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Abstract
The objectives of report on Synergy potential of CO2 utilisation and alignment strategy for CCUS
are:
•

Make an overview of the development, programs, and policies related to Carbon Capture
and Utilisation (CCU) technologies

•

Look for synergies in the energy system, technologies, and overlap with the existing
infrastructure in ECCSEL

The report contains details regarding funding programs, incentives, projects, and R&D activities
for CCU in Europe and specific countries.
Moreover, synergy potential across the CCU value chain was analysed. There are many aspects
that need to be considered when evaluating and analysing the synergistic potential for CCU.
Under the geographical aspect, the availability of geological storage sites and the proximity of
plants (or industry cluster) are important factors. The synergy of CCU with other technologies
such as hydrogen and biomass will be helpful in decarbonising hard-to-abate sectors. The energy
and material integration with the CCU unit can be optimised, based on regional, local, and sitespecific conditions (e.g., waste heat from the process available can be used for the CCU unit, or
a low carbon intensity of the electricity grid), which can reduce CO2 capture costs and/or help in
achieving specific emissions goals. Further, synergies between CCU and CCS are discussed in
the report.
Current ECCSEL infrastructure is discussed in the report. Moreover, the report includes synergies
and overlap across ECCSEL facilities for CCU.
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Introduction and outline

Carbon capture, utilisation, and storage (CCUS) refer to a suite of technologies either to reuse the CO2
to make useful products (CCU) or to store the captured CO2 (CCS). Moreover, for some applications,
CCU could be an alternative to CCS to reduce anthropogenic CO2 emissions. CO2 can be converted into
commodity chemicals and polymers, fuels, and solid carbonates. Figure 1 shows the CCUS system,
where captured carbon can either be reused or permanently stored.
CCUS is virtually the only technology for deep emission reductions from hard to abate sectors such as
cement production. Currently, CCUS is the most cost-effective approach to curb emissions in iron and
steel, and chemical industries [1]. More substantial investment incentives and tailored policies are
building a new momentum behind CCU. Hence, there is an urgent need to establish joint activities to
accelerate CCU technology development and deployment on a commercial scale. Moreover, business
models and funding instruments need to be more effective. A public-private partnership, co-funding,
and robust collaborations between different industrial partners will help achieve wider adoption of
CCU technologies.
ECCSEL ERIC is a European Research Infrastructure consortium for CO2 Capture, Utilisation, Transport
and Storage (CCUS). ECCSELERATE is an EU-funded Horizon 2020 project aimed at increasing the use
and ensuring the long-term sustainable operation of the ECCSEL ERIC infrastructure. This work under
the ECCSELERATE project.

Figure 1 Schematic of CCUS

1.1

Objectives

The main objective this work is to develop a strategy to include potential extensions of the sustainable
carbon cycle. Based on sustainable development criteria, a realistic view on CCU and CCS should be
developed by assessing the synergy potential throughout Europe and beyond and for ECCSEL. The
value, compatibility, and potential implications of extending ECCSEL's scope to include CCUS will be
assessed. For that purpose, the work has been divided into two reports. The report on mapping the
CCU options is published in ECCSELERATE report[2]. The present work is a continuation to explore on
synergy potential of CO2 Utilisation and alignment strategy for CCUS. This work aims to:

-

Make an overview of the development of programs and policies on CCU

-

Look for synergies in the energy system, technologies and overlap with the existing
infrastructure in ECCSEL.

1.2

Outline of the report

The report is comprised of three sections. In Section 2, the situation and opportunities for CCU
activities are summarized. This includes an overview of funding programs, incentives, and research
activities at the EU and country-specific levels. Section 3 of the report presents the synergistic
potential of CCU. Mainly the technological, geographical, and industrial synergies of CCU are
discussed. Moreover, a case study on carbon mineralisation shows how CCU synergies can be
exploited. In Section 4, we focus on overlap and synergies with the existing infrastructure in ECCSEL
ERIC. This includes the results from a survey and a workshop to gather information from the research
owners and industry with CCU ambitions. The synergies and overlap of identified ECCSEL ERIC facilities
and barriers and opportunities for CCU development from an industrial perspective are presented.
2

Overview of development, programs, institutes, policies

2.1

Development and needs

Four types of CO2 utilisation were discussed in our previous deliverable: direct utilisation, fuels,
polymers and other chemicals, and solid carbonates. See more ECCSELERATE report [2].
-

Direct utilisation: Currently, several applications use CO2 directly, e.g. as a refrigerant, solvent,
carbonating agent, fire extinguisher, etc. However, in these cases, CO2 is released directly
after its use.

-

Fuels: Among the fuels that can be produced from CO2 are: methanol, DME, diesel and
gasoline, kerosene and others. CCU fuels have received a lot of attention from researchers
and industries due to their huge potential to replace fossil fuels in the maritime and aviation
sector.

-

Polymers and other chemicals: An extensive list was presented in ECCSELERATE report.[2]
Methanol is probably the most important commodity chemical because it opens the doors
towards polymers. The most efficient pathway to produce methanol is from syngas compared
to direct hydrogenation of CO2 (power-to-MeOH). Converting CO2 into polymers is a new and
promising possibility that can 'trap' the carbon for an extended period.

-

Mineralisation: The conversion of CO2 by mineralisation allows permanent storage of CO2 and
provides products that can be used in different applications. CO2 can be converted into
cement, concrete, and aggregates. Mineralisation has great potential because 1) it does not
require CO2 of high purity, 2) the process is exothermic and, 3) waste materials are converted
into valuable products. Depending on the input material, a range of products can be obtained
through mineral carbonation, such as aggregates for building and CO2 cured concrete.

2.1.1 Needs for further development:

A prerequisite to consider CCU fuels and other CCU chemicals as a viable CCU option is to assess their
potential in terms of GHG emission reduction. A guideline on how to conduct such assessments in
terms of Life Cycle Assessment (LCA) is presented by Zimmermann et al. 2020[3]. In addition, research
should focus on identifying catalysts with high efficiency, stability, and reliability. Converting CO2-fuels
through gas fermentation has considerable potential. However, challenges like low CO2 solubility into
water need to be addressed.
For mineralisation/building materials field, more pilots should be supported to assess and improve
mineralisation technologies. Research should also focus on improving technologies which are directly
processing flue gas instead of purified CO2.

2.1.2 Sustainability of CCU systems
In ECCSELERATE report[2], different products and processes were assessed regarding their
sustainability. It was concluded that the following types of CCU products were particularly promising:

2.2

-

Building aggregates and CO2 cured concrete have great market potential and high TRL, and
these products can lead to CO2 emission reductions since they can permanently store CO2.

-

Methanol has a high potential as a building block and energy storage liquid fuel. While it is
relatively energy-intensive to produce from CO2, methanol is promising because of its
versatility. It can also be used as a fuel for hard-to-decarbonise transport (e.g., long-distance
shipping). Producing methanol from CO2 rather than fossil fuel makes it possible to sustainably
synthesise polymers and other carbon-containing chemicals. The list of chemicals and
polymers produced by methanol is extensive and reported in several articles [4].

Funding programs, incentives, and barriers for activities and infrastructure related to CCU.

2.2.1 Europe (Contribution from CO2 value Europe)
According to the EU (European Union) Green Deal, CCUS will play a crucial role in achieving net-zero
emissions by 2050 and creating a circular economy by reducing waste.
Incentives
EU Emission Trading System (ETS) [5]: ETS is a commercial mechanism of EU policy to combat climate
change. In general, ETS does not reward the capture and use of CO2 in materials. The only exception
is precipitated calcium carbonate (PCC) production because CO2 ends up chemically bound and will be
not released into the atmosphere[6]. Thus, the use of CO2 for PCC production is eligible for ETS credit.
However, the use of CO2 to produce fuels or polymers does not currently benefit from ETS credits [7].
Thus, industrial users who use CCU-fuels must surrender ETS credits as if they were using fossil fuels.
However, this is changing with the revised ETS that was proposed with the Fit-for-55 package [8]. The
package includes the following proposals: FuelEU Maritime for a green European maritime space and
Refuel EU Aviation. These proposals/initiatives request that CO2-based fuels be recognised as neutral
in CO2 when they fulfil certain specific conditions for the aviation and maritime sector.
Programs and Funding
The EU supports CCUS development through various funding and strategy programs listed below,
with highlights in Figure 2.

-

Initiative Phoenix [9]: A collaborative effort that supports RD&I activities on CCU.

-

Mission Innovation [10]: Targeted to enable near-zero CO2 emissions from power plants and
carbon-intensive industries.

-

CCUS SET-Plan [11]: The operational arm of the SET-Plan on the CCUS priority action, ensuring
the large-scale deployment of CCS and CCU technologies.

-

ETS Innovation Fund [12]: A funding program for the demonstration of innovative low-carbon
technologies. Innovative CCU projects with high potential for emissions reduction can apply
for support in the EU Innovation Funding programs, which will have regular announcements
from 2020-2030. Pre-commercial projects of high TRL. Calls are annual for both small- and
large-scale projects.

-

ERA ACT (CCUS) [13]: An international initiative on Accelerating CCS Technologies aiming to
facilitate innovations in CCS and CCU. There have been three fixed calls, and Alberta,
Denmark, India, Italy, France, Germany, Greece, Norway (only CCS), Romania, Switzerland, the
Netherlands, Turkey, the United Kingdom and the USA have taken part. There is also an open
call for projects with high industrial involvement. In 2022, a new call is expected, organized
under the Clean Energy Transition Partnership (CETP).

-

HORIZON EUROPE [14]: CCU and CCS is largely separated for Processes4Planet and the Clean
Energy Transition Partnership. Cluster 4: The Processes4Planet Partnership cover CCU R&I
activities. Cluster 5: Clean Energy Transition Partnership provide funding for R&I activities for
the development of CCS technologies.

-

Cohesion Fund[15]: For the 2021-2027 period, the Cohesion Fund concerns Bulgaria, Czechia,
Estonia, Greece, Croatia, Cyprus, Latvia, Lithuania, Hungary, Malta, Poland, Portugal,
Romania, Slovakia and Slovenia.

Research (3-4 years)
•Horizon Europe: Cluster 5
•ERA ACT 3
•Initiative Phoenix

Demostration
•ETSs Innovation Fund
•ERA ACT 3

Pilot -phase
•Cohesion fund
•ERA ACT 3

Figure 2 Funding programs in the EU for CCU activities

Associations promoting CCU
-

CO2 Value Europe is an association founded in 2017. Their mission is to promote the
development and market deployment of sustainable solutions that convert CO2 into valuable
products, contribute to a net reduction of CO2 emissions, and diversify the feedstock base
away from fossil oil and gas. They are ambassadors and spokespersons of the CCU community
in Europe to raise awareness and gain acceptance of CCU potential [16].

Barriers to CCU deployment
-

There are regulatory limitations concerning the accessibility of renewable energy for CCU
technologies.

-

CCU based products are currently more expensive compared to their fossil fuel counterparts.
However, it is expected that their costs will drop with the deployment of the technologies at
a larger scale.

2.2.2 France
After the Paris agreement, the National Low Carbon Strategy (SNBC for Stratégie Nationale BasCarbone) has proposed a roadmap for France on how to steer its climate change mitigation policy. In
this roadmap, CCUS for industry and CCU for transport are included [17].
Programs and funding
In France, two national agencies fund CCS and CCU projects: Agence Nationale de la Recherche - ANR
(National Agency for Research)[18] and Agence de l'Environnement et de la Maitrise de l'Energie ADEME (Environment and Energy Management Agency) [19].
-

ANR is the main agency, providing funding for low TRL research in all scientific fields, including
CCUS via a specific or generic (energy or circular economy) R&D program.

-

ADEME focuses on energy and environmental topics and has a more restricted budget for low
TRL research projects, but can provide significant funding for higher TRL projects, such as CCUS
pilot and demonstration projects.

Today there is no national funding earmarked for CCUS, as national calls by both ADEME and ANR are
now more generic. However, ADEME has initiated collaborative work with the Alliance Nationale de
Coordination de la Recherche pour l'Energie- ANCRE (National Research Alliance for Energy) to identify
new avenues of research on CCU. ANR has financed some twenty projects related to CO2 valorisation
in the last 10 years. In its previous call, the ANR explicitly targeted the utilisation of CO2 along with CCS
but also the production of biofuels from CO2.
At the international level, France is a member of several European and International initiatives on
CCUS. Some of them are listed below:
-

PHOENIX initiative [9]: The initiative is a collaborative effort supported by the EU member
states and regions Flanders, France, Germany and the Netherlands, as well as the European
Chemical Industry Council. PHOENIX will function as an umbrella initiative linking national and
European RD&I activities with respect to CO2 valorisation to ensure optimal use of public
funding and private investment. France is playing a significant part in this initiative, namely
through its support to the collaboration but also by setting the CO2 valorisation as its national
strategy (SNBC) objective.

-

ERA ACT 3 (CCUS)[13]: France joined the European ERA ACT3 call launched in 2020 to
encourage transnational funding of CCUS research and innovation projects by Member States.
France committed 1 M€ of national funding through ADEME.

Projects and R&D activities
-

Project Metha Treil [20]: Métha Treil is an anaerobic digestion project installed on a 540
hectare farm in Loire Atlantique. Their fermentation produces gas, composed of methane
(60%) and CO2 (40%). Biomethane is injected directly into the nearest GRDF network and
currently represents 8% of gas consumption in the municipality of Machecoul-Saint-Even. The
residual CO2 is captured and provided to partner market gardeners.

-

-

VALORCO [21]: Reductions of emissions and utilisation of gas steel with ArcelorMittal.
JUPITER 1000 (2014-2023) [22]: Power to gas demonstration with capture on chemicals
industry with GRTgaz.
IGAR [23]: Validation at demonstrator scale of reducing gas steel injection in blast furnace
with ArcelorMittal
CRYOCAPTM: CO2 cold capture system on hydrogen production plant 1Mt CO2/year with Air
Liquide.
CarboVal project [24] is a study of the mineralisation (or mineral carbonation) of NewCaledonian pyrometallurgical Ni-slags by attrition-leaching.
SUNFUEL project [25] aims to develop an innovative solar process for both hydrogen
production from water-splitting and CO2 valorisation.
Hynovi [26]: Hynamics (EDF) and Vicat are targeting the production of e-methanol up to
200,000 t / year (30% of France consumption) from renewable H2 and CO2 from cement plants.
Gazelenergie at the Gardanne thermal power station will produce 50,000L e-kerosene,
60,000L e-diesel and 100,000L of e-methanol from CO2 captured on the biomass plant and
100 MW of renewable H2[27].
KEREAUZEN[28]: ENGIE with an aeronautics consortium is considering the production of SAF
e-kerosene in the Normandy region from biogenic CO2 and renewable H2.

The most important French subjects operating in the promotion and development of CCU
technologies in France are:
•

•

•

Industrial companies:
o GRTgaz (Power to Gas process)
o VICAT (Production of algae)
o ArcelorMittal (Utilisation of gas steel, several projects ongoing)
o Air Liquide
o DNV (CO2 to fuels)
o Holcim (CO2 to cement)
o Engie
o Suez Group[29] (CO2 capture by micro-algae photosynthesis, restore soil quality)
o Axens
o SARPI Veolia
o TechnipFMC
o Algosource Technologies
o Synerzip LH
Research Organisations:
o CNRS and CEA (Algae, polymers)
o CEVA (Center for Study and Promotion of Algae)
o Laboratoire Réactions et Génie des Procèdes.
o IFPEN
o BRGM
Universities:
o University of Toulouse (Mineralisation)
o University of Lorraine (Valorisation of CO2)
o University of Pau
o University Gustave Eiffel

Associations promoting CCU

The Club CO2, the French CCUS team created in 2002, is carrying out many initiatives to stimulate the
exchange of information between industry, research organisations and public authorities and steer
new developments. It counted 28 member-organisations in 2020. For 2021, the Club CO2 has
prepared its CCUS roadmap[30] and organised, jointly with the French node of ECCSEL, a national
CCUS seminar[31]. Additionally, the Club CO2 has recently held a seminar about CCU to award the
best CCU projects and initiatives in France (“Les Trophées de l’Innovation de la Valorisation du CO2”,
28/09/2021) available online [32, 33].
Barriers to CCU deployment
The main barrier to CCU, which is not specific to France, is energy costs. CCU is therefore dependent
on the price and availability of local renewable energies.
2.2.3 Italy
Currently, Italy does not have a specific and well-defined national policy to promote the development
of CCU, but there are several organizations that are widely involved in research and development
activities within national and European projects.
One of the key aspects under investigation is the application of CCU for power-to-fuels for energy
storage. But, several activities are also focused on CO2-to-chemicals and CO2 mineralisation.
Programs and Funding
The most relevant domestic projects are funded by the Ministry of Economic Development and the
Regional Government of Sardinia. These projects include R&D activities on CO2 hydrogenation for the
production of gaseous or liquid fuels (methanol, DME, methane, etc.), with the aim to develop
advanced catalysts and to optimise the process as a whole.
At the moment, there are no specific incentives for the promotion of CCU. The most relevant
mechanism that could make the development of CCU interesting in Italy is the European Emissions
Trading Scheme (ETS), with a scope on aviation or maritime fuels.
Projects and R&D companies
At an international level, different Italian partners are involved in two exciting Horizon 2020
projects:
•

•

Store&Go [34]: The project aims to develop an integrated technology for direct CO2 capture
from the air (DAC, direct air capture based on the Climeworks technology) and its conversion
into LNG. A pilot plant has been built up in Troia town (Apulia, South-East Italy), and four
Italian partners are participating: Politecnico of Torino, Hysytech, IREN, and the Troia
Municipality.
MefCO2 [35]: The University of Genoa is participating in a project for the development of a
demonstration-scale CO2-to-methanol unit integrated with the Lünen (Germany) coal-fired
power plant.

The most important Italian organizations promoting and developing CCU technologies in Italy are:
•

Industrial companies:
o Eni (new concepts for CO2-to-fuels processes)
o HYSYTECH (CO2 conversion into LNG)
o IMI Remosa (advanced components for hydrogen-derived fuels)
o Saipem (CCU applications)

•

•

Research Organisations:
o CNR – National Research Council (advanced catalysts for CO2-to-chemicals)
o CRS4 (CO2 capture and conversion from biogas)
o Enea (catalysts for CO2-to-methane production)
o LEAP (advanced models for power-to-fuels applications)
o Sotacarbo (advanced catalysts for CO2-to-fuels, especially methanol)
Universities:
o Politecnico di Milano (models and materials for power-to-fuels applications)
o Politecnico di Torino (CO2 metanation technologies)
o University of Bari (advanced catalysts for CO2-to-chemicals)
o University of Cagliari (advanced catalysts for CO2-to-fuels and techno-economic
analyses)
o University of Genova (techno-economic analyses and feasibility studies)
o University of Milano (CO2-to-fuels process development)
o University of Sassari (CO2 mineralisation by photocatalysis)

Associations promoting CCU
Italian CO2 Club[36] is a non-profit association for promoting CCUS technologies and the participation
of several Italian members of the CO2 Value Europe association[16].
Barriers to CCU deployment
The most relevant barrier in developing CCU technology in Italy is the missing lack of a national
policy. Most of the organizations involved in this development work almost independently from one
another. In addition, there is a lack of national funding for demonstration-scale projects. Therefore,
most of the R&D activities are fundamental research.
2.2.4 Denmark
The Climate Act sets a target to reduce Denmark’s emissions by 70 percent in 2030 compared to 1990
and climate neutrality by 2050. The Act sets a rolling five-year target, ten years in advance. The UN
accounting rules are used to calculate greenhouse gas emissions and reductions against the target
[37]. Denmark has a well-established policy for CCS.
Denmark will develop cost-effective solutions for carbon capture and storage that can be used to
reduce CO2 emissions and create negative emissions from large industrial emitters, waste incineration
plants, biogas plants and biomass-based CHPs. Together with hydrogen generated by renewables,
captured CO2 can provide carbon for new climate-neutral solutions. The technical reduction potential
for CCUS is estimated to amount to 4-9 Mt of CO2 by 2030 [38]. More information about the programs
and initiatives was not collected.
2.2.5 Norway
Norway is an energy nation and has high revenues from offshore oil and gas extraction. To decarbonise
the oil and gas sector, CCS is needed. Therefore, the government finance activities for technology
development focussed on CCS. Besides, CCU is not seen as a means for carbon mitigation because the
amount of CO2 that can be converted into chemicals and materials (CCU) is about 15 % of total CO2
emissions, the rest need to be stored. In addition, politicians focus on the product side of CCU, and
most of the products do not qualify as long-term storage of carbon. The carbon mitigation of CCU is
on the production side.
Programs and Funding

At the national level, the Research Council of Norway does not finance activities or infrastructure
related to CCU from its CCS program CLIMIT unless the utilisation entails long-term CO2 storage (i.e.
mineralisation). However, it is possible to apply for innovation (or more fundamental) projects for the
business community that see business opportunities within the CCU.
Otherwise, CCU projects can get funding from many different Research Council programs as long as
the focus is on something other than CCU (i.e., circular economy, nanomaterials (catalysts), or young
researcher programs, unspecified funding programs, i.e. FRIPRO, EOR).
At the international level, many Norwegian institutions get funding from international and EU calls.
Here we list some of them.
-

-

ERA- ACT Call. An international funding initiative. In the section for specific funding agencies'
rules it is mentioned ' Norwegian partners in ACT projects can only apply for funding for
activities that are relevant for long term storage of CO2. This means that Norwegian partners
cannot receive funding for CCU activities where the CO2 is back in the atmosphere on a short
timescale. Activities related to the utilisation of CO2 can be accepted if there is relevance for
long term storage of CO2. However, it is accepted that Norwegian partners take part in project
where other countries' partners have activities on CCU.
Innovation Fund. See more in Section 2.2.1
HORIZON EUROPE. Calls are listed in Section 2.2.1

Projects and R&D companies
The main industrial projects are:
-

-

The companies Norsk e-fuel and Nordic Blue Crude AS both are planning for
demonstrations facilities at Herøya Industrial Park which will be started in 2023 and
upscaled in 2026. CO2 will be converted into fuels using hydrogen from renewable energy.
Direct Air Capture is also considered in the project[39].
Finnfjord AS and the University of Tromsø have completed successful tests where algae is
used to bind CO2 from the process gas. The project is now on pilot scale with the world's
largest photobioreactor [39].

The Norwegian institutions operating in the promotion and development of CCU technologies are:
•

Industrial companies:
o Finnfjord AS (CO2 to algae farming)
o Skretting AS (CO2 to protein)
o Captico2 [40] (Mineralisation technology)
o Norsk e-fuel (CO2 to fuels)
o Nordic Blue Crude (CO2 to fuels)
o NORNER (CO2 to plastic materials)
o Borg CO2 [41] is a limited Norwegian Company established to facilitate and manage
studies on CCUS in Øra & regionally.

•

Research Organisations:
o SINTEF Industry
o Norner (CO2-derived polymers)
o IFE (CO2 mineralisation)
Universities:
o University of Oslo

•

o
o
o
o

University of Tromsø (Chemistry, CO2 to algae)
University of South-Eastern Norway
University of Bergen (CO2 polymers)
NTNU (Catalysis group, NTNU Chem. Eng. Dept)

Associations promoting CCU
The Networking Group on Carbon Capture, Use and Storage (NGCCUS) was established in 2019 by the
Nordic Committee of Senior Officials for Energy Policies (EK-E) and consists of representatives from
the Nordic and Baltic countries’ ministries[42]. This group do not include only Norway but other Nordic
and Baltic countries, including Sweden, Denmark, Estonia, Finland, Greenland, Iceland, Latvia,
Lithuania. Their aims are to promote information exchange, cooperation on CCUS policies issues,
monitor development in the decarbonisation area and within CCUS in the Nordic countries, in the
Nordic-Baltic cooperation and within the framework of the EU BSR strategy throughout the Baltic Sea
region, with a focus on all technologies and system solutions.
Prosess 21 is the Norwegian process industry's strategy work. It was established by the Ministry of
Trade and Industry on 2018. The main task is to provide strategic advice and recommendation on how
Norway should achieve their goals for reducing CO2 emissions from the process industry[39].
The Nordic Consortium for CO2 Conversion (NordCO2) is a network of researchers working on
chemicals CO2 conversion. The consortium unites 9 universities and 12 research groups from the 5
Nordic countries (Iceland, Norway, Denmark, Finland, Sweden). The main activity is to promote
research, development, dissemination and education on CO2 conversion [43].
Barriers to CCU deployment
-

Lack of funding/support for scale-up
CCU “not seen” a as mitigation solution in itself (Norwegian government view)
There are only a handful of CCU technologies at higher TRL (> 7)
Need joint breakthroughs in catalysis and process technology to overcome the
thermodynamic/equilibrium limitations
Norway has limited chemical industry-relevant for CCU but large offshore storage capacity
which can be used for CCS

2.2.6 United Kingdom
UK has a capacity to store their CO2 emission in offshore oil and gas field. CCU may, however, help to
reduce the UK’s dependence on fossil fuels to create valuable polymers, fuels and other chemicals.
CO2 mineralisation offers an opportunity to store CO2 permanently, and UK is one of the main actors
in this field.
In October 2021, the government announced in the Net Zero Strategy[44] its ambition to capture and
store 20-30MtCO2/year by 2030, including 6 Mt CO2/year of industrial carbon capture, 5GW of low
carbon hydrogen production capacity (incl. 1GW CCUS- enabled), and at least one Power CCUS plant
as part of the Cluster Sequencing Process. Others two strategies that are important to mention are:
-

The Industrial decarbonisation strategy covering CCUS for industrial decarbonisation [45].
The UK strategy on Direct Air Capture(DAC) and Greenhouse Gas Removal(GGR) Innovation
Programme (2021) funded under the Net Zero Innovation Portfolio. A two-phased programme
with overall funding of £70 million is available to overcome the challenges of DAC and GGR
technologies.

Programs and projects

-

CCUS Innovation 2.0 [46] The Department of Business, Energy and Industry Strategy (BEIS)
has funded some mid to late-stage (TRL 3-8) novel CCUS technologies, these include:
o First purpose-built 40,000 tCO2 CCU facility in UK at Tata Chemicals Europe[47]. In this
project, CO2 is converted to sodium bicarbonate.
o Allam-Fetvedt Cycle (8 Rivers Capital), which is now looking to build 280-300 MWe
power stations in Teesside, Illinois, and Colorado[48]. In this project, they are using
high-pressure CO2 instead of steam as the system working fluid.
In addition, £19.5m CCUS Innovation 2.0 was launched in May 2021, with funding finishing
Mars 2025[46]. The grant funding was for innovative projects that significantly reduce the cost
of capturing, using, transporting, and sequestering CO2.
o Two types of grant-funding offered in Call 1:
o Lot 1: up to £1m co-funding for Mid-Stage CCUS Innovation (TRL 3-5) projects
o Lot 2: up to £5m co-funding for Late-Stage CCUS Innovation (TRL 6-8) projects

-

Net Zero Innovation Portfolio (2021-2025) is a £1 billion fund with the aim to accelerate
the commercialisation of low-carbon technologies, systems and business models in power,
buildings, and industry. This program supports the UK’s vision to be a global leader in the
technologies needed to decarbonise the industry and the rest of the economy. Among the
focused areas are: direct air capture and greenhouse gas removal, hydrogen, advanced CCUS
and others. The funding volume is £200m per year, in total £1bn in the period 2021-2026 [45].

-

Industrial Decarbonisation Challenge (IDC) (2019-2024). The IDC aims to accelerate the costeffectiveness of decarbonisation across industrial clusters by supporting the development of
low-carbon technologies such as CCUS and hydrogen fuel switching at scale. The budget is
£170m [45].

-

CCUS Infrastructure Fund (CIF) (2021-2030). The fund aims to support the development of
business models and enable the deployment of Carbon Capture Usage and Storage (CCUS)
across energy-intensive industries to enable organisations to remain economically
competitive while reducing carbon emissions. The funding volume is £1m from 2021-2030.
The Net Zero Strategy[44] released in October 2021 reconfirmed the funding. The CIF will
support the capital cost of strategic CCUS infrastructure, primarily Transport and Storage
(T&S) networks and industrial carbon capture projects. This will help to address, along with
work on enduring business models, the commercial barriers that have previously impacted
the development of CCUS in the UK.

-

Clean Steel Fund. The fund aims to enable the transition to lower carbon iron and steel
production through supporting new technologies (renewable energy, CCUS and hydrogen)
and processes to achieve a net-zero target. The funding volume is £250m.

The most important UK actors in the promotion and development of CCU technologies in the UK are
industrial companies:
o
o
o
o

Carbon8 (CO2 mineralization)
CCC-Cambridge Carbon Capture (Mineralisation of silicates and alkaline waste) [49]
Air Fuel Synthesis (CO2 to fuels) [50]
Dymeryx Lth (spin-off from University of Newcastle- CO2 to polymers)

Barriers to CCU deployment

According to a UK report on CCU published in 2017 [51], several barriers have been identified:
-

-

Regulatory uncertainty. The regulation was a way to increase CCU deployment; however,
others considered that regulation changes introduce market risk for the product (which can
be weakened or disappear).
Lack of funding/support for scale-up.

2.2.7 Netherlands
The national climate agreement of the Netherlands is based on the principle that reducing carbon
emissions must be feasible and affordable for everyone. The main goal of the Dutch Climate
Agreement is to reduce the emission of greenhouse gases, mainly CO2, by 49% in 2030 compared to
1990. Therefore, Dutch government seeks a cost-efficient transition that limits the financial impact on
households as much as possible and implements measures to fairly distribute the financial burden
between citizens and businesses [52].
Programs and Funding
The Dutch government policy focuses on quickly scaling up cost-optimal technologies to reduce
industrial emissions. However, the government sees CCS as a possibility to reduce carbon intensity in
industry. In the longer run, the government wants to move away from CCS of fossil fuel emissions
towards carbon capture and utilisation (CCU) and CCS linked with bioenergy [53].
RVO (Netherlands Enterprise Agency) through its stimulation of sustainable energy production and
climate transition (SDE++) scheme provides subsidies for generation of renewable energy and other
measures to reduced CO2 emissions. SDE++ support is not currently available for CCU. Support for CCU
is being analysed and will depend on several factors, including the ability of CCU process to reduce
CO2 emissions. This subsidy is intended for companies and organisations (non-profit and otherwise) in
sectors such as industry, mobility, electricity supply, agriculture, and the built environment[54].
Moreover, the Mission-driven Research, Development, and Innovation (MOOI) scheme supports large
projects with integrated solutions that contribute towards achieving the climate goals. Large scale CCU
projects can be funded by MOOI.
Further, RVO, through its Demonstration Energy and Climate Innovation (DEI+) 2021 scheme offers
subsidy for a pilot and demonstration projects in low carbon technologies, including CCUS.
Promotion of CCU
The CO2 Smart Use aims to connect all parties involved in CCU in the Netherlands, whether they are
national or international players.
Projects and R&D activities
In the Netherlands, approximately 1 Mt CO2 is used to produce urea, 0.02 Mt by the soft drink industry
and 0.6 Mt of CO2 is supplied to greenhouse horticulture. Twence captures CO2 from the flue gases of
the AVI (waste incineration plant) and converts it into sodium bicarbonate, which is used for flue gas
cleaning. This demonstration project reduces CO2-emissions by 3 kt per year[55].
The companies OCAP (Organic CO2 for Assimilation of Plants) and WarmCO2 both operate large
pipeline networks delivering CO2 captured from industrial processes to greenhouses to increase
agricultural production. OCAP has been operating since 2005 and currently supplies around 500 kt of

CO2 per year. WarmCO2 has been in operation since 2015 and uses CO2 captured from industrial
processes from the North Sea Port in Zeeland to supply around 55 kt of CO2 to greenhouses. The AVR
Duiven project captures around 100 kt per year of CO2 from a waste-to-energy plant. The captured
CO2 is purified, compressed, and delivered to greenhouses by truck. The HVC Alkmaar project is
capturing CO2 from a biomass power plant and aims to scale-up the plant and deliver the CO2 to
greenhouses [53].
The Dutch initiative VOLTACHEM [56] is developing technologies to utilise CO2 to produce renewable
fuels and chemicals. A consortium led by TNO has recently won a H2020 project named TAKE OFF,
with the aim to develop synthetic fuels for the aviation industry.
Key CCU projects in the Netherlands
•
•
•
•
•

Twence - Sodium bicarbonate: pilot plant where CO2 from flue gas is used to make the
excipient sodium bicarbonate
WarmCO2: CO2 and heat from Yara in Terneuzen is directed to the adjacent greenhouse
horticulture area [57]
“Compensation stone” of DRBG, with 250 kg/m3 CO2 (mineralisation)
“Groen gas Almere” and Kloosterman and various other biofermenters deliver Bio-CO2 to
industrial gas companies
Bio-MCN uses captured CO2 to boost bio-methanol production

New initiatives between industry and research are emerging rapidly [58].
•
•
•
•
•
•
•

MWIs aim to capture CO2 for utilisation
AVR announced plans for CO2 capture in Duiven Green Deal CO2 delivery North Holland
VoltaChem is a business-driven Shared Innovation Program that connects the electricity
sector, equipment sector, and chemical industry. Electro-reduction of CO2 to C1 building
blocks, focusing on Formic Acid, CO, and Ethylene as key products.
Multiple commercial projects on bioMeOH are underdevelopment which includes the re-use
of CO2 via hydrogenation (Lowlands, BioMCN).
NEC, DTU, Wetsus, and Coval Energy are demonstrating an integrated capture and utilisation
at an industrial scale at OMV petrom, Grecian Magnisite, Aalborg and Twence.
TNO and DAREL are actively looking for ways to capture CO2 from industrial emissions and to
capture it for a long time, instead of emitting it (Feasibility study Green Formalin)
Aegir - CCU in food production: CO2-neutral beer and spirulina production in a combined
process

Companies
• Avantium (Electrochemistry to convert CO2 to high value products).
• COVAL Energy (convert CO2 by an electrocatalytic process to chemical).
• Photanol
• Royal Dutch Shell (Sustainable aviation fuel from CO2) [59].
Research organisations and universities
1)
2)
3)
4)

TNO
DIFFER
Eindhoven University of Technology (TU/e)
Delft University of Technology (TU Delft)

5)
6)
7)
8)
9)

Utrecht University
Leiden university
Vrije Universiteit Amsterdam
University of Twente
Wetsus

2.2.8 Germany
Germany has a large and diverse chemical industry, supplying for instance the automotive,
pharmaceutical and cosmetic industries. Since Germany depends on the import of fossil raw materials,
it is of strategic interest to develop new technologies that could lead to the use CO2 as a raw material.
In addition, the industrial actors are investing significantly in CCU research projects. In fact, German
funding specifically targeting CCU is probably the largest worldwide [60].
Programs and Funding [61]
The Federal Ministry of Education and Research and other entities in Germany are strongly
supporting development of and research on CCU processes. Some historic and current funding
programs are listed below.
-

CO2 WIN [62] (ongoing) has a funding volume of 30 M€ and just started last year with 11
projects that will run to 2024. The main topics are electro- and photocatalysis, chemical and
biotechnological conversion of CO2, and CO2 mineralisation. CO2 mineralisation is a new topic
covered in their funding program.

-

Kopernikus [63] (ongoing second phase) is a huge initiate to build up Power-to-X technologies
to create infrastructure in Germany. It will run for ten years and is now in its second phase.
Kopernikus builds demonstration plants.

-

Carbon2Chem [64] (ongoing second phase). 66 M€ of funding was available in the first phase,
and in the current second phase 75 M€ is available. There are many partners involved from
the chemical and steel industries.

Project and R&D activities
Some of the major projects in Germany are:
-

-

-

Dream Production [65] lead by Covestro AG incorporate CO2 in new polymeric materials.
Based on this project, Covestro is currently building the first commercial plant for a CO2-based
polyurethane at the Dormargen in Germany.
WESTKUSTE100 [66] is converting hydrogen produced from offshore wind power and CO2
from cement production into methanol and aviation fuels. The companies involved are EDF
Germany, Holcim Germany, OGE, Ørsted Germany, Raffonerie Heide, Stadtwerke Heide,
Thugaand thyssernkrupp Industrial Solutions, Heide development agency, Westkuste
University of Applied Sciences.
Biological methanation (Bion) [67]: Microbiological methane synthesis from CO2 and H2 is a
technology being developed by MicrobEnergy GmbH, a subsidiary of the Viessmann Group. In
this project, they are using renewable sources for hydrogen production and energy to produce
methane.

-

BioElectroPlast [68]: In the project, they use flue gas, electricity and air as feedstock for the
bioelectrochemical production of bio plastic material.

The most important German actors operating in the promotion and development of CCU
technologies in Germany are:
•

Industrial companies, research institutes and universities:
o Covestro AG (CO2 to polymers)
o Yara (Work on algae farming together with University of Dulsburg)
o Bayer (CO2 to polymer collaborating with RWE Power, RWTH Achen University)
o RWE (Several project on CCU)[69]
o DECHEMA (Research on catalyst)
o MicrobEnergy (They have developed its own system for power-to-gas)

Associations
DECHEMA (Gesellschaft für Chemische Technik und Biotechnologie e.V., Society for Chemical
Engineering and Biotechnology) is a non-profit organisation society for chemical engineers and
biotechnologist. One of their goals is to promote CCU activities.

3 Synergies across CCU value chain
Many aspects need to be considered when evaluating and analysing synergistic potential across the
CCU value chain. Industrial symbiosis is a part of this synergy analysis, and it overlaps with all the
aspects in the Table 1.
Table 1 Aspects for synergy analysis in CCU
Aspect

Details

Geographical

Energy and Material

The geographical aspects to consider are: Availability of geological storage sites and proximity
between the emitters and raw materials, end-users of the CCU products.
Combination of carbon capture with renewable technologies such as electrolysis and biomass
conversion.
Exchange of material and energy across CCU value chain.

CCU and CCS

Several aspects such as infrastructure, social acceptance, economics, and standardisation.

Technological

3.1

Geographical synergy

Geographical synergy refers to how different geographical aspects can foster CO2 capture and
utilisation processes and, therefore, mitigation of CO2 emissions.
The geographical aspects to consider are:
- Availability of geological subsurface CO2 storage sites.
- Proximity between emitters, raw materials, sources of energy, existing connections/pipelines
between emitters and users and end-user of the CCU products e.g. cement, methanol, etc.
3.1.1 Availability of geological storage sites
The processes involved in CCU and CCS are somewhat similar, i.e., CO2 is captured, transported and
stored or used. Table 2 provides estimated costs for the different stages of CCS value chains. The
estimated costs are expressed in terms ($/tCO2) and refer to the cost of abated or reduced CO2
emissions,, the equations used for their calculation are presented in Budini et al. [70]. We can observe
that transport accounts for ~ 4% to 29 % of the total costs.
Table 2 Cost estimates for CO2 capture, transport and storage taken from Budini et al. [70]. The
costs are for 2015.
CCS Value chain
Capture
Iron and steel
Cement production
Transport
Offshore pipelines
Onshore pipelines
Shipping
Storage

Estimated cost
57-69 $/tCO2
35-110 $/tCO2
2-15$/tCO2/250 km
1-11$/tCO2/250 km
12$/tCO2
1.6-31.4 $/tCO2

CO2 emitters has been mapped by Carbon Next project [71]. In this report, they have identified the
industrial CO2 emitters including cement, steel and iron, paper and the majors' chemical parks such as

ammonia, ethylene oxide, natural gas processing (purification, e.g. extracting H2S and CO2) and
hydrogen production. These sources are considered the best sources of CO2 for CCU purpose in a near
term according to Carbon Next[71]. Figure 3 show a map with the location of these sources. The map
is based on information gathered from E-PRTR (2014). Figure 4 shows the location where CO2 can be
stored.

Figure 3 Map of the key sources of CO2 across Europe including mainly industrial sources (Source
Carbon Next project [71])

Figure 4 Reported reservoirs in CO2StoP (Source: Poulsen et al. [72])

The physical distance between CO2 emitters(industries) and locations where CO2 can be stored is
crucial because of the transportation costs. According to a British report Shipping CO2 [73], high-cost
for transporting CO2 can be a constraint for many industries in implementing CCS facilities. CO2 can
be transported by pipeline, ship, railway, truck, or a combination. Figure 5 shows the unit cost for
transporting 1 tonne of CO2 via pipeline and shipping. The cost for transporting CO2 via pipeline
increases quickly being attractive for short distances only. In case CO2 is captured far from a storage
site and can only be transported by a pipeline or truck, then CCU deployment could help to
decarbonise this industry.
A considerable part of emissions from industries depicted in Figure 3 are located far from coasts or
likely locations of future CO2 transport hubs. For these cases, the CO2 storage would be most
economical onshore. However, since public opposition has hindered CCS onshore deployment
implementation of CCU can offer a possibility to abate emitted CO2. For example, Germany has many
industrial clusters far from the North Sea coast, and CCU can be more attractive from them, primarily
because of the high public opposition against CCS. For Spain and France, the alternatives for CO2
storage are mainly onshore reservoirs. For these countries, CCU may offer a cheaper alternative for
decarbonisation of their industries. However, the amount of CO2 that can be stored permanently by
CCU is much lower than by CCS.

Figure 5 Unit cost of pipeline and shipping for different flow rates (highlighted with different
colours) and distances. The cost components for CO2 transport included in the unit cost (£/tCO2)
are the CAPEX and OPEX for gasification, storage, unloading, ship, harbour, loading and
liquefaction (Source Shipping CO2 Study 2018 [73])

Figure 6 Breakeven flow rates of pipeline transport for two different transport distances. Note
that the scale is logarithmic. (Source Shipping CO2 Study 2018 [73])
The cost for CO2 shipping does not change much as a function of distance, see Figure 5. Hence, CCS
deployment can be more attractive for European industrial clusters around the North Sea cost. CO2
shipping can connect countries with a potential for CO2 capture such as Norway, France, the UK,
Netherland, Sweden, Denmark and Germany, with CO2 injection locations around Norway, UK and
Netherlands (see Figure 7). However, CO2 transport by shipping is mainly economically preferable
when small volumes of CO2 need to be transported over long distances (see Figure 6). If a large amount
of CO2 needs to be transported, pipelines will be the most economical solution. CCS can therefore be
a path for decarbonization of the industries cluster around the North Sea, but not the unique key
solution. The industrial clusters along the North Sea are still potential locations for CCU due to the
availability of raw materials, excess energy, and CO2 streams, therefore CCU need to be considered
as a complementary solution.
According to a report by Centre of Low Carbon Futures [50], CCU by mineral carbonation could be of
interest for countries with limited geological storage capacities like Finland, Portugal, Greece,
Hungary, Lithuania, and countries in the Baltic region.

Figure 7 CCS deployment opportunities around the North Sea (Source NCCS website [74]).

3.1.2 The proximity of plants (or Industry cluster)
Another geographical aspect that can foster CO2 capture is the proximity of plants that can provide
CO2 streams, raw materials or energy. By reducing the distance between the plants, transportation
costs are reduced, and perceived safety risks are limited. A good example is the industry cluster,
where waste heat and material streams of industry can also be exploited.
Such example is the Ghent area in Belgium where CCU processes have been implemented, taking
advantage of the high availability of renewable energy and CO2 streams. The CO2 emitted by local
industry is used together with locally produced hydrogen and converted to methanol and ammonia.
These products are then used as platform chemicals for several other local plants. The characteristics
of this area are unique, and the example shows how CCU can be implemented at a large-scale taking
advantage of the resources locally available[75]. The characteristics of the North Sea port at the Ghent
area are:
-

Easy access and high availability of renewable electricity from wind farm offshore.
CO2 sources, in this case from iron and steel production.
Potential industrial end-user of hydrogen, oxygen, and platform chemicals.
Possibilities for utilising excess energy streams such as waste heat.
Intense logistic activity and thus potential market for synthetic carbon-based fuels.
Sufficient available space to set up required infrastructure.

Figure 8 CCU opportunities of North Sea Port of the Ghent area (Source: Exploratory study for CCU
development at Ghent area [75]).

Other industrial clusters with similar characteristics and potential for CCU deployment identified in
Europe are:
-

-

Paris Basin and Rhone Valley in France [76]
Ebro Basin in Spain [76]
West Macedonian Area in Greece[76]
Galati Area in Romania[76]
Lusitanian Basin in Portugal [76]
Upper Silesia in Poland [76]
Northern Croatia in Croatia [76]
Port of Rotterdam in Netherland.
Port of Antwerp in Belgium.
Ruhr and Rhine areas in Germany. The Ruhr area includes the cluster ChemSite and
ChemCologne. The Rhine area encompasses the ChemiePark and Hoechst site and the BASF
site in Ludwigshafen.[77]
The Teesside collective is a good option for future plants due to their availability of CO2 at
different purity level and significant availability of waste materials (steel slags) [51].

Figure 9 The orange spots are chemical industry areas as possible consumer of CO2. The green
spots include the CO2 emitters from the manufacture of basic iron, steel and ferro-alloys, cement,
paper, pulp, lime organic and basic chemicals, fertiliser and nitrogen compounds. (Map modified
from CarbonNext project [78] )
However, according to the report [51], most CCU plants are currently standalone rather than parts of
major industrial clusters. One example is Carbon 8 Systems company (a market leader in accelerated
carbonation technology) [79]; their CCU plants are located next to a concrete plants rather than to
either source of CO2 or waste raw materials. In this case, both CO2 and waste raw materials have to
be transported by truck. The main reason for that is to have its production site close to the market to
minimize the transport distance and cost of the final product. In the UK, CO2 is provided by Air Liquide,
Linde and Praxair with an industrial-grade quality. Another example is the Cornerways tomato nursery
located 500 m from the British Sugar Wissington CHP plant, where CO2 (and heat) is sourced. In this
case, the nursery and CHP plant are not a part of an industrial cluster.
3.1.3 Location for potential future CCU plants
In this subsection, we have summarised the report on Assessing the potential of CO2 Utilisation in the
UK [51]. Their results were collected after a workshop held in 2016 among 15 industrial stakeholders
where they discussed the identification of locations and other aspects for CCU deployment in the UK.
Although this information was collected in the UK, it gives an overview on the aspects that should be
considered for CCU deployment to minimise capital costs.
In case of C02 based–polymers production plants, the following factors should be considered,
according to the report [51]:
-

The availability of CO2 with the quality required for polymer production.
Presence of necessary logistics infrastructure combined with cheap land availability or the
possibility of converting existing redundant facilities to production units for CCU-polymers.
Proximity to industrial clusters with large number of companies operating in the chemical
sector to provide opportunities for industrial symbiosis.

In case of methanol production via CO2 hydrogenation, the following aspects should be considered at
the stage of planning the plant:
-

-

-

The availability of high purity CO2, because catalyser does not tolerate impurities. According
to Naims et al. [80], the potential sources with industry high purity CO2 are ammonia
production, hydrogen production, fermentation and biomass, however these sources
represent only the 2% of the total global emissions.
Hydrogen is needed for the production of methanol. So, areas with high deployment of
renewable energy sources to utilise the surplus of renewable electricity that otherwise would
be curtailed. This could, for example, include a direct connection to a wind or solar farm, or in
countries with network grid connections of a high density of renewable energy.
Proximity to a source of by-product H2 such as chlor-alkali or steel production.
Proximity to industrial clusters to exploit high energy streams since high pressure and high
temperatures are required for methanol synthesis.

In case of CO2-aggregates for building, the feedstock required for the process are CO2 and alkaline
waste material. For future CCU plants, four factors are relevant:
-

-

Many carbonation processes can tolerate CO2 at a wide range of purity levels (e.g., 10-90%),
although 50-60% is considered to be ideal.
Proximity to the market. As an example, carbonation plants can be co-located with concrete
manufacturers rather than with alkaline waste locations (see Table 3) and CO2 source. A key
consideration is that volumes of aggregates are twice the volume of alkaline waste, so it
minimises transport cost.
Availability of alkaline waste streams. Steel plants and cement plants are likely to be located
at, or near, the site where alkaline waste materials are located.
Availability of CO2 infrastructure. Pipelines in case of a cluster approach or trucks in cases of
smaller volumes.

Table 3 Characteristic of the main alkaline waste streams plants.
Industrial process
Cement product

Alkaline waste materials
Cement kiln dust (CKD)

Coal (and biomass)
combustion
Iron and steel
production

Fly ash
Steel slag

Characteristics
•
0.15-0.2 t CKD/ t cement.
•
Typical weight share: CaO (38-50%) and MgO (0-2%).
•
60% of all coal combustion waste.
•
Typical weight share: CaO (1-37%) and MgO (1-15%).
•
10-15% of steel output.
•
Typical weight share: CaO (32-58%) and MgO 4-10%

In case of CO2 cured concrete, the feedstock required are CO2, cement, and aggregates. Two products
of concrete can be obtained 1) prefabricated concrete block or elements called pre-cast concrete
(using CO2 as feedstock) and 2) ready-mix concrete (using CO2 as feedstock) used on construction site.
-

-

For pre-cast concrete the plant for production of pre-cast concrete can be installed in exiting
concrete plants. According to the report, these locations are the most economical. CO2 can be
transported by truck or pipeline from an industry.
For ready-mix concrete the plant should be installed at/near to the construction site (in the
UK, the delivery distance has to be less than 12 km). In this case, the CO2 would often need to
be transported by truck.

3.2

Technological synergy

Technological synergy in CCU value chain is defined as a conversion of captured carbon to added value
chemicals or fuels by using renewable energy sources such as renewable electricity and biomass.
Moreover, CO2 capture can be stimulated by exploiting the synergies across the CCU value chain.
CCU technologies need renewable electricity to be sustainable in the longer run. Additionally, CCU
technologies via the Power-to-X principle (P2X) will be one of the enablers of energy transition. P2X
refers to conversion of electricity into products such as fuels and chemicals. For example, power-togas produces gaseous substances such as hydrogen and methane. Power-to-chemicals refers to the
production of chemicals such as formic acid and ethylene using electricity and CO2. These chemical
products act therefore as renewable energy carriers [81]. From a system perspective, CCU only has a
positive climate impact if it reduces greenhouse gas emissions from the energy and production system
compared to a system without CCU. Moreover, CCU could create circular economy business cases.
3.2.1 Hydrogen and CCU
Decarbonisation of hard-to-abate sectors such as aviation and marine only by hydrogen or other noncarbon energy carriers is difficult to achieve in near future. CO2 and green hydrogen can be converted
into e-fuels such as gasoline, kerosene, and diesel which might be considered among the best options
to decarbonize marine and aviation sectors.
Figure 10 shows the different e-fuels which can be produced using green H2 and CO2 or N2. The analysis
in the whitepaper on e-fuels by TNO, Voltachem, and Smartport shows that for shipping, the cost
differences between the various e-fuels are small[82]. The whitepaper also concludes that for aviation
only e-kerosene can be regarded as a feasible e-fuel.

Figure 10 Schematic representation e-fuels production routes from H2 (Source: White paper on
e-fuels for truck transport, shipping and aviation [82])
3.2.2 Bioenergy and CCU
Biomass typically includes residues of forestry and agriculture, along with organic wastes. When
biomass is converted to products or energy, CO2 can be captured from the residual streams. Captured

biogenic CO2 can either be stored underground (BECCS) or used in chemical processes to produce
materials or fuels (BECCU).
Depending on the final product, BECCU can be a carbon-neutral emissions technology. Figure 11 shows
the difference between BECCU, direct air capture (CO2 captured from atmosphere) and fossil based
CCU.

Figure 11 Schematic of carbon flows in fossil and biomass based CCU (Source: Onarheim et al.[83])
In Figure 11, CO2 captured either by Direct air capture (DAC) technology or by biomass is defined as
atmospheric carbon.
Figure 12 depicts the overview of the supply chain required for BECCU (Bioenergy with carbon capture
and utilisation). Biogenic CO2 sources have concentrated streams of CO2 which reduces the capture
cost. Hence, bioenergy plant operators may generate additional revenue by capturing CO2 for CCU
applications once BECCU becomes part of carbon certificate regulations such as EU ETS.

Figure 12 BECCU supply chain overview( Source: Olsson et al. 2018 [84])

One of the key barriers for CCU is the limited availability of concentrated streams of CO2 with low
capture costs. Figure 13 shows the estimated capture costs and capacity of CO2 capture from different
sources. There are sufficient bio-CO2 point sources to cover the global demand for aviation and
shipping fuels.

Figure 13 Availability vs Capture costs (Source: Olsson et al. 2020 [84])

3.2.3 Renewable electricity and CCU
Electrochemical reduction of carbon dioxide can be used to produce fuels and other chemicals,
converting CO2 to useful products such as carbon monoxide, formic acid, ethylene, and methane. The
potential of electrochemical conversion depends on the value of the products obtained relative to the
required investment in equipment and the overall energy cost. Electrochemical reduction has
technological challenges that have prevented commercial-scale deployment.
Several factors uniquely position the electrochemical conversion of CO2 for accelerated technological
development. Mainly, the products from electrosynthesis already exist within many petrochemical
supply chains. Hence, the chemical industry infrastructure is already available for these products[85].
Figure 14 shows that the reduction of CO2 using renewable electricity could transform CO2 emissions
into commodity feedstocks or fuels.

Figure 14 Electrochemical CO2 conversion (Source: De Luna et al. 2019 [85])

3.3

Energy and Material Integration (Industrial Symbiosis)

There is a potential for collaborations between companies that generate CO2 and companies that may
use CO2 as input for their industrial process. Figure 15 shows the potential of synergies between
different companies within the CCU value chain.
The energy and material integration between the emitter of CO2 and the CO2 utilisation unit can be
optimised, based on regional, local, and site-specific conditions (e.g., waste heat from the process
available can be used for the CCU unit, or a low carbon intensity of the electricity grid), which can
reduce CO2 capture costs and/or help on achieving specific emissions goals. A few examples are cited
below:
-

-

In Iceland, at CRI's George Olah methanol plant (4 kt/year production), all the required energy
is generated by hydro and geothermal sources. CO2 is captured from the flue gas of a
geothermal power plant located next to the CRI facility [86].
Project FReSMe has demonstrated how residual blast furnace gases from steel manufacturing
can be utilised for the synthetic methanol production.

Figure 15 Synergies across CCU value chain

3.3.1 Summary of case studies from CarbonNext
Deliverable D2.2 of CarbonNext project discusses the technological possibilities for the
implementation of industrial symbiosis in the CCU value chains [87]. Typically, gaseous waste streams

of one company or sector are used as platform chemicals or energy carriers by another sector or
company. CarbonNext’s report includes various examples of industrial symbiosis that are already put
into practice or currently under preparation.
The most prominent example of CO2 utilisation within the report is the linkage of steel manufacturing
with chemical production. Steelanol led by ArcelorMittal and other partners is an industrially driven
project to capture and reuse CO2. Moreover, Carbon2Chem project funded by the German Ministry
for Education and Research (BMBF) aims to convert off-gases from the steel production process to
fuels, plastics, and fertilisers. The following table summarises the examples of industrial symbiosis in
CCU value chains.

Table 4 Summary of industrial symbiosis examples from CarbonNext D2.2[87].
Project
/Company
LanzaTech
process
Carbon2Chem

CO2 source

CO2 utilisation process

Status of the project

Steel production sites.

Production of (bio)ethanol.

Thyssenkrupp Steel
production site Duisburg.

Carbon4Pur

Steel manufacturing
at the Port of Marseille Fos.

Rotterdam
Harbour
Industrial
Complex
Photanol

MIKE

CO2 mainly from refineries,
power generation, chemical
Production, and waste
treatment.
Not specified yet; CO2 from
power plants, waste
incinerators, industrial sites
and biogas producers.
CO2 from flue gas (from
power plants or chemicals
production).
CO2 in biogas.

Fuels, plastics & fertiliser
production. Mainly ammonia
and methanol.
Production of polyurethane
as polymer foams and
coatings.
Algae, polyols and diisocyanates production;
mineralisation.

Various pilots at industrial and
commercial relevant scale.
Industrial scale production plant
planned, currently under specification.

Microbiological
methane
Agricultural
fertiliser from
waste CO2

CO2 from a sewage sludge
digestion plant.
CO2 from the flue gas of an
anaerobic digestion (AD)
plant.

BioElectroPlast

3.4

Ongoing project; industrial relevant
scale chemical production envisaged.
Short- to mid-term uptake.

Alcohols and organic acids.

Demo production phase.

Production of bioplastics
(bio Polymer
Polyhydroxybutyrate).
Methanation of CO2 in
biogas by microbial
electrosynthesis.
SNG.

Current work at laboratory scale; pilot
plant scale envisaged for second half
of the project.
Current work at laboratory scale; pilot
plant scale envisaged for second half
of the project.
Pilot plant at Allendorf, Germany.

Production of agricultural
fertiliser.

Process under development by CCm
Research (UK).

Case study: Synergistic potential of carbon mineralisation

Carbon mineralisation, also known as mineral carbonation, is one of the promising CCU technologies.
Carbon mineralisation is a process which converts CO2 into a thermodynamically stable solid called
carbonate. Apart from the permanent storage of CO2, mineral carbonation provides products that can
potentially substitute conventional products in several industries.
Carbonation involves the reaction of metal ions in the form of oxides, hydroxides, and silicates, with
carbon dioxide to form carbonates. Thermal residues, such as steel slags, cement by-products, ashes
from Waste-to-energy plants are sources of calcium ions. In managed conditions, the residues can be
used in the carbonation process and can be reacted with CO2 to manufacture products for the

construction industry. Thereby, permanently capturing the CO2, diverting waste from landfill, and
manufacturing a product with substantial value[88].
As discussed in deliverable D1.3 of ECCSELERATE, depending on the input material, a range of products
can be obtained through mineral carbonation and provide an alternative to conventional processes
and materials. Mainly aggregates for building, CO2-cured concrete, and novel cement can be produced
using mineral carbonation process.

3.4.1 Large industrial CO2 sources and key parameters
Generally, flue gas (after scrubber) stream can directly be used in mineralisation processes. However,
high CO2 concentration in the streams significantly increases the efficiency of the mineralisation
reaction. Hence, there is a trade-off between cost of purifying CO2 and mineralisation efficiency. Table
5 shows the typical CO2 concentrations found in the waste streams from the Steel and Cement
industry.
Table 5 Large industrial CO2 sources and key parameters [89]
Source

Total CO2 amount
available in EU (Mt)

Amount per unit production

Typical CO2 concentrations in source
gas (Vol %)

Steel plants

110

1.2-1.5 t CO2/ t steel

14-27

Cement plants
Power plants

114
1225

0.6-1 t CO2 / t cement
0.7-0.8 t CO2/MWh

15-33
3-4; 12-14 for IGCC

*IGCC= integrated gasification combined cycle (IGCC)

One of the main advantages of mineralisation is that it can operate on flue gases (after scrubber)
directly, hence CO2 capture and transportation steps can be avoided. This gives an opportunity to
directly use CO2 at a point source and has significant cost savings as CO2 capture is not required.

3.4.2 Synergy of Mineralisation with Steel Industry in Netherlands
Tata Steel in IJmuiden (TSIJ) is currently the only primary steel producer in the Netherlands, with a
crude steel output of approximately 7 Mt in 2021. The current production process is based on the
blast furnace route, with coal as the primary energy source[90]. Tata Steel emits ca. 6.5 MtCO2eq/year, making it one of the largest CO2 emitters in the Netherlands. Furthermore, the plant
produces more than 4 Mt of steel slag per year.
Mineralisation utilises the alkaline earth metals in the form of silicates and free lime. These are found
in the slag produced by a blast furnace. Hence, CO2 mineralisation could be an effective way for Tata
Steel to mitigate their CO2 emissions and add value to this waste stream. The process could be
powered by low-carbon electricity to further reduce the CO2 emissions. Maximum uptake of the steel
slag for the process will be around 0.41 t-CO2/t-slag, assuming the slag contains about 50 wt.% CaO,
which is stoichiometrically converted to CaCO3. Hence, up to 1.3 Mt of yearly CO2 emissions from the
Tata Steel Ijmuiden plant could be mitigated. Currently, steel slag is used for other purposes such as
road construction and ironmaking recycling in the plant[91]. However, direct use of this waste streams
has led to problems due to its instability (high pH) and heavy metal contaminants. Hence, converting

the slag to carbonates could increase the applicability and overall value. As shown in the Figure 16,
mineralisation has high synergistic potential across the CCU value chain.

Figure 16 Synergy potential of carbon mineralisation

3.5

Synergies between CCU and CCS

3.5.1 CCU investment
According to reports from ZEP in 2017[92] and ZERO in 2012 [93], commercial uses for CO2 could
incentivise investment in CO2 capture at industrial sites. Revenues from the sale of CO2-based products
can contribute to further developing, and industrialising solutions for CO2 capture and management
and help reduce the cost of CCS. In this context, the CCU projects can contribute when industrial
companies decide to initiate demonstration CCS projects.
3.5.2

Infrastructure

According to ZERO in 2012 [93], the construction of CCU facilities in the industry will contribute to the
construction of CO2 capture facilities. At the same time, the industry will gain experience on CO2
capture which can contribute to cost reduction of future CCS projects. The suppliers of capture
facilities will also gain experience, which will provide useful knowledge on current challenges I
In addition to providing important experience in capture, the use of CO2 will also be able to contribute
to the development of infrastructure and experience with the transport of CO2 via various transport
solutions. It is to be expected that these experiences will lead to positive effects for development and
cost reductions for CCS and contribute to faster implementation.
3.5.3 Social acceptance
Social acceptance for CCS has been investigated by several groups and in different countries including
Canada, Norway, Germany, UK and others. [94-99]. These articles were summarized by CCUS Strategy
project [100], where they concluded that public knowledge and awareness on CCS is very low and the
social-political acceptance level is moderate. Perceived risk and benefits are the main topics for
acceptance. Perceived risk includes leakage and blowout of CO2, seismicity, and other local risks,
including property value and tourism. The benefits are climate change mitigation. However, experts
seem to be less sceptical about the perceived risk and more concerned about the policy framework
and the financing for further development.
On the other hand, social acceptance for CCU has been very little studied. The main study is done by
Jones et al. 2017[101], who reviews previous studies and establishes a baseline for future studies.

Regarding the social-political acceptance by the public, they point out there is very low awareness of
CCU and, while they are some scepticisms about the long-term benefits to the environment, there is
an overall support from the public. Studies on the CCU market perception shows positive perception,
and the risk is more towards the CCU product and the long-term benefit. Regarding community
acceptance, there is no research study.

Figure 17 Schema that summarize the different aspect of social acceptance, the object for
acceptance and the different actors involved. Figure based on Wüstenhagen et al. 2007 [102],
Upham et al. 2015[103] and CCUS strategy 2019[100].
The previous paragraph describes shortly social acceptance for CCS and CCU. In the next paragraphs
we will try to identify the synergies between CCU and CCS. For that, we first will describe shortly each
of aspects of social acceptance schematized in Figure 17 and then we will discuss about the synergies.
Socio-political acceptance refers to the general societal climate towards a technology within a society,
and it is shaped and mirrored by opinions of leaders, poll data, media, and others. The object for
acceptance here is technology. CCS value chain includes technologies for CO2 capture, CO2 transport
and CO2 storage. Both CO2 capture and CO2 transport technologies are part of the CCU value chain.
As described before, the perceived risk of CCS technologies has contributed to public concern in some
countries. Hence, synergies by combining resources in solving the issues around the perceived risks
would increase the deployment of CCUS technologies and decarbonization of industries. CCU could
help decarbonise industries on locations where there is a negative perception for CCS, e.g., Germany.
Besides, combining resources and activities on the communication regarding CCU and CCS
technologies will increase the social-political acceptance. There could however also be a risk in
grouping the two technologies together in communications, as also bad publicity for one technology
could be associated with the other. Hence, it is for instance important to ensure that CCU technologies
developed adhere to the ECCSEL sustainability criteria.
Community acceptance is related to whether or not CCU or CCS facilities/infrastructure are accepted
at the local level by residents, local authorities and local stakeholders [102]. The object for acceptance
here is the infrastructure. CCU and CCS facilities could share the same infrastructure for CO2 capture
and CO2 transport. Hence, synergies by combining the CCU and CCS activities and using the same
infrastructure would reduce the infrastructure's space and reduce local actors' opposition. As we
mention also perceived benefits are also important for the acceptance, hence cooperation between
CCU and CCS actors to involve local actors will be beneficial.
Market acceptance refers to the market adoption of new technology manifested by the actors [102].
Relevant actors here are consumers, investor, installers, consultants. For example: energy intensive
industries as CO2-sources, operators of CO2-transport systems, CO2 users-industries, supplier of the

news technologies. Merging efforts, combining resources, activities between the actors could help to
overcome the acceptance for the new technology in their business models. Working together in
standardizing the new services and products would also help to overcome the market acceptance.
3.5.4 Standardisation
One area that is not mentioned often but which may become important according to a report by ZERO
in 2012 [93] is the standardisation work. The standards are documents with the agreement of
products, services, and systems to address today's challenges such as facilitating international trade,
promoting safety and security, assisting in environmental and health protection, etc. The
standardisation work is to harmonise the specification of certain products, services, and systems, so
that modules can be produced in different places and still fit together or that the maintenance services
follow the same protocol worldwide. More information about standardisation work on CCUS is given
by the Netherland Normalisation Institute [104].
According to the Netherlands Normalisation Institute (NEN), the standard on CO2 capture,
transportation, and overarching aspects is also relevant for CO2 utilisation (highlighted in yellow in
Figure 18). Thus, there are synergies between the standardisation within CCU and CCS.

Figure 18 Standards portfolio for CCS. The boxes highlighted in yellow are the standard relevant
for CCU. (Source: CO2 Value Day 2019[104])
4 ECCSEL ERIC infrastructure
ECCSEL ERIC is a European research infrastructure consortium formed by Norway, France, Italy,
Netherlands, England. The consortium comprises five countries with 23 research facilities owners
combined, providing access to more than 80 world-class research facilities. ECCSEL is continuously
expanding with new facilities and facility owners.

Figure 19 The current five members countries of ECCSEL highlighted in green. Central facility owners
are highlighted in red. A few research facilities are displayed around the frame. The ECCSEL ERIC
operation centre is in NTNU, Trondheim, Norway.

In line with the ECCSEL ERIC vision “Enabling low to zero CO2 emissions from industry and power
generation”, CO2 utilisation technologies to be included should have a significant positive impact on
climate change and an obvious smart system integration potential with CCS [105]. ECCSELERATE has
in deliverable D1.3[2] evaluated the sustainability of various CCU options. In this section, the overlap
and synergies of CCU technologies with the existing facilities of ECCSEL ERIC will be addressed. ECCSEL
ERIC already includes research facilities that are linked to CO2 utilisation, as seen on the website. The
potential of CCUS in ECCSEL has already been investigated through a survey done by Sebastian Dupraz.
In this survey, many facilities owners reported that their ECCSEL facilities were involved in CCU
projects. In this work, we have taken this survey as the baseline for our study.
A new survey with the following three questions have been performed:
-

Has your ECCSEL facility been used for CCU purposes?
Do you see any application potential for your facility within CCU?
Are you planning, or building/ upgrading research facilities dedicated to CCU?

Based on these questions, significant information on current CCU facilities, overlap between CCS
facilities, and CCU activities and future facilities interested in joining the ECCSEL consortium has been
gathered.
In the preamble to the survey the CCU acronym was defined: ''CO2 utilisation or CCU means that
carbon is used to produce economically valuable products after its capture''. Since the ECCSEL vision
is that the CCU solutions should have a significant positive impact potential on climate change, ECCSEL
facilities related to activities such as CO2-EOR have not been considered in the report.

In this survey, many facilities owners showed their interest on CCU, as seen in Figure 20. Key results
from the survey include:
-

-

We have identified three research facilities dedicated exclusively to CO2 utilisation, see section
4.1
Infrastructure currently used for CCS can be used for CCU activities, See section 4.2.
Several research facilities are generically related to CCU, and these facilities can be used for
solid/material characterisation, fluid characterisation, and other applications. See section 4.3.
About 20% of the facilities reporting CCU potential addressed CO2 conversion to solid
carbonates and 30 % addressed conversion to fuels and other chemicals. The remaining
facilities fall in the general purposed option.
Many facilities owners plan to build/upgrade research facilities dedicated to CCU and add
existing facilities to the ECCSEL ERIC cluster. See section 4.7

Figure 20 Summary of the survey performed in May 2021

Finally, ECCSELERATE has organised a workshop with the aim to explore the CCU potential of ECCSEL
ERIC in dialogue between the facility owners and the industry. The agenda of the meeting was as
follows:
•
•

•

Introduction
•
Robert de Kler - What does ECCSEL offer to facilities owners and industry partners?
ECCSEL facilities
• Elvia Chavez - CCU potential in the ECCSEL facilities • Alberto Pettinau - An integrated experimental infrastructure for CO2 conversion into
renewable fuels • Pascale Benezeth-Gisquet - Experimental (Bio)Geochemical Platform at GET-CNRS
dedicated to CCS-CCUS Industrial perspective on CCU
• Short presentations by industry representatives on their current CCU activities?
• TATA-Steel (Tim Peeters and Jan van der Stel)
• Holcim (Vicent Meyer)
• Aramco Innovations (Anton Manakhov)

The workshop allowed us to gather more information about the ECCSEL ERIC facilities and the
industrial perspective on CCU. A short overview of the industrial perspective will be presented in
Section 4.4. From the 23 participants, we had 12 facilities owners and seven industrial representatives.
Tata Steel Europe, Holcim, and Aramco Innovations had short presentations in the workshop, but also
Saipem (Montrone Donato), ZegPower (Mogahid Osman), Altecfrio (Alfredo Oliveira) and Deep Branch
(Ahmed El-Kadars) took part.

4.1

Identified ECCSEL CO2 utilisation facilities

Three research facilities dedicated exclusively to CO2 utilisation have been identified and are listed in
Error! Reference source not found..
Two of them are owned by SOTACARBO. The X-to-Liquids (XtL) unit and the Photo electrochemistry
(PEC) Lab are mostly used to study advanced processes and materials for production of renewable
fuels by reusing CO2. The X-to-Liquids unit is a very flexible bench-scale laboratory used to characterise
advanced catalysts for CO2 hydrogenation into methanol and dimethyl ether (DME). Most of these
catalysts are prepared in-house. The PEC Lab aims to study the same type of conversion (CO2 and
renewable hydrogen to fuels), promoted by electrochemical processes instead of catalytic
hydrogenation. Sunlight is used to cut activation energy. The same laboratory is also used to study the
hydrogen production process from renewable energy, which can be considered an indirect CCU
application, as it can be integrated with the hydrogenation processes.
The Research Centre for Carbon Solutions at Heriot-Watt University has many types of equipment that
can be used for CCU purposes, including photocatalysis, electrocatalysis, thermocatalysis and
equipment for mineral carbonation.
Table 6 Current ECCSEL ERIC CCU facilities.
#

Country

Institution

Long Name

Type of CCU

Comment

1

Italy

SOTACARBO

Fuel or other
chemicals

Electrochemical processes

2

Italy

SOTACARBO

PEC- Lab
Photoelectrochemical
reduction laboratory (CO2
recovery)
XtL pilot plant - Integrated
system with gasification
and syngas/CO2-to-liquids

Fuel or other
chemical

3

UK

Heriot
Watt
University

The Research Centre for
Carbon Solution (RCCS) Photocatalysis Reactor and
Photoelectrochemical Rigs
and Capture Carbon Rigs

Fuel, other
chemical

The X-to-Liquids unit is a very flexible benchscale plant used to characterise advanced
catalysts (most of them prepared in our labs)
for CO2 hydrogenation into methanol and
dimethyl ether (DME).
This facility has many equipment units
(photocatalysis, electrocatalysis,
thermocatalysis, mineral carbonation) that
can be used for CCU purposes.

4.2

Synergies and overlap of ECCSEL facilities

When evaluating synergistic potential across ECCSEL facilities and CCU activities, current
infrastructure, resources, integrated approach, capacity building and knowledge development, and
organisational synergies have been considered. A description for each aspect is provided below.

4.2.1 Application potential of CCU in current CCS facilities
Research facilities that are currently used for CO2 capture, storage or transport can be used for CO2
utilisation purposes. For example, the ZECOMIX Pilot plant, dedicated to decarbonising flue gas by
means of calcium looping (CaL) technology, can convert CO2 into aggregates. This facility has been
used to convert CO2 via carbonation of industrial residues and produce aggregates for concrete. GEM
and HyExp are other facilities dedicated to studying the interaction of fluid rocks for CO2 storage
purposes. These facilities can study the CO2-water-solid interaction, which is very relevant for the CO2
mineralisation process.
Table 7 Current CCS facilities with potential for CCU activities
#

Country

Name

Type of CCU

Type of
process

Application potential on CCU

1

CNRS-France

Mineral
carbonation

CO2
Mineralisation

2

CNRS-France

GEM Geochemistry
and experimental
Mineralogy
plataform
HyExp Hydrothermal
Experimentation

Mineral
carbonation,
solvent

CO2
Mineralisation

3

ENEA- Italy

Mineral
carbonation

CO2
Mineralisation

4

SINTEF
IndustryNorway

ZECOMIX - Pilot
plant dedicated
to the
decarbonisation
of flue gas by
means of calcium
looping (CaL)
technology
Mlab Membrane
laboratories for
CCS

Several installations are dedicated to study
the thermodynamic and kinetics of CO2water solid interactions at high
temperature and pressure. These facilities
have application potential on CCU.
The facility is dedicated to studying the
fluid/rock/material system reactivity at high
pressure and temperature. It has been used
to inert fibrous silicates and mineralises
basic rocks.
ZECOMIX has been used to convert CO2 +
industrial residues into aggregates for
concrete and it can be used for the
valorisation of CO2 via carbonation
industrial residues coming from waste
incinerators or steel and iron making
residues.

Fuel or
Chemical

Electrochemical
processes

MLAB has installations for fabrication and
testing of membranes for gas separation
and related technologies, such as
electrochemical reactors and co-electrolysis

5

Translational
Energy
Research
Centre - UK

BGB - Biomass
Grate
Combustion
Boiler (BGB)
240kWth

Jet fuel

Fischer-Tropsch
reactor

The facility has a large potential for CCU
purposes because the biomass gasifier is
linked to a Fisher-Tropch reactor.

There are some facilities that are related to CCU in a generic manner; these facilities can be used for
material characterisation or for fluid characterisation, as detailed in Table 8. Many of these facilities
are just relevant for one step of the process, so there is a potential to integrate their services with
other research facilities to cover the full process.

Table 8 List of research facilities with a generic relation to CO2 utilisation.
#
1

Country
Laboratorio
Energia e
Ambiente
Piacenza Italy

Name
CO2_box - composed by a
phase equilibrium test rig
and a single-phase test rig

Type of facility
Fluid
characterisation

Application potential on CCU
This facility can provide VLE experimental data for
CO2 based mixtures. This facility has been used in the
SCARABEUS project [106] that aims at
demonstrating the utilisation of CO2-based mixtures
as working fluid in CSP collectors.

2

CNRSFrance

THERMOPROP Thermophysical
properties Laboratory

Fluid
characterisation

3

NTNUNorway

Abslab - Absorption
laboratories

Fluid
characterization

4

SINTEF
EnergyNorway

CO2Mix - Facility for
accurate phase
equilibrium
measurements of CO2rich mixtures

Fluid
characterisation

5

SINTEF
EnergyNorway

Fluid
characterisation

6

University
of
AberdeenUK

7

Uni StrathUK

HPC-PE Facility for high
pressure or complex
phase equilibrium
measurements.
ACEMAC Nano-scale Aberdeen Centre for
Electron Microscopy,
Analysis and
Characterisation
AMRL - Advanced
Materials Research
Laboratory

The equipment can determine thermophysical
properties of systems including CO2, with
applications as working fluids, solvents and granular
material (solubility in solvent), etc.
The equipment can be used for VLE measurements
or absorption kinetic measurements independently
of the liquid system of interest. There is also
equipment for crystallisation studies.
This facility is designed for accurate phase
equilibrium studies of CO2-rich fluids, but it could
also be used for other fluids. Some of the work that
has been carried out with CO2Mix so far could be
relevant for CCU, such as CO2+CH4 and CO2+CO VLE
measurements.
Phase equilibrium measurement of fluids at high
pressure up 100 MPa, and / or corrosive or reactive
mixtures.

Material
characterisation

This facility is for generic material characterisation,
i.e. cement, aggregates, membranes, nanomaterials,
etc.

Material
characterisation

This facility is for generic material characterisation,
i.e. cement, aggregates, membranes, nanomaterials,
etc.

4.2.2 Synergistic potential ECCSEL facilities
ECCSEL is sharing research infrastructure to reduce the cost of installations and equipment by avoiding
duplication and increasing the capacity utilisation and hence increasing efforts into scientific research
work.
The exploitation of synergies within ECCSEL facilities in terms of resources, infrastructure, and
knowledge, will stimulate accessibility of facilities to a wider user group, and connect the research and
industrial communities.
Sharing the current infrastructure and resources in the CCU value chain helps create interaction
between research groups and create product and process innovations, common scientific papers, new
projects, and more cooperation between academia and industry. For example, a catalyst testing unit
of one of the ECCSEL facilities can be used by someone who needs it for CO2 to chemicals technology
development. Similarly, membrane development facilities can be combined for different CCU
technology development facilities.
ECCSEL has developed a new capacity building program to further attract the industrial and research
community for CCUS development. The capacity building program will consist of a webinar series,
specific workshops, and tailored training course. Moreover, ECCSEL can serve as a platform for
establishing new advanced facilities that otherwise would be too challenging for individual
organisations.
As pointed out above, there is significant potential technical synergies that can be reaped by using
existing ECCSEL facilities currently applied for CCS also for CCU. In addition, most of these facility
owners also have staff with competence that is highly relevant for CCU as well as CCS, as well as lab

infrastructure in place and organizational structures in place which are well suited to develop
technologies in both areas. Hence, it makes a lot of synergy to expand the activities of current
organization and premises currently involved in CCS to CCU, rather than building up competence and
infrastructure from scratch somewhere else.
4.3

Potential new facilities addressing CCU in ECCSEL ERIC

Several facilities owners have plans to upgrade or add new facilities to ECCSEL ERIC consortium that
are relevant for CCS. An overview is provided in Table 9 .
Table 9 Potential new CCU facilities for ECCSEL ERIC
Country

Plan to upgrade or build CCUS facilities

ENEA, Italy

Upgrade: ZECOMIX will be upgraded by adding a section for CO2 valorisation via fuel
production
CCU facilities to be included in the ECCSEL ERIC.
The construction of a new pilot-scale facility to tune and optimise the catalytic
hydrogenation process for the conversion of CO2 into methanol, DME, and methane
is under completion. The unit was expected to be available for operation within the
end of 2021 at the time of the survey. SOTACARBO is planning to ask for its
inclusion as an ECCSEL research facility.
CNRS have plans for building equipment for measurements of viscosity, thermal
conductivity, Cp, heat of mixing, heat of absorption, etc. + kinetic measurement
(CO2 in brines, for example).
Possible upgrade. An upgrade of the HPC-PE facilities could enable in-situ
characterisation of species at equilibrium. This could be useful to study chemical
reactions relevant for CCU. Further, modification / upgrades could be needed to
make the facilities compatible with some components relevant for CCU.
Possible upgrade: The HyExp can be upgrade as function of the demand, in
particular concerning the extraction of metals with sc-CO2.
New facility: A large scale (4m high) mineral carbonator/calciner (with Origen
Power) which has been installed last year and that can be used to produce
carbonated minerals.
Future research activities: Captured CO2 from biomass/GT combustion and green
hydrogen to produce sustainable aviation fuels (SAF).
CCU facilities to be included in the ECCSEL ERIC:
(i) Pilot-scale SAF (Sustainable Aviation Fuels) rig with RWGSR (Reverse Water Gas
Shift Reactor) linked to a Fischer-Tropsch reactor (37 litre of SAF per day)
commissioning in June 2021 (TRL 4-5) [107].
(ii)Biomass gasifier linked to a Fischer-Tropsch reactor (40 L/day) installed and
commissioning will be completed in May 2021 (TRL 4-5)
(iii) Direct Air Capture pilot plant (180 kg/day of CO2) September 2022 linked to
RWGSR + FT pilot plat (TRL 3-5).
(iv) Molten Carbonate Fuel Cell (30 Kw) for CO2 capture + Hydrogen as a co-product
(TRL 3-5).
(v) Tier 1-4 and Pre-screening Tiers. These are testing rig for
certification/qualification of the synthetic fuels. SAFs are approved for usage via
Tiered Test or Fast Track programs under ASTM D4054. Tier 1 consists of the Fuel
Specification Properties. Tier 2 includes the Fit-For Purpose (FFP) Properties. Tier 3
is comprised of Component Tests. Tier 4 consists of Engine Tests.
All these facilities will be part of the Sustainable aviation fuel characterisation
laboratory (SAF clearing house) and will be submitted to ECCSEL ERIC in 2022.
CCU facilities to be included in the ECCSEL ERIC
(i)ACE 1 (TRL 4, electrode area =10 cm²). The facility is a batch-flow cell with separated
compartments having inline gas analysis and electrolyte volume of (0,1 -0,3 L)
(ii)Ace 2 (TRL 4, electrode area =100 cm²). The facility is a semi-continuous flow cell
with separated compartments having pH and temperature control and electrolyte
volume of (0,5 -1 L)

SOTACARBO, Italy

MINES ParisTech, France

SINTEF Energy Research,
Norway

CNRS, France
Heriot Watt University, UK

Translational Energy Research
Centre (TERC) - UK

TNO,Delft, Netherlands

TNO, Petten, Netherlands
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(iii)HYPE (TRL 4, electrode area =100 cm²). The facility is a semi-continuous flow cell
with separated compartments and pH and T control having electrolyte volume of (0,5
-1 L)
(iv)ELEKTRA (TRL 4, electrode area =100 cm²). The facility is a semi-continuous flow
cell with separated compartments linked to an electrolyte volume of (0,5 -1,5 L).
CCU Facility to be included in the ECCSEL ERIC
(i) Solid oxide electrolysis technology development TNO
facilities (Faraday Lab)
- Three SOE (Solid oxide electrolysis) test stations (from 5 x 5 to 10.8 x10.8 cm2 cell
area, ceramic/steel cell housing)
- Automatised systems for analysis: J-V, EIS, in-line gas analysis (GC) for Co-SOE
case, reversible mode (cycling SOFC (solid oxide fuel cell) /SOEC (solid oxide
electrolyser cell) conditions)
- Test station for > 1kW electrolysis operation and reversible operation (r-SOC)
(ii) SEDMES (Sorption enhanced DME synthesis)
Currently, a containerised SEDMES pilot is being constructed for the technology
validation in the Rotterdam Field Lab for Industrial Electrification (FLIE).

Collaboration for CCU development with the industry

During the workshop organised by the ECCSELERATE project team, there were questions to the
industry participants regarding the barriers and opportunities for CCU development. Mainly, the
questions were related to understanding the industry perspective on CCU business, technology
development, and barriers. ECCSEL can facilitate fundamental and applied research related to CCU to
increase the competitiveness of European industry.
Tata Steel Europe, Holcim, and Aramco Innovations participated actively in the workshop and briefly
talked about their ambitions regarding CCU technology development. CCU is not the core business for
these companies, but they see CCUS as an option to achieve their sustainability goals.
For example, Saudi Aramco (a leading producer of oil, gas, and chemicals) is producing blue ammonia
and blue hydrogen, but they are also developing technologies for the circular carbon economy. They
are working on projects related to the re-use of CO2 to create potential additional value like new fuels
or manufacturing feedstocks [108].
Tata Steel group is one of the largest steel producers in Europe. Sustainability is at the core of what
they do, and Tata is working to develop technologies related to carbon-neutral steel production. They
want to reduce CO2 emissions by 3Mt using CCS till 2027. Moreover, Tata Steel aims to cut a further
million tonnes of CO2 by removing and converting more waste gases into useful products such as
hydrogen, methanol, or naphtha [109].
Holcim is a global leader in building materials and solutions and is active in four business segments:
cement, aggregates, ready-mix concrete, and solutions & products. Holcim has several initiatives to
make its business carbon neutral. Holcim collaborates with other industrial partners in the
‘Carbon2ProductAustria’ (C2PAT) project to capture and utilise CO2 on an industrial scale. The
objective is to create a cross sectorial value chain and to operate a full-scale plant by 2030 which will
eventually capture almost 100% of the annually emitted 0.7Mt of CO2 at Lafarge’s cement plant in
Mannersdorf, Austria[110].
One of the barriers to CCU technology development is regulations from ETS for Carbon credit. At
present, the ETS does not reward the capture and use of CO2 in materials and fuels. The only exception
is precipitated calcium carbonate (PCC) production due to CO2 ending up chemically bound and it is
not released into the atmosphere[6].Hence , the use of CO2 for PCC production is eligible for ETS credit.

Technical and scientific support can be provided at the ECCSEL facility where research on specific topic
is performed. By collaboration with ECCSEL ERIC, industry and research communities can expand their
capacities within CCU.
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6 Glossary
Aggregates for building

A wide range of industrial waste such as steel slags, cement kiln dust, and
fly ash contains alkaline compounds like CaO and MgO. The carbonation of
alkaline industrial waste can lead to attractive products like aggregates for
building. This includes ground calcium carbonate (GCC), and Precipitated
calcium carbonate (PCC).

Basic iron and steel
manufacturing

This group includes activities such as direct reduction of iron ore, production
of pig iron in molten or solid form, conversion of pig iron into steel,
manufacture of ferroalloys and manufacture of steel products.

Carbon 8 System

It is a inventor and owner of a chemical process that treats industrial
residues, including hazardous waste, using CO2 captures directly from flue
gas to transform them into valuable products like aggregates for
construction.

CO2 cured concrete

Concrete curing refers to a series of processes that occur when water,
cement, and aggregates are mixed. By injecting CO2 as part of the concrete
curing process, water is replaced by CO2 to produce calcium carbonate.

e-fuels

Hydrogen is produced using renewable electricity and then combined with
circular carbon dioxide (from biomass or captured from the air) to form a
hydrocarbon with zero net greenhouse gas emission

e-Kerosene

Kersosen is generated by combining hydrogen and carbon dioxide. H 2 is
produced from electricty, called also power-to-kerosen.

e-Methanol

Methanol is generated by combining hydrogen and carbon dioxide. H 2 is
produced from electricity, called also power-to-methanol.

Natural gas Processing

Natural gas purification, CO2 and other acid gases such as H2S are removed
from natural gas before it can be used.

Power-to-X principle
(P2X)

Power-to-X (also known as “power-to-gas,” “power-to-chemicals,” ''powerto-materials'') uses electricity to produce hydrogen, synthetic methane,
liquid fuels such as ammonia and methanol or materials.
Synthetic fuel or synfuel is a liquid fuel, or sometimes gaseous fuel, obtained
from either syngas (mixture of carbon monoxide and hydrogen) or a mixture
of carbon dioxide and hydrogen.

Synthetic fuels
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