is calculated and summarized in
Table 20.

The Northern Light ships each have capacities of 7 500 m3 [44]. To accommodate these
shipments, intermediate storage must be sufficient to allow for uninterrupted operations.
The recommended onsite storage capacity is 200% of the ship capacity, which corresponds
to three cylindrical intermediate storage vessels, each with a volume of 5 000 m3 [80]. These
vessels are made from a high-strength steel alloy (A-517) which is suitable for the tempera-
ture and pressure of the liquefied CO2. Based on the production rate of CO2 summarized in
Table 19, the time to produce the capacity of CO2 which one ship can contain is summarized
in Table 20.
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Table 20: Summary of intermediate storage and transportation logistics.

Logistic Cement pulp

Distance (km) 1 415 1 770
Travel time (days) 6.2 7.3

Production time per ship capacity (days) 2.2 2.7

Since the CO2 production duration is shorter than the round-trip travel time of the ships,
the pick-up schedule must be optimized to prevent CO2 production from exceeding the trans-
portation capacity.

4.3 Carbon Utilization

As discussed in Section 3.3.2, methanol synthesis was chosen as our carbon utilization
method. In this section, process simulation methods and results for the CO2 hydrogena-
tion to methanol will be presented. Reflecting the two different sources of captured carbon,
two separate processes were designed and scaled to them, with most of the differences in the
reactor and the distillation column dimensions.

The purification steps in the process were designed to meet the compositional specifications
recommended by IMPCA [72]. The final processing of the purified methanol was not included
in the simulation—the exit condition of the product stream from the distillation column is
the final product condition (1.5 bar, 67.7 °C).

4.3.1 Proposed Utilization Process

A flowsheet for the simulation of the methanol synthesis process is given in Figure 27. First,
captured CO2 and H2 are fed into the system with H2/CO2 molar ratio of 3. The mixture of
unreacted gases and fresh feed streams is preheated by the hot product stream at E1, and fed
to the reactor (R1). Then the product stream is separated by two consecutive flash vessels
operating at high and low pressures. Finally, the separated liquid stream is further purified
in the distillation column (C1) while the unreacted gas is compressed and fed back to the
feed.

4.3.2 Simulation Implementation and Results

The key assumptions in the process simulation are summarized in Table 21 below. Based
on the literature review, Peng Robinson equation of state and the kinetic model developed
by Vanden Bussche and Froment were selected for the VLE calculations and kinetic model-
ing of the reactions. All compressors including multi-stage compressors were assumed to be
centrifugal compressors with isentropic efficiency of 0.75 and mechanical efficiency of 0.90.
For all tube-and-shell heat exchangers, 0.1 bar and 0.5 bar pressure drops were assumed for
shell- and tube-sides, respectively.
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Figure 27: Proposed process for CO2 hydrogenation to MeOH.

Table 21: Assumptions for Aspen simulation implementation for carbon storage.

Assumption Selection/value Reference

Equation of State Peng-Robinson [54, 77]
Kinetic model Vanden Bussche and Froment model [68]
Compressor isentropic efficiency 0.75 [77]
Compressor mechanical efficiency 0.90 [78]
Shell-side pressure drop 0.1 bar -
Tube-side pressure drop 0.5 bar -

Vanden Bussche and Froment kinetic model was selected since it shows the best accuracy in
the range of operating conditions of the reactor in this project [70]. Since Aspen Plus only
accepts custom kinetic models in a designated exponential form, an algebraical rearrangement
of the original model is necessary. The rate equations for methanol synthesis and reverse
water-gas shift reaction in Vanden Bussche and Froment model are given in Equations 3 and
4.

rCH3OH =
k1PCO2PH2

(
1− 1

Keq1

PH2O
PCH3OH

P 3
H2

PCO2

)
(
1 + k2

PH2O

PH2
+ k3P 0.5

H2
+ k4PH2O

)3 (3)

rRWGS =
k5PCO2

(
1−Keq2

PH2O
PCO

PCO2
PH2

)
(
1 + k2

PH2O

PH2
+ k3P 0.5

H2
+ k4PH2O

) (4)

47



The kinetic parameters and equilibrium constants are given in Equations 5–7 and Table 22
[81].

ki = Ai exp
Bi

RT
(5)

log10Keq1 =
3066

T
− 10.592 (6)

log10
1

Keq2

= −2073

T
+ 2.029 (7)

Table 22: Kinetic parameters in Vanden Bussche and Froment model [B in J/mol] [81].

k1 A1 1.97
B1 40 000

k2 A2 3453.38
B2 -

k3 A3 0.499
B4 17 197

k4 A4 6.62×10−11

B4 124 119

k5 A5 1.22×1010

B5 −98 084

The kinetic parameters obtained after mapping them to Langmuir-Hinshelwood-Hougen-
Watson (LHHW) rate expression are presented in Table 23. The pre-exponential factors and
temperature exponents are set as 1 and 0, respectively, since the expression of the driving
force term includes the pre-exponential term as well as the temperature dependency in the
rearranged equation. The adsorption terms reported in [81] were used without any conversion.

Table 23: Coefficients for driving force constants in the kinetic model.

Reaction Parameter CO2 Hydrogenation RWGS

Forward A −29.87 4.804
B 4811.2 −11797.5

Backward A 17.55 0.131
B −2249.8 −7023.5

Table 24 presents all input specifications for the unit operation blocks used in the simula-
tion. A packed-bed catalytic plug flow reactor (RPlug) and an equilibrium column (RadFrac)
were used for the reactor and the distillation column. Compressors and heat exchangers were
placed to maintain the constant reactor inlet condition at 70 bar and 220°C, flash separation
pressures at 69.4 bar and 0.5 bar, and the distillation column.
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Table 24: Aspen Plus input specifications for MeOH process.

Block Specification Input

Compressorsa

K1 (MCompr) Discharge pressure 71 bar
Number of stages 4

K2 (Compr) Discharge pressure 71 bar
K3 (MCompr) Discharge pressure 69.5 bar

Number of stages 4
K4 (Compr) Discharge pressure 71 bar

Heat exchangers
E1 (HeatX) Hot stream outlet temperature 150°C
E2 (Heater) Outlet temperature 220°C

Pressure 70 bar
Utility Hot oil

E3 (HeatX) Cold stream outlet temperature 120°C
E4 (Heater) Outlet temperature 35°C

Pressure 69.4 bar
Utility Cooling water

Reactor
R1 (RPlug) Reactor type Adiabatic

Number of tubes
Cement 10 000
Pulp 6 000

Length 6 m
Tube Diameter 0.04 m
Pressure drop correlation Ergun
Catalyst bed void 0.4
Catalyst particle density 1 775 kg/m2

Catalyst particle diameter 5.4 mm

Flash vesselsb

F1 (Flash2) Pressure 69.4 bar
F2 (Flash2) Pressure 0.5 bar

Distillation column
C1 (RadFrac) Condenser specification Total condenser

Number of stages
Cement 21
Pulp 12

Condenser pressure 1.5 bar
Reflux ratio 2.5
Bottoms rate

Cement 4 200 kmol/hr
Pulp 2 900 kmol/hr

a The isentropic efficiency is 0.75 and the mechanical efficiency is 0.90 for all compressors.
b The duties are zero for all flash vessels.
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Key simulation results are presented in Table 25. Although the single-pass conversion is low
due to thermodynamic limitation, overall conversions exceeding 97% are achieved in both
processes. This high efficiency is made possible by recycling unreacted reactants, with molar
recycle ratios of 6.9 and 5.5 for the processes using captured carbon from cement and pulp
plants, respectively. MeOH yields (moles of produced MeOH per mole of CO2) are 92–94%,
which aligns well with what is typically reported in the literature [60, 68–71].

Table 25: MeOH process simulation results.

Result Cement Pulp

Single pass conversion (%) 17.7 18.2
Overall conversion (%) 97.6 97.7
Molar recycle ratio 6.9 5.5
MeOH yield (%) 92.4 94.0
MeOH purity (wt%) 99.74 99.12
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5 Economical Evaluation

This section analyzes the economic feasibility of the proposed carbon capture, storage, and
utilization processes designed in Section 4. The alternatives are compared to each other by
estimating a set of KPIs that indicate the economic feasibility. The main KPIs are cost per
tonne captured CO2 (CCC), net present value (NPV), and return on investment (ROI). The
first of which can also be used as validation by comparing to similar studies in the literature.

5.1 Economical Methodology

The overall economic methodology is a Cost-Benefit Analysis (CBA) which aims to estimate
the economic value of a project over the course of its entire lifespan. In this CBA, the over-
arching components are Capital Expenditure (CapEx), Operational Expenditure (OpEx),
and revenue. Moreover, the CapEx is annualized with an interest rate to pay it off over the
projects lifespan, rather than being a one-time expense. In this way, all components can be
combined for each year of the project lifespan, having adjusted for different annual growth
of prices and discount rates, resulting in an estimated NPV.

Net present value (NPV) is a financial measure used to look into the profitability of an in-
vestment or project by determining the difference between the present value of expected cash
inflows and the present value of projected cash outflows over a specified time period. This
metric offers essential insights into the economic feasibility and potential returns of CCUS,
and evaluates its overall financial viability.

Return on investment (ROI) is a financial metric used to calculate the efficiency of a venture
to generate profit relative to the investment. By dividing the NPV with the total investment,
the generated revenue surplus as a percentage of the investment is determined. The formula
for ROI is found in Equation 8.

ROI =
NPV

Investment Cost
× 100% (8)

Once all the KPIs have been estimated, a sensitivity analysis is conducted to give insight
into which inputs are the strongest influence on the ROI. The overall economic methodology
is summarized in Figure 28.
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Figure 28: Splits of constituents for the VOC.

In the following sections, each major component of the CBA is explored, detailing their
constituents and how they are estimated.

5.1.1 Cost Conversions

All costs in this analysis are presented in Swedish Krona (SEK) in the year 2023. The costs
are adjusted for inflation with the Chemical Engineering Plant Cost Index (CEPCI) formula
in Equation 9

C2023 = Cref ×
CEPCI2023
CEPCIref

(9)

where C represents the cost and CEPCI is the chemical engineering plant cost index [82].
For costs in other currencies, they are converted to SEK with the average exchange rate for
2023. Some important conversions are 10.61284 SEK/USD and 11.47652 SEK/EUR [83].

5.1.2 Cost Data Collection

The economic analysis for the CCUS process was achieved using a combination of modeling
tools and data sources. The equipment and installation costs were primarily obtained from
the Aspen Process Economic Analysis (APEA) tool. The equipment costs (Ce) which could
not be determined in Aspen, were determined from literature, industrial reports, or from cor-
relations such as the six-tenths rule. Operating expenses and revenue streams were similarly
determined with Aspen for utility and raw material demands, and supplemented with their
unit costs from literature and industrial reports.
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To account for the cost and revenue variation over time, growth and inflation rates were
also incorporated into the analysis. The growth rate refers to the annual percentage change
in a cost or revenue which reflects factors such as technological advancements and market
demands. Additionally, to get a more accurate cost estimation the average inflation rate
for Sweden was incorporated into the cost. With the inflation rate and the growth rate of
each unit, a more robust framework and understanding of the cost trend can be established,
resulting in a more reliable and accurate analysis.

5.2 Capital Expenditure

Capital expenditures (CapEx) for CCUS represents the upfront investment required to design,
construct, and implement infrastructure for capturing, transporting, and converting CO2 into
valuable products, or sequestration. CapEx is primarily estimated using the factorial method,
a percentage-based formula of equipment costs (Ce) in the core process design [84].

5.2.1 Equipment Purchase Costs

The equipment costs are primarily obtained from the Aspen Process Economic Analysis
(APEA) tool as summarized in Table 26. Each of the unit operation blocks in the simulations
were mapped to a corresponding APEA model and dimensioned using their sizing equations.

Table 26: Equipment cost for proposed CCUS process in MSEK2023.

Process Equipment Type Cement Pulp

Capture Absorber 228.0 179.1
Stripper 570.1 494.8
Heat exchanger 36.0 4.4
Coolers 9.0 21.7
Flash drums 2.9 1.3
Pumps 3.3 2.7

Utilization Distillation column 33.9 21.2
Heat exchangers 59.0 37.1
Compressors 491.9 408.9
Reactora 20.7 16.9
Flash vessels 8.1 5.7

Storage Compressors 295.3 225.3
Coolers 8.0 6.5
Heat exchanger 10.8 5.0
Flash vessels 2.5 2.0
Temporary storage tankb 225.0 225.0

Capture and Utilization 1 462.8 1 193.8
Capture and Storage 1 390.9 1 167.9

a Reactor cost determined by six-tenths rule (Section 5.2.2).
b Temporary storage tank cost determined from [80].
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The equipment cost for the capture and storage process is compared to the cost found in
literature [85] and scaled using the six-tenths method described in Section 5.2.2 based on
the amount of CO2 captured. The resulting costs were found to be of the same order of
magnitude and within 30% which indicates that the Aspen data is sufficiently accurate for
this phase of the study.

5.2.2 Equipment Purchase Cost Estimation by Six-tenths Rule

The six-tenths rule is a widely used method in engineering economics to estimate the cost
of industrial equipment based on scaling based on reference equipment [84]. Since the cost
for the reactor for the methanol synthesis could not be determined in APEA, likely due to
the tube thickness calculation, the six-tenths rule was used to scale the cost of a reference
reactor of similar conditions to the scale of the proposed process reactor using the correlation
in Equation 10.

C = Cref ×
(

Q

Qref

)n

(10)

C is the reactor cost of the process to be estimated, Cref is the known reference cost of
equipment from literature, Q is the capacity of the equipment in the process, and Qref the
reference process equipment capacity. The scaling exponent n is based on empirical data for
equipment geometries. In this case, n = 0.6[84]. The reactor cost using the sixth-tenths rule
for cement and pulp in the methanol production can be seen in Table 26.

5.2.3 CapEx Estimation

CapEx is estimated using the factorial method described by Sinott & Towler [84]. The main
function of this method is to use equipment costs for the process as inputs and estimate
all additional associated CapEx using percentage-based factors from empirical data within
the industry. The on-site costs include constituents such as piping, equipment erection, and
instrumentation, while other costs include off-sites, design & engineering, and contingencies.
Equation 11 shows the formula for the factorial estimation. Tables 27-28 contain the CapEx
factors for each plant based on a factor of the equipment costs. The CapEx for each unit in
the process is calculated from the equipment purchase cost as follows:

CapEx =
∑

Ce × (1 + fp + fer + fic + fel + fc + fsb + flp)× (1 + fos)× (1 + fde + fco) (11)
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Table 27: CapEx Estimation for CCUS for cement plant in MSEK2023.

Constituent Factor Utilization Storage

Piping (fp) 0.80 1 170.2 1 112.7
Equipment erection (fer) 0.30 438.8 417.3
Instrumentation & control (fic) 0.30 438.8 417.3
Electrical (fel) 0.20 292.6 278.2
Civil (fc) 0.30 438.8 417.3
Structures & buildings (fsb) 0.20 292.6 278.2
Lagging & paint (flp) 0.10 146.3 139.1

Total onsite capital costs 3.20 4 681.0 4 451.0

Off sites (fos) 0.30 438.8 417.3
Design & engineering (fde) 0.30 438.8 417.3
Contingencies (fco) 0.10 146.3 139.1

Total CapEx 5.82 8 519.4 8 100.8

Table 28: CapEx Estimation for CCUS for pulp plant in MSEK2023.

Constituent Factor Utilization Storage

Piping (fp) 0.80 955.0 934.3
Equipment erection (fer) 0.30 358.1 350.3
Instrumentation & control (fic) 0.30 358.1 350.3
Electrical (fel) 0.20 238.7 233.5
Civil (fc) 0.30 358.1 350.3
Structures & buildings (fsb) 0.20 238.7 233.5
Lagging & paint (flp) 0.10 119.3 116.7

Total onsite capital costs 3.20 3 820.2 3 737.2

Offsites (fos) 0.30 358.1 350.3
Design & engineering (fde) 0.30 358.1 350.3
Contingencies (fco) 0.10 119.3 116.7

Total CapEx 5.82 6 952.7 6 801.8

5.2.4 Annualized Capital Cost

To more accurately calculate the total capture cost of the CCUS process, the total CapEx
is annualized into the Equivalent Annual Cost (EAC). This transformation distributes the
one-time upfront investment evenly over the lifespan of the equipment and accounts for the
time value of money. Additionally, it enables a better comparison between the CapEx and
OpEx contributions to the total costs. The equivalent annual cost is calculated as follows
[86]:

EAC =
CapEx

A
(12)
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where A is the annualization factor which is calculated as follows:

A =
1− 1

(1+r)t

r
(13)

where r is the economic depreciation and t is the total project lifespan.

5.3 Operating Expenditure

Operational Expenditure (OpEx) refers to the ongoing costs associated with operating and
maintaining each process. The OpEx are classified into variable operational costs (VOC) and
fixed operational costs (FOC). VOC includes the costs that depend on the system’s capacity
and production which includes the expenses for consumables such as raw materials and
utilities. FOC remains relatively constant regardless of the system’s capacity and includes
factors such as taxes, labor, administration, and maintenance. The reason for this being that
FOC is estimated based on a relationship between CapEx and OpEx, where CapEx is the
most heavily influencing factor. This is explained in further detail in section 5.3.2.

5.3.1 Market Prices of Consumables

The main consumables in the CCUS processes are hydrogen, monoethanolamine (MEA),
and electricity. Hydrogen is the feedstock for the methanol synthesis process. MEA is the
solvent used to capture CO2 and a small fraction is consistently purged and replenished to
avoid a build-up of impurities and degradation. Electricity is required to power equipment
such as compressors and pumps and in order to generate steam. To ensure the process does
not contribute to additional carbon emissions, the electricity and hydrogen must be from
green, renewable resources. The costs and projected growth for the process consumables are
summarized in Table 29 below.

Table 29: Utility and raw material costs.

Material or Utility Purpose Cost Growth Reference

Green hydrogen Feedstock 71 880 SEK/t-H2 0.615% [87]
MEA Solvent 8 597.78 SEK/t-MEA 0.575% [88]
Renewable electricity Energy source 0.28 SEK/kWh 0.615% [89]

The current costs and projected growth rates of utilities and raw materials were in turn
supplemented with the annual demand for those consumables based on Aspen simulations.
This way, annual costs could be calculated.

5.3.2 Estimating Fixed Operational Costs

The fixed operational costs (FOC) were estimated from factors of the CapEx and OpEx
based on Sinott & Towler [84, 90]. The OpEx and the FOC are calculated simultaneously
from Equation 14, which depends on the factors in Tables 30 to 31.
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OpEx = VOC+ FOC =
VOC+ 0.05× CapEx

1− 0.155
(14)

Table 30: Fixed operational costs for cement plant in M SEK2023.

Cost type CapEx Factor OpEx Factor Utilization Storage

Local tax 0.01 - 85.2 122.4
Insurance 0.01 - 85.2 122.4
Maintenance 0.03 - 255.8 376.2
Operating labor - 0.1 1 499.4 130.6
Distribution - 0.005 74.9 6.5
R&D costs - 0.05 749.7 65.3

Total 2 750.07 814.5

Table 31: Fixed operational costs for pulp plant in MSEK2023.

Cost type CapEx Factor OpEx Factor Utilization Storage

Local tax 0.01 - 69.5 109.4
Insurance 0.01 - 69.5 109.4
Maintenance 0.03 - 208.6 328.2
Operating labor - 0.1 1 129.5 108.2
Distribution - 0.005 56.5 5.4
R&D costs - 0.05 564.7 54.1

Total FOC 2 098.2 714.8

5.4 Revenue

Revenue from CCS and CCU, specifically methanol production and carbon storage, depends
on the type of carbon, market demand, government incentives, and carbon pricing [91].
Carbon is priced in Sweden either through carbon tax or EU ETS [92]. The EU ETS or the
European Emissions Trading System is a carbon market that aims to reduce emissions in the
EU by setting a cap on total emissions, that requires companies to purchase allowances for
their emissions. It covers sectors like electricity generation, heavy industry, and aviation [93].
Fossil-based emissions increase the total carbon in the atmosphere, contributing to climate
change. On the other hand, biogenic emissions originate from carbon already within the
natural carbon cycle and are considered carbon-neutral. Consequently, only fossil carbon
emissions are accounted for in the EU ETS, which means only the cement plant falls under
its scope [93].
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Table 32: Potential revenue sources for CCUS.

Case No. Feed Type Carbon Application Revenue Source

1 Cement Utilization MeOH sales
2 Cement Storage ETS (fossil)
3 Pulp Utilization MeOH sales
4 Pulp Storage N/A

5.4.1 Methanol Production vs Storage

CCS can help cement producers reduce costs under the EU ETS. By capturing and storing
CO2, producers lower their reportable emissions, meaning they need to buy fewer allowances.
If they have already purchased allowances, the captured CO2 creates a surplus, allowing them
to sell the unused allowances on the carbon market. With carbon prices currently at 778.80
SEK/t-CO2 (see Table 33), this ability to reduce purchases or sell surplus allowances provides
a strong financial incentive to invest in CCS [94].

CO2 capture from pulp mills is feasible with the right policies. However, the EU ETS cur-
rently treats captured and stored biogenic CO2 as carbon neutral rather than carbon negative.
Introducing incentives for negative emissions is crucial to drive CCS adoption, enabling the
industry to offset costs and generate new revenue opportunities [95].

Methanol production offers revenue opportunities for CCU projects. Instead of simply storing
captured CO2, converting it into methanol creates a valuable commodity with diverse market
applications. The current market price for methanol can be seen in Table 33.

Table 33: Summary of Revenue Sources, Unit Revenues, and Growth Rates.

Revenue sources Unit revenue Annual growth Reference

Credits [SEK/t-CO2] 778.80 7.90% [96, 97]
MeOH sales [SEK/t-MeOH] 3 760.77 1.43% [98, 99]

The outputs of MeOH and stored fossil CO2 were extracted from each process to supplement
the current annual prices and annual growth. This way, annual revenue could be calculated.

5.5 Discounting

The discount rate is crucial in evaluating environmental projects as it determines the present
value of future costs and benefits. Traditional financial discount rates are often too high for
long-term environmental investments, such as climate change mitigation, as they undervalue
the importance of future benefits. Instead, a social discount rate, which is typically lower
than financial rates is recommended. This approach values future and current generations
equally, encouraging more investment in sustainability. By integrating social capital into
decision-making through lower discount rates, companies, and policymakers can better ad-
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dress long-term environmental challenges [100].

For CCUS projects, the choice of discount rate becomes especially important because these
initiatives are long-term, and their primary benefits such as reduced greenhouse gas emissions
and mitigated climate change span over decades. A lower discount rate of 1–3% is often used
for such projects as it represents the long-term value of environmental benefits for future
generations. Therefore, in this economic analysis, a discount rate of 3% will be used [101].

5.6 Project lifespan

The project life span refers to the whole duration of our project, it encompasses all the phases
for our project to achieve its objectives. The lifespan of 25 years was determined by looking
at another project with a similar design and processes [60].

5.7 Sensitivity Analysis

A sensitivity analysis is crucial to forecast how changes in different variables will affect the
profitability of the designed system. Two sensitivity analyses were conducted; one for the
highest ROI score for storage, and one for the highest ROI score of utilization, those being
cement-storage and pulp-utilization. In each sensitivity analysis, a set of inputs deemed most
relevant for the ROI score were set to a lower bound, baseline, and upper bound. It was then
analyzed how the changes in input value would impact the ROI.

It is important to note that the lower and upper bounds for each input were selected based
on a reasonable range in which they may realistically vary. The only absolute cost included
is the total equipment cost (Ce). This input was varied by ±30% which is directly linked to
the margin of error of a study estimate, which is the level of economic estimation that has
been applied during this project. This margin accounts for potential inaccuracies in APEA to
conduct of costing. As other absolute values such as prices of goods and utilities were found
in the literature with relative certainty, all remaining inputs were based on uncertain factors,
such as growth rates of prices, wages, and discount rate. Since these inputs are already based
on annual percentages, the range of variation was set to ±2%.
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6 Results & Discussions

6.1 Technical

The overall CCUS process for two industrial effluent streams is shown in Figure 29 below.

Figure 29: Process Flow Diagram for overall proposed CCUS.

The model for carbon capture was primarily modeled to be as efficient in its ability to remove
CO2 as possible. How feasible the design process was in regards to energy usage was not taken
into consideration. This caused a higher than average capture rate at the cost of increased
energy usage. This is in large part due to the reboil ratio being as high as it is at 0.9. The
results in an energy per t-CO2 captured to be 27.02 GJ/t-CO2. This is about 3 times as
much compared to other studies on the subject [73]. However, our proposed system uses less
MEA than the same study. The proposed model uses about 1.7 tonnes of solvent per tonne
CO2 capture while the compared system uses 3.33 tonne MEA per tonne CO2 captured. The
reason for reducing the amount of solvent used instead of decreasing the energy usage is in
large part to decrease the size of the absorber and stripper.

6.2 Economical

6.2.1 Key Performance Indicators

Key Performance Indicators (KPIs) are metrics used to assess the proposed process results.
Three critical KPIs are the cost of carbon capture (CCC), net present value (NPV), and
return on investment (ROI), which can be seen in Table 34.
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Table 34: KPIs for all scenarios considered.

Plant Type Cement Pulp

Application Utilization Storage Utilization Storage

CCC (SEK/t-CO2) 10 800 1 895 10 700 2 130
NPV (M SEK2023) −140 100 −19 200 −105 500 −50 000
ROI (%) −64.3 −28.3 −64.1 −99.1

The NPV over the project lifespan is shown in Figure 30. Of the four scenarios considered,
none reach an NPV of zero and therefore none of the proposed projects are financially viable
for the current conditions.

Figure 30: NPV over course of project lifespan.

The contributions to the NPV of the CapEx, Variable operational costs, and fixed operational
costs at the end of the project lifespan are shown in Figure 31 below.
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Figure 31: Splits of constituents for the NPV.

Figure 31 shows that the cases with utilization have high total OpEx over the lifespan of the
project, both in FOC and VOC in relation to CapEx and revenue. Due to the lower flue
gas flow rate in the pulp plant, the magnitude of all NPV constituents is smaller than for
the cement plant. A similar observation can be made about the storage cases, except with
higher relative CapEx instead of OpEx. One noticeable difference though is how the pulp
plant does not generate revenue from carbon credits, reflecting what was discussed earlier.
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Figure 32: Splits of constituents for the CapEx.

As can be seen in Figure 32, onsite costs remain high contributors to the total CapEx across all
cases, with equipment cost being the largest. Other onsite costs include additional supporting
infrastructure such as piping, instrumentation, and buildings. The smallest contributor to
the CapEx is miscellaneous which includes costs such as offsites and contingencies. The
proportionality of equipment costs (Ce), other onsites, and miscellaneous remains the same
across all four cases. This is due to them all being estimated using the factorial method.
However, for the storage alternatives, the required harbor extension leads to a considerable
cost as well.
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Figure 33: Splits of constituents for the VOC.

Figure 33 highlights the significant cost of green H2 in utilization scenarios for both cement
and pulp. The other VOCs, such as MEA and electrical costs, also contribute to the VOC
but to a much smaller extent. For CCS options, the storage and transportation fee from
Northern Lights for the storage options is much cheaper in contrast to that of green H2.
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Figure 34: Splits of constituents for the FOC.

Figure 34 showcases the FOC constituents for each case. Since FOC is an estimation where
both CapEx and VOC are inputs, and these vary between each case, the FOC constituents
relative contribution to the total differs. For utilization cases, the elevated VOCs cause
higher operating labor, distribution, marketing, and R&D. In contrast, storage cases with
higher CapEx due to the harbor extension have raised local tax, insurance, and maintenance
instead.

6.2.2 Sensitivity Analysis

The results of the sensitivity analysis performed can be interpreted as a profitability map for
the investment in the proposed CCUS processes. As all ROIs of this project are estimated to
be negative, it is important to note that Figures 35 to 36 show the percent change in negative
ROI.

In practical terms, it means that negative ROI decreases downward along the y-axis. As
an example, a point being closer to the x-axis would therefore represent a change in the
positive direction for the ROI and should be interpreted as being less unprofitable.
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Figure 35: Negative ROI sensitivity analysis for cement CCS. All % based inputs varied by
± 2%, Ce varied by ± 30%.

For cement storage in Figure 35, it is immediately evident that the growth of credits has a
high impact on the ROI, with the lower bound reaching around 160% of the negative ROI
while the upper bound reaches approximately 20%. This is due to carbon credits being the
only revenue source of the project, combined with the fact that this is the least unprofitable
alternative. Had the total revenue been less, a change in credit growth would not have made
as much of a difference in the ROI. See figure 31 for further insight. This is an especially
interesting observation, as the annual growth of carbon credits is a highly discussed and
uncertain topic. This indicates a slight possibility of economic viability for retrofitting CCS
technology to the cement plant in Slite, especially when reducing costs elsewhere. This can
be achieved by increasing economic efficiency in the CC process by sacrificing the upper per-
centages of CC efficiency or choosing pipeline as mode of transportation instead of shipping
which also has a smaller requirement of compression.

The same principle of relative contribution to the NPV applies to another input of note;
Total Ce. This is the main contributor to CapEx through the factorial estimation, and
CapEx is the second most significant contributor to the NPV of the cement-storage alterna-
tive. All other input parameters were likewise chosen for their deemed high impact on the
ROI. Even so, the annual growth of credits remains the by far most contributing factor.
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Figure 36: Negative ROI sensitivity analysis for pulp CCU. All % based inputs varied by
± 2%, Ce varied by ± 30%.

For pulp-utilization in Figure 36, the sensitivity is much more equally distributed across the
selected inputs. Again, this case only has one source of revenue, likely explaining why the
highest sensitivity is attributed to the MeOH price growth input. However, the relative sen-
sitivity is much less pronounced in this case. This occurs because the high fixed and variable
operating costs outweigh the revenue to a further extent, resulting in smaller contributions
to the ROI from revenue. Similarly, since CapEx is a much smaller contributor to the NPV
in this case, total Ce and EAC interest rate are rendered much less detrimental to the ROI
as well. In contrast, VOC and FOC are the main contributors, with H2 being the by far most
contributing component of VOC. This is also reflected in Figures 35-36. To summarize, the
factors most influencing the ROI of the pulp-utilization alternative are the price inflations of
MeOH and, to a lesser extent, H2.

Lastly, when comparing Figures 35-36 overall, it is clear that cement-storage seems gen-
erally more sensitive regardless of input, as the bounds are further apart and spread across
a larger percentage-based impact. For Pulp-utilization on the other hand, the opposite is
observed. This is accredited to the fact that the negative NPV of the pulp-utilization is
nearly twice that of cement-storage, and that changes of input values will be less impactful
when observing on a percentage-based scale.
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7 Conclusion

Carbon Capture Utilization and Storage is an option for Swedish industries to reduce CO2

emissions. Carbon capture utilization (CCU) and carbon capture storage (CCS) have dis-
tinct motivations: CCU promotes a circular economy whereas CCS enables a permanent
sequestration for CO2. This techno-economic investigation analyzes the economic feasibility
of these approaches retrofitted to two key industrial processes: cement production, which
primarily emits fossil-based CO2, and pulp production, which emits biogenic CO2. Under
the current conditions, none of the proposed processes for the four scenarios considered are
economically viable to capture CO2, regardless of the downstream application.

7.1 Utilization

The proposed CCU process is not economically feasible under the current conditions for ce-
ment or pulp plants. The primary reasons the process is not competitive with conventional,
fossil-based processes are due to the high cost of green hydrogen. The current market price
of methanol is 3 760.77 SEK/t [98], while the levelized cost of methanol produced in the pro-
posed process (LCOM) is 13 975.00 SEK/t, nearly 4 times higher. The sensitivity analyses
revealed the profitability of the process is highly sensitive to the cost of feed hydrogen. If
the green hydrogen price reaches 12 000 SEK/t, approximately one-fifth of the current price
in Sweden, the LCOM from the proposed process will be competitive in the market without
any subsidies.

Therefore, while CCU, specifically in the form of hydrogenation into methanol, has the poten-
tial to repurpose CO2 and enable a circular economy, achieving economic feasibility requires
advancements in technology, reductions in green hydrogen costs, and robust incentives to
enable market competitiveness with fossil-derived methanol.

7.2 Storage

The proposed CCS process is not economically feasible for cement or pulp plants under the
current conditions. The cost per tonne of CO2 of the proposed process is approximately twice
as expensive as in literature due to the added complexities associated with shipping, such as
the liquefaction process, harbor extension, and shipping company cost. This is because no
viable carbon storage locations are accessible by pipeline in Sweden [32, 34].

The proposed CCS process could become more economically feasible with more favorable
policy interventions, such as higher carbon credit growth rates and the inclusion of biogenic
emissions in carbon trading frameworks. Under the current conditions, however, the EU
Emissions Trading System only considers fossil CO2, covering 88% of cement and barely 1%
of pulp emissions in this study. For the CCS process for the cement plant to break even, the
EU ETS carbon credit price would need to grow by 10.3% annually, which is roughly double
the current projected growth. This highlights the need for stronger policy support for CCS.
While incentives for capturing and storing fossil CO2 are important to decrease industrial
emissions, true net zero is unlikely since certain sectors will continue to emit CO2. There-
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fore, incentives for both biogenic and fossil credits within the EU ETS, with a growth rate of
about 9.5%, would generate enough revenue for both the cement and pulp plants considered
to break even within the plant lifespan. This approach would enable negative emissions from
biogenic carbon, thereby helping to reach net zero by offsetting emissions from sectors that
face challenges in decarbonization.
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