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EXECUTIVE SUMMARY

KOTUG International is a towage company operating globally in the maritime industry. A new

innovative push-boat concept that is introduced by KOTUG to the transportation market is the

E-Pusher. This modular and scalable electric pusher tug is powered by swappable energy contain-

ers and operates zero-emission, Tank-to-Wheel (TTW). KOTUG is discovering new transportation

markets for the E-Pusher, such an interesting transportation market might be the onshore trans-

portation market of Carbon Capture and Storage (CCS).

In the Netherlands, CCS is considered a solution to decrease CO2 emissions. The expected

contribution of CCS to the decrease of CO2 emissions on a global level is estimated at 30% (Ri-

jksoverheid, 2021). The concept of CCS is that emitted CO2 will be captured, and then transported

to collection points where it will be further transported to an offshore location. At this offshore

location, the CO2 captured will be injected under the seabed. For the onshore transportation of

carbon, several studies compared pipelines and ships for different trajectories. The advantages and

disadvantages of both transportation modes in CCS are widely identified. An example, for instance,

is that longer shipping distances have an impact on the real amount of CO2 captured and stored.

Because of the fuel combustion and boil-off of ships. A knowledge gap is found in the literature

review, concerning the potential of zero-emission vessels in CCS chains, and what the impact is to

the emitted CO2 during transportation if zero-emission vessels are used.

Objective and Method Following the pursuit of climate targets by implementing CCS chains

and the ambition of KOTUG to contribute to sustainable transportation provided by the E-Pusher,

it is attempted to fill in the identified knowledge gap in this thesis. The goal of this thesis is to

have a scientific contribution to the field of determining the potential of electrified ship transport

modes in CCS chains. The findings are also expected to form insightful advice for KOTUG about

the potential role of the E-Pusher in CCS chains.

Pursuing this goal is by approaching an answer to the main research question, which is formu-

lated as follows: ”Which requirements and conditions determine to what extent the E-Pusher could

be a suitable inland transport mode for liquid carbon within the transport stage of a CCS chain,

and what are the emission effects to the CCS transportation chain if the E-Pusher is deployed?”.

Several sub-questions are formulated and answered sequentially to approach the answer to the main

question. The Systems Engineering approach, in particular following the SIMIE process whereby

each sign indicates a process step, led to a clear strategic approach for executing this research. After

the knowledge gap, research objectives, and research scope were defined and the literature review

was performed to determine KPIs and CCS transportation requirements, it was possible to model

the system. Thereafter, the model was simulated for different scenarios, more specific for realistic

CCS trajectories, in Microsoft Excel. The obtained results were validated and a sensitivity analysis
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was performed, before conclusions and recommendations could be given.

Scope This research is in several ways bounded by the scope. First, the cargo assumed is

liquid CO2 because liquefaction of CO2 is required for carbon transportation by ship. Second,

regarding transportation, the main focus is orientated to the onshore transportation stage of CCS,

see Figure 3. The geographical scope is orientated to the industrial clusters in the Netherlands

and the surrounding European region, that can be connected to the Port of Rotterdam. The time

dimension is bounded by the coming decades because of the finite amount of storage capacity for

CCS.

Figure 3: Visual depiction of the scope of this research

KPIs Before modelling the current state, a literature review was performed to define the KPIs

for modelling and evaluating a barge transportation network. The existing framework of Konings

(2009) is adapted in such a way that it was possible to formulate KPIs that can be considered in this

research from a network perspective, whereby both traditional KPIs from operators and shippers

are considered as well as a sustainability KPI, which has significant importance nowadays. The

KPIs considered are Operational Impact and Sustainability.

Current state analysis In the current state analysis it was found that the CCS market is

developing but not in the implementation stage yet. Demand for CCS from different industrial

clusters is observed. Some barriers and drivers in the stakeholder field are influencing the imple-

mentation degree of CCS and its infrastructure. Based on the findings in the current state analysis,

the network typology in Figure 4 is proposed. Also, a more detailed overview of the E-Pusher is

presented in the current state analysis. Thereafter, a model was designed to allow for simulating

CO2 transport by different modes. Furthermore, scenarios were generated based on realistic des-

tinations for CO2 capture sites. The scenarios were different from each other with respect to the

distance between the emissions site and the Port of Rotterdam. Each scenario is further divided

into four configurations allowing an analysis of each considered transport mode. Which were as

follows: general barge, truck, pipeline and E-Pusher.
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Figure 4: Proposed Network Typology in a Dutch CCS system

Note. Own Figure

Results In the Integrate part of this research, the simulation experiments were executed and the

results were obtained. Concerning the costs per ton, the barge performs the best in most scenarios.

The difference with the E-Pusher for the costs per ton is not very high. Regarding the emissions,

it could be concluded that the E-Pusher has direct savings compared to general barge and truck

transport. Two different methods for calculating the emissions were used, namely based on expected

fuel consumption and based on the transport performance in tonne-kilometres. The pattern for the

barge and truck emissions per ton over the different distances was similar in both methods. But

the calculation method based on the tonne-kilometres led to values that were slightly more than

one and a half times higher than the method based on the fuel consumption. Figure 5 and Figure

6, present the overall results. More detailed results for each scenario are presented in Chapter 8.

Figure 5: Relation of the cost per ton over the distances
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Figure 6: Relations of the Emissions per ton over the different

scenarios

Evaluation In the evaluation part, the way modelling and corresponding assumptions were

validated. Following the formed discussion bullet points in Chapter 9.1, the fluctuations of several

discussed volatile parameters were analysed in the sensitivity analysis. About the robustness of the

results for the E-Pusher in CCS, the following can be concluded: A halved CAPEX for a pipeline of

10 MTPA would change the advantageous position of the E-Pusher in the base case results to this

pipe for the lowest costs per ton, negatively. In practice, this might be a realistic possibility when

an already implemented pipeline will be used. Pricing developments like increased fuel prices or

halved electricity prices have a small, but favourable, impact on the E-Pushers position compared

to the other modes, regarding the costs per ton. Other, findings about the sensitivity of the results

from the base case scenarios are presented in Chapter 9.

Conclusions This thesis has created insights into the potential of a zero-emission push-boat

concept in a CCS chain. The observed developments of CCS implementation in itself is an aspect

that might danger the possibility to deploy the E-Pusher in CCS. Regarding, the competitive po-

sition of the E-Pusher to other transport modes for the considered scenarios and configurations, it

can be concluded that mainly the general barge would perform with the lowest costs per ton over

all distances, but the E-Pusher is not completely outperformed. Next to that, the direct TTW

emissions savings are found for the deployment of the E-Pusher in a CCS chain.

Recommendations for further academic research It is recommended to perform a more

in-depth analysis of the specific trajectory characteristics that are not intensively studied in this

research. Furthermore, pipeline modelling should be reconsidered by performing the method of

Knoope et al. (2015). Also regarding the reporting of emissions in CCS chains, it is recommended,

to identify what type of method is the most accurate and suitable to use. Lastly, it is recommended

to study the outcomes of this network typology to the outcomes of a similar study for other network
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typologies.

Recommendations for KOTUG For KOTUG, it is recommended to validate the operational

configuration given based on simulation results by performing a thorough analysis of the reliability

and robustness of the operational configuration of the E-Pusher. Furthermore, it is recommended

to perform a more detailed commercial study to determine the value of CO2 transport and the

possibilities and the corresponding value for KOTUG to collaborate with potential allies in a CCS

transport network. Lastly, it is recommended to identify the possibilities to design and evaluate a

charging infrastructure for electric vessels in CCS chains.
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1 Introduction

In line with the worldwide transition, also Dutch companies are identifying possibilities to reach

the global climate goals. One particular temporary solution to decrease CO2 emissions is Carbon

Capture and Storage (CCS). CCS consists of different stages, the main stages could be divided

into capture, transportation and storage. A company that is identifying their potential rol in CCS

is KOTUG. The towage service provider developed the E-Pusher, a zero-emission tug. KOTUG

desires to discover the possibilities to deploy the E-Pusher in new transportation markets. In this

thesis, the possibility to deploy the E-Pusher in the onshore transportation stage of CCS will be

discovered.

1.1 Carbon Capture and Storage

CCS is a way to decrease CO2 emissions and has an expected contribution of a 30% decrease in CO2

emissions on a global level. In the Netherlands, CCS is observed as an essential technology to reach

the CO2 reduction goals (Rijksoverheid, 2021). The CO2 value chain within CCS is composed of five

main steps. First, the CO2 will be captured at the storage site. Second, CO2 will be transported

to a collection point. Third, the CO2 flows will be collected at a location near an offshore pipeline.

Then, the collected CO2 will be transported to an offshore location. Finally, the CO2 will be stored

under the seabed at the offshore location. To achieve a full-scale CCS deployment, it is required that

in all different stages of the value chain efficient and reliable solutions are available (Størset et al.,

2018). The development of infrastructure and transport services is therefore of high importance.

1.1.1 Onshore Transportation within the CCS Chain

Multiple transport modes are available for inland transportation of carbon. Generally, pipelines and

ships are the most viable solutions to transfer the captured CO2 (Kjärstad et al., 2016; Roussanaly

et al., 2013). Pipelines are especially preferred for short distances and a large emission capacity.

However, the existing pipeline infrastructure in the Netherlands is not as established as in for

example the United States. As a result, ships and vessels are expected to offer higher flexibility on

a short-term solution for areas with no existing pipeline infrastructure (Kjärstad et al., 2016). Next

to that, ships are more effective and cost-competitive in the case of longer distances and a lower

emission capacity. Moreover, the flexibility of ships is also an advantage for temporary storage,

regarding the collection of CO2 from sites with intermittent emissions (Ansaloni et al., 2020).

Because of this inherent flexibility, shipping can contribute to the scale-up stages of a CCS project

(Weihs et al., 2014). Nevertheless, longer shipping distances could increase the CO2 emissions from

fuel combustion and boil-off. Consequently, the real amount of CO2 injected and avoided will be

reduced over longer transport distances (Weihs et al., 2014). Regarding the costs aspects, the motive

to deploy ships or pipelines heavily depends on the distance and quantity transported. In the case

of pipelines, costs depend also on the congestion in areas and whether mountains, large rivers, or
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frozen ground on the route exist. On the other hand, the costs of ship transport depend on the

tanker volume and the characteristics of the transhipment systems (IPPC, 2005).

1.1.2 Transport Processes and Liquefaction

Another main difference between ship or pipeline transport is the process of the handled carbon.

Transportation of CO2 by ship requires liquefaction for economical reasons (Seo et al., 2016). Re-

garding the entire CCS chain, it is important to consider the transportation in addition to the

liquefaction and injection processes. The advantage of pipeline transportation is that a limited

number of steps are involved in the transport process. As Figure 7 indicates, pipeline transport

requires only compression, transfer through an onshore pipeline, pumping and transfer through an

offshore pipeline to the destination. In contrast, ship transportation of CO2 requires multiple steps

(Geske et al., 2015).

Figure 7: Comparison between pipelines and ship of the in-

volved steps of CO2 transport

Note. From Ansaloni et al. (2020)

Seo et al. (2016), illustrated a general ship-based CCS chain, with the following steps, see Figure

8. First, the CO2 is captured at the emission point. Second, it is transported to a liquefaction

system. Third, the captured CO2 is liquified in the liquefaction system and then temporarily stored

in storage tanks. Thereafter, the liquified CO2 is loaded and transported by a CO2 carrier to an

intermediate terminal. At the intermediate terminal, the liquefied CO2 is compressed by a pumping

system where it finally will be transported by a pipeline to the offshore destination. The steps

within the Aramis project, a Dutch CCS project, correspond with the proposed ship-based CCS

chain from Seo et al. (2016).
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Figure 8: Proposed ship-based CCS chain

Note. From Seo et al. (2016)

As mentioned, the two main possibilities to transport carbon from industrial emitters to collec-

tion points are pipelines and ships. The characteristics and suitability of both transport modes are

widely researched. Kjärstad et al. (2016) stated that pipelines are more suitable for short distances

and a large emission capacity, whereas ships are more effective over longer distances and lower

emission capacities. Next to that, the transport processes are different for both modes. Pipeline

transport consists of limited process steps compared with ship transport where liquefaction of CO2

is required because of economical reasons (Seo et al., 2016). An aspect that is not explored yet is the

impact on the CO2 emissions if conventional ships or pipelines are replaced by electrified ships. The

knowledge gap that can be derived is the effect of using electrified ships as a transport mode in CCS

on the decrease in CO2 emissions. The main goal of this thesis is to fill in the identified knowledge

gap and thus determine to what extent electrified ship transport can play a role in the onshore

transportation stage of CCS. By pursuing this goal, it is assumed that this thesis will contribute

to the existing literature about electrified ships and transport modes within CCS. Furthermore, it

is expected that insightful advice about the potential of the E-Pusher as a transport mode within

CCS systems to KOTUG will be provided.

1.2 Research Questions

Derived from the knowledge gap, the following research question is formulated:

”Which requirements and conditions determine to what extent the E-Pusher could be a suitable

inland transport mode for liquid carbon within the transport stage of a CCS chain, and what are the

emission effects to the CCS transportation chain if the E-Pusher is deployed?”

The approach to answering the main research question is by answering the following sub-

questions:
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1. How are barge transport networks designed and what are the performance indicators to eval-

uate a barge transport network?

2. What are the technical, operational and economical requirements for onshore transport of

carbon dioxide by ship?

3. What is the current state of carbon capture (utilisation) and storage inland shipping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what are the

corresponding volumes and time-span?

(b) How can a CCS transportation network be modelled?

(c) In what way are stakeholders supporting or blocking certain objectives and requirements

of carbon transport within CCS?

4. What are the technical-operational characteristics of the E-Pusher?

5. What is the impact of deploying the E-Pusher in the transportation stage of CCS, to the

outcomes of the KPIs and trade-off between the KPIs of other possible transport modes?

6. Which potential developments have an impact related to the feasibility of deploying the E-

Pusher in CCS?

1.3 Research Scope

The E-Pusher is a ship transport mode. Because liquefaction of carbon is required to transport CO2

in CCS systems by ship, the considered cargo is mainly liquefied CO2. Next to that, CCS consist

of different stages. The stage that will be focused on in this research is the onshore transportation

stage of CO2, see Figure 9. The scope will be orientated to industrial clusters in the Netherlands

and the surrounding European region that can be connected to the carbon collection point in the

Port of Rotterdam. The possibilities to deploy the E-Pusher will be analysed for short-term (coming

years) and long-term. The time dimension of this investigation will be bounded by 2050, since the

underlying motives for decarbonization lies in the climate goals till 2050 and a finite amount of

storage space of CO2 is available.

Figure 9: Visual depiction of the scope of this research
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1.4 Report Outline

Figure 10: SIMIE Approach in this Research
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2 Research Methodology

In the previous section, the goal of this research was outlined. Namely, to determine to what extent

electrified ship transport can play a role in the onshore transportation stage of CCS. From a higher

perspective, CCS can be considered the main system. Whereby, electrified ship transport can be

considered a sub-system of CCS. Both CCS and electrified ship transport has some pilots running

but are not (widely) implemented yet. Therefore, it is required to start from scratch, determine a

current state and make possible designs whereby CCS and electrifies ship transport are integrated.

This methodology section, reveals which methods are contributing to designing possible system

concepts and approaching an answer to the main question. First, in Section 2.1, the motives for

the Systems Engineering approach and SIMILAR process are explained. Second, in Section 2.2,

the underlying methods will be elaborated. Finally, in Section 2.3, the role of the analyst in this

research will be outlined.

2.1 Systems Engineering Approach

Systems Engineering can be defined in different ways and the approach is also applied to different

areas. One way to define systems engineering concerning designing new systems is the following:

“an interdisciplinary approach and means to enable the realization of successful systems. It focuses

on defining customer needs and required functionality early in the development cycle, documenting

requirements, then proceeding with design synthesis and system validation while considering the

complete problem” (INCOSE, 2014). Systems Engineering can be executed in different methods. In

this research, an adapted version of the SIMILAR process will be used as a method. The SIMILAR

process can be seen as an iterative process roadmap, where each sign indicates a part of the process.

The sequence of the processes is as follows: State of the problem, Investigate the alternatives, Model

the System, Integrate, Launch the System, and Re-evaluate. Because the expected time horizon

for launching a certain system is far beyond the execution time of this research, the last steps are

combined. Therefore, in this research, an adapted version of the SIMILAR process will be used,

namely, SIMIE. Below, each process step of the SIMIE process dedicated to this research will be

outlined.

1. State of the Problem: In this stage, the purpose of a project is identified, and realistic and

measurable goals are set. The customer needs should be identified to make a clear definition

of the project and formulate an appropriate strategy to use in the research. In this research,

also the knowledge gap is found in this part.

2. Investigate: In this research, the knowledge gap is already found in the previous stage. But

the remaining part of the literature review is performed in this stage. Also, methodologies

for designing and evaluating barge transport networks will be discovered. Furthermore, the

transportation requirements are investigated in this stage.
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3. Model the System: In this phase of the research, the goal is to describe the current state. It

is essential to describe the current state clearly and well understood before making confident

choices about future state configurations. This process will therefore be used to describe the

current state of CCS within the defined scope. Also, the E-Pusher will be analysed from an

operational perspective. To fulfil this process literature review, expert consulting, stakeholder

analysis and an operational analysis will take place. After the mentioned processes, the

final goal of this stage is to incorporate the sourced information from the previous steps

to create a selected design or selected designs. The impact of deploying the E-Pusher in a

certain reference case will be evaluated in the next stage. A model is needed to approach

a representation of the system and its environment. The model should allow for building

different scenarios and experimenting with the different scenarios. Required for modelling the

scenarios is that assumptions and requirements must be defined on forehand. Associated with

literature findings and consultation with experts the assumptions and requirements will form

the fundamentals for modelling scenarios.

4. Integrate: In this stage, the simulation of the build model and generated scenarios will take

place to obtain the results. The results will be presented in this stage. The interpretation of

the results will take place in the next stage.

5. Evaluate: The last phase of the SIMIE approach is the evaluation phase. The model, scenar-

ios and outcomes will be validated to guarantee that the conclusions and recommendations

are of academic and practical importance. In this research, it is not possible to test a scenario

design for a real-world application because the time-span of this project is shorter than the

duration to implement a new system or transport service. Therefore, verification and valida-

tion will be limited to reviewing the designs by experts. The goal is to fill in the identified

knowledge gap and thus give an answer to the main research question. Then, the research

will be finished with a conclusion and recommendation section. In the conclusion, all the

sub-questions and the main answer will be answered. In the recommendations, both the rec-

ommendations for further academic research and practical recommendations for KOTUG will

be provided.

2.2 Underlying Methods

CCS is considered the fundamental system in this research. First, it will be attempted to discover

all requirements for CCS. Second, it will be attempted to discover the stakeholder dynamics behind

the CCS system in this research. To discover these aspects literature review, expert consulting

and a combined stakeholder analysis will be used as underlying methods. Literature research pro-

vides a significant amount of useful information in defining the system outline. However, it is not

guaranteed that consensus between researchers is found, and represents viable information for suc-

cessful CCS implementation. To validate the information found in the literature research, expert
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consulting will be executed. Experts that will be approached include industrial emitters, govern-

mental authorities, research institutions and CCS project members. The expert consulting will be

executed by taking interviews. The interviews will be semi-structured organised. This allows the

interviewer to adjust the sequence of the questions and add new questions based on the contexts of

the interviewed person’s responses (Zhang and Wildemuth, 2009). A stakeholder analysis is useful

in this context because it allows for analysing the involvement, means, and possible actions to take

for each stakeholder in detail (Enserink et al., 2010). Because, different stakeholders can have dif-

ferent requirements, which should be considered in generating designs, it is important to perform

the stakeholder analysis. The module of Enserink et al. (2010) will be the guideline to perform

the stakeholder analysis. This module is chosen because it provides a well-structured basis to anal-

yse multi-stakeholder problems. Therefore, regarding the fact that CCS implementation requires

support and initiatives from different types of stakeholders this module fits best. Another underly-

ing method is the operational analysis of the E-Pusher. This analysis contributes by defining the

operational design and the technical specification of the E-Pusher.

2.3 Role of the Researcher

As mentioned in Section 2.2, the module of Enserink et al. (2010) will be used to perform the

stakeholder analysis. Following from this module, it is important to position the role of the analyst

because the analyst has to make deliberate choices in the role he wants to play and consequently

the skills and methods he wants to use. The extended framework of Mayer et al. (2004) combines

different analytical activities and styles in a hexagon. The hexagons’ activities and styles covered

in this research, see Figure 11 will be explained below.

The purpose of this research is two-folded. First, the effects of electric barge transport in a

CCS chain on the CO2 emissions in CCS stages will be investigated for the TU Delft. Second,

the potential of the E-Pusher as a transport mode to apply for onshore carbon transport will be

explored for KOTUG. The analysis for the TU Delft will be performed through a rational style. The

rational style assumes that the system is empirically knowable and measurable. Scientific methods

will be used to generate insights into causes, effects, nature, and scale of matters of the system.

The corresponding clusters are research and analysis and design and recommend. The research and

analysis activities will focus on the gathering of data. Research questions will be formed about the

facts, causes and effects, and calls because of that for scientific research. In case sufficient data and

information are gathered, it is possible to apply the design and recommend activities to come up

with solutions and recommendations. Mostly, the recommendations consist of a set of generated

alternative strategies and corresponding tactics. Regarding, the analysis for KOTUG, a client advice

style will be the perspective of the research. This style assumes that the systems’ environment is

chaotic with numerous players and corresponding interests and strategies. As a result, it is essential

to gain insight into the various interests, objectives and means of the involved actors. Similarly as
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for the TU Delft research, also for KOTUG, one cluster is design and recommend. Furthermore,

advise strategically is the other involved cluster. In this style, the client will be advised about

the most effective strategy to deploy for reaching certain goals given certain conditions. It can be

concluded that there is some overlap between the two-folded purposes of this research. The most

logical sequence is to first analyse the whole system from a scientific perspective and then give

strategic advice to the client. The sequence and overlap are illustrated in Figure 11.

Figure 11: Analytical clusters and styles of this research

Note. Adapted From Mayer et al. (2004)
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Part II

Investigate Alternatives
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3 Literature Review

In this chapter, the main part of the literature review will be performed. The literature about

transport networks for barges, in general, will be reviewed in Section 3.1 and Section 3.2. Further-

more, literature about the technical and economical conditions to transport CO2 by ship or barge

will be reviewed in Section 3.3 . This chapter ends in Section 3.4, with the answers to the two

sub-questions, formulated as:

1. How are barge transport networks designed and what are the performance indicators to evaluate

a barge transport network?

2. What are the technical, operational and economical requirements for onshore transport of car-

bon dioxide by ship?

3.1 General Design of Inland Transport Networks

Barge transport plays an important role in the transportation of freight in countries with a large

transport capacity and high quality inland waterways. Mainly, the freight in a barge network system

is transported between seaports and the hinterland. Countries with an extensive network, have the

ideal opportunity to carry cargo between the seaports and the hinterland. Examples of cargo that

is suitable to transport by barge are liquid cargo, dry bulk, and containers (Wiegmans and Konings,

2007). To develop and assess barge transport networks the framework from Konings (2009) could

be used. Konings (2009), developed a framework for an intermodal barge network design, see Figure

12. This framework is suitable to use in this thesis because the whole network design of CCS can be

considered as an intermodal transport network. Inland transport operations can be performed by

pipeline, barge, truck or rail, while offshore transport can be pipeline or ship only. Because in this

thesis the main focus of the transport modes is barges, the framework of Konings (2009) is used as

starting point.
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Figure 12: Framework for barge network design

Note. From Konings (2009)

The performance of the barge transport system can be measured by the low-cost operations,

which is determined by two major factors, namely the circulation time and the vessel size (scale

of operation). Both factors should be optimised to achieve low-cost levels. Noticed should be

that both factors impact the costs differently. The circulation time has an impact on the cost

per unit load by reducing the fixed cost share, while the scale of operation can result in lower

cost per unit load because of the reduced fixed and variable costs per unit. Both the scale of

operation and the circulation time of a vessel are related to specific quality features. These features

are frequency and transit time of services. Next to that, for barge operators, it is important to

consider the trade-off costs, quality features and relevant external conditions. Dimensions and the

quality of the waterways are typical external factors (Konings, 2009). The focus on sustainability

within performance measures was at the time this framework was published, in 2009, not so present

as it is nowadays. Therefore, an adapted framework is built where sustainability is considered.

Different types of propulsion are expected to have an opportunity in the future. Therefore, this

factor is included in the framework. Because in this research the focus is on electrification, also the

establishment of infrastructure allowing for electrified ship transport is included as a major factor.

The KPIs in this research will be the sustainability impact measured in the number of emissions

per year and the operational impact. This last KPI can be further specified in the transport time,

reliability, transport costs, and frequencies, which were already present as performance indicators in

the base framework. Because, the focus in this research is more orientated to the trade-off between

the operational impact and emissions in case electrified propelled barges are implemented, the green

arrow is replaced by a general arrow. The highlighted relation between vessel size and circulation
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time is expected to capture less attention in this research. Derived from the adaptations and the

explanation above, it can be concluded that in this research the perspective is more orientated from

a network point of view instead of the operators’ or shippers’ perspective. Therefore, the KPIs are

categorised as Performance indicators network perspective. It should be noted that the framework

and the adapted version of the framework both are conceptual models. At all times, it can be

discussed whether an arrow should be present or not for each existing or non-existing relation. The

adapted version of the framework is presented in Figure 13, below.

Figure 13: Adapted framework for barge network design

Note. Own figure, adapted from Konings (2009)

The KPIs considered assessing the performance of a barge network are derived from the adapted

framework. In this research, the operational impact and sustainability will be the KPIs to assess. In

Table 1, the KPIs are presented with corresponding units. It is chosen to combine the frequency and

transport time in the operational capacity of a vessel. This KPI will be expressed in cycles/year.

Associated with the number of cycles/year it is also important to express the amount of volume

transported. The KPI will be thus, transported volume expressed in ton/year, or a more commonly

used unit in CCS chains is Mega Ton per Annum (MTPA). The costs KPI will be divided into

OPEX and CAPEX. Both will be expressed in euros/year. The sustainability KPI, emissions, will

be expressed in kg CO2 emitted / year. Reliability expresses how reliable a system is. This KPI

will not be calculated quantitatively. The reliability aspects for each transport mode will be covered

in literature research and thus it will not be considered in a model later in the research. In the

validation phase, reliability aspects can be considered during the evaluation of the results.
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Table 1: KPIs to asses the E-Pushers’ potential

KPI Indicator Unit

Operational Impact Operational capacity Cycles/year

Transported volume MTPA

Costs OPEX Euros / year

CAPEX Euros / year

Sustainability Emissions CO2 kg CO2 / year

The KPIs presented above can be differently modelled and calculated. For the first KPI, oper-

ational capacity, it is important to distinguish two types of speeds used. The type of speed used

can influence the sailing time, where the cycle time, and thus the operational capacity depends on.

Yang et al. (2020), found in the literature that presenting the sailing time is uniformly calculated

by the waterway distance divided by the sailing speed. However, a differentiation should be made

between speed over water (STW) and speed over ground (SOG). STW is the speed relative to the

water, while SOG is the speed relative to the earth. For calculating the sailing time, it is required

to use the SOG to estimate the actual sailing time. Choosing one of the two concepts has not only

an impact on the first KPI, operational capacity, but also on the second KPI, annual transported

volume. The annual transported volume depends on the number of cycles that can be made, which

is dependent on the cycle time.

As mentioned, the costs will be expressed as total costs in euro per year. This is the sum of

CAPEX and OPEX. For the CAPEX, the average depreciation per year and the average interest

per year will be calculated based on several financial factors, such as purchase price, and residual

value. The OPEX will be calculated based on annual crew costs, operational depreciation per year,

fuel costs and overhead.

Determining one of the two mentioned speeds has also an influence on the last KPI, emissions. In

the case of estimations for the ships’ required propulsion, the STW should be used to obtain correct

calculations of fuel consumption. Another concept that is important to outline when calculating

the emissions is which phase of the Life-Cycle-Assessment (LCA) is considered. Three main types

of emissions can be distinguished in the LCA. The first one is called Well-to-Tank (WTT). The

second one is called Tank-to-Wheel (TTW). The last one is called Well-to-Wheel (WTW). CE Delft

(2021), provided the following definitions for the three types of emissions:

• WTT:’Emissions arising during extraction, transport and refinery of fuels or during electric

power generation and transmission. In the case of biofuels, TTW emissions are taken to be

zero, In line with IPCC protocols, and net supply-chain emissions cited under WTT.’

• TTW: ’Emissions arising from fuel combustion during vehicle use. Under the heading ‘TTW
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emissions’ the tables in this report also include PMw emissions occurring during vehicle use.’

• WTW: ’The sum total of WTT and TTW emissions.’

Below, in Figure 14, the different concepts of emissions are explained in a graphical overview.

Figure 14: Life-Cycle-Assessment Emissions, in Dutch

Note. Retrieved from CO2 Emissiefactoren (nd)

3.2 Network typology

Different types of networks exist for freight bundling. Kreutzberger (2008), distinguished four

main basic principles, as can be seen in Figure 15. Network A is a point-to-point network, whereby

freight is directly shipped from origin to destination. Network B is a collection/distribution network

whereby a central collections hub receives the freight from different companies and then ships the

freight to a distribution hub. This network is mainly used in international networks. Network C is

similar to B, however, only one centralised hub is used to receive, sort, and distribute the freight.

Network D is a line network, whereby each company has its transport network. In barge transport,

mainly networks A and D are used. This is because in ports the freight is already bundled so

mainly direct transports are preferred. Extra bundling concepts are considered unnecessary. The

line network has still the advantage that it enables a barge to fulfil multiple intermediate stops,

allowing for more cargo to transport. The disadvantage is that multiple stops increase the transit

time. A typical example of a line network is the barge transport on the Rhine River (Kreutzberger,

2008).
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Figure 15: Four basic principles of freight bundling

Note. From Kreutzberger (2008)

3.3 Onshore transport requirements within CCS

Before CO2 can be transported it should be captured at the emission site. The main approaches

to capture CO2 will be outlined briefly, in Section 3.3.1. Then, the transport requirements for CO2

will be presented, in Section 3.3.2. Also, the safety measures and regulations to transport CO2 will

be discussed in 3.3.3.

3.3.1 Carbon Capture Approaches

Three main approaches capturing carbon from fossil fuels exist, namely, post-combustion, oxy-fuel

combustion and oxy-fuel combustion. The methods are schematically illustrated in Figure 16
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Figure 16: Carbon capture techniques

Note. From Olabi et al. (2022)

In the post-combustion capture method, carbon emissions are captured from combustion flue

gases. In many cases, a solvent is used to capture the CO2 from the flue gases. However, other meth-

ods also exist, such as cryogenic carbon capture. Because, in this thesis, the focus is more orientated

to the potential transport possibilities of CCS, the different sub-methods for post-combustion will

not be discussed in detail.

In the oxyfuel combustion method, the combustion air is replaced by pure oxygen. The result is

a flue gas where nitrogen is removed and mostly carbon and water remain (Rubin, 2008). Cooling

and compressing the flue gas is the most convenient way to remove the water and obtain pure CO2.

In the pre-combustion capture method, the present carbon is the fuel that will be separated from

the hydrogen before the combustion takes place. This is done by deploying a sequence of chemical

reactions. As a result, carbon can be obtained before the combustion, while hydrogen is used for

the combustion.

As mentioned, the applications of the three capture methods will not be discussed in detail. How-

ever, Figure 17 is presented to give an overview of the advantages and disadvantages of each method.
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Figure 17: Merits and demerits of carbon capture technologies

Note. From Leung et al. (2014)

3.3.2 Transport Requirements of CO2

Next to the transport steps in providing carbon transport in a CCS system, it is also important to

consider the load of the carrier. Buirma (2020), identified two main options, namely fixed tanks or

containerization. Fixed tanks are technically feasible and can meet safety requirements. Similarly,

as designing LNG tanks also CO2 tanks can be built. However, the disadvantage is that tanks

should be incorporated into the design from the beginning, otherwise vessels should be retrofitted.

Therefore, it is also not very scalable. In contrast, containers are in terms of compatibility, flexibility

and scalability suitable to use for transporting liquefied CO2. The containers are widely available

on the market and could also be used for the transport of other liquids, such as liquid oxygen.

Furthermore, the containers can also be used for other transport modes such as rail or truck. An

example of a standardised CO2 container tank that could be used is depicted in Figure 18.
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Figure 18: 20ft CO2 tank

Note. From COMTECSWISS (nd)

For liquefied CO2, the density depends on the liquefaction pressure. The pressure types could

be distinguished into three types, namely, low, medium and large pressure. The characteristics of

these three are depicted in Figure 19.

Figure 19: Density of CO2 liquid and gas at different pressures

and temperatures considered for shipping transport

Note. From Elementenergy (2018)

Seo et al. (2016), experimented with different liquefaction pressures to determine the optimal

liquefaction pressure. The results showed that an increase in liquefaction pressure leads to a de-

crease in the costs of the liquefaction and pumping system. However, the costs of the storage tanks

and the CO2 carrier increased. In Figure 20, the CO2 phase diagram is depicted. The triple point of

CO2 is at 5.18 bar given a temperature of -56.6°C. This indicates that under atmospheric pressure,

CO2 only exists as a gas or solid. Consequently, storing CO2 as a liquid requires a pressure of

at least 5.18 bar. In CCS, the CO2 is transported in large volumes, relatively. As a result, ship

transport conditions close to the triple points (7 to 9 bar and - 55 °C) are desired to guarantee

high fluid densities and lower overall transport costs (Xu et al., 2018). However, the safety risk

of shipping low-pressure CO2 near the triple point, is that formation of hydrates or dry ice can

occur. Because of these solid substances, clogging and pressurization of pipes, valves and vessels

can appear (Equinor, 2019). Therefore, it is required to store the CO2 well above its triple point.
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Seo et al. (2016), found that given a cost-effective perspective, an optimal liquefaction pressure is at

15 bar (-27◦C). ZEP and CCSA (2022), surveyed multiple ship owners and designers to determine

the primary transport conditions for liquid CO2 applied nowadays. The ship size also influences

the preference of shippers and designers to determine the transport conditions. Vessels smaller than

10,000 m3, operate at approximately 15 bar and -30°C, mainly. While vessels larger than 10,000

m3 operate at lower pressure around 7 bar, at a temperature of -50°C. The smaller vessels and

corresponding transport conditions are expected in the inland shipping chains of CCS. As presented

in Figure 18, containers could be used to transport the CO2 by rail or truck. Becattini et al. (2022),

stated that the CO2 is transported in such containers under liquid form at a pressure of 22 bar and

a temperature of -35. The unit capacity in this configuration is 20t CO2 (COMTECSWISS, nd).

Figure 20: Phase Diagram

Note. From Metz et al. (2005)

3.3.3 Transport Safety of CO2

Global CCS Institute (ndb), claims that CO2 transport by pipelines and ships poses no higher risk

than the transport of hydrocarbons, for instance, natural gas and oil. The related risks are abrupt

or gradual leakage of CO2. International standards are developed to promote safe and efficient CO2

operations. In populated areas, it is required for pipeline transport of CO2 to pay attention to the
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design factors, such as overpressure protection and leak detection. No indication exists that pipeline

transport for carbon dioxide is more challenging than hydrocarbon through pipelines (Metz et al.,

2005). Regarding the safety aspects of ship systems, different ways a ship system can fail exist.

Fire is not a high risk for CO2 tankers. Nevertheless, an asphyxiation risk appears when a collision

causes a ruptured tank. ZEP and CCSA (2022) stated that CO2 has high threats to human life at

concentrations of only 15 % in air. This is because of the toxicological impact on the human body

during inhaling. In Figure 21, the dangerous toxic load limits for CO2 are outlined in a graph. The

specified level of toxicities is SLOT and SLOD. SLOT indicates the dangerous toxic load (DTL) and

SLOD indicates the significant likelihood of death. The methods are performed by extrapolating

toxicity data and then determining the dangerous toxic load.

Figure 21: Dangerous Toxic Load Limits for CO2

Note. From DNV (nd)

High standards of construction and operation, nowadays already applied to LPG, could mini-

mize this risk for CO2 transport by ships. The Act on the transport of hazardous substances, in

Dutch called ’Wet vervoer gevaarlijke stoffen’, is formulated to provide rules on the transport of

hazardous substances, including CO2 (Boekholt, 2014). Ter Mors (2011), executed a Quantitative

Risk Assessment (QRA) of CO2 shipping in infrastructure in the port area of Rotterdam. Ter Mors

(2011), found that the CO2 shipping risk stays within the acceptance levels according to the Dutch
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criteria. This means that for international transport it should be investigated whether international

CO2 transport is possible. Currently, the Dutch government is investigating establishing bilateral

agreements (Ministry of Economic Affairs and Climate Policy, 2021).

3.4 Conclusion

A potential barge network design within the CCS chain is not implemented yet. Before, making

scenarios for a barge network design, it is essential to explore the general approach to design and

evaluate barge network designs. Therefore, the answer to the first sub-question contributes to this

thesis by providing a fundamental basis to assess the performance of a potential barge network

design in CCS.

The answer to the second sub-question in this chapter contributes to the aim of this thesis by

providing an overview of the requirements to transport carbon in an inland barge transport network.

In this chapter, the two following sub-questions are answered:

1. How are barge transport networks designed and what are the performance indicators to evaluate

a barge transport network?

A barge network design and assessment could be considered from different perspectives. Kon-

ings (2009), developed a framework to design and assess a barge network from operators’ and

shippers’ perspectives. In the period the framework was developed, no attention was given

to sustainability. Therefore, in this thesis, an adapted version of the framework of Konings

(2009) is developed. The advantage of the adapted framework is that it allows the researcher

of this thesis to consider important KPIs already present in the base framework of Konings

(2009) and also sustainability as a KPI, which is nowadays an important KPI to consider. The

new layer of KPIs is categorised as KPIs from a network perspective, whereby the following

KPIs are considered in this research: The KPI Operational Impact can be divided into

operational capacity expressed in cycles per year, transported volume expressed in MTPA,

and transportation costs in euros per year. Whereby, the costs can be further divided into

CAPEX and OPEX. The other KPI Sustainability, can be defined by the CO2 emissions

expressed in kg CO2 per year.

2. What are the technical, operational and economical requirements for onshore transport of car-

bon dioxide by ship?

Required for CO2 transport by ship is liquefaction. The two main identified options to trans-

port the CO2 by ships are fixed tanks and containers. The liquefied CO2 can be transported

under different pressures and temperatures. From an economical point of view, it is desired

to transport the CO2 under pressure and temperature conditions close to the triple point.

Regarding a safety point of view, the transport conditions close to the triple point increase
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the risks of hydrate formation or dry ice. As a result, it is needed to store the CO2 well above

its triple point during transportation. In literature, it is found, that an optimal liquefaction

pressure is 15 bar under a temperature of -27 degrees. This pressure and temperature are the

most cost-effective under the condition that safety risks are limited. Also found in the liter-

ature, is that the ship size can influence the preference of shippers to determine the optimal

transport conditions.
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Part III

Model the System
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4 Current CCS Projects and Ship Transportation

In this chapter, the current state of the system to be modelled will be analysed and determined.

Sub-questions 3a and 3b will be answered to describe a part of the current state. The CCS projects

that are operating currently or soon will be discussed, concerning the shipping conditions of these

projects.

The sub-question was formulated as follows:

3. What is the current state of carbon capture (utilisation) and storage inland shipping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what are the

corresponding volumes and time-span?

(b) How can a CCS transportation network be modelled?

(c) In what way are stakeholders supporting or blocking certain objectives and requirements

of carbon transport within CCS?

4.1 Current CCS Projects

• Northern Lights: The first discussed project is the Northern Lights project. This is a

commercial project whereby CO2 is cross-border transported between several countries. From

the connected CCS initiatives the CO2 will be captured and then transported by ship to the

destination, a Norwegian storage site (Reyes et al., 2021). Regarding the transport of the

captured CO2 in the Northern Lights Project, an adapted ship design for liquefied petroleum

gas (LPG) is used. This is done by adding a carriage system for liquefied CO2 and adding

insulation for maintaining temperatures to keep the CO2 as a liquid. Under the conditions of

15 barg and equilibrium temperature, the liquid CO2 will be transported. The cargo size of the

ships is 7500m3, allowing transport of approximately 7500 tons of CO2. The length of the ship

is 130m, where LNG is used as fuel. Dalian Shipbuilding is the ship builder and announced

that the ships will be ready for delivery by mid-2024 (Northern Lights, 2021). As mentioned

above, Northern Lights will use LNG as a primary fuel for ship transport. Comparing LNG

to other fuels, it can be concluded that LNG has a lower environmental footprint. Yet, should

other alternatives as means of propulsion be investigated and developed for further minimizing

the environmental footprint. One of the alternatives that is being investigated is the use of

batteries (Reyes et al., 2021).

• Aramis: The Dutch project Aramis focuses on the establishment of a new infrastructure for

CO2 transport from the capture onshore to the storage offshore. Aramis is collaborating with

two other projects to supply CO2. The first one is CO2next, which is a collaboration for

the development of a terminal for receiving and supplying liquefied CO2 by ships. CO2next
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and Aramis are in respect of the supply of CO2 both dependent on the decisions that will

be made by other industrial clusters, in particular the emitters. Currently, it is not certain

how and when the CO2 will be supplied from these industrial clusters, especially abroad

(Ministry of Economic Affairs and Climate Policy, 2021). The second project is Porthos, for

a compressor station and the transport of CO2 from the Port of Rotterdam to the offshore

location (Rijksoverheid voor Ondernemend Nederland, 2022). However, the transport mode

involves an offshore pipeline thus no ship transport is provided in this project.

• Carbon Collectors: Carbon Collectors is a Dutch commercial project offering a service for

the collection of captured CO2 and the transport of CO2 from industrial clusters near the

North Sea to the depleted offshore gas fields. Transport conditions for the liquefied CO2

are expected to be 40 bar and 5 degrees Celsius. The transport capacity is estimated at

5500m3, corresponding with approximately 4700 tons of CO2. A tug-barge combination will

be deployed, whereby the barge has a length of 130 m and the tug-barge combination has

a length of 150m (Reyes et al., 2021). The expected distances of the shipping routes are

estimated between 100km up to 250km (Carbon Collectors, nd). Carbon collectors assume

that the best option for barge transport is in case the emitter is not located near an existing

or planned CO2 pipeline.

4.2 CCS Network Typology

As mentioned in the previous chapters, one of the barriers to a full-scale CCS implementation is that

a business case is lacking for industrial emitters to consider the application of CCS. A solution to

overcome this problem is clustering, in which CCS infrastructure is shared resulting in reduced costs

for companies. Global CCS Institute (2016) compared a point-to-point network to a hub clustering

network in the CCS value chains. Where in a point-to-point network the individual industrial

emitters are directly connected to the storage facilities, in a hub clustering network, the industrial

facilities share the CCS infrastructure and knowledge. Consequently, the costs will be reduced for

the involved companies in comparison with companies with an individual approach. A cluster is a

centralised network of smaller emitters. A cluster consists of several hubs, the hubs will be the central

collection or distribution points for CO2. The first advantage of hub and cluster networks is reducing

costs. Second, it decreases the risks for new CCS projects. Third, it removes the interdependency

between the size of individual emitters and their investment decisions. Nevertheless, a hub cluster

network has also some disadvantages. More complexity and coordination are required for shared

infrastructure. Therefore, for individual participants that want to scale up fast, a hub clustering

network might be less attractive. Bellona Germany (2019) showed that a system where a barge

transport CO2 from A to B provides flexibility in the first five or ten years. Also, Kreutzberger

(2008) stated that a point-to-point network or a line network is mainly used in barge transport

systems because in the ports the freight is already bundled. In Figure 22, the assumed network

typology for the analysed CCS system is presented. In the blue box, the general value chain of
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CCS is proposed as a hub-and-clustering network. While for the onshore transportation system

of CCS, a centralised hub will be the receiving point for liquid CO2. However, the emitters will

be directly connected to this hub, without intermediate hubs. Thus, if the scope is limited to

the onshore transportation phase, the connections from the hub to the emitters can be considered

point-to-point. This is depicted in the green box.

Figure 22: Proposed Network Typology in a Dutch CCS sys-

tem

Note. Own Figure

4.3 Potential Storage Capacity and Supply

The capacity to store CO2 offshore in depleted gas fields is estimated at 17 Giga ton CO2 (Ministry

of Economic Affairs and Climate Policy, 2021). Aramis expects to supply 5 Mton CO2 on annual

basis in the first phase of the project (2026). Although the exact amount of supplied CO2 after 2026

is not certain, it is expected that towards 2030 an increase to 10 Mton will be annually supplied.

In this phase, the supply from other origins, in particular abroad, will be considered. Towards 2035

Aramis expects a wider implementation of the transport and storage network with an annual supply

of 20 Mton (Ministry of Economic Affairs and Climate Policy, 2021). A possible design of this CO2

supply is illustrated in Figure 23. As a result of the increased CO2 supply, extra ship movements,

pipelines and storage locations are expected. Aramis tends to use a combination of the Porthos

pipeline and the use of inland ships from other parts of the Netherlands to supply the CO2.

Delft University of Technology 42



Figure 23: Possible design of CO2 supply

Note. From Ministry of Economic Affairs and Climate Policy

(2021)

A new terminal should be established to collect and supply the CO2 by ship. This will be

realised by CO2next. The new terminal should allow the loading of the liquefied CO2 supplied by

ships. Furthermore, the terminal should be able to store the liquefied CO2 in tanks and thereafter

pressurize the CO2. Pressurization is required to transport the CO2 to the depleted gas fields. Next

to that, the terminal is also supposed to allow the export of liquefied CO2 for CCU purposes. The

location to assign to the terminal is under investigation. A possibility is to extend the Yukonhaven

in Rotterdam, which is in use to transship LNG currently. CO2next expects a liquefied CO2 supply

between 3.5 to 7.0 MTPA in the first phase of the Aramis project. For the later phases, no expecta-

tions are made by CO2next, because because of uncertainties in how the CCS market will develop

(Ministry of Economic Affairs and Climate Policy, 2021).

4.4 Potential Capture Area Emitters

ZEP and CCSA (2022), identified that large amounts of CO2 has the possibility to be transported by

barges. This is because the emission and storage cites are closely located near the major European

waterways. Below in Figure 24, a map of the major European waterways and a map of the major

European emissions sites and potential storage cites are depicted.
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(a) Map of the major European Waterways

Note. From ZEP and CCSA (2022)

(b) Map of major European emission sites and poten-

tial storage sites

Note. From ZEP and CCSA (2022)

Figure 24: Emission and storage cites are near the waterways

Figure 24b, illustrates the major emitters in Europe. A blue circle means an electricity genera-

tion source, while a green circle illustrates industrial sources. Red bars show potential aquifer stores

and orange bars represent depleted gas and/or oil fields. The conclusion that can be made which is

important for this research is that the emission sources are not equally distributed throughout the

North Sea Region. In the Rhine area are the largest emission sources located. Because the Rhine

area is connected to the Dutch waterway system, it is interesting to further analyse to potential

in this area. An industry expert of the Bellona Group in Germany stated that it is interesting to

connect the North Rhine Westphalia (NRW) to the ongoing CCS project in surrounding countries.

Instead of using internal German CO2 storage or a highly expensive CO2 pipeline, the EU water-

ways offer a great opportunity in facilitating flexible CO2 transport. He presented an example of a

CO2 route, whereby the CO2 is transported from a source within the NRW region to a facility in

Duisburg. The facility operates as a transhipment port or temporary storage. Thereafter, the CO2

can be transported by barges to the storage facility in Rotterdam (Bellona Germany, 2019). This

opportunity is next to other opportunities for connection hubs visualised in Figure 25.
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Figure 25: Connecting ongoing and potential projects

Note. From Bellona Germany (2019)

Next to the NRW region, also the Chemelot cluster might be connected to the Porthos project,

as can be seen in Figure 25. In the strategy paper of Chemelot, it is stated that CO2 transport by

barge is considered a temporary transport mode. Chemelot stated they need to invest in facilities

to liquefy the CO2 for ship transport. A requisite from Chemelot is the transport of CO2 by barge

counts within the ETS system (Chemelot, 2021). Next to that, a pipeline to transport the CO2 is

preferred by Chemelot. In case of pipeline transport is not feasible for Chemelot it is required that

barges will operate for the longer term because of the high investment costs, subsidy requisites and

long-term contracts. The expected supply estimation of CO2 from Chemelot is depicted in Figure

26.

Figure 26: Estimation supply of CO2 by Chemelot

Note. From Chemelot (2021)

Besides the proposed hub for handling liquified CO2 in Rotterdam, also plans exist for building

an extra CO2 hub in Eemshaven in the Netherlands and CO2 hubs in other countries within Europe.
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In the UK, The Port of Immingham is assigned to a development plan for a new CO2 terminal

(Mandra, 2022). In Germany, a terminal for the import and export of CO2 is planned to be built.

The terminal will be located in Wilhelmshaven (Hanke, 2022). A similar terminal is expected in

Gdansk, Poland (Air Liquide Poland, 2022). As can be seen from Figure 27, also in Poland a huge

potential for a network typology that is similar to the Porthos network exists.

Figure 27: Potential CCS market in Poland connected to Hub

Gdansk

Note. From Air Liquide Poland (2022)

4.5 Other Purposes for Captured CO2

In this research, storage of carbon is the most often referred solution to perform with the captured

CO2. However, other solutions to use the captured CO2 are also available. These solutions will be

discussed below.

A solution with high potential is to put the captured CO2 in depleted oil and gas fields to recover

oil and gas from fields that are nearly depleted (Global CCS Institute, nda). However, given the

objective to decrease CO2 emissions, it is not desirable to use the captured CO2 for enhanced oil

and gas recovery.

Another solution with medium potential is to use the captured CO2 in the food and beverage

industry (Koytsoumpa et al., 2018), for instance in horticulture. The captured carbon can be

supplied to greenhouses to stimulate the growth of crops. Several pilots in the Netherlands are

running with carbon utilisation in horticulture currently. One of them is led by AVR, a Dutch
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Waste to Energy company. The pilot started in 2019 and the first 7.500 tons of captured CO2 are

supplied to different greenhouses in horticulture. The CO2 is used for the cultivation of different

crops, such as flowers, vegetables and plants. Currently, the capture installation, established in

Duiven, boasts a capacity of 1MPTA. The goal of AVR is to scale up and capture, reuse, and apply

8 MTPA (AVR, 2019). An interesting development is the capture module from Value Maritime.

The capture module captures the CO2 from the exhaust of vessels, thereafter, it uses the CO2 to

charge a CO2 battery. The CO2 batteries will be loaded and offloaded for re-use purposes in the

horticulture (Prevljak, 2021). The process loop is depicted in Figure 28.

Figure 28: Value Maritime’s CO2 solution

Note. From Prevljak (2021)

Furthermore, re-used CO2 has a medium potential in the mineralisation industry (Koytsoumpa

et al., 2018). The FUNMIN project is an initiative by the University of Londen and aims to optimise

the mineralisation of CO2. This is a process whereby CO2 is chemically reacted with magnesium-

and/or calcium-containing minerals. The process is considered a potential CCUS solution to trans-

form CO2 into valuable products for the cement and agricultural sectors. The application has a

medium potential because the slow rate of mineral from the solution is challenging for speeding

up CO2 utilisation via mineralization as a cost-effective CCUS technology (Di Tommaso, nd). In

Figure 29, a visualisation of the possible carbon mineralisation applications is depicted.
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Figure 29: Cambridge Carbon Capture Ltd technology

(CO2LC) to store CO2 in mineral form (MgCO3))

Note. From Di Tommaso (2019)

CO2next, the terminal for handling the liquid CO2 in the Port of Rotterdam, stated during

interviews, that it is expected that utilisation of CO2 is not feasible in the short-term. The options

mentioned above are interesting for a later stage of the implementation of CCS.

4.6 General overview emitters

As can be derived from this chapter, emitted CO2 can be captured for different purposes at different

locations. Figure 30, is derived from the Aker Carbon Capture map to provide a general overview

of the emission sites in the European region that are closely connected to potential hubs.

Figure 30: General overview emission sites

Note. From Aker Carbon Capture Map
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4.7 Conclusion

In this chapter, the answers were found to the sub-questions 3(a) and 3(b).

3. What is the current state of carbon capture (utilisation) and storage inland shipping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what are the

corresponding volumes and time-span?

The capacity to store CO2 in depleted gas fields is estimated at 17 Giga ton (Ministry

of Economic Affairs and Climate Policy, 2021). Although no full-scale infrastructure is

available in the Netherlands, several projects are running to contribute to the upscaling of

CCS. The Aramis project is founded to establish a new infrastructure for CO2 transport

between emission sites to the collection point in the Port of Rotterdam. The expectation

is that the supply of CO2 will increase gradually from 5 MTPA in 2026 to 10 MTPA in

2030 and 20 MTPA in 2035. CO2Next is developing a terminal for the liquid CO2 supply

from the emission sites to the collection point in the Port of Rotterdam. While Porthos

is making the pipeline infrastructure for the offshore transport phase of carbon, from the

Port of Rotterdam to the depleted gas fields. In Norway, the Northern Lights project is a

CCS project operational in the implementation phase, currently. The Dutch projects are

not operational at this moment, because the infrastructure is not established yet. Re-

garding the capture area of CO2, it can be concluded that a large potential exists in the

Northern European Region. Especially, the Rhine Area has a large potential. Because

it is closely connected to the Netherlands by water and land, it is interesting to further

analyse the potential of this area for the Dutch CCS system. Within the Netherlands,

the Chemelot cluster might be connected to the Pothos project. Similarly, as the plan

for construction of a hub in the Port of Rotterdam, also other construction plans for

hubs elsewhere in Europe are developing, such as Eemshaven, the Port of Immingham,

Wilhelmshaven and Gdansk.

The captured CO2 could also be utilised in CCU projects, instead of storing purposes

in CCS. CCU developments, such as in horticulture, can also increase the demand to

transport services for CO2 by ship or pipe. Nevertheless, it is not expected that these

applications will be intensively operational in the short-term.

(b) How can a CCS transportation network be modelled?

Hub-and-clustering networks are required for upscaling CCS networks. The advantages

of hub-and-clustering networks can be summarised as reducing costs, decreasing risks for

new CCS projects and removing interdependency between the size of individual emitters

and their investment decisions. Therefore, for the whole value chain of CCS projects hub-

and-clustering networks are expected. Regarding, the onshore transportation network a

different typology is proposed in this research. Bellona Germany (2019) and Kreutzberger
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(2008), stated that point-to-point network is more suitable for the onshore transportation

phase. This is because a point-to-point network offers flexibility in the implementation

phase and because the freight is already bundled in the ports. The proposed onshore

transportation network is thus a centralised hub as origin, connected point-to-point to

the destinations, without intermediate inland hubs.

(c) In what way are stakeholders supporting or blocking certain objectives and requirements

of carbon transport within CCS?
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5 Stakeholder Analysis

In this chapter, the stakeholder analysis will be performed. First, in Section 5.1, the type of problem

will be outlined. Then, in Section 5.2, the important involved actors will be identified and described.

This chapter ends with a formal chart in Section 5.3. The goal of this chapter is to provide an answer

to sub-question 3c.

3. What is the current state of carbon capture (utilisation) and storage inland shipping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what are the

corresponding volumes and time-span?

(b) How can a CCS transportation network be modelled?

(c) In what way are stakeholders supporting or blocking certain objectives and requirements

of carbon transport within CCS?

5.1 Problem Typology

In Section 2.3, the role of the analyst was described. Derived from this identified role, the problem

typology will be determined in this section. Dunn (2015), claims that the exploration of a problem

situation and the definition of what a problem exactly is, is essential to generate solutions and

recommendations. Therefore, in this paragraph, the problem typology will be explained using the

problem categorisation of Graaf and van de Hoppe (1989).

Table 2: Typology of tamed and untamed problems Note.

From

(Graaf and van de Hoppe, 1989)

Degree of technological uncertainty

Small Large

Degree of social consensus Large Tamed problems Untamed technical problems

Small Untamed political problems Untamed problems

Graaf and van de Hoppe (1989), distinguished four types of problems categorised based on the

degree of social consensus and the degree of technological uncertainty, see Table 2. The first problem

typology is a tamed problem. Tamed problems consist of social consensus and widely available tech-

nological solutions. The second problem typology is an untamed technical problem. These types of

problems consist of shared awareness of the problem between actors and the shared awareness of

the responsibility to solve a problem. The technological solutions are lacking and therefore research

is needed to retrieve solutions. The third problem typology is an untamed political problem where
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technical solutions are available. However, social conflicts exist regarding the application of techni-

cal solutions. The last problem typology is the untamed problem. An untamed problem consists of

conflicting social interests and uncertainty about technical solutions.

In this research, the problem statement is orientated towards the suitability of electric ship

transport within the onshore transport phase of CCS. A high degree of social consensus exists

about the fact that the two main onshore transport modes of carbon are pipelines and conven-

tional ships (Kjärstad et al., 2016; Roussanaly et al., 2013). In case, electric ship transport can

replace conventional ship transport without any losses in features, it is assumed that the degree

of social consensus is large. Noticed should be that this consensus will depend on the customers’

needs. In respect of the degree of technological uncertainty, it can be expected that technological

solutions are available. The E-Pusher is already implemented in other transport chains and techno-

logical steps to transport carbon by ship are also widely applied in other CCS systems. Therefore, it

can be concluded that for the suitability of carbon transport by electric ships this problem is tamed.

Nevertheless, the onshore transport of carbon is only one phase of the CCS system. CCS as

a solution on itself for reaching climate goals is not considered a tamed problem. Conflicting ar-

guments exist about whether CCS is a good solution to meet the climate goals, or not. However,

authorities and the International Energy Agency claim that it is not possible to reach the climate

goals without CCS. Therefore, CCS will be implemented in many countries. In the Netherlands,

three CCS projects were unsuccessful at an earlier stage. Technical, legal and policy uncertainties

were the driving factors for the failed projects. Furthermore, social acceptance has proved to be the

main barrier to CCS projects worldwide and in the Netherlands. However, for the Aramis project

new financial instruments, increased government support and an improvement in social engagements

are introduced (Akerboom et al., 2021). As a result, it can be concluded that the Aramis project

receives a higher degree of social consensus than the previous CCS projects.

In short, there is social consensus and technical resources are available for onshore carbon trans-

port. Therefore, it is a tamed problem. Despite this categorisation, it should be regarded that CCS

in itself is not a widely supported solution.

5.2 Identification of Actors

In this paragraph, the main involved actors will be identified. The actors will be categorised into

main groups for simplicity in further steps in the stakeholder analysis.

5.2.1 Governmental authorities

On the international level is the International Maritime Organization (IMO) the agency that is

responsible for shipping safety and security, worldwide. IMO is a part of the United Nations. On
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the European level is the European Commission the governmental authority that adopted a series

of legislative proposals on how to achieve climate neutrality in the EU by 2050. Furthermore, the

European Commission determined the requirements for selecting CO2 storage sites in CCS projects

(European Commission, nd). Besides, the EU formed the London Protocol and ETS, whereby

the London Protocol is forming a barrier to the transboundary transport of CO2, currently. The

purpose of the London Protocol is to protect the marine environment from the dumping of wastes

(Bergesen et al., 2018). At this moment, the legislation turned out into a barrier to CO2 transport

with storage purposes abroad. An amendment was made to the London Protocol to allow trans-

border movement of CO2 with purposes for offshore storage (Reyes et al., 2021). The amendment

needs to enter into force that it will be adopted by two-thirds of the parties involved in the protocol.

Currently, this has not been established. Despite, the amendment is not ratified at the moment, it

is possible, since 2019, to transport CO2 abroad for storage purposes. Unilateral declarations and

bilateral agreements are therefore necessary. The procedure is as follows: Countries that desire to

transport CO2 abroad for storage must deposit a Unilateral Declaration to the Secretary-General

of the IMO. Then, both the importing as well exporting countries must establish a bilateral agree-

ment, which shall align with the London Protocol and include the confirmation and allocation of the

permitting responsibilities between the corresponding countries. Another legislation formed by the

European Commission is the EU Emissions Trading System (ETS). ETS has the purpose to reduce

CO2 emissions within sectors. This is attempted by using a limit of total emissions per sector, which

will gradually decline over the years. For companies, it is possible to buy and sell allowances within

this limit. Consequently, companies are stimulated to reduce CO2 emissions and could be rewarded

if CO2 emissions are reduced (Reyes et al., 2021). Currently, the shipping industry is not included

in this system. If the shipping industry will be included, and each company has to pay for each

ton of emitted CO2 or can yield money for each ton of CO2 avoided, it is expected that companies

will invest in decarbonization. As a result, a business case could be formed for companies where in

earlier CCS projects this was lacking (Buirma, 2020).

The Dutch Government is responsible for reducing the CO2 emissions in the Netherlands in the

coming decades. Therefore, the Dutch Government, in particular, the Ministry of Economic Affairs

and Climate Policy is contributing to the CCS projects by using several policy instruments. One of

them is funding the projects by granting the SDE++ subsidy. The subsidy is meant to bridge the

gap between the ETS price and the cost of a project. Furthermore, the Ministry of Economic Affairs

and Climate Policy is authorised to grant permits for CO2 transport and storage. Companies should

meet the requirements of the Mijnbouwwet (Mining Act) to receive permits (Rijksoverheid, nd). In

particular, the exploration licence and long monitoring requirements required for depleted gas fields

are covered in this legislation (Rijksoverheid, nd). Next to that, the government implemented a

national carbon tax in 2021. The tax could be considered as a demand-pull purpose to create decar-

bonization incentives. The economic instrument has the purpose to result in an emission reduction
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of 14.3 MegaTonnes CO2 within the coming decennial.

Also decentralised authorities, such as municipalities and water authorities, are involved and have

the advisory power in the process of granting permits for CCS projects (Schipper and Dieperink,

2020).

5.2.2 Emitters and CCS projects

Emitters are responsible to achieve the climate goals and therefore need to develop CCS projects.

A Dutch partnership formed by the industry is Aramis, established by TotalEnergies, Shell Nether-

lands, Energie Beheer Nederland (EBN) and Gasunie. The goal of Aramis is to contribute to the

reduction of CO2 emissions by providing CO2 transport to unlock storage capacities for varying

industries, such as steel, chemicals and refineries (Energies, 2021). Another project is Porthos,

which is established by the Port of Rotterdam, Gasunie and EBN. The three public shareholdings

will contribute by collecting CO2 in the Port of Rotterdam and then transporting it to a depleted

gas reservoir (Porthos, nd). Furthermore, CO2next is a collaboration developing a terminal with

the purpose to receive and supply CO2. All three of the projects are collaborating.

5.2.3 Transport Service Providers

Transport Service Providers are involved because they will transport the captured CO2. The off-

shore pipeline transport service will be provided by Porthos. The onshore transport service can be

either by ship or pipeline. Inland water transport can be further divided into shipping companies

for low-volume transport and large-volume transport. Because CCS is not widely implemented in

the Netherlands yet, the most suitable transport service provider should be determined later. Nev-

ertheless, KOTUG is considered in this analysis because the research in this field is requested by

KOTUG. KOTUG is a maritime service provider that introduced a zero-emission tugboat called the

E-Pusher. KOTUG has the interest to deploy the E-Pusher in the inland transport stage of CCS

5.2.4 Research Institutions

Different organisations to assess the science related to climate change exist. The Intergovernmental

Panel on Climate change (IPCC) is the United Nations Body that investigates the state of scientific,

technical and socio-economic knowledge on climate change, and the corresponding impacts and fu-

ture risks (IPPC, 2005). Another Agency cooperating with countries worldwide to shape energy

policies for a secure and sustainable future is the International Energy Agency (IEA). IEA investi-

gates how CCS can play a central role in the energy transition alongside other technical innovations

(IEA, 2022). The Netherlands Environmental Assessment Agency is PBL. PBL is a national insti-

tute for researching policies in the fields of the environment, nature and spatial planning. PBL is

requested by the Ministry of Economic Affairs and Climate Policy to advise about possible subsidy
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policies, also containing subsidy options for CCS (PBL, 2021).

5.2.5 Non-governmental Environmental Organizations

The Non-governmental Environmental Organizations (NGOs) are independent organisations to

stimulate public awareness of environmental developments. In the past, CCS could count on sig-

nificant resistance from NGOs. Nowadays, NGOs consider CCS as a solution but are still alert on

how CCS projects will be implemented.

5.3 Formal Chart

In the previous paragraph, the involved actors are identified. The formal chart will be presented in

this paragraph. The formal chart provides an overview of the formal relations of the actors to each

other.
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Figure 31: Formal Chart Dutch CCS System
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5.4 Conclusion

In this chapter, the answer was found to sub-question 3(c).

3. What is the current state of carbon capture (utilisation) and storage inland shipping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what are the

corresponding volumes and time-span?

(b) How can a CCS transportation network be modelled?

(c) In what way are stakeholders supporting or blocking certain objectives and requirements

of carbon transport within CCS?

Earlier CCS projects were unsuccessful because of technical, legal and political factors. Stake-

holders have to cooperate effectively in future CCS development plans to overcome the failure factors

of previous failed projects. The stakeholder analysis revealed that most stakeholders are aware of

the importance of CCS for reaching climate targets. Where in the past CCS was not widely sup-

ported, it can be concluded that currently, CCS deployment is perceived as inevitable, even by

NGOs. However, some barriers exist concerning the implementation of CCS. The current Dutch

CCS projects stated that they are willing to build infrastructure, but they need emitters that are

willing to participate. Emitters need the infrastructure and also funding to bridge the gap between

transportation and storage costs. On the other hand, the public authorities want to be sure that the

infrastructure is available before providing funds. This dynamic can be categorised as a chicken-egg

problem. Next to this problem, also the London Protocol is forming a barrier. It is not allowed to

dump waste from one country to another country. Bilateral agreements have to be made between

countries to allow transboundary transport of CO2 for storage purposes. Another legislation that

plays an important role is ETS. ETS is expected to create an incentive for companies to participate

in CCS systems, and thus extra support for upscaling CCS projects.
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6 Operational Analysis - The E-Pusher and KOTUG

In this chapter, first, the profile and mission of KOTUG will be explained in Section 6.1. Second,

a more detailed overview of the E-Pushers’ constructional design will be outlined in Section 6.2.

Third, the operational design of the E-Pusher will be highlighted in Section 6.3. Then, in Section

6.4, the proposed operational configuration of the E-Pusher in a CCS chain will be explained.

Thereafter, the requirements from KOTUG for deploying the E-Pusher will be noticed in Section

6.5. Finally, Section 6.6, summarises and concludes this chapter by answering sub-question 4, which

was formulated as follows:

4. What are the technical-operational characteristics of the E-Pusher?

6.1 Company Profile

This thesis is executed in cooperation with KOTUG, a towage company operating in the maritime

industry on a global level. The headquarter is located in Rotterdam, the Netherlands. The main

activities of the company are related to towage and related services, such as providing planning tools

and consultancy training sessions. KOTUG aims to be the leading towage and maritime service

provider on a global level. Associated with this goal is to commit to the principles and practices

that contribute to the pursuit of sustainability goals. KOTUG describes sustainability as a safe and

sound operation for the well-being of all involved while respecting the environment. Furthermore, it

is pursued to provide an excellent level of training sessions. Apart from KOTUG’s own sustainability

goals, the towage company also attempts to help its clients reach their sustainability goals. This is

done by inventions that not only contribute to the global energy transition but also support efficiency

and safety during operational activities (KOTUG, nda). The E-Pusher is a specific example of an

innovation in which KOTUG attempts to pursue its goals, as mentioned above. KOTUG contributes

to the research activities in the field of sustainable design and operations in the maritime industry,

by providing a use case with the E-Pusher.

6.2 Constructional Design of the E-Pusher

As mentioned in the previous subsection, the vessel that will be investigated in this research is the E-

Pusher. The E-Pusher is a modular and scalable electric pusher tug that is powered by swappable

energy containers. Therefore, the E-Pusher has an opportunity to operate more efficiently than

traditional vessels (Prevljak, 2022). The E-Pusher is available in three sizes with varying lengths

from 5.50 meters to 22 meters and a maximum depth of 0.45 meters to 1.35 meters, see Figure

32. In Appendix A, the characteristics of all the E-Pusher types are presented. Because of the

depth, the E-Pusher is offered in a design that has a draft that is 30% less than conventional pusher

tug designs. Next to that, the modular design of the E-Pusher allows a 50% faster delivery time

(KOTUG, 2021). All components are standard container units and can be fabricated by different

builders and delivered to a central assembly location. Therefore, a traditional shipyard is not needed,
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resulting in a competitive building in comparison with other vessels. The propulsion for all types

of the E-Pusher is provided by electric azipods, which allows easy and quick changeable operations

if an upgrade or downgrade of power is needed. A steel frame is used to support all horizontal

push forces. The steel frame distributes the vertical weights to the various components on the deck.

The hull contains Polyethyleen (PE), which provides buoyancy and resists water forces on the vessel

during sailing (KOTUG, ndb). The power supply is provided by interchangeable containerized units,

allowing multiple zero-emission transport options, such as battery packs, hydrogen fuel cells, and

biogas generators. All vessels meet the requirements of the communautair certification, in particular

the EU, CESNI, and ESTRIN certification, allowing transport between the EU member states. An

overview of all the individual components the E-pusher is assembled on is depicted in Figure 33.

Figure 32: E-Pusher Series
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Figure 33: E-Pusher Component Overview

6.3 Operational Design of the E-Pusher

A conceptual design of a pusher boat connected to two standardised barges is represented in Figure

34. The E-Pusher is a pusher boat that will be connected to standardised barges. The pushers can

be connected to the barges by cables. The power supply of the E-Pusher can be provided by several

zero-emission options. However, in the Netherlands, the power will be supplied by swappable bat-

teries. KOTUG cooperates with SHIFT to guarantee the power supply. SHIFT has an electricity

network to provide an energy supply for the swappable containers. Electricity is generated during

off-peak hours. Energy is supplied from wind farms or sun fields that are certified. The energy will

be loaded in a battery pack. If the battery packs are loaded under this condition it can be considered

green energy. The advantage of containerized energy storage is that it can be placed in any barge

and easily be recharged or swapped. Next to that, using electric engines requires no engine room

which allows more loading space than on comparable vessels of the same size. Swapping batteries

has as advantage that the quality of the battery will not decrease very fast. Furthermore, swapping

allows one to use a battery multiple times a day. Despite the mentioned advantages, the loading

facility of SHIFT should be within the range of the E-Pusher during a voyage. In other words,

significant is that a loading facility can be visited during a voyage of the E-Pusher. Currently, the

loading infrastructure is not widely implemented. SHIFT is handling the up-scaling of this infras-

tructure. It is assumed that, depending on the cargo loads, each 45km facility will be guaranteed

to swap or recharge the battery packs on a certain route. Some limitations are associated with this

goal to extend the power supply network. For instance, some building and space restrictions will

be encountered in the Rhine area in Germany.
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Figure 34: Pusher connected to barges

Note. From MARIN (2019)

6.4 Operational Specifications of the E-Pusher in a CCS Chain

A pusher corresponding with an E-Pusher class type L is connected to two Europe IIa barges. Each

of the barges has a length of 76.5m and can carry approximately 2700 tons of load, see Table 3.

The deadweight based on two standard barges in a long configuration is assumed to be 5500 tons.

Given the installed power of 2 x 300 kW, the E-Pusher type L can reach speeds varying around 13

km/h, see Figure 35. The L-Type has two batteries with a capacity of 2.4 MW each. Thus in total,

a battery capacity of 4.8 MW is available. The E-Pusher will operate during the day. The night

will be used to charge the batteries. Assumed is that barges will sail under a speed of 12 km/h. As

can be derived from the diagram in Figure 35, the required power under this speed is around 500

kW. This is under the condition that the push-boat combination encounters no current during the

operations. The speed in the table can thus be defined as speed through water. In case, currents

are present on the waterway, the speed should be defined as speed over ground speed over ground.

Currents could be estimated at 1-5 km/h, depending on the waterway class type.

Table 3: Commonly used barge types

Note. From MARIN (2019)

CEMT class type barge length width draught loading capacity

[m] [m] [m] [tonnes]

IV Europe I 70 9.5 2.0 1450

Va Europa II 76.5 11.4 3.5 2450

Va Europe IIa 76.5 11.4 4.0 2780

Va Europa IIa lengthened 90 11.4 4.0 3220
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Figure 35: Speed Power Prediction

Note. From MARIN (2019)

6.5 KOTUG’s Requirements

• Environmental requirement:

The E-Pusher should have a significant sustainable impact regarding emissions during oper-

ations. In general, the TTW emission of CO2 is 2.6 kg/litre during combustion, if using a

diesel-driven propulsion system. On average, a diesel-driven propulsion ship consumes 95-200

grams of CO2 per kW. Assumed is that each 5 kW corresponds with one-litre diesel. Thus,

the usage of 5kW is associated with the emission rate of 2.6 kg CO2.

• Economical requirement:

Mainly, innovations by companies are driven by economical objectives. In this case, it is desired

to have an economically feasible business case. However, the main objective is to contribute to

reaching climate agreements. KOTUG feels responsible for scaling-up zero-emission solutions.

Therefore, KOTUG invests in these types of solutions. But next to own financial impulses

also government funds are needed. So, it can be concluded that deploying an E-Pusher should

be economically feasible, but the main target is not generating high revenues for providing

services with the E-Pusher.

• Operational requirement:

Safety is for KOTUG the main requirement. Maintenance of the different components of the

E-Pusher requires special attention and procedures to guarantee safety. Furthermore, KO-

TUG prefers coordination in the voyages of vessels. In case, the intensity of transport in
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inland waterways increases, it is also important to avoid collisions. Thus, coordination for

the traffic flows is required, from KOTUG’s perspective. Next to safety, also scaling up the

power supply infrastructure is needed. As mentioned in Section 6.3, KOTUG cooperates with

SHIFT. Currently, the power supply infrastructure is not widely implemented. Therefore, the

facilities to deploy the E-Pusher should be scaled in case the E-Pusher will be used for longer

transport distances.

6.6 Conclusion

In this chapter, the company’s profile is explained and a thorough analysis of the technical and

operational characteristics of the E-Pusher is performed. The goal of this chapter is to design a

sketch of technical and operational characteristics for using an E-Pusher within CCS. The answer

to the sub-question is as follows:

4. What are the technical-operational characteristics of the E-Pusher?

The E-Pusher is a modular and scalable electric pusher-boat concept that is powered by

swappable energy containers and operational during the day. The night is used for charging

purposes. The electricity for charging the batteries is generated during off-peak hours, whereby

energy is supplied from certified wind farms or sun fields. Therefore, the energy supplied is

considered green energy. In this research, a configuration of the E-Pusher L-Type connected

to two standardised barges is considered. The loading capacity of this combination is limited

to 5500 tons. The installed power is 600 kW. In general, the expected sailing speed is 12

km/h. Given this sailing speed, the measured required shaft power is approximately 500 kW.

The total battery capacity is 4.8 MW.
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7 Model and Scenario Generation

The goal of this thesis is to explore the potential of electrified propelled barges within CCS, in

particular for the E-Pusher. In the previous phases of the research, it is found how to asses a barge

transport network, how a value chain of CCS can be designed and what the current status of CCS

is. In this section, it is attempted to integrate all findings into a model. The model is designed to

approach a realistic CCS value chain for the Netherlands, whereby it is possible to experiment with

certain system variables. This allows exploring the impact of implementing the E-Pusher in a CCS

value chain to the formulated KPIs of a barge network in Section 3.1. Thus, the purpose of the

model is to simulate a real-world value chain for CCS. In the later stages of the research, the model

will form the fundamental basis for experimentation. This chapter starts with defining the model

requirements in Section 7.1. Followed by explaining the model terminology and design in Section

7.2. Thereafter, the reference case will be presented in Section 7.3. The modelling assumptions and

formulas will be presented in Section 7.4. Finally, the scenarios will be generated and explained in

Section 7.5.

7.1 Model Requirements

Before, building a model it is necessary to define all the requirements the model should meet. The

types of requirements can be distinguished into system requirements and user requirements. First,

the system requirements will be outlined. Second, the user requirements will be described.

System requirements are more dedicated to the model itself and contributes by validating a

model. The system requirements defined by the author of this thesis are as follows:

• Scenario building: The model has to be able to allow experimenting with different scenarios.

First, a base case should be formulated. Then, varying input parameters should lead to the

generation of outcomes for multiple scenarios.

• KPI Output: The model has to be able to calculate and present the KPI output. The KPIs,

corresponding indicators and values are expressed in Section 3.1.

• Constraints: The model has to be able to incorporate system constraints and evaluate

whether scenarios are feasible or not.

• Applicability: The model has to be transparent, flexible and interpretable. Assumptions

and corresponding sources should be present. Adaptations to the model have to be easy to

make and the results (KPI Output) have to be easy to present.

User Requirements are requirements formed by the client. As mentioned in Section 6.1, this

thesis is in cooperation with KOTUG. KOTUG has certain requirements that should be incorporated

into a model. The following requirements from the user perspective should be respected:

Delft University of Technology 64



• Scenario-building: The generated scenarios have to be relevant to KOTUG and the E-

Pusher concerning technical and economical feasibility.

• KPI Output: The calculated values for the KPIs have to be insightful for KOTUG. In

particular, the trade-off presented between the gains in emissions and the operational impact.

• Constraints: The constraints that will be modelled have to be clearly defined in a way that

it is interpretable for KOTUG why a concept is feasible or not.

• Applicability: The operational characteristics of all types of transport modes have to be

easy to interpret.

In Section 6.5, the requirements for the E-Pusher from KOTUG’s perspective were formed. The

economical and environmental requirements are captured in the general KPIs formed in Section 3.1.

The requirement about guaranteeing safety is excluded in forming the model. This is because it

is not possible to outline the safety at the moment. It is assumed that safety regarding technical

issues will be guaranteed by severe requirements during manufacturing. While, the safety issues

associated with sailing behaviour and handling cargo will be guaranteed by following well-formed

regulations and procedures, formulated in Section 3.3.3.

7.2 Model Terminology and Design

In the model, three types of variables can be distinguished. The first type of variable is the input or

independent variables. These variables will form the input of the system. It is possible to vary

these variables to affect the outcome of an experiment. A further distinction can be made between

parameters and constants. Input parameters can vary, while constant retain the same value. A

parameter is for instance sailing speed, which can vary under different conditions. An example of

a constant is the emission factor of a transport mode, which retains the same value. The second

type of variable is the output variables or dependent variables. These variables represent the

values for the output of a model. The outcomes could be changed by experimenting with the input

variables. Lastly, the intermediate variables could be distinguished. Intermediate variables are

internal variables that are calculated by the model. The internal variables will influence the output

variables. A schematic representation of the dedicated model in this research with the mentioned

terminology above is depicted in Figure 38. It should be noted that one of the KPIs in this research,

the cycle time, influences intermediate variables because of a relation to the other KPIs. Therefore,

a relation between KPI output and internal variables is illustrated.
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Figure 36: Relation Parameters, Model and KPIs

7.3 Reference Case

In Section 4.2, the proposed network model is explained. This typology will be used as the network

in the model and scenarios. Because Rotterdam will be the port in the Netherlands where the

carbon will be bundled this will be modelled as the origin location. Based on the locations of in-

dustrial emitters on the Aker Capture map, see Figure 30, some of these emitters closely connected

to the Port of Rotterdam by waterway will be modelled as destinations. Different distances will be

considered. Within the transport from emitters to the Port of Rotterdam, no intermediate stops or

bundling locations are assumed. The model will be first developed for a barge transport network.

Then, the model will be adjusted for each other transport mode in such a way, that is possible to

analyse the transport of CO2 for the other modes within CCS. Based on the map from Aker Cap-

ture, industrial emitters with different distances will be modelled as destinations. For instance, this

could be Rotterdam Botlek, Moerdijk, Arnhem, and Duisburg, respectively. Below, the modelled

system is presented, including the adjustment that charging stations are needed for the E-Pusher,

see Figure 37.
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Figure 37: System Design

As can be seen, in Figure 37 different KPIs and parameters are present. A more detailed overview

of the relation between the parameters, the system, and the KPIs is presented in Figure 38, on the

next page.
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Figure 38: Overview of variables, parameters and KPIs
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7.4 Model Assumptions and Formulas

In this subsection, the model formulas will be presented. The symbols of the formulas can be found

in Figure 38. Because the input parameters are self-explaining, only the formulas of the internal

variables and the KPIs will be presented. The representation is for the general model of the barge.

Required (mathematical) adjustments for the other transport modes will also be highlighted. In

Appendix B, the model overviews in Excel for all transport modes are presented.

7.4.1 General Model

Intermediate variables: Operational

Yang et al. (2020), found in the literature that presenting the sailing time is uniformly calculated

by the waterway distance divided by the sailing speed. However, a differentiation should be made

between speed over water (STW) and speed over ground (SOG). Both concepts are explained in

Section 3.1. For calculating the sailing time, it is required to use the speed over ground to estimate

the actual sailing time. The input value for speed through water is given as 12 km/h. The flow rate

is modelled based on the average flow rate in the Netherlands. This value is approximately 3 km/h

(Geologie van Nederland, nd). For the E-Pusher also charging time is included, 0.5 hour per extra

charging moment.

• Speed over Ground [km/h] = Speed through water [km/h] +- flow rate [km/h]

SOG = STW +−Sflow (1)

• Transport time [h] = Distance [km] / speed over ground [km/h]

Tod = D/SOGod (2)

The assumed cargo to load on a voyage for a general barge is estimated at 6000 tons, while for

the E-Pusher this is 5500 tons. A full load is assumed during the transport from the emitter to the

Port of Rotterdam. But an empty trip is performed from the Port of Rotterdam to the emitter.

For truck transport, 20ft containers are used allowing cargo transport of 20 tons of liquid CO2.

The operations for loading and unloading the cargo can handle vessels are 1000 and 1400 ton/h,

respectively. For truck transport, the loading and unloading require one hour on average for each

handling.

• (Un)Loading time [h] = Load rate [ton] / (un)loading capacity [ton/h]

T l = Lr/Cl (3)
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The daily operational hours for the waterway transport are estimated at 16 hours, operating

between 06:00 and 22:00. The vessels are sailing 6 days a week. For trucks it is estimated at 55h

per week, operating 50 weeks within a year.

• Annual cycles per vessel [#Cycles] = Annual operational hours [h] / cycle time [h/cycle]

ACv = OPy/CT (4)

• Transport performance per cycle [tonne-kilometre / cycle] = load per cycle [ton / cycle] *

distance O-D [km]

TPc = Lr ∗D (5)

Intermediate variables: Financial

The compression costs for transporting the CO2 are neglected in the calculations because expert

consulting led to the assumption that for all considered transport modes the compression costs can

be crossed out against each other.

• Residual Value [e] = Purchase price [e] * Residual factor [-]

Rv = Pcosts ∗Rf (6)

• Av. Depreciation per year [e/year] = (Purchase price [e] - residual value [e]) / depreciation

period [years]

Dcosts = (Pcosts−Rv)/Y d (7)

• Av. interest per year [e/year] = (Purchase price [e] + (Purchase price [e] - residual value

[e])) / (2 * interest rate ) [1/year]

Icosts = (Pcosts+ (Pcosts−Rv))/(2 ∗ i) (8)

• Crew costs [e]= FTE [-] * Crew costs [e]/ FTE [-]

Crewcosts = crew(Fixed) (9)
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• Operational depreciation [e/year] = Purchase Price [e] * factor average spend [1/year]

ODcosts = Pcosts ∗ 0, 04 (10)

• Fuel costs [e/ year] = Fuel price [e/ Litre] * [Litre / cycle] * annual number of cycles [#Cycles

/ year]

Fcosts = Pf ∗ j ∗ACv (11)

• Overhead [e/year] = (Crew costs [e/ year] + Operational depreciation [e/ year] + Fuel costs

[e/ year] + CAPEX [e/ year]) * overhead factor [-]

Ocosts = (Crewosts+ODcosts+ Fcosts+ CAPEX) ∗Of (12)

Intermediate variables: Environmental

In the case of estimations for the ships’ required propulsion, the speed through water should be

used to obtain correct calculations of fuel consumption. Based on the TTW assumption, explained

in 3.1, the value of 2.6 kg CO2 corresponds with one litre diesel. For 5 kW, one litre of diesel is

required. Expert consulting led to the assumption that given an almost similar tonnage for the

general barge and the E-Pusher, the power needed for both vessels can be considered as 1:1, under

the same STW. The operational specifications of the E-Pusher in the configuration used in this

research are presented in 6.4. The shaft power required corresponds with the operational profile

provided by MARIN (2019). At all times, it is assumed that a diesel-propelled ship can achieve

a SOG of 12 km/h. For the E-Pusher it is assumed that the speed cannot exceed an STW of 12

km/h, and thus also not a SOG higher than 12 km/h. For example, if the current is 3 km/h, the

E-Pusher requires a shaft power corresponding to 12 km/h, but the resulting SOG is 9 km/h. A

diesel-propelled ship can still reach a SOG of 12 km/h but requires a shaft power corresponding to 15

km/h. This will influence the range upstream and downstream for the E-Pusher. Another aspect

incorporated is because of losses in energy of manoeuvring and charging. Therefore, an energy

efficiency factor is added for the E-Pusher, which is 0.8. Similarly, as in the financial calculation,

the compression energy is also neglected for the environmental variables. For all included transport

modes the compression energy is crossed against each other.

• Litre diesel per hour sailing [L/h] = diesel:power ratio [L/kW] * shaft power per hour [kW/h]

g = b ∗ Ps (13)

Delft University of Technology 71



• Sailing hours [h/cycle] = Transport time OD [h/cycle] + Transport time DO [h/cycle] (Not

same as cycle time, because cycle time includes loading and unloading times)

Ts = Tod+ Tdo (14)

• Fuel Consumption [L/cycle] = Litre diesel per hour sailing [L/h] * sailing hours [h/cycle ]

j = g ∗ Ts (15)

Output Variables: Operational

• Cycle time [h] = Transport time O-D [h] + loading time [h] + transport time D-O [h] +

Unloading time + 2 * Lock interference [h]

CT = Tod+ T l + Tdo+ Tu+ 2 ∗ ta (16)

• Annual volume transported [MTPA] = fleet size [ #vessels] * annual cycles per vessels [#cy-

cles / year / vessel] * load rate [ton/cycle] * 10−6

AV T = F ∗ACv ∗ Lr ∗ 10−6 (17)

Output Variables: Financial

The financial data of the barge and the E-Pusher is based on internal data provided by KOTUG.

The financial data for modelling truck transport is provided by a container trucking company.

Risk is not included for truck transport. Determining the financial aspects of pipeline transport is

by interpolation of the data from (Knoope et al., 2013; ZEP, nd). The interpolation is done for

determining the costs for both CAPEX and OPEX of a pipeline per km. This way, it is possible to

estimate costs for a certain trajectory by multiplying the euclidean distance with the interpolated

value for costs per km. The interpolation data is estimations of a 2.5 MTPA pipeline and a 10

MTPA pipeline in Europe. Assumed is thus, that in case of a pipeline enough demand for the

annual volume transported is available. As a result, the transport flow for pipeline is considered as

continuous, whereby it for the waterway and roadway modes was considered as continuous.

• CAPEX [e/ year] = Av Depreciation per year [ e/ year] + Av interest per year [e/ year]

CAPEX = Dcosts+ Icosts (18)
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• OPEX [e/ year] = Crew costs [e/ year] + Operational depreciation [e/ year] + Fuel costs

[e/ year] + overhead [e/ year]

OPEX = Crewcosts+ODcosts+ Fcosts+Ocosts (19)

• Risk [e/ year] = Risk factor [-] * ( CAPEX [e/ year] + OPEX [e/ year])

RISK = Rf ∗ (CAPEX +OPEX) (20)

• Summarised Costs [e/ year] = CAPEX [e/ year] + OPEX [e/ year] + Risk [e/ year]

AC = RISK + CAPEX +OPEX (21)

Output Variables: Environmental

Because a wide consensus on emissions calculations does not exist, two ways of calculating the

emissions are used in this research to reflect the emissions from different methods. The first one is

called the KOTUG Calculation, which is based on the fuel consumption given certain shaft powers.

The second one is based on the calculation method of CE Delft (2021), whereby emission factors

are used to multiply with the transport performance. Because it is expected that the E-Pusher has

a higher cycle time because of charging batteries and a lower SOG, the annual volume transported

is also expected to be lower. Furthermore, the fuel consumption would be different if an STW of

12 km/h is considered instead of a 15 km/h (STW). Therefore, a fair comparison should be made

concerning the actual emissions savings of the E-Pusher. The emissions of the E-Pusher will be

reported based on a barge that has a similar operational profile as the E-Pusher, thus not a general

barge. This will be often mentioned as a barge based on the operational profile of the E-Pusher.

• Emissions KOTUG [kg CO2 / year] = Fleet size [vessel] * emission factor [kg CO2 / Litre] *

vessel consumption cycle [Litre /cycle / vessel] * Annual cycles per vessel [cycles / vessel]

EMkotug = F ∗ a ∗ j ∗ACv (22)

• Emissions CEDelft [kg CO2 / year] = Fleet size [vessel] * emission factor [kg CO2 / tonne-km]

* Transport Performance [tonne-km / cycle / vessel] * Annual cycles per vessel [cycles / vessel]

EMCEdelft = F ∗ EF ∗ TPc ∗ACv (23)
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7.5 Scenario Generation

In this subsection of the research, the scenarios will be generated. The scenarios will be built

based on different transport distances. The destinations are derived from the Aker Carbon Cap-

ture map to pursue realistic trajectories. Generally, the transported volume is considered an input

variable or requirement to model trajectories in comparison studies between different transport

modes. Aligning with Section 3.1, in this study it is modelled as output because it is a KPI. For

each scenario, four configurations (transport modalities) will be modelled, namely, barge transport,

truck transport, pipeline transport and E-Pusher transport. The barge transport will be modelled

as the benchmark. The distance will be derived for each transport mode based on the trajectory

characteristics of that transport mode. Thus, the waterway distance will be modelled for the barge

and E-Pusher transport, the roadway distance for the truck transport and the euclidean distance

for the pipeline transport. Noted should be that for pipeline transport the euclidean distance is

an assumption. In practice, some restrictions could occur, resulting in a not fully euclidean dis-

tance. Different tools are used to determine the distance. For waterway distance, the calculator

of http://marineplan.com/ is used, for truck transport, the calculator of https://impargo.de/en is

used and for pipeline transport, the calculator of https://www.afstandmeten.nl/ is used. Another

aspect that is depicted in the scenario configurations of the E-Pusher is the pictogram of the charg-

ing facilities. The model will incorporate the implementation of charging facilities between certain

distances. But the pictograms are just indicative, so not the real number of facilities nor the exact

location of the facilities is already modelled. Lastly, the black bar at the right side of the figures

indicates the information retrieved by the Aker Carbon Capture map. Information includes CO2

emitted, the year of the provided data, and activities causing CO2 emissions. Below, each scenario

and corresponding configurations are briefly explained.

Scenario 1 (Very short distance): Rotterdam Yangtzehaven - Rotterdam Botlek

As can be derived from Figure 39, the Yangtzehaven in the Port of Rotterdam is the considered as

proposed terminal and thus the origin of the first scenario. The destination is in the Botlek area.

For the waterway modes, configurations 1.1 and 1.4, the waterway distance is 25 km. For the truck

mode, configuration 1.2, the roadway distance is 25 km. For the pipeline mode, configuration 1.3,

the euclidean distance is used which is 20 km.
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Figure 39: Scenario design 1 and configurations

Scenario 2 (Short distance): Rotterdam Yangtzehaven - Moerdijk

As can be derived from Figure 40, the Yangtzehaven in the Port of Rotterdam is the considered as

proposed terminal and thus the origin of the first scenario. The destination is in the Moerdijk area.

For the waterway modes, configurations 2.1 and 2.4, the waterway distance is 65 km. For the truck

mode, configuration 2.2, the roadway distance is 85 km. For the pipeline mode, configuration 2.3,

the euclidean distance is used which is 50 km.

Figure 40: Scenario design 2 and configurations
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Scenario 3 (Medium distance): Rotterdam Yangtzehaven - Arnhem

As can be derived from Figure 41, the Yangtzehaven in the Port of Rotterdam is the considered as

proposed terminal and thus the origin of the first scenario. The destination is in Arnhem. For the

waterway modes, configurations 3.1 and 3.4, the waterway distance is 175 km. For the truck mode,

configuration 3.2, the roadway distance is 155 km. For the pipeline mode, configuration 3.3, the

euclidean distance is used which is 135 km.

Figure 41: Scenario design 3 and configurations

Scenario 4 (Large distance): Rotterdam Yangtzehaven - Duisburg

As can be derived from Figure 42, the Yangtzehaven in the Port of Rotterdam is the considered as

proposed terminal and thus the origin of the first scenario. The destination is in Arnhem. For the

waterway modes, configurations 4.1 and 4.4, the waterway distance is 235 km. For the truck mode,

configuration 4.2, the roadway distance is 245 km. For the pipeline mode, configuration 4.3, the

euclidean distance is used which is 195 km.
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Figure 42: Scenario design 4 and configurations
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Part IV

Integrate
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8 Simulation and Results

In this section, the fifth sub-question will be answered by executing a simulation of the built model

for all scenarios in Microsoft Excel. The model and the scenarios that are built are explained in

Section 7. This section will illustrate and explain the results resulting from executing the model

for each scenario. Consequently, it is attempted to approach the answer to the fifth sub-question,

which was formulated as follows:

5. What is the impact of deploying the E-Pusher in the transportation stage of CCS, to the

outcomes of the KPIs and trade-off between the KPIs of other possible transport modes?

8.1 Scenario 1: Rotterdam Yangtzehaven - Rotterdam Botlek

The first scenario is the trajectory with a very short distance, approximately 25 km. What can

be observed from Table 4, is that the E-Pusher has an equal cycle time as the general barge. The

difference in annual volume transported between the two transport modes by water is 0.14 MTPA.

The costs per year for both waterway modes are of similar magnitude. The barge emissions and the

emissions if a barge will be considered based on the E-Pushers’ operational profile are also more or

less the same. The emissions of a barge and a barge based on the operational profile of the E-Pusher

are not very different within each separate calculation method for determining the emissions. In

case, the emission outcomes of both calculation methods are compared to each other, it can be

noticed that there is a relatively high difference in the outcomes for both the barge and a barge

based on the E-Pushers’ operational profile. The truck emissions are not very different for both

calculations. The cycle time for a single truck and the corresponding costs are low in comparison

with the waterway modes. However, also the annual volume transported is extremely low compared

to the barge and the E-Pusher. The pipelines have a fixed amount of volume, the corresponding

costs are two to four times higher than a single vessel’s costs.

Table 4: KPI Table scenario 1

CT

[H]

AVT

[MTPA]

AC

[e/year]

EMkotug

[ kg CO2 / year]

EMcedelft

[ kg CO2 / year]

Barge 14 2.07 1,369,626 541000 878486

Truck 3 0.02 153,820 35501 30585

Pipe N/A 2.5 3,546,235 N/A N/A

Pipe N/A 10 5,429,412 N/A N/A

E-Pusher 14 1.93 1,340,598 * 540021 * 818833

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher
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Noted should be that the values from Table 4 are not normalised and each transport mode is

assumed to have one vessel, truck or pipe. Therefore, it is interesting to highlight the outcomes

presented in Table 5, whereby some of the KPIs outcomes are divided into each other. Regarding

the costs in euros per ton transported it can be observed that the pipe of 10 MTPA has the lowest

value by the general barge and the E-Pusher with similar cost per ton for both waterway modes.

The cost per ton for the pipe of 2.5 MTPA is two and a half times higher than for the 10 MTPA

pipe. The truck has extremely high costs per ton compared to the other modes, a factor of 10-13

times higher than the waterway modes. The costs per ton transported for all transport modes are

plotted in Figure 43. Concerning the emissions in the calculation provided by KOTUG, a barge and

a barge based on the E-Pusher’s operational profile emit 0.26 and 028 kg CO2 per ton transported,

respectively. In the CE Delft method, this value is 0.43 kg CO2 per ton transported for both vessels.

Where in the KOTUG calculation the emissions of a truck are approximately seven times higher

than a vessel, it is in the CEDelft calculation slightly less than four times higher than a vessel’s

emissions, see Figure 44.

Table 5: Trade-off table for scenario 1

AC / AVT

[e/ ton]

EMkotug / AVT

[kg CO2 / ton]

EMcedelft / AVT

[kg CO2 / ton]

NettoCO2

KOTUG

[%]

NettoCO2

CEDelft

[%]

Barge 0.66 0.26 0.43 99.97 99.96

Truck 8.05 1.86 1.60 99.81 99.84

Pipe (2.5 MTPA) 1.42 N/A N/A N/A N/A

Pipe (10 MTPA) 0.54 N/A N/A N/A N/A

E-Pusher 0.70 * 0.28 * 0.43 * 99.97 *99.96

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher
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Figure 43: Plotted trade-off between costs and volume trans-

ported in scenario 1

Figure 44: Plotted trade-offs for emissions to transported vol-

ume in scenario 1

8.2 Scenario 2: Rotterdam Yangtzehaven - Moerdijk

The second scenario is the trajectory with a short distance, approximately 65 km. What can be

observed from Table 6, is that the E-Pusher has an extra hour cycle time than the general barge. The

difference in annual volume transported between the two transport modes by water is 0.16 MTPA.

The costs per year in these configurations vary by approximately ten percent, in the advantage of the

E-Pusher. Similarly, as in scenario 1, the emissions per year for the barges are approximately one

and a half times higher in the CE Delft calculation than in the KOTUG calculation. A difference for

truck transport in this scenario compared to scenario 1, is that for the CEDelft emissions calculation

the emissions per year are higher than for the KOTUG calculation. Likewise, in scenario 1, also in

Delft University of Technology 81



scenario 2, the cycle time, corresponding costs per year and the annual transported volume are low

for truck transport in comparison with the waterway modes. The pipeline costs per year for the

modelled configurations in this scenario are six to eight times higher than vessel costs per year.

Table 6: KPI Table scenario 2

CT

[H]

AVT

[MTPA]

AC

[e/year]

EMkotug

[ kg CO2 / year]

EMcedelft

[ kg CO2 / year]

Barge 21 1.41 1,564,667 958578 1556555

Truck 5 0.01 186,317 69702 60051

Pipe N/A 2.5 8,865,588 N/A N/A

Pipe N/A 10 13,573,529 N/A N/A

E-Pusher 22 1.25 1,414,135 *909189 * 1378601

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher

The barge costs per ton transported are the lowest, closely followed by the E-Pusher. Also, a

pipeline of 10 MTPA would have low costs per ton transported in this scenario. A pipe of 2.5 MTPA

would have three times the costs per year of a barge or an E-Pusher in this scenario. The truck

has extremely high costs per ton. The emissions per year, derived from the KOTUG calculation,

for a general barge and barge based on the E-Pushers’ operational profile would be 0.68 and 0.73

kg CO2 per ton transported, respectively. Truck transport would emit almost ten times more. If

the emissions per year would be calculated based on the CE Delft method, the truck emissions per

year would be five times higher than the barge emissions per year in this scenario. The outcomes

of the trade-offs in this scenario are presented in Figure 45 and Figure 46.

Table 7: Trade-off table for scenario 2

AC / AVT

[e/ ton]

EMkotug / AVT

[kg CO2 / ton]

EMcedelft / AVT

[kg CO2 / ton]

NettoCO2

KOTUG

[%]

NettoCO2

CEDelft

[%]

Barge 1.11 0.68 1.11 99.93 99.89

Truck 16.88 6.31 5.44 99.37 99.46

Pipe (2.5 MTPA) 3.55 N/A N/A N/A N/A

Pipe (10 MTPA) 1.36 N/A N/A N/A N/A

E-Pusher 1.13 *0.73 *1.11 * 99.93 * 99.89

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher
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Figure 45: Plotted trade-off between costs and volume trans-

ported in scenario 2

Figure 46: Plotted trade-offs for emissions to transported vol-

ume in scenario 2

8.3 Scenario 3: Rotterdam Yangtzehaven - Arnhem

The third scenario is the trajectory with a medium distance, approximately 175km. What can be

observed from Table 8, is that the E-Pusher requires five extra hours for the cycle time compared

to the general barge. The difference in MTPA between the two transport modes by water is 0.13

MTPA. The variation in costs per year for these configurations is similar to scenario 2 between both

waterway modes. What is also similar to the previous scenarios, are the emissions per year for the

barges that are approximately one and a half times higher in the CE Delft calculation than in the

KOTUG calculation. The costs per year for implementing a pipeline of 2.5 MTPA and 10 MTPA
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are fourteen to twenty-one times higher than the costs of implementing the vessels.

Table 8: KPI Table scenario 3

CT

[H]

AVT

[MTPA]

AC

[e/year]

EMkotug

[ kg CO2 / year]

EMcedelft

[ kg CO2 / year]

Barge 39 0.75 1,759,517 1375747 2233963

Truck 7 0.01 200,982 85135 73347

Pipe N/A 2.5 23,937,088 N/A N/A

Pipe N/A 10 36,648,529 N/A N/A

E-Pusher 44 0.62 1,614,655 *1215059 * 1842392

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher

In this scenario, the barge costs per ton are the lowest. The E-Pusher’s costs per ton are around

ten percent higher than the barge costs per ton. A pipeline of 10 MTPA is followed with also

relatively low costs per ton in comparison with the remaining modes. A pipeline of 2.5 MTPA

has high costs per ton. Truck transport has more than ten times higher costs per year than the

waterway modes in this scenario. Also, the truck transport emissions per year are ten times higher

than that for barge transport, derived by the KOTUG calculation. The CE Delft calculation results

in three times higher emissions per year for truck transport than that for barge transport. The

outcomes of the trade-offs in this scenario are presented in Figure 47 and Figure 48.

Table 9: Trade-off table for scenario 3

AC / AVT

[e/ ton]

EMkotug / AVT

[kg CO2 / ton]

EMcedelft / AVT

[kg CO2 / ton]

NettoCO2

KOTUG

[%]

NettoCO2

CEDelft

[%]

Barge 2.34 1.83 2.98 99.93 99.89

Truck 27.18 11.51 9.92 99.37 99.46

Pipe (2.5 MTPA) 9.57 N/A N/A N/A N/A

Pipe (10 MTPA) 3.66 N/A N/A N/A N/A

E-Pusher 2.61 *1.96 *2.98 * 99.93 * 99.89

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher
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Figure 47: Plotted trade-off between costs and volume trans-

ported in scenario 3

Figure 48: Plotted trade-offs for emissions to transported vol-

ume in scenario 3

8.4 Scenario 4: Rotterdam Yangtzehaven - Duisburg

The fourth scenario is the trajectory with a large distance, approximately 235 km. What should be

noted is that the pipeline of 2.5 MTPA is excluded from the model for this scenario. In literature, no

reliable interpolation values were available for this configuration and for such small volumes over long

distances it is most likely not feasible to implement a pipeline (Knoope et al., 2015). Nevertheless,

the other four transport possibilities were still analysed for this scenario. What can be observed

from Table 10, is that the cycle time for the E-Pusher takes eight hours longer compared to a general

barge. The difference in annual volume transported between the two transport modes by water is

0.11 MTPA. The variation in costs per year between both waterway modes is similar to the previous

scenarios. Also, for the waterway modes, the differences in emission per year outcomes between the

KOTUG calculation method and the CE Delft calculation method are from similar levels. The
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truck emissions per year are in the CE Delft calculation method around sixteen percent lower than

in the KOTUG calculation method. The pipeline costs per year for the modelled configuration in

this scenario are about twenty-five times higher than vessel costs per year.

Table 10: KPI Table scenario 4

CT

[H]

AVT

[MTPA]

AC

[e/year]

EMkotug

[ kg CO2 / year]

EMcedelft

[ kg CO2 / year]

Barge 49 0.6 1,804,673 1472424 2390948

Truck 11 0.01 209,847 94465 81385

Pipe N/A 10 50,054,063 N/A N/A

E-Pusher 57 0.49 1,617,746 *1281055 *1942462

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher

In this scenario, the barge costs per ton transported are the lowest, closely followed by the E-

Pusher. The pipeline is around two-thirds higher in euros per ton than the barge transport. That

is a factor of one and a half higher. The costs per ton for truck transport are thirteen times as high

as for barge transport, regarding the costs per year. Derived from the KOTUG calculation method,

the emissions per year, for a general barge and barge based on the E-Pushers’ operational profile

would be 2.46 and 2.63 kg CO2 per ton transported, respectively. Truck transport would emit

around seven times more. If the emissions would be calculated based on the CE Delft method, the

truck emissions would be four times higher than the barge emissions in this scenario. The outcomes

of the trade-offs in this scenario are presented in Figure 49 and Figure 50.

Table 11: Trade-off table for scenario 4

AC / AVT

[e/ ton]

EMkotug / AVT

[kg CO2 / ton]

EMcedelft / AVT

[kg CO2 / ton]

NettoCO2

KOTUG

[%]

NettoCO2

CEDelft

[%]

Barge 3.02 2.46 4.00 99.75 99.60

Truck 40.43 18.20 15.68 98.18 98.43

Pipe (10 MTPA) 5.01 N/A N/A N/A N/A

E-Pusher 3.33 *2.63 * 4.00 * 99.74 99.60

* Emissions of the E-Pusher are noted if an barge that would operate under the operational profile

of the E-Pusher
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Figure 49: Plotted Trade-off between costs and volume trans-

ported in scenario 4

Figure 50: Plotted trade-offs for emissions to transported vol-

ume in scenario 4

8.5 Overall Results

In this subsection, the results of all scenarios will be incorporated and presented differently than in

the previous sections. In the graphs below, the distance is displayed on the X-Axis, whereby the

dots presented the distance points of the specific trajectory distances in the considered scenarios.

As be seen from Figure 51, for the first scenario, the truck costs are more than eight times higher

than the waterway modes and the pipeline of 10 MTPA. This increases over further distances and is

therefore even not visible on the graph anymore. Furthermore, can be derived from Figure 51, that

a pipeline of 2.5 MTPA on short distance is concerning the costs per ton two times higher than the

other remaining modes. If the distance increases, the difference in costs per ton will only further
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increase for the 2.5 MTPA pipe compared to the other modes, with lower costs per ton. Eventually,

as stated in Section 8.4, is a pipeline of 2.5 MTPA not economically feasible from a large distance

and therefore not modelled anymore. The general barge, E-Pusher and pipeline of 10 MTPA are

for a very short distance similar in respect to the euros per ton transported. Approaching a short

distance will lead to an increase in euros per ton for the pipeline in comparison with the waterway

modes, which will in their turn remain similar to each other concerning the costs per ton. If the

distance increases to medium distances, the difference in euros per ton transported for the pipeline

of 10 MTPA will even become more than for the waterway modes. Thus a higher difference in

costs per ton is observed at medium distances, for the 10 MTPA pipe compared to the waterway

modes, than in short distances. This linear development will be more extreme if a large distance is

encountered as a trajectory. In the medium distance, the first significant difference in costs between

the general barge and the E-Pusher will occur, with lower costs in euros per ton for the general

barge. Also, this difference will develop linear to large distances. Finally, for large distances, the

general barge will be slightly lower in cost per ton than the E-Pusher, approximately 0.30 euros per

ton, namely.

In Figure 52 it is highlighted that the emissions per ton curves over the different distances for

the barge and the barge based on the E-Pusher’s operational profile will develop linearly with sim-

ilar outcomes at the different distance points. This behaviour could be observed both within the

KOTUG calculation method and the CE Delft calculation method for emissions per ton. Also for

the truck, the behaviour of the emissions develops similarly in both calculations. What should be

noticed is that the behaviour of the curve between different modelled distances develops not similar.

Within the first step from very short distance to a short distance, the curve is much steeper than in

the successive step from short distance to the medium distance. For large distances, the truck emits

seven times more CO2 per ton transported than barge transport, based on the KOTUG calculation.

Regarding the CE Delft calculations, truck transport emits approximately four times more kg CO2

per ton transported.

In Figure 53, it can be seen that the net CO2 percentage is decreasing if the distance increase.

This is both for the KOTUG as CE Delft calculation method. In the KOTUG calculation the

net CO2 percentage decrease from very short to large distances with 0.22 %. For the CE Delft

calculation, the net CO2 percentage decrease with 0.36 % from very short to large distances.
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Figure 51: Relation of the cost per ton over the distances

Figure 52: Relations of the emissions per ton over the different

scenarios

Figure 53: Relations of the net CO2 percentage over the dif-

ferent scenarios
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8.6 Conclusion

This chapter has answered the following sub-question:

5. What is the impact of deploying the E-Pusher in the transportation stage of CCS, to the

outcomes of the KPIs and trade-off between the KPIs of other possible transport modes?

From an economical point of view, the transport modes truck and the 2.5 MTPA pipeline are not

very competitive. Furthermore, from an environmental point of view, the truck has high emissions

per ton concerning the waterway modes. A pipeline of 10 MTPA has more potential in all scenarios

than a truck and a pipeline of 2.5 MTPA, given a cost perspective. For very short distances, a

pipeline of 10 MTPA has even the lowest costs per ton. The best performance concerning costs

per ton in all the scenarios is for the waterway modes. As long the distance increases, the general

barge would have the lowest costs per ton, given a range from 25 km to 235 km. The E-Pusher

is very competitive, regarding costs per ton, till short distances. But, even for medium and large

distances, the barge would not extremely outperform the E-Pusher in costs per ton. A critical note

is that these results are calculated based on the values of the input parameters. Some values of the

input parameters could be considered volatile. Therefore, it is interesting to highlight the impact of

certain developments such as changed fuel or electricity prices, decreasing loading degrees because

of waterway restrictions, and changed CAPEX for pipeline costs to the obtained results in this

section.

Regarding the emissions, a barge and a barge based on the E-Pusher’s operational profile perform

similarly for all distances. Therefore, the results of those could be generalised. As explained in Sec-

tion 6.3, the E-Pusher has zero TTW emissions, the direct savings of emissions at certain distances

for deploying the E-Pusher could be derived from the graph. Following the results from the KO-

TUG Calculation, the emissions savings in kg CO2 per ton transported for the different distances

are approximately 0.26 at 25 km, 0.68 at 65 km, 1.83 at 175 km, and 2.46 at 235 km. Remarkable

is that the emissions per ton in the CE Delft calculation are slightly higher than one and a half

times the emissions per ton in the KOTUG calculation. The difference can be declared by the fact

that the KOTUG calculation considered the number of litres required for a cycle, and then it is

multiplied by the emission ratio, 2.6 kg CO2 per litre. While, in the CE Delft calculation emissions

are calculated by the transport performance, expressed in tonne-kilometre. The CE Delft method

uses average emission factors for loaded and unloaded trips. The percentage net CO2 decreases

from very short distances to large distances with 0.22 % for the KOTUG and 0.36 % for CE Delft

calculation. The impact of deploying the E-Pusher on the emission savings would thus be higher at

larger distances.
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Part V

Evaluate
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9 Discussion, Evaluation and Sensitivity

In this chapter, the way of modelling and the obtained results are evaluated. First, the assumptions

made, are highlighted from a critical perspective in the discussion points. Then, the results will

be evaluated by a sensitivity analysis to see how robust the findings are to potential developments.

Lastly, the validation of assumptions and the scientific contribution of this thesis will be outlined.

Following the mentioned sequence above leads to an answer to the last sub-question of this research,

which will not be presented in this chapter but in the conclusion part in Section 10.1. The last

sub-question was formulated as follows:

6. Which potential developments have an impact related to the feasibility of deploying the E-

Pusher in CCS?

9.1 Discussion

• In this research, the CCS scope is orientated to the Netherlands and surrounding countries.

The implementation of CCS projects is in the preliminary stage. The CCS implementation in

itself will encounter several extra challenges not mentioned in this research. The most recent

challenge is that the Porthos project is delayed because of restrictions for new construction

plans (Porthos, 2022).

• KOTUG offered an interesting use case with the E-Pusher. The operational configuration anal-

ysed for the E-Pusher in this research provided interesting results. However, the uniqueness

of the configuration limits the possibility to generalise the findings of the E-Pusher to other

operational configurations. Also, it cannot be concluded what other emission-free vessels, with

different operational configurations, have potential in onshore CCS chains.

• Several linear relations could be observed, for instance for cost per ton over distance. The

number of transportation units is assumed to be irrelevant to the linear relation. It is only

used as multiplying factor, and thus is considered that extra transportation units would have

a similar cargo capacity. In practice, it could be that sharing infrastructure could lead to

lower costs, or that the transportation units of certain transport modes can have different

capacities. Also, certain relations for calculating the emissions are linearly modelled.

• Following the adapted framework led to calculating the KPIs based on the input and inter-

mediate variables. So given the operational characteristics of the transport modes, the KPIs

were calculated. But in practice, it might be the reverse. For instance, the annual volume

transported could be a given requirement that has to be met. Given a fixed amount of vol-

ume that has to be transported, it should be calculated how many cycles are required, the

corresponding costs and emissions. This could change the position of the transport modes, in

respect of the lowest costs per ton.
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• As can be observed from the results, the different calculation tools for the emissions led to

different outcomes. No wide consensus exists about what is the best calculation tool for

emissions in CCS chains. Regarding, the wide range of outcomes for the emissions, a critical

perspective is required if saved emissions are announced or published.

• The estimations for the pipeline costs were based on interpolation and cost data found in

literature about previous studies in Europe. Consulting an expert in pipeline modelling from

TNO, also for CCS chains, led to the finding that it is a decent first estimate. However, a

more detailed estimation tool is the one from Knoope et al. (2015). The OPEX of the pipeline

is in this study considered as a function of the compression and corresponding pressure drop.

• Another aspect that is not incorporated while modelling pipeline transport in the different

scenarios is that existing or building plans for pipelines are not considered in the model. An

already established pipeline would save the CAPEX costs drastically.

• As derived from the literature review and expert consulting, a point-to-point network for

onshore transport in CCS is considered in this research. Whereby, the origin is modelled as a

hub for all destinations. The network typology might change over time if the implementation

of CCS is in a more developed stage. Interesting could be what would be the effect on the

potential of the E-Pusher, if another network typology is applicable. An example of a change

in network typology is if inland hubs would be established, for collecting and distributing

smaller quantities.

• Also, within a cycle of a waterway or roadway, it is assumed that one empty trip between

the origin and destination is executed. Next to that, the transport flow can be considered for

these modes as a discontinuous flow in discrete time steps. The assumption for pipeline mode

was that given enough demand for volume, a continuous flow is applied. An important factor

that is not considered in this research is the overall transport system efficiency if a certain

transport mode is evaluated.

• As stated in the operational requirements from KOTUG in Section 6.5, the charging infras-

tructure is not widely implemented yet. In this research, it was assumed that enough charging

facilities are available within the modelled trajectories. However, implementing charging in-

frastructure might be associated with a lot of challenges to overcome, such as safety risks,

investment decisions and building restrictions.

9.2 Results Evaluation and Sensitivity

Several parameters are assigned to fixed values while in the practice these values might be volatile.

Such parameters are for instance the fuel and electricity price, the CO2 opportunity factor, the

loading degree and more. The impact of a 50% increase and decrease of these parameters on the

results in the base case scenarios will be evaluated in this section. The full sensitivity analysis is
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performed in Appendix C. The most relevant results of this sensitivity analysis will be highlighted

in this section.

An aspect, that also should be mentioned is that also a transition to electrifying trucks is ongoing

nowadays. However, it is not chosen to analyse the impact of zero-emission trucks in the validation

because the trucks are already highly outperformed, regarding the costs aspects. What is chosen to

evaluate instead, is a halved and doubled CAPEX for the 10 MTPA pipeline mode. In section 9.1,

it is mentioned that the pipeline costs can be much lower if an existing pipeline is used, or a pipeline

is already under construction. Therefore, it is interesting to discover the impact of a halved CAPEX

on the pipeline. Contrarily, it can be assumed that the CAPEX should be estimated as doubled

in residential areas, areas with rivers or mountains. Consequently, it is chosen to experiment with

an increase of 50% for the CAPEX of a pipeline. The truck mode and the pipe of 2.5 MTPA are

excluded in this sensitivity analysis because the high differences in the outcomes of the base cases

made them less interesting to further analyse.

Impact pricing developments

The impact of changes to prices such as fuel price, electricity price, CO2 opportunity factor and

the CAPEX of a pipeline can be summarised as follows: Increasing fuel prices lead to higher costs

per ton for the general barge, but the advantage for the E-Pusher is still minimal. In case, the

electricity price will be halved, the E-Pusher will have similar costs per ton as the general barge.

The E-Pushers’ costs per ton is not very sensitive to an increase in the CO2 opportunity factor.

The barge will still have the lowest costs per ton. A large impact can be observed if the CAPEX

of the pipeline is halved. Remarkable is that the pipeline of 10 MTPA has the lowest costs per ton

from very short to short distances. In the transition from short distances to medium distances, the

barge will take over the lowest costs per ton position. The E-Pusher will have similar costs as the

pipeline of 10 MTPA with a halved CAPEX for medium distances. Larger distances lead to a small

advantage in costs per ton for the E-Pusher.
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Figure 54: Sensitivity of cost per ton to pricing developments

Loading degree

The sensitivity of the results in the base cases to changes in the loading degree has only been

experimented with for a decrease of 50% because a doubled loading degree requires other operational

configurations. Fully loaded cargoes are assumed in the base case. A halved loading degree for the

waterway modes leads to the lowest costs per ton for the pipeline of 10 MTPA over all distances

considered. The emissions in kg CO2 per ton, in the KOTUG calculation, are doubled for both

waterway modes, if half of the load is transported. It could be declared by the fact that the same

amount of kg CO2 is emitted but the annual transport volume is halved. In the CE Delft calculation,

the emissions were not sensitive to load changes. This could be declared by the way of modelling

in the CE Delft method, namely, based on the transport performance in tonne-kilometre. A halved

load rate, resulting in a halved tonne-kilometre per cycle is compensated by the halved annual

volume transported.
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Figure 55: Sensitivity of cost per ton and emissions per ton to

a halved load

Energy requirement

A halved energy requirement for the E-Pusher leads to the lowest costs per ton compared to the

other modes, from short to large distances. A doubled energy requirement leads to a similar position

as the base case for the E-Pusher. More specifically, higher costs per ton than the general barge

but still lower costs per ton than the pipeline of 10 MTPA, from short to large distances.

Figure 56: Sensitivity of costs per ton to change in energy

requirements for the E-Pusher

Fuel consumption

The relation between fuel consumption to the costs per ton and the emissions per ton could be

considered linear. A halved fuel consumption leads to halved costs per ton and halved emissions per

ton. Similarly, this pattern could be observed for the impact of a 50% increase in fuel consumption

to costs per ton and emissions per ton. Likewise, the emissions per ton in the CE Delft method are

not sensitive to changes in loading degree, it is also not sensitive to changes in fuel consumption.

Because emissions are calculated by tonne-kilometre.
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Figure 57: Sensitivity of costs per ton and emissions per ton

to changes in fuel consumption for the general barge

9.3 Validation and Scientific Contribution

Several parties and experts contributed to this research. First, KOTUG provided interesting in-

sights into the E-Pusher from a commercial, technical, and operational point of view. An expert

from SHIFT, the collaborating company with KOTUG for supplying battery packs, provided also

operational details that had to be considered in developing a calculation model. MARIN, a mar-

itime research institute provided the results of the simulation for the operational configuration, see

Figure 35, that was analysed in this research. Also, industrial companies like TOTAL BV, Shell and

a trucking company provided (expected) operational data of CCS transport for the model. Most

of the information about CCS was found in the literature. However, the assumptions made for the

developed model were also obtained and validated by meetings with Aramis, CO2Next and Gasunie.

The industrial party VT Shipping and the maritime research institute STC-Nestra provided insights

about liquid bulk transport and developments in sustainability for this type of transport. Meetings

with Rijkswaterstaat, a part of the Dutch Ministry of Infrastructure and Water Management allowed

the author of this thesis to validate the modelling assumptions for sailing with barges. An expert

from TNO validated the way of modelling for pipeline transport. Also, some other, not mentioned,

parties contributed to the validation of the model. The scientific contribution of this thesis can be

formulated as follows:

This thesis contributed to the scientific literature by incorporating a sustainability factor into

the framework of Konings (2009). The adapted model allowed to analyse a barge transport mode

within a CCS chain from an academic perspective, while simultaneously meeting the desires of

industrial maritime companies. Maritime companies would like to retrieve insights into the potential

of emissions-free transport modes in CCS. This is not done before. The model has strengths that it

outlines the important operational KPIs and added an environmental KPI to consider. Furthermore,

the KPIs could be set off against each other. Consequently, new research topics to be explored are

Delft University of Technology 97



found in this thesis, see Section 10.2.
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10 Conclusion and Recommendations

This section of the thesis provides the conclusion to the main answer and the recommendations for

further research. The research started in collaboration with the TU Delft and KOTUG. KOTUG

attempts to discover the possibilities for the E-Pusher in more transportation services, in particular

the transportation network of CCS. From an academic perspective, it was not investigated what

the role and the impact on the emissions might be for emission-free vessels in CCS chains. In

this research, it is, therefore, attempted what the potential might be for the E-Pusher in the

transportation network of CCS. The structure of this thesis follows the methodology of the SIMIE

approach. First, in State the Problem, the problem statement, knowledge gap, research objective

and research question were defined. Second, in Investigate Alternatives, the existing literature about

modelling barge networks and requirements for CO2 transport by ship were identified. Third, in

the Model the Current State, it was figured out how the network of CCS will be designed in the

future by analysing the supply and demand, and the stakeholder dynamics behind CCS. Also, in

this part, a more detailed analysis of the E-Pusher and the E-Pusher’s configuration within CCS

was performed. The last step in this part was to generate a model and scenarios for simulating

realistic transportation trajectories of CCS. Following the mentioned steps, in the Integrate part,

the simulation was performed to obtain the results. Finally, in the Evaluate part, the validation

and sensitivity analysis were performed. The research ends with this chapter, providing the answer

to the formulated main question by first answering all sub-questions in Section 10.1. Derived, from

the conclusions several recommendations for further academic research and KOTUG are given in

Section 10.2.

10.1 Conclusions

1. How are barge transport networks designed and what are the performance indi-

cators to evaluate a barge transport network?

An adapted framework of Konings (2009), allowed to formulate KPIs to consider in this

research from a network perspective, whereby both traditional KPIs from operators and ship-

pers are considered as well as a sustainability KPI, which has significant importance nowadays.

The KPIs considered are Operational Impact and Sustainability. The Operational Im-

pact can be divided into operational capacity expressed in cycles per year, transported volume

expressed in MTPA, and transportation costs in euros per year. Sustainability is defined by

the CO2 emissions, expressed in kg CO2 per year.

2. What are the technical, operational and economical requirements for onshore

transport of carbon dioxide by ship?

Transport of CO2 by ship can be in fixed tanks or containers. Furthermore, liquefaction of

CO2 is required. Economically, transport conditions close to the triple point are desired, but
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it increases the safety risks, for instance, the formation of hydrates and dry ice. In literature,

the most cost-effective liquefaction conditions, whereby safety risks are limited, are found at a

pressure of 15 bar and a temperature of -27 degrees. Also, the ship size can influence shippers

to determine the optimal transport conditions.

3. What is the current state of carbon capture (utilisation) and storage inland ship-

ping chain?

(a) What are the possible areas to transport liquefied CO2 from and to, and what

are the corresponding volumes and time-span?

Currently, the active CCS projects are contributing to the upscaling of CCS infrastructure

in the Netherlands, which is not implemented yet. Aramis expects to supply CO2 with

a gradual increase from 5 MTPA in 2026 to 10 MTPA in 2030 and 20 MTPA in 2035.

Besides Aramis, also Porthos and CO2next are developing CCS infrastructure in the Port

of Rotterdam. The capture area of CO2 has a large potential in the Northern European

Region, in particular for the Rhine Area. Also, within the Netherlands, several clusters

might be attractive, such as the Chemelot cluster. CCU projects are also expected to

increase the demand for carbon transport but are not expected to be operational in

the short-term. Likewise, the building of the infrastructure for the hub in the Port of

Rotterdam, also other construction plans for hubs elsewhere in Europe exist, such as

Eemshaven, Port of Immingham, Wilhelmshaven and Gdansk.

(b) How can a CCS transportation network be modelled?

A hub-and-clustering network has several costs and risk advantages for upscaling the

whole value chain of a CCS network. Therefore, a hub-and-clustering network is proposed

for the whole value chain of CCS. Regarding, the onshore transportation network it is

proposed that the destinations are point-to-point connected to a centralised hub. No

intermediate inland hubs are proposed, this is because freight is already bundled in

the ports acting as the hub and the point-to-point connections offer flexibility in the

implementation phase of a CCS project.

(c) In what way are stakeholders supporting or blocking certain objectives and

requirements of carbon transport within CCS?

Where in the past CCS was often criticised by several parties, nowadays, a wide consensus

among the different stakeholders exists about the significant role of CCS in reaching cli-

mate goals. However, certain issues should be overcome to guarantee that CCS projects

will succeed this time. First of all, a chicken-egg problem could be observed. CCS projects

want to build the infrastructure but need participators, participators need the infrastruc-

ture and funding from public authorities, while the public authorities need guarantees for

building the infrastructure before granting funds. Furthermore, the London Protocol is

forming a barrier for the transboundary transport of CO2. Bilateral agreements between
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countries could overcome this issue. Another potential driver for CCS projects might be

the ETS. ETS is expected to support the upscaling of CCS projects by creating incentives

for companies to participate.

4. What are the technical-operational characteristics of the E-Pusher?

The E-Pusher is a zero-emission push-boat concept powered by swappable containers and

operational during the day. Two standardised barges can be connected to the E-Pusher L-

Type. Given this configuration, the loading capacity is limited to 5500 tons and the installed

power is 600 kW. The required shaft power is around 500 kW under a sailing speed of 12

km/h. The total battery capacity is 4.8 MW.

5. What is the impact of deploying the E-Pusher in the transportation stage of CCS,

to the outcomes of the KPIs and trade-off between the KPIs of other possible

transport modes?

For very short distances a pipeline of 10 MTPA will provide the lowest costs per ton trans-

ported. However, increasing the distances will lead to higher costs per ton compared to the

waterway modes. Till short distances, the E-Pusher is very competitive concerning costs per

ton transported compared to the transport mode with the lowest costs per ton, the general

barge. Increasing the distances from short to medium and large distances lead to higher dif-

ferences in costs per ton between the E-Pusher and the general barge, but the E-Pusher is

not extremely outperformed compared to the other transport modes, such as the truck, a

pipe of 2.5 MTPA and a pipe of 10 MTPA. Regarding the emissions per ton in the KOTUG

calculation, the E-Pusher could save for distances of 25 km, 65 km, 175 km, and 245 km,

approximately 0.26, 0.68, 1.83, and 2.46 kg CO2 per ton transported, respectively. In case the

CE Delft calculation is used, the values will be slightly more than one and a half times higher,

compared to the KOTUG calculation. The percentage net CO2 decreases from very short

distances to large distances with 0.22 % for the KOTUG and 0.36 % for CE Delft calculation.

The impact of deploying the E-Pusher on the emission savings would thus be higher at larger

distances.

6. Which potential developments have an impact related to the feasibility of deploy-

ing the E-Pusher in CCS?

First of all, some barriers exist to the feasibility of the CCS implementation, for instance,

construction restrictions for building CCS infrastructure. Second, in this research it is assumed

that the pipeline should be built from the beginning, in practice, it might be that an already

implemented pipeline could be used. The sensitivity analysis for a halved CAPEX of a 10

MTPA pipeline illustrated the change in position for the lowest costs per ton. The E-Pusher

set against to the pipeline of 10 MTPA has under this development higher costs per ton for

very short to short distances, even costs per ton for medium distances and large distances lower

costs per ton. Another pricing development such as increased fuel prices leads to a minimal
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advantage for the E-Pusher compared to the general barge, over all the distances. Halved

electricity costs lead to similar costs per ton for both waterway modes over all distances. No

sensitive behaviour is observed for E-Pusher’s costs per ton compared to the other competitive

modes if the CO2 opportunity factor is changed with a factor of 50%. If the E-Pusher requires

half of the energy, it becomes the transport mode with the lowest costs per ton. A halved fuel

consumption for the general barge leads to halved costs per ton for the general barge. Similarly,

given the KOTUG calculation, the emissions per ton will be halved for the general barge. The

calculated emissions per ton in the CE Delft method are not sensitive to this change, because

the emissions are calculated by the transport performance in tonne-kilometre. Also, if the

loading degree is halved, the emissions per ton in the CE Delft method are not sensitive

because of the way of modelling. What is very sensitive if the load is halved, is the costs per

ton of the waterway modes. In that case, the pipeline of 10 MTPA becomes the transport

mode with the lowest costs per ton over all the distances.

Main Research Question

Following from the answers to the sub-questions, the answer to main research question, ”Which

requirements and conditions determine to what extent the E-Pusher could be a suitable

inland transport mode for liquid carbon within the transport stage of a CCS chain, and

what are the emission effects to the CCS chain if the E-Pusher is deployed?”, can be

summarized as follows:

The answer to the main question can be divided into three sub-answers. The first answer is given

from a higher scope, regarding the general barriers and drivers for the implementation barriers and

drivers of CCS projects. The second sub-answer is more orientated to the position of the E-Pusher

in a potential CCS transport network. The last sub-answer is focussing on the emission savings if

the E-Pusher would be deployed.

1. This research presented that enough storage capacity, supply and demand of CO2 transport

can be observed in the future. However, for the implementation of CCS, several barriers exist,

and thus also for the potential role of the E-Pusher within CCS. First, the following chicken-

egg problem can be observed. CCS initiatives are willing to build the infrastructure but

need participators, participators need the infrastructure and funding from public authorities,

and the public authorities in their turn need guarantees of building infrastructure before

granting funds. Also, the London Protocol prohibit transboundary transport of CO2 for

storage purposes. This issue is assumed to be solved if CCS will be implemented. Furthermore,

a driver could be the ETS, whereby incentives a created to attract participators for CCS

projects, and thus for the upscaling of CCS projects.

2. Regarding the potential of the E-Pusher in the proposed transportation network if CCS is

implemented the following answer can be given. Mainly, the barge would perform the best
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in costs per ton over all the distances. The E-Pusher’s performance is in general better than

a truck and a pipeline of 2.5 MTPA. For very short distances, a pipeline of 10 MTPA would

result in the lowest costs per ton. But if the distances increase the E-Pusher would have

lower costs per ton than the pipeline of 10 MTPA. Till short distances, the E-Pusher is very

competitive to the general barge and if the distances increase to large distances the E-Pusher is

not very outperformed by the general barge. The developments that can directly influence the

competitiveness of the E-Pusher negatively are a halved CAPEX for the 10 MTPA pipeline

and a halved loading degree for the waterway modes. A halved CAPEX for a pipeline is

realistic when an already established pipeline will be used or a pipeline is already planned to

be built. Halved loading degrees are also a realistic development for large distances because

of waterway restrictions on the Rhine. On the other hand, increased fuel prices or halved

electricity prices can give the E-Pusher a slightly more advantageous position compared to

the other modes.

3. Given the proposed network typology and trajectories it is found that deploying the E-Pusher

could lead to direct TTW emissions savings. Based on the KOTUG calculation, whereby the

fuel consumption of a general barge is considered, the direct savings are 0.26 kg CO2 per ton

for very short distances of 25 km, increasing to 2.46 kg CO2 per ton for large distances of

245 km. The TTW savings derived from the CE Delft calculation, whereby the transport

performance is considered, would be approximate, in each trajectory, one and half times than

in the KOTUG calculation. These results, confirm the findings from (Weihs et al., 2014) stated

in Section 1.1.1. Weihs et al. (2014) stated that longer shipping distances lead to increasing

CO2 emissions from fuel combustion and boil-off, and thus to a decreased real amount of CO2

injected and avoided. Also, in this research, the emissions from barge transport increase if

the shipping distances increase. The percentage net CO2 decreases from very short distances

to large distances with 0.22 % for the KOTUG and 0.36 % for CE Delft calculation. The

E-Pusher would thus save more emissions under larger distances.

10.2 Recommendations

This research provided the first insights into the potential to deploy a zero-emission vessel into a

CCS transport network. Because, both the CCS transport network and the deployment of zero-

emissions vessels are not in a very developed stage, it is important to investigate and validate new

research aspects. First, the general research recommendations will be given. Then, the specific

recommendation for the commissioner of this report, KOTUG will be provided.

Recommendations for Further Academic Research

• The analysis to assess the KPIs for all considered transport modes in all the modelled scenarios
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is performed from a network perspective. To validate the impact of the E-Pusher in a certain

trajectory, the execution of a more in-depth analysis for each scenario is recommended. Espe-

cially for the E-Pusher and a conventional barge, certain operational trajectory characteristics

can have a significant impact on the KPIs. Examples of these trajectory characteristics are

stronger currents, low water levels in the rivers, poor weather, losses of energy because of

manoeuvring and much more. Also, for modelling pipeline transport at a certain distance,

building restrictions might be encountered. The assumed Euclidean distance might not be

realistic in all trajectories, for instance, rivers or residential can be present in the trajectories.

• Also, another aspect of modelling the pipeline transport of CO2 should be reconsidered. The

estimated costs of the pipeline are determined in this research by interpolation based on

different studies for pipeline building plans in Europe. Expert consulting revealed that it is a

decent first estimate tool. However, Knoope et al. (2015) provided a more accurate estimation

tool to calculate the pipeline costs and corresponding energy consumption based on more

relevant parameters, such as diameter outlet, pressure drop, heat ratio, the universal gas

constant and more. It was chosen, to consider the rough estimates by interpolation because of

the time pressure for executing this research and the lack of information for all the included

values of the parameters in the modelled scenarios. For further research, it is recommended

to use the more accurate calculation tool of Knoope et al. (2015) and obtain all the values for

the specific parameters.

• Next to that, expert consulting led to the assumption that the compression costs can be ne-

glected in this explorative phase of determining the CO2 transportation costs. This is because

the costs are assumed to be crossed out against each other for the different transport modes.

Similarly, this is assumption is made for the energy consumption of compressing the CO2.

In further research stages, incorporating the compression costs and energy requirements for

transporting the CO2 can widen the scope of this research and provide the results concerning

the costs and energy consumption with more reliability.

• A certain network typology is chosen in this research. In later implementation stages of CCS,

also other network typologies might have potential. For instance, a more detailed hub-and-

spoke network in the inland transport chain. The impact of more intermediate hubs and

the corresponding bundling of loads to the outcomes of this proposed network typology is

interesting to outline. Further research could focus on how efficient the proposed transport

systems are or how to make the proposed transport systems more efficient.

• Reporting the emissions from transportation is performed by two different methods. The

first one is by using the KOTUG Calculation based on fuel consumption and the second one

is by using the CEDelft calculation based on the transport performance in tonne-kilometre.

The results of both methods are different to each other. From an academic perspective, it is

interesting to determine what type of calculation method is most valid. Also, other methods
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for calculating emissions could be considered. Furthermore, other aspects concerning emis-

sions could be considered in further research. In this research, only the TTW emissions are

considered it might be interesting to calculate the emissions of a certain mode from the manu-

facturing processes of the different components to the end-of-life state. But, also regarding the

TTW emissions further research might be interesting. In this research, the sailing behaviour

of captains, which might have an impact on TTW emissions, is neglected.

Recommendations for KOTUG

Next to the academic recommendations, also for the commissioner of this research more practical

recommendations can be given. As mentioned, KOTUG is a company ahead in maritime excellence.

In line with the ambitions of KOTUG to contribute to the global climate transition by scaling-up

zero-emissions solutions, this research outlined what the potential is for the E-Pusher in future CCS

projects. Below, the recommendations are given within the reach of KOTUG, to retrieve more

insight into the potential role of the E-Pusher in CCS.

• First, a more thorough analysis of the operational configuration of the E-Pusher considered in

this thesis is recommended. The operational configuration in this research was based on the

simulation results of MARIN. Interesting for KOTUG is to retrieve insights into the feasibility

of this operational design, regardless of CCS projects. Retrieving findings of the operational

features in practice enables one to determine the operational impact based on facts, instead

of only assumptions. Also, in this comprehensive analysis, it could be tested how robust the

proposed configuration of the E-Pusher in this research is to trajectory conditions, such as

strong currents resulting in more energy requirement and waterway restrictions resulting in

lower cargo loads.

• Second, it is recommended to perform a more detailed commercial analysis when the develop-

ment of CCS projects is in a further stage. From a network perspective, this research provided

some explorative commercial results in terms of cost prices per ton transported. However, be-

cause the projects are in developing stages and no current CCS transports are active in both

the Netherlands as well as the surrounding countries, it was not possible to determine how

valuable offering a CO2 transport service is. Another aspect, that is recommended in this

commercial analysis is to investigate the possibilities and corresponding added value for KO-

TUG to collaborate with other potential allies in a CCS transport network. On the supply

side, a large developing demand by the industrial emitters for liquefied carbon transport is ob-

served. Also, the parties for handling the received liquefied CO2 are developing their projects,

such as Porthos and CO2Next. Pursuing an active and engaged role opens possibilities for a

first-mover advantage in CCS shipping chains.
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• Third, a recommendation is to obtain more insight into how a potential charging infrastructure

for electric vessels in CCS chains could be designed and evaluated. Examples of design factors

that could be considered are how many charging points are required, the distance between

charging points, and implementing fixed or mobile charging solutions. This recommendation

has relevance for both KOTUG and the general academic research field.
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Part VI

APPENDICES

A E-Pusher Types

In Table 12, the characteristics of all E-Pusher types are presented.

Table 12: E-Pusher Vessels’ Specifications

E-Pusher Type

Characteristics
S S+ M L

Type of transportation Inner cities
Inner cities and

Larger waterways
Short distances Larger waterways

Dimensions

Length over all 5.7 m 9 m 16 m 20.5 m

Width 2.38 m 3.5 m 7.4 m 9.5 m

Max. draught 0.5 m 0.85 m 1.35 m 1.35 m

Minimum airdraft 0.9 m 1.80 m 4.30 m 5 m

Max. eye height 2.80 m 9 m 11 m

Propulsion

Electric azipods 2 * 15 KW 1 * 140 KW 2 * 300 KW 3 * 300 KW

Accomodation

Standard TEU Units 2 3

Certification

Communautair +/- 6000 m3 +/- 3500 m3 +/- 200 m3
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B Formula List and Model Overviews

B.1 Overviews of the Models in Excel
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Figure 58: Barge model
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Figure 59: Truck model
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Figure 60: Pipeline model
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Figure 61: E-Pusher model
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C Sensitivity Analysis

C.1 Pricing developments

Fuel price impact:

In this analysis, the impact to the trade-off costs per ton transported if fuel prices changes for the

barge will be presented. What can be observed from Figure 62, is that if the fuel prices decrease

with 50 percent the Barge has only more and more advantage. If the fuel prices increase with 50

percent, the E-Pusher has a small advantage regarding the costs, in comparison with the barge.

Figure 62: Sensitivity of the transport costs to changes in fuel

price, expressed in euro per ton transported.

Electricity Price impact:

In this analysis, it will be presented how changes in electricity prices could impact the trade-

off between costs and volume transported. What can be observed from Figure 63, is that if the

electricity prices decrease with 50 percent the E-Pusher will have similar costs as a general barge,

over very large distances the E-Pusher even has a small advantage in costs, compared to the general

barge. An increase in electricity costs will have a contrarily impact, the E-Pushers’ costs will only

be further away to the costs of the general barge.
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Figure 63: Sensitivity of the transport costs to changes in

electricity price, expressed in euro per ton transported.

CO2 Tax Impact:

In this analysis, it will be presented how an increase or decrease of the CO2 opportunity factor

would influence the costs per ton for the E-Pusher. As can be derived from Figure 64, a halved CO2

opportunity factor leads to higher costs per ton for the E-Pusher. An increase of 50 percent to the

CO2 opportunity factor leads to lower costs for the E-Pusher. But the general barge will still have

the lowest costs per ton.

Figure 64: Sensitivity of the transport costs to changes in CO2

factor, expressed in euro per ton transported.

CAPEX Pipeline:

In this analysis, it will be presented how an increase or decrease of the pipelines’ CAPEX will change

the trade-off costs for the pipeline. As can be derived from Figure 65, a halved pipeline CAPEX

will give the lowest costs for very short and short distances. The barge will be again the transport
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mode with the lowest costs if medium distances are selected. This pattern could also be observed

for large distances. The E-Pusher will have similar costs per ton as a Pipeline with halved CAPEX

for medium distances, for large distances the E-Pusher will have slightly lower costs per ton. The

costs pipeline with a 50 percent increased CAPEX will higher in comparison with the waterway

modes, the behavior of this curve is similar as to the base case pipeline curve.

Figure 65: Sensitivity of the transport costs to changes in the

CAPEX of a pipeline, expressed in euro per ton transported.

C.2 Loading impact and energy requirement

Loading degree:

In this analysis, it will be presented how a decrease of the load of the waterway modes will impact the

costs per ton and the emissions per ton. An increase is not considered because both configurations

are already assumed as fully loaded. As can be observed from Figure 66 and 67, will the pipeline

have lower costs from short distances to large distances if the loading degree is halved for the vessels.

Regarding the emissions based on KOTUG calculation, it can be observed that the emissions will

be doubled for each vessel within each trajectory. This can be declared by the fact that the load is

multiplying factor in the KOTUG calculation. A load factor of 0.5 will have a direct impact to the

the annual volume transported, which will be the halved on similar basis. The emitted KG CO2 is

not related to the load factor in this calculation, thus the direct impact is logical. The same amount

of CO2 emitted will be divided by a halved annual transport volume, resulting in doubled kg CO2

per ton transported. The CE Delft calculation is not presented, this emissions in this calculation

were not sensitive to the load changes. This can also be declared by the way of modelling the

emissions. The emissions are calculated based on the transport performance in tonne-kilometre.

A halved load rate, resulting in a halved tonne-kilometre per cycle is compensated by the halved

annual volume transported. Thus, no effect.

Delft University of Technology 121



Figure 66: Sensitivity of a halved load degree for the waterway

modes to the the transport costs per ton

Figure 67: Sensitivity of a halved load degree for the waterway

modes to the the transport costs per ton, KOTUG Calculation

Energy Requirement E-Pusher

In this analysis, it will be presented how a changes in energy required per cycle for the E-Pusher

influence the trade-offs. As can be observed from Figure 68, a halved amount of energy required

results in the lowest costs per ton for the E-Pusher in comparison with all transport modes, from

short distances to large distances. A doubled amount of energy required per cycle leads to similar

costs per ton as for the pipeline, in medium distances. No observations could be made about the

impact of this change to the general barges’ emissions per ton. This, is because the emissions are

linearly modelled based on the number of litre required per cycle, for a barge. Thus, therefore this

aspects needs to be modelled to determine the impact to the emissions.
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Figure 68: Sensitivity of energy requirements for the E-Pusher

to the trade-offs

Fuel consumption general barge

In this analysis, the fuel consumption for a general barge is increased or decreased with 50 percent,

for all scenarios. What can be observed, from Figures 69 and 70 is that both the costs per ton

and emissions per ton in the KOTUG calculation have a linear relation to the fuel consumption.

Logically, a halved fuel consumption for a barge leads to lower costs per ton for the barge, which has

already in the base case the lowest costs per ton. An increase of 50 percent for the fuel consumption,

results in higher costs per ton from short distances to large distances, for the barge compared to

the E-Pusher. Regarding the emissions, the emitted CO2 per kg will also doubled or halved if the

fuel consumption is increased or decreased by 50 percent. The CE Delft calculation method will

result in similar values if the fuel consumption is changed. This is because the fuel consumption is

not considered in this method. The emissions are calculated by tonne-kilometre.
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Figure 69: Sensitivity of fuel consumption general barge to

costs per tons

Figure 70: Sensitivity of fuel consumption general barge to

emissions in kg CO2 per tons
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Abstract – Carbon Capture and Storage (CCS) is

considered an essential solution to reaching climate

goals. The two main identified transport modes in

CCS, pipelines and ships, are widely compared to each

other in the literature. This research contributes to

the literature about the evaluation of transportation

modes in CCS chains, by determining to what extent

electrified ships can play a role in CCS. This is not

studied before. This research is executed by following

the Systems Engineering approach, in particular

the SIMIE process. In a proposed point-to-point

network for onshore transportation, mainly general

diesel-propelled barges would perform with the lowest

costs per ton, whereby the distance ranges from 25

km up to 250 km. As longer the distances, more

Tank-to-Wheel (TTW) emissions savings could be

obtained if barge transport is electrified. Identifying

the most accurate emissions reporting method and

performing operational validation for modelling the

transport modes and trajectories could provide the

obtained results with more scientific and practical

robustness.

Keywords: Carbon Capture and Storage, TTW Emis-
sions, Systems Engineering, Transportation, Electrifica-
tion

Part I

State of the Problem

1 Introduction

Globally, companies and governmental authorities are
identifying possibilities to contribute to reaching climate
goals. Carbon Capture and Storage is considered a tem-
porary solution to decrease CO2 emissions. On the global
level, the contribution of CCS to decreasing CO2 emis-
sions is expected at 30%. Therefore, CCS is considered an
essential solution to reach the climate goals, also, in the
Netherlands (Rijksoverheid, 2021). In this research, the

potential of a new transport innovation is evaluated as a
transport mode within a CCS chain. This new transport
mode is an electrified pusher tug, called the E-Pusher. The
innovation is introduced by KOTUG and is a modular and
scalable electric pusher tug that is powered by swappable
energy containers.

Commonly, a CCS value chain is organised as follows:
First, CO2 is captured at the emission site. Second, the
CO2 is transported from the emission site to a collection
point. Then, from the collection point, the CO2 will be
transported to an offshore location. Finally, the CO2
will be injected under the seabed at the offshore loca-
tion. The scope of this research is bounded by the onshore
transportation from the emissions sites to the collection
points, see Figure 1. Furthermore, the geographical scope
is mostly bounded by the North-Western European Region
closely connected to empty (gas) fields under the seabed,
with the main focus on the industrial clusters connected
to the Port of Rotterdam in the Netherlands.

Figure 1: Visual depiction of the scope of this research

Currently, the CCS transportation infrastructure is not
established and implemented. The development of in-
frastructure and transport services is of high importance
to achieve full-scale CCS deployment. Therefore, effi-
cient and reliable solutions are required in the value chain
(Størset et al., 2018). The most viable transport solutions
are pipelines and ships. In literature, pipelines are found
to be suitable for short distances and large emissions ca-
pacities. While ships offer higher flexibility for short-term
solutions, are more cost-effective for longer distances and
for lower emission capacities (Kjärstad et al., 2016; Rous-
sanaly et al., 2013). The flexibility of ships is expected to
contribute to the scale-up stages of CCS projects. How-
ever, a disadvantage of ships is that for longer distances
the actual amount of CO2 emissions saved is reduced be-
cause of fuel combustion and boil-off (Weihs et al., 2014).
An aspect that is not researched yet is the impact of elec-
trified ships on the CO2 emissions resulting from the trans-
port in CCS chains. Also, it is not investigated yet how
feasible electrified ships are in CCS transportation chains.
Therefore, the effect of using electrified ships as a trans-
port mode in CCS on the decrease in CO2 emissions is
formulated as knowledge gap.
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1.1 Research Objective

Scientific research into the feasibility of electrified ship
transport in CCS chains has not been executed yet. Ful-
filling the main goal of this research contributes to the
scientific literature. The main goal of this thesis is to de-
termine to what extent electrified ship transport can play
a role and what the emissions impact is if electrified ship
transport would be deployed, in the transportation stage
of CCS chains. To achieve the main goal, this research at-
tempts to provide an answer to the main question, which
is formulated as follows: ”Which requirements and con-
ditions determine to what extent the E-Pusher could be a
suitable inland transport mode for liquid carbon within the
transport stage of a CCS chain, and what are the emission
effects to the CCS transportation chain if the E-Pusher is
deployed?”.

1.2 Research Structure

First, the methodology for executing this research will be
explained. Second, the remaining literature review will be
performed. Third, the current state of CCS in the Nether-
lands and surrounding countries will be determined. Then,
the model and built scenarios to perform the analysis will
be explained. Thereafter, the results following from sim-
ulating the model and scenarios will be presented. Sub-
sequently, the results will be evaluated by a sensitivity
analysis. Summarising the findings will lead to an answer
to the main question that is given in the conclusion. Fi-
nally, in the discussion part, the recommendations derived
from this research will be given.

2 Methodology

Systems Engineering is an approach based on system
thinking. Not only the considerations of the whole sys-
tem but also the considerations of subsystems are incor-
porated. Because this research also has multiple system
levels, such as a CCS chain at a higher level and trans-
portation mode systems at lower levels, Systems Engi-
neering is forming a reliable fundamental structure of this
research. Within Systems Engineering multiple types of
approaches exist. This research followed an adapted form
of the SIMILAR process. Each sign of SIMILAR indicates
a step in the whole process (INCOSE, 2014). For the SIM-
ILAR process, the sequence of steps is State the problem,
Investigate, Model the System, Integrate, Launch the sys-
tem, Assess performance, and Re-evaluate. The last three
steps are combined because Launch the System and Asses
Performance is not possible given the explorative nature
and limitations for the execution time of this research. The
abbreviated form of the SIMILAR approach results in the
SIMIE approach. The steps and corresponding relevance
of SIMIE to this research are explained in this section and
presented in Figure 2.

• State of the Problem:
Create a clear definition of the Problem and the
Scope.

• Investigate the Alternatives:
Perform remaining literature research. Define the
transportation requirements.

• Model the System:
Determine the current state. Generate the model and
scenarios.

• Integrate:
Obtain the results by simulation of the model and
scenarios.

• Evaluate:
Validate the assumptions and outcomes. Provide the
conclusions and recommendations.

Figure 2: SIMIE approach in this research
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Part II

Investigate Alternatives

3 Literature Review

3.1 Framework and KPIs

Because the E-Pusher is a waterway mode, the main focus
of all the considered CCS transportation modes is orien-
tated to the barge mode. Barge transport is recognised as
an important transportation mode of freight in countries
with a large transport capacity and high-quality of water-
ways. Most of the transport is moved between the seaports
and the hinterland (Wiegmans and Konings, 2007). Kon-
ings (2009), developed a framework to design and assess
an intermodal barge transport network from both opera-
tor’s and shipper’s perspectives. The framework of Kon-
ings (2009), is suitable to use in this research because the
whole CCS network can be considered as an intermodal
transport network. Inland transport operations can be
performed by pipeline, barge, truck or rail, while offshore
transport can be pipeline or ship only. Therefore, this
framework is used as starting point. However, the frame-
work has also some limitations for this research. In this
research, not the operator’s or shipper’s perspectives but a
network perspective is considered. Furthermore, the KPIs
are only dedicated to operational and financial factors. At
the time the framework was developed, sustainability was
not of high significance in designing and assessing trans-
portation networks. An extra layer indicating a network
perspective and an extra KPI Sustainability are added to
overcome the mentioned limitations. The adapted version
of the framework is visible in Figure 3.

Figure 3: Adapted framework for barge network design
Note. Figure made by the Author, adapted from Konings

2009

The KPIs considered in assessing the performance of a
barge network are derived from the adapted framework.
In this research, the operational impact and sustainabil-
ity are determined to be the KPIs to assess. In Table
1, the KPIs are presented with corresponding units. It
is chosen to combine the frequency and transport time
in the operational capacity of a vessel. This KPI will be
expressed in cycles per year. Associated with the num-
ber of cycles per year it is also important to express the

amount of volume transported. The KPI will be thus,
transported volume expressed in tons per year, or in a
more common unit that is used in CCS chains, namely
Mega Ton per Annum (MTPA). The costs’ KPI will be di-
vided into Operational Expenditures (OPEX) and Capital
Expenditures (CAPEX). Both will be expressed in euros
per year. The sustainability KPI, emissions, will be ex-
pressed in kg CO2 emitted per year. Reliability expresses
how reliable a system is. This KPI will not be calculated
quantitatively. The reliability aspects for each transport
mode will be covered in literature research and thus it will
not be considered in a model later in the research. In
the validation phase, reliability aspects can be considered
during the evaluation of the results.

Table 1: KPIs to asses the E-Pushers’ potential

KPI Indicator Unit
Operational
Impact

Operational capacity Cycles/year

Transported volume MTPA
Costs OPEX Euros / year

CAPEX Euros / year
Sustainability Emissions CO2 kg CO2 / year

3.2 Transport Conditions

Several transport requirements apply for moving the cap-
tured CO2 by barge. The CO2 is required to be liquefied.
Different temperatures and pressures exist to transport
liquefied CO2. Economically, it is desired to obtain trans-
port conditions close to the triple point of CO2 (Xu et al.,
2018). However, transport conditions close to the triple
point increase the risks of safety issues, such as the forma-
tion of hydrates and dry ice (Equinor, 2019). Seo et al.
(2016) found given a cost-effective perspective whereby
safety risks are limited, optimal transport conditions are
at 15 bar under a temperature of -27 degrees. For a barge
mode, the liquefied CO2 can be transported either in fixed
tanks or containers.

Part III

Model the System

4 Current State

In the previous section, the KPIs to asses a network design
are determined. In this section, a transportation network
suitable for evaluation will be proposed and the motives
for selecting this design will be explained.

4.1 Proposed network typology

Currently, the CCS transportation infrastructure is not
(widely) implemented yet. Hub-and-clustering networks
are required for upscaling CCS networks. The advantages
of hub-and-clustering networks can be summarised as re-
ducing costs, decreasing risks for new CCS projects and
removing interdependency between the size of individual
emitters and their investment decisions (Global CCS In-
stitute, 2016). Therefore, for the whole value chain of
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CCS projects hub-and-clustering networks are expected.
Regarding, the onshore transportation network a differ-
ent typology is proposed in this research. Kreutzberger
(2008), stated that for an inland barge network freight is
already bundled in the ports, therefore, it is not neces-
sary to establish intermediate hubs. Moreover, Bellona
Germany (2019 found that a point-to-point network of-
fers more flexibility in the implementation phase of CCS
chains, which is the current phase of CCS. Thus, if the
scope is limited to the onshore transportation phase, the
connections from the hub to the emitters can be consid-
ered point-to-point. This is depicted in the green box in
Figure 4.

Figure 4: Proposed network typology in a Dutch CCS
system

Note. Figure made by the Author

4.2 Potential Transportation Routes and
Infrastructure

In the Netherlands, several CCS projects are contribut-
ing to the upscaling of infrastructure for CO2 transport,
which is not implemented till now. Aramis, a project for
upscaling the infrastructure between emissions sites and
the collection point in the Port of Rotterdam, expects a
gradual increase from 5 MTPA in 2026 to 10 MTPA in
2030 and 20 MTPA in 2035. Besides Aramis, also Porthos
and CO2next are developing CCS infrastructure in the
Port of Rotterdam. CO2next is establishing the terminal
to collect and supply CO2 by ship, in the Port of Rotter-
dam. CO2next expects a supply between 2.5 to 7.0 MTPA
for liquefied CO2 by ship, in the first stage of the Aramis
project (Ministry of Economic Affairs and Climate Policy,
2021). The development of this supply can be driven by
different industrial clusters, such as the Chemelot cluster
and the North Rhine Westphalia cluster. This is because
these clusters are closely connected to the Dutch waterway
system (Bellona Germany, 2019). The transport services
of CO2 can also be driven by Carbon Capture and Utili-
sation (CCU) projects, but it is not expected that this is
feasible in the short-term.

Similarly, as the building plans for the hub in the Port of
Rotterdam, also construction plans for hubs elsewhere in
Europe are developing. Examples of other potential hubs
are Eemshaven, the Port of Immingham, Wilhelmshaven
and Gdansk. Figure 5, presents an overview of connecting
ongoing and potential CCS projects.

Figure 5: Connecting ongoing and potential projects
Note. From Bellona Germany, (2019)

4.3 CCS Stakeholder Dynamics

CCS on itself is not a new solution. In the past, several
projects were running to implement CCS on a wider scale,
both in the Netherlands and worldwide. However, ear-
lier CCS projects were unsuccessful because of technical,
legal and political factors (Akerboom et al., 2021). Stake-
holders have to cooperate effectively in future CCS devel-
opment plans to overcome the failure factors of previous
failed projects. A circumstance that is different nowadays,
compared to the periods of previous CCS projects is that
CCS is more widely supported as a solution to reach cli-
mate goals. CCS deployment is perceived as inevitable,
even by NGOs. However, some barriers exist concerning
the implementation of CCS. On the international level, the
London Protocol is forming a barrier. It is not allowed to
dump waste from one country to another country. Bilat-
eral agreements have to be made between countries to al-
low transboundary transport of CO2 for storage purposes
(Reyes et al., 2021). Moreover, on the national level, a
chicken-egg problem can be observed. The current Dutch
CCS projects stated that they are willing to build infras-
tructure, but they need emitters that are willing to partici-
pate. Emitters need the infrastructure and also funding to
bridge the gap between transportation and storage costs.
On the other hand, the public authorities want a guar-
anteed available infrastructure available before providing
funds. Also, this problem should be solved to stimulate
CCS implementation. Nevertheless, also drivers for CCS
engagement are expected. The EU Emissions Trading Sys-
tem (ETS) is expected to stimulate companies investing in
decarbonization by making business cases for companies
financially more attractive (Reyes et al., 2021; Buirma,
2020).

5 Model and Scenario Generation

In the previous phases of the research, the introduction,
methodology and other analyses were performed to outline
the context of this research. Bridging the gap between the
previous phases and obtaining results requires a model and
scenarios for simulation. Therefore, in this section, the
model and scenario generation will be explained.
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5.1 Model Objective

The purpose of the model is to allow a simulation for re-
alistic transport trajectories in a CCS chain. Therefore, it
is needed to incorporate relevant transportation require-
ments to approach a realistic simulation. Furthermore,
the model should present the KPI output in a transparent
and interpretable way.

5.2 Model Terminology and Design

The model is composed of three types of variables. The
first type of variables is the independent variables,
which forms the input of the system and is not influenced
by the other variables. The second type of variables is the
dependent variables, which presents the KPI output.
These variables are calculated by the model. The KPIs of
the model mainly correspond with the formulated KPIs of
Table 1. Only the operational capacity is slightly changed
in the cycle time of a transport mode. The last type of
variables is the intermediate variables, which are cal-
culated internally in the model but do not represents the
KPI output. The relation between the variables and the
model is depicted in Figure 6.

Figure 6: Relation between the variables and the model

5.3 Modelling Assumptions

In this section, the main differences in modelling the dif-
ferent transport modes are explained. An overview of the
base-case model is presented in Appendix A.

The waterway and roadway transport modes are mod-
elled with discontinuous transportation flows. First, from
the Port of Rotterdam, an empty trip is executed to the
emitter, and then from the emitter, the cargo is trans-
ported back to the Port of Rotterdam. Following this way
of modelling, the annual transported volume of the men-
tioned transport mode will be calculated. For the pipeline
mode, two fixed annual volumes are given. One pipeline
of 2.5 MTPA and one pipeline of 10 MTPA will be eval-
uated. Both pipelines are assumed in the model with a
continuous transportation flow.

The costs per year for the waterway and roadway modes
will be calculated based on the operational profiles and
scenario characteristics. For estimating pipeline costs, in-
terpolation will be performed. The data of interpolation is
found in studies about modelling pipelines in CCS chains
within Europe (Knoope et al., 2013; ZEP, n.d.). The tra-
jectory distance will be multiplied by the value for costs
per km, derived from interpolation.

Regarding the reporting of emissions, two methods for
calculating the emissions will be used. The first one is
called the KOTUG calculation whereby the number of
litres per cycle will be calculated and thereafter converted
to annual litre consumption. The number of litres of diesel
per cycle and the number of annual cycles will be multi-
plied by the emissions factor for kg CO2 per litre of diesel.
The second method is from CE Delft, whereby the trans-
port performance will be considered. The annual tonne-
kilometre of a transport mode will be calculated and then
multiplied by an emission factor for tonne-kilometre. An-
other important remark is that the emission factors corre-
spond with Thank-to-Wheel values. Thus, only the emis-
sions resulting from operating the transport services will
be considered. This will only be done for the roadway and
waterway modes, thus not for the pipeline.

The following comparison is made, concerning the emis-
sion savings of the E-Pusher compared to a general barge.
Based on the operational profile of the E-Pusher in a cer-
tain scenario, the emissions of a barge with an equal oper-
ational profile are calculated. This is because the capacity
and cycle time of a barge are expected to be higher com-
pared to the E-Pusher. Guaranteeing a fair comparison
requires the actual emissions of a barge based on the E-
Pusher’s operational profile. Besides, for all considered
transport modes, the costs and energy consumption for
compressing the CO2 are crossed out against each other.

5.4 Scenario Generation

Generating scenarios is forming the last step before exe-
cuting the simulation in this research. It is chosen to build
four scenarios based on different distances. The distances
are based on the distance between the expected CO2 ter-
minal in the Yangtzehaven in the Port of Rotterdam and
a potential emitter derived from the Aker Carbon Cap-
ture map. The emitters are modelled for a very short (∼
25 km), short (∼ 65km), medium (∼ 155km) and large
distance (∼ 235 km). First, the model simulates a gen-
eral, diesel-propelled, barge transport in CCS. Then, ad-
justments will be made to the model for transportation
by truck, pipeline, and E-Pusher. Noted should be that
for the barge and the E-Pusher the waterway distances
are derived, for truck transport the roadway distance and
for pipeline transport the euclidean distance. To sum-
marise, in total are four scenarios built, whereby in each
scenario four transport modes are modelled. These modes
are the general barge, truck, pipeline and the E-Pusher.
An overview of the modelled system is given in Figure 7.
Another overview of the all the modelled scenarios and
configurations is presented table-wise in Appendix B.

Figure 7: System design
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Part IV

Integrate

6 Results

In this section, the relevant results will be highlighted.
To keep this research paper concise, it is chosen to only
present the overall results and not present the KPI output
table for each individual scenario. Furthermore, it should
be noted that KPIs are set against each other to make fair
comparisons.
The first KPIs that are set out against each other are

the annual volume transported and the total costs. The
resulting trade-off presented, is the costs in euros per ton
transported. In Figure 8, the costs in euros per ton are
presented for all the transport modes over all the scenar-
ios. The lines indicate the different modelled transport
modes. Each bullet point on a line indicates the approx-
imate distance of a scenario. The euros per ton for the
truck transport were in such a higher range that it is not
presented in the graph. Thus, truck transport has ex-
tremely high costs per ton compared to the other modes.
Also, for the pipeline of 2.5 MTPA it was found in liter-
ature that it is not economically feasible to implement a
pipeline of 2.5 MTPA at large distances. Therefore, the 2.5
MTPA is only modelled for the first three scenarios. Com-
paring the costs per ton of the 2.5 MTPA pipe to the other
modes, it can be seen that the other modes have significant
lower costs per ton for the three scenarios. Nevertheless,
not all the modelled pipeline configurations perform with
high costs per ton. The pipeline of 10 MTPA has the low-
est costs per ton at a very short distance. If the distance
increases, the costs per ton of the pipe of 10 MTPA will
not be the lowest anymore. Mainly, the waterway modes
have the lowest costs per ton over all distances, except
for a very short distance. Especially, the barge performs
with the lowest costs per ton. The E-Pusher’s cost per
ton is slightly higher compared to the barge over all the
distances.

Figure 8: Relation of the costs per ton over the distances

Regarding the emissions, a barge and a barge based on
the E-Pusher’s operational profile perform similarly for all
distances. Therefore, the results of those could be gener-
alised. The E-Pusher has zero TTW emissions, the direct
savings of emissions at certain distances for deploying the
E-Pusher could be derived from the graph. Following the
results from the KOTUG calculation, the annual emissions

savings in kg CO2 per ton transported for the different dis-
tances are approximately 0.26 at 25 km, 0.68 at 65 km,
1.83 at 175 km, and 2.46 at 235 km.

Figure 9: Relation of the emissions per ton over the
distances

Also in Figure 10, the emissions per ton are presented.
These results are derived by following the method of CE
Delft for calculating the emissions. Remarkable is that the
annual emissions per ton in the CE Delft calculation are
slightly higher than one and a half times the emissions per
ton in the KOTUG calculation.

Figure 10: Relation of the emissions per ton over the
distances

In Figure 11, the net CO2 percentage is given. The
net CO2 is calculated by subtracting the emissions during
transportation from the annual volume transported. As
can be seen, the net percentage of CO2 decreases from
very short distances to large distances with 0.22 %, given
the KOTUG emission calculation.
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Figure 11: Net CO2 derived from the KOTUG
calculation

In Figure 12, the net CO2 is presented similarly
presented as in Figure 11. However, below it is presented
for the CE Delft calculation. The same pattern could
be observed as for in the KOTUG calculation. The net
CO2 percentage decreases with 0.36% from very short
distances to large distances.

Figure 12: Net CO2 derived from the CE Delft
calculation

Part V

Evaluate

7 Sensitivity Analysis

A high number of developments or uncertainties exist that
potentially can influence the obtained results. Therefore,
in this section, the highlights of the impact of an increase
and decrease of some modelled variables on the obtained
results are presented.
The first shown results of the sensitivity analysis are a

50% increase or decrease in the pipelines’ CAPEX. A de-
crease is realistic because existing pipelines could be used
which will drastically decrease the CAPEX of a pipeline.
An increase is also realistic in case the pipeline should be

built near rivers or residential areas. What can be ob-
served from Figure 13, is that a decrease in the pipeline
CAPEX leads to a different position of the pipe as trans-
port mode, concerning the costs per ton. The red line indi-
cates that the pipeline of 10 MTPA will be the transport
mode with the lowest costs per ton till short distances.
The pipe performs with equal costs per ton at medium
distances, compared to the E-Pusher. Only, at larger dis-
tances, the E-Pusher would have lower costs per ton than
the pipeline of 10 MTPA.

Figure 13: Sensitivity of costs per ton to halved CAPEX
pipeline

Likewise the CAPEX decrease of the pipeline, also, a
halved load degree for the waterway vessels have a huge
impact on the positions of the general barge and the E-
Pusher. The halved load degrees are realistic because of
low water levels and waterway restrictions on the Rhine.
In the case of halved load degrees, the pipeline of 10 MTPA
performs with the lowest costs per ton over all scenarios.

Figure 14: Sensitivity of costs per ton to halved load
degree

Regarding the costs per ton, a 50% increase in the diesel
prices or a halved energy price would give the E-Pusher a
slightly more advantageous position than in the base case,
but the developments do not have a similar impact as the
depicted developments in this chapter and are therefore
not depicted.

8 Conclusion

The main goal of this thesis was to determine to what
extent electrified ship transport can play a role and what
the emissions impact is if electrified ship transport would
be deployed, in the transportation stage of CCS chains.
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The E-Pusher from KOTUG was evaluated as electrified
ship mode in this research.
Derived from the research goal was the following main

question: ”Which requirements and conditions de-
termine to what extent the E-Pusher could be a
suitable inland transport mode for liquid carbon
within the transport stage of a CCS chain, and
what are the emission effects to the CCS chain if
the E-Pusher is deployed?” The answer to the main
question is threefolded.
First, regardless of the transport modes, several barriers

related to CCS implementation should be overcome. CCS
projects, potential emitters and public authorities need a
more extensive collaboration for stimulating CCS imple-
mentation. Also, the issues arising because of the London
Protocol needs to be solved. On the other hand, ETS
is found as a potential enabler for CCS implementation
because the driver creates incentives for participators in
CCS.
Second, regarding the position of the E-Pusher in CCS

compared to the other modes, the E-Pusher is not out-
performed by the other modes and might be even compet-
itive. The E-Pusher has slightly more costs per ton for
transporting CO2 than the barge, which has the lowest
costs per ton. For very short distances, a pipeline of 10
MTPA will perform with the lowest costs per ton. Never-
theless, potential developments with a significant impact
on the E-Pusher’s position compared to the other modes
are found. A halved CAPEX for a pipeline, which is real-
istic when a pipeline is already established, has a negative
effect on the position of the E-Pusher. Also, a halved load
degree, which is realistic because of low water levels and
waterway restrictions, dangers this position.
Third, regarding the potential emission savings of the

E-Pusher, the findings of this research are in line with the
findings of Weihs et al. (2014). Also in this research, in-
crease the emissions from barge transport if the distance
increases. The E-Pusher could have more emission savings
for longer distances. The percentage net CO2 decreases
from very short distances to large distances with 0.22 %
for the KOTUG calculation and 0.36 % for CE Delft cal-
culation.

9 Discussion and Recommenda-
tions

The contribution of this research to the existing scientific
literature, about transport modes in a CCS chain, lies in
the fact that a sustainability factor is added to evaluate
the different transport modes. The adapted framework of
Konings (2009) and derived KPIs provided the opportu-
nity to outline the emission effects of a zero-emission vessel
in a CCS chain. This is not done in earlier academic re-
search. Resulting from the conclusions and limitations of
this research, new research topics are found. Which are
described below.
Firstly, operational validation for both the transport

modes and the trajectory characteristics as well as the
E-Pusher’s configuration in this research is recommended.
Examples of trajectory characteristics that might have an
impact on the results of this research are stronger cur-
rents, lower water levels, and poor weather. Regard-

ing the E-Pusher’s energy requirement, it is interesting
to validate the simulation results in practice. Now the
technical-operational features are only derived from simu-
lation results. For pipeline modelling, building restrictions
might be encountered that do not allow a Euclidean dis-
tance, and thus could impact the costs of implementing a
pipeline. Also, Knoope et al. (2015) provide a more accu-
rate method for estimating pipeline costs than the method
that is used in this research. For further research, it is rec-
ommended to use the method of Knoope et al. (2015) and
obtain all relevant parameters and corresponding values
for pipeline modelling.

Moreover, it is recommended to investigate the most
accurate method for reporting emissions of transport ser-
vices in CCS chains. This research considered a first
method for reporting the emissions based on fuel consump-
tion, called the KOTUG calculation. The other method,
called the CE Delft method, considers the transport per-
formance for the emission calculations. The results from
both methods are different from each other but indicate
the same KPI. Another aspect that could extend the scope
of this research is to consider also emissions from manufac-
turing processes of the different components of the trans-
port modes. In this research, only TTW emissions are
assumed.

Next to that, expert consulting led to the assumption
that the compression costs can be neglected in this explo-
rative phase of determining the CO2 transportation costs.
This is because the costs are assumed to be crossed out
against each other for the different transport modes. Sim-
ilarly, this is assumption is made for the energy consump-
tion of compressing the CO2. In further research stages,
incorporating the compression costs and energy require-
ments for transporting the CO2 can widen the scope of
this research and provide the results concerning the costs
and emissions with more reliability.

Finally, further research is recommended concerning the
potential network of CCS. It is interesting how robust the
results of this research are if different network typologies
are evaluated. For instance, a more detailed hub-and-
spoke network, with more intermediate hubs whereby the
load could be bundled is a possibility to investigate. Re-
garding a CCS network perspective and electrification of
transport modes, it is also interesting to obtain more in-
sight into how to design and evaluate a potential charging
infrastructure network for electric vessels in CCS chains.

References

Akerboom, S., Waldmann, S., Mukherjee, A., Agaton, C.,
Sanders, M., & Kramer, G. J. (2021). Different
this time? the prospects of ccs in the netherlands
in the 2020s. Frontiers in Energy Research, 9,
644796.

Bellona Germany. (2019). Nrw could become the pioneer
in establishing a european co2 infrastructure [Re-
trieved from, https : / / bellona . org / news / air -
pollution / 2019 - 09 - wie - nrw - zum - vorbereiter -
einer - klimaneutralen- industrie - in - deutschland-
und-europa-wird].

8

https://bellona.org/news/air-pollution/2019-09-wie-nrw-zum-vorbereiter-einer-klimaneutralen-industrie-in-deutschland-und-europa-wird
https://bellona.org/news/air-pollution/2019-09-wie-nrw-zum-vorbereiter-einer-klimaneutralen-industrie-in-deutschland-und-europa-wird
https://bellona.org/news/air-pollution/2019-09-wie-nrw-zum-vorbereiter-einer-klimaneutralen-industrie-in-deutschland-und-europa-wird
https://bellona.org/news/air-pollution/2019-09-wie-nrw-zum-vorbereiter-einer-klimaneutralen-industrie-in-deutschland-und-europa-wird


Buirma, M. I. M. J. (2020). Ship Based Carbon Capture
Storage and Utilisation: A supply chain feasibility
study. Graduation Thesis TU Delft, 54–70.

Equinor. (2019). Nothern lights project concept report re-
pm673-00001.

Global CCS Institute. (2016). Global status of ccs: Spe-
cial report. understanding industrial ccs hubs
and clusters [Retrieved from, https : / / www .
globalccsinstitute . com / wp - content / uploads /
2019/08/Understanding- Industrial - CCS- hubs-
and-clusters.pdf].

INCOSE. (2014). INCOSE - What is System Engineer-
ing? [Retrieved from, http ://www. incose . org/
practice/whatissystemseng.aspx].

Kjärstad, J., Skagestad, R., Eldrup, N. H., & Johnsson,
F. (2016). Ship transport—A low cost and low
risk CO2 transport option in the Nordic countries.
International Journal of Greenhouse Gas Control,
54, 168–184.

Knoope, M., et al. (2015). Costs, safety and uncertainties
of co2 infrastructure development, 91–97.

Knoope, M., Ramırez, A., & Faaij, A. (2013). A state-of-
the-art review of techno-economic models predict-
ing the costs of co2 pipeline transport. Interna-
tional journal of greenhouse gas control, 16, 241–
270.

Konings, R. (2009). Intermodal barge transport: Network
design, nodes and competitiveness, trail thesis se-
ries nr. T2009/11, TRAIL Research School, Delft.

Kreutzberger, E. D. (2008). The innovation of intermodal
rail freight bundling networks in europe concepts,
developments, performances.

Ministry of Economic Affairs and Climate Policy. (2021).
Ruimtelijke verkenning CO2 transport en -opslag,
situatie medio 2021 [Retrieved from, https :
/ / www . rvo . nl / onderwerpen / bureau -
energieprojecten/lopende-projecten/ruimtelijke-
verkenning - co2 - transport - opslag # rapport -
ruimtelijke-verkenning].

Reyes, A., Røe, I. T., & Jordal, K. (2021). Co ship trans-
port: Benefits for early movers and aspects to con-
sider.

Rijksoverheid. (2021). Kamerbrief over stand van zaken
Carbon Capture and Storage (CCS) [Retrieved
from, https://www.rijksoverheid.nl/documenten/
kamerstukken / 2021 / 12 / 10 / kamerbrief - over -
stand-van-zaken-ccs].

Roussanaly, S., Jakobsen, J. P., Hognes, E. H., &
Brunsvold, A. L. (2013). Benchmarking of CO2
transport technologies: Part I—Onshore pipeline
and shipping between two onshore areas. Inter-
national Journal of Greenhouse Gas Control, 19,
584–594.

Seo, Y., Huh, C., Lee, S., & Chang, D. (2016). Compar-
ison of co2 liquefaction pressures for ship-based
carbon capture and storage (ccs) chain. Interna-
tional Journal of Greenhouse Gas Control, 52, 1–
12. https://doi.org/https://doi.org/10.1016/j.
ijggc.2016.06.011

Størset, S. Ø., Tangen, G., Wolfgang, O., & Sand, G.
(2018). Industrial opportunities and employment
prospects in large-scale CO2 management in Nor-
way. SINTEF Rapport.

Weihs, G. F., Kumar, K., & Wiley, D. (2014). Under-
standing the economic feasibility of ship transport
of co2 within the ccs chain [12th International
Conference on Greenhouse Gas Control Technolo-
gies, GHGT-12]. Energy Procedia, 63, 2630–2637.
https : / /doi . org /https : / /doi . org /10 . 1016/ j .
egypro.2014.11.285

Wiegmans, B. W., & Konings, R. (2007). Strategies and
innovations to improve the performance of barge
transport. European Journal of Transport and In-
frastructure Research, 7 (2).

Xu, M., Zhang, Q., Wang, Z., Liu, J., & Li, Z. (2018).
Cross impact of co2 phase and impurities on the
corrosion behavior for stainless steel and carbon
steel in water-containing dense co2 environments.
International Journal of Greenhouse Gas Control,
71, 194–211. https://doi.org/https://doi.org/10.
1016/j.ijggc.2018.02.011

ZEP. (n.d.). The Costs of CO2 Transport: Post-
demonstration CCS in the EU.

9

https://www.globalccsinstitute.com/wp-content/uploads/2019/08/Understanding-Industrial-CCS-hubs-and-clusters.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2019/08/Understanding-Industrial-CCS-hubs-and-clusters.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2019/08/Understanding-Industrial-CCS-hubs-and-clusters.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2019/08/Understanding-Industrial-CCS-hubs-and-clusters.pdf
http://www.incose.org/practice/whatissystemseng.aspx
http://www.incose.org/practice/whatissystemseng.aspx
https://www.rvo.nl/onderwerpen/bureau-energieprojecten/lopende-projecten/ruimtelijke-verkenning-co2-transport-opslag##rapport-ruimtelijke-verkenning
https://www.rvo.nl/onderwerpen/bureau-energieprojecten/lopende-projecten/ruimtelijke-verkenning-co2-transport-opslag##rapport-ruimtelijke-verkenning
https://www.rvo.nl/onderwerpen/bureau-energieprojecten/lopende-projecten/ruimtelijke-verkenning-co2-transport-opslag##rapport-ruimtelijke-verkenning
https://www.rvo.nl/onderwerpen/bureau-energieprojecten/lopende-projecten/ruimtelijke-verkenning-co2-transport-opslag##rapport-ruimtelijke-verkenning
https://www.rvo.nl/onderwerpen/bureau-energieprojecten/lopende-projecten/ruimtelijke-verkenning-co2-transport-opslag##rapport-ruimtelijke-verkenning
https://www.rijksoverheid.nl/documenten/kamerstukken/2021/12/10/kamerbrief-over-stand-van-zaken-ccs
https://www.rijksoverheid.nl/documenten/kamerstukken/2021/12/10/kamerbrief-over-stand-van-zaken-ccs
https://www.rijksoverheid.nl/documenten/kamerstukken/2021/12/10/kamerbrief-over-stand-van-zaken-ccs
https://doi.org/https://doi.org/10.1016/j.ijggc.2016.06.011
https://doi.org/https://doi.org/10.1016/j.ijggc.2016.06.011
https://doi.org/https://doi.org/10.1016/j.egypro.2014.11.285
https://doi.org/https://doi.org/10.1016/j.egypro.2014.11.285
https://doi.org/https://doi.org/10.1016/j.ijggc.2018.02.011
https://doi.org/https://doi.org/10.1016/j.ijggc.2018.02.011


10 Appendix A: Overview of the Model

Figure 15: Overview of variables, parameters and KPIs
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11 Appendix B: Scenarios and
Configurations

Table 2: Overview of scenarios with corresponding
configurations and distances

Scenario Configuration Distance
1. Rotterdam Yangtzehaven - Botlek 1.1 Barge 25 km

1.2 Truck 25 km
1.3 Pipeline 20 km
1.4 E-Pusher 25 km

2. Rotterdam Yangtzehaven - Moerdijk 2.1 Barge 65 km
2.2 Truck 85 km
2.3 Pipeline 50 km
2.4 E-Pusher 65 km

3. Rotterdam Yangtzehaven - Arnhem 3.1 Barge 175 km
3.2 Truck 155 km
3.3 Pipeline 135 km
3.4 E-Pusher 175 km

4. Rotterdam Yangtzehaven - Duisburg 4.1 Barge 235km
4.2 Truck 245 km
4.3 Pipeline 195 km
4.4 E-Pusher 235 km
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