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Bound by the Paris Agreement, the EU has put in law a 55% emission reduction target in
2030 as compared to the 1990 emission levels, and full climate neutrality by 2050
(European Commission, 2019). Effective greenhouse gas abatement strategies are crucial for
achieving these targets — and over the last decade, Carbon Capture, Utilisation and
Storage (CCUS) has been increasingly considered as a key decarbonisation
technology for reducing CO, emissions from industrial installations, as part of measures
for mitigating the effects of global warming (European Commission, 2024). Given the
scattered distribution of CO, emission industries where CO, capture technology can be
implemented, and the spatially different and distant locations of CO, storage and
utilisation sites, CO, transport systems and collection networks become an essential part of
CCUS (see Figure 1).

CO, storage
CO, utilisation
CO, sources

CO, hubs

Figure 1. A CO, transport network collecting CO, from different emission sources for utilisation and storage.

Despite its technological potential, recent experience in policy development, and
gaining public perception, CCUS rollout in the industrial sector at large scale faces
considerable challenges. This is partly due to the absence of CO, Transport and
Storage (T&S) infrastructure, as well as current economic and regulatory issues with
its deployment (EC, 2024). The lack of incentives for CO, Capture is largely caused by
the relatively low penalties for CO, emissions, as well as the absence of CO, T&S
infrastructure connecting the emitters with CO, storage sites. Relatedly, the low
pace of CO, T&S infrastructure deployment is a direct consequence of a missing market for
CCS and of lacking the large initial investments required by emitters. Other barriers
to large-scale CO, transport infrastructure planning include large uncertainties
about the transport capacities needed, legal issues associated with financial
liabilities, cross-border CO, transport, and regulatory aspects of CO, transport
infrastructure  operation. To overcome these barriers, a set of measures
providing political, financial, regulatory, technological, and public support for
CO, Capture and T&S solutions are needed (IEA, 2022; GCCS, 2021; CCUS FEG, 2023).
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considerations for a specific project — ie, on a case-by-case basis. Additionally -
and while it is commonly accepted that using shared CO, transport infrastructure
(including pipelines, as well as road, railway, and marine/ waterway modes of
transport) can help reduce the costs of CCS - CO, stream specifications by CO,
transport and storage operators have been recently proposed for point-to-point
transport of high purity CO, (Northern Lights, 2024; Fluxys, 2022; CCS-ARAMIS, 2023;
Porthos, 2021).

On the other hand, the EU is facing the challenging task of collecting CO, from multiple industrial
emitters for transport to storage formations in the North Sea, which calls for a trunk line solution
demanding that CO, streams meet one set of impurity specifications. Although currently there
is no unified standard for CO, stream purity, reducing impurities concentrations to
meet some of the proposed specifications may become uneconomical due to
high additional CO, capture and purification costs.

As such, the design and operation standards for CO, transport infrastructure should be further
developed to account for specific challenges brought by the large scale of CO, transport
networks, as  well as for the uncertainties and possible  variations
in the amount and  compositions of CO, streams when collected from

various industrial sources. These challenges have recently been reviewed, eg, in
(Woe etal, 2020;CCUS FEG, 2023)and can be summarised as:

- Developing methods for estimating the optimal capacity (“right-sizing”) of CO, transport
infrastructure, given the uncertainties about the industrial cluster’'s composition as well as the
short-term fluctuations and longer-term variations in the amount of CO, emissions captured
from the network sources (e.g, due to co-deployment of other industrial decarbonisation
methods and the transition to green hydrogen and renewable energy sources).

« Developing the design and operation strategies for pipeline networks, to prevent the pipeline
material corrosion that results from chemical reactions between impurities brought by CO,
streams from different sources;

« Establishing common technical and legal framework for assessing the suitability of existing

natural gas pipelines for CO, transport;

« Developing a standard method for assessing the risks of running fractures for pipelines
transporting CO, and CO,-rich industrial streams;

+ Developing sampling procedures and instrumentation for real-time monitoring of CO,
transport networks, to ensure the streams meet the T&S infrastructure specifications;

« Developing instruments for accurate flowrate measurements for fiscal purposes.
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These technical challenges are associated with the design of CO, transport infrastructure that
can collect CO, from various industrial sources for storage and/or utilisation and implement
possibly different transportation modalities (pipelines, ships, trucks, etc). For clarity, they can be
allocated in three groups, as schematically shown in Figure 2:

«  The economic design challenges include the transport system capacity “right-sizing” and
design of CO, conditioning steps (e.g, compression and liquefaction),

- Efficient operation challenges are due to flow assurance issues (associated with the
undesirable transition to two-phase flow and the formation of dry ice and hydrates) and
undeveloped procedures and methods for metering and monitoring of CO, flow in the

networks,

- Safety design challenges are associated with risks of pipeline or vessel steel corrosion,
fracture propagation and asphyxiation by CO,, or intoxication by the impurity components

in the case of accidental release.

Figure 2: Groups of technical challenges faced by the deployment of CO, transport infrastructure for CCUS.

Addressing the above challenges is critically important for the development of safe,
sustainable, and resilient long term CO, infrastructure solutions at European scale - as
well as for preventing future compatibility issues resulting from the integration of ad-hoc
regional CO, transport solutions developed according to different standards.

Responding to these challenges, Work Package 4 (WP4) of the European Union-funded project
C*U has focused on related aspects of economic design, particularly capacity “right-sizing”
for fluctuating CO, streams (C“U Project, 2023c; Martynov, et al, 2024), techno-
economic and environmental assessment of shipping and pipeline infrastructure for
transporting CO, in industrial clusters (C*U Project, 2023b; C*U Project, 2024a; Hennequin et

al, forthcoming), conditioning of CO2 streams for transport and storage (Porter et al,
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Through the literature review and original design optimisation studies, a number of factors
and technical solutions that can facilitate the efficient and safe deployment of CO, transport

technologies have been identified.

3.1. Time considerations, modes of CO, transport and the CO, allowance price

For transporting large amounts of CO, over long distances on land, pipelines provide the most
economic and safe solution (Doctor et al, 2005). Yet mobile modes of transport (e.g., trucks,
ships, and barges) can offer better flexibility, and can be justified from an economic perspective
for transporting smaller quantities of CO, over short distances. Furthermore - and unlike the
CO, pipeline transport infrastructure, which requires significant initial capital investments and
involves long construction delays — mobile modes of transport can be deployed at a
lesser expense and much faster, therefore reducing the investment risks for participating
industries. As such, choosing an optimal mode of CO, transport requires balancing costs
against several factors, including the speed of deployment and the environmental impacts
of the infrastructures considered. This is especially important given that, for various
CO, transport modes - such as pipelines, ships, or barges, which are most relevant for
many industrial CCS clusters in the North Sea’s coastal regions (Northern Lights, 2024; Fluxys,
2023; CCS-ARAMIS, 2023; Porthos, 2021) - costs and environmental impacts may not
correlate, thus requiring evaluation on a case-by-case basis.

The Tiered Multi-Objective Optimisation Method developed in the C*U project enabled balancing
the financial cost (obtained from techno-economic analysis) and environmental impacts on
global warming, ecosystems, and human health (calculated using Life Cycle Assessment)
for several realistic infrastructures involving pipelines and ships collecting CO, captured from
large industrial emitters in the NSP cluster (Hennequin et al, forthcoming) (Figure 3). The
method is based on the weighted sum approach to obtain the Pareto optimal solutions,
and enables the ranking of suboptimal solutions. The method can also be extended to
account for other relevant decision-making criterio, such as public acceptance,
environmental impacts, safety, investment, and operational risks, as well as the project's

duration and construction time.
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Figure 3: Examples of CO, transport strategies studied by Hennequin et al. (forthcoming) for the North Sea
Port CCS cluster.

In the same study, the comparison of CO, shipping and pipeline transportation within the
NSP cluster showed that the long timeframe required to build the CO, pipeline
infrastructure may translate into significant penalties from the EU’s ETS (the EU CO,
allowance price) on the CO,emissions unabated during the infrastructure construction
period (see Figure 4). This further makes CO, shipping a more economical solution than
pipeline transport. This finding also indicates that the ETS price, as the main incentivising
instrument for CCS, is one of the key factors determining the economically preferred
choice of the mode of CO, transport in CCUS clusters in Europe.
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Figure 4: The impact of the pipeline construction delay on the pipeline network costs as compared the cost
of shipping in the North Sea Port cluster (Hennequin et al, forthcoming).
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3.2. Energy transition and decarbonisation scenarios

CCS is part of the portfolio of solutions for decarbonising the heat and power
generation sector as well as major process industries during the energy transition period (if
they continue operations). To accelerate industry’s reduction of greenhouse gas
emissions and reduce its associated costs, CCS is being implemented along with other CO,
emissions reduction measures that include improving energy efficiency and
recycling materials, along with the substitution of power sources by electricity and green
hydrogen.

Repurposing the transport infrastructure of natural gas to transport hydrogen and CO,
can help bring down decarbonisation costs. However, constructing new pipelines and
deploying other modes of transport (including trucks, barges, and ships) may be needed to
meet the future expansion of CO, and hydrogen infrastructure.

Our analysis of previous studies on planning CO, transport infrastructure for CCS
performed as part of deliverable D4.7 (C4U Project, 2021) showed that for some industrial
clusters - such as the NSP cluster (CE Delft & RH DHV, 2020) - that are undergoing the
transition to a hydrogen economy, implementing CCS in tandem with the production of ‘blue’
hydrogen may create a surge in demand for pipelines transporting CO, and
hydrogenin addition to natural gas (Figure 5). Furthermore, for the heat and power-
generation sector and other industries where ‘green’ hydrogen can substitute natural
gas (e.g, in fertiliser and chemical plants), decarbonisation costs can be significantly
reduced by optimising the phased co-deployment of CO, and hydrogen transport
solutions in industrial clusters (and larger regions), as well as by re-purposing the
existing hydrocarbon transportation pipelines for CO, and hydrogen. As such,
estimating the capacity of CO, transport systems should take such energy transition
scenarios into consideration - especially in the midst of energy transitions, when
phasing out natural gas will eventually coincide with the peak demand for transporting
CO, and hydrogen.

Figure 5: Evolution in the demand for pipeline infrastructure supplying natural gas and hydrogen and
removing CO, for an industrial region. In 2020 only the natural gas pipelines exist, in 2030 the pipelines will
be needed to transport CO, and H,, in 2050 the natural gas and CO, transport infrastructure may become

partially redundant.
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In addition to the cost factor, optimising the deployment of a portfolio
of decarbonisation technologies (including CCS and using renewable energy
sources) should also take into consideration other impact criterio, such as
societal and environmental impacts. Our studies of CO, transport in the NSP cluster
showed that using low-carbon electricity from solar power and off-shore wind can help
significantly reduce the environmental impacts of CO, transport infrastructure (C4U Project,
20240; Hennequin et al, forthcoming).

3.3. Temporal fluctuations in CO, feed streams

CO, streams captured from industrial emission sources may fluctuate in time - e.g, due
to the variable amount of CO, emissions from power generation, where
power demand changes are affected by the amount of electricity produced from
renewable sources. CO, flowrate fluctuations may also be caused by daily variations
in the main process production rates. The practically important question, then, is how
the transport system design can help smooth out these fluctuations.

The C*U study on line packing in CO, pipelines established a correlation for
calculating the line packing time (as a function of the fluid compressibility, the
operating conditions, the maximum operating pressure, and the capacity of the transport
system) that can be used to estimate a threshold timescale of CO, feed flowrate
fluctuations that canbesmoothed by thetransport system (Martynov et al., 2024).

3.4. Transporting impure CO, streams

CO, streams captured from various industrial installations will contain various amounts
of different  impurity components, including non-condensable gases (such as N,
H,O, H,S, SO, and

NO,) among many other impurities usually present in trace amounts. To minimize

H, CO, Ar, CH,) and corrosion-inducing components (O,
hazards associated with toxic and corrosive impurities, and to ensure the robust
operation of the CO, transportation system, Transport and Storage operators set
limits on the concentration of impurity components in CO, specifications. Recently,
such specifications have been proposed for point-to-point transport of high purity
CO, for pilot CO, transport and storage projects (Northern Lights, 2024; Fluxys, 2023;
CCS-ARAMIS, 2023; Porthos, 2021). However, meeting these specifications can be very
challenging due to large additional CO, purification costs. Our analysis of the
requirements  for CO, streams purification to meet transport and storage
specifications showed that the cost-optimal CO, purification technology depends
both on the composition of captured CO, stream and on the target impurity
thresholds set by the CO, transport and storage operator, and needs to be looked at

on a case-by-case basis (Porter et al, 2021; Kolster et al, 2017).
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Policy instruments (including standards and regulations) are urgently
needed to support the deployment of safe, sustainable, and resilient large-
scale  CO, transport infrastructure for CCUS in  Europe. Importantly (and given
the complex economic, technical, business and societal aspects of CCS
deployment), CCS support policies cannot be overseen by a single actor -
instead, they require cooperation between experts and decision makers from
industry, environmental organisations, and national and local governments. In the
C*U project, methods and tools have been developed to help identify critical
technological, social acceptability, and political factors affecting CCS deployment. In
particular, WP5 and WP6 applied the method of causal loop diagrams to identify
critical societal and regulatory policies for the implementation of sustainable CCS
business models (Swennenhuis, forthcoming); WP4 undertook extensive literature
reviews and whole-system techno-economic optimisation studies, to identify the
policy gaps for CO, transport and develop practical recommendations on CO,

transport at large scale.

Based on the WP4 studies, it can be concluded that new policies on CO, transport for
CCUS are needed to support (1) standard solutions for the design of transport networks
collecting impure CO, streams, which may fluctuate in time and result in chemical
reactions causing corrosion and material degradation of the transport infrastructure;
(2) complex technical and legal procedures for certifying the natural gas pipelines for
CO, transport, (3) standard procedures for assessing the risks of  running
fractures in pipelines transporting impure CO, (4) standard sampling procedures
and instrumentation for real-time monitoring of CO, transport networks. In regard to
the first point, the following practical recommendations can be made to aid the
deployment of sustainable andresilient CO, transport infrastructure solutions for CCUS:

1. The investment decisions and optimal design of CO, transport infrastructure should be
based not only on the economic evaluation of a specific project’s duration, but

should also account for other factors.

Said factors include financial risks (and different times at which potential
investors and emitters may join the project), construction delays, ETS price, long term
changes in CO, emissions due to implementation of other decarbonisation
measures, various transportation modes, existing infrastructure (as well as its
safety and reliability), environmental impacts associated with the construction and

operation of infrastructure, as well as societal and business aspects of

CCUS deployment (Covarrubias et al, 2024; Nipius et al, 2024).
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Planning large-scale CO pipeline infrastructure should not be

2

considered in isolation from the transport of natural gas and hydrogen.

The costs of CO,, hydrogen, and natural gas transport can be minimised in the long
term through the phased deployment of CCS and hydrogen infrastructure - reusing
hydrocarbon pipelines and accounting for the expected increase in future demand for
hydrogen. As such, the design of CO, transport systems should balance
the rate of CCS deployment with the costs of decarbonisation in the region.

CO, transport systems (pipelines and storage tanks) can be designed to
help smooth out short term fluctuations in CO, flow rates at emission sources.

Fluctuating CO, streams can be admitted to a transport system without
compromising its safety and operability when the fluctuation time does not
exceed the transport system line packing time. This depends on the
compressibility of the fluid, the moximum operating pressure and operating

conditions, and the capacity of the transport system.

In industrial clusters and CCUS networks collecting CO, streams from different
emitters, the CO, transport network modes (e.g, low-pressure onshore gas-phase
collection network, high-pressure dense-phase off-shore pipeline, liquid-phase shipping,
etc.) may differ at different parts of the CCS chain, where each mode will have a

defined CO,specification.

As such, setting different CO, stream specifications for different modes in
the transport chain (defining allowable pressure, temperature, and
stream composition), may help to reduce the stringency of CO, specifications at
network entry points and offer opportunities for sharing CO,
conditioning and purification infrastructure. This could especially be the case
where CO, first enters the system in a gas-phase collection network, followed by
dense-phase CO, transport that generally requires meeting stricter CO, specifications.
Where streams of different composition are merged at network junctions, this
may also help to dilute some components, thereby reducing the burden on the
merged CO, stream purification for onward transport.

Where mixing CO, streams may produce a highly corrosive mixture (e.g., due
to mixing reducing and oxidising components in presence of water), segregating
the CO, sources for transport in separate pipelines or vessels may offer an
alternative, safe, and less costly strategy compared to the purification of the feed
streams for the joint transport.
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