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ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Baiocchi Transport is a key element of carbon dioxide (CO,) capture, transport, and storage (CCTS) supply chains.
Early movers, particularly inland emitters (e.g., in continental Europe), do not yet have access to a fully
developed CO, network infrastructure connecting them with the offshore storage hubs (e.g., in the European
northern seas, as these belong to the first wave of storage infrastructure that will be developed in Europe).

Keywords:
CO, supply chains
CO, transport

CO, networks Therefore, specific source-to-sink CCTS supply chains combining and integrating different transport options
ccs must be developed and deployed first. In this work we analyse such transport options, which include (i)
Hard to abate sectors tank containers that can be transported by trucks, trains, barges, or ships, (ii) dedicated tanks permanently

integrated into trucks, trains, barges, or ships, and (iii) pipelines. We develop general and portable methods,
criteria, and correlations to determine the cost of transport through any given connection between two nodes in
a CO, network infrastructure, using any of the modes of transport above, as a function of distance and capacity.
In particular, the correlations are based on real data collected through interviews with service providers
and stakeholders. Based on the associated techno-economic assessment and the consideration of additional
performance indicators of a more holistic nature, we carry out a multi-criteria assessment of the different
transport options. Such multi-criteria approach allows for a holistic and transparent comparative assessment
of the different alternatives for a whole CCTS supply chain, as illustrated with reference to a very specific

connection.

1. Introduction and scope the North Sea (see Fig. 1). Therefore, it is a key challenge for the
deployment of carbon capture and storage to connect efficiently such

The increase in the concentration of greenhouse gases caused by emitters to the storage site through a dedicated transport network.
human activities in the atmosphere has led to unprecedented changes Locating new CO, underground storage sites closer to point-source
in the climate system (IPCC, 2021). Among greenhouse gases, carbon emitters may need years to succeed, thus the need for a CO, transport
dioxide is the most abundant and has the largest contribution to radia- network remains. Transport of CO, has attracted attention only in
tive forcing (Forster et al., 2007; IPCC, 2022). From 280 ppm during the recent years, despite its crucial role in the implementation of carbon

pre-industrial era, its concentration in the atmosphere rose to 410 ppm
in 2021. According to the Paris Agreement, there is a necessity for
a strong, rapid, and sustained reduction of greenhouse gas emissions
to limit global warming and to contain the harmful effects of climate
change (IPCC, 2021). Carbon capture and storage technologies belong
to the portfolio of instruments needed to achieve this climate target by
decarbonising hard-to-abate industry sectors and by providing negative
emissions when applied to bio-energy production plants (BECCS) (IPCC,
2022; Der Bundesrat, 2022).

In Europe, most of industrial emitters are spread all over the conti-
nent, while most of the sites for permanent underground CO, storage
are under development in the northern region, especially in and around

capture, transport and storage (CCTS) technologies. In this study, the
acronym CCTS will be used to underline the importance of transport for
the successful deployment of carbon emissions reduction technologies.
Numerous studies have addressed the design of CCTS supply chains
and networks for the long-term time horizon, focusing mostly on CO,
transport via ship and pipeline (Bjerketvedt et al., 2022; d’Amore
et al., 2021; d’Amore et al., 2021; Elahi et al., 2014; Nie et al., 2017;
Kalyanarengan Ravi et al., 2017; Leonzio et al., 2019; Zhang et al.,
2020; Luo et al., 2014; Alhajaj and Shah, 2020; Morbee et al., 2012;
Knoope et al., 2014; Roussanaly et al., 2013, 2014, 2021). Among
them, Knoope et al. (2014) have assessed the costs of gaseous phase
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Fig. 1. Industrial hard-to-abate emission sources (chemical, food, iron and steel,
manufacturing and transformation, non-ferrous metals, non-metallic minerals, pulp
and paper, waste sectors) and CO, storage sites in operation, under development or
announced in Europe (Endrava, 2022).

and dense phase pipelines on different terrains (Knoope et al., 2014).
Roussanaly et al. (2013) have conducted a detailed numerical study
of transport and conditioning costs of onshore and offshore CO, trans-
port by ship and by dense phase pipeline for different distances and
capacities (Roussanaly et al., 2013, 2014). A subsequent study has
concluded that for offshore transport, pipelines are preferred for shorter
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Fig. 2. Phase diagram for pure CO, adapted from Span and Wagner (1996). Transport conditions are represented by the red, purple and green areas for liquid, dense and gas

phase, respectively.

distances and larger mass flows, while ships offer more flexibility and
are thus used for transporting over longer distances but with smaller
mass flows (Roussanaly et al., 2021). However, both these transport
modes require years to be developed and implemented. In fact, while
many projects are under development (AirLiquide, 2022; DNV, 2022;
Mitsubishi, 2022; TGE, 2022; SWZ Maritime, 2022; Man Energy Solu-
tions, 2022; Dan-Unity CO,, 2021), there are currently no dedicated
CO, ships with a capacity larger than 1800t¢o,, as the existing ones
are mainly used for the food and beverage industry (Brownsort, 2015;
Yara, 2015; Haugen et al., 2017). Similarly, CO, pipelines would
require years to be constructed (Becattini et al., 2022). Furthermore,
substantial investments are required for a pipeline network. It is there-
fore reasonable to assume that such a network will only be built if
both storage capacity and volumes of CO, captured are guaranteed
at the necessary scale. At the same time, emitters will only capture
CO, if the transportation to a storage site is assured. This deployment
dilemma between the different stages of the CCTS chain might make the
development process unsustainably slow. Nevertheless, it is urgent to
act against global warming (Portner et al., 2022; IPCC, 2022), and early
mover emitters are willing to implement CCTS in the near-term time
horizon (Brevik CCS, 2022; ACCSESS, 2021; DETEC, 2022). For these
emitters, alternative transport options could be attractive as they allow
to accelerate the effective start-up of CCTS projects. Beside relying
on technologies available nowadays, inland emitters need solutions to
transport CO, to the coast before having access to maritime transport.
As of today, the transport of CO, via road or via rail has only been
considered for specific applications such as BECCS or a coal power plant
with post-combustion capture (Stolaroff et al., 2021; Roussanaly et al.,
2017). Some studies consider additional metrics besides the techno-
economic assessment, such as Becattini et al. (2022), who have studied
an optimal infrastructure rollout for Switzerland considering techno-
economic and environmental performance (Becattini et al., 2022) and
a resilient network (Gabrielli et al., 2022). Zanobetti et al. (2023) have
performed a multi-objective optimisation of economic and environmen-
tal aspects for point-to-point pipelines (Zanobetti et al., 2023). While
focusing on ship transport only, Bjerketvedt et al. (2020) have studied
the consequences of operational fluctuations and uncertainties on the
design and expected cost of ship-based CO, transport for a single-source
single-sink CCTS supply chain (Bjerketvedt et al., 2020). In Demir
et al. (2015), a review has been conducted to examine the negative
externalities of freight transportation organised by mode (road, rail,
maritime, and air) in a general sense, but the study does not specifically
address CO, transport (Demir et al., 2015).

In this article, we propose a comprehensive multi-criteria assess-
ment of CO, transport options including road, railway, barge, ship,
and pipeline transport. Based on data gathered in most cases directly
from service providers and logistics companies, we provide a techno-
economic assessment and derive correlations that can be used to eval-
uate the performance of each transport option for any distance and
amount of CO, to be transported. Additionally, the technical and
environmental performance, the implementation horizon, the reliabil-
ity, and the scalability of the transport options are considered. The
overarching goal of this study is to identify existing and future transport
options, to provide a holistic comparative analysis of these options and
to design promising pathways for CO, transport by combining the com-
ponents of the supply chain and by using the portable tools provided in
this study. In particular, we provide an overview of transport options
for the near-term that allow for a rapid implementation, thus bridging
the gap to large-scale deployment. Ultimately, this paper will benefit
institutional and industrial early movers, who aim to deploy these
solutions in the near, medium, or long term, as well as researchers, who
want to explore quantitatively the complexity of CO, supply chains and
their deployment.

The article is structured as follows. Section 2 introduces and de-
scribes all potential transport options for CO, transport. Section 3
describes the methodology used for the techno-economic assessment
of the transport options and defines the criteria later used for the
holistic assessment. Section 4 presents the outcomes of the techno-
economic assessment and investigates the trade-offs associated with
each transport option. Section 5 deals with the implementation of a
supply chain for a specific case study. Finally, Section 6 summarises
findings and draws conclusions.

2. Transport options

There are various options available to transport CO,, both now
and in the future. Among them, we distinguish between three main
categories: (i) container-based transport, which implies the transport
of CO, in ISO (International Organisation for Standardisation) tank
containers; (ii) dedicated transport, which is based on carriers designed
to transport CO, using tanks that cannot be removed from the carrier
itself; (iii) pipeline transport, which provides a continuous transport
solution.

Fig. 2 shows the phase diagram of CO,, which indicates under which
conditions CO, is in solid, liquid, dense, gas, or supercritical state. With
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the coloured regions, we identify conditions of interest for the different
transport options.

As illustrated in Fig. 2, pipeline transport is possible either in the
dense phase at ambient temperature and above the critical pressure
of 74bar, or in the gas phase at ambient temperature and below the
vapour pressure. Note that pipeline transport is not carried out in
the supercritical state, as this requires temperatures above 31 °C and
consequently either insulation or heating of the pipes (Knoope et al.,
2014; Zhang et al., 2012, 2006). The inlet conditions are not defined a
priori, but they represent a key decision variable for the optimisation
of the pipeline configuration (e.g., the inlet pressure is selected based
on factors such as the distance to be covered and the pressure to
be maintained upon transport), together with the pipe diameter and
the steel grade. The inlet pressure is selected within the optimisation
ranges indicated by the purple and green shaded areas for dense and
gas phase pipeline transport, respectively. For container-based and
dedicated transport, the CO, is transported as a liquid, indicated in
red in Fig. 2. Liquid transport is carried out along the vaporisation
line, as pressure and temperature increase during transport. The in-
dustry typically specifies standard loading conditions, either medium
pressure or low pressure. While container-based transport is carried
out at medium pressure only, dedicated transport can be done at low
or medium pressure. Medium pressure requires loading at 16 bar and
—27°C, while for low-pressure transport the loading conditions are
8bar and —46°C. In these cases, the conditioning requirements are
known.

In the following, we refer to transport mode as the method or
means of transporting CO, from one place to another. Examples of
transport modes include road, rail, inland waterway, maritime water-
way, and pipeline. With transport technology, we indicate the specific
technology used to transport CO,. Examples of transport technologies
can be container-based, dedicated, and pipeline. With transport option,
we indicate a specific combination of transport mode, technology,
and phase used to transport CO,. Examples of transport options are
container-based truck, dedicated train, low-pressure dedicated ship, or
gas pipeline.

2.1. Container-based transport

The container-based transport is a batch-wise, hence discontinuous
transport solution. It relies on the use of an ISO tank container (see
Fig. 3), here simply referred to as ‘isotainer’, which consists of a cylin-
drical vacuum-insulated pressurised vessel surrounded and protected
by a frame (International Tank Container Organisation (ITCO), 2011).
The capacity of an isotainer is approximately 20 tco,. It is identical in

PR 01057

Fig. 3. ISO tank container (TCC1, 2010).
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Fig. 4. Dedicated wagons for railway transport, also known as rail tank cars (North-
WoodsHiawatha, 2007).

dimensions to a 20’ ISO freight container, and can be loaded onto a
variety of transport modes including truck, train, barge, and ship. It can
be transferred between means of transport at particular transshipment
terminals. In this way, no reconditioning or intermediate storage of
CO, is needed at transport exchanges, as the CO, remains within the
container. Isotainer transport is a mature technology (Meeberg, 2023),
which can be employed on a near-term basis. It transports CO, at
medium pressure and can withstand a pressure of up to 22 bar. Usually,
a holding time between 60 and 200 days is guaranteed by the isotainer
manufacturers. It means that during this time period, the pressure
increase is small enough that no release of CO, is necessary to avoid
exceeding the maximal operating pressure.

Certain considerations must be taken into account when using
specific forms of transportation. Generally, railway, barge and ship iso-
tainer transport is delivered by a service provider, which is considered
to be the case in this study. In terms of barge transport, it can be
performed on suitable inland waterways. Since the Rhine is the only
river relevant to the cases studied and since the Rhine corridor accounts
for more than two thirds of freight transport on inland waterways in
Europe, all findings in this study are applicable to the Rhine (Kelderman
et al.,, 2016). The transport by ship studied in this report concerns
connections to Northern Europe, where the storage sites currently
considered are located. Air transportation is not considered in this study
as it is deemed too expensive (Prata and Arsenio, 2017) and emission
intensive for a climate change mitigation effort (Horvath, 2006).

2.2. Dedicated transport

Dedicated transport options rely on tanks permanently built and
attached onto specific means of transport such as trucks, trains (see
Fig. 4), barges, and ships. Generally, those tanks have a larger capacity
than isotainers (see Table A.8 in the Supplementary Material) and can
transport CO, in liquid form at medium or low pressure depending
on their design. As opposed to container-based transport, these tanks
cannot be moved, such that they have to be filled or emptied in case of
a transport mode exchange. This discontinuity makes intermediate stor-
age necessary for the use of dedicated transport options. Reconditioning
might also be needed in some specific transport exchanges, to cope
with the different transport loading specifications. The maturity of the
technologies differs: dedicated road and railway transport already exist,
while dedicated barges and ships are still under development. Nonethe-
less, the filling process of rail tank cars for dedicated railway transport
requires additional infrastructure that is possibly unavailable in a stan-
dard rail freight station. For example, in Switzerland, this process is
only permitted in private railway stations due to the classification of
CO, as dangerous good, which restricts the range of suitable stations
where such goods can be handled. This could delay the implementation
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of dedicated railway transport in certain cases. The characteristics
of the dedicated transport options such as the capacity, the loading
and operating conditions, and the holding time are described in the
Supplementary Material. It is important to note that the loading capacity
of dedicated barges is limited by the water level, which fluctuates
during the year. Dedicated transport options are mainly insulated with
layers of polyurethane of different widths; however, they could also be
vacuum insulated, as in the case of isotainers. This choice is a trade-
off between an increase in holding time with a better insulation and a
decrease in the available space for CO, within the vessel.

2.3. Pipeline

Pipelines have been thoroughly studied in several analyses (Knoope
et al., 2014; Roussanaly et al., 2013, 2014; National Energy Technology
Laboratory (NETL), 2022; McCoy and Rubin, 2008). This transport
technology is characterised by a continuous operation mode. The CO,
is transported at ambient temperature either as a gas or in the dense
phase depending on the operating pressure. Generally, they are used to
transport large volumes at low costs and can be used for long distances.
However, they require a long lead time due to the planning, permitting,
and construction of the infrastructure. As of 2015, about 6500 km of
CO, pipelines existed, mainly in North America (Global CCS Institute,
2015; Knoope et al., 2013). In Europe, such long pipelines do not exist
yet, one exception is the 160 km long submarine pipeline connecting
the offshore Snghvit storage site with the onshore capture facilities in
the northern part of Norway (Equinor, 2023).

3. Multi-criteria approach

In this study, a multi-criteria approach is adopted to evaluate the
transport options. The techno-economic assessment is presented in
Section 3.1, and the other criteria metrics are introduced in Section 3.2.

The work presented in this study is based on real-world analyses
that have been carried out for six representative emitters listed in
Section 3.1. Those emitters are located within a certain geographical
area for which it makes sense to consider storage in the vicinity of the
North Sea, and can be generalised for Europe.

Journal of Cleaner Production 443 (2024) 140781

3.1. Techno-economic assessment

The cost evaluation presented in this study is built on specific
connections and quotes that have been made for six emitters selected
for potential pioneering chains within the projects DemoUpCARMA!
and ACCSESS?:

(i) the wastewater treatment plant ARA Bern in Bern (CH), which

separates approximately 6 kt of CO, yearly from methane through
its biogas upgrading process. A demonstration chain currently

connects it to storage in Iceland;

the waste-to-energy plant KVA Linth, located in Niederurnen

(CH). It emits approximately 150Kktco, per year. It has been

chosen due to its relatively small size, its geographical interest,

as there is no access to sea in Switzerland, and the willingness

of the Swiss waste sector to rapidly decarbonise;

the waste-to-energy plant KVA Hagenholz in Zurich (CH). It is

located within the city, thus posing a challenge for access to the

point-source. Beside the readiness in the Swiss waste sector to

decarbonise, its larger emissions as compared to other waste-to-

energy plants — estimated to 400kt per year in the future -

enable to estimate the potential economies of scale;

the cement plant Jura Cement in Wildegg (CH). With ca. 650 kt¢o,
per year, it is one of the largest point sources in Switzerland, and

has a private railway station;

(i)

(iii)

(@iv)

! DemoUpCARMA (Demonstration and Upscaling of CARbon dioxide MAn-
agement solutions for a net-zero Switzerland) is a Swiss pilot project lead
by ETH Zurich. It aims at demonstrating the implementation and scale-up of
pathways leading to negative emissions, among which the demonstration of
the technical feasibility of using and storing CO, captured at a Swiss industrial
site by implementing a carbon capture, transport and storage (CCTS) value
chain based on CO, transport and permanent storage in a geological reservoir
abroad (DemoUpCARMA, 2022).

2 ACCSESS is a European project aiming at providing access to cost-
efficient, replicable, safe, and flexible CCUS. One of the goals of the project is
to develop and improve CCUS chains from continental Europe and the Baltic
area to the North Sea (ACCSESS, 2023).

Table 1
Aspects considered for each transport option (equation numbers refer to Tables 3 and 4).
Container-based Dedicated Pipeline
Truck Train Barge Ship Truck Train Barge Ship

Isotainer (6) (6) (6) 6)
Intermediate storage (%] 7) @) (8)

Capital Loading stations 9) 9 ) (10)
Carrier (tractor, trailer, barge, ship) an 1n an an
Pipe 12)
Pumping stations a7
Intermediate storage (18) (18) (18) (18)
Loading stations 19) (19) 19) (18)
Fuel (20) (20) (20) (20)
Carrier maintenance (21) (21 (18)
Heavy goods vehicle tax (22) (22)
Labour (23) (23)
Administration, insurances, tax and infrastructure (24) 24)
Tyres (25) (25)
Transshipment (26) (26)

Operational Weighing (27) (27)
Customs (28) (28) (28) (28)
Transport & service 29) (29) (29) (29)
Low-water supplement (30)
Congestion supplement (31)
Dangerous goods supplement (32) (32)
Harbours (33) (34) (35)
Wagon rent (36)
Pipe 1s8)
Pumping stations (18) + (37)
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Table 2
Supporting equations for the cost calculations.
ital £ RF[-]= — 1
Capital recovery factor CRF[-] T—(d+n— m
meo, [ty™']
Number of shipments n [y 'l= U:i 2
Mco, [t]
t[h
Number of carriers n.[=1= [ns L ]w ®
top [h]
meo. [ty™']
Number of isotainers n [=1= || n. + L (I+ey) “
’ Mo, [t1fly="]
h
Number of loading stations n[-1= [nvr,[ ]] S
Top [N]

(v) the Heidelberg Cement plant in Hannover (DE), which has direct
railway and waterway access, emits approximately 700 ktco, per
year;

(vi) the Heidelberg Cement plant in Goérazdze (PL), which emits
3.6 Mtco, yearly, of which half is expected to be captured. It
is located far from the coast and the nearby waterway is not
navigable.

In Section 5, the case study based on KVA Hagenholz will be
presented more in detail, highlighting the potential transport pathways
for this plant.

The techno-economic assessment of each transport option is based
on data and information gathered, whenever possible, directly from
industry in 2021 (i.e., not covering the inflationary pressures observed
since for energy and materials (Russell and Smialek, 2022)).

Assumptions. In the following, we present the main assumptions used
in the analysis. For container-based transport, the isotainers can di-
rectly act as intermediate storage tanks. Therefore, we assume a 20%
surplus of isotainers for each connection with a container-based trans-
port option to ensure continuous operation. For dedicated transport,
ancillary intermediate storage tanks are needed, and those are sized
for a buffer time of 5 days and the specific CO, mass flow from the
emitter. The capacity of container-based transport options as well as
dedicated trucks and trains is a fixed standard value indicated by
manufacturers and service providers. The size of dedicated barges,
ships, and pipelines is selected within a range based on the specified
CO, quantity and distance to be covered. For dedicated barge transport,
we consider a discrete number of tanks in the hull, ranging from
the smallest to the largest alternative offered by the manufacturer.

Journal of Cleaner Production 443 (2024) 140781

For dedicated ship transport, we use the discrete range of sizes from
2500 up to 50 000 m® suggested by (Roussanaly et al., 2021). As few
existing industry data are available, the techno-economic assessment
of dedicated ship and pipeline transport is based on literature (Rous-
sanaly et al.,, 2021; Knoope et al., 2014). In both cases, the costs
have been adapted to 2021 with cost indices according to the best
practices (van der Spek et al., 2019). In this study, we differentiate
between onshore and offshore terrain, as well as between gas phase and
dense phase transport. Knoope et al. (2014) delivers a comprehensive
study of all four types of pipeline transport for point-to-point pipelines,
which transport CO, from one source to one sink, as opposed to trunk
pipelines, which is a gathering system (Knoope et al., 2014). The
algorithm and equations proposed by Knoope et al. have been adapted
in this study as described and discussed in the Supplementary Material.

The cost assessment for transport comprises (i) capital investments,
i.e., containment, carriers, pipes, intermediate storage, loading and
pumping stations, and (ii) operational and maintenance expenses,
i.e., labour, energy, infrastructure, administration, insurance and taxes,
customs, material rent, specific supplements. It is worth mentioning
that the allocation of expenses between capital and operational costs
was determined based on the service providers’ proposals. In other
words, the emitter has the freedom to decide how to manage specific
items. For example, a dedicated ship can be either purchased or rented.
Cost equations for each transport option can be found in Table 1.
Supporting equations can be found in Table 2. The equations related to
capital investment can be found in Table 3, while the equations related
to operational expenses are in Table 4.

For the number of isotainers described in Eq. (4), the first term is
accounting for a periodical delivery, while the second term adds the
number of isotainers due to lag time between two connections, which
depends on the frequency at which specific connections are operated.

Supporting equations for the computation of pipeline investment
and operating costs can be found in Appendix B in the Supplementary
Material.

Cost metrics for transport. In this work, the cost of CO, transported
is expressed as Levelised Cost (LC) per unit mass of CO, transported

[EUR t 0 ]:
1 1
LC = (AIC + AOC) = Y CRF, -IC, + OC, (38)
Mco, Mco, (er

where AIC and AOC are the Annualised Investment Costs and the
Annualised Operating Costs, respectively [EURy 1], 7 being the set
of equations applying to a certain transport option, i.e., the equation

Table 3

List of equations for the capital expenditures as investment items.
Isotainer IC[EUR] = ny, I}, [EUR] 6)
Intermediate storage IC[EUR] Linear inter— or extrapolation of data® @)
Intermediate storage (Roussanaly et al., 2021) IC[EUR] = S[tle, [EURt}] 8)
Loading stations IC[EUR] = n;I, [EUR] 9

meo, [ty g [EUR tg) ]

Loading stations (Roussanaly et al., 2021) IC[EUR] = RE 10)
Carrier® IC[EUR] = n,I, [EUR] an
Pipe (Knoope et al., 2014) IC[EUR] = I,,,, [EUR] + I}, [EUR] + oy [EUR] + I, [EUR] 12)
Material Iy [EUR] = Vi, [m3]p [kgm ™ 3]Cy [EURkg ] (13)
Labour I [EUR] = ¢ [EURM™2]Dy, [m] Ly, [m] 14)
Right-of-way Inow [EUR] = cow [EURmM 1L, [m] (15)
Miscellaneous Tnise [EUR] = pyyic. (I [EUR] + I, [EUR]) (16)
Pumping stations® (Knoope et al., 2014) IC[EUR] = My Lpump [EUR] a7

2 The minimal size of intermediate storage is considered to be an isotainer, while there is no upper bound.

b For truck transport, tractor and trailer have different lifetimes and thus need to be considered separately. For dedicated barges, the investment cost is a second-degree polynomial
of the barge capacity obtained from industrial data. For dedicated ships, the investment cost is a power function of the ship capacity (Roussanaly et al., 2021).

¢ A detailed equation for the investment costs for pumping stations is given in Appendix B in the Supplementary Material. It accounts for the lower outlet pressure required at the

last pumping station.
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Eizlt)l:f tquations for the operational expenditures associated with a certain category.
Operation & maintenance OC[EURy ']= tomd [EUR] (18)
Loading stations OC[EURy '] = n,,Cp, [EURy 1] 19)
Fuel OC [EURy 1] = n,2d [km]y; [tkm—1]C; [EURt!] (20)
Maintenance OC[EURy '] = n,2d [km]C,, [EURKkm 1] 21
Heavy goods vehicle tax OC[EURY 'l = n. Xeyee, beyCriovrey [EURY ] (22)
+ny ZC},EC: dey [km] (CHGVT.cy (myg) + Crgvrey (mp)) [EURkm—!]

Labour OC[EURy '] = n,¢[h]C,, [EURh—1] (23)
Administration, insurances, taxes, and infrastructure OC[EURyY '] = n, (Cyyp + Cins + Ciax + Ciyr) [EURy 1] 24
Tyres OC[EURy '] =n,C,, [EURy '] (25)
Transshipment OC[EURy '] = 2n,C, [EUR] (26)
Weighing OC[EURy '] = n,C, [EUR] @7)
Customs OC[EURy 1= b/ [y 'IC. [EUR] (28)
Transport & service® OC[EURy 1= n,C, [EUR] (29)
Low-water supplement OC[EURy '] = n,C,, [EUR] (30)
Congestion supplement OC[EURy 1] = 2n,C,, [EUR] (31)
Dangerous goods supplement OC[EURy '] = n,Cy, [EUR] (32)

OC[EURy 1] = f[y~']C, [EUR] (33)
Harbours OC[EURy '] =n,C, [EURy ] (34)

OC [EURy ] = 2u,m¢, [teo, IC, [EUR th ] (35)
Wagon rent OC[EURy !]=n, [24;2‘11 ] C,, [EURA1] (36)

Pumping stations energy” (Knoope et al., 2014)

OC[EURy !]=n

pump Woump [IMW, 17, [h]C, [EURMWh 1] (37)

2 For train transport, the cost of transport is a linear interpolation of roundtrip costs obtained from industrial data as a function of the distance.
b As for the pumping stations investment costs, refer to Appendix B in the Supplementary Material for a more detailed equation.

numerators listed in the corresponding column of Table 1. The AIC con-
sider the costs associated with the purchase of pieces of equipment with
investment costs IC [EUR], as listed in Table 3, and CRF is the capital
recovery factor [-], which annualises the investment costs IC based on
the interest rate r and the lifetime of the equipment z, as described
in Eq. (1) in Table 2. In a similar manner, the Annualised Operating
Costs are the costs associated with the operation and maintenance of
the equipment, where OC are the operating costs [EURy 1], as listed
in Table 4.

The Unitary Cost (UC) per unit mass of CO, transported and per
unit distance covered [EUR t 1 km~1] are obtained by dividing the

transp
Levelised Costs by the transport distance; UC = LC/d.

3.2. Multi-criteria assessment

The goal of the multi-criteria assessment is to evaluate the per-
formance of transport options by analysing the costs along with ad-
ditional practical aspects, requirements, and repercussions described
thereafter. This holistic approach including several features enables a
better appraisal of the performance of the available transport options.

3.2.1. Criteria and comparison metrics

The criteria defined in this section aim to evaluate and compare
transport options with each other. To this end, comparison metrics
are based on the best-in-class approach, which sets the benchmark
according to the highest performance in each category.

Costs. The transport options carry diverse volumes and cover different
distances; hence they have to be compared based on a unitary transport
cost, which includes all elements described in Section 3.1. The compar-
ison is based on the value at a generic distance of 1000 km and mass
flow of 1 Mt y~1. More information about the cost analysis is provided
below.

Conditioning energy requirement. The conditioning energy requirement
for a specific transport option comprises the liquefaction or the com-
pression from capture to the specifications required by the transport

phase, that is liquid, gas, or dense. It is worth noting that the condi-
tioning energy requirement excludes the energy consumed by pumping
stations along the pipelines, which is included in the transport category
and the energy consumed by reconditioning units, which have not been
considered.

For the liquefaction, we use the results from Roussanaly et al.
(2021), while the compression energy requirement for pipeline trans-
port in dense or gaseous phase is obtained from the data of Knoope
et al. (2014).

Global warming impact (GWI). The direct and indirect greenhouse gas
emissions associated with a transport option have been modelled based
on the aforementioned case studies (Burger et al., 2024) and calculated
with life-cycle assessment methods from the Ecoinvent database 3.8
(system model: cut-off by classification) for each specific application,
accounting for leakages and empty return trips (Wernet et al., 2016).
One obtains the global warming impact accounting for the infras-
tructure and the carrier emissions over the lifetime of the carrier.
Thus, the GHG emissions reported here are not merely direct emissions
but include life-cycle emissions. The values obtained contain regional
differences depending on the local energy mixes and are based on
conventional technologies.

Holding time. The holding time is the period during which a container
can carry CO, before a leakage or pressure release occurs, the latter
occurring when the maximal operating pressure is reached (see also
Section 2.1). In this study, we consider the holding times corresponding
to the current design and insulation of transport options. A longer
holding time is preferable to avoid a limitation on the geographical
range on which the transport option can be used. However, for shorter
connections, a longer holding time might not be required, thus resulting
in lower costs due to the use of less expensive insulation and higher
capacity.

Duration variability. Connection duration variability refers to the de-
gree of variation in the potential length of time a connection can last
compared to its average duration. The duration variability for a trans-
port mode is defined as the average over all connections included in
this analysis and is based on historical data. Its impact on the logistics
may be critical, as it could result in delays and missed connections.
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Table 5

Impact matrix based on the number of weeks per year concerned and the according
loss in capacity. Very (v.) low affects less than 0.5% of the total yearly capacity, low
between 0.5 and 1%, medium between 1 and 2%, high between 2 and 4%, and very
(v.) high more than 4%.

Duration in weeks

<1 1-2 3-4 5-8 9-12 13-16 17-26

0-4 V.low V.low V.low V.low V.low Low Low

5-9 V.low V.low V.low Low Medium Medium High
— 10-14 V.low V.low Low Medium High High V. high
E S 15-19 V.low V.low Medium High High V. high V. high
% B 20-29 V.low Low Medium High V. high V. high V. high
g i 30-49 V.low Medium High V. high V. high V. high V. high
8 & 50 Low Medium V. high V.high V.high V.high V. high

Seasonal fluctuations. The seasonal fluctuations in the availability and
capacity of a transport option have a major impact on the sizing of
the carrier or transport fleet and intermediate storage tanks. Optimally,
CO, should be delivered to the storage site in a regular manner. An
example of delivery fluctuations is the water level of the Rhine river
for barges (SRF, 2022). During dry summers, the maximum loading
of barges is reduced, leading to lower capacity utilisation of each
barge and potentially supply chain disrupting backlogs. The decrease in
capacity due to a lower loading or a recurring delay of the connections
play a role, as well as the number of weeks per year over which it
happens. Table 5 shows a multidimensional matrix with the impact of
seasonal fluctuations. The columns of the matrix represent the number
of weeks within a year during which a transport option is affected by
a seasonal fluctuation, and the rows represent the decrease in capacity
caused by this fluctuation. The outcome of the matrix is the impact on
the total yearly capacity.

Time horizon. The deployment time horizon gives an indication of the
maturity of a technology and the time needed to deploy it, i.e., the
time needed to bring a given technology into operation. In this study,
we consider near-term deployment time horizon as referring to existing
transport options and ongoing projects, medium-term deployment time
horizon for projects under development with a lead time of less than
five years, and long-term deployment time horizon for transport options
that may be implemented in five years time from now.

Greenfield infrastructure needs. This criterion defines the extent to
which a greenfield infrastructure is needed to implement a transport
option, such as all-new constructions of loading stations, interme-
diate storage tanks, greenfield pipelines. Potential refurbishment of
brownfield pipelines and additional rail tracks are not considered.

Economies of scale. This criterion evaluates the potential for economies
of scale with an increasing volume of CO, transported. It comprises
infrastructure and equipment sized for larger mass flows, as well as
discounts on service purchases for larger mass flows.

3.2.2. Other criteria

In addition to the criteria described above, there are several other
qualitative aspects to consider when selecting a suitable CO, transport
mode. These aspects, although outside the scope of our analysis, can
greatly influence the overall effectiveness and acceptability of the
transportation method.

The frequency of transport is an important factor as it affects the
reliability of the chosen option. The availability and regularity of
connections between the emitter and the storage site play a key role
in ensuring consistent and timely transport. This can be influenced
by factors such as the number of carriers available or the operating
schedule of a specific transport supplier.

The land footprint of the transport option should also be evalu-
ated. With increasing demands and limited land availability (Lambin
and Meyfroidt, 2011), it becomes essential to assess the overall land
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requirements of the chosen transport mode, considering not only the
construction of greenfield infrastructure but also any existing land use
conflicts.

Safety and risk procedures should be established to guarantee the
safe handling of CO, upon transport. Safety standards must be in place
for all CO, transport options; nonetheless, so far they have been studied
in literature only for pipelines (Gale and Davison, 2004; Koornneef
et al., 2010). Similarly, risk assessments should be carried out taking
into account the likelihood of a risk event (e.g., a failure or an accident)
as well as the severity of a risk, i.e., the amount of CO, that could be
released which depends on the capacity of a transport option.

Resilience is a criterion that reflects how quickly a connection can
be restored after a disruption (Gabrielli et al., 2022). The ability to
recover and resume operations promptly after an incident, such as a
pipeline rupture or a transport system failure, is crucial to guaranteeing
a reliable CO, transport infrastructure.

Public acceptance is a vital factor for the successful implementation
of CCTS projects. It can be influenced by various socio-economic, his-
torical, cultural, institutional, infrastructural and geographical charac-
teristics of the communities involved (Anderson et al., 2012; Heiskanen
et al., 2008; Wiistenhagen et al., 2007). The proximity of the transport
mode to inhabited areas, as well as the frequency of journeys, may
impact public acceptance and should be taken into consideration during
the decision-making process (Diitschke et al., 2016; Wallquist et al.,
2012).

4. Results and discussion

The performance of the transport options introduced in Section 2
is analysed from a techno-economic perspective in Section 4.1. In
Section 4.2, the multi-criteria assessment of the transport options is
presented in a holistic context.

4.1. Techno-economic assessment

This section focuses on the techno-economic assessment of single
transport options. First, the objective is to calculate costs as a function
of the transport distance and the amount transported and to provide
functional relationships. Second, we draw guidelines for the selection of
a transport option for specific settings. Third, we conduct a sensitivity
analysis to consider the impact of varying parameters on our results.

We particularly invite the reader to focus on comparative trends and
to refer to the above-mentioned section concerning the boundaries and
limitations of this study.

4.1.1. Cost assessment of transport options

In this section, we show the fitting of the data for different transport
options, distances, and mass flows, we provide cost functions for each
transport option, and we generalise the results by extrapolation.

Fig. 5 shows data points, fitting curves and functions, and coeffi-
cients of determination for three selected transport options: container-
based truck transport, container-based train transport, and dense phase
offshore pipeline transport. The p-value of the models is smaller than
the pre-defined threshold of 5% in all cases, indicating that the curves
closely match the observed data points and provide accurate predic-
tions.

For the transport options with data stemming from industrial quotes,
the data points refer to the specific connections assessed for the selected
emitters described in Section 3.1, while for the transport options
modelled according to literature (dedicated ship and pipeline), the costs
have been computed for a grid of data points with distances ranging
from 50 to 2000 km and mass flows ranging from 1 kt y~! to 2 Mt
y~L. In order to obtain widely applicable results, these data points have
been fitted with a range of functional forms. The goodness of fit of
a functional form is evaluated using the coefficient of determination
Ridj, the p-value of the model under a constant null hypothesis, and
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Fig. 5. Unitary cost data points and selected fitting curve as a function of the distance for container-based truck transport and container-based train transport, and of the mass
flow for dense phase offshore pipeline transport. For the last plot on the right, the colour of the data points indicates the distance covered.

the p-values of the fitted coefficients. These measures are useful for
determining the appropriateness of a functional form and the overall
fit of the model. In case two functional forms perform equivalently for
fitting the data of a certain transport option, the simplest model with
the smallest number of variables has been chosen.

Table 6 describes the best functional forms for the fitting of the data
points for all transport options. The fitting parameters can be found in
the Supplementary Material.

Based on the fitting functions shown above, Fig. 6 compares the
unitary costs of the different transport options by category: container-
based transport, dedicated transport, and pipeline transport. The uni-
tary costs of each transport option are plotted (on a logarithmic scale)
as functions of the distance for three different CO, mass flows. It is
worth noting that unitary costs of container-based transport options
are independent of the mass flow; hence, there is a single plot for this
category. Solid lines indicate the interpolation of data points, while
dotted lines are extrapolations from the fitting. In the case of pipeline
transport, the increase of labour costs for distances below 50 km is not
accounted for.

The unitary costs of transport of carriers with a relatively small
capacity (up to 50 t) are not influenced by the mass flow transported,
but only by the distance covered. All container-based transport options
as well as dedicated truck and train are thus best fitted by Eq. (39)
in Table 6. Dedicated vessels both reveal a distance and a mass flow-
dependency and are therefore best fitted by Eq. (40). Finally, pipeline
unitary costs are mainly driven by the mass flow transported according
to the fitting performed on the simulated data points grid with Eq. (41).

Table 6
Fitting functions for transport options unitary costs.

The length of the pipeline has a relatively small influence on onshore
pipelines, while it impacts more severely the unitary costs of transport
for offshore pipelines. This is due to the assumption that no pumping
stations are installed offshore, thus requiring larger pipeline diame-
ters and higher pressure. It also seems counter-intuitive that offshore
pipeline transport is relatively less expensive than onshore pipeline
transport for short distances and small amounts. As right-of-way costs
are independent of the diameter of the pipeline and thus of the mass
flow, they have a significant impact in those cases. Dedicated trains
are limited in their geographical range of use because of their short
holding time; this explains why the corresponding curve of unitary cost
is provided only up to 1500 km.

As described in Section 3.1, container-based transport costs are
based on the quotes obtained for the transport of a single isotainer, thus
not considering potential reductions for large transported mass flows.
Those are nonetheless not expected to be high enough to significantly
decrease the unitary costs of transport. It is also important to note that
the frequency of transport, which is represented by the second term
in Eq. (4), has a significant impact on the logistics, especially for the
transport options with a low frequency such as ships. Moreover, the
costs gathered for already existing transport options are based on im-
plementation projects, while those for dedicated vessels and pipelines
are based on predictions from the industry or literature.

4.1.2. Transport costs as a function of distance and volume transported
Ultimately, the selection of the most economical transport option

depends on the distance and the CO, mass flow transported. The avail-

ability and accessibility of a transport option in a certain time horizon

EUR

EUR

a, [EURt?]

Distance dependent ucC [ﬁ] =a [tkim T (39)
EUR] _ [EUR], @ [EURt™!] a3 [EURkm~ly—!]
ue [M] = [ﬂ dfkm] o, [ty (40)
Distance and mass flow dependent c0: oy 1] .
. ? o, [ty
ve [ER] o [EUR EUR| (_dlkm] mco, “
i) (58] 58] (52 ) (s w
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Fig. 6. Unitary cost of transport as a function of the distance. Each colour represents a different transport option, while the full lines are interpolated from selected connections,
the dotted lines are extrapolations from the fitting. The left plot represents container-based transport options, the middle column dedicated transport options, and the right column

pipeline transport. The unitary costs of transport are displayed for different quantities: the upper row is for 0.1 Mty ', the middle row is for 1Mty !

10Mty 1.

and on a specific terrain will also affect such choice. Fig. 7 displays
the most cost-effective transport option at a specific distance and mass
flow transported. It distinguishes between near-, medium- and long-
term time horizons as well as between onshore terrain with and without
waterway, and offshore terrain. Note that the y-axis is upper-bounded
at 5 Mt y~1, as results stay unchanged above this threshold.

As already observed in Fig. 6, in the near-term, the most economical
transport option depends only on the distance, and it is not affected
by the mass flow transported. Onshore, dedicated truck transport is
the most economical transport option for short distances, while con-
tainer train and container barge are preferred for longer distances.
Offshore, the only available transport option is container ship. In
the medium term, the use of dedicated transport options enables a
decrease in transport costs. Once again, the limitation in the range
of use of dedicated railway transport requires the complementary use
of container-based railway and barge transport over larger distances
for relatively small mass flows. Dedicated barges are the preferred
transport option whenever an inland waterway is available for larger
amounts and longer distances. For offshore transport, low-pressure
dedicated ship transport is the most cost-efficient transport in all cases,
as suggested by Roussanaly et al. (2021). In the long-term, pipeline
transport in the dense phase appears an attractive transport option,
especially for the transport of large quantities. Offshore, dedicated ship

10

, and the lower row is for

remains the most economical option for smaller amounts and longer
distances, which is consistent with the conclusions drawn by Rouss-
analy et al. (2021). While in Fig. 6, there is no indication that gaseous
CO, transport by pipeline is more cost-effective than dense phase trans-
port for short distances and low mass flow rates, this trend, previously
described by Knoope et al. (2014), can be partially observed in Fig. C.1
in the Supplementary Material. This Figure shows the costs of transport
combined with the conditioning, giving a different perspective.

In practice, the topology of the terrain might induce different dis-
tances for different means of transport between two locations. Further-
more, combinations of transport options might be more appropriate for
certain cases. A specific application is presented in Section 5.

4.1.3. Sensitivity analysis

The input data used for the techno-economic assessment are in-
herently uncertain; this section aims at assessing the sensitivity of the
levelised costs to variations in the input data. Fig. 8 shows the impact
of selected parameters on the levelised costs of transport for each
transport option. It should be noted that in some cases, the impact of
certain parameters in a quote cannot be accurately measured due to a
lack of cost breakdown. For example, while the discount rate may affect
the purchase of isotainers in container-based transport, its impact on
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Fig. 7. Cost-effective single transport option and transport cost as a function of the distance and of the CO, mass flow transported for different time horizons and terrains. Left
column: near-term deployment time horizon, middle column: medium-term, right column: long-term. Upper row: onshore terrain without waterway, middle row: onshore terrain
with waterway, lower row: offshore terrain. The cost-efficient transport option is directly described in the figure, unless when there is no space to write, in which case symbols
are used: « for dedicated truck, l for container train, a for dedicated train, and ¢ for container barge.

wagon purchases or track construction by the service provider remains
uncertain and undisclosed.

In Fig. 8 we compare the influence of several parameters. For
instance, a change in the discount rate would affect mainly transport
options requiring a high investment, while transport options dominated
by operational expenses are not strongly affected. As reference, accord-
ing to Knoope et al. (2014), the levelised costs for CO, transport by
pipeline on flat sparsely populated terrain would increase by roughly
40% if the interest rate increased by 50% (Knoope et al., 2014), which
is in agreement with the results of our study. Similarly, the labour
costs are an important factor for truck and pipeline transport. Regional
variations in labour costs can greatly vary, e.g., being approximately

11

double in Switzerland than the European average. As container-based
transport is a modular solution, the net mass of CO, transported by a
carrier linearly influences the number of shipments and the number of
isotainers required; hence, also strongly affects the costs. The net mass
of CO, transported by a carrier can vary depending on the remaining
amount on board chosen by the operator of a supply chain, whether
they choose to transport back the carrier filled only with gaseous
CO, at equilibrium pressure, or if some liquid CO, is also transported
back to ensure that the carrier is kept cooled. To a lesser extent, an
increased velocity allows for a larger number of roundtrips per carrier
and thus decreases the number of carriers required and the associated
investment or renting costs. The fuel cost is an important operational
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Fig. 8. Sensitivity analysis of the levelised costs of transport towards selected parameters for affected transport options.

expense for fuelled transport modes, especially for truck transport. The
recent fluctuations in the price of fossil fuels have a certain impact on
the transport costs for the relevant modes. Finally, we assume 20%
of supplementary isotainers in this study to ensure continuity along
the chain in case of delays or missed connections. In Fig. 8, one can
observe that the variation of this parameter on the costs of transport is
negligible.

4.2. Multi-criteria assessment

In the following, we assess the considered transport options through
the multi-criteria approach described above (Section 3.2). The quanti-
tative or qualitative value for each criterion is translated into a grade
that rates from ++ (best-in-class) to - — (poor performance) through 0
(average). In Fig. 9, the lines represent results obtained for reference
conditions, while the shaded areas indicate variability ranges. For
example, for the unitary costs, the reference line describes the costs
for a distance of 1000km and an amount transported of 1Mty !,
and the shaded region describes the potential range when varying the
amount between 0.1 and 10Mty ! for the same distance. For the
conditioning energy, the reference result describes the energy needed
to condition pure CO, to the average specifications for transport in
a certain physical state, and the shaded region describes the range
according to an impurity scenario or to the range of potential pressures
for gaseous or dense phase pipeline transport. For the global warming
impact, the reference result is the impact corresponding to the average
European electricity mix and/or number of isotainers, and the shaded
area describes the variation that can be linked with CO,-intensive
energy mixes. These three criteria are quantitative and the scale is
linear and continuous, with the limits corresponding to the rounded
best and worst cases observed. The other criteria are only qualitatively
assessed, hence through a single value, except if they are linked with a
high uncertainty.

Since the grades in the spider graphs of Fig. 9 increase from the
centre outwards, a larger polygon area indicates a better overall per-
formance of the transport option.
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Costs and economies of scale. The unitary costs have been extensively
discussed in Section 4.1. Generally, the dedicated transport options are
economically more competitive than container-based transport, and the
development of pipeline networks will lead to a noticeable reduction of
transport costs. Additionally, pipeline transport allows for substantial
economies of scale, as the cost of a pipe does not increase linearly with
its diameter. Dedicated vessels with large capacities such as barges and
ships also exhibit significant economies of scale, whereas discontinu-
ous transport options with limited transport capacities have little to
no economies of scale, because the amount of manufactured objects
increases linearly with the increasing amount of CO, transported.

Conditioning energy requirement. The specific conditioning energy is the
lowest for compression for gas phase pipeline transport. The condition-
ing to the dense and liquid phases requires substantial energy, espe-
cially in the case of low-pressure transport. Potential impurities in the
CO, stream from the capture plant lead to higher energy requirements.

Global warming impact. The global warming impact is based on con-
ventional technologies and prevailing energy mixes, and transport can
have a relative contribution of up to 40% of the GWI of a supply
chain in the near-term (Burger et al., 2024). Therefore, it is important
to compare the GWI of the different transport options. In the future,
traditional fuels could be replaced by fuels with a smaller carbon
footprint (e.g., biofuels, ammonia, hydrogen, or LNG) or by electrified
systems (Herdzik, 2021; Borlaug et al., 2021; Cabukoglu et al., 2019).
In parallel, energy decarbonisation is anticipated in the next years
and decades, such that the GWI of all transport modes is expected to
improve. Currently, the greenhouse gas emissions from trucks are the
highest per unit amount transported, especially because they have the
highest weight-to-payload ratio. Barges and trains exhibit an average
performance, and ship transport exhibits a low global warming impact
compared to other transport modes. Pipeline transport also performs
well in this domain, with its impact largely dictated by the carbon in-
tensity of electricity, resulting in significant variability among countries
due to the GHG intensity of their corresponding electricity mix.
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Fig. 9. Spider graph of the multi-criteria assessment for different transport options: in the first row, container-based transport, in the second, dedicated transport, and in the third
row, pipeline transport. The abbreviations stand for: C — unitary costs, E — conditioning energy requirement, W — global warming impact, H — holding time, V — duration
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Holding time. The holding time of the transport technologies largely
depends on the insulation type. Little to no data is available concerning
leakages of ISO tank containers and dedicated tanks, such that it is
assumed that they are perfectly tight as long as no pressure release
occurs. The isotainers are vacuum-insulated, so that all container-based
transport options share a holding time of at least 60 days, which allows
for their transport to destinations up to more than 10000km away.
Dedicated transport options are insulated with polyurethane layers of
different widths, with the exception of dedicated trucks, which are
vacuum-insulated. For example, the rail tank cars used for dedicated
railway transport have a holding time of five days only, which limits
the geographical range on which this transport technology can be used
to approximately 1500 km. Dedicated barges have a holding time of 23
days, which is sufficient for all connections on the Rhine river. For ded-
icated ships we assume a similar holding time as for dedicated barges,
because their structure is similar. The larger size of dedicated ships
might even confer a longer holding time. It is difficult to transfer the
concept of holding time to the pipelines since their working principle
is different from the other transport options. In this study, the holding
time of pipelines is defined to be zero, as they are subject to leakages
and thus continuously release small amounts of CO,.

Duration variability and seasonal fluctuations. The duration variability
depends mostly on the congestion, which is considerable in certain
harbours, e.g., along the Rhine river; therefore, the container-based
barge performance is very poor, while the purposely built terminal for
dedicated barges avoids this issue. Truck transport is also subject to
traffic jams, while delays are proportionately less frequent for train
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and ship transport, consistent with the work of Demir et al. (2015).
The duration variability does not matter for pipeline transport which
is operated continuously. Seasonal fluctuations affect mainly waterway
transport modes. Ship transport can be slowed by unfavourable weather
conditions in the winter, while the water level determines the loading
of barges. The situation is expected to worsen for most rivers in the
future decades because of climate change (Internationale Kommission
zum Schutz des Rheins (IKSR), 2015; Nilson et al., 2020). The warm
temperatures in the summer might also influence the holding time
of all vessels, as their temperature will tend to increase faster. While
this is not a real issue for isotainers, which have a high holding time
in all cases, this will especially affect transport options with limited
insulation.

Time horizon. The time horizon of the implementation of transport
options is closely linked to the greenfield infrastructure needs. Indeed,
all technologies transporting CO, in isotainers are mature and thus
available in the near term. The infrastructure is existing, and the
required additional component are the isotainers. Similarly, dedicated
road and railway transport is already existing; however, the loading
of dedicated rail tank cars requires railway stations with a specific
loading terminal. For example, in Switzerland, the loading process
can take place only in a private railway station. Therefore, the time
horizon of this transport option entirely depends on the availability of
such infrastructure. Dedicated vessels are not yet existing at scale, al-
though their production could start soon and be available within a few
years (Dan-Unity CO,, 2022). The deployment of a pipeline requires
several preparation steps such as planning, engineering, permitting,
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constructing the infrastructure, which results in long lead times. It is
here assumed that carbon dioxide pipelines will be built from scratch.
Nonetheless, there is a need to clarify if the refurbishment of existing
natural gas pipelines might be an option, similar to suggestions made
for hydrogen (European Union Agency for the Cooperation of Energy
Regulators (ACER), 2021; Entsog, 2021; van Rossum et al., 2022;
Klopdic et al., 2022).

In summary, container-based transport will be convenient to start
deploying CCTS at larger scale, as the infrastructure is already existing.
However, dedicated transport will be preferred in the medium term
despite the need for specific facilities. Indeed, as the dedicated options
have a higher capacity than the corresponding container-based options,
their efficiency increases in terms of costs, economies of scale and
global warming impact, while they show a similar performance in other
categories. Concerning the different means of transport, trucks appear
to be flexible and allow to reach any facility, but they are connected
with higher costs, high specific emissions, and congestion, so that
generally other options will be preferred when they are available. For
inland transport, barge is the most economic option, but its reliability
and load fluctuate considerably, while train transport is more reliable,
but connected to higher costs and little to no economies of scale. In
the long run, transport via pipeline appears to be the most promising
transport option for onshore transport, as they perform very well in
terms of costs, economies of scale, global warming impact, and are
very reliable, as they are not subject to any congestion or seasonal
fluctuations. Offshore, dedicated ships are approximately as efficient
as pipeline transport and would be the choice for longer distances,
while pipelines remain interesting for very large amounts and shorter
distances.

5. Supply chain for a specific source-to-sink connection

The transport options described in the previous sections are com-
bined and applied to a case study to design CCTS chains linking a
specific emitter with a permanent storage site. The performance of
those chains is examined considering different aspects.

KVA Hagenholz is a waste-to-energy (WtE) plant that treats mu-
nicipal solid waste from the city of Zurich to deliver district heating
and electricity (Stadt Ziirich - Tiefbau- und Entsorgungsdepartement,
2014). From 2027, the plant will have three incineration lines, which
will emit 405kt of CO, per year, corresponding to a yearly amount of
365ktco, captured at a 90% rate. In this study, we assume the mass
flow of CO, captured to be constant throughout the year, although
in reality, it might be fluctuating because of the planned shutdowns
for maintenance and depending on the available heat for capture (Ot-
gonbayar and Mazzotti, 2024). In this case study, we focus on possible
transport paths from this point-source emitter site in inland Europe to
a selected storage site in the North Sea. We consider three different
scenarios with respect to costs (optimistic, average, and conservative)
based on reasonable upper and lower bounds for selected parameters.
We examine exclusively point-to-point options and are looking at the
near- and medium-term possibilities. We anticipate that the pipeline
networks developed in the long-term will be the most efficient solution,
but they are not within the scope of this case study.

We assume capture, conditioning, and storage to be pre-defined
based on state-of-the art technologies. For the capture, we assume
mature amine-scrubbing technology and 90% capture rate. Eliasson
et al. (2022) report a range for the specific costs of capture from
industrial processes with excess heat. Subtracting the conditioning costs
from this range, estimating the costs for a first-of-a-kind (FOAK) plant
with the learning-curve method (van der Spek et al., 2017; National
Energy Technology Laboratory (NETL), 2013), and adapting the costs
to 2021, we estimate a specific capture cost of 100 EUR t~! to be
representative. The conditioning plant design is based on the studies
of Deng et al. (2019) and Roussanaly et al. (2021) for liquefaction,
and Knoope et al. (2014) for compression. It is worth noting that
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Fig. 10. Map of the geographical situation of KVA Hagenholz (OpenStreetMap, 2023).
The orange line represents a highway, the yellow line a railway line, the turquoise line
the Glatt river, and the green line an approximate path for a pipeline.

conditioning is considered only once in the design of the supply chains.
It is assumed that when transferring CO, from medium- to low-pressure
carriers, the expansion is sufficient to ensure the temperature decrease.

Furthermore, we select storage in a saline aquifer at the Northern
Lights facility. The CO, is injected in a reservoir 2000m to 3000 m
under the seabed, at a pressure of 200 bar to 300 bar and a temperature
of 100°C (equinor, 2019). The Northern Lights project is planning to
offer CO, storage in the near term. Closer storage sites might develop in
the future, which would also significantly decrease the transport costs.

The levelised costs of avoided CO, are obtained by considering the
greenhouse gas emissions occurring along the chain. The Life-Cycle
Analysis of the chain has been conducted following the methodology
described in Burger et al. (2024).

KVA Hagenholz is located in a densely built-up area, with limited
space for additional logistic operations (see Fig. 10). Additionally, there
is no private railway station despite the railway line running behind
the plant. While the space is sufficient to build a capture plant on-
site, it is possible neither to condition the CO, on-site, nor to load
it onto container-based or dedicated trucks or trains. Therefore, the
proposed plan involves constructing a pipeline to a location where
enough space is available to handle the logistics and the filling stations.
One possibility is directing the pipeline to the wastewater treatment
plant (de: Abwasserreinigungsanlage (ARA)) Glatt and further to ARA
Werdholzli through an existing tunnel (Ziist and ERZ, 2021). This
solution has been considered to be the most promising for this study. As
the pipeline planning and construction would be executed in parallel to
the planning and construction of the capture plant, these projects would
share the same time horizon.

A network of feasible transport connections linking KVA Hagenholz
with the permanent storage site is established by selecting appropriate
connections and exchange sites. Each of these locations is represented
by a node. Possible direct connections between two nodes are rep-
resented by an edge, see Fig. C.2 in the Supplementary Material. This
network can be translated into a simple directed graph, in which the
weight of each edge is characterised by the cost of the transport option
available for this connection. Applying the Yen’s algorithm onto this
graph (Yen, 1971), one obtains the K most economical paths for each
pair of source and sink nodes.
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From the list of most economical paths computed as mentioned
above, four transport scenarios have been selected and are described in
the following paragraphs. They are schematically illustrated in Fig. 11.
Fig. 12 shows the levelised costs of avoided carbon dioxide for the four
corresponding chains, together with the costs breakdown.

The simplest chain (a) consists of a direct connection via dedicated
truck between ARA Werdholzli and the onshore facility of the Northern
Lights storage site. Despite the high CO, transport emissions, these are
lower than the amount of CO, transported and stored, making this
chain still viable. Furthermore, numerous advantages exist over the
other options: the complexity of the supply chain is low with only
one transport exchange and one conditioning stage. The frequency of
transport by truck is very high, and trucks can be operated in a flexible
manner, which is advantageous in terms of chain resilience.
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The second chain (b) shown in Fig. 11 is cost-effective in the near
term. The supply chain consists of container-based transport, first by
truck from ARA Werdholzli to Basel, where the isotainers are trans-
ferred to a barge that conveys them to Rotterdam. There, they are
transshipped and carried by sea to Bergen. The last miles are covered by
truck. Dedicated road and railway transport are not included, because
both would require intermediate storage tanks at transport exchange
sites, and the latter solution is not possible because KVA Hagenholz
does not have a private station. Both solutions would thus require
greenfield infrastructure, which we exclude for near-term implemen-
tation. Therefore, the solution considered here relies on isotainers.
The complexity of this supply chain is very high with four transport
exchanges. Train and barge connections are commonly operated several
times per week, but only once per week for most conventional cargo
ship connections. This limits the frequency of the chain. In addition to
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the high duration variability due to the barge and ship transport, this
increases the risk for delays and missed connections. The duration of
the roundtrip for an isotainer is sixteen days on average, so that more
than 1500 isotainers are needed to implement the chain. Nonetheless,
the transport emissions are relatively small compared to chain (a).

The third chain (c) in Fig. 11 is an alternative pioneering chain. Its
sole difference with respect to option (b) is the loading of the isotainers
on a train instead of a barge between Basel and Rotterdam. In this
regard, the complexity and frequency of chains (b) and (c) are similar.
Nonetheless, train transport is faster and less subject to fluctuations
than barge transport, such that the duration of the roundtrip for an
isotainer is 10 days, and approximately a thousand isotainers are
required. This chain can also be implemented in a near time horizon.

The fourth supply chain (d) displayed in Fig. 11 is a cost-effective
dedicated supply chain. Its structure is similar to the cost-effective
pioneering supply chain except that container-based transport options
are replaced by dedicated transport options. The dedicated ship can
also directly deliver the CO, to the storage terminal. The CO, trans-
port emissions are decreased by one third compared to the near-term
alternative. The frequency of the supply chain is determined by the
size of the dedicated vessels. The complexity of the chain is high,
with three transport exchanges and up to three reconditioning steps.
For both cost-effective chains, the design is consistent with previous
findings (Becattini et al., 2022).

Fig. 12 illustrates the levelised costs of avoided CO, for the four
chains presented above. The levelised costs of stored CO, are obtained
by summing up the costs of each stage of the chain, i.e., capture,
conditioning, intermediate storage, transport, and storage. In this case
study, the capture, conditioning, and storage costs are assumed to be
the same for all cases. Further, the levelised costs of avoided CO, are
obtained by dividing the levelised costs of stored CO, by the CO, avoid-
ance efficiency of the supply chain, which has been computed after the
methodology of Burger et al. (2024). In this way, the theoretical cost of
the emissions associated with the supply chain is the difference between
the levelised costs of avoided CO, and the levelised costs of stored CO,.

Fig. 12 shows that the simplest chain (a) exhibits the highest lev-
elised costs of avoided carbon, because dedicated road transport has
relatively high unitary cost and emissions factor. The pioneering chains
(b) and (c) exhibit similar levelised costs of avoided carbon, the sole
difference being the container-based train transport (c), which has a
higher unitary cost of transport than container-based barge transport
(b). As a large part of the railway transport is in Germany, the specific
emissions are also relatively high. For the cost-effective dedicated
supply chain (d), the transport costs are approximately halved, because
the selected transport options are more efficient in terms of costs and
environmental performance.

6. Conclusions

This study investigates the design of the transportation part of
carbon dioxide capture, transport, and storage (CCTS) supply chains
aiming at decarbonising industries where avoiding completely to gener-
ate CO, is not foreseeable, i.e., the so called hard-to-abate sectors. Four
main goals drove this investigation. First, we have identified viable
options to transport CO,, which are implementable in the near and
medium term, so as to allow early movers to deploy CCTS in the
near future, when long-term solutions such as pipelines and ships are
not yet available. Second, we have developed a methodology for the
techno-economic analysis of such chains, based mainly on data from
the industry. Third, we have defined a multi-criteria framework, and
we have applied it to carry out a general, comparative assessment of the
feasible transport options above. And finally, we have demonstrated its
application to a specific case study, for which we have designed feasible
and potentially promising CO, transportation pathways.

We have shown that the unitary costs of point-to-point CO, trans-
port over a given connection depend both on the distance covered
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and on the amount transported in the case of dedicated barges and
ships as well as of pipelines, while they depend only on the distance
covered for container-based transport options and dedicated trucks and
trains. In practice, the best transport solution will be selected among
those available for a specific location at a certain point in time in
the future. We have observed that the long-term solutions are more
cost-effective than the near-term solutions, but they require a larger
greenfield infrastructure.

To complement the results above, for each transport option we have
conducted a sensitivity analysis to quantify the impact of uncertainties
on costs, and a multi-criteria comparative assessment to highlight the
trade-offs associated. Container-based transport is the option of choice
for the early deployment of CCTS supply chains, as it is a flexible and
versatile solution, based on existing infrastructure, though it is modular
and does not allow for economies of scale. For deployment at a later
stage, dedicated transport options will be more cost-effective, as they
are more efficient in terms of costs, economies of scale, and global
warming impact. Ultimately, pipelines will be the preferred solution,
as they perform particularly well in terms of costs, economies of scale,
global warming impact, and reliability.

The application to a case study has shown that several pathways
are possible for the implementation of CCTS supply chains from in-
land Europe to a storage site in the North Sea. It shows that coor-
dination among the emitter, the transport provider, and the storage
operator is obviously key to ensure the timely deployment and the
smooth operation of the supply chains, thus highlighting how important
considerations about infrastructure and logistics are.

The importance of this work lies in its portability and adaptability,
in other words, in the possibility of using it for supply chains connecting
emitters and storage sites of any length. The parameter values of the
cost equations can be updated as they change in time and among geo-
graphical locations. Thus, transport costs can be computed for specific
scenarios, and combined with information about capture, condition-
ing, and storage costs to obtain estimates for specific source-to-sink
connections, beyond those considered in this work.

Moreover, the techno-economic analysis of transport can be com-
bined with Life Cycle Analysis and resilience analysis to yield a multi-
objective optimisation problem for CO, supply chains (Gabrielli et al.,
2022; Becattini et al., 2022). Such optimisation problem can be solved
both statically, i.e., for a set of demands and constraints that apply at a
specific point in time, and dynamically, i.e., for varying demands and
constraints, to simulate the roll-out of a CO, network infrastructure
between now and 2050, in order to reach the scale needed to decrease
the greenhouse gas emissions to net-zero by 2050.
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