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Context
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 CO2 emissions from industrial installations, as part of measures 

for mitigating the effects of global warming (European Commission, 2024). Given the 
scattered distribution of CO2 emission industries where CO2 capture technology can be 
implemented, and the spatially different and distant locations of CO2 storage and 
utilisation sites, CO2 transport systems and collection networks become an essential part of 

CCUS (see Figure 1).

CO2 storage

CO2 utilisation

CO2 sources
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Figure 1. A CO2 transport network collecting CO2 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 CO2 Transport and 

Storage (T&S) infrastructure, as well as current economic and regulatory issues with 
its deployment (EC, 2024). The lack of incentives for CO2 Capture is largely caused by 
the relatively low penalties for CO2 emissions, as well as the absence of CO2 T&S 
infrastructure connecting the emitters with CO2 storage sites. Relatedly, the low 
pace of CO2 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 CO2 transport infrastructure planning include large uncertainties 

about the transport capacities needed, legal issues associated with financial 
liabilities, cross-border CO2 transport, and regulatory aspects of CO2 transport 

infrastructure operation. To overcome these barriers, a set of measures 
providing political, financial, regulatory, technological, and public support for 
CO2 Capture and T&S solutions are needed (IEA, 2022; GCCS, 2021; CCUS FEG, 2023). 
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considerations for a specific project – i.e., on a case-by-case basis. Additionally - 
and while it is commonly accepted that using shared CO2 transport infrastructure 

(including pipelines, as well as road, railway, and marine/ waterway modes of 
transport) can help reduce the costs of CCS - CO2 stream specifications by CO2 

transport and storage operators have been recently proposed for point-to-point 
transport of high purity CO2 (Northern Lights, 2024; Fluxys, 2022; CCS-ARAMIS, 2023; 

Porthos, 2021). 

On the other hand, the EU is facing the challenging task of collecting CO2 from multiple industrial 

emitters for transport to storage formations in the North Sea, which calls for a trunk line solution 
demanding that CO2 streams meet one set of impurity specifications. Although currently there 
is no unified standard for CO2 stream purity, reducing impurities concentrations to 

meet some of the proposed specifications may become uneconomical due to 
high additional CO2 capture and purification costs. 

As such, the design and operation standards for CO2 transport infrastructure should be further 

developed to account for specific challenges brought by the large scale of CO2 transport 

networks, as well as for the uncertainties and possible variations 
in the amount and compositions of CO2 streams when collected from 

various industrial sources. These challenges have recently been reviewed, e.g., in 

(Woe et al., 2020; CCUS FEG, 2023) and can be summarised as:

• Developing methods for estimating the optimal capacity (“right-sizing”) of CO2 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 CO2 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 CO2 

streams from different sources;

• Establishing common technical and legal framework for assessing the suitability of existing 
natural gas pipelines for CO2 transport;

• Developing a standard method for assessing the risks of running fractures for pipelines 
transporting CO2 and CO2-rich industrial streams;

• Developing sampling procedures and instrumentation for real-time monitoring of CO2 

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 CO2 transport infrastructure that 
can collect CO2 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 CO2 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 CO2 flow in the

networks,

• Safety design challenges are associated with risks of pipeline or vessel steel corrosion,
fracture propagation and asphyxiation by CO2, or intoxication by the impurity components

in the case of accidental release.

Figure 2: Groups of technical challenges faced by the deployment of CO2 transport infrastructure for CCUS.

Addressing the above challenges is critically important for the development of safe, 
sustainable, and resilient long term CO2 infrastructure solutions at European scale - as 
well as for preventing future compatibility issues resulting from the integration of ad-hoc 
regional CO2 transport solutions developed according to different standards. 

Responding to these challenges, Work Package 4 (WP4) of the European Union-funded project 
C4U has focused on related aspects of economic design, particularly capacity “right-sizing” 
for fluctuating CO2 streams (C4U Project, 2023c; Martynov, et al., 2024), techno-

economic and environmental assessment of shipping and pipeline infrastructure for 
transporting CO2 in industrial clusters (C4U Project, 2023b; C4U Project, 2024a; Hennequin et 

al., forthcoming), conditioning of CO2 streams for transport and storage (Porter et al., 
2021),
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3. Technological factors and technical solutions
for CO2 transport

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 CO2 transport 

technologies have been identified.

3.1. Time considerations, modes of CO2 transport and the CO2 allowance price

For transporting large amounts of CO2 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 CO2 over short distances. Furthermore - and unlike the 
CO2 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 CO2 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 
CO2 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 C4U 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 CO2 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 criteria, 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 CO2 transport strategies studied by Hennequin et al. (forthcoming) for the North Sea 

Port CCS cluster.

In the same study, the comparison of CO2 shipping and pipeline transportation within the 
NSP cluster showed that the long timeframe required to build the CO2 pipeline 
infrastructure may translate into significant penalties from the EU’s ETS (the EU CO2 
allowance price) on the CO2 emissions unabated during the infrastructure construction 
period (see Figure 4). This further makes CO2 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 CO2 transport in CCUS clusters in Europe.

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 CO2 

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 CO2 

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 CO2 and hydrogen infrastructure. 

Our analysis of previous studies on planning CO2 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 CO2 and 

hydrogen in 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 CO2 and hydrogen transport 

solutions in industrial clusters (and larger regions), as well as by re-purposing the 
existing hydrocarbon transportation pipelines for CO2 and hydrogen. As such, 
estimating the capacity of CO2 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 
CO2 and hydrogen.

Figure 5: Evolution in the demand for pipeline infrastructure supplying natural gas and hydrogen and 
removing CO2 for an industrial region. In 2020 only the natural gas pipelines exist, in 2030 the pipelines will 
be needed to transport CO2 and H2, in 2050 the natural gas and CO2 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 criteria, such as 
societal and environmental impacts. Our studies of CO2 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 CO2 transport infrastructure (C4U Project, 
2024a; Hennequin et al., forthcoming).

3.3. Temporal fluctuations in CO2 feed streams 

CO2  streams captured from industrial emission sources may fluctuate in time - e.g., due 
to the variable amount of CO2 emissions from power generation, where 

power demand changes are affected by the amount of electricity produced from 
renewable sources. CO2 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 C4U study on line packing in CO2 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 CO2 feed flowrate 

fluctuations that can be smoothed by the transport system (Martynov et al., 2024).

3.4. Transporting impure CO2 streams 

CO2 streams captured from various industrial installations will contain various amounts 

of different  impurity components, including non-condensable gases (such as N2, 
H2, CO, Ar, CH4) and corrosion-inducing components (O2, H2O, H2S, SOx and 

NOx) among many other impurities usually present in trace amounts. To minimize 
hazards associated with toxic and corrosive impurities, and to ensure the robust 
operation of the CO2 transportation system, Transport and Storage operators set 
limits on the concentration of impurity components in CO2 specifications. Recently, 

such specifications have been proposed for point-to-point transport of high purity 
CO2 for pilot CO2 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 CO2 purification costs. Our analysis of the 
requirements for CO2 streams purification to meet transport and storage 
specifications showed that the cost-optimal CO2 purification technology depends 
both on the composition of captured CO2 stream and on the target impurity 
thresholds set by the CO2 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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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 CO2 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).

4. Key Recommendations
Policy instruments (including standards and regulations) are urgently 
needed to support the deployment of safe, sustainable, and resilient large-
scale CO2 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 
C4U 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 CO2 transport and develop practical recommendations on CO2 

transport at large scale.

Based on the WP4 studies, it can be concluded that new policies on CO2 transport for 
CCUS are needed to support (1) standard solutions for the design of transport networks 
collecting impure CO2 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
CO2 transport, (3) standard procedures for assessing the risks of running
fractures in pipelines transporting impure CO2, (4) standard sampling procedures
and instrumentation for real-time monitoring of CO2 transport networks. In regard to
the first point, the following practical recommendations can be made to aid the
deployment of sustainable and resilient CO2 transport infrastructure solutions for CCUS:

1.1. The investment decisions and optimal design of CO2 transport infrastructure should be
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2.	 Planning large-scale CO2 pipeline infrastructure should not be 

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

The costs of CO2, 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 CO2 transport systems should balance 

the rate of CCS deployment with the costs of decarbonisation in the region.

CO2  transport systems (pipelines and storage tanks) can be designed to 
help smooth out short term fluctuations in CO2 flow rates at emission sources.

Fluctuating CO2 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 maximum operating pressure and operating 

conditions, and the capacity of the transport system.

In industrial clusters and CCUS networks collecting CO2 streams from different 

emitters, the CO2 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 CO2 specification.

As such, setting different CO2 stream specifications for different modes in 
the transport chain (defining allowable pressure, temperature, and 
stream composition), may help to reduce the stringency of CO2 specifications at 
network entry points and offer opportunities for sharing CO2 
conditioning and purification infrastructure. This could especially be the case 
where CO2 first enters the system in a gas-phase collection network, followed by 
dense-phase CO2 transport that generally requires meeting stricter CO2 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 CO2 stream purification for onward transport.

Where mixing CO2 streams may produce a highly corrosive mixture (e.g., due 
to mixing reducing and oxidising components in presence of water), segregating 
the CO2 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.

4.

2.

3.

4.

5.



15This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Grant 
Agreement No 884418

References

C4U project (2021). Definition of the North Sea Port cluster scenarios. C4U Project report D4.7 
(Confidential). Grant Agreement No 884418. 

C4U Project (2023a). Experimental studies of decompression of a large-scale CO2 pipeline. 
C4U Project report D4.1 (Confidential). Grant Agreement No 884418. 

C4U Project (2023b). Report on techno-economic evaluation of the 2030 North Sea Port 
cluster. C4U Project report D4.8. Grant Agreement No 884418. https://c4uproject.eu/d4-
8-report-on-techno-economic-evaluation-of-the-2030-north-sea-port-cluster/

C4U Project (2023c). The application of the rigorous model to the North Sea Port cluster 
network. C4U Project Report D4.4 (Confidential). Grant Agreement No 884418. 

C4U Project (2024a) Life Cycle Assessment and method to assess North Sea Port cluster. C4U 
Project report D.12. Grant Agreement No 884418. https://c4uproject.eu/deliverables/ 

C4U project (2024b) Report on operational risks of the 2050 North Sea Port cluster.” C4U project 
technical report D4.9 (Confidential). In preparation. Grant Agreement No 884418. 

CCS-ARAMIS, 2023. “CO2 Specifications for ARAMIS Transport Infrastructure”. ARM-CPT-BB8-
PRO-MEM-0033 rev 6.2 (public version). https://www.aramis-ccs.com/news/co2-
specifications-for-aramis-transport-infrastructure 

CCUS FEG (2023).  Report of the CCUS Forum Expert Group on CO2 Specifications: ‘An 
Interoperable CO2 Transport Network – Towards Specifications for the Transport of 
Impure CO2’. September 2023. https://zeroemissionsplatform.eu/wp-content/uploads/
An-Interoperable-CO2-Transport-Network.pdf 

CE Delft and RHDHV (2020). Systeemstudie energie- infrastructuur Zeeland 2020-2030-2050. 
https://www.zeeland.nl/sites/default/files/docs/systeemstudie_energie-infrastructuur_
zeeland-t.pdf

CO2PIPEHAZ (2022). Quantitative Failure Consequence Hazard Assessment for Next Generation 
CO2 Pipelines. FP7-Energy Research and Innovation Project. Grant agreement ID: 241346 
https://cordis.europa.eu/project/id/241346 

CO2QUEST (2023). Techno-economic Assessment of CO2 Quality Effect on its Storage and 
Transport. P7-Energy Research and Innovation Project. Grant agreement ID: 309102 
https://cordis.europa.eu/project/id/309102 

Covarrubias, M.; Kustova, I.; de Gooyert, V; Nipius, L.; Mitchell, A.; Galbraith-Olive, H.; Readman, 
C; Jimenez Rodriguez, I.; de Coninck, H. (2024). Final report on presenting a framework 
model for societal and business readiness and system dynamics around CCUS 
through just transitions in industrial clusters. C4U Project report D5.5. Grant Agreement 
No 884418. https://c4uproject.eu/deliverables/ 

https://c4uproject.eu/d4-8-report-on-techno-economic-evaluation-of-the-2030-north-sea-port-cluster/
https://c4uproject.eu/d4-8-report-on-techno-economic-evaluation-of-the-2030-north-sea-port-cluster/
https://c4uproject.eu/deliverables/
https://www.aramis-ccs.com/news/co2-specifications-for-aramis-transport-infrastructure
https://www.aramis-ccs.com/news/co2-specifications-for-aramis-transport-infrastructure
https://zeroemissionsplatform.eu/wp-content/uploads/An-Interoperable-CO2-Transport-Network.pdf
https://zeroemissionsplatform.eu/wp-content/uploads/An-Interoperable-CO2-Transport-Network.pdf
https://www.zeeland.nl/sites/default/files/docs/systeemstudie_energie-infrastructuur_zeeland-t.pdf
https://www.zeeland.nl/sites/default/files/docs/systeemstudie_energie-infrastructuur_zeeland-t.pdf
https://cordis.europa.eu/project/id/241346
https://cordis.europa.eu/project/id/309102
https://c4uproject.eu/deliverables/


16This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Grant 
Agreement No 884418

DNV (2021). Design and Operation of Carbon Dioxide Pipelines. Recommended Practice. Det 
Norske Veritas report DNV-RP-F104. 2021 https://www.dnv.com/oilgas/download/dnv-
rp-f104-design-and-operation-of-carbon-dioxide-pipelines/ 

Doctor, R., Palmer, A., Coleman, D., Davison, J., Hendriks, C., Kaarstad, O., and Ozaki, M. (2005). 
Transport of CO2; in IPCC Special Report on Carbon Dioxide Capture and Storage.	
srccs_wholereport.pdf (ipcc.ch)

ENCASE (2022). A European Network of Research Infrastructures for CO2 Transport and 
Injection. Horizon Europe Research Infrastructures Project. Grant agreement ID: 
101094664. DOI10.3030/101094664 https://cordis.europa.eu/project/id/101094664 

EU 2022/869 Regulation of the European Parliament and of the Council of 30 May 2022 on 
guidelines for trans-European energy infrastructure, amending Regulations (EC) 
No 715/2009, (EU) 2019/942 and (EU) 2019/943 and Directives 2009/73/EC and (EU) 
2019/944, and repealing Regulation (EU) No 347/2013 http://data.europa.eu/eli/
reg/2022/869/oj 

European Commission (2019). Going Climate-Neutral by 2050: A Strategic Long-Term Vision 
for a Prosperous, Modern, Competitive and Climate-Neutral EU Economy. European 
Commission. Luxembourg. https://doi.org/10.2834/02074

European Commission (2020). Communication from the commission to the European 
parliament, the council, the European economic and social committee and the 
committee of the regions. Powering a climate-neutral economy: An EU Strategy 
for Energy System Integration. Brussels, 8.7.2020. COM(2020) 299 final EUR-Lex - 
52020DC0299 - EN - EUR-Lex (europa.eu)

European Commission (2023a). The emerging EU CO2 transport and storage market. ETS 
Innovation Fund – Knowledge sharing workshop	  https://climate.ec.europa.eu/
document/download/91f83c5f-4361-4c1f-b633-6316ca25e924_en?filename=policy_
ccs_implementation_report_20230330_en.pdf  

European Commission (2023b). Proposal for a regulation of the European parliament and of 
the council on establishing a framework of measures for strengthening Europe’s net-
zero technology products manufacturing ecosystem (Net Zero Industry Act). Brussels, 
16.3.2023. COM(2023) 161 final. 2023/0081 (COD).	 https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52023PC0161 

European Commission (2024). “Towards an ambitious Industrial Carbon Management for the 
EU”. Strasbourg, 6.02.2024. COM(2024) 62 final.	  https://energy.ec.europa.eu/system/
files/2024-02/Communication_-_Industrial_Carbon_Management.pdf 

European Commission, Directorate-General for Energy, Bolscher, H., Guevara Opinska, L., 
Finesso, A. et al. (2023). EU regulation for the development of the market for CO2 
transport and storage, Publications Office of the European Union, https://data.europa. 
eu/doi/10.2833/093881

https://www.dnv.com/oilgas/download/dnv-rp-f104-design-and-operation-of-carbon-dioxide-pipelines/
https://www.dnv.com/oilgas/download/dnv-rp-f104-design-and-operation-of-carbon-dioxide-pipelines/
https://www.ipcc.ch/site/assets/uploads/2018/03/srccs_wholereport.pdf
https://cordis.europa.eu/project/id/101094664
http://data.europa.eu/eli/reg/2022/869/oj
http://data.europa.eu/eli/reg/2022/869/oj
https://doi.org/10.2834/02074
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM%3A2020%3A299%3AFIN
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM%3A2020%3A299%3AFIN
https://climate.ec.europa.eu/document/download/91f83c5f-4361-4c1f-b633-6316ca25e924_en?filename=policy_ccs_implementation_report_20230330_en.pdf
https://climate.ec.europa.eu/document/download/91f83c5f-4361-4c1f-b633-6316ca25e924_en?filename=policy_ccs_implementation_report_20230330_en.pdf
https://climate.ec.europa.eu/document/download/91f83c5f-4361-4c1f-b633-6316ca25e924_en?filename=policy_ccs_implementation_report_20230330_en.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023PC0161
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023PC0161
https://energy.ec.europa.eu/system/files/2024-02/Communication_-_Industrial_Carbon_Management.pdf
https://energy.ec.europa.eu/system/files/2024-02/Communication_-_Industrial_Carbon_Management.pdf
https://data.europa.eu/doi/10.2833/093881
https://data.europa.eu/doi/10.2833/093881


17This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Grant 
Agreement No 884418

Fluxys (2022). “Carbon Specification Proposal.”	 https://www.fluxys.com/-/media/project/
fluxys/public/corporate/fluxyscom/documents/energy-transition/co2/2022-03-30---
carbon-specification-proposal---march-22.pdf

GCCS (2021). CCS in the Circular Carbon Economy: Policy & Regulatory Recommendations. 
GCCS Institute, July 2021. https://www.globalccsinstitute.com/resources/publications-
reports-research/ccs-in-the-circular-carbon-economy-policy-and-regulatory-
recommendations/ 

Hennequin, T., Roberts, D., van Zelm, R., Brown, S., Porter, R.T.J, Mahgerefteh, H., and Martynov, S. 
(forthcoming). Tiered multi-objective optimization of CO2 transport for CCS. Submitted 
to the Journal of Cleaner Production.

HSE (2023). Guidance on conveying carbon dioxide in pipelines in connection with carbon 
capture and storage projects. Health and Safety Executive.	  https://www.hse.gov.uk/
pipelines/co2conveying-full.htm

IEA (2022). Legal and Regulatory Frameworks for CCUS. An IEA CCUS Handbook. https://www.
iea.org/reports/legal-and-regulatory-frameworks-for-ccus

IEAGHG (2021). Exporting CO2 for Offshore Storage – The London Protocol’s Export Amendment 
and Associated Guidelines and Guidance, 2021-TR02, April 2021.	  https://ieaghg.
org/publications/technical-reports/reports-list/10-technical-reviews/1079-2021-tr02-
exporting-co2-for-offshore-storage-the-london-protocol-s-export-amendment-and-
associated-guidelines-and-guidance 

ISO (2016). “Carbon Dioxide Capture, Transportation and Geological Storage - Pipeline 
Transportation Systems”. ISO 27913:2016. https://www.iso.org/standard/64235.html 

Kolster, C., Mechleri, E., Krevor, S., Mac Dowell, N. (2017). The Role of CO2 Purification and 
Transport Networks in Carbon Capture and Storage Cost Reduction. International 
Journal of Greenhouse Gas Control, 58, pp. 127-141. https://doi.org/10.1016/j.
ijggc.2017.01.014 

Martin Woe, A.; Dugstad, A.; Benrath, D.; Jukes, E.; Anderson, E.; Catalanotti, E.; Durusut, E.; 
Neele, F.; Grunert, F.; Mahgerefteh, H.; Gazendam, J.; Barnett, J.; Hammer, J.; Span, R.; 
Brown, S.; Tollak Munkejord, S.; Weber, V. (2020) A Trans-European CO2 Transportation 
Infrastructure for CCUS: Opportunities & Challenges. Zero Emission Platform. June 2020. 
www.zeroemissionsplatform.eu

Martynov, S (2022). CO2 Pipeline Operability and Safety Impacts. C4U Project report D4.2. Grant 
Agreement No 884418. C4U-D4.2_CO2Pipeline_opersafety_impacts-v1.1-11May2023.pdf 
(c4uproject.eu) 

Martynov, S., Porter, R.T.J, Mahgerefteh, H. (2024) Estimating the line packing time for pipelines 
transporting carbon dioxide. Carbon Capture Science & Technology, 11, 100188. https://
doi.org/10.1016/j.ccst.2023.100188 

https://www.fluxys.com/-/media/project/fluxys/public/corporate/fluxyscom/documents/energy-transition/co2/2022-03-30---carbon-specification-proposal---march-22.pdf
https://www.fluxys.com/-/media/project/fluxys/public/corporate/fluxyscom/documents/energy-transition/co2/2022-03-30---carbon-specification-proposal---march-22.pdf
https://www.fluxys.com/-/media/project/fluxys/public/corporate/fluxyscom/documents/energy-transition/co2/2022-03-30---carbon-specification-proposal---march-22.pdf
https://www.globalccsinstitute.com/resources/publications-reports-research/ccs-in-the-circular-carbon-economy-policy-and-regulatory-recommendations/
https://www.globalccsinstitute.com/resources/publications-reports-research/ccs-in-the-circular-carbon-economy-policy-and-regulatory-recommendations/
https://www.globalccsinstitute.com/resources/publications-reports-research/ccs-in-the-circular-carbon-economy-policy-and-regulatory-recommendations/
https://www.hse.gov.uk/pipelines/co2conveying-full.htm
https://www.hse.gov.uk/pipelines/co2conveying-full.htm
https://www.iea.org/reports/legal-and-regulatory-frameworks-for-ccus
https://www.iea.org/reports/legal-and-regulatory-frameworks-for-ccus
https://ieaghg.org/publications/technical-reports/reports-list/10-technical-reviews/1079-2021-tr02-exporting-co2-for-offshore-storage-the-london-protocol-s-export-amendment-and-associated-guidelines-and-guidance
https://ieaghg.org/publications/technical-reports/reports-list/10-technical-reviews/1079-2021-tr02-exporting-co2-for-offshore-storage-the-london-protocol-s-export-amendment-and-associated-guidelines-and-guidance
https://ieaghg.org/publications/technical-reports/reports-list/10-technical-reviews/1079-2021-tr02-exporting-co2-for-offshore-storage-the-london-protocol-s-export-amendment-and-associated-guidelines-and-guidance
https://ieaghg.org/publications/technical-reports/reports-list/10-technical-reviews/1079-2021-tr02-exporting-co2-for-offshore-storage-the-london-protocol-s-export-amendment-and-associated-guidelines-and-guidance
https://www.iso.org/standard/64235.html
https://doi.org/10.1016/j.ijggc.2017.01.014
https://doi.org/10.1016/j.ijggc.2017.01.014
http://www.zeroemissionsplatform.eu
https://c4uproject.eu/wp-content/uploads/2022/06/C4U-D4.2_CO2Pipeline_opersafety_impacts-v1.1-11May2023.pdf
https://c4uproject.eu/wp-content/uploads/2022/06/C4U-D4.2_CO2Pipeline_opersafety_impacts-v1.1-11May2023.pdf
https://doi.org/10.1016/j.ccst.2023.100188
https://doi.org/10.1016/j.ccst.2023.100188


18This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Grant 
Agreement No 884418

Mitchel, A.; Galbraith-Olive, H. (forthcoming). Policy brief and recommendations on the 
importance of business models for CCUS adoption. C4U Project report D7.4. Grant 
Agreement No 884418.2024.  

Nipius, L.; Covarrubias, M.; Kustova, I.; de Coninck, H.; de Gooyert, V. (2024). Policy brief on how 
to incentivise CCUS in a societally acceptable way in industrial clusters. C4U Project D7.8. 

Grant Agreement No 884418. 2024. https://c4uproject.eu/deliverables/ Northern Lights 
(2024). Liquid CO2 Quality Specifications. 14-Feb-2024 NL-02-TE-SP01 Rev 

1. https://norlights.com/wp-content/uploads/2024/02/Northern-Lights-GS-co2-
Spec2024.pdf  

Porter, R.T.J., Barnett, J., Cobden, P., De Coninck, E., Mahgerefteh, H., Manzolini, G., Martynov, 
S., Ruggeri, F., and Spallina, V., (2021). Challenges and Opportunities of Achieving 
European CO2 Transportation and Storage Specifications for Carbon Capture in the 
Iron and Steel Industry. TCCS-11 - Trondheim Conference on CO2 Capture, Transport 
and Storage. Trondheim, Norway, June 21-23, 2021. https://discovery.ucl.ac.uk/id/
eprint/10159025/ 

Porthos (2021). “Standard CO2 transport and storage conditions in respect of the Porthos 
System”. https://www.porthosco2.nl/wp-content/uploads/2022/03/Porthos-standard-
CO2-Transport-and-Storage-Conditions.pdf 

Simonsen, K. R., Hansen, D. S., & Pedersen, S. (2024). Challenges in CO2 transportation: Trends 
and perspectives. Renewable and Sustainable Energy Reviews, 191.	 https://doi.
org/10.1016/j.rser.2023.114149 

Sonke, J., Morland, B. H., Moulie, G., & Franke, M. S. (2024). Corrosion and chemical reactions 
in impure CO2. International Journal of Greenhouse Gas Control, 133.	  https://doi.
org/10.1016/j.ijggc.2024.104075   

Swennenhuis, F. (forthcoming). Socio-technical dynamics of carbon dioxide capture and 
storage; a systems view on enablers and barriers at North Sea Port. Manuscript 
submitted for publication.

UNECE (2021). Technology Brief - Carbon Capture, Use And Storage (CCUS). UNECE. https://
unece.org/sed/documents/2021/03/reports/technology-brief-carbon-capture-use-
and-storage-ccus 

https://c4uproject.eu/deliverables/
https://norlights.com/wp-content/uploads/2024/02/Northern-Lights-GS-co2-Spec2024.pdf
https://norlights.com/wp-content/uploads/2024/02/Northern-Lights-GS-co2-Spec2024.pdf
https://discovery.ucl.ac.uk/id/eprint/10159025/
https://discovery.ucl.ac.uk/id/eprint/10159025/
https://www.porthosco2.nl/wp-content/uploads/2022/03/Porthos-standard-CO2-Transport-and-Storage-Conditions.pdf
https://www.porthosco2.nl/wp-content/uploads/2022/03/Porthos-standard-CO2-Transport-and-Storage-Conditions.pdf
https://doi.org/10.1016/j.rser.2023.114149
https://doi.org/10.1016/j.rser.2023.114149
https://doi.org/10.1016/j.ijggc.2024.104075
https://doi.org/10.1016/j.ijggc.2024.104075
https://unece.org/sed/documents/2021/03/reports/technology-brief-carbon-capture-use-and-storage-ccus
https://unece.org/sed/documents/2021/03/reports/technology-brief-carbon-capture-use-and-storage-ccus
https://unece.org/sed/documents/2021/03/reports/technology-brief-carbon-capture-use-and-storage-ccus



