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summary

This research investigates the value of transport mode flexibility in OCCUS supply chains, particularly
under uncertain CO, supply during the early phases of CCUS development. This study aims to develop
a strategic decision support model that quantifies the economic and environmental benefits of transport
flexibility within the supply chain.

The literature review provides two key insights. First, it identifies the essential steps in the CO, sup-
ply chain: CO, is captured onboard ships, temporarily stored onboard in solvent, and transported to
onshore facilities for regeneration and liquefaction, after which the liquefied CO, is transported to per-
manent underground storage. Second, the review reveals that no comprehensive studies currently
model the full OCCUS supply chain while incorporating uncertainty in CO, supply. Consequently, no
established approaches exist to address transport flexibility under such uncertainty within this context.
However, real options analysis has been successfully applied in land-based CCUS projects to value in-
vestment and operational flexibility under uncertainty. Building on this proven methodology, the present
research adopts a real options approach to quantify the value of the option to switch between transport
modes.

This research applies the developed real options model to a case study centered on the Port of Rotter-
dam. The supply chain model follows the Value Maritime approach: CO, is captured onboard ships,
stored in CO,-rich solvent and offloaded at the Maasvlakte terminal. Transport from the port to the re-
generation and liquefaction facility is done with containerized trucks, with the option to switch to barges.
Two barge types are considered: the smaller CEMT-IVa and the larger CEMT-Va or a combination of
the two. The LCO; is subsequently transported by truck to an underground storage site. The model
evaluates scenarios under both a fixed average CO, price (€136/t) and a variable CO, price increasing
over time based on market forecasts.

The results indicate that while the average CO, price is insufficient to achieve economic viability at any
time and outcome, incorporating the option to switch from truck to barge transport adds value if CO,
supply grows. The option to switch to the smaller CEMT-IVa (€630345) barge shows greater economic
benefits compared to the larger CEMT-Va (€131555), mainly due to its better alignment with expected
supply volumes during the early implementation phase. The combined switching option (€632010) only
yields a marginal additional value, as the larger barge is only required at the highest and least probable
supply scenario.

Under the variable CO; price scenario, the truck-only strategy reaches a positive total value by 2031
with a 30% probability. Introducing the option to switch to the smaller CEMT-IVa barge accelerates this
to 2029 with a 55% probability, reflecting earlier and more frequent switching. The larger CEMT-Va
barge lags behind, with switching and positive value only occurring from 2030 onward and at a lower
11% probability, indicating less frequent and delayed use.

The break-even price for the truck-only transport strategy is €184.21/tCO,. The inclusion of switch-
ing options reduces this threshold across all configurations: the CEMT-IVa barge option achieves a
4.35% reduction to €176.19/tCO,, while the CEMT-Va barge provides a modest 0.92% reduction to
€182.52/tCO,. The combined strategy yields the largest reduction of 4.36%, lowering the break-even
price to €176.17/tCO,.
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Introduction

In recent years, the global population has increasingly witnessed the tangible impacts of climate change,
including widespread forest fires, severe heatwaves, and intense storms. These phenomena are driven
by global warming, a consequence of the enhanced greenhouse effect resulting from the combustion
of fossil fuels, which releases significant amounts of greenhouse gasses into the atmosphere (Graus
et al., 2024).

In today’s globalized economy, international trade is crucial for meeting societal needs, with the mar-
itime industry facilitating over 80% of worldwide trade (The Economist Group, 2023). However, the
industry faces significant challenges in reducing its carbon footprint. Currently, only around 2% of
vessels sail on alternative fuels. In the new building order book, 27% of vessels are propelled by alter-
native fuels. This category includes Liquefied Natural Gas (LNG), Liquefied Petroleum Gas (LPG), and
methanol. (ABS, 2024). While these fuels are less carbon-intensive on a well-to-wake basis compared
to traditional fossil fuels, their combustion still results in the release of CO, into the atmosphere.

According to the fourth International Maritime Organization (IMO) Greenhouse gas (GHG) study, inter-
national shipping was responsible for 1,076 million tons of GHG emissions in 2018, which is expressed
in COy. To put this in perspective, this is approximately 2.89% of total global emissions. Without ad-
ditional measures, emissions from international shipping were about 90% of 2008 levels in 2018 and
are projected to increase to between 90% and 130% of 2008 levels by 2050, depending on economic
and energy developments (IMO, 2020).

To reduce emissions in the shipping industry, governments and regulatory bodies, such as the IMO and
the European Union, have set reduction targets and regulations. In the revised IMO GHG Strategy, two
indicative checkpoints are mentioned: at least 20%, striving for 30% by 2030, and at least 70%, striving
for 80%, by 2040 compared to 2008 levels (IMO, 2023). Additionally, during MEPC83, the committee
approved a new pricing and reward mechanism based on well-to-wake GHG fuel intensity standards,
set to come into force in 2027 (IMO, 2025). Under this mechanism, penalties could rise to as much as
$385 per tonne of CO,.,. Besides the IMO, the European Union has included shipping in its “Fit for 55”
package. Ships above 5000 GT are included in the European Emissions Trading System (EU ETS)
and FuelEU, which introduces penalties based on the GHG intensity of energy usage onboard (Faber
et al., 2022).

Various decarbonization technologies and solutions are being researched, including energy-saving de-
vices, biofuels, low or zero-carbon fuels, and carbon capture. While sustainable fuels are key to reach-
ing net-zero emissions, their limited availability and high prices hinder short to medium-term adoption
(BV, 2024). Although carbon capture does not result in net-zero emissions, increases fuel consumption
and is limited by available space, research indicates the technological and economic viability of onboard
carbon capture systems to reduce GHG emissions in the short and medium term. This makes carbon
capture technology an interesting decarbonization option (Ros et al., 2022; Tavakoli et al., 2024).
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Carbon Capture is an element of the broader concept of Carbon Capture Utilization and Storage
(CCUS) strategy, recognized by the International Energy Agency as one of the four pillars of the energy
transition (IEA, 2020). Currently, Europe is in the early stages of developing this necessary infrastruc-
ture. There are 119 commercial-scale CCS facilities in various stages of progress across the continent
(Gerrits & Blanchard, 2023). Many industrial emitters are located in or near ports, which enhances the
feasibility of integrating ship-based carbon capture with land-based systems, making this an attractive
option for the maritime industry (DNV, 2024). Regulations regarding carbon capture are uncertain for
both shipping and land-based CCUS projects, leading to uncertainties that impact the total CO, flow
(IEA, 2020).

Given that vessels berth at ports, while outlet locations are located across Europe, the transportation
and handling of captured CO, becomes essential. For Onboard Carbon Capture (OCC) an efficient
Onboard Carbon Capture Utilization and Storage (OCCUS) supply chain around ports is crucial to
maximize outlet possibilities and reduce overall costs (BV, 2024; DNV, 2024; LR, 2023). However,
transport infrastructure is currently lacking, making it difficult for early adapters of carbon capture to
move their captured CO,, to suitable outlet locations (Oeuvray et al., 2024). On the other side, a network
will only be developed if sufficient CO is captured and transported, making a decision about which
transport mode to use difficult (Becattini et al., 2024).

Value Group, consisting of two daughter companies, Value Maritime and Value Carbon, is one of the
first companies to develop, build and commercially sell onboard carbon capture technologies. A key
difference with respect to other competitors is that Value Group regenerates CO, from the captive
liquid on the landside instead of on the vessel itself. Necessitating the transport of solvent with CO,
from vessels to conditioning hubs. Due to the above-mentioned constraint, it is uncertain how much
CO, must be transported. Hence, they are interested in what possible transport options are and how
uncertainty influences the decisions to deploy a transport mode.

1.1. Research Objective

The objective of this research is to enhance understanding of OCCUS supply chains by exploring
key technologies, process steps, and associated uncertainties. It further aims to develop a strategic
decision support model to evaluate economic and environmental feasibility, with a focus on the value
of transport mode flexibility under uncertain CO, supply during early implementation. Additionally, the
study provides insights into total supply chain costs, estimates the minimum required CO, price for
break-even, and supports decision-making on the timing and selection of transport modes based on
expected and uncertain CO, volumes.

1.2. Research Questions
To achieve the stated research objective in section 1.1, the following main research question is formu-
lated:

How does transport mode flexibility affect the economic and environmental feasibility of onboard
carbon capture utilization and storage supply chains during the early implementation phase under
uncertain CO, supply to a port?

To answer the main research question, the following sub-research questions are formulated:

1. What are the required steps, technologies, and sources of uncertainty associated with OCCUS
supply chains?

2. How have previous studies modelled OCCUS supply chains, and what methodologies have been
used to incorporate uncertainty in CO, supply?

3. Which parameters and criteria are needed to evaluate the influence of flexibility on the economic
and environmental aspects of OCCUS supply chains?

4. What is the synthesis of a model that evaluates transport mode flexibility in OCCUS supply chains
under uncertain CO, supply?

5. How can the impact of transport mode switching flexibility on economic and environmental feasi-
bility of OCCUS supply chains be demonstrated through a case study?
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1.3. Report Structure

The structure of this report is as follows. First, a background is provided regarding the required steps
and technologies of OCCUS supply chains in chapter 2, focusing on research question 1. Chapter 3
answers research question 2 by presenting a comprehensive literature review to address modelling
approaches used to model OCCUS supply chains incorporating uncertainty in CO, supply. Chapter 4
provides a detailed description of the developed model and addresses sub-research questions 3 and 4.
This is followed by Chapter 5, which outlines the input parameters and describes the case study setup,
contributing to the evaluation of sub-research questions 3 and 5. Chapter 6 presents the results of the
model application and case study, with a particular focus on sub-research question 5. Chapter 7 offers a
reflection on the modelling assumptions and discusses the limitations and implications of the approach.
Finally, Chapter 8 summarizes the main findings and provides answers to the research questions.



Background on OCCUS Supply chains

This chapter focuses on the steps and technology required to operate the full OCCUS supply chain. The
OCCUS supply chain is a comprehensive system designed to mitigate CO, emissions from the shipping
industry. In section 2.1, OCC systems will be elaborated. After this, temporary storage methods are
explained in section 2.2. In section 2.3, different offloading strategies are provided. After this, the

different CO, transport methods are explained in section 2.4. The different outlet options are defined
in section 2.5.

Figure 2.1 provides a global visualization of the conventional supply chain. It commences with the
capture of CO, from ship exhaust gases using advanced technologies. The captured CO; is temporarily
stored onboard until offloading is possible. Subsequently, the CO5 is transported to designated outlet
locations. At these locations, the CO, can either be utilized or stored permanently to prevent it from
being released into the atmosphere.

Onboard Onboard Offloading of CO, Distribution of CO, Utilization/storage of CO,
carbon capture  temporary storage at reception point Transportation by ship or pipeline Use of CO, as feedstock to create products

Permanent underground storage

Figure 2.1: Global OCC supply chain visualization (DNV, 2024)

As highlighted in the chapter 1, the Value Maritime system differs from the conventional methodology.
To provide background on the differences, similarities, and need for a supply chain model, an overview
of the required steps is provided in this chapter.

2.1. Onboard Carbon Capture Systems

OCC represents the first step in the OCCUS chain, but its implementation onboard ships raises some
important questions such as, how is carbon captured at sea, and what systems are required? While
less mature than land-based applications, research indicates that OCC could be technically and eco-
nomically viable for maritime use (BV, 2024; DNV, 2024; Luo & Wang, 2017; Zhao et al., 2025). Carbon

capture technologies are typically grouped into three main categories: pre-combustion, oxy-fuel com-
bustion and post-combustion.
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Pre-combustion carbon capture, in which CO;, is separated before combustion via syngas reforming,
is currently not applied onboard ships due to high retrofitting costs, limited maturity, and compatibility
issues with marine engines (Law et al., 2024; Thaler et al., 2022). Oxy-fuel combustion burns fossil
fuels in pure oxygen instead of air, producing flue gas mainly composed of CO, and H,O (Wilberforce
et al., 2019). Onboard Oxy-fuel concepts are not competitive due to reduced engine efficiencies and
high energy demand for onboard oxygen supply (Wohlthan et al., 2024). As both technologies remain
underdeveloped for onboard application, they are excluded from the scope of this research.

Post-combustion carbon capture represents the most developed carbon capture technology (Bui et al.,
2018). Ittypically relies on chemical absorption, where exhaust gas passes through an absorber column
and contacts a lean solvent that captures CO, (MacDowell et al., 2010). The cleaned exhaust gas is
vented, and the CO,-rich solvent is sent to a regenerator column, where heat releases the captured
CO, and regenerates the solvent. The solvent is reused, and the released CO; is compressed and
liquefied for transport or storage (Madejski et al., 2022).

The concept of OCC was first researched by Luo and Wang (2017), who introduced a solvent-based
OCC system. A comprehensive Techno-Economic Assessment (TEA) was conducted for a cargo ship
to evaluate the technical feasibility of the system. More recent research primarily assesses techno-
economic viability through dedicated case studies. These studies span a wide range of vessel types,
engine power levels, and fuel variations.

Across these studies, several common challenges have been highlighted. These include solvent se-
lection, height restrictions for absorber and regenerating equipment, vessel operational schedules, the
fuel penalty and onboard storage capacity(Feenstra et al., 2019; Long et al., 2021; Luo & Wang, 2017;
Stec et al., 2021; Tavakoli et al., 2024). Among these, the fuel penalty and storage requirements are
highlighted as the most challenging.

The fuel penalty is caused by the additional energy required for operating equipment such as compres-
sors, pumps, and solvent regeneration. This results in increased fuel consumption, which varies based
on capture system efficiency, fuel type, engine configuration, and use of waste heat recovery (Luo &
Wang, 2017; Visona et al., 2024). For example, Einbu et al. (2022) conducted an energy assessment
including flue gas heat integration and concluded that available exhaust heat is not sufficient, resulting
in a 6—9% fuel increase for LNG and 8-12% for diesel. This contrasts with Feenstra et al. (2019), who
assumed sufficient high-temperature waste heat was available, and with Tavakoli et al. (2024), who re-
ported much higher fuel penalties of 70—100%. These wide variations highlight the influence of multiple
factors and the lack of consensus on a reliable range. This underscores the need for further research
or alternative capture methods.

In addition to the energy penalty, storing the captured CO, onboard poses significant design and op-
erational challenges. To optimize storage capacity, most studies propose liquefying CO,. While Luo
and Wang (2017) assumed a high storage pressure of 100 bar, more recent work suggests pressures
in the range of 15—-22 bar (Feenstra et al., 2019; Long et al., 2021; Tavakoli et al., 2024; Visona et al.,
2024). Although lower pressures ease technical demands, they still necessitate additional equipment
and energy input, adding to the system’s complexity and cost.

To address the challenges related to the fuel penalty, as indicated in the previous section, Value Mar-
itime employs a different system. Unlike typical methods described in the literature, where CO, is
regenerated using the heat from exhaust gases and subsequently liquefied for onboard storage, Value
Maritime employs a method where CO, is regenerated on land using renewable energy sources if pos-
sible. Figure 2.2 shows schematically how the OCC system operates. In this system, lean solvent is
stored in dedicated tanks or ISO tank containers onboard the vessel. During operation, a pump contin-
uously circulates a solvent from the storage tanks to an absorption tower, where it is sprayed over the
exhaust gases to capture CO, molecules. This cyclical process continues until the solvent becomes
saturated with CO,. Once saturation is achieved, the CO,-rich solvent is offloaded to shore facilities,
where it is replaced with fresh lean solvent.
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Figure 2.2: The Value Maritime onboard carbon capture process

This approach offers several advantages over conventional post-capture systems. The primary benefit
is the reduced onboard energy requirement, as no additional heat is needed for CO, regeneration and
less power is required for liquefaction equipment such as compressors. These factors contribute to a
lower fuel penalty since less additional fuel is consumed. Furthermore, onboard storage requirements
are less demanding, as the rich solvent can be stored in regular tanks, unlike LCO5.

However, this approach also introduces several operational disadvantages. Most notably, the storage
capacity for CO; is lower compared to liquefied systems since saturated solvent holds less CO, per
unit volume. Furthermore, the high density of the solvent adds considerable weight, especially at larger
volumes. Operating the system also requires a greater total volume of solvent, which must be regu-
larly exchanged once saturation is reached, leading to more frequent transport cycles. Since solvent
regeneration and CO;, liquefaction occur on land, rich solvent must be transported efficiently to the con-
ditioning facility. Table 2.1 provides a summarized comparison of key advantages and disadvantages.
These factors underline the importance of designing a flexible solvent transport system.

Table 2.1: Comparison of Value Maritime and conventional carbon capture systems

Advantages Disadvantages
Low fuel penalty
Less onboard equipment

Lower absolute storage capacity

VM . . High mass of saturated solvent
Less stringent storage requirements
. Extra transport steps on land
Less expensive
More equipment required
LCO More storage capacity High fuel penalty
2 | Fewer transport steps on land Strict storage requirements

More expensive
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2.2. Temporary (onboard) Storage

The second step in the chain is temporary onboard storage, which is an important aspect of the sys-
tem. It depends on various parameters specific to each vessel, such as operational profile, offloading
intervals, and storage capacity. LCO, Storage is typically categorized into low-pressure (LP, 5.7-10
bara, -54.3°C to -40.1°C) and medium-pressure (MP, 14-19 bara, -30.5°C to -21.1°C) systems. There
are two different solutions for onboard LCO, storage, either insulated vessels or ISO tank containers
(Buirma et al., 2022). The best solution may vary depending on the vessel type (Skagestad et al., 2024).
In addition to onboard storage, temporary storage on land is carried out in the same manner.

Saturated solvent storage requires no insulation or pressurized tanks, making it easier to operate and
retrofit. It can be stored in ISO containers or dedicated tanks, although it stores less CO, compared to
LCO,. Since Value Maritime’s process is used, onboard storage of liquefied CO, is excluded from this
study. Instead, the saturated solvent is chosen as the temporary onboard storage method. The same
applies to temporary storage before the regeneration and liquefaction process. Up until this stage, it
is possible to store the CO, in the solvent. Hereafter, the CO; is liquefied, and the same conditions
described above apply.

2.3. Offloading of CO,

The third step in the OCCUS chain is offloading captured CO,, either for temporary buffer storage or
direct transfer to transport. Research on offloading options is limited, but GCMD (2024) outlines four
main concepts:

+ Ship-to-Liquid Bulk Terminal

 Ship-to-Floating CO, Storage via an intermediate receiving vessel
* Ship-to-Liquid Bulk Terminal with an intermediate receiving vessel
+ Ship-to-Terminal with ISO Tank Containers

For the Value Maritime process, Ship-to-Terminal with ISO containers or Ship-to-Chemical Barge is
used.

2.4. Transportation of CO,

The next step is to transport the received CO; from the port to the conditioning plant or the selected
outlet. The most common CO, transport modes include pipelines, ships, trucks, trains, and barges
(Al Baroudi et al., 2021; Dziejarski et al., 2023; Gur, 2022). Understanding the requirements for trans-
porting CO, and the factors influencing the choice of transport mode is critical for designing a reliable
and cost-effective OCCUS infrastructure.

2.4.1. Pipeline transport

Pipelines are considered the most efficient method for transporting large volumes of CO, (Wilberforce et
al., 2019). Extensive research has been conducted to develop pipeline networks. Even open-source
pipeline design tools such as SIimCCS are available (Middleton et al., 2020). The decision to use
pipelines depends on various factors. One key factor is the transport distance. Pipelines are generally
considered viable for distances up to 1500 km (Bui et al., 2018). Another important factor is the required
flow rate of CO,, which directly influences the pipeline diameter and, consequently, the investment cost
(Solomon et al., 2024).

Although pipelines are considered the most cost-effective way of transporting large volumes of CO»,
it has some minor disadvantages. Constructing a pipeline network requires significant capital and
development time. An optimal design considers flow rates, pressure drops, and the potential for future
expansion. Integrating CO, transport infrastructure with capture and storage systems is essential to
enhance the overall efficiency of the CCUS chain (Bui et al., 2018). A network is likely to be established
only if both the storage capacity and the volume of captured CO, are assured at a sufficient scale. At
the same time, emitters will capture CO, only if there is guaranteed transportation to a storage site.
This mutual dependence could potentially slow down its development (Oeuvray et al., 2024).
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Although solvent could theoretically be transported via pipelines, this has not been studied in the lit-
erature. Moreover, long-distance transportation of solvent is generally not expected, so the use of
pipelines for solvent transport is excluded from the scope of this study.

2.4.2. Ship and barge transport

Ship and barges are often considered for CO, transport for longer distances and relatively lower quan-
tities compared to pipelines (Al Baroudi et al., 2021). Although CO,; transport by ships or barges has
been used for decades in the food and beverage industry, the quantities required in this sector are much
smaller, with capacities ranging from 800 m? to 1000 m3. For CCUS chains, volumes up to 10,000 m3
are required (Hua et al., 2023).

The preferred operating pressure for CO, shipping is generally considered to be near 7 barg, which
is widely considered optimal due to its cost-effectiveness and technical feasibility (Roussanaly et al.,
2021b). This specification is also comparable to the conditions typically used for onboard CO, storage.
However, due to operational constraints, reconditioning could be required (d’Amore et al., 2024).

Various studies have examined the transport of CO, by ships and barges, often comparing their ap-
plication to pipelines. Generally, there is consensus that shipping provides notable advantages under
specific conditions, primarily due to its flexibility. Ships can connect multiple capture sites, reroute
easily to alternative storage sites, and adjust capacities when necessary, reducing financial risks and
uncertainties (Kjarstad et al., 2016; Neele et al., 2017).

The Capital Expenditure (CAPEX) of ships are lower compared to a pipeline network, but Operational
Expenses (OPEX) are significantly higher, reflecting a distinct difference in cost structure (Kjarstad
et al., 2016). Besides, ships emit more GHG emissions than pipelines during operation, as they still
primarily rely on fossil fuels. A major source of emissions during CO; transport by ship is the electricity
consumption of the CO;, liquefaction plant. Additionally, some CO; is lost through vaporization during
transport. To control the pressure inside the storage tanks, a fraction of the LCO. is released as boil-off
gas, typically around 0.15% (Al Baroudi et al., 2021; Jayarathna et al., 2021).

The transport of saturated solvent by ships or barges has not been thoroughly researched in literature.
The saturated solvent is classified as chemical. Therefore, it can be transported by regular chemical
ships or barges. According to transport companies, the use of stainless steel classified tanks is pre-
ferred. Ocean-going transport of saturated solvent is unlikely to be required. Therefore, these vessels
will be excluded from this research. Barges may be used for collecting and delivering saturated solvent
to ocean-going vessels equipped with OCC systems.

2.4.3. Truck and train transport

CO;, transport by truck or train has received less attention compared to pipeline, ship, or barge trans-
port. However, interest in truck or train transport has increased in recent years, as pipeline infrastructure
and large-scale shipping often require years to develop and implement, which slows down CCUS de-
ployment (Oeuvray et al., 2024). Generally, for short distances, shorter project lifetimes, and smaller
quantities, trucks or trains may be more suitable according to presented overviews (Myers et al., 2024).

CO4, transport by truck or train is carried out under similar conditions to that of ships and barges. Two
main transport options exist: container-based and dedicated. Container-based transport uses 20-foot
ISO tank containers (=~ 20 tonnes capacity), while dedicated transport involves fixed tanks with higher
capacity but requires filling and discharging steps, potentially leading to LCO, reconditioning (Oeuvray
et al.,, 2024). For saturated solvent, the same options apply, but the fluid is transported at ambient
conditions.

Container-based transport is preferable for early deployment due to its existing infrastructure, whereas
dedicated transport offers greater long-term advantages in terms of capacity, cost-efficiency, and envi-
ronmental performance. Trucks provide high flexibility but at the cost of higher emissions, expenses,
and congestion. Trains are more reliable but lack cost-efficiency due to limited economies of scale
(Oeuvray et al., 2024).
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2.5. Storage and Utilization

The outlet or sink of captured CO,, is generally divided into two different possibilities, either permanent
storage or utilization.

2.5.1. Permanent Storage

Storage of COs, is the process of injecting CO5, in a suitable deep underground storage site (IEA, 2020).
This process relies on established technologies that have been available for decades (Rubin et al.,
2005). CO, is commonly used in Enhanced Oil Recovery (EOR), where it is injected into reservoirs to
boost oil production (Bui et al., 2018). Experience from EOR demonstrates the feasibility of geological
CO, storage, with studies suggesting that 99% of the CO, can be retained for at least 1000 years
(Metz et al., 2005). Storage sites for CO, are available worldwide, both onshore and offshore. On-
shore projects often face societal resistance and legal restrictions, such as in the Netherlands (Arning
et al., 2019). Offshore storage avoids these concerns but involves higher costs, introducing uncer-
tainty in global and local storage capacity estimates. In general, three different storage options are
distinguished: depleted 0il& natural gas reservoirs, (unmineable) coal seams and saline aquifers.

Currently, only a few storage facilities are commercially operational or expected to open in the near
future (Global CCS Institute, 2024b). Examples include Aramis, Northern Lights, and Porthos. How-
ever, the shipping industry is not the only sector capturing CO, and seeking access to these storage
sites. Raising the critical question how much capacity will be available for CO, captured by maritime
vessels. Although large quantities of CO, can be stored, some have already been fully booked, such
as Porthos.

Permanent underground storage is an interesting option for shipping. Starting January 2024, the EU
ETS will require shipping companies to purchase allowances for their GHG emissions based on their
emissions monitored according to Monitoring Reporting and Verification (MRV). To facilitate a phased
transition, shipping companies will need to buy emission allowances incrementally:

» Covering 40% of verified emissions reported for 2024 in 2025.
* Increasing to 70% of emissions reported for 2025 in 2026.
» From 2027 onward, surrendering allowances for 100% of emissions reported annually.

According to Directive 2003/87/EC, emissions captured and stored under Directive 2009/31/EC (CCS
Directive) allow shipping companies to subtract captured CO,. Directive 2023/959, which was added
later, allows for the reduction of GHG emissions if they are permanently chemically bound in a product,
preventing their release into the atmosphere during normal use (BV, 2024; DNV, 2024).

In addition to this. At MEPC 83, a new chapter was added to MARPOL Annex VI, establishing a
framework for the approval of a new GHG Fuel Intensity (GFI). This regulation will enter into force in
2027 and will apply to all ships above 5000 GT. The GFl is a well-to-wake metric GHG emissions per
unit of energy used onboard. There are two targets: the base target and the direct compliance target.
The base year is 2008. If the ships GFl is below the Direct Compliance target, it earns surplus units.
If its GFI is higher, it incurs compliance deficits. A GFl between the two targets results in a Tier 1
deficit, while a GFI above the Base target results in both Tier 1 and Tier 2 deficits. Surplus units can be
transferred to other ships or banked for up to two years. Tier 2 deficits can be covered with surplus units
or Tier 2 remedial units at $380 per tonne of CO..,. Tier 1 deficits must be offset with Tier 1 remedial
units at $100 per tonne (IMO, 2025). A graphical representation of the tiers and pricing mechanism is
shown in figure 2.3.
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Figure 2.3: GFI pricing system (GCMD, 2025)

2.5.2. Utilization

An alternative to underground storage is CO, utilization, which (re)uses CO, as a raw material in various
industrial processes (Osman et al., 2021). Numerous utilization pathways for CO, already exist or are
being actively researched (Rafiee et al., 2018). Figure 2.4 provides a schematic process flow of possible
utilization options, which shows that CO,, in combination with (renewable) energy and other products,
can be transformed to required materials such as synthetic fuels, chemicals or construction materials.
Another option is to use captured CO, for growing crops or flowers in greenhouses. Utilization does
not necessarily reduce emissions and does not necessarily deliver a net climate benefit (Hepburn et al.,
2019). To assess the net reduction, a comprehensive Life Cycle Assessment (LCA) study is required.
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Figure 2.4: Overview of CCU process flow (Dziejarski et al., 2023)

In contrast to permanent CO, storage, emission allowances under the EU ETS cannot be deducted if
the captured COs; is used for utilization purposes. However, economic incentives may arise from the
sale of CO, to companies that use it in their processes. The price of CO, varies, ranging from $15 to
$400 per ton CO, depending on purity requirements (IEA, 2019).
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2.6. Conclusion supply chain steps
This section provides the final findings and scope related to this research.

2.6.1. Findings

Based on the available literature, industry reports and discussions with Value Maritime, the steps in the
OCCUS supply chain are influenced by several factors, including the type of carbon capture system
used and the method of temporary onboard CO, storage. These early choices significantly influence the
required subsequent steps. For this study, conducted in collaboration with Value Maritime, the supply
chain is defined as follows: The process begins with OCC using a post-combustion, solvent-based
carbon capture system, in which CO, is absorbed and stored in the solvent under ambient conditions.
Upon arrival at the port, the solvent is offloaded and transported by truck or barge to a conditioning
facility. The switch decision model is focussed on this particular transport step. At the CO; hub, the
solventis regenerated, and the CO5, is liquefied. In the final stage, the liquefied CO, LCO,, is transported
to an underground storage site for permanent sequestration. A schematic overview of these steps and
scope is illustrated in figure 2.5.

Because the adoption of OCC is still in its early stages, the total volume of captured CO, arriving at
ports is highly uncertain but expected to grow significantly over time. Combined with the need for
additional solvent transport, as highlighted in section 2.1, this creates a strong demand for efficient and
flexible solvent transport infrastructure to ensure economic and environmental feasibility during early
deployment phases.
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Figure 2.5: OCCUS supply chain steps

2.6.2. Scope

Due to the complexity and the large number of potential configurations within the overall OCCUS supply
chain, as illustrated in the previous sections, scoping is necessary to ensure the research remains
manageable within the constraints of the available time and accessible public data.

As discussed in section 2.5.2, a comprehensive LCA is typically required for a complete environmental
assessment. However, this study considers only direct emissions (Scope 1 and 2). Scope 3 emissions
are excluded.

As this study is conducted in collaboration with Value Maritime, the modelled OCCUS supply chain is
based on their principles and system design, as illustrated in section 2.6.1. Given that their primary
area of operation is within Europe, the geographical focus of this study is limited to the European region.
The analysis concentrates on the start-up phase of the OCCUS supply chain, covering the period from
2025 to 2035. Further details are provided in chapter 5.
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The study focuses on the land-based part of the supply chain. Therefore, costs and emissions due to
the fuel penalty of the OCC systems are excluded from the scope of this research. Based on the Value
Maritime OCC system with a lower fuel penalty, this is reasonable as the processes are transferred
to land. In addition, the model is more focused on a broader fleet-wide scale. Therefore, technical
parameters such as onboard storage capacity are excluded. Instead, a total aggregate CO, supply by
a fleet is considered.

As described in section 2.2, depending on the type of onboard storage, it may be necessary to either
pump solvent or handle storage containers. This step is excluded from the analysis in this study, as
including it would result in an overly complex model. Additionally, temporary storage before and after
the conditioning process is also excluded.

As elaborated in section 2.4, various transport modes are available for moving CO,. However, this study
is limited to truck and barge transport for the transport of saturated solvent, reflecting the early phase
of deployment. For the transport of LCO,, the transport modes are limited by the modes assessed by
Oeuvray et al. (2024).

The sizing of equipment and the required capacity of the regeneration and liquefaction process are
excluded from the scope of this study to limit complexity. It is assumed that the plant has sufficient
capacity for the incoming CO,, flows. While these factors do influence the required minimum CO;, price
to achieve break even, they do not affect the value of switching flexibility between transport modes.

The selection of promising CO,, utilization routes and assessment of corresponding market demand are
excluded from the scope of this study due to ongoing uncertainties regarding regulations and their actual
emission reduction potential. As a result, the analysis focuses solely on underground storage as the
outlet. Furthermore, the analysis excludes consideration of the available share of underground storage
capacity that could be allocated to captured CO, from maritime vessels, as well as any assumptions
regarding minimum required volumes for storage.



State of the Art Literature Review

In this chapter, an overview of the relevant literature with respect to OCCUS supply chains will be
presented. The review aims to assess how current research models the OCCUS supply chain under
uncertainty, with a particular focus on flexibility in transport deployment. Drawing from available lit-
erature, the main gaps in current research will be identified. Section 3.1 outlines the search plan and
approach used to identify and select relevant literature. Section 3.2 provides an overview of the current
modelling approaches of OCCUS supply chains. After this, land-based CCUS modelling approaches
are discussed. Finally, section 3.4 summarizes the key findings of the literature review.

3.1. Search plan

This section describes the literature search plan to obtain relevant literature for this research. To gain
a comprehensive understanding of the OCCUS supply chain, it is important to understand the process,
including the technologies used, the steps involved, and the current state of academic research.

To achieve this, a comprehensive literature review is performed. The primary database used is Scopus.
In addition, other databases such as Semantic Scholar, Google Scholar, and Web of Science are
checked for relevant papers. To supplement scientific literature, industry reports and public research
outputs are also included. For example, reports from classification societies such as Det Norske Veritas
(DNV), organisations like the Global Centre for Maritime Decarbonisation and research projects like
EverLoNG are included. To find more relevant research, the snowballing technique is applied.

To retrieve the relevant research papers focusing on the uncertainty in CO, supply by maritime vessels
and the overall OCCUS supply chain, the following search terms and combinations are searched on
Scopus.

* ship based OR onboard carbon capture AND supply chain AND uncertainty

* ship based OR onboard carbon capture AND supply chain AND flexibility

+ ship based OR onboard carbon capture AND transport AND uncertainty

+ ship based OR onboard carbon capture AND transport AND flexibility

+ ship based OR onboard carbon capture AND transport AND supply uncertainty

» ship based OR onboard carbon capture AND transport AND CO, supply
After screening the titles and abstracts of the retrieved results, only a few studies were found that
examined the full ship based carbon capture supply chain. This finding highlights the limited attention

the topic has received in existing literature and the need for scientific research in this area. Other results
mainly focus on the shipping of CO,, rather than OCC.

13
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3.2. OCCUS modeling methodologies

This section provides a state-of-the-art overview of modelling OCCUS supply chains.

The study by Buirma et al. (2022) is currently the only comprehensive published paper on Scopus ad-
dressing the complete OCCUS supply chain. It conducts a feasibility assessment of OCC for a special-
ized LNG-fueled offshore crane vessel, carried out as part of the DerisCO, project. This study adopts
a systems engineering framework. Systems engineering is a structured methodology for developing,
analysing, and comparing system concepts to ensure they meet technical and economic requirements
throughout their entire life cycle. It involves three main stages—concept development, engineering
development, and post-development—each aimed at transforming operational needs into viable, main-
tainable, and adaptable system solutions (Kossiakoff et al., 2011). As such, the study develops and
compares different conceptual supply chain designs, estimates potential emissions reductions, and
evaluates economic feasibility through a payback period analysis based on assumed revenues from
both carbon taxation and CO, utilization.

The study addresses uncertainty in various parameters by developing multiple scenario sets in which
parameters such as distances (off- and onshore), storage capacity, operational mode, and capture cost
are varied. Due to variation in storage capacity, it could be argued that this represents the uncertainty in
the supply of total CO, from the vessel. However, this is only a single vessel. An interesting discussion
point is that a study of the disruptive nature of the CO, market is required. Adaption will increase
marketed CO,, which could entail a risk of market saturation (Buirma et al., 2022). This is an interesting
point, especially if other sectors also capture want to store or sell CO,.

Two critical limitations make this study unsuitable for addressing the objectives of this research. First,
it distinguishes between two vessel types: Type 1 (cargo vessels with relatively constant operational
profiles) and Type 2 (offshore vessels with more stochastic behaviour), but focuses solely on Type 2.
The assumption that cargo vessels have constant operational profiles is questionable, and the model
does not account for the variation across vessel types. As a result, it lacks general applicability to
OCCUS supply chains. Second, the study considers only a single vessel and does not address fleet-
level dynamics or multiple emitters. This limits its ability to capture uncertainties in aggregate CO,
supply to ports. While the study offers valuable case-specific insights, its scope is too narrow to support
informed strategic level decision-making.

Visona et al. (2024) applied a comprehensive TEA to evaluate different OCC systems for an ultra large
container ship. Unlike other OCC studies, this work includes the transport and storage costs. However,
it assumes the presence of mature transport infrastructure at every port. In addition, the transport
assumptions lack detail, particularly whether CO, is moved by ship or pipeline, making this approach
questionable. TEA proves valuable for evaluating technical system design choices but is less suitable
for addressing supply chain flexibility or uncertainty in transport infrastructure.

As part of the EverLoNG project, a report by Aas et al. (2024) presents eight full-chain OCCUS scenar-
ios involving an LNG carrier and a semi-submersible crane vessel. Each scenario includes a specified
storage and utilization pathway and is assessed using LCA and TEA. The report does not provide de-
tailed methodological justification or criteria for the selected full-chain cases. Since the report is limited
to these specific vessel types, uncertainty in varying CO, supply levels to the port is not addressed. As
a result, the study does not offer the necessary insights for addressing uncertainty in the CO, supply
to the port.

LCA is a standardized, quantitative method used to evaluate the environmental impacts of products or
processes across their entire life cycle, from raw material extraction to disposal (ISO, 2024a, 2024b). It
involves defining the scope, collecting inventory data, assessing environmental impacts through clas-
sification and characterization, and interpreting results with consideration of uncertainties (Leonzio,
2023).

For the same research project, Reitz et al. (2024) conducted a more comprehensive LCA assessing
the Global Warning Potential (GWP) of complete OCC chains for specific case studies. Although the
study followed ISO and MEPC guidelines, it does not provide GWP detailed outcomes and emphasises
the need for further research, particularly when captured CO; is used for synthetic fuel production.



3.3. Land-based CCUS modelling approaches 15

Although LCA is well-suited for comprehensive environmental assessments, including raw material ex-
traction and end-of-life disposal, such a full-scale approach is too detailed for the scope of this study.
Instead, only direct emissions from transport modes and energy-intensive processes such as regener-
ation and liquefaction will be required.

To date, no other reports or research papers addressing full-chain OCCUS supply chains and the asso-
ciated uncertainties in total CO, supply to ports have been found in the searched databases. Therefore,
the next section turns to land-based CCUS literature to evaluate established supply chain modelling
approaches and techniques for managing uncertainty. The same search terms are used, but the terms
“onboard” and “ship-based” are removed. This revised search strategy results in a substantially broader
set of available literature.

3.3. Land-based CCUS modelling approaches

This subsection elaborates on the different modelling approaches applied in CCUS. Based on scanning
the titles, abstracts, and snowballing from these papers, two different modelling approaches are found
to include uncertainties Mixed Integer Linear Programming (MILP), and Real Options (RO).

3.3.1. MILP modelling

The majority of retrieved literature focuses on the optimization of CO, transport networks. A commonly
applied optimization method is MILP, which involves selecting the best possible values for decision
variables to maximize or minimize an objective function subject to a set of linear constraints. It is
commonly used for optimizing resource allocation among competing activities (Hillier & Lieberman,
2010).

Several studies have developed MILP models to optimize transport and storage networks under various
policy and infrastructure constraints. These models vary in complexity, with some adopting dynamic or
multi-period formulations to model the development of CCUS networks. Majority of the studies focus
on minimizing the total system or network costs (d’Amore & Bezzo, 2017; d’Amore et al., 2018; Hasan
et al., 2015; Middleton et al., 2020; Ravi et al., 2017). Other models aim to maximize the overall
GHG emissions by using LCA (Ostovari et al., 2022). In addition, several studies adopt multi-objective
frameworks that incorporate both economic and social acceptance or environmental impacts (d’Amore
et al., 2020; Zhang et al., 2020). Most existing models focus on pipeline network design, optimizing
parameters such as pipe diameters and layouts, but often exclude other transport modes like trucks,
trains and barges. This highlights a gap in the literature for flexible OCCUS transport systems.

While the objectives and structures of these models vary, a common challenge across all studies is
the presence of uncertainty. This includes uncertainty in future CO, supply, policy developments, and
infrastructure availability. To address this, studies typically rely either on scenario-based modelling or
stochastic approaches, each offering different strengths and limitations.

The most common and straightforward approach to address uncertainty is scenario-based optimization,
originally proposed by Mulvey et al. (1995). This method involves developing a set of discrete scenar-
ios that serve as inputs for a computational model, such as varying reduction targets. These targets
determine the total amount of CO, to be captured, which can be interpreted as the uncertainty in CO,
supply. Changes in this supply directly influence the design and capacity requirements of the transport
and storage network (d’Amore et al., 2021, 2024; Gabrielli et al., 2022). Bennzaes et al. (2024) varied
with fixed supply volumes of CO,, ranging from 5, 20, 50, and 100 Mtpa by adding emissions sources.

An alternative approach is to extend the MILP model by incorporating scenarios with associated prob-
ability distributions, enabling the model to optimize decisions across a range of uncertain future out-
comes. Several studies have applied stochastic and Monte Carlo methods to incorporate uncertainty
in modelling. Lee et al. (2019) developed a two-phase, two-stage stochastic multi-objective optimiza-
tion model. Strategic decisions, such as facility location and sizing, are determined in the first phase,
while operational decisions, including production and transportation, are optimized in the second phase
after uncertainties are introduced. The addressed uncertainties include CO, emissions, acidifying sub-
stances, energy use, and cost parameters, and are represented using probabilistic scenarios gener-
ated with Monte Carlo sampling. This method estimates outcome distributions by running numerous
simulations with inputs drawn from assumed distributions, typically normal (Leonzio et al., 2020).
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Similarly, Leonzio et al. (2019) used Monte Carlo simulation to account for uncertainty in the prices and
demand of CO,-derived products. Demand was assumed to be normally distributed and varied between
-50% and +50% around a baseline value to evaluate impacts on the Net Present Value (NPV) and
payback period of a pipeline network. Nie et al. (2023) used Monte Carlo simulation to model uncertainty
in offshore storage capacity, injection costs, and emissions factors. Parameters were sampled from
specified ranges and used as input for an optimization model, which was run 10000 times per emission
reduction scenario to generate probabilistic performance distributions.

Based on the reviewed studies, MILP models are not the most suitable modelling approach for this
research. They are primarily designed for static pipeline network optimization and typically exclude
alternative modes such as trucks, barges, and trains, highlighting a key research gap. While stochastic
extensions exist, they often result in complex and computationally intensive models. Furthermore,
scenario-based and stochastic approaches rely on predefined scenarios or probability distributions,
limiting their ability to represent how uncertainty unfolds over time. For these reasons, MILP is not
considered appropriate for evaluating transport flexibility in an onboard CCUS context. The focus will
now shift to exploring different modelling approaches.

3.3.2. Real Options

An alternative method applied in the context of CCUS modelling and investment decisions is RO anal-
ysis. This concept was first introduced by Myers (1977) originating from the financial sector. Financial
options give the holder the right, but not the obligation, to buy or sell a financial asset at a predeter-
mined price and date in the future (Myers, 1977). Similarly, firms with investment opportunities have
the right, but not the obligation, to invest in and acquire real assets in the future, depending on whether
the conditions are advantageous (Dixit & Pindyck, 1994).

In the context of transportation research, Zheng and Jiang (2023) provides an overview of research
papers and applications. For example, Sgdal et al. (2008) developed a real options model to assess
the value of flexibility in shipping, specifically by valuing the option to switch between the dry bulk and
wet bulk markets based on historical price differentials.

Pimentel et al. (2021) used a binomial lattice tree to assess the growth option value. Based on exoge-
nous variables, the binomial process of the expected number of flights is determined. Oliveira et al.
(2021) did something similar but focused on tons of cargo handled. They made use of historical data
and expert opinions to determine the binomial parameters required to construct a binomial tree. These
parameters include the volatility (¢) and growth rate (1), from which the up factor, down factor and
associated probability can be calculated. Based on a yearly timestep, the increase in flights or cargo is
determined for a period of 10 years (Oliveira et al., 2021). Based on this approach, this method seems
suitable to determine the total CO, supply to the port.

Wang and Qie (2018) applied RO to determine the investment threshold for a CCUS project, from a per-
spective of the supply chain. The study considers several uncertainties, including CO,, price volatility,
CO;, capture rate, government subsidies, and technological advancements. To address these uncer-
tainties, the study models CO, prices using Geometric Brownian Motion (GBM) and game theory to
analyse strategic interactions between power producers and CCUS operators. The costs are scaled
linearly as a function of the installed capacity of the power plant. The considered option is the timing
option. To derive the minimum carbon price for the investment decisions, differential equations are de-
ployed (Wang & Qie, 2018). Although the title suggests a supply chain perspective, the study assumes
fixed costs for transportation and storage, thereby excluding flexibility in the transport component.

An overview of RO in CCUS applications is provided by Agaton (2021) and Lamberts-Van Assche and
Compernolle (2022) focusing on CCS and CCU respectively. Both studies provide detailed overviews of
the required steps and the current state of scientific research. They outline similar research frameworks
consisting of the following key steps:
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1. ldentify the main source of uncertainty

2. Model how the uncertainty evolves over time
3. Define the applicable type of options

4. Select the most suitable valuation method

Based on the literature reviewed by Agaton (2021) and Lamberts-Van Assche and Compernolle (2022),
the following main uncertainties have been identified and researched:

* CO, price

* Prices of coal, oil and natural gas

+ Capital costs

* Operational costs

» Technology

+ Subsidies

» Geological storage

» CO, supply

» Transport and network design

In the maijority of the reviewed studies, the CO, price is identified as the primary source of uncertainty,
as fluctuations in carbon pricing directly affect the economic viability of CCUS projects and influence the
timing of investment decisions (Agaton, 2021). Only one study explicitly addresses transport network
development, and just one includes uncertainty in CO, supply. This highlights a clear lack of studies
applying real options to assess flexible transport within CCUS supply chains.

Different approaches are used to model the identified uncertainty over time, which are strongly related
to the type of uncertainty. The most commonly applied method is the GBM, which is a continuous-
time stochastic process in which uncertainty increases over time, following a lognormal path (Agaton,
2021). This is the most used method, as this is typically used for modelling the development of CO,
or electricity prices. For technological processes, the most common method is the use of deterministic
learning curves (Liu et al., 2022). Another applied method is the use of probability models, which are
used to determine the likelihood of outcomes (Agaton, 2021).

Six types of options have been identified in the literature, each representing a different form of flexibility
in decision making under uncertainty. The options are listed below, including a short description:

» Timing: Option to defer, delay or wait before applying CCUS depending on future conditions.
+ Compound: A series of dependent investment decisions made in sequence.

» Abandon: The flexibility to exit a project if it becomes unprofitable.

» Shutdown: Flexibility to temporarily quit CCUS operations when conditions are unfavourable.
* Flexible design: Infrastructure designed with the ability to expand or adapt in the future.

» Switching: Switch to the lowest costs or most valuable future output.

The final step in the real options framework is selecting an appropriate valuation method. Several
approaches have been applied in CCUS studies:

* Monte Carlo: Suitable for complex systems with multiple sources of uncertainty but increases
complexity.

» Dynamic programming: Computationally intense but simpler and more intuitive. Commonly used
to determine the optimal timing of investment decisions.

» Binomial lattices: Simplest method to value and interpret, used for timing or compound options.

+ Differential equations (Black-Scholes): Requires complex mathematics, therefore not suitable for
problems with many variables. Commonly used to evaluate timing options.
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Having established the general methodologies and approaches of RO in transportation and CCUS
research, we now turn our attention to specific studies that illustrate these applications in greater detail,
focusing on supply chain or CO, networks as this may provide more insights.

Melese et al. (2015) applied a RO approach combined with graph theory and Monte Carlo simulation
to evaluate CCUS network design under uncertainty. Two uncertainties were considered. The timing
of new sources joining the network and the amount of CO, each source contributes. The initial CO,
supply is modelled using normal distributions with predefined mean and standard deviation, but how the
values are obtained is not elaborated. To model future CO, flows GBM is used. The study evaluates
two options: the option to defer network expansion and the option to expand by designing redundant
capacity. The minimal required CO, price is determined by solving the NPV for 0 (Melese et al., 2015).
While methodologically interesting, the study is limited to pipeline transport and relies on predefined
flow estimates and standard deviations, which may be difficult to predict in the early stages. Besides,
no methodology is proposed for obtaining these values. As this study focuses on pipeline scaling, the
flexibility to switch between transport modes is not addressed, making the approach less applicable to
this specific research.

Knoope et al. (2015) used a real options approach to evaluate the optimal timing of investments for
a CO; pipeline transport network, comparing it to a deterministic perfect foresight model using MILP.
The study incorporates uncertainties in CO, price, tariffs, and source participation, modelled usingGBM
and Monte Carlo simulation. Option values are calculated using a binomial lattice model in which the
value goes up or down. The study evaluates several options, including immediate versus postponed
CCUS investments or joining existing trunk lines versus constructing new ones (Knoope et al., 2015).
Although this is an interesting approach, the options assessed are not relevant to this research. The
combination of MILP, RO and Monte Carlo simulations is powerful. However, it requires sufficient time
to develop and test, and much computational power is required. Due to the limited timeline of this study,
this method is not feasible.

Fan et al. (2020) and Zhang et al. (2014) both applied trinomial lattice models to determine the optimal
investment timing for retrofitting power plants with CCUS systems. Using a trinomial tree, the CO, price
is allowed to increase, decrease, or stay constant. Elias et al. (2018) and Wang and Du (2016) went
one step further, applying a quadrinomial tree to address both uncertainties in CO, and coal prices. All
these studies use a similar cost modelling approach, where capital and operational costs are scaled
based on the installed capacity of a power plant. Transport and storage costs are assumed to be fixed.
While these models improve accuracy and allow for analysing multiple uncertainties, they come at the
cost of increased complexity and computational requirements due to the exponential growth of nodes.
As a result, such models are considered too complex and not suitable for the scope of this study.

3.4. Conclusions Literature Review

The reviewed literature indicates that currently, limited research is conducted on the modelling of OC-
CUS supply chains. Existing studies that evaluate full chain tend to be case-specific, lack a global
perspective, and overlook uncertainty in the aggregate CO, supply delivered by the maritime fleet to
ports. Highlighting a significant research gap. Due to limited OCCUS studies, modelling approaches
from land-based CCUS systems were reviewed. Two main methodologies were identified for handling
CCUS supply chain design under uncertainty: MILP and RO analysis. MILP is widely used for optimiz-
ing large-scale pipeline networks, often incorporating uncertainty through scenario-based or stochastic
methods such as Monte Carlo simulation. However, it is not well suited for evaluating operational
flexibility, such as transport switching or investment timing under uncertainty. Real options analysis
captures decision making flexibility under uncertainty and has been applied to CCUS investment tim-
ing and market switching. Yet, its application to switching between transport modes in the context of
OCCUS supply chains is missing.

Real options analysis is selected as the most appropriate method for assessing the value of flexibility
in transport deployment, which aligns best with the goal and research questions defined in chapter 1.
A binomial lattice tree is chosen as the valuation framework to facilitate structured and interpretable
modelling of CO, supply development over time.



Model description

As discussed in the previous chapter, a Real Options model is developed to evaluate the value of
flexibility of switching between transport modes under uncertainty of CO, supply by maritime vessels.
The goal of this chapter is to clarify the assumptions and setup of the model. First, a general model
description is provided in section 4.1. Section 4.2 describes the binomial model setup and parameters.
After this section 4.3 provides the cash flow calculations followed by a breakdown for costs calculations
in section 4.4 and emissions in section 4.5. After these are known, section 4.6 gives the option valuation.
Lastly, section 4.7 outlines the method for calculating the break-even CO,, price.

4.1. General model description

This section provides an overview of the modelling steps. Python is selected for its flexibility, scalability,
and ease of adaptation, which allows for efficient updates and modifications as assumptions or input
data change. Moreover, Python handles complex operations more effectively than tools like Excel,
such as sensitivity analyses and iterative algorithms like bisection search. The built-in libraries also
support advanced data analysis, visualization, and automation, making it a more robust and efficient
choice for comprehensive modelling tasks.

The general steps are visualized in figure 4.1. The modelling process begins with the collection of
input data. These input data are used to calculate the required binomial parameters to estimate how
the CO, and rich solvent supply evolves over time. The next step involves calculating the total costs
and emissions of the supply chain for both the base and switch transport options. Following this, the
model calculates the respective cash flows and (expected) discounted cash flows for both transport
scenarios. These outputs are then used to calculate the option value and total value. A bisection
search algorithm is then employed to identify the break-even CO, price. Finally, the model evaluates
and visualizes the results, producing key outputs: option value, total value, and break-even CO, price.
If required, the model can also generate additional outputs, such as truck transport emissions or total
supply chain emissions, providing a more detailed analysis when needed.

19
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Inputs Model Outputs

Average emission factor

Binomial input parameters:
Trip distance

Capture rate Calculate the binomial input variables
Fleet adoption rate

Historic emissions sample fleet
Conversion factors Calculate the captured CO:z and required
solvent to the port

IMO reduction targets

! '

Calculate total costs and
emissions of supply chain with
base transport

Calculate total costs and
emissions of supply chain with
Input parameters: switch transport option
Emission parameters

Cost parameters
Transport parameters A

CO:2 price
Interest rate

Calculate the cash flow and
expected discounted cash flow
for base transport

Calculate cash flow and
expected discounted cash flow
with transport switch

\

Calculate the option value and total value

Bisection search algorithm to determine Break
even CO: price

‘ Option value
Evaluate the results ‘ Total value

Break even CO: price

Figure 4.1: Simplified overview of the Real Options modelling steps

4.2. Binomial lattice tree

This section introduces the construction of the RO model, which deploys a binomial lattice tree to
represent the incoming CO; supply at a port under uncertainty.

4.2.1. Binomial parameters

The first step in the RO approach is to construct a binomial lattice tree. As concluded in the previous
chapter, the main source of uncertainty is the mass of CO, captured by maritime vessels entering a
specific port. The initial incoming CO, supply at timestep ¢ = 0 is denoted by S;y. At each subsequent
timestepi = 1,2,..., N, the CO; supply can either increase by a multiplication factor « or decrease
with d (Kim & Li, 2020). Each node in the lattice is indexed by (i, j), where i represents the time step
and j is the number of possible states. In its current formulation, the model defines each timestep as
one year. However, it can be adapted to any consistent time interval, provided that parameters such as
u, d, o, 1+ and interest rates are scaled accordingly. The choice of yearly intervals reflects the model’s
more strategic and long-term focus. Using shorter intervals would significantly increase the number of
nodes in the binomial lattice, making the model more complex and computationally intensive without
substantially improving decision quality at the strategic level. The CO, supply at any given node (i, j)
is then defined as:

Si)j = SQ . ui_j . dj (41)
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S;,;  CO2 supply at node (i, j) tCOyly
So  CO, supply at the root node (0,0) tCO,/y
U Upward factor -
d Downward factor -

The initial CO2 supply, Sy is determined by calculating the total emissions, E,y;p,, from a selection of
vessels into a specified port. This is multiplied by the average capture rate 7.,, and the fleet adaption
rate Fy, which states the percentage of vessels operating a carbon capture system at the first time step.

SO = Eships *Neap - FO (42)

Eghips Total emissions by fleet into port  tCO,/y
Neap OCC efficiency -
Iy Initial fleet adaption rate -

At each time step, the model transitions to an upward state with probability p and up factor v or to a
downward state with probability (1 — p) and down factor d. The up and down factors are assumed
to remain constant over time, which leads to a recombining tree, which significantly reduces compu-
tational time (Deutsch & Beinker, 2019). Due to this property, the CO, supply at a specific node is
path-independent. The sequence of up and down movements does not influence the outcome of the
supply level. This recombination property holds only if u - d = 1, a standard assumption in real options
modelling (Cox et al., 1979).

In this context, recombination is justified because the objective is to model the overall distribution of pos-
sible CO, supply levels over time rather than to capture individual supply pathways or their associated
probabilities. The parameters u, d, and p are calculated using equations (4.3) to (4.5). An illustration
of the initial steps of the binomial tree is provided in Figure 4.2.

u=e VAl (4.3)
1
d=-=c 7Y™ (4.4)

o  CO; supply volatility -
At Time step y

In these equations, ¢ is the volatility parameter. In classic binomial models, this is calculated based on
historic coal, or CO, prices (Zhang et al., 2014). However, in this model, the volatility represents the
yearly fluctuation in CO, supply to the port. A more detailed explanation is given in section 5.2.3. At
is the time step, which is defined by the total time divided by the total steps (T'/N).

e/LAt —d

— (4.5)

p:

p Upward probability -
1 average growth rate -

1 is the yearly average growth rate of CO, supply to the port, more detailed information about this
parameter will be given in section 5.2.2.
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Figure 4.2: First steps of a binomial lattice tree (Deutsch & Beinker, 2019)

The next step involves multiplying the CO, supply at each node by factor . This factor represents
the total amount of solvent needed to transport all captured CO, from the offloading location to the
conditioning plant. It must be highlighted that this is not the total yearly required solvent, as the solvent
can be reused if regenerated (Aas et al., 2024).

SOli,j = Si.,j K (46)

x  Conversion factor for required solvent -

4.2.2. Binomial probability

As mentioned, this is a recombining binomial tree with fixed v and d. Therefore, multiple pathways exist
to reach the node (i, j). To obtain the total probability of reaching any node within the tree, this must
be multiplied by the number of possible pathways to this node (Deutsch & Beinker, 2019). The total
equation to calculate the probability of any given node in the lattice is given by Equation 4.7.

],(Zﬂ]), (1 —p) 4.7)

P(i,j) = (;) D1 —p) =

4.3. Cash flow calculation

The operational cash flow of the OCCUS supply chain at each node is determined by subtracting the
total costs from the total revenues. Revenue is calculated by multiplying the net amount of reduced
CO,, with the corresponding CO, price at each timestep. The methodology for calculating the net CO,
reduction is elaborated in section 4.5. The mathematical formulation of the operational cash flow is
provided in equation (4.8).

CF;; =TR;; — Coccus,,, (4.8)
CF;; Operational cash flow at node (i, j) €ly
TR; Total revenue at node (4, j) €ly

Coccus,, Total costs of OCCUS chain at node (i,5) €y

In the model, revenue is generated by one of the two following possibilities:

» Reduced expenditure on EU ETS carbon credits, due to the capture and removal of CO, emis-
sions (European Commission. Joint Research Centre., 2024).

+ Selling captured CO, to industries that utilize it in their production processes.
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Itis important to note that for the second case, current regulations only exempt CO, emissions from EU
ETS obligations if they are either permanently stored or chemically bound. Although future regulatory
frameworks might consider CCU applications, they require detailed LCA to demonstrate actual CO,
avoidance.

As such, this study adopts a simplified approach proposed by Lamberts-Van Assche et al. (2023) con-
sidering only the short carbon cycle. Specifically, it assumes that the reduced emissions m,.q are
calculated by subtracting only the emissions associated with delivering CO to the outlet. While this
introduces certain limitations, current regulations do not yet offer clear guidance on how to account for
these emissions in CCU applications (BV, 2024).

The total revenue is subsequently calculated according to Equation 4.9.
TR;; = (So — Eoccus, ;) - Pco., (4.9)

Eoccus Emissions for operating OCCUS supply chain at node (i,j) tCOaly
Pco,, Received CO, price at year i €/tCO,

4.4. Costs calculations

This section describes how the individual costs components within the supply chain are calculated.
Each step is characterized by its own cost function, which will be elaborated further in the following
sections. The overall costs equation is defined in equation (4.10).

Coceusi; = Cfft + Creg, , + Clig, , + CH0 %% + Cs, | (4.10)

J

Coccus; ;  Total costs of the OCCUS supply chain at node (i, j) €y

Cf;’fJ Solvent Transport costs at node (4, j) €ly
C,«eg.i J Costs for regeneration at node (i, j) €ly
Cliq,iyy_ Liquefaction costs at node (i, j) €ly
Cﬁfj 2 LCO, Transport costs at node (i, j) €ly
C,)S;j Permanent storage costs at node (i, j) €ly

4.4.1. Solvent transport costs

The solvent transport costs depend on the type of transport mode used, which can either be Cy,.cr, ; OF
Charge, ,- In the model, the unit transport costs are calculated as a function of both transport distance
and mass flow based on quotes obtained from transport companies. These quotes typically reflect
real-world pricing, meaning this will come closest to reality.

However, transport cost quotes are often provided only for specific combinations of distance and ton-
nage. Therefore, to estimate the unit transport costs for arbitrary combinations not explicitly quoted,
linear interpolation is applied. This method allows the model to approximate costs within the range of
available data by assuming a linear relationship between known points.

The total truck costs are calculated by multiplying the unit costs by the distance and the total mass to
be transported, as described in equation (4.11)

Ctrucki,j = Uctruck: . x;?l : SOl’L] (411)

Ctruck;;  Truck solvent transport costs at node (i,j) €ly
UCiruer,  Unit cost of truck solvent transport €/tCO, km
x5l o Truck solvent transport distance km
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The costs for barge transport are calculated according to 4.12. Linear interpolation between known data
points of costs for a certain distance and volume is applied. Therefore, at least two data points are re-
quired to obtain the costs for other distances and volumes. In this equation, z°* and Cbarge(x23$ge)

barge

represent the data points for a low transport distance and costs respectively, while 229", and Charge (pon,
represent the data point for the larger distance and costs. At first, the solvent supply may seem to have

no impact on the costs, which is not true and will be discussed further in section 5.3.1.

sol _ low

Xy i
o low barge barge high Jlow
C%argehj“'C%arge(xbarge)‘+ ‘7}55““‘7;;f7' C%arge(xbarge)‘f C%aTge(Lbarge) (4'12)
barge ~ “barge

Charge, Barge solvent transport costs at node (i,j) €y
Cbmge('xé?ﬁ .) Cost of solvent barge transport short €ly
Cbarge(xgige) Cost of solvent barge transport long €ly
zow Barge transport distance short km

Zéige Barge transport distance long km

4.4.2. Regeneration costs

In existing literature, the regeneration process is typically done at the point source of the carbon capture
system (Roussanaly et al., 2021a). However, Roussanaly et al. (2021b) also suggests that centralized
regeneration is feasible when multiple emitters are connected to a shared facility. For this model, this
is assumed to be the case, as saturated solvent is transported to this central facility. Due to the limited
availability of detailed studies on centralized regeneration facilities, both the CAPEX and fixed OPEX
are assumed to follow the same cost trajectory as the liquefaction process, as described in section 4.4.3.

The main cost drivers for this process are the variable OPEX, especially electricity or gas costs, which
are needed to supply the plant with sufficient heat for the regeneration process (Zhao et al., 2025).
However, it is possible to reduce these costs through heat integration with other industrial processes
using available waste heat (Becattini et al., 2024).

To account for potential heat integration with available waste heat, a correction factor 1 — & is applied.
If h = 1, all the required energy is assumed to be supplied by waste heat, h = 0 implies that no rest
heat is available, and the full energy demand must be met by purchased electricity or gas. The overall
cost equation for the regeneration process is described according to equation (4.13).

_NTeg
Si y SECTG 'Pe — B4
Creg,, = | Ureguer + Tregres - OMyeq) ( Sl;;) Fmm) T e (413)
ref reg

I,.4rey Reference investment costs for regeneration plant €/tCO,ly
OM,., Operational & Maintenance costs for regeneration plant -

Sret Reference yearly CO, flow tCO,ly
Ny Exponential factor for economies of scale -

h Percentage of available rest heat -

SEC,., Specific energy consumption for regeneration kWh/tCO,
P, Electricity price €/kWh
Mreg Efficiency of the regeneration process -

B8 Learning factor for regeneration -
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4.4.3. Liquefaction costs

After the regeneration process, the CO; is liquefied to meet the pressure and purity requirements of
the selected transport mode in the next step. The costs for liquefaction depend on the previously
mentioned conditions, the process layout and the yearly flow rate (Seo et al., 2016). This model adopts
the liquefaction process according to (Deng et al., 2019; Seo et al., 2016).

The cost for a liquefaction plant consists of CAPEX and OPEX. The aforementioned studies provide
detailed cost analysis for a reference flow of 1 MtCO,/y. To account for varying scales, the method from
Roussanaly et al. (2021b) is adopted, which applies a scaling power law to adjust investment costs for
different flow rates.

Fixed OPEX is assumed to be a fraction of the investment costs (Deng et al., 2019). The variable OPEX
is dominated by the electricity costs. To calculate this, the specific energy consumption for liquefying 1
ton of CO, is multiplied by the electricity price, divided by technical efficiency.

It is assumed that the liquefaction process will be optimized and improved in the corresponding years.
Therefore, a learning rate « is assumed.

The total yearly costs for liquefaction are calculated by multiplying this with the yearly CO, flow as
shown in equation (4.14).

—Niiq
Cliqi.. = ((Iliqﬂxef + Djigref OMliq) . ( S;Z.’] > + SECMP&) . S@j Lo (4.14)
»J Srleqj Niiq
liiqrey  Reference investment costs for liquefaction plant €1CO,ly
OM;;;  Operational & Maintenance costs for liquefaction plant -
Sf,iff Reference yearly liquefaction CO, flow tCO.ly
Niig Exponential factor for economies of scale -
v CO, Venting factor -
SECy, Specific energy consumption for liquefaction kWh/tCO,
Mg Efficiency of the liquefaction process -
y Learning factor for liquefaction -

4.4.4. Liquid CO, transport
To calculate the transport costs for LCO,, the fitting curve equations proposed by Oeuvray et al. (2024)
are used. The fitting curves are well-suited for this model because of two main reasons:

Firstly, the cost estimates for varying LCO, volumes are derived from quotes provided by logistic com-
panies, while dedicated ships or pipelines are based on existing literature. These specifically refer to
supply chains connecting inland industrial emitters with offshore permanent storage sites in Northwest-
ern Europe (Oeuvray et al., 2024). Although the values are not direct one-to-one representations, they
provide realistic and regionally relevant cost indications.

Secondly, the study focuses on early users of carbon capture, which requires readily available trans-
port options to start CCUS projects quickly. As a result, the study includes a wide range of transport
distances and annual CO, volumes, offering a solid basis for estimating transport costs across diverse
scenarios (Oeuvray et al., 2024).

The corresponding fitting curve equations are provided in equations (4.15) to (4.17). The model uses
these equations to calculate the unit costs for each applicable transport mode. It takes the fitted param-
eters « and computes total transport costs by multiplying the unit cost by the transport distance and
the LCO;, flow. The latter is corrected for venting losses during the liquefaction process. Please refer
to section 4.5.3.

UCLCO: — ) 4 x;% (4.15)
tr
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LCO Q2 as
ucy, 210&14‘7‘%{;002 Jr?j (4.16)
LCOy \ 3 o
Typ Si’ i
UCECO: — oy + ay - (200) : (Sﬂ) (4.17)
tryref ref
CLCO: — yokCO2 1002 g, o (1 — ) (4.18)
UCECO2  Unit cost of LCO, transport €/tCO, km
xLC02 LCO, transport distance km
o0z Reference LCO, transport distance  km

4.4.5. Permanent storage

In this model, CO, is permanently stored underground. The total storage cost is calculated using equa-
tion (4.19), unit storage costs are multiplied by the total volume of CO, injected. These unit costs
depend on both the annual injection rate and the type of storage site. Typically, CO, storage sites are
large-scale projects operated by consortia, where capacity is shared among multiple emitters (Rous-
sanaly et al., 2021a). It is assumed that sufficient capacity is available to handle captured CO, from
shipping, and costs are distributed equally among participants. Therefore, unlike other cost functions
in this model, the unit storage cost is not calculated per tonne of captured CO, from shipping but is
based on the total annual injection volume provided by the storage facility.

Cs.

Zi,3

=UCp,-Sij (1—v) (4.19)

UC,s Unit costs for permanent underground storage €/tCO,

4.5. Emission calculations

This section describes how the emissions of each step in the supply chain are calculated. The total
yearly emissions at each node of the chain are calculated by summing the emissions for each cost
component.

Eoccuswv = ESOZ + Eregi‘j + Eliqz:,j + Eflvi?,O2 + EP

trij

(4.20)

S%,]

FEoceus;;  Total emissions of the OCCUS supply chain at node (i,j) tCO.ly

Ef;?f,j Solvent transport emissions at node (3, j) tCO,ly
Ereg, Emissions from the regeneration process at node (i, j) tCO,ly
Elig, Emissions from the liquefaction process at node (i, j) tCOyly
E,ﬁcf52 LCO, transport emissions at node (i, ;) tCO,ly
Eps, Emissions from permanent storage at node (i, j) tCO,ly

4.5.1. Solvent transport emissions

The solvent transport emissions are calculated according to the proposed standards by (VCS, 2024b).
In the proposed standards, two options are provided for calculating emissions from transport, moni-
toring and using default emissions factors. This model adopts the use of default emission factors as
monitoring is not suitable for predictive models (VCS, 2024b). The emissions factor for the selected
transport mode is multiplied by the transport distance and the total mass of the CO,. To convert from
grams to tonnes, the factor 10~ is applied.
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Et = EF, -2 Sol; ;- 107° (4.21)

trij

EF;, Emission factor of transport mode gCO,/tkm

4.5.2. Regeneration emissions

The emissions associated with the regeneration process are calculated using equation (4.22). These
emissions originate from the type of energy used, represented by an emission factor. This factor is
multiplied by the specific energy requirement and the total CO,, flow. The heat integration factor is also
integrated here, as less required energy leads to lower emissions.

Ereg, ;= EFep - (1= h) - SECyeq - Sij-107° (4.22)

EF,, Emission factor of energy source gCO,/kWh

4.5.3. Liquefaction emissions
The emissions associated with the liquefaction process are calculated in the same manner as the
regeneration process. It is assumed that the same energy source is used, with the only difference
being the specific energy requirement.

The factor v represents the fraction of CO, vented to the atmosphere during liquefaction and purification.
Venting is required to remove non-condensable components. However, the vented gas includes both
impurities and CO, (Jensen et al., 2025). To account for this, the CO, emissions from venting must be
added, calculated according to equation (4.23)

Eiig,; = (EFep - SECyig +v) - Si j-107° (4.23)

4.5.4. Liquid transport emissions

The LCO, transport emissions are calculated according to the same method as described in sec-
tion 4.5.1. However, in this transport leg, LCO, is transported. Since a fraction of CO, is vented
during the liquefaction process, not all of the captured CO, reaches the transport stage. Therefore,
a correction is applied to account for the actual amount of CO, transported. The emissions factor for
the selected transport mode is multiplied by the transport distance and the total mass of the CO,. To
convert from grams to tonnes, the factor 10~ is applied.

Ef{9 = EFy - 2{7% - 8;;-(1-v)-107° (4.24)
4.5.5. Storage emissions

Emissions from permanent storage arise primarily from the energy required to operate equipment in-
volved in the CO, storage process (VCS, 2024a). These energy requirements can be estimated by
calculating the power needed for pumps and injection systems (Knoope et al., 2014). For simplifica-
tion, this model applies a specific energy consumption factor, which represents the energy required to
store one tonne of CO,. To determine total emissions, this factor is multiplied by the emission intensity
of the energy source and the total mass of CO, to be stored Zhang et al. (2020).

Eps,;, = SECps - EFep - S (1 —v) - 107° (4.25)

SEC,s Specific energy consumption for permanent storage  kWh/tCO,
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4.6. Option valuation

Based on the binomial lattice tree and parameters described in section 4.2, combined with the cash flow
calculation in section 4.3 and the costs and emissions from sections 4.4 and 4.5 the total Discounted
Cash Flow (DCF) at each node is calculated. This process is applied to both the base transport mode
and the considered alternative transport option.

The DCF for both base and alternative transport option is calculated using backward induction (Deutsch
& Beinker, 2019). At the nodes of final time step |, the DCF is equal to the cash flow of that year, as no
future cash flows remain to be considered, which results in DCF; ; = CFy ;.

For all preceding nodes (i < I), the DCF is determined by summing the immediate cash flow at the cur-
rent node and the expected value of the future DCF. The expected value is calculated as a probability-
weighted average of the DCF in the upward and downward branches of the binomial tree, using the
risk-neutral probability p. The result is then discounted back to the current time step, as shown in
equation (4.26).

DCF,; = CF,; + EDCF;,
p- DCFZpH’j +(1- p) . DCFiJrLjJrl (4.26)

EDCF,; = L

DCF; ; Discounted cash flow at node (i, j) €
EDCF;; Expected discounted cash flow at node (i,j) €
r Interest rate -

With the DCF values calculated for both transport options, the model evaluates at each node whether it
is optimal to switch or continue using the base mode. This decision is based on the option value. At the
final time step ¢ = I, the decision involves either staying in the current state, which yields no additional
value or switching and obtaining the value corresponding to the difference.

OVy; = max [DCF{¥"*" — DCFp%* ; 0] (4.27)
OV;; Option value at node (i,j) €

At preceding time steps (i < I), the decision incorporates the possibility of deferring the switch. The
model compares the immediate gain from switching to the expected value of waiting. The expected
future option value is computed as the discounted probability-weighted average of the option values
from the next time step as shown in equation (4.28)

p-OVigr;+ (1 —p)-OViy1 11
(14 r)dt

OVi; = maz | DCFY"*" — DCF%* ; (4.28)

In summary, if for any given node in the binomial tree, the following condition holds:

p-OVig1;+ (1 —p) - OVigq j11
(1+ )

DCF;y"" — DCF4% >

The optimal decision is to switch immediately. If the right-hand side of the inequality is larger, the value
of the option to switch in the future exceeds the immediate benefit of switching, and the decision is
deferred.
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4.7. Break even price calculation

This section outlines the method and steps used to determine the break-even CO, price. The break-
even price can be calculated for each node in the tree, representing the minimum average CO, price
required from that point onward to ensure neither a loss nor a profit is made.

To assess the influence of switching flexibility on the minimum required CO5, prices for the overall supply
chain to break even, a comparison is made between the break-even CO, prices with and without the
option to switch transport modes. As discussed in section 4.3, Pco, is a parameter within the cash flow
calculation and consequently affects the DCF. Therefore, we need to find a value for the CO, price
without considering the option value, where the following condition must hold:

DCF, ; ~0

For the break-even price with the option value, the following condition needs to hold:

TVL‘J‘ = DOEJ + O‘/i,j ~0

To achieve this, a bisection search algorithm is used because this is the most straightforward and most
robust method for finding the root of a function (McClarren, 2018). In this case, the root corresponds
to the break-even CO, price. The algorithm iteratively reduces the interval between a predefined lower
and upper bound for P, by evaluating whether the resulting value, either DCF; ; or DCF; ; 4+ OV ;
is above or below zero. Based on the sign of this outcome, the bound is updated, and the process
continues until the interval becomes smaller than a specified tolerance. In this model, the lower bound
is set to 0 and the upper bound to 500, a range that consistently returns a valid break-even CO, price.
The tolerance, which defines the precision of the result, is set to 0.001 but can be adjusted to meet
specific requirements or personal preferences.



Case study and input parameter
values

To run and test the developed model as defined in chapter 4, a comprehensive set of parameters and
input data is required. Many of these inputs depend on specific regional characteristics. This chapter
outlines the selected case study, input parameters and details used for implementation and testing
of the model. Section 5.1 introduces the case of the Port of Rotterdam, including relevant logistical
and infrastructural considerations. The derivation of binomial model parameters under uncertainty is
described in section 5.2. Subsequently, technical and economic data required for cost calculations are
presented in section 5.3, followed by emissions-related inputs in section 5.4.

5.1. Case study description

The Port of Rotterdam is selected for this case study based on a combination of strategic and logistical
factors. As one of the largest ports in the world, the Port of Rotterdam aims to position itself as a front-
runner in the decarbonization of port infrastructure and the maritime sector (Port of Rotterdam, 2024).
According to 2022 AIS data, it ranks as the second highest port in terms of annual CO, emissions from
ship voyages arriving at the port (DNV, 2024). In addition, the port is actively positioning itself as a
leading hub for CO; handling and storage. This ambition is supported by the development of two major
offshore carbon storage projects, Porthos and Aramis, which are currently under construction in close
proximity and cooperation with the port (Global CCS Institute, 2024a). Lastly, the Port of Rotterdam
offers excellent multimodal transport infrastructure and connectivity to the hinterland. This ensures the
availability of a diverse range of transport providers for transporting solvents and LCO,.

With the case study area defined, the location-specific parameters can be introduced. The simulation
period is set to 10 years, with annual intervals. This time frame is appropriate for a strategic level model
while extending the horizon further would introduce significant uncertainty.

At each node of the binomial tree, the annual rich solvent supply is calculated. However, itis important to
note that the solvent does not arrive at the port in a single shipment. For instance, if the yearly solvent
supply is 10000 tons, this would require only four barges with a loading capacity of 3000 tons each.
While this may appear efficient, such an approach would always favour barge transport, leading to an
unfair comparison between truck and barge transport. Moreover, it would implicitly require temporary
storage at the offloading location to accumulate sufficient volume for each shipment. The goal of this
study is to support strategic decision-making on when to switch from truck to barge transport-based
supply volumes. Including temporary storage or optimizing shipment timing would shift the focus to the
operational side, which is outside the scope of this study. To avoid biased results in the analysis, the
total annual solvent supply is instead divided by 52 to derive an average weekly solvent flow. Based
on this weekly flow, the costs associated with deploying trucks or barges are calculated.

30
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In this case study, it is assumed that all captured CO, and solvent are offloaded at the Maasvlakte,
a designated site within the Port of Rotterdam. From this offloading location, the rich solvent is trans-
ported to the CO, hub for regeneration and liquefaction. The conditioning hub is assumed to be located
at the EVOS Rotterdam terminal. While this facility does not currently exist, it is considered operational
and scaled sufficiently to handle all supply levels originating from the supply tree.

During the start-up phase of the OCCUS supply chain, containerized truck transport is assumed to be
the mode of transportation. This method offers operational simplicity and flexibility, making it particularly
suitable for the early stages of supply chain deployment (Oeuvray et al., 2024). As supply increases, a
transition to inland waterway transport is considered, potentially operating CEMT-IVa, CEMT-Va inland
chemical barges, or a combination of both. The decision to consider barge transport is based on the
findings of Oeuvray et al. (2024), which suggest that as supply volumes increase, transitioning to barge
transport becomes a more viable and efficient option.

The estimated transport distance between the Maasvlakte terminal and the EVOS Rotterdam site is
approximately 27 km for truck transport via the roadway network. But as the truck also needs to return
a container of rich solvent, the distance is set to z5%! , = 57 km. The barge distance is set x;jgﬁ,ge =40

km, which is a round trip from the EVOS site to Maasvlakte via the waterway network. An overview of
the locations is shown in figure 5.1.
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Figure 5.1: Visualization of the offloading and CO, conditioning hub locations

At the EVOS site, the CO, is regenerated from the solvent and subsequently liquefied. The liquefied
CO,, is then transported via containerized truck transport to the collection point of the Aramis offshore
storage site at the Maasvlakte. The transport distance for this leg is set to 229> = 27 km. Itis chosen
to deploy truck transport as the mass flow for LCO; is only a third of the solvent flow. In addition, the

truck provides more flexibility (Oeuvray et al., 2024).

The electricity price is set at €0.1545/kWh, based on the 2024 average for non-household consumers
in the Netherlands (Eurostat, 2024). The current grid emissions factor is approximately 270 gCO,/kWh,
but this is expected to gradually decline in line with the Netherlands’ national decarbonization goals. To
account for the partial use of renewable energy at the plant itself, a reduced average emissions factor
of 135 gCO,/kWh is assumed for simplicity.

Two approaches are considered for incorporating the CO, price into the model. In the first approach,
a fixed average price is used for simplicity and setting a base case. The current EU ETS price is
approximately €73 per tonne of CO,, while a study by Bloomberg (2024) projects a potential rise to
€194 per tonne by 2035 due to the progressive reduction in emission allowances. Taking the average
of the current and projected maximum prices, the CO, price is set at €136 per tonne.
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The second approach allows for a variable CO, price over time. According to Bloomberg (2024), the
EU ETS price is expected to reach around €158 per tonne by 2030, with a maximum of €194 per tonne
in 2035. Using the known values for the current year 2030, and 2035, linear interpolation is applied to
estimate the prices for the intermediate years. The projected yearly CO, prices are shown in table 5.1.

Table 5.1: Projected CO, prices from 2025 to 2035

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
COg price (€/tCO,) 65 82 99 16 133 150 158.8 167.6 176.4 1852 194

All the general parameters dependent on the timeline and location of the case study are summarized
in table 5.2.

Table 5.2: General parameters for the case study

Parameter  Unit Value  Description Comment/Source
T y 10 Total years User input

N y 10 Total intermediate steps User input

P, €/kWh 0.1545 Average price non-households NL (Eurostat, 2024)
EF,, gCO./kWh 135 Dependent on energy source (Statista, 2023)
Pco, €/tCO, 136 Average of 2035 prediction and current price  (Bloomberg, 2024)
ziol . km 54 Transport distance solvent truck Maps

TR0 e km 40 Transport distance solvent barge Euris

xEC0: km 27 Transport distance LCO, Maps

5.2. Binomial parameters

The approximation of the initial parameters Sy, o, and p is essential for constructing the CO, supply lat-
tice. These parameters represent the initial supply level, volatility, and expected growth rate, forming
the basis for simulating future CO, inflow to the port. However, accurately estimating them is chal-
lenging due to the limited availability of historical data and the inherent uncertainties in operational
conditions (Lewis & Spurlock, 2004). Classical lattice models typically rely on historical data of the
uncertain parameter or a combination of data and expert judgment to provide more reliable estimations
(Lewis & Spurlock, 2004).

5.2.1. Initial supply

For this study, port call and vessel data are available from a representative part of the fleet. These
databases consist of both port calls and info about large deep-sea ocean-going vessels, which were
used to simulate an ammonia-powered shipping network (Boersma, 2024). Although these vessels are
not the primary vessel types which are likely to operate OCC systems, they provide a good indication
of emissions from a sample fleet to the port.

The port call data was imported from an Excel dataset containing timestamped entries of vessel ar-
rivals and departures. The dataset is chronologically sorted by vessel IMO number to reconstruct the
sequence of port visits for each ship. An additional column is added to include the previous port name,
which is done by shifting the Port Name column downward. If a switch of vessels is detected, the
previous port name remains blank and is filtered out later.

Since the case study focuses on the Port of Rotterdam, a filter was applied to only include vessel arrivals
to Rotterdam and its sub-regions: Botlek, Maasvlakte, and Waalhaven. Anchorage movements and
internal port calls are excluded, as it is assumed that CO, is only offloaded at the main port terminal
after a seagoing voyage.

From the remaining port calls, the vessel IMO names are extracted and coupled with a ship database
containing all the required info for each vessel in the port calls dataset. To operate OCC systems,
vessels must have SO, free exhaust gases to minimize solvent degradation (Feenstra et al., 2019).
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Therefore, vessels without SO, abatement systems installed or pending are filtered out. Figure 5.2
provides a graphical representation of the number of vessels per fleet type which visit Rotterdam at
least once.

Total Number of Vessels per Fleet Type

Number of Vessels

Containerships Crude Tankers Bulkers Product Tankers
Fleet Type

Figure 5.2: Total number of vessels fitted with SO, scrubber fitted visiting the Port of Rotterdam at least once.

The remaining vessels are matched with the THETIS-MRV database, a publicly available dataset that
reports CO, emissions from vessels operating in European waters. This dataset also provides the
average CO; emissions in kilograms per nautical mile for each vessel for the corresponding reporting
year (EMSA, 2025).

To estimate the total average emissions for a single trip from a previous port to Rotterdam, the sailing
distance in nautical miles must be determined. For this purpose, the searoute Python tool is used,
which calculates realistic sea routes between two ports based on their coordinates (Halili, 2025). Port
coordinates are sourced from the World Port Index database (WPI, 2025). However, not all ports listed
in the port call logs are available in this database. In such cases, missing ports are manually added,
including the coordinates of specific offshore facilities such as Floating Production, Storage and Of-
floadings (FPSOs). Additionally, when vessels are recorded as departing from anchorages near a port,
it is assumed that they depart from the nearest recognized port. The total emissions to the port of Rot-
terdam are calculated by summing the individual trip emissions. Figure 5.3 provides a representation
of the trip routes to the port of Rotterdam by the sample fleet.

All sailing trips to Port of Rotterdam

Figure 5.3: Overview of all the vessel trips sailing to the Port of Rotterdam
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Using equation (5.1), the total CO, emissions by the sample fleet to the port of Rotterdam at time step
0 are calculated to be 627075 tCO,/y. The total emissions per fleet type are presented in figure 5.4. At
the initial time step, the fleet adaptation rate, Fy, is assumed to be 4%, and the capture efficiency, 7cap,
is set at 40% (Zhao et al., 2025). Substituting these values into equation (4.2) results in an initial CO,
supply to the port of 10033 tCO./y, which corresponds to 30100 t solvent per year by multiplying with

the factor «.

Nirip

Eships = E Tship * EFshz'p

Ntrip

Total Emissions CO, per Fleet Type

(5.1)
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Figure 5.4: Total emissions per fleet type
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All the required input parameters for calculating the total fleet emissions to the port are summarized in

table 5.3.

Table 5.3: Required parameters from the different data sets to obtain the total emissions

Parameter Unit Description Source

IMO - IMO number AIS data

t UTC Timestamp AIS data

H, - Port name AIS data

Hy - Previous port name AIS data

Move type - Arrival AIS data

SO, - SO, Fitted or Pending Clarkson Research WFR
Lat © Latitude coordinate of port WPI

Long ° Longitude coordinate of port WPI

Tship nm Trip distance Calculated with searoute
EFspip kgCOs/nm  Yearly average vessel emission factor THETIS-MRV

Neap - Carbon capture efficiency (Zhao et al., 2025)

Fy - Fleet adoption rate at first time step Assumed
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5.2.2. Average growth rate

Typically, historical data is used to determine the average drift or growth rate. However, since OCC is
not yet widely implemented, such data is unavailable. Based on publicly available data, three alternative
approaches are considered.

The first approach assumes that the average growth rate follows the same trend as ship arrivals. The
data is obtained from the annual yearly reports of the Port of Rotterdam (Port of Rotterdam, 2025).
However, after reviewing the data from 2016 onward, it is observed that total ship arrivals declined by
1.2%. This trend is not aligned with projections indicating that CO, supply to the port will increase (DNV,
2024). Therefore, this method is not feasible.

A second approach is to link the average growth rate with the reported total yearly emissions of the
sample fleet. It must be highlighted that this is not the same value as Sy, which was calculated based
on port calls data from one year only. Estimating the growth rate requires more data points. Therefore,
a different approach is required. To calculate the total yearly emissions by the same sample fleet,
the THETIS-MRYV datasets from 2018 to 2023 are collected. For each reporting year, the total annual
emissions were obtained by summing the emissions reported by each individual vessel in the sample
fleet. The resulting total emissions are shown in figure 5.5. Based on this data, the annual start-to-end
growth rate is calculated using equation (5.2), which is 3.1 %

Although this approach provides a more realistic growth rate compared to vessel arrivals, it is debatable
whether this strategy is the most accurate for predicting the average growth rate of CO, supply. Since
it does not account for emission reduction targets, it is expected that reported emissions will eventually
decline due to the implementation of such targets.

E ar
w(%) = (T@Porﬁed?m> ~1 (5.2)
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Figure 5.5: Total reported CO, emissions of the sample fleet calculated based on THETIS-MRYV database

The third approach assumes that the average growth rate of incoming CO, follows an inverse trend
to the emissions reduction pathway outlined by the IMO at the MEPC 83 meeting. The reduction
targets are illustrated in figure 5.6, which apply to all maritime seagoing vessels above 5000 GT (IMO,
2025). It is reasonable to expect that the overall emissions reduction of the global maritime fleet will
follow a similar trajectory, and the sample fleet will do so as well. Although OCC is only one of several
decarbonization strategies available to the maritime industry, it is assumed in this study that the volume
of CO, captured via OCC will increase in proportion to the overall reduction in fleet emissions. Based
on the assumed inverse relationship with the emission reduction trajectory proposed by the IMO, the
corresponding average growth rate is calculated according to equation (5.3) and set to 3.71%.
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Figure 5.6: Average Well-to-Wake (WTW) reduction targets

The last approach, which assumes the average growth rate to follow the opposite trend of the reduction
targets, is the best fit for this case study because this approach reflects expected developments and
incorporates global emission reduction targets set by the IMO. While it is difficult to predict what fraction
of the total emission reductions will be achieved using OCC systems, this uncertainty is addressed
through the incorporation of volatility in the model. Additionally, a sensitivity analysis will be performed
to assess the impact of different growth rate assumptions on the outcomes. However, the base growth
rate as input for the model is set to 3.71%.

5.2.3. Volatility

Since historical data of captured CO, from maritime vessels to the Port of Rotterdam is unavailable,
the volatility must be determined using an alternative method. In the first approach, the volatility was
assessed based on the annual variation in ship arrivals, under the assumption that captured CO; vol-
umes could follow a similar trend. This approach resulted in a calculated volatility of only 3.71%. Given
the structure of the RO model, it is necessary that the volatility exceeds the average growth rate. Lower
volatility would result in unrealistically small fluctuations and lead to probabilities above 1 for up-states
and negative probabilities for down-states. Therefore, this method is deemed unsuitable for estimating
the volatility in this model.

As the cargo turnover indirectly reflects ship movements, it was tested whether calculating the volatility
based on cargo turnover could provide a better estimation. However, similar to the ship arrivals, the
resulting volatility was determined to be only 3.19%, even lower compared to ship arrivals. Therefore,
the same problem arises as described earlier, making this approach infeasible as well.

Furthermore, the emission reduction targets set during the MEPC 83 meeting (IMO, 2025) provide
projections for average CO; reduction but do not specify anything regarding the expected volatility of
CO3 supply. Therefore, this data can not be used in this case.

Consequently, it has been decided to base the volatility estimation on the total reported CO, emissions
of the sample fleet, consistent with the second approach used for determining the growth rate. The data
is derived from the THETIS-MRYV datasets covering the years 2018 to 2023, as shown in figure 5.5. This
approach allows for year-by-year variability of the sample fleet, making it the most suitable approach. To
calculate the volatility as a percentage of the average, the yearly average emissions are first calculated
using equation (5.4).

1 N
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Then, the volatility o is determined as the standard deviation of the yearly emissions around the mean,
as shown in equation (5.5).

1 N
o=\v-1 > (@i —2)? (5.5)

=1

Since the data represents only a sample of the fleet, the denominator N — 1 is used instead of N to
correct this and avoid underestimating the true variability. Based on this approach, and using equa-
tion (5.5), the volatility of CO, supply to the port is calculated to be 11.22%.

5.3. Cost input parameters

This section provides all the input parameters required to evaluate the costs of each step in the supply
chain. The same order of the required steps is followed for clarity.

5.3.1. Solvent transport costs

As described in section 5.1, the OCCUS supply chain initially relies on container truck transport for
moving saturated solvent. As transport volumes increase, a switch to chemical barge transport might
become economically more favourable. This subsection outlines the cost structures of both transport
modes, starting with truck transport followed by barge transport.

Truck transport

Truck transport costs have been derived from quotations provided by a commercial transport company.
For various distances, the cost of transporting a single container is obtained and visualized in Table 5.4.
The trucking company shared a discount could be given, which is referred to as the bulk trip price if at
least 400 containers would need to be transported annually. This corresponds to an average of at least
eight containers per week. With the maximum capacity of 28.5t, this could already be achieved if the
solvent supply is 11400 tons per year (220 t per week).

Table 5.4: Costs for transporting one container

Distance [km] Price [€] Bulk trip price [€]

19.3 305 255
194 305 255
222 330 280
30.1 380 330

Based on the quotations listed in table 5.4, the corresponding total transport costs for both the regular
and bulk prices are plotted in figure 5.7. For each data point, unit costs are calculated by dividing
the total cost by the transport distance and the mass of a fully loaded container. To estimate costs
for different distances, it is assumed that total transport costs scale linearly with distance. As a result,
the unit cost in €/tkm follows a function of the form a + % consistent with the containerized transport

cost formulation proposed by Oeuvray et al. (2024). ThéTresuIting unit cost functions are illustrated in
figure 5.8 and mathematically defined in equation (5.6).
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Total transport cost per container [€] vs. Distance [km] Truck unit cost [€/t/km: Standard vs. Bulk
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Figure 5.7: Total truck transport cost as a function of distance.  Figure 5.8: Unit truck transport cost [€/tkm] as a function of
distance.
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Due to the specific transport quotes and the need to charter tank containers, the cost function for truck
transport has been slightly adjusted for this case study, as shown in equation (5.7). Transport costs are
calculated on a weekly basis and then scaled to annual costs by multiplying by 52 weeks. The reason
for using weekly calculations is elaborated in section 5.1.

The unit cost obtained from transport quotes represents the cost of transporting a single container per
kilometre. To calculate the cost per container per trip, this unit cost is multiplied by both the maximum
container mass and the transport distance.

To determine the total weekly transport cost, this single container transport cost is multiplied by the
number of containers required each week. The number of containers is calculated by dividing the
weekly solvent flow with the maximum capacity (M,.,;) of a container, which is 28.5t, as shown in
equation (5.8). Since partial containers are not possible, the resulting value is rounded up to the nearest
whole number.

Ctrucki,j = (Uctruck: . Mcont : x::l *Neont + Ccont . ncont) - 92 (57)

Soli,j
52 (5.8)

Ncont =
M, cont

Table 5.5: Container parameters

Parameter Unit Value Description Comment/Source
Cleont € 55 Container rental price per week Quote
Mont t 28.5 Maximum container capacity Datasheet

To provide insight into the total weekly transport costs as a function of both the weekly solvent supply
and transport distance, figure 5.9 is presented. Figure 5.10 shows the corresponding unit transport
costs [€/t/km]. Notably, a significant cost reduction occurs at approximately 220 tonnes of solvent per
week, where the bulk discount becomes applicable. Furthermore, the figure illustrates that unit costs
remain constant across varying mass flows, which is expected given the transport is containerized.
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Figure 5.9: Total weekly transport cost for truck transport. Figure 5.10: Unit transport cost [€/t/km] for truck transport.

Barge transport costs

To obtain representative cost estimates for barge transport, quotations were obtained from a barge
company specializing in transporting chemicals. Based on data provided by the operators, the loading
and discharging times for 500 t of solvent each take approximately 12 hours. It was noted that the
difference in time between handling 500 t and 1000 t is constrained by lower pumping capacities at
lower volumes and significantly higher capacities at higher volumes. On average, the pumping capacity
at full load is 350 (m?3/h). For the transportation of solvent, it is recommended to use barges equipped
with stainless steel tanks. There are two types of barge classes recommended for this purpose. Their
specifications are detailed in table 5.6.

Table 5.6: Barge parameters

CEMT-class L[m] B[m] Load Capacity[t] Load volume [m?]

Iva 85 10.95 1639 1650
Va 110 11.40 3448 3761

The received cost data for transporting varying amounts of solvent with the corresponding barge types
is shown in table 5.7.

Table 5.7: Received quotes for barge transport

CEMT-class Distance [km] Solvent[t] Price [€]

40 500 12000
Iva 40 1639 16000
140 500 14500
140 1639 18500
40 1000 18000
Va 40 3448 26000
140 1000 20500
140 3448 28500

Based on the obtained quotations, the total costs for various weekly solvent supply volumes are cal-
culated. Intermediate and partial load costs are assumed to scale linearly and are estimated through
interpolation or extrapolation. Itis further assumed that if the maximum capacity of a barge is exceeded,
an additional barge can be deployed at a cost equivalent to transporting one ton in the initial barge. Con-
sequently, the total cost function exhibits a discontinuous, stepwise pattern resembling a staircase, as
illustrated in figures 5.11 and 5.12. By dividing the total cost by the product of distance and solvent
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supply, unit costs are derived. Due to the stepwise nature of the total cost function, the resulting unit
cost profile displays a sawtooth-like behaviour, as shown in figures 5.13 and 5.14.

In the graphs, three distinct lines are presented. The dashed line, labelled Combined, represents the
operational flexibility of deploying both CEMT-lva and CEMT-Va class vessels. This approach allows
for dynamic allocation. Once the smaller barge reaches its maximum capacity, the larger barge can be
used. Conversely, if the larger barge is at full capacity, an additional smaller barge can be deployed

instead of introducing another large vessel.

Total weekly costs for different barge types at 40 km
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—— CEMTVa
Combined
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Figure 5.11: Weekly barge costs for 40 km transport distance
for different weekly solvent supplies
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Figure 5.13: Unit costs for 40 km barge transport distance for
different weekly solvent supplies
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Figure 5.12: Weekly barge costs for 140 km transport
distance for different weekly solvent supplies
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Figure 5.14: Unit costs for 140 km barge transport distance
for different weekly solvent supplies

To enable cost estimation for varying transport distances, it is assumed that total transport costs scale
linearly with distance. However, due to the stepwise discontinuities in the cost function arising from
the discrete nature of barge deployment, it is not feasible to formulate a continuous unit cost function
that simultaneously depends on both distance and solvent supply. Instead, the total cost for a given
solvent supply at a new distance is determined through linear interpolation between known data points,
which is visualised in section 4.4.1. It must be noted that the number of available data points is limited.
However, since the distance intervals between these points are relatively small compared to typical

barge operating ranges, the interpolated cost estimates in the range of these values are considered
reliable.
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5.3.2. Regeneration

The input parameters required to calculate the unit and total costs for regeneration are summarized
in table 5.8. Based on equation equation (4.13), the unit- and total costs are plotted in figures 5.15
and 5.16 respectively. Initially, unit costs decrease with increasing mass flow at lower volumes. How-
ever, this decrease is limited as unit costs quickly stabilize. This is primarily caused by the high energy
requirements for solvent regeneration, which demands large quantities of steam from either gas com-
bustion or electric boilers (Gur, 2022). Therefore, the costs are mainly driven by the price of electricity.
A waste heat factor of 70% is assumed to reduce the heat requirement. Furthermore, a learning rate of
2% per year is applied to reflect potential cost reductions from technological advancements (Liu et al.,
2021).

Table 5.8: Regeneration parameters

Parameter  Unit Value Description Comment/Source

Iegref €tCO,ly 3.5 Reference investment costs for regeneration plant 80% of liquefaction

OM, g % 0.06  Operational & Maintenance costs for regeneration plant Equal to liquefaction

SEC,eq kWh/tCO, 972 Specific energy consumption for regeneration per ton of CO, (Moser et al., 2020)

Syt tCO.ly 108 Reference yearly CO, flow (Deng et al., 2019)

vy % 0.02  Learning rate factor for regeneration (Liu et al., 2021)

Nireg - 0.3 Exponential factor for economies of scale (Deng et al., 2019)

h % 0.7 Percentage of available rest heat Depending on lay out
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Figure 5.15: Unit costs for regeneration as a function of the Figure 5.16: Total costs for regeneration as a function of the
mass flow mass flow

5.3.3. Liquefaction

The input parameters to determine the liquefaction process are summarized in table 5.9. Based on
equation equation (4.14), the unit- and total costs are plotted in figures 5.17 and 5.18 respectively.
Compared to regeneration, the unit costs for liquefaction become constant at higher volumes. This pro-
cess is less energy intensive because it does not require heat. Instead, it requires electricity for rotating
equipment, such as pumps and compressors (Jensen et al., 2025). As a result of these differences,
the unit costs stabilize at larger volumes as (Jensen et al., 2025). Additionally, it is clear that the costs
for liquefaction are nearly two and a half times lower compared to regeneration, also caused by the
lower energy requirement. Furthermore, a learning rate of 2% per year is applied to reflect potential
cost reductions from technological advancements (Liu et al., 2021).
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Table 5.9: Liquefaction parameters

Parameter  Unit Value Description Comment/Source
Tiig res €1tCO,ly 4.3 Reference investment costs for liquefaction plant (Deng et al., 2019)
OMiq % 0.06  Operational and Maintenance costs for liquefaction plant  (Deng et al., 2019)
SEC)q, kWh/tCO, 104.3 Specific energy consumption for liquefaction of 1 ton CO, (Deng et al., 2019)
Sifzqf t/COxly 108 Reference yearly CO, flow (Deng et al., 2019)
Ié] % 0.02  Learning rate factor for liquefaction (Liu et al., 2022)
Niiq - 0.3 Exponential factor for economies of scale (Roussanaly et al., 2021b)
v % 0.05 Venting factor CO, (Jensen et al., 2025)
0 CO:2 Liquefaction Unit Cost vs Mass flow 55 167 CO:2 Liquefaction Total Cost vs Mass flow
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Figure 5.17: Unit costs for liquefaction as a function of the Figure 5.18: Total costs for liquefaction as a function of the
mass flow mass flow

5.3.4. Liquid CO, transport costs

As mentioned in section 5.1, it is assumed all transport of LCO, from the conditioning facility to the
underground storage site is carried out using containerized truck transport. According to the study by
Oeuvray et al. (2024), equation (4.15) is applied for containerized truck transport. The total cost as a
function of transported LCO, is shown in figure 5.19. These costs are significantly lower compared to
solvent transport costs. This is caused by three reasons.

First, the transport distance is only half of the distance compared to solvent transport. Second, the total
volume to be transported is lower due to the solvent conversion factor of 3, meaning that only one-third
of the solvent volume needs to be transported as LCO,. Lastly, as discussed in section 4.5.3 about,
5% of COs, is lost in the liquefaction process, reducing the overall total mass to be transported.

Table 5.10: LCO, constants as proposed by (Oeuvray et al., 2024)

Parameter Unit  Value Description Comment/Source
a €/tkm 0.15  Constant (Oeuvray et al., 2024)
Qs €t 5.58  Constant (Oeuvray et al., 2024)
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Figure 5.19: Total LCO, truck transport costs

5.3.5. Permanent underground storage

As explained in section 5.1, for this case study, all CO, is stored permanently underground at the
Aramis offshore Depleted Qil&Gas Field (DOGF) (Global CCS Institute, 2024a). Based on the unit costs
provided by Roussanaly et al. (2021b) for an offshore DOGF with reusable wells and a reference flow of
2.5 million tonnes annually, the unit costs are set at 7.5 €/tCO,. These costs include all steps required,
from offloading at the storage site to the actual underground storage part. The input parameters are
provided in table 5.11. Using these parameters and equation (4.19), the total costs are plotted in
figure 5.20.

Table 5.11: Parameters for permanent underground storage

Parameter Unit Value Description Comment/Source
UChs €/tCO, 7.5 Unit costs per ton of storage (Roussanaly et al., 2021b)
SEC)s kWh/tCO, 7 Specific energy requirement for underground storage  (Knoope et al., 2014)
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Figure 5.20: Total yearly costs of storage as a function of the mass flow
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5.4. Emissions input parameters

This section provides all the input parameters required to evaluate the emissions of each step in the
supply chain. The same order of the required steps is followed for clarity.

5.4.1. Transport emission parameters

The emissions factors used for truck and barge transport are reported in table 5.12. Based on these
emissions factors and the predefined distances from section 5.1, the total emissions as a function of
the yearly mass flow is shown in figure 5.21.

Table 5.12: Transport emissions factors.

Parameter Unit Value Description Comment/Source
EF uck gCOy/tkm 62 Truck transport emission factor  (McKinnon & Piecyk, 2010)
EFyurge gCOy/tkm 31 Barge transport emission factor (McKinnon & Piecyk, 2010)

Yearly Transport Emissions

—— Solvent Truck (57 km)
LCO: Truck (27 km)
400 1 —— Solvent Barge (40 km)

Emissions [tCO:/y]

150 4

0 5000 10000 15000 20000 25000 30000 35000 40000
CO: mass flow [t/y]

Figure 5.21: Total transport emissions as a function of the mass flow for the defined distances.

5.4.2. Regeneration and liquefaction emissions

The regeneration and liquefaction emission are calculated using equations equations (4.22) and (4.23),
and the input parameters for the specific energy requirements given in the previous section. In fig-
ure 5.22, it is visible that the liquefaction process produces more emissions. At first, this seems con-
tradictory as the regeneration process is more energy-intensive. However, rest heat integration is set
at 70%, which lowers the overall emissions for this process. Besides, 5% of captured CO; is lost due
to venting, as elaborated earlier. Due to these reasons, the emissions for liquefaction are significantly
higher.
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Yearly Regeneration and Liquefaction Emissions
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Figure 5.22: Yearly total emissions for the regeneration and liquefaction process

5.4.3. Permanent storage emissions

The permanent storage emissions are calculated according to equation (4.19), the input parameters
are given in tables 5.2 and 5.11 as the specific energy requirements and the local emission factors are
required. The total emissions as a function of the total CO, stored annually is shown in figure 5.23.
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Figure 5.23: Total yearly storage emissions



Results

In this chapter, the results of the model developed in chapter 4, applied to the case study introduced
in chapter 5 are presented. Each section begins with the truck-only case as a baseline, followed by a
comparison of different barge transport configurations. Section 6.1 presents the outcomes of the bino-
mial process, detailing the volumes of captured CO, and the corresponding required solvent. These
represent the supply to the port and form the foundation for all subsequent results. Next, the results are
divided into two main scenarios. The constant average CO, price case, discussed in section 6.2, and
the variable CO, price case, covered in section 6.3. Finally, the chapter concludes with the presentation
of the break-even CO, prices necessary for the economic viability of the OCCUS supply chain.

Additional results, such as the costs and emissions for the common supply chain steps regeneration,
liquefaction, LCO, transport and permanent storage, have no direct influence on the switch decision.
However, they are required to calculate the overall break-even price of the supply chain. Therefore,
these results are presented in appendix A for reference.

6.1. Binomial process of the solvent supply

This section presents the results of the binomial process, which is fundamental for this analysis, as
the quantities of captured CO, and required solvent form the basis for all subsequent calculations.
Based on the input parameters outlined in chapter 5, the calculated binomial values are summarized
in table 6.1. At each node, the supply is multiplied by 1.12, with an associated probability of 0.64 to
transition to the upward state, and by 0.89, with a probability of 0.36 to the downward state.

Table 6.1: Binomial values

Variable Description Value
u Upward factor 1.12
d Downward factor 0.89
P Upward probability 0.64

As calculated in section 5.2, the initial supply at time step 0 is set at 10033t of CO,, requiring 30100t
of solvent. From the starting node, the supply evolves over the ten-year period to multiple scenarios,
ranging from a minimum of 3262t of CO, to a maximum of 30812t of CO, as shown in figure 6.1. This
means a maximum of three times compared to the initial supply.

46
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Figure 6.1: Calculated CO, supply based on the binomial process

The required solvent is visualised in figure 6.2, which shows the CO, supply multiplied by the conversion
factor k. Based on the minimum and maximum values, this corresponds to 9801 t and 92436 t of solvent,
respectively.

Solvent Supply

Unit: t solvent/year

Figure 6.2: Yearly incoming solvent supply based on the captured CO,

The probability of reaching each possible scenario (node) is calculated using equation (4.7). The results
are visualised in figure 6.3. The figure shows that the probability of reaching a threefold increase in CO,
supply is only 1.15%, while the probability of reaching the minimum supply level is nearly zero. These
results were discussed with experts from Value Maritime, who noted that such a threefold increase in
CO,, supply is a plausible scenario. However, they believe that the model underestimates the likelihood
of this outcome.

In addition, it can be observed that the likelihood of scenarios with a lower CO, supply is minimal,
which aligns with expectations of increasing CO, supply to the port in the future. The most probable
outcomes indicate a CO, supply growth between 12 and 20 tonnes, corresponding to approximately
36 to 60 tonnes of rich solvent over a ten-year period. These values are considered low by the experts
of Value Maritime, which anticipate higher CO, supply levels in the most probable scenarios. These
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results, when compared with the expectations of Value Maritime experts, suggest that this modelling
approach or the method used to determine the binomial parameters may not be the most suitable
approach for predicting future CO, supply volumes.

Scenario probabilities

26.22% 3
40.97% @ 05% 24.24%
100.00% ¢ 16.36%
1278%
e T
¢ 0.40%
0.0

Figure 6.3: Probabilities of possible future scenarios

6.2. Average CO, price
The case study is first evaluated under the assumption of a constant average CO, price, as introduced
in section 5.1. This section presents the results for the different transport switching strategies.

6.2.1. Truck transport

To create a baseline, the model is first run without the option to switch between transport modes. This
means it is assumed that solvent is transported exclusively by trucks. This approach allows for a
baseline evaluation of the supply chain performance under a fixed transport strategy. The resulting
costs and DCF serve as references for further evaluation, where the option to switch from truck to
barge transport will be introduced.

The total yearly transport costs for different supply levels are shown in figure 6.4. Similar to the solvent
supply, the costs are also tripled, which aligns with expectations, as the total transport costs were
assumed to be independent of the mass flow, resulting in a linear increase in the costs.
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Figure 6.4: Total costs for using trucks for solvent transportation.

The total discounted cash flow (total value) accounts for all costs and revenues associated with op-
erating the supply chain, discounted back to their corresponding year. As shown in figure 6.5, the
discounted cash flow remains significantly negative across the assessed timeline. The total value at
the root node is -€3884806, indicating that operating the supply chain is not economically viable. Even
at the end nodes, for both the minimum and maximum supply scenarios, no positive value is achieved.
This highlights that, under all scenarios, the price of CO, is insufficient to cover the costs of operating
the supply chain. Notably, the results show that lower supply volumes lead to less negative total values
compared to higher volumes. This suggests that the unit cost of operating the supply chain exceeds
the average CO, price of €138/tCO,, which leads to better (albeit still negative) performance at lower
volumes. This observation is further supported by the minimum CO, price calculation, as discussed in
section 6.4, which shows that a price of at least 184.21 €/tCO, would be required to achieve a DCF of
approximately zero at the starting node.
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Figure 6.5: Discounted Cash Flow for operating the OCCUS supply chain using trucks for solvent transportation.

Based on the findings discussed above, the potential of switching to barge transport is now assessed
to determine whether it can improve the DCF and result in a positive outcome.
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6.2.2. Option to switch to CEMT-IVa

This section presents the total costs, option value, and total value, with the possibility of switching to the
smaller CEMT-IVa barge available. Based on these results, the switch decision lattice is constructed,
along with the corresponding yearly switch probabilities.

The associated total yearly transport costs are presented in figure 6.6. It can be observed that along
the upward supply paths, costs increase according to the underlying cost function, whereas along the
downward supply paths, costs decrease similarly. A notable jump in transport costs occurs at the
highest supply node. This discontinuity is caused by the solvent supply exceeding the capacity of
a single CEMT-IVa barge, necessitating the deployment of an additional barge to meet the transport
demand.
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Figure 6.6: Total transport costs for using CEMT-IVa barge.

The option value lattice is shown in figure 6.7. It can be observed that the option value is relatively high.
At the root node the option value is €630345, which is the value added by the option if in this year an
decision must be made. For the upward nodes, the option value increases significantly, indicating that
the barge is more favourable compared to truck transport. This is primarily due to the cost structure.
No upfront investment costs or contract termination penalties are incurred. As a result, the option value
increases over time as more information becomes available, generally favouring a switch more quickly.
In addition, at the end nodes, the option values are relatively low compared to the preceding nodes,
which is caused by the so-called end effect. In reality, this would not be the final year in which a decision
to switch or stay is forced (Melese et al., 2015). To overcome this, a longer simulation timeline could
be employed. However, it would significantly increase computational time.

Another notable observation is that, despite the higher costs associated with deploying an additional
CEMT-IVa barge at the top-end node, switching remains beneficial at this supply level. However, the
incremental option value gained is significantly lower compared to earlier nodes.

At lower supply nodes, the option value is zero, indicating that expected supply volumes are insufficient
to justify switching, as barge costs exceed those of truck transport.
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Figure 6.7: The option value lattice to switch to the CEMT-IVa barge.

The total value is the sum of the DCF for truck transport and the additional option value associated
with switching to barge transport. Figure 6.8 shows the resulting total value lattice. It is visible that, for
the majority of nodes, the total value has increased compared to the case without switching options.
Except for the nodes in which the option value is calculated to be zero, the total value remains the
same, as the option adds no value. Nevertheless, the total value remains negative at nearly all nodes,
indicating that with the added value of the option, the CO,, price is still insufficient.

One exception is found at one of the end nodes, where a small positive value is obtained. At the end
of the decision tree, the option value reflects the immediate gain from switching if it is beneficial. This
indicates that, at the final decision point for this particular path, switching from truck to CEMT-IVa barge
would allow the supply chain to break even. Consequently, for this specific case, the required CO,
price is estimated to be around 138 €/t. However, to obtain break-even at the start node, a minimum
price of €176.19/t is required, which is only 4.4% lower compared to the price with no option, as will be
elaborated further in section 6.4.
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Figure 6.8: Total value of operating the OCCUS supply chain with the option to switch to CEMT-IVa barge.
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The switch decision lattice is shown in figure 6.9. Based on the probability function, the likelihood of
making a switch in each year is summarized in table 6.2. The first switch decision, with a probability of
41%, is already visible in 2027. However, it drops significantly to only 26% in the following year. This
decline occurs because switching is only favourable if supply conditions are expected to improve in
the next time step. If supply is expected to decrease, it is better to defer the option. As mentioned
earlier, no contract penalties or investment costs are required for this switch option, meaning it can
become favourable quickly if future conditions are expected to improve. This pattern continues in the
subsequent years. The highest probability of switching occurs in 2034, reaching 81%. This high value
indicates that switching to the CEMT-IVa barge is very likely at that point. However, switching too early
can have negative consequences, which must be carefully considered.

Table 6.2: The yearly probability of switching to CEMT-IVa barge

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Switch probability 0.00 0.00 041 026 055 075 063 0.78 068 081 0.73

Switch Decision

Figure 6.9: Decision lattice for switching to CEMT-IVa.

6.2.3. Option to switch to CEMT-Va

This section presents the total costs, option value, and total value when the possibility of switching to
the large CEMT-Va barge is available. Based on these results, the switch decision lattice is constructed,
along with the corresponding yearly switch probabilities.

The transport costs are displayed in figure 6.10. From this lattice, it can be observed that the costs
for deploying this barge are indeed higher compared to the smaller CEMT-IVa barge. The costs grad-
ually increase for all upward nodes and decrease for the downward nodes. Two key points must be
highlighted. First, unlike the smaller barge, no jumps in cost are observed at any node, indicating that
no extra-large barge is required. Because even at the highest supply level, the weekly supply is 1778
tonnes, representing only 52% of the maximum barge capacity. Second, when comparing these costs
to the total costs of truck transport shown in figure 6.4, at a solvent supply of 47149 tonnes (roughly
906 tonnes per week), it becomes clear that operating this barge at just 25% of its maximum capacity
already results in lower transport costs compared to truck transport, highlighting that in the case of even
higher supply levels, a switch would become even more attractive.
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CEMT-Va Transport Costs
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Figure 6.10: Total transport costs for using CEMT-Va barge.

The option values are shown in figure 6.11. In the early years, the option value is relatively low but
increases steadily until 2032. Particularly between 2030 and 2033, the high option values indicate that
switching will become beneficial if solvent supply continues to rise. However, if the decision is post-
poned too long, the option value gradually declines, reflecting the outcomes where supply is insufficient
to justify the use of barges. Due to the same end effect, the option values at the terminal nodes are
lower compared to the preceding nodes, as no future effects are considered.

A comparison of the option values for the larger and smaller barges indicates that, at these supply
levels, the smaller barge is more attractive. The option values for the larger barge are significantly
lower, reflecting its reduced economic viability under these conditions compared to the smaller barge.
Additionally, the option value is zero at more nodes.

Option Value

779,814
1,223,817
1,415,901 461,513

1,417,582 H ’ 687,399

Unit: € value

Figure 6.11: The option value lattice to switch to the CEMT-Va barge.

The total value remains negative for all the possible outcomes, which is in line with the expectations,
as the option values are lower compared to the smaller CEMT-IVa barge. At the start node, the total
value is significantly negative but decreases gradually over the year. This has two causes. First, the
DCEF for truck transport is decreasing as well. Secondly, the option value is increasing. Except for the
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downward nodes. For which the total value remains equal. The CO, price is still insufficient to cover
the costs to break even over the complete timeline. The minimum price calculation indicates that a
price of at least €182.52/t is necessary to break even at the starting node, which is only a marginal
reduction compared to the truck-only case.
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Figure 6.12: Total value of operating the OCCUS supply chain with the option to switch to CEMT-Va barge.

The yearly switch probabilities, as shown in figure 6.13, indicate that switching is not beneficial during
the initial years up to 2029. In 2030, switching becomes favourable for the first time, but only under
the condition that solvent supply has increased in each preceding year, an outcome with a probability
of only 11%. In 2031, the probability declines to 7%, as switching is again only advantageous if supply
continues to rise. Caused by the same reasons as mentioned in section 6.2.2. This pattern continues
until 2035 when the probability of switching reaches 49%. A summary of the yearly switch decisions
is provided in table 6.3. Compared to the smaller barge, the switching decision for the larger barge
becomes favourable two years later and with a lower probability. This further highlights the higher
efficiency of the smaller barge under the given supply conditions.

Switch Decision

switch

Figure 6.13: Decision lattice for switching to CEMT-Va.
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Table 6.3: The yearly probability of switching to CEMT-Va barge

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Switch probability 0.00 0.00 0.00 0.00 0.00 0.11 0.07 022 015 031 049

6.2.4. Option to switch to combined strategy

The final switching option considered is the use of a combined deployment of both barge types. Based
on the previous results, it is already known that a second CEMT-IVa barge is only required in the case
of the highest solvent supply. With this particular option, instead of deploying a second smaller barge,
a large barge will be deployed at this specific node, as the model selects the most cost-effective barge
based on the solvent volume.

The total costs are presented in figure 6.14. As expected, these are almost identical to the CEMT-IVa
case. The only difference is observed at the maximum supply terminating node. Due to the deployment
of the larger barge, the costs are reduced by approximately €300000/y in this node.
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Figure 6.14: Total transport costs for combined barge strategy.

The option values of this switching option are presented in figure 6.15. Due to the findings presented
above, the option values are very similar as well. Only at the highest supply node does the option value
increase to €1057742. However, due to the limited probability of reaching this node, the option value
increases by only around €2000, thereby limiting its overall impact on the total option value at the root
node.
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Option Value for combined strategy
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Figure 6.15: The option value lattice to switch to the combined strategy.

Figure 6.16 presents the total value for the combined barge deployment scenario. Similar trends are
observed for the single barge type scenarios, with the total value remaining negative for the majority
of the nodes. However, in the highest supply scenario in 2034, a positive value of €18255 is achieved.
This indicates that, under this option, a modest profit can be generated in at least one scenario, although
the probability of this outcome is only 1.8%.
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Figure 6.16: Total value of operating the OCCUS supply chain with the option to switch to combined strategy.

At the top node in 2035, where the larger CEMT-Va barge would be deployed, the switch decision
would also have been made if a second small barge had been used instead. As a result, the switching
decisions remain unchanged in this case, as shown in figure 6.17 and table 6.4.
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Switch Decision for combined strategy

Figure 6.17: Decision lattice for switching to combined strategy.

Table 6.4: The yearly probability of switching for combined strategy.

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Switch probability 0.00 0.00 041 026 055 075 063 0.78 068 081 0.73

As previously stated, the outcomes are nearly identical to those obtained for the scenario involving a
switch to the CEMT-IVa barge only. For reference, the minimum required CO,, price to achieve break-
even decreases by just €0.02, to €176.17/t.

6.2.5. Sensitivity

As discussed in section 5.2, the binomial parameters used in the real options model are subject to
considerable uncertainty due to limited historical data, evolving regulations and technical uncertainties.
To assess how input parameters influence the output of the model, a sensitivity analysis is conducted
(Van Der Spek et al., 2020). It is essential to note that the sensitivity analysis considers only one
parameter at a time and is conducted for the root node only, as this assesses the entire time horizon
and saves computational time.

The sensitivity analysis focuses on the mixed transport strategy, as it was shown to generate the highest
value in the case study. In addition to the binomial parameters, other factors that may influence the
switching decision, such as truck and barge costs, emission factors, and transport distances, are also
included in the analysis. The mentioned parameters are varied by +30% in 5% increments to assess
their influence on the total value, option value and the required break-even CO, price.

In figure 6.18, the sensitivity of the selected parameters with respect to the option value is shown. It
becomes clear that the costs for truck and barge transport, the fleet adoption rate, and the distance of
truck transport have the most significant influence on the option value.

The strong influence of transport costs on the option value is intuitive. Truck and barge costs exhibit
opposite trends. As barge costs increase, the option value declines and eventually tends to stabilize to
-100%, which is expected, as the option value cannot fall below zero. A similar effect is observed when
truck costs are decreased. As truck transport becomes significantly cheaper than barge transport, the
flexibility to switch becomes redundant, and the option loses its value.

The strong influence of truck transport distance stems from the steep increase in costs associated with
longer distances, as explained in section 5.3.1. As a result, higher distances make barge transport
relatively more attractive, increasing the value of the switching option. Interestingly, the influence of
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barge distance is significantly lower, which is due to the cost structure. Moreover, the absolute cost
changes for truck transport are also higher, as the base distance is somewhat greater.

Another factor with considerable impact is the fleet adoption rate. This is reasonable, as a higher initial
CO,, supply results in larger absolute volumes over time. Since supply is multiplied at each time step
in the binomial model, this effect compounds, increasing the financial scale and impact of switching
decisions. At higher values, the option value increases more steeply, partly due to the ability to switch
to larger, more cost-efficient barges.

The growth rate also shows a moderate influence, as it shifts the probabilities in the binomial tree. A
higher growth rate increases the probability of moving to the up-states, which tend to add more value
as switching becomes more attractive. The other parameters all have minimal influence on the option
value, with the emission factors having the lowest impact.
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Figure 6.18: Sensitivity analysis with respect to the option value.

The sensitivity analysis for the total value is shown in figure 6.19. An important clarification must be
made. As discussed in section 6.2.4, the CO, price is insufficient to cover the costs of operating the
supply chain. Consequently, the total value remains significantly negative, even when accounting for
the added value of the switching option. This situation introduces a complication. Calculating relative
changes based on a negative baseline can lead to counterintuitive results in the graphs, as the values
may appear inverted. Therefore, the baseline is set as an absolute value.

For the majority of the parameters, the total values do not follow the same trajectory as the option
value. This is because changes in parameters also affect the DCF. For example, it cannot be said that
if the option value increases 10%, the total value increases 10% as well. As concluded in the previous
section, the current CO,, price is insufficient to cover the costs of the supply chain. Therefore, in some
cases, even though the option value increases, the total value decreases.

Among all variables, barge costs have the most significant influence, similar to their effect on the option
value. A reduction in barge costs leads to an increase in the total value. Conversely, an increase in
barge costs results in a gradual decline in total value. However, this decline is limited. If barge costs rise
substantially relative to truck costs, the economic advantage of switching to barge transport diminishes.

The truck-related parameters, costs and solvent transport distances also affect the value but to a lesser
extent. The total value also rises if the truck costs decrease, which is logical as the cash flow will
increase. The same applies to truck transport distance, as this parameter significantly influences the
cost of truck transport. If they increase, the loss in total value is limited to roughly 4%.
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This effect is the result of having the option to switch. As truck costs or distances increase, the value
of having the option to switch becomes larger. At a certain point, this increase in option value cancels
out the additional losses in total value. Further cost increases no longer affect the total value, as the
model has already switched. That is why the curve starts to flatten.

A particularly interesting observation is the influence of the fleet adoption rate on the total value. Atlower
adoption rates, the total value increases. Similarly, when the adoption rate increases with respect to
the reference value of 4%, the total value also rises. This seemingly contradictory effect arises because
lower adoption levels incur fewer costs. As concluded in section 6.2.4, the CO, price is insufficient to
cover the full operating costs per ton. As a result, the system appears to perform better in terms of
total value, even though this does not reflect actual operational effectiveness. Conversely, at higher
adoption rates, the total value also improves, driven by the significant contribution of the option value,
as shown in figure 6.18, which helps offset a larger share of the expenses.

The other values have limited influence on the total value and follow the expected trajectories.

Sensitivity of Total Value: Mixed
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Figure 6.19: Sensitivity analysis with respect to the total value.

Figure 6.20 illustrates how the tested parameters influence the required CO,, price for achieving break-
even at the root node. The reference point is the break-even CO, price for the scenario where switching
to both barges is possible, which was €176.16 per ton.

Similar to the results for the option value and total value, the fleet adoption rate and transport costs
for both truck and barge have the most significant impact on the break-even CO, price. Reductions in
transport costs and shorter distances lead to lower overall supply chain costs, which in turn reduce the
required CO, price.

A comparable effect is seen with emission values. As emission factors decrease, the net CO, reduc-
tion increases, allowing a greater amount to be deducted under the EU ETS, improving the economic
feasibility of the system and lowering the required price.

Conversely, a reduction in volatility and growth rate leads to a slight increase in the required CO,, price.
This is attributed to a shift in the probability distribution toward more pessimistic (downward) scenarios.
The fleet adoption rate is an influential factor. At first glance, this may appear to contradict the trend
observed in figure 6.19. However, this discrepancy can be explained by the fact that lower fleet adoption
rates reduce total costs, potentially enhancing overall value. Nevertheless, they also result in a smaller
net CO, reduction, thereby decreasing the revenue generated from emissions savings. As a result, a
higher CO,, price per ton is required to cover the costs.
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Sensitivity of Break-even CO: Price: Mixed
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Figure 6.20: Sensitivity analysis with respect to the break-even CO, price

6.3. Variable CO, price

This section presents the results obtained under a scenario with a variable CO price. As discussed in
section 6.2, the average CO, price is insufficient to cover the operational costs of the OCCUS supply
chain over the entire timeline. Therefore, an alternative, more realistic approach is explored in which
the CO,, price increases over time. The projected trajectory of the CO, price is based on the predictions
provided by (Bloomberg, 2024). All cost structures will not be discussed further in this section because
they remain unchanged.

6.3.1. Truck transport

The DCF for the truck-only transport scenario with increasing CO., prices is shown in figure 6.21. Com-
pared to the results in section 6.2.1, it is evident that the DCF turns positive in later years. This shift is
primarily driven by the projected rise in Pco,. The first year a positive DCF is observed is 2031, with a
probability of 30%. In this year, the CO, price reaches €158.8 €/tCO,. Although this is still insufficient
to fully cover the costs for that year, the expected future prices and transport volumes result in a positive
total value. A summary of the annual probability of achieving a positive total value for the truck-only
scenario is provided in table 6.5. Additional results, including annual cash flow, transport emissions,
and total chain costs, can be found in appendix B.

Table 6.5: The yearly probability of obtaining a positive total value with no option

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Probability Positive total value 0,00 0,00 0,00 0,00 0,00 0,00 030 094 1,00 1,00 1,00

In many of these future scenarios, a switch to barge transport would already be the preferred option, as
will be elaborated further in section 6.3.2. Interestingly, in scenarios with relatively lower supply, some
nodes show a small positive DCF, while for the lowest supply scenarios, the DCF remains negative
each year. This suggests that a minimum supply threshold may be required for profitability, even under
increasing CO, prices. Consequently, this implies that volume could influence the overall economic
viability. However, when compared to CO, flow rates reported in the literature, the volumes considered
in this study are relatively small. As a result, the influence of volume on profitability is expected to be
limited within the evaluated range of supply.
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Discounted Cash Flow Truck Transport (Variable CO2 price)
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Figure 6.21: Discounted cash flow for truck transport with variable CO, price

6.3.2. Option to switch to CEMT-IVa

For the option to switch to the smaller barge, under the variable CO, price, the option value at the
root node is slightly higher, but only €8000, which is only a very small fraction. For the increased
supply volumes, the option values are increased, caused by the combination of higher CO, prices and
lower relative transport costs increasing the margins. However, it can be seen that variable CO, prices,
compared to the average value, have limited effect on the option values. As a result, the switching
decision at each node is unaffected and remains identical to the results shown in figure 6.9.
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Figure 6.22: Option value with option to switch to CEMT-IVa barge under increasing CO, price

The DCF for the strategy with the option to switch to CEMT-IVa under variable CO; prices is shown in
figure 6.23. Compared to the results with an average CO, price, some minor differences are visible.
Although increasing future CO; prices indicate that supply chain operations become economically vi-
able in later years, the total value at the root node is €180000 lower compared to the average price
scenario. This is primarily attributed to the substantially lower CO, prices in the initial years, which re-
sults in significant losses. Moreover, these early years have a greater influence on the root node value
due to the weighted average of different outcomes. Consequently, while the switching option provides
strategic flexibility, the early losses significantly reduce the overall value.
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Comparing the results to the truck-only case presented in section 6.3.1, analysis reveals significant
improvements. Incorporating the option to switch to smaller CEMT-IVa barges accelerates the achieve-
ment of economic viability by two years, with a positive expected total value first occurring in 2029.
In this year, two economically viable scenarios emerge with a combined probability of 55%. By 2031,
the probability of achieving positive total value exhibits substantial improvement, increasing from 30%
in the truck-only scenario to 87% with the switching option. In subsequent years, CO, prices reach
sufficient levels to exceed the economic threshold for truck transport operations. Consequently, the
probability of attaining a positive total value stabilizes and becomes independent of transport mode
selection. The overall probabilities of achieving positive values with the option to switch to CEMT-IVa
barge are summarized in table 6.6. Additional results, including annual cash flow, transport emissions,
and total chain costs, can be found in appendix C.

Table 6.6: The yearly probability of obtaining a positive total value with option to switch to CEMT-IVa

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Probability Positive total value 0.00 0.00 0.00 0.00 0.55 0.75 087 094 100 1.00 1.00
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Figure 6.23: Total value with option to switch to CEMT-IVa barge under variable CO, price

6.3.3. Option to switch to CEMT-Va

The option values under variable CO, pricing with the possibility to switch to the larger CEMT-Va barge
are presented in figure 6.24. The findings are consistent with those observed in the CEMT-IVa barge
analysis presented in section 6.3.2. Overall, the option values exhibit a modest increase due to cost
reductions achieved through CEMT-Va barge deployment at larger volumes, which generates increased
revenue and profitability under elevated CO, price scenarios. Given the marginal differences in option
values, the switching decision lattice remains unchanged.
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Option Value to switch to CEMT-Va (Variable CO2 price)
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Figure 6.24: Option value with option to switch to CEMT-Va barge under variable CO, price

The total values of switching to the larger barge are presented in figure 6.25. These results show similar
trends to those observed for the smaller CEMT-IVa barge under the increasing CO, price scenario. In
this scenario, the total value at the root node is €185000 lower compared to the average CO, price
case. The difference is slightly higher compared to the smaller CEMT-IVa cases. The larger difference
is primarily due to lower option values, as the potential gains from deploying the larger barge are less.
Furthermore, the lower total value relative to the average price scenario is also influenced by reduced
CO,, prices in the early years, which lead to increased negative cash flows and, consequently, a lower
overall value.

The first year in which a positive total value can be achieved is 2030, with a modest probability of 11%. A
positive value is reached one year later compared to the smaller barge case but one year earlier than in
the truck-only scenario, although the probability remains lower than in both other cases. In the following
year, the probability of attaining a positive value increases to 63%, which is almost double compared to
the truck-only scenario. However, it remains lower compared to the smaller barge scenario. In the final
years, the probability of attaining positive values reaches 100%, which aligns with the previous cases
caused by the high CO, price levels. The overall probabilities of achieving positive values with the
option to switch to CEMT-Va barge are summarized in table 6.7. Additional results, including annual
cash flow, transport emissions, and total chain costs, can be found in appendix D.

Table 6.7: The yearly probability of obtaining a positive total value with option to switch to CEMT-Va

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Probability Positive total value 0.00 0.00 0.00 0.00 0.00 0.11 063 094 100 1.00 1.00
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Total Value with option to switch to CEMT-Va (Variable CO:2 price)
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Figure 6.25: Total value with option to switch to CEMT-Va barge under variable CO, price

6.3.4. Option to switch to combined strategy

The results for deploying the combined strategy under the variable CO, price scenario are presented
in this subsection. As the results for this switch option were found to be almost identical to those for
the CEMT-IVa barge in the average price scenario, they are expected to be the same in this case.

This is confirmed in figure 6.26, which shows the option values of the combined barge option under
increased CO,, pricing. In section 6.2.4, it was elaborated that only for the top node the larger barge
would be deployed. Due to the low probability of reaching this scenario, the value added is limited. For
the variable CO; price scenario, this remains unchanged. Therefore, the results follow a similar trend.

Option Value for combined strategy (Variable CO: price)
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Figure 6.26: Option value with option to switch to combined strategy under variable CO, price

The total values are presented in figure 6.27. In this scenario, the results closely align with those of the
CEMT-IVa option. Compared to the average price scenario, the total value at the root node is reduced
due to the factors previously discussed. Nonetheless, the total value at the root node is marginally
higher due to the deployment of a larger barge at the highest supply node, which leads to additional
value. However, due to the low associated probability (p = 1.15%) this incremental value is very lim-
ited at the root node. The yearly probability of achieving a positive total value remains unaffected and
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is equal to the presented results in table 6.6, as the switching decisions remain unchanged. Addi-
tional results, including annual cash flow, transport emissions, and total chain costs, can be found in
appendix E.

Total Value with option to switch to combined strategy (Variable CO: price)
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Figure 6.27: Total value with option to switch to a combined strategy under variable CO, price

6.3.5. Sensitivity
To assess the influence of the different parameters with a variable CO, price, the sensitivity analysis
done in section 6.2.5 is repeated in this section. For this sensitivity analysis, the influence of the
minimum required CO, price is excluded because this is only dependent on the cost structures and not
the actual CO, price.

In section 6.3, the presented results revealed that the difference in the option value between average
and variable CO, prices are minimal. Therefore, it is expected that the sensitivity results for the variable
are similar to the ones obtained in section 6.2.5.

The sensitivity analysis for the option value is shown in figure 6.28. Comparing them with the average
price scenario confirms that the results are identical to figure 6.18.

Sensitivity of Option Value: Mixed (Variable CO: Price)
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Figure 6.28: Sensitivity analysis with respect to the option value with variable CO,, price.
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The results of the sensitivity analysis with respect to the total value are presented in figure 6.29. Overall,
the outcomes closely align with previous findings and exhibit similar trends as observed in the average
price scenario. However, one notable difference is visible. The slope of the growth rate line is steeper
under the variable CO, pricing scenario, indicating higher sensitivity of the total value to changes in
growth rates. Several interconnected factors can explain this increased sensitivity. Under variable
CO;, pricing, the total value becomes positive in upward nodes, and as the growth rate increases,
the probability of reaching these favourable upward states also increases. Additionally, option values
showed modest increases in higher supply nodes compared to the average scenario due to improved
margins from higher CO, prices.

Sensitivity of Total Value: Mixed (Variable CO2 Price)
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Figure 6.29: Sensitivity analysis with respect to the total value with variable CO, price.

6.4. Break-even prices

This section presents the minimum CO,, prices required for the overall OCCUS supply chain to break
even. These prices represent the threshold at which deploying OCC becomes economically viable, as
the revenue generated is sufficient to cover the full operational costs of the supply chain. To illustrate the
impact of flexibility, the break-even prices are shown for both the truck only strategy and the combined
transport strategy with the option to switch. The latter, which demonstrated the highest value in the
case study, reveals how the threshold price can be lowered with the switching option available.

Figure 6.30 shows the minimum required CO, price for the truck only transport strategy. For the up-
ward nodes, the required price gradually decreases from €184.21/tCO, to a minimum of €166.02/tCO,.
A slight decrease is also observed for the middle nodes, where the supply returns to its initial value.
Several factors cause these reductions. Firstly, the regeneration and liquefaction cost functions in-
corporate learning rates, which reduce unit costs as cumulative output increases. For the downward
nodes, the reverse effect is observed. If supply decreases, the unit costs rise faster than the learning
rate can offset, resulting in a higher break-even price.

The rising cost of truck transport due to increased solvent supply does not impact the upward nodes, as
the unit transport costs remain constant. These scenarios still qualify for the bulk discount. However, a
slight increase in the minimum required CO,, price is visible if the CO, supply decreases in the following
year. For the lowest supply node in 2034 and the two lowest supply nodes in 2035, a notable jump is
visible. This is because the supply volume in those cases falls below the threshold required to trigger
the bulk discount, resulting in higher unit transport costs.
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Minimum CO:2 Price for Break even of truck transport only

Figure 6.30: Break-even CO, price for truck transport only

In Figure 6.31, the minimum required CO, price is presented, including the option to switch to a com-
bined transport strategy. It is important to note that all costs, except for the solvent transport, are held
constant. Therefore, any differences in the minimum required CO, price presented in figure 6.30 can
be attributed solely to the option value of incorporating barge transport.

The results show that the option to switch does reduce the minimum required CO, price. For the root
node, the break-even price decreases by approximately €8 per tonne, representing a modest reduction
of 4.3%. The downward trend in break-even price, which is also observed in the truck-only scenario, is
visible here as well. However, the price decrease is larger compared to the truck-only case, highlighting
that the option does indeed lower the required price as expected.

For the most probable outcomes in 2035, the results show that the break-even prices with the option
are lowered from €170.60 to €152.80 and €173.50 to €164.82. These represent notable reductions
of 10% and 6%, respectively. For reference, in the most upward node, the required CO, price could
decrease up to 17% compared to the truck-only transport.

Notably, there is an increase in the break-even price for the most upward node. As discussed in sec-
tion 6.2, this increase arises because the larger barge is required to transport the total solvent volume
in this scenario. As a result, the unit cost of barge transport increases, outweighing the benefits of the
learning rate, causing the required price to rise slightly. For the downward nodes, the required CO,
price equals that of truck-only transport, which is logical as for these supply volumes, switching is not
beneficial. Therefore, the option value is zero, adding no extra value.
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Minimum CO:2 Price for Break even with option to switch to combined strategy
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Figure 6.31: break-even CO, price with option to switch to combined strategy

6.5. Summary of the results

This section summarizes the key findings and conclusions from the analysed cases and different options
presented in this chapter. Table 6.8 presents the break-even prices, option values, and total values at
the root node for both average and variable CO, pricing scenarios.

The break-even price for the truck-only transport strategy at the root node is €184.21/tCO,, which
exceeds the average CO,, price of €136/tCO; significantly. As demonstrated in Section section 6.4, the
break-even price decreases over time, reaching a minimum of €166.02/tCO,.

The option to switch to barge transport reduces the break-even price to €176.19/tCO, for the CEMT-IVa
barge, €182.52/tCO, for the CEMT-Va barge, and €176.17/tCO, for the combined transport strategy.
Representing reductions of 4.35 %, 0.92%, and 4.36%, respectively, compared to the truck-only sce-
nario.

The option values at the root node are €630345 for the CEMT-IVa barge and €131,555 for the CEMT-Va
barge. The combined strategy yields the highest option value of €632010, representing only a marginal
0.3% improvement over the smaller barge option. The variation in option values between average and
variable pricing scenarios is minimal.

With an average CO, price of €136/tCO,, all scenarios generate negative total values, indicating in-
sufficient economic viability. Similarly, the variable increasing CO, price scenario also yields negative
returns, demonstrating that supply chain operations remain economically unfeasible under current CO,
supply and pricing.

Table 6.8: Summary of results for the different switch options under average and variable CO, pricing for the root node

Average Price Variable Price
Switch option  Break-even price ov TV ov TV
Truck-only € 184.21 - -€ 3,884,806 - -€ 4,074,299
CEMT-Iva €176.19 €630,345 -€3,254,461 €638,453 -€ 3,435,846
CEMT-Va €182.52 €131,655 -€3,753,251 € 136,095 -€ 3,938,205
Combined €176.17 €632,010 -€3,252,796 €640,118 -€ 3,434,181

Table 6.9 presents the annual probabilities of implementing the transport mode switching decision. The
CEMT-IVa barge option demonstrates initial viability in 2027 with a switching probability of 41%, sub-
sequently fluctuating between this baseline and a maximum probability of 81%.
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In contrast, the CEMT-Va barge option is triggered later, with the first switching decision in 2030 at
a probability of 11%. This option shows lower overall switching frequencies, reaching a maximum
probability of 49%. The combined transport strategy yields identical switching probabilities to the CEMT-
IVa barge configuration.

Table 6.9: Summary of switch probabilities for the different options

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

CEMT-Iva 0.00 0.00 041 026 055 041 063 051 068 0.81 0.73
CEMT-va 0.00 0.00 0.00 0.00 000 01 007 022 015 0.31 049
Combined 0.00 0.00 041 026 055 041 063 051 068 081 0.73

The probabilities of achieving positive economic value under average CO, pricing conditions are pre-
sented in table 6.10, revealing that the truck-only transport strategy and CEMT-Va barge option have
zero probability of positive values across all analysed scenarios and time periods. The CEMT-IVa barge
and combined transport strategies demonstrate limited viability, with positive value probabilities of 2%
in 2034 and 6% in 2035. These low probabilities indicate that achieving economic viability under this
average CO, pricing conditions is unlikely.

Table 6.10: Summary of positive value probabilities for the different options with average CO, price

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Truck 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
CEMT-lva 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
CEMT-va 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Combined 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.02 0.06

The probabilities of achieving positive economic value under variable increasing CO, pricing conditions
are presented in Table table 6.10. The truck-only strategy provides a 30% probability of positive values
starting from 2031. Having the option to switch to either the small CEMT-IVa or combined strategy
increases both probability and advances the timing by two years to achieve positive values. For the
larger barge, the probability of achieving a positive value occurs one year later than the CEMT-IVa
option and at a lower probability. However, this is still a year earlier than the truck-only strategy. From
2032 onward, the probability of achieving positive value becomes equivalent across all transport op-
tions. In the final years of the analysis period, all scenarios yield positive values, indicating that the
switching option and expected supply levels no longer influence economic viability if CO, prices reach
levels sufficient to cover even the higher costs of the truck-only strategy. The results suggest that while
current deployment timing is premature, economic viability could emerge in future years under condi-
tions of increased supply and CO,, pricing. The availability of barge transport options reduces the time
required to achieve this viability.

Table 6.11: Summary of positive value probabilities for the different options with variable CO, price

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Truck 0.00 0.00 000 000 0.00 0.00 030 094 100 1.00 1.00
CEMT-Iva 0.00 0.00 0.00 0.00 055 075 087 094 1.00 1.00 1.00
CEMT-va 0.00 0.00 0.00 0.00 000 011 063 094 1.00 1.00 1.00
Combined 0.00 0.00 0.00 000 055 075 087 094 100 1.00 1.00




Discussion

In this chapter, a reflection is provided on the methodology, the proposed model, and the underlying
assumptions and simplifications adopted throughout this study. The aim is to critically evaluate the
robustness and applicability of the modelling approach and to discuss the implications of key results.
By addressing both the strengths and limitations of this research, this discussion provides context for
interpreting the findings and their relevance to the broader field of OCCUS supply chains.

7.1. Assumptions

To simplify the model, and due to the lack of available data, some assumptions were required, which
influence the results.

First of all, this study assumes that the choice of onboard storage method has limited to no influence
on the results. For instance, as discussed in section 2.4, truck transport can be done using either ISO
containers or dedicated trucks, while barge transport may employ chemical barges or, in the case of
containerized storage, container barges. However, in the model, only fully containerized truck transport
and dedicated barge transport are compared. In reality, the supply chain is likely to involve a mix of
these approaches, with some vessels storing CO, in containers onboard and others using dedicated
tanks, depending on vessel type and size. Offloading procedures also differ. Containerized CO, would
require cranes, while dedicated tanks would require pumping operations. These operational differences
could influence the relative attractiveness of each transport option. For example, if offloading containers
is significantly easier or faster, it might make truck transport more favourable, even if the overall supply
volume would justify a switch to barge transport.

To estimate the initial supply, a ship database from a different research project is used. The database
consists of vessels considered suitable for using ammonia as a marine fuel. According to current
research, large seagoing vessels of at least 50,000 DWT are regarded as likely candidates for ammonia
adoption Boersma (2024). These, however, are not necessarily the most suitable vessel types for
installing and operating OCC systems. Due to the lack of more specific data, it was assumed in this
study that these vessels would be equipped with OCC systems. To account for this uncertainty, a
conservative fleet adoption rate of only 4% and a fixed carbon capture rate of 40% were applied. As
demonstrated in figure 6.20, the initial supply influences both the total value and the option value in the
model. Therefore, obtaining more accurate data on suitable vessels could further improve the reliability
of the results.

Another important assumption in the model is that the supply of solvent is evenly distributed on a weekly
basis. In reality, the supply is likely to fluctuate, as ship arrivals can vary significantly from week to week.
Some weeks may experience a surge in arrivals and thus increased supply, while other weeks may see
fewer ships and lower supply levels. This variability is not accounted for in the model, which assumes
a homogeneous weekly supply. As a result, the model may overlook operational challenges related
to fluctuating supply. In addition, it is assumed that transport capacity for both barges and trucks is
always available to meet demand. While this is a reasonable assumption for barges due to their larger
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capacities and scheduled operations, it may not hold for trucks. As supply increases, the required
number of trucks may exceed what is readily available, potentially leading to logistical bottlenecks or
increased transport costs due to limited capacity. By assuming uniform supply distribution and constant
transport availability, the model does not account for temporary storage requirements to manage supply
fluctuations. Inreality, storage capacity may be necessary during periods of supply-demand imbalances
or transport limitations.

In this study, fixed emission factors were assumed for both truck and barge transport. The available
data indicate that the emission factor for truck transport is double that of barge transport. This assump-
tion is more reliable for trucks because each truck carries a relatively small load, and unit emissions
remain roughly constant regardless of whether the truck is fully or partially loaded. As a result, the unit
emissions do not vary significantly for truck utilization. This assumption may be less accurate for the
use of barges. Barges have a much larger transport capacity, and their unit emissions are likely to de-
crease when operating at full capacity. When barges are only partially loaded, unit emissions increase.
Therefore, assuming a fixed emission factor may underestimate the efficiency gains achievable with
higher barge utilization. Although the sensitivity results indicate that emission factors have limited influ-
ence on the option value, incorporating more precise emission data could improve the overall accuracy
of the model.

In the model, both a fixed average CO,, price and a variable, linearly increasing CO price scenario (from
the current market price to the projected 2035 price) are considered. In reality, the CO,, price is relatively
volatile with peaks and troughs. The use of yearly time intervals may justify this simplification to some
extent, as it reflects longer-term investment horizons. However, in practice, supply chain operations
are conducted continuously throughout the year, and substantial short-term price fluctuations could
affect cash flow and the timing of operational decisions. However, since the supply chain operates
continuously, fluctuations in CO, price could impact cash flow. There may be periods when operating
the supply chain is profitable, while at other times, operation is less or not viable.

Lastly, in this research, it is assumed that regulatory factors and changes in legislation do not directly
influence the outcomes of the model. The analysis does not account for the potential impact of new
or evolving regulations, such as stricter emission limits or adjustments in CO, pricing mechanisms. In
reality, future regulatory or policy developments could have affect the supply of CO,. For example, new
emission regulations could lead to sudden increases of CO, supply to the port.

7.2. Model limitations

The first limitation concerns the available data. Although transport companies were willing to provide
cost estimates for different transport scenarios, the available data points for various distances and
volumes remain relatively limited. Furthermore, the analysis relies on quotes from only one barge
company and one truck transport company. As a result, and due to the linearization of these cost
estimates, the accuracy for other distances and volumes may be reduced. This limitation is particularly
important given that the sensitivity analysis in section 6.3.5 demonstrates that transport costs have a
maijor influence on both the option value and the total value of the supply chain. Therefore, obtaining
additional quotes from multiple transport companies and for a broader range of distances and volumes
would significantly increase the reliability and robustness of the model results.

A second limitation concerns the chosen modelling approach. Real options theory is primarily devel-
oped for evaluating investment decisions, such as whether and when to invest in new or additional
capacity. In this study, the real options framework is applied to strategic transport decision-making,
with a focus on switching between transport modes based on provided cost data. However, since no
investment data was available and penalties for contractual constraints for switching are not included,
the model may not fully capture the complexities of real-world decision making. As a result, the analysis
may overestimate the flexibility and economic attractiveness of switching transport modes, particularly
in scenarios where additional costs or operational barriers would exist in practice.

A third limitation relates to the modelling approach of supply growth and uncertainty over time. The
future evolution of CO, supply in the model is predicted by binomial parameters, which rely on histor-
ical data or expert opinions. As carbon capture in general, and especially OCC is not yet commonly
applied, such historical data is not present. Besides, it is difficult for experts to make proper predictions
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on expected captured CO, by maritime vessels into a port. Because of these two reasons, it could
be argued that the chosen modelling approach is not the most suitable for realistically representing
expected CO, supply growth.

Another limitation is that the model is developed for a single collection point within one port. In practice,
ports often have multiple collection locations or more complex transport networks that involve various
routes and combinations of transport. While the general methodology could be extended to other ports
or more complex supply chains, this would require additional data and model adaptations.

Furthermore, the model is designed for an OCCUS supply chain configuration that follows the Value
Maritime OCC capture approach. It could, in theory, be adapted to conventional OCCUS chains by
following the steps described in DNV (2024). For example, the first transport step could be updated by
sourcing new quotes for LCO, transport or by incorporating the transport model as outlined in Oeuvray
et al. (2024). Users could also be given the option to select between LCO, transport or their own
received quotes. In adapting the model for conventional CCUS, the regeneration costs would need to
be set to zero, and a reconditioning module added in place of liquefaction. However, such modifications
would make direct comparisons with the Value Maritime philosophy, and the current exclusion of OCC
costs unfair. In the conventional OCC systems, liquefaction and regeneration occur on a smaller scale
onboard, meaning the costs are shifted to a different part outside the scope of the model. As a result,
assessing the flexibility of transport options using the break-even price could yield unrealistic values,
limiting the comparability and practical relevance of the results.

7.3. Results

The results presented in chapter 6 require further critical analysis regarding their alignment with industry
expectations. The total captured CO, and required solvent volumes are illustrated in figures 6.1 and 6.2,
respectively. These projections indicate that under maximum supply scenarios, CO, supply would triple
over the 10-year period based on the calculated binomial parameters. For the most probable outcomes,
CO2 supply increases but remains below a doubling of supply. These findings do not align with Value
Maritime’s projected growth expectations. They indicate that a tripling of CO, supply is a realistic
scenario but believe it has a significantly higher probability than the 1.15% estimated in this analysis,
suggesting that the current modelling approach may underestimate such outcomes.

These discrepancies raise questions regarding the model’s capacity to accurately represent expected
CO2 supply growth. If tripling supply would be a more likely outcome as suggested by industry projec-
tions, the required volatility parameter would approach 30% with growth rates of approximately 15%.
These values substantially exceed the calculated parameters and may not reflect realistic supply volatil-
ity expectations in practice.

The observed discrepancies between modelled outcomes and Value Maritime expectations suggest
that alternative modelling frameworks might be required to capture the complex dynamics of maritime
CO; supply growth more accurately or redefine the binomial parameters such that these values would
be realistic.

If CO, supply trajectories align with Value Maritime’s projections, the switching option would likely gen-
erate substantially higher economic value, given that significant value was added even under modest
supply increases. Under such elevated volume scenarios, the CEMT-Va barge configuration would
likely become more economically favourable due to its higher transport capacity.



Conclusion and recommendations

This chapter presents the final conclusions and recommendations. Firstly, in section 8.1, the research
questions are revisited and answered using the obtained results, with each answer referenced to the
corresponding section of the report for further detail. Following the conclusions, recommendations are
provided in section 8.2

8.1. Conclusions

In chapter 1, the research questions were presented. To provide a structured answer to the main
research question, each sub-question will be answered first:

1: What are the required steps, technologies, and sources of uncertainty associated with OCCUS
supply chains?

The answer to this question is provided in chapter 2. The exact steps and technologies in the OCCUS
supply chain depend on the type of carbon capture system and onboard storage method selected.
In general, a carbon capture system, a regeneration and liquefaction system, transportation, and an
outlet are required at a minimum. In this research, the supply chain steps are defined as follows: CO; is
captured onboard using a post-combustion solvent-based system and temporarily stored in the solvent
under ambient conditions. Upon arrival in port, the solvent is offloaded and transported by truck or barge
to a conditioning facility, where the CO, is regenerated, liquefied, and then transported for permanent
underground storage, also visualized in figure 2.5. The identified uncertainties are listed in chapter 3.
The most important related to this study are the uncertainties in CO, supply, transport network design,
and the costs associated with CCUS supply chains.

2: How have previous studies modelled OCCUS supply chains, and what methodologies have been
used to incorporate uncertainty in CO, supply?

This research question is addressed in the literature review presented in chapter 3. Previous studies
have not modelled uncertainties in OCCUS supply chains, revealing a clear research gap. As a result,
the focus was shifted to land-based CCUS supply chain modelling, where two main approaches were
identified: MILP combined with discrete scenarios for supply chain optimization, and RO for capturing
decision making flexibility under uncertainty. For this research, RO analysis was chosen as it best
aligns with the need to evaluate the value of transport mode flexibility with respect to uncertain CO,
supply. The binomial lattice tree method was identified as the most suitable valuation method due to
its intuitive structure and ease of interpretation.
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3: Which parameters and criteria are needed to evaluate the influence of flexibility on the economic
and environmental aspects of OCCUS supply chains?

This research question consists of two parts. The required economic and environmental input parame-
ters are listed below the equations in chapter 4, while the actual input values are presented in chapter 5.
To evaluate the influence of flexibility, the key economic criterion is the option value, which quantifies
the added value of having the option to switch to different transport modes. To determine the overall
feasibility of the OCCUS supply chain, the total value and break-even CO,, price are considered.

4: What is the synthesis of a model that evaluates transport mode flexibility in glsoccus supply chains
under uncertain CO, supply?

This research question is addressed in chapter 4. Based on the conclusions from the literature review,
a binomial lattice tree real options model was developed to represent how the CO, supply to the port
evolves yearly over time. Using this model, total yearly costs and emissions are calculated based on
data from the literature and industry quotes. The main outputs of the model are the total value, option
value, and break-even CO;, prices, which together form the basis for the feasibility assessment.

5: How can the impact of transport mode switching flexibility on economic and environmental
feasibility of OCCUS supply chains be demonstrated through a case study?

This research question is addressed by the case study presented in chapter 5, which models the OC-
CUS supply chain for a sample fleet delivering CO,-rich solvent to the Port of Rotterdam. The study
considers two scenarios: an average CO, price and a variable CO, price. Different transport strate-
gies are evaluated, with truck-only transport serving as a baseline. Three different switch options are
considered: switching to a small CEMT-lva barge, switching to a larger CEMT-Va barge, and switching
to a combination of both.

Having addressed each of the sub-research questions, it is now possible to answer the main research
question of this research.

Main Research question:
How does transport mode flexibility affect the economic and environmental feasibility of onboard
carbon capture utilization and storage supply chains during the early implementation phase under
uncertain CO, supply to a port?

Based on the results, the following answer to the main research question is formulated:

Under average CO, price of €136 t/CO,, the truck-only and CEMT-Va barge strategies show no eco-
nomic viability, while the CEMT-IVa and combined transport strategies demonstrate minimal potential,
with low probabilities of positive value. Just 2% in 2034 and 6% in 2035. This indicates that the CO,
price is insufficient to cover the costs of operating the OCCUS supply chain. However, the option adds
€630345 to the root node for CEMT-Iva barge, €131555 for the CEMT-Va barge and €632010 to the
combined strategy. Highlighting that the option to switch does add value. However, from an overall
economic perspective, it would not make sense to start operating the OCCUS supply chain.

Under the variable CO, price scenario, the option values remain almost similar. However, the total
value at the root node remains negative for all cases, highlighting that OCCUS operations in the com-
ing years are not yet viable. The truck-only strategy achieves a positive total value starting in 2031,
with a probability of 30%. Introducing the option to switch to the CEMT-Iva barge improves both timing
and probability, allowing a positive value in 2029, with a 55% probability. The CEMT-Va barge under-
performs relative to the smaller barge, with a positive total value reached only in 2030 and a lower
probability of only 11%, indicating delayed and less frequent switching. The combined strategy offers
only marginal value compared to the CEMT-Iva switch option, as the larger barge is only deployed in
the highest supply scenario, an unlikely event with a 1.15% probability only. Resulting in negligible
overall impact.
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For the truck-only case, the minimum required CO, price at the root node is €184.21/t. Introducing
the option to switch to CEMT-lva lowers this to €176.19/t (—4.35%). Switching to the CEMT-Va barge
reduces it slightly to €182.52/t (-0.92%). The combined strategy achieves the lowest break-even price
of €176.17/t (—4.36%), though this represents only a minimal improvement over the CEMT-lva option.
These results show that having the option of switching flexibility lowers the break-even CO, price.

8.2. Recommendations
Based on the provided conclusions, the following set of recommendations are provided:

* Recommendation for Policymakers: The results indicate that a break-even CO, price of at
least€176.19 per ton is required for OCCUS operations to be viable. To accelerate the adoption of
OCCUS, policymakers should ensure that the price or compensation for CO, reductions increases
more quickly through higher carbon taxes or market mechanisms, as value significantly improves
at higher (future) prices.

* Recommendation for Value Maritime: It is recommended to deploy barges if CO, volumes
increase. The tipping point in which barge transport is preferred is relatively quick, supported by
the results in chapter 6.

Although this is not the primary research objective or question, it was found that the regeneration
process requires a significant amount of electricity to generate the required heat for solvent re-
generation. Due to high energy prices, it is a major contributor to the break-even price. Exploring
opportunities to optimise or minimise the required heat supply could significantly enhance overall
feasibility.

* Recommendation for Data Collection: It is advised to collect more detailed data on the costs
of different transport options. As demonstrated in the sensitivity analysis, transport costs have a
significant impact on the results. Expanding the dataset will result in more reliable cost functions
and outcomes.

* Recommendation for Model Development: Currently, the model assesses the solvent trans-
port leg using only truck and barge as transport modes. However, multiple transport options are
possible and relevant for future applications. To enhance the model’s applicability and flexibility,
future development should include additional transport modes.

» Future research: In this study, the model was tested using a single set of binomial parameters
(initial supply, volatility, and growth rate) based on available historical data. Sensitivity analysis
indicates that these parameters have an impact on the option value, total value and required
break-even price. Therefore, it is recommended to conduct additional tests with different sets of
binomial parameters. For example, by substantially increasing the initial supply and incorporating
additional transport modes, future research could explore scenarios in which switching from barge
to pipeline transport becomes viable.

In section 7.3, it was already discussed that the projected CO, supply over time does not align with
expectations. Therefore, further research is needed on different strategies to predict or redefine
the binomial parameters. The lattice tree is a powerful and easy-to-interpret strategy. If better
methods could be developed, they could present more accurate results and insights.
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Additional results for common supply
chain steps

The presented additional lattices show the total costs and emissions for the regeneration, liquefaction,
LCO, Transport and permanent storage costs.
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Additional results Truck-only

The additional presented lattices show intermediate results for the supply chain in case solvent transport
is carried out by truck for the entire period.
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Additional results CEMT-IVa

The additional presented lattices show intermediate results for the supply chain in case solvent transport
is carried out by the CEMT-IVa barge for the entire period.
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Additional results CEMT-Va

The additional presented lattices show intermediate results for the supply chain in case solvent transport
is carried out by the CEMT-Va barge for the entire period.
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Additional results Combined barge
strateqgy

The additional presented lattices show intermediate results for the supply chain in case solvent transport
is carried out by the combined barge strategy for the entire period.
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