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Abstract
This deliverable will contribute to ECCSEL’s Research Priorities and represents the relevant industrial
stakeholders first update of the ECCSEL strategy. The aim of this report to up-date and describe ECCSEL's
research and technology development priorities based on information obtained from emission intensive
industry and companies active in the field of CCUS. The report contains results of Task 1.1 and Task 1.3 of
ECCSELERATE regarding the industrial feedback on the services that ECCSEL ERIC could actively offer for
industry. The assessment was based on a more tailored approach for the different industrial sectors that
are active in the field of CCUS: e.g., steel, waste to energy, cement and petrochemistry industry. The goals
of this task are:
•
•

To develop a tailor-made portfolio of research and technology development services for CCS to
actively engage industry (including SMEs)
More detailed integration of the existing ECCSEL ERIC innovation management tools will be
accomplished by interaction with diverse industrial sectors and SMEs as a next step of this project
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•

Industrial links will be established, and dedicated workshops will be organized for the key
industrial sectors (e.g., cement, waste, steel, oil refining and petrochemical, chemical, and CO2
transport, injection, storage and monitoring), to address their specific user needs

Industrial stakeholders were invited to provide input on the overview and development of services
through interviews and workshops. In this report, key technological priorities from industry are deduced
from the workshops with the main focus on Capture and Utilisation. Key technological priorities include:
• Chemical post combustion capture
• Hydrogen firing
• Calcium looping
• Pre-combustion adsorption
• Direct conversion of CO2 on site to valuable products,
and next to this, the research priorities for transport and storage have already been defined and are
presented.
Regarding all sectors, in the report an overview will be given of:
• CO2 reduction targets
• CO2 mitigation options
• Technological barriers
• Technology development services
• Current research projects

First draft completed
Sent to PMG for approval
Document completed

www.eccsel.org | Page 2

History of document
Written by Niels Jansen, Robert de Kler and Leonie Lücking
First draft completed 20th July 2021 and sent to Helen Taylor for revision.
Second version of the draft sent to PMG and Volker Röhling on the 23rd of
November 2020.
Due to splitting into two deliverables and update on the research priorities
for transport and storage the document has been redrafted Jan 2022.

Contents
1

Introduction .................................................................................................................................... 5

2

CO2 capture and utilisation research priorities and infrustructure needs...................................... 7
2.1

Generic observations .............................................................................................................. 7

2.2

Industrial update on Research Facilities for CO2 Capture ....................................................... 8

2.2.1

Research needs: CO2 capture ........................................................................................ 10

2.2.2

Research needs: CO2 utilisation .................................................................................... 12

2.3
3

4

Industrial research priorities on CO2 capture and utilisation ............................................... 15

CO2 Transport and Fluid Properties Research Priorities and Infrastructure Needs ...................... 16
3.1

Properties of CO2 and CO2 mixtures ..................................................................................... 16

3.2

Flow characterisation in pipelines and wells, ship transport................................................ 18

3.3

Pipeline and tank integrity .................................................................................................... 19

3.4

Non-equilibrium phenomena ............................................................................................... 19

3.5

Fiscal metering ...................................................................................................................... 20

3.6

Flow monitoring and control ................................................................................................ 20

CO2 Storage Research Priorities and Infrastructure Needs........................................................... 21
4.1

Site selection and demonstrating security of storage .......................................................... 23

4.2
Dynamic storage capacity; understanding the pressure-connected volume and modelling
the storage complex ......................................................................................................................... 23

5

4.3

Storage optimisation through development of a range of injection strategies ................... 24

4.4

Monitoring for assurance and long-term containment ........................................................ 24

4.5

Developing remediation and mitigation techniques ............................................................ 25

4.6

Storage permitting ................................................................................................................ 25

Industrial input from the workshops ............................................................................................ 26
5.1

Cement .................................................................................................................................. 26

5.1.1

Mitigation options......................................................................................................... 27

5.1.2

Technology barriers ...................................................................................................... 29

5.1.3

Industry R&D and potential services............................................................................. 29

5.1.4

Current Research projects ............................................................................................ 30

5.2

Petrochemistry...................................................................................................................... 31

5.2.1

Mitigation options......................................................................................................... 31

5.2.2

Technology barriers ...................................................................................................... 33

5.2.3

Industry R&D and potential services............................................................................. 33

5.2.4

Current Research projects ............................................................................................ 34

5.3

Iron and steel ........................................................................................................................ 34

www.eccsel.org | Page 3

5.3.1

Mitigation options......................................................................................................... 36

5.3.2

Technology barriers ...................................................................................................... 36

5.3.3

Industry R&D and potential services............................................................................. 37

5.3.4

Current Research projects ............................................................................................ 38

5.4

6

Waste-to-Energy ................................................................................................................... 38

5.4.1

Mitigation options......................................................................................................... 39

5.4.2

Technology barriers ...................................................................................................... 39

5.4.3

Industry R&D and potential services............................................................................. 39

5.4.4

Current R&D Projects .................................................................................................... 40

Bibliography .................................................................................................................................. 41

Appendix A: CCUS research priorities and infrastructure needs .......................................................... 42

www.eccsel.org | Page 4

1

INTRODUCTION

ECCSEL ERIC is a unique instrument for effective use of Research facilities with the goal to accelerate
the technology development for carbon capture, utilisation, and storage (CCUS). CCUS is an important
emissions reduction technology that can be applied across industry covering the entire energy system.
After years of decline in CCS demonstration projects, new plans are emerging. Plans for more than 30
new integrated CCUS facilities have been announced since 2017 [1]. A major part of the initiatives is
located in the United States and Europe, but there are also activities in other regions. Therefore, the
projected global capture capacity would be around 130 Mt CO2 per year.
This deliverable will contribute to ECCSEL’s Research Priorities and represents the relevant industrial
stakeholders’ first update of the ECCSEL strategy. The aim of this report is to up-date and describe
ECCSEL's research and technology development priorities (based on information obtained from
emission intensive industry and companies active in the field of CCUS). The report contains results of
Task 1.1 and Task 1.3 of ECCSELERATE regarding the industrial feedback on the services that ECCSEL
ERIC could actively offer for industry. The assessment was based on a more tailored approach for the
different industrial sectors that are active in the field of CCUS: e.g., steel, waste-to-energy, cement
and petrochemistry industry. The goals of this task are:
•
•
•

To develop a tailor-made portfolio of research and technology development services for CCS
to actively engage industry (including SMEs);
To accomplish more detailed integration of the existing ECCSEL ERIC innovation management
tools by interaction with diverse industrial sectors and SMEs;
To establish industrial links and organise dedicated workshops for the key industrial sectors
(e.g., cement, waste management, steel manufacturing, oil refining and petrochemistry,
chemicals, as well as CO2 transport, injection, storage, and monitoring), to address their
specific user needs

Regarding all sectors, an overview will be given of:
• CO2 emissions reduction targets
• CO2 mitigation options
• Technological barriers
• Technology development services
• Current research projects
Industrial parties were invited to provide input on the overview and development of services through
interviews and workshops. In these sessions the complete overview of services in Table 1 was
discussed. See Appendix A for an overview on the workshops.
In 2021 on January 22nd 2021 a workshop on Iron and Steelmaking was organised for five key industrial
players. On January 26th the workshop was extended for two additional industrial representatives. On
March 19th seven representatives from waste management sector of Norway, Italy, The Netherlands,
and France joined a workshop. On October 20th another workshop dedicated to cement industry was
set for seven participants regarding the R&D in CCUS field. And finally, six partners excluding TNO
gathered to discuss the role of CCUS for a petrochemical industry.
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Table 1 Overview of potential services to industry [2]

Service

Activities

Community and outreach

Community building: Scouting, brokerage,
awareness creation, dissemination, ecosystem
building
Market intelligence: Market intelligence, market
assessments, road mapping, technology watch
Knowledge sharing: Workshops, seminars to share
knowledge and experience
Representation: Representing interests during
meetings & conferences, organizing (country) visits,
roadshows, publications

Research

Joint research: Joint, pre-competitive R&D,
secondment from companies, building new
advanced laboratories
Contract research: Specific R&D, technology
concept development, proof of concept
Technical support: Concept validation, prototyping,
small series production
Facilities: Renting equipment, low-rate production,
platform technology infrastructure, Lab facilities
Testing and validation: Certification, product
demonstration, product qualification

Skills, Capacity building
and Project development

Capacity Building: Workshops, technological
infrastructure for education, secondment
Project development: Identification of
opportunities, i.e., development of proposals
Consortium development: Match making EU
research projects, setting up research consortia
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2

CO2 CAPTURE AND UTILISATION RESEARCH PRIORITIES AND
INFRUSTRUCTURE NEEDS

2.1 Generic observations
In the workshops, representatives of 17 companies provided input on their ongoing CCUS R&D
activities and their needs regarding services and research facilities. The workshops provided input on:
•
•
•

Technology priorities from industry perspective
Valuable services for industry
Important properties of companies regarding CCUS R&D

In Table 2, the overall results of the workshops are organised by key priorities. We recommend ECCSEL
consider developing the highly rated (i.e. high priority) infrastructure and services in collaboration
with industry.
Table 2 - High level industrial research needs with required infrastructure and potential services. Colour coding on priority
level of research need (High – Green, Medium – Purple, Low – Pink)

Key priority aim

TRL

Industrial sectors

Infrastructure
required

Services

Chemical post
combustion
capture
Hydrogen firing
(high temperature
heating
Calcium looping

7

CO2 capture
Waste, Cement, Steel,
Mobile units
(petro-) chemical

6

Steel and (petro-) chemical

Burner test
facility

7

Cement

Oxy fuel
combustion
Pre-combustion
adsorption

6

Cement

6

Steel

Research Demo
plant
Research Demo
plant
Large scale demo
plant

Delivery to
greenhouses
Methanol
production

8

Location dependent

Market intelligence

6

Waste, Cement, Steel,
(petro-) chemical

Direct conversion
on site to valuable
products

3-6

Waste, Cement, Steel,
(petro-) chemical

Market intelligence,
Capacity Building,
Knowledge sharing
Market intelligence,
Knowledge Sharing, Joint
Research, Capacity
building

Capacity building,
knowledge sharing
Joint research, capacity
building, knowledge
sharing
Joint research
Joint Research,
Knowledge sharing
Joint research

CCU

Connection
between
technology
providers and
industries

The results show the applicable industrial sectors (waste, cement, steel and (petro-)chemical), the
infrastructure required and the potential services for the key priorities. From the workshops it
followed that mainly the cement, steel and waste-to-energy sectors currently have high interest in
CCUS R&D. These sectors rated several services highly: knowledge sharing, capacity building and joint
research. Two specific roles for ECCSEL of interest for industry were identified: Market research and
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EU representation. The industrial projects TRL seems to be high at least TRL6, however, that does not
mean there is no need for less mature research topics. We recommend ECCSEL considers developing
specific projects on these activities to engage industry.
The participating companies can be classified on several properties: Location, company size and plant
size. Several of these aspects were observed to have an impact on their R&D efforts and, as a result,
their input regarding services. The following impact was observed:
•

•

•

Larger companies can reserve budget and personnel for CCUS R&D, keep track of the
developments in the field and initiate new projects. Therefore, these companies have a lower
need for knowledge sharing and consortium development services. However, they do see the
need for joint research projects to share the costs of R&D. Smaller companies benefit from
knowledge sharing and consortium development as they do not have the resources to keep
up to date with the latest developments or ongoing access to networks to establish joint
research projects. They need to be convinced to join joint research projects as these projects
will take resources from other corporate priorities.
Companies with multiple sites nationally or internationally seemed more inclined to engage
in a broader set of research topics and technologies, whereas companies with one site or
located in one country devote most of their limited available time to a specific CCU technology
that they consider optimal.
Companies also deal with location-specific constraints. Some countries do not allow storing of
CO2 and/or the location is not suitable for CO2 storage which drives companies specifically
looking into the utilisation of captured CO2. This is also the case when companies that can
utilize the CO2 or CO2 transport infrastructure, are located nearby. Companies in countries
with favourable locations/incentives on CO2 storage will mainly consider the capture and
storage technologies.

2.2 Industrial update on Research Facilities for CO2 Capture
During the ECCSEL Implementation Phase project, the original Research Strategy Roadmap (D 4.3.1)
was prepared in order to identify key research challenges and strategic objectives for the ECCSEL
Research Infrastructure for the period 2016-2026. This initial research strategy was based on
contributions from, and therefore reflected the views of, the fourteen partner institutes from the nine
countries participating in ECCSEL’s Implementation Phase 2015-2017.
The Research Strategy Roadmap entails a bottom-up strategic planning for storage and transport,
identifying research needs and research priorities, however the key research challenges and strategic
objectives for capture were not accounted for at the same level of detail. Therefore, alongside the
services ECCSEL might offer, has been one of the objectives of the industrial workshops reported here
was to obtain input to the Research Priorities update from the CO2 intensive industrial sectors. Table
3 summarises the research and technology developments at various TRL levels that are currently
applied at the industrial sectors.

www.eccsel.org | Page 8

Table 3 – Technology readiness levels (TRLs) of CCU technologies applied in the industrial sectors (Yellow – TRL 4, Green –
TRL 6, Pink – TRL 7, Light Purple – TRL 8, Dark Purple – TRL 9)

Carbon Capture
Solid
Liquid
Membrane
Adsorption Absorption
/ Others

Cement

Calcium
looping

Postcombustion
capture
using amine
systems

Direct
usage

Petrochemistry

Iron &
Steel

Wasteto-Energy

Indirect
heating

Heating
with
hydrogen

Sorbent
based
capture on
the off
gases with
additional
hydrogen
recovery

Amine
based
capture on
the off
gases

Direct
reduction of
iron with
low-carbon
hydrogen

-

Postcombustion
aminebased
capture

Membrane
separation
of CO2
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Building
block

Oxy fuel
combustion
Methane
with added
hydrogen

Heating
with
hydrogen
Amine
based
capture of
SMR outlet
for blue
hydrogen
Physical
absorption
of ATR/POX
outlet for
blue
hydrogen

Utilisation
Fuel
production

Mineralisation
to
cementitious
material

Delivery to
greenhouses

Methanol
with
hydrogen

Ethanol

Delivery to
greenhouses

Naphtha from
CO and
hydrogen
Urea
Direct
conversion of
off gases to
polyol
intermediates
Production of
sodium
bicarbonate

2.2.1 Research needs: CO2 capture
Currently, two CO2 removal methods are identified as key industrial technology directions for the
energy transition:
1. “Point-source” capture and storage (known in the literature as “carbon capture/utilisation
and storage” (CCS/CCUS), its aim is to reduce new CO2 emissions, it does not remove CO2 that
is already in the atmosphere; and
2. “Direct air capture” (DAC), utilisation and storage, DAC pulls CO2 from ambient air by
mechanical means to draw in the air and uses chemical processes to separate out the CO2 for
commercial use or storage.
The focus of energy (and CO2) intensive industry is mainly on “point source” CO2 capture where the
need is for practical and cost-effective methods to capture CO2. So far, CO2 capture technologies are
expensive, large, energy intensive, and require complex implementation. “Direct air capture” is an
emerging development driven by mainly SMEs with fast-growing industrial engagement. Both removal
methods have gained significant policy and legislative support in the EU, reference is made to the
innovation fund program.
It is imperative for both methods that the thermodynamically stable CO2 molecule is captured rapidly
and selectively and with relatively little energy input. The challenge of CO2 capture is unique and goes
far beyond any of today’s artificial molecular manipulation technologies.
Defining the research needs for carbon capture technologies is a complex task and there are many
ways to address them. In ECCSEL, capture research needs have conventionally been considered in
terms of pre-combustion, post-combustion and oxy-combustion, as drawn from the power generation
sector. This approach does not lead to a straightforward prioritisation of CO2 capture research needs,
and thereby establishing a strategic focus for developing ECCSEL capture research facilities. It takes
insufficient account of plant-specific issues in implementing CO2 capture in power generation (a
traditional focus of ECCSEL), and it places too little emphasis energy-intensive industries’ scenarios
with their own pressing needs to reduce emissions.
Here we take a renewed approach to the research needs for CO2 capture, oriented around separation
technology, based on industrial R&D. There are three main streams in separation technologies for
different CO2 capture applications - liquid absorption, solid sorbents, and membranes - the following
key research needs are identified and are explained along these technology streams. A summary of
these research needs is presented in Table 4.
Table 4 - High level CO2 capture research needs

Priority level of
research need

Key aim of
research

How to address?

HIGH

Liquid
absorption

Understanding the structure, properties,
and physical processes of absorbents
Supporting computational modelling
methods
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Infrastructure required?
Justification for down
selection
Not yet determined

HIGH

Solid sorbents

Development of novel highly selective and
stable new materials and triggers

Not yet determined

Supporting computational modelling methods
HIGH

Membrane
systems

Fundamental research to understand
membrane transport at the atomic and
molecular level
New computational design methods
Development of novel triggers and new
membrane systems, electrical-driven
membrane systems including smart/selfassembling/self-repairing systems with low
energy cost

Not yet determined

Liquid absorption
The liquid absorption can potentially be applied in all industrial sectors and is already applied at large
industrial scales ranging from TRL 7 up to TRL 9. There is an urgent need for further improvement, and
liquid absorption research needs are focussed on better understanding the structure, properties, and
physical processes of absorbents, and improving process conditions and system integration including
computational modelling methods. Current liquid absorption research focus is on:
a. The physical processes of absorption in the absorbent and at the interface level must be
understood and modelled in detail. Absorbents must be characterized in a working state, at
different levels of resolutions, subject to the separation process and its process integration.
b. Understanding the governing relationships between chemical and physical absorbents'
structure and properties and the transfer of know-how in conceptual design and new solvents.
c. Tool kit of approaches to liquid absorption separation expanded to encompass new materials
and new physical and chemical switches that go beyond traditional thermal and pressure
swings.
d. New computational methods for new absorbents and to understand the capture process at
all levels of detail to enable the design of the liquid absorption process to be fundamentally
underpinned.

Solid adsorbents
Currently, solid adsorbent pilot applications can be found in the steel and the cement industry at a
TRL6 to TRL7. Solid adsorbent research requires the development of novel, highly selective new
materials and triggers and supporting computational modelling methods: Current solid adsorption
research focus is on:
a. Development of new materials with novel architectures and functionalities to selectively uptake
and release CO2, to allow for a more thermoneutral sorption (uptake and release) process.
b. Understanding the key structural features of selective sorption of CO2.
c. Intensification of the process by combining capture and reaction (direct utilisation or water-gasshift reaction).
d. Computational methods to characterise structure-properties relationships for (new) solid
sorbents.
e. Development of new techniques that allow in-situ monitoring of gas sorption and online analysis
of structural transformation of sorbent material.
f.

Identification of new triggers for selective capture and release, so called smart materials.
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Membranes
Membranes might have a large application potential, however there are limited industrial applications
until now at TRL 4 to 5. Membranes require fundamental research to understand transport at the
atomic and molecular level, new computational design methods to develop novel triggers, and new
membrane systems including smart/self-assembling/self-repairing systems and lower energy cost.
Current membrane separation research focus is on:
a. Understanding the atomic- and molecular-level processes that affect separation performance
in membranes, including mechanisms of neutral, ion, and electron transport through a
membrane.
b. Computational methods to design and to optimise the separation of hierarchical structures,
hybrid organic/inorganic structures, tailored functionalities, catalysts, and other features to
enhance transport and selectivity, and improve stability.
c. New approaches for membrane separation and alternative driving forces or specific
membrane-permeate interactions that can enable separations that are less energy-intensive
than conventional temperature and pressure swings.
d. New concepts for the design of membrane separation systems, incorporating self-assembly
and even self-repairing strategies, and/or multifunctional structures. New concepts that could
incorporate hybrid or “smart” materials that alter the transport of a targeted gas or ion on
application of a specific external trigger.

Industrial Challenges
The industrial challenges alongside these case-specific scientific challenges will require significant
advances in characterisation tools and research infrastructure that can simultaneously monitor
multiple physical and chemical processes under realistic conditions. These research needs are all high
priority since it is crucial for the further development of capture technologies. Results will be used for
designing materials, structures, and driving forces that will be incorporated in a new generation of
separation processes for reducing CO2 emissions.

2.2.2 Research needs: CO2 utilisation
When discussing CO2 emission reductions with respect to the carbon-intensive industry it is important
to highlight the criticality of the element carbon. In this respect and to avoid ambiguity, de-fossilisation
is a more accurate term as opposed to decarbonisation, as an overwhelmingly large fraction of current
chemical products and emerging synthetic fuels contain carbon of a fossil origin. Simultaneously,
carbon-based value chains will play an extremely important role in the future of industry. The question
then directly posed is where will this carbon be sourced from going forward?
The focus of ECCSEL in the shorter term is on accelerating the reduction of GHG emissions, as such it
favours CO2 storage and more permanent utilisation options, shown in Figure 1. See “D1.3 Global CCU
infrastructure and market assessment” for the assessment on CCU. The longer-term focus of ECCSEL
is on smart integrated capture and utilisation concepts to support the development of sustainable
circular economies. Along this direction, energy intensive industry needs to adapt to a changing
resource, energy, and legislative landscape if they are to remain competitive in a sustainable society.
Going forward this integration will continue particularly with respect to CO2 emissions but may also
require integration (e.g., smart sector coupling) thus improving overall system circularity. Therefore,
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CCU offers the opportunity to mitigate point source emissions through the production of chemicals,
fuels and materials.

Figure 1 ECCSEL focus shorter- and longer-term focus on CCU

The transition of energy intensive industry to this more environmentally sound future will meet certain
challenges, many of which are external to the sector itself. In this respect, traditionally separate
sectors will have to be coupled (e.g., with respect to material and heat flows) if emissions reduction
trajectories are to be successfully followed. This will require the following:
•
•
•

Availability of low carbon energy (heat and/or electricity)
Availability of and/or access to alternative, non-fossil, carbon-based feedstock(s)
Uncompetitive costs for fossil-derived products

The transition to a sustainable circular future will require high investment in new processes
(e.g., carbon capture technologies), system dynamics/integration (e.g., sector coupling) and legislative
support structures (e.g., carbon taxes). Under these high-level ambitions, reducing fossil fuel
consumption in carbon-intensive industry will require adoption of several principles that, when
combined appropriately, will lead to significant emissions reductions over the longer term.
To illustrate, four different pathways to produce polymer grade ethylene are presented in Figure 2.
The paths are:
•
•
•
•

Classical fossil-based approach
Biobased approach
Thermocatalytic indirect CCU approach and
Electrocatalytic direct CCU approach

The indirect CCU approach would be based on synthesis of methanol from a CO2 and H2 H2basis
(TRL ≥7), whereby the alcohol product is fed to a commercially available “Methanol-to-Olefins” (MtO)
plant (TRL 9). The synthesis of methanol in this manner is possible based on conventional methanol
catalysis plant technology. It is important to note in such a synthesis that the hydrogen required for
the thermocatalytic reduction of CO2 must be without a carbon footprint (e.g., as supplied from
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renewably powered water electrolysis). The implementation of this approach could be technically
possible with existing, available technology. As an alternative “direct” approach, ethylene can
potentially also be synthesis based on the electrochemical reduction of CO2 (TRL ≥ 4). This has the
potential for increased energy efficiency of the chemical reduction due to a higher selectivity and
lower thermal losses compare to thermocatalytic approach. There are more potential benefits that is
worth noting, including a simplified number of process steps and negation of a hydrogen supply but
considerably challenges remain to be overcome largely related to reaching viable current densities.

Figure 2 - Different schemes of CCU approaches of polymer grade ethylene production based on a classical fossil-based
approach, a biomass based approach, a thermocatalytic CCU approach and an electrocatalytic CCU approach, technical
maturity and CO2 intensity.

ECCSEL recently included CCU and one of the objectives of WP1 is to develop a strategy to include
further research facilities with appropriate capability. 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 in two deliverables (“D1.3 Global CCU infrastructure and market assessment” and
“D1.4 Synergy potential of CO2 utilisation and alignment strategy for CCUS”).
The Research Strategy Roadmap for ECCSEL will be updated with CCU opportunities based on this
deliverable and the outcomes of the D1.3 and D1.4.
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2.3 Industrial research priorities on CO2 capture and utilisation
Industrial research priorities have been exhaustively discussed during the workshops. Most of the
participants provided details about ongoing research activities and pilot plant projects for CCUS. Table
5 provides an overview.
Amongst the capture technologies, the chemical post-combustion technology is one of the most
proven technologies. Since many industrial sectors are looking into its application, selection, and
further development of the (liquid) sorbent regarding longevity and performance as well as
applicability to different flue gas composition and carbon capture purity requirements is a high
priority. To this purpose, mobile units for on-site testing and training of technicians in operation,
solvent management etc. are required.
Capture technologies based on solid adsorption, such as calcium looping, and sorption-enhanced
water gas shift are of specific interest in their respective industries. For both, the focus lies on proving
the process on large scale and to operate over long periods to study sorbent behaviour and
performance over time. To be able to conduct this research large scale demo plants are required.
Testing facilities for gas compositions of other industries are needed to screen the technologies for
other applications.
Technologies based on oxy-fuel combustion are of interest in industries where the production of CO2
is unavoidable, such as cement production. Here oxy-fuel operation is an option for direct production
of pure CO2. The current industrial research focuses on retrofitting a plant to prove the concept on
large scale.
In addition to the different priorities for CO2 capture in industries, a high importance was placed on
operating their processes with electricity or hydrogen to avoid producing CO2 themselves. As such
industries require changes to their equipment to handle hydrogen in their burners for indirect and
direct heating, burner test facilities are needed to conduct the testing.
A high importance in general was placed on utilisation of CO2 by all industries participating in the
workshops. The strong need for CO2 utilisation is either due to governmental decisions or lack of
storage possibilities or needed convincing that storage options will suit their needs. In CO2 utilisation
the focus is on finding a variety of different options to not oversaturate the market. As a result, no
single technology comes into focus as clear research priorities.
Direct utilisation, like pipelines to greenhouses or as feedstock within industrial clusters are only
possible for specific locations and are already available at high TRL. Chemical conversion of CO2 to
usable products like methanol, dimethyl ether, ethanol, and polyols which can replace fossil-fuel
derived products is currently generating most interest. For these products, the highest importance is
given to direct on-site conversion and intensified processes to produce high value products directly
on-site without the need for CO2 transport. Not all industrial partners have plans for which products
and processes they will focus on, and they have expressed a strong need for research in this area.
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Table 5 High level industrial research needs

Priority level of
research need

Industrial
sectors

High

Waste,
Cement
Steel,
(petro-)
chemical
Steel and
(petro-)
chemical

High

High

Cement

Medium

Cement

High

Steel

Low

Location
dependent
Waste,
Cement,
Steel,
(petro-)
chemical
Waste,
Cement,
Steel,
(petro-)
chemical

Medium

High

3

Key priority aim

Target settings

Infrastructure
required?

TRL

Mobile units

7

NOx emission
Operational
flexibility/hybrid

Burner test
facility

6
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3-6

CO2 TRANSPORT AND FLUID PROPERTIES RESEARCH PRIORITIES AND
INFRASTRUCTURE NEEDS

The major knowledge gaps that remain within CO2 transport are in flow phenomena in pipelines, wells,
and bulk transport vessels, at the interface to storage and to capture/conditioning, pipeline, and tank
integrity. Further, there is a need to develop methods and technologies for traceable flow metering
and monitoring and control systems for CO2 transport. Knowledge of the thermophysical and corrosive
properties of CO2 mixtures are needed in all the above processes, as well as in capture, injection, and
storage.

3.1 Properties of CO2 and CO2 mixtures
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Some impurities in CO2 streams can be present at percentage levels and can therefore significantly
affect thermophysical properties. Other components can be present in trace (i.e., parts per million)
range, and potentially affect phase behaviour and corrosive properties. There are significant gaps in
the data sets of thermophysical properties of CCS-relevant CO2-rich mixtures under CCS-relevant
conditions. Research emphasis should therefore be placed on quantifying the properties to which
model predictions are the most sensitive, such as phase equilibria (including high pressure and solids),
density, heat capacity/caloric properties, speed of sound, thermal conductivity, interfacial tension,
viscosity, and diffusion coefficient. These properties have high importance in different parts of the
CCS chain, and some of them are even more relevant for capture, storage, or interfaces, than they are
for transport alone. Interfacial tension is, for example, an important property to predict flow through
porous media. To achieve consistent and CCS-chain models, the same property models should be
used throughout. There is also a lack of data on the corrosive properties of relevant CO2-mixture
compositions for pipeline materials.
Infrastructure priorities are therefore focussed on obtaining thermophysical data in CCS-relevant
conditions, especially for CO2 mixtures.
•
•
•
•
•
•
•
•
•
•

Optimise/improve the robustness of several processes within CCS, such as ship offloading,
CCS pipeline transport, and low-temperature separation processes
Accurate phase equilibria data in the temperature range between -60 and -130°C and up to
100 bar for mixtures
Detection and analysis of solid and hydrate formation
In-situ characterization of phase and chemical equilibrium to study minor but reactive
components e.g., amines, sulfuric components, NOx, (possibly via upgrade of current -60 to
200°C ECCSEL facilities)
Equations of state with high predictivity, highly accurate reference measurements of
density, viscosity, and thermal conductivity
Accurate equation of states for low temperature, high pressure CO2 and CO2 mixtures,
specific heat capacity, Joule-Thompson coefficient
Accurate speed of sound for pure CO2/CO2 mixtures
Interfacial tension at high pressure
Thermal conductivity data for CCS-relevant pure CO2, CO2-rich mixtures, especially liquid,
and gas phase impurities, at reservoir-relevant temperatures, pressures, and chemical
environments
Liquid and gas phase diffusion coefficient data for process simulation and chemical absorber
design, adsorption processes and membrane separation, and in reservoirs

Priority: High
Facilities required:
•
•
•
•
•

Phase equilibria: Low-temperature (-130 to -30 °C) and phase equilibria with solids
Phase equilibria: New cells or upgrade of cells with in-situ capabilities and for demanding
components
Reference density meters for gases, low temperatures, and corrosive mixtures, co-located
with accurate viscosity and thermal conductivity: Single or dual sinker suitable for CCSrelevant corrosive mixed fluids at -60 to 200°C and at least up to 400 bar
High accuracy flow calorimeter
Speed of sound facility: e.g., doping and extrapolation with ultrasound meter, or spherical
resonator at low frequency
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•
•
•

Interfacial tension facility: high pressure
Thermal conductivity facility: e.g., hot wire cooling at reservoir pressure and -60 to 200C with
aggressive components present.
Diffusivity: liquid and gas phase in CCS-relevant conditions

3.2 Flow characterisation in pipelines and wells, ship transport
A facility is needed to characterise CO2 flow conditions and geometries that lead to failure in process
safety systems.
1. Pressure safety valves (PSVs) in process plants typically depressurize into a low-pressure stack,
leading the fluid to a safe location for dispersion
2. Safety systems on CO2 carriers will have a similar layout
3. To the extent such systems have been/are being designed today, some existing codes and
standards are used. However, there is a lack of experimental and theoretical verification of
the appropriate functionality
If these systems become blocked with dry-ice, the consequence can be catastrophic. It is therefore
important to know the process and flow conditions and the geometries under which these systems
fail. This is relevant for capture, transport, and injection. A facility for investigation of dry ice
formation and impact downstream a depressurisation is currently under construction by SINTEF
Energy Research financed by the ECCSEL Research Infrastructure for Norwegian Full-Scale CCS (ECCSEL
NFS) project. If included in ECCSEL ERIC, this new facility called FASafe will partly address key research
needs focussed around reliable and validated modelling tools needed to optimise the design and
operation of CCS systems, while maintaining a high degree of safety.
•

Detailed characterization of CO2 horizontal flow
o Pressure drop
o Gas/liquid volume fractions
o Temperature
o Mass flow rate
CO2 received into a network from multiple sources creates complexity for control and operations that
needs to be understood through transient analysis. An ECCSEL facility has been established to acquire
data upstream of a pipe depressurization (DEPRESS) on the formation of solids. The following issues
still need attention:
•
•
•
•
•
•

•

Characterization of flow downstream of depressurization, especially understanding formation
of solids and related kinetics
Clogging of safety equipment
Loading low-pressure CO2-transport ships
Transient analysis for control and operation of networks handling CO2 from multiple sources
Transient vertical flow e.g., in wells is relevant to start-up, shut-in, re-pressurization,
depressurisation, blow-out, and also unloading of ships
Critical processes relating to loading and unloading of ships
o Flexible hoses
o Flow control/metering
o Batch-wise versus continuous injection into reservoirs, and buffering systems, for
offshore unloading
Model validation for CO2 flow
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Priority: High
Facilities required:
•
•
•

Transient phenomena facility: FASafe now in construction via ECCSEL NFS
Flow assurance in safety systems: FASafe will partly address
Valve flow characterisation facility: flow and pressure drop in valve and choke geometries
for CO2-rich mixtures (combine with fiscal metering facilities)

3.3 Pipeline and tank integrity
There is a need for data allowing the development and validation of accurate models for the prediction
of running-ductile fracture in CO2 pipelines
•
•
•

Detailed studies of thermophysical properties (mentioned above)
Flow out of cracks in pipes and along opening pipe flaps
Development of more accurate models for forces acting during running-ductile fracture

Priority: Medium
Facilities required:
•
•
•

Accurate facility for investigation of corrosion: larger number of impurities and lower
concentrations (upgrade ECCSEL NFS IFE corrosion facility?)
Facility for fracture propagation control (FPC) tests of subsea CO2 pipelines: medium- and fullscale burst tests to validate design tools for FPC of CO2 pipelines (existing onshore facilities
(Norway, UK, Italy) are not part of ECCSEL)
Pressure distribution on pipe flanks and flaps during release of boiling CO2: Geometry
representative of pipe crack during a running-ductile fracture

3.4 Non-equilibrium phenomena
Boiling liquid expanding vapour explosions (BLEVE) is a phenomenon that might be relevant for safety
studies of CO2 systems, especially if transporting CO2 in a liquid state at pressures above c.40 bar.
Experimental studies involving non-equilibrium phenomena are required to clarify this. Given the
associated safety implications, this is of relatively high priority.
The kinetics of solid CO2 formation and melting/sublimation mentioned above is also a nonequilibrium phenomenon. Data will underpin the development of transient multiphase flow models
specifically of running-ductile fracture in transport pipes, but is not limited to CO2 transport.

Priority: High
Facilities required:
•
•
•

BLEVE wave structures
Kinetics of solid formation, sublimation, melting
ECCSEL NFS FASafe facility
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3.5 Fiscal metering
CO2 poses specific challenges for flow metering since the particular properties of CO2, with critical
point close to the operation point, mean they change rapidly with changes in temperature and
pressure. Sound attenuation is higher than in many other fluids, which could affect the feasibility of
ultrasonic time-of-flight (TOF) meters commonly used for natural gas. Currently, the only technology
with published studies claiming accuracies below the ETS requirement (1.5%) is Coriolis, but this is
only for pure CO2 and at flow rates/dimensions far below that required in CCS. For CO2 with impurities,
results at the same scale have not been verified with sufficient accuracy. There is hence a need for a
loop for traceable tests of flow meters at an industrially relevant scale.

Priority: High
Facilities required:
•

Large scale test facility:
o Test technologies for fiscal or custody transfer flow metering under controlled
conditions and fluid compositions in industrially-relevant conditions.
o Flow rates at least a few hundred tonnes/hour
o 4 - 40°C, up to 120 bar
o Flow calibration to a gravimetric reference
o Pressure, temperature, and fluid density measurement
o Ideally expandable to fiscal metering of CO2-rich mixtures

3.6 Flow monitoring and control
While early strategies for CCS focused on capturing CO2 from fossil fuel power plants, there has been
an increasing awareness of CO2 capture from industrial sources being at least as important. Clusters
of industry sources, established to reduce costs through economics of scale, will evolve into complex
CO2 transport networks with large local and temporal variations in flow rates, conditions, and impurity
contents, and with distinctively different flow assurance challenges than in natural gas transport.
Some of the anticipated impurity species may, even at low concentrations, strongly affect the
threshold for formation of an impurity-rich second phase, calling for an advanced monitoring and
control system to avoid off-spec and undesirable flow conditions. There is a need to mature current
flow control systems to these particular challenges of CCS transport:
•
•
•

Advancement of the underlying thermo- and fluid dynamic models
Online and interconnected instrumentation to measure composition and the onset of phase
separation
Verify instrumentation at an industrially relevant scale.

Priority: High
Facilities required:
•

Test loop: Controlled multiphase and multicomponent flow at sufficient scale (possible
synergies with a test facility for fiscal metering) to test flow monitoring instrumentation
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4

CO2 STORAGE RESEARCH PRIORITIES AND INFRASTRUCTURE NEEDS

Since the publication of the ECCSEL Research Strategy Roadmap in 2017 (, three main changes have
affected the research needs for CO2 storage:
•
•
•

Increased emphasis on integration of CCS into a rapidly evolving energy landscape
e.g. complementary and challenge aspects with hydrogen, energy storage, geothermal
Focus for CCS on capture from industrial sources rather than fossil fuel power plants (impact
of growing renewables on market share)
Emphasis on (a degree of) utilisation as a pathway to reduce costs and as a storage option

However, the need for more efficient and cost-effective storage remains and, as such, many of the
key research needs identified in the first iteration of ECCSEL Strategy Roadmap require additional
attention.
The political and regulatory landscape has also changed, although the countries where political
support for CCS was high still remain key actors in the deployment of CCS projects. EU and national
strategies, roadmaps and funding programmes are described in ECCSELERATE D4.1 How CCUS and
ECCSEL ERIC are embedded in national strategies, roadmaps, and funding programmes, both at EU
country level and within in-country regions. Nationally Determined Contributions set out country
efforts to reduce emissions and adapt to climate change and are reported to UNFCCC every five years,
with the latest round of NDCs submitted by 2020.
Mission Innovation, an international initiative, has identified a number of Priority Research Directions
for CO2 storage during 2017. These focused on achieving Gt/year capacity and injectivity, effective
monitoring for assurance and site closure, improving characterisation of faults/fractures, well
integrity, and managing risk of induced seismicity.
The SET-PLAN TWG9 CCS and CCU Implementation Plan sets out the actions required to achieve the
10 targets for CCS and CCU as envisioned in 2017, with a 2020 update sheet. The Implementation Plan
focuses on delivery of a full chain CCS project and CCS and CCU, developing a CO2 storage atlas,
advancing improved monitoring and verification techniques, and unlocking European storage with
pilot projects and FEED studies. Research and innovation priorities are highlighted in a 2020 report,
including investigation of the role for CCS in enabling clean hydrogen and the role and feasible scale
for negative emissions. Utilisation and the circular economy to add value to CO2 has also become a
topic of interest and CO2-EOR is being actively considered (e.g. MOL, the national oil company in
Hungary), as is how to trap CO2 for long-term storage, in building materials.
The EC Storage Directive has been in place for over a decade, and a number of appraisal and storage
permits have been requested under this regime and, through this process, additional points for
clarification have been identified that could usefully be tackled through research projects.
The main research needs in CO2 storage are centred around improving efficiency of CO2 injection and
storage operations and reducing costs through cost-effective site assurance that demonstrates safe
and permanent containment and ensures that risks are appropriately managed. Responding to these
research needs will help accelerate the roll-out of CCS. CO2 storage is up and running, the aim now is
to streamline processes, improve efficiency and reduce costs.
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There are, of course, cross-cutting issues that are critical for CCS but perhaps not related to the
scientific questions being addressed through ECCSEL. For example, through links to initiatives such as
IPEM which draws together CO2 storage testbeds, public engagement opportunities could be sought.
There are currently no operational pilots CO2 storage projects within the scope of ECCSEL; Hontomín
is paused, Ketzin is abandoned as planned. Only the Sleipner site offers injection data from injection
into a large saline aquifer, and this site is a confined aquifer. A scoping study for a UK CO2 Storage pilot
is underway. Laboratory-scale facilities are relatively common and a range of pilot scale facilities are
planned and the infrastructure proposed below would complement existing facilities, advancing
knowledge in terms of increasing the range of geological settings and operational scale for which data
are available, moving towards large-scale implementation. Development of some Measurement,
Monitoring, Verification and Quantification (MMVQ) technologies, particularly permanently installed
sensors, are relevant to several pilot/testbeds described.
Research priorities related to the storage of CO2, and corresponding research infrastructure
requirements follow.
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4.1 Site selection and demonstrating security of storage
The demonstration of safe storage is a key area of interest, with a focus on satisfying regulators that
the storage site and potential risks can be managed and on demonstrating that the site behaviour is
well understood. This includes understanding potential leakage mechanisms and demonstrating that
risks can be managed.
•
•
•

•

Demonstrating the minimum data needed to assure storage capacity
Factors that impact over- and under-burden integrity e.g., fatigue when re-using depleted
hydrocarbon fields, fracture-controlled migration in low permeability materials
Fault behaviour
o What data are essential in predicting fault behaviour?
o Pilot-scale tests to validate predictive capability
o Improved microseismic data
o Fault detection (in caprocks) via high-resolution seismics and image logging
Interactions with other (sub)surface actors for the green industrial revolution (e.g. hydrogen,
geothermal, wind farms)

Priority: Medium-High
Facilities required:
•
•
•
•

Testbed or pilot: Fault permeability, aquifer
Testbed: Long term fault permeability
Testbed: Failure of reservoir and caprock or under-burden integrity
Testbed: Low integrity caprock

4.2 Dynamic storage capacity; understanding the pressure-connected
volume and modelling the storage complex
Topics around fully understanding the dynamic storage capacity of a storage site include pressureconnected volume, pressure management techniques and improved modelling techniques i.e.:
•
•
•
•
•
•
•
•

Improving predictions of dynamic properties with real thermophysical property data
Improved techniques for integrated modelling (geochemical, geomechanically reservoir
modelling with multiple fluids and phases, relative permeabilities for target formations)
Understanding and modelling the pressure footprint/gradients, and demonstrating site is
behaving as expected
Model iteration: Assessing how much models change as more data become available during
operation
Pressure management through water production
Practical evidence of impacts of heterogeneities through experiments at pilots
Pressure implications of multiple injections in connected formations from multiple storage
operations
Optimise integration of high-resolution models into regional models for regional processes
and improved representation of heterogeneities
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Priority: High
Facilities required:
•
•
•

Model/monitoring loop and site assurance: Improved integrated modelling, real
thermophysical data
Pressure pilot: Saline aquifer and interactions between multiple injections
Injection pilot: Compartmentalised/heterogeneous saline aquifer

4.3 Storage optimisation through development of a range of injection
strategies
Improved injection to reduce costs and improve storage efficiency i.e.:
•
•
•
•

How to test representative pore volumes for many km2 and long periods (more than a few
hours) from weeks to months
How to predict the size of the pressure-connected volume that is in reach of one well,
especially in saline aquifers
Innovation around injection for enhancing storage injection rates and capacity, e.g. impacts
of discontinuous injection on storage efficiency and trapping mechanisms
Understanding and monitoring CO2 behaviour in the well (phase changes, impacts of
heterogeneities)

Priority: High
Facilities required:
•
•
•

Laboratory: Multiphase flow, real thermophysical data
Pilot: Enhancing storage injection rates and capacity, predicting and modelling pressureconnected volume in saline aquifers
Testbed: Well issues and CO2 behaviour

4.4 Monitoring for assurance and long-term containment
Low cost, effective long-term monitoring strategies were highlighted for investigation i.e.
•

•
•
•

More efficient cost-effective monitoring techniques to demonstrate reservoir behaviour
o High-resolution permanent/continuous and sparse techniques (e.g. improved
repeatability, improved temporal and spatial resolution at lower costs and spatial
scaling)
o Non-invasive monitoring of the storage complex with minimal wells/interruption of
the seal
o Monitoring with minimal operational demands/low maintenance
o Quantification of CO2 in the subsurface for site assurance
Leakage detection and quantification (e.g. with UAVs or continuous monitoring stations)
Data management (providing real-time data, integration of different data streams for site
management, automatic alerts, machine learning for data processing and interpretation)
Well completion (e.g., long term monitoring technologies, long term stability of well materials)
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Priority: Medium-High
Facilities required:
•
•

Permanent/continuous monitoring, non-invasive techniques, low maintenance/operational
demand
Data management: real-time data management, automatic alerts, machine learning for data
processing and interpretation

Priority: Medium
Facilities required:
•
•
•
•

On/offshore testbed: On/offshore tool development for leakage detection and measurement
Multi-sensor platforms
Laboratory: Wellbore material reactions
Field laboratory: Wellbore completion

4.5 Developing remediation and mitigation techniques
Technology transfer from other industrial applications left CO2-storage specific research questions:
•
•
•
•

New subsurface in-reservoir and in-overburden mitigation and remediation technologies
Remediation and mitigation at depth
Chemical/biological techniques specific to CO2 storage
Practical experience in remediation

Priority: Medium-High
Facilities required:
•

Testbed: Practical remediation technique testing

4.6 Storage permitting
At this stage, practical experience in successfully obtaining a storage permit with relevant financial
assurances, providing assurance during operation, and reaching agreement on post-closure
monitoring and handover is extremely limited. Frequently identified by storage operators as a
significant barrier to deployment.
•

Pilot scale storage project could potentially be used for a ‘dry run’ to inform discussions with
the relevant authorities on meeting the requirements on the Storage Directive that are
proving challenging, in particular
o Liability and risk management
o Demonstrating that the site is ready for handover and post-injection monitoring

Priority: High
Facilities required: Pilot: Storage of moderate quantities of CO2.
www.eccsel.org | Page 25

5

INDUSTRIAL INPUT FROM THE WORKSHOPS

5.1 Cement
The cement industry is one of the largest contributors to industrial CO2 emissions, being responsible
for around 7% of global CO2 emissions [3]. The main sources of emissions are fuel combustion for
thermal energy (40%) and from the calcination reaction itself (50%). The remaining emissions (10%)
are from the other processing steps (e.g., grinding) and transport [4].
While improved energy efficiency can reduce the fuel consumption and related emissions, emissions
from the calcination reaction are unavoidable so require a different approach.
Generally, the demand for cement has grown linearly with the growth of GDP, with some fluctuation
on regional levels. Figure 3 - (left) Predicted cement demand for two scenarios. Stated Policies
Scenario: current projection of climate policies and technology development. Sustainable
Development Scenario: scenario with policies and technologies required to reach net-zero in 2070. ;
(right) Emissions per revenue $ for various sectors.
shows the predicted cement demand up to 2030. As such the CO2 emissions from cement is predicted
to increase as well. Thus, another approach to the reduction of CO2 is the use of alternative materials.
Compared to other sectors, the emission of CO2 per $ of revenue (Figure 3) is much higher for cement
than other products. This is due to it being a commodity product with low prices. A consequence of
this is a lower budget for CCUS research and investments compared to other sectors, such as
chemicals.

Figure 3 - (left) Predicted cement demand for two scenarios. Stated Policies Scenario: current projection of climate policies
and technology development. Sustainable Development Scenario: scenario with policies and technologies required to reach
net-zero in 2070. [5]; (right) Emissions per revenue $ for various sectors. [3]

To achieve the goal of keeping the global temperature rise to <2℃, the IEA in collaboration with the
Cement Sustainability Initiative (CSI) have calculated a required decrease in emissions of 24% for the
cement industry [6]. To stay well below 2℃ (as agreed upon in the Paris agreement) a reduction of up
to 60% is needed to account for a projected increase in cement demand of 12-23%.
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Figure 4 shows the production process for cement from raw materials to final product, including
logistics. The high energy requirement and CO2-emissions of the kiln and pre-calcination step make it
the focus of all mitigation options. A reduction of emission of this step has a high impact on the overall
process emissions.

Figure 4 –Process steps of cement manufacturing and their Energy requirement and CO2-emissions. [3]

5.1.1 Mitigation options
Mitigation options can be considered in five categories: cement avoided, energy efficiency, alternative
fuels, new materials and CCUS. Their predicted reduction potential is shown in Figure 5 and Figure 6.

Figure 5 – Required CO2-emission reductions to achieve the Sustainable Development Scenario’s (SDS) goal by 2070
compared to the Stated Policies Scenario (STEPS). Cement avoided demand (purple), Clinker-to-cement ratio (purple and
white) and CCUS (orange) make up the largest contributions. [5]

By building structures that last longer, repairing buildings and structures rather than rebuilding them,
and generally extending the lifetime of cement structures, emissions from production but also logistics
can be avoided [4].
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3

For example, carbon capture, use, and storage; carbon cured concrete; 3 D printing.
For example, cross laminated timber, lean design, prefabricated/modular construction, building information modeling.
5 Alternative building materials and other approaches will likely play an important role in decarbonizing the cement industry, but a great
deal of uncertainty remains as to how much they will reduce emissions.
4

Figure 6 –Potential CO2 emissions and reductions, GtCO2 annually. [3]

For energy efficiency, advancements have been made but, even when accumulated, they only lead to
a 7% reduction in CO2-emissions [2]. However, these options can reduce the thermal and/or electrical
demand of the plant. The largest influences on kg CO2/kg cement are the adaptation of preheaters
and pre-calciner kilns to increase thermal efficiency and decrease losses, and oxygen enrichment
technology to improve production capacity [4].
In the case of alternative fuels, the calorific value required of the fuel is of importance to reach the
high temperatures in the rotary kiln. If no alternative high calorific fuel for this segment can be found,
around 60% of the energy demand can be replaced by lower calorific fuels for the preheater and the
other units. The use of alternative fuels requires the adaptation of the burners to different
compositions and handling of fuels, as well as additional units for pre-treatment or gasification. [4] [6]
Instead of reducing the CO2 output of the cement process, alternatives to cement can be added to the
products thus reducing the absolute amount of CO2 of these products. Alternatively, different raw
materials can be used which deliver calcium without requiring the decarbonation step. [3] [6]
CCUS is a relevant solution for the cement sector since the CO2 reduction goals for 2050 can’t be
reached without CCUS [5]. There has been research into pre- and post- combustion CCUS as well as
oxyfuel combustion.
Pre-combustion would remove the CO2 from the fuel for the heating of the kiln, however, an additional
solution for CO2 in the calcination flue gases is required, thus adding two units to the production
process. The advantage is that the first unit already exists at a high TRL.
Post-combustion capture would be possible for new plants, as well as a retrofitting option to existing
plants. For this process, existing high TRL technologies from other industries can be used, however,
they need to be evaluated for the specific cement off-gas composition. The major technologies of
importance seem to be chemical absorption and calcium looping, which seems preferable due to the
direct utilisation of purged CaO sorbent in the clinker. Several projects focus on this approach. [7] [8]
[9]
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A promising technology for future plants is oxyfuel combustion. In this process, pure oxygen instead
of air is used in the calcination process which leads to a relatively pure CO2 off-gas, which can be more
easily treated and purified due to their higher CO2 partial pressures. This process requires a sealed
operation of the full plant. [10] [11]
Due to the large amount of CO2 emitted by the plant, focus needs to be placed not only on the capture
of CO2 but also on utilisation and/or storage. The onshore location of existing plants could make
utilisation more appealing.

5.1.2 Technology barriers
The barriers to implementation of CO2 reduction technologies are the high costs associated with retro
fitting and the construction of entirely new plants. In addition, the construction sector is relatively
slow in adapting to different materials due lack of awareness on the material properties and concerns
for safety; new materials need to prove their long-term stability and quality. [6]
As cement is a commodity product, the opportunity for innovation and research is also reduced,
leading to tightly focused cement industry-led approaches and cooperation with technology providers
rather than industry conducting its own research.
An incentive for the implementation of these technologies will be a high CO2 tax driven by national
governments. [5]
Regarding R&D challenges in CCUS, the cement industry mentioned the following broad topics and
goals:
•
•
•

Economical CO2 utilisation routes
Legislation and social license for CO2 storage
Ability to compare/simulate different type of technologies

5.1.3 Industry R&D and potential services
Research within the cement industry is mainly focused on solutions that have a direct connection to
cement production. For other CCUS technologies, the industry considers themselves to be customers
rather than active developers. This is due to the nature of cement as a commodity product and the
resulting low budget for R&D. The main technologies mentioned by the industry are:
•
•
•
•

Post combustion capture, with amines
Oxyfuel
Direct separation
Calcium looping

Research focus is on industrial implementation and cost reduction.
Regarding services connecting ECCSEL to industry, the cement industry showed interest in joint
knowledge sharing and development. A high interest was shown in pre-competitive research and
information. The lowest interest was shown in representation and contract research. Potential
services which were rated highest by the cement industry are:
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•
•
•
•

Knowledge sharing
Market intelligence, especially concerning solutions for utilisation
Technical support and joint research projects mainly focused on pre-competitive research
A potential role for ECCSEL is to find innovative financing routes

Specifically, the following input was provided regarding potential services of ECCSEL:
It is important that we connect as industry on CCUS, by joint knowledge building we can do more and
keep economic viability – on knowledge sharing
Knowledge sharing stimulates innovation. However, in the industry mindset this can be controversial,
so focus on pre-competitive information – on joint research
Role for ECCSEL can be to motivate currently less involved companies to join CCUS R&D – on joint
research and consortium development
Does ECCSEL see possibilities to encourage or engage industry more with innovative financing? How
to address joint research as a financial source? – on the research service
All skills topics are interesting, we should develop our capabilities – on the Capacity building service

5.1.4 Current Research projects
Cleanker: Calcium looping (TRL 7) [7]
Technology to use lime to bind CO2 from flue gas to CaCO3. This is then regenerated in a pure oxygen
environment leading to a pure CO2 stream. After successful pilot scale demonstration, a plant is to be
built at BuzziUnicem in Italy
Chemical absorption (TRL 7) [9]
Norcem is planning on building an amine-based CCS system at their plant in Brevik. The captured CO2
is to be stored offshore.
AC2OCem: Oxyfuel (TRL 6) [10]
This project looks at oxyfuel technology for retrofitting using alternative fuels. The project started in
October 2019 and will last 3 years. In addition, they consider taking oxy-fuel for new-built plants from
TRL2 to TRL6. The basic idea is the operation of the kiln under pure oxygen conditions to produce pure
CO2 off-gas from the calcination step.
LEILAC: Direct separation (TRL 6) [8]
The project aims to directly capture pure CO2 from the calcination by indirectly heating the calcium
carbonate, thus not mixing CO2 with the off gases from heating. The project started in 2016 and will
run for 5 years; the pilot was built in 2019.
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5.2 Petrochemistry
Oil refinery operations can be broken down into five main processes:
(1) distillation (separates crude oil into different refinery streams)
(2+3) conversion and reforming (quality improvement and yield adjustments to meet market
demand)
(4) desulphurisation (reduces sulphur in the streams)
(5) blending of the refinery streams (to produce final products).
The starting point for all refinery operations is the crude distillation unit (CDU). Crude oil is boiled in a
fractioning column, which breaks the crude down into more useful components. The crude oil enters
the column near the bottom and is heated to around 380°C. The lighter fractions are vaporised and
rise the column. As they rise, they are cooled by a downward flow of liquid and condense at different
points. This enables fractions with different boiling points to be drawn off at different levels in the
column. The bulk of the products are used as fuels and small part for lubricants, and another part
(naphtha) is used as feedstock for the petrochemical industry producing plastics. There are four
essential factors governing the CO2 intensity of an oil-refinery: Feedstock and product slate,
complexity, energy efficiency and fuel carbon content [12].

5.2.1 Mitigation options
The mitigation options for petrochemistry can be grouped in three categories: Energy efficiency, lowcarbon energy sources and CCUS. It seems, based on the Concawe study [13], that the petrochemical
industry will not reach a 100% emission saving in 2050.
Energy Efficiency
Most refineries are implementing continuous improvement through a combination of measures and
small projects involving some capital expenditure. This includes reactor yield improvements and
hardware improvements such as new burners of fired heaters, pump heat exchangers, and energy
measurement and control systems. The larger energy efficiency projects are in most cases capitalintensive projects, reflecting changes to the technical configuration of individual refineries via
extensive revamps of existing facilities and new process plants. The potential impact of energy
efficiency improvements on CO2 emission reduction are up to 22% by 2050 from the 2008 level [14].
Low Carbon Energy sources
This approach involves the direct use of renewable energy, through increasing the use of electricity
and the reduction of liquid fuel/gas burning, improved recovery of hydrogen and LPG from fuel gas.
The increased use of imported low-carbon electricity will used for:
•
•
•

General electrification: Increased use of electricity for general operations and/or rotating
machines
Generation: Partial replacement of own generation by imported low-carbon electricity.
Substitution of fired boilers and heaters with electric heaters
Electrolysis: Production of hydrogen with electrolysers using imported renewable electricity.

Large-scale deployment of imported renewable electricity may unlock several routes for significant
emission reduction by substitution of fossil energy. These routes could reduce EU refinery emissions
by up to 18% by 2050.
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CCUS
A part of the direct refinery CO2 emissions must be captured based on post- or pre-combustion
technologies. The implementation of CO2 capture (and storage or use) appears to be an important CO2
emission option for refineries. Based on the findings of a recent detailed study considering state-of the-art technologies and several factors specific to refineries (large number of relatively small sources
with various level of CO2 concentration), the maximum potential CO2 that could be captured across a
refining site is limited to 70% of the total CO2 emission from point sources. An effective deployment
of CCUS across the whole sector decreases the CO2 emissions in 2050 by 12%. The focus for CCUS
might be the high temperature furnaces in the oil refining and petrochemical industry. Both post- and
pre-combustion capture technologies are applied, subject to local conditions. Currently, precombustion based on hydrogen firing seems to be an attractive option for the refining and
petrochemical industry. Blue hydrogen has two identified applications: high temperature heating and
combined heat and power production based on gas turbines. The use of hydrogen strongly depends
on the timing of process modifications and upgrades of the furnace for high temperature heating
processes. This must be planned in line with a major overhaul, and time is also needed to improve the
performance of hydrogen combustion so, in the first phase, hydrogen firing will be implemented as a
hybrid solution. As such, there will be a slow increase in hydrogen use, before relevant furnaces can
be partly or fully switched to hydrogen firing. The substituted (refinery) fuel gas plays an important
role as it might be used as feedstock for the blue hydrogen production. The post combustion capture
technology will be needed for the remaining point sources of CO2 that cannot be mitigated by
renewable energy or blue hydrogen.

Figure 7 CO2 mitigation options in a petrochemical plant, source picture TNO
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5.2.2 Technology barriers
The main technology barrier for CCUS is that it will have a direct impact on the cost of the produced
products and fuels. The CCUS technology creates significantly more complexity in the production
process. The scale at which CCUS is applied will be a barrier to implementation since most of the (flue
gas) post-combustion capture technologies have a limited track record, whereas NOx emissions and
investment in new hardware (hydrogen combustors) are barriers to the implementation of hydrogen
firing.
Regarding R&D challenges in CCUS, the refinery industry mentioned the following broad topics and
goals:
•
•
•
•

Refineries are very well heat-integrated, this needs to be maintained
Less energy-intensive post-combustion capture
Cost gap between grey and green hydrogen
How to deal with residual process-gases

5.2.3 Industry R&D and potential services
Petrochemistry sector research is aimed at both pre-combustion and post-combustion CCUS.
Refineries have a high energy efficiency and are well integrated, which is to be maintained when
looking towards alternative feedstocks. Conventional post-combustion CCUS is considered for large
installations which are energy intensive. Alternative (new) technologies could play a role in reducing
the associated financial and energy intensity penalties. Petrochemistry also have a substantial
research department on their own, with most research carried out in-house. Main CCUS topics are:
•
•

Pre-combustion capture, through blue hydrogen
Post combustion capture, left over process gas after hydrogen and electrification

Due to the focus on blue hydrogen, petrochemistry shows interest for a role of ECCSEL regarding blue
hydrogen, for instance, in hydrogen retrofitting in furnaces.
Currently, petrochemistry R&D is done through individual RTO’s. They could be using an ECCSEL
facility, but this is not currently obvious to the industry.
Regarding services connecting ECCSEL and industry, petrochemistry showed interest in community
and capacity building. Regarding contract research, the sector questioned whether there is a role of
ECCSEL, given their existing arrangements for in-house and contract research services elsewhere. The
services which were rated highest by petrochemistry are:
•
•
•

Community building, and then use the network for knowledge sharing and market intelligence
Capacity building between research and industry
Consortium development, ECCSEL can identify opportunities. Tie into EU funding and EU
representation

Specifically, the following ideas were mentioned on the role of ECCSEL:
•
•

ECCSEL can provide baskets of facilities to industry, independent of RTO
Exchange program for researchers to work in industry, secondments etc.
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The following specific points were made on the potential services of ECCSEL:
“Carbon capture is close to competitive edge” – on joint research
“Old competitive thinking needs to be replaced by collaborations” – on community building
“Normally we go to RTO directly and develop projects. We use ECCSEL facilities without knowing.” –
on joint research
“We see a disconnect between R&D and engineering. Technology innovations are not getting past TRL
3-4.” – on capacity building.

5.2.4 Current Research projects
The refining sector is heavily involved in research projects and recently attention has turned
increasingly to hydrogen, a relevant topic for ECCSEL. Many oil refining companies have started to
factor hydrogen into their decarbonisation strategies and investments. Shell is very active in the field
of hydrogen with its Quest facility; it is rolling out hydrogen fuelling stations in North America and
Europe, with the H-vision project in Rotterdam (with Exxon and BP). Another early mover, Equinor, is
investing in H21 North of England, Zero Carbon Humber UK cluster and the Magnum project in the
Netherlands, all of which involve clean (green) hydrogen production.

5.3 Iron and steel
The global metal production is dominated by steel production at 1490Mt (2011). The largest producer
is China (46%) followed by the EU (12%), and the United states (8%) [4]. The direct emissions from the
Iron and steel industry make up 7% (2.6Gt CO2) of the energy system emissions, and 10 % if the
emissions of the power sector and combustion of off-gases is included [15]. To achieve the global
climate goals the IEA sustainable Development Scenario aims at a reduction in CO2 of 50% by 2050
compared to 2020, and a net zero emission level by 2070 [15].
Currently, the majority of steel (70%) is made from pig iron. Alternative raw materials are scrap (23%)
and direct reduction of iron (7%). Depending on the technology and region the emissions, energy
demand and efficiencies vary [4].
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Figure 8 - Primary and secondary steel production routes (taken from [16])

Pig iron is produced from iron ore which is reduced in the blast furnace to iron. This reduction reaction
requires a large amount of heat (~1250C) and carbon (reducing agent) to convert iron oxides to
metallic iron. The furnace is continually fed with ore, coke, and a cleaning additive (flux) from the top
while hot air (900C) is fed from the bottom at above-ambient pressure. The hot air converts coke to
CO and heat which reduces and melts the iron as it moves down the furnace. The off gases of this step
contain high amounts of CO and CO2 as well as N2 from the air. The resulting pig iron is high in carbon
and therefore brittle.
The most common path is to feed the pig iron to the basic oxygen furnace where oxygen is blown
through the pig iron to lower the carbon content and produce steel. This step includes the addition of
alkaline (basic) fluxes to remove impurities, giving the furnace its name. The off-gas of this step is high
in CO and CO2 with less N2 than the blast furnace off-gas. In this step scrap can be added to new steel
to improve circularity.
In addition to these two main steps, emissions arise from the coking of coal, sintering, transport, and
other steps.
Another method to produce steel is the direct reduction of iron ore. This is called “direct reduced
iron” (DRI). In this process, the ore remains in a solid state (800-1200C) and is directly reduced
without melting. Depending on the technology, syngas from coal or natural gas, or other reducing gas
such as hydrogen, can be used. While shaft furnaces and rotary kiln furnaces use lump ore, the
fluidised bed requires uniform particles.
The DRI or scrap metal can be directly fed to an electric arc furnace where electricity is used to heat
the iron. Two electrodes are lowered into the reactor between which an arc is formed. Oxygen is
added to purify the steel.
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5.3.1 Mitigation options
The steel companies operating in Europe have a cooperation under the European Steel Technology
Platform (ESTEP) for joint development on clean steel. [17]

Figure 9 - Global CO2 emissions reductions by mitigation strategy for the Stated Policy Scenario (STEPS) and the Sustainable
Development Scenario (SDS) [5]

The steel industry has been working on reducing its emissions in different ways. The most direct way
of reducing CO2 emissions per tonne of steel is by recycling scrap metal. As the iron-producing step
can be skipped. The issues here are the quality of the scrap and the energy required to melt it. The
electric arc furnace is better equipped to handle scrap as both the scrap and the DRI are fed in solid
state. In the basic oxygen furnace scrap can only be added to the process, but not replace the pig iron.
An existing path is the most efficient use of the energy, thus leading to integrated plants, where the
products do not cool down in between the steps and their heat is used further. Aside from the ability
to add more scrap to the new iron in the electric arc furnace compared to the blast oxygen furnace,
the electric arc furnace can use DRI which can be operated with clean hydrogen.
While these available options have already shown that they reduce emissions, they are not enough in
themselves to achieve net-zero steel.
One interesting path from the ECCSEL perspective is the capture and utilisation of CO and CO2 from
off-gases. Different separation technologies can be applied, and the utilisation studied. Possible paths
include methanol, urea, naphtha, etc. as the most emissions are coming from the blast furnace and
blast oxygen furnace.

5.3.2 Technology barriers
Technologies such as electric arc furnaces and direct hydrogen-based reduction of steel rely on
electricity from renewable sources and/or green hydrogen to operate at low CO2 emissions. They are
therefore dependent on the availability of these alternative power options. Currently, they are not
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available at the required scale. In addition, these units would need to be newly built requiring large
investments while not currently being able to fulfil their CO2 reduction potential.
Other technologies focused on CO2 capture from off-gases can be added as retrofits to existing steel
mills. This makes their investment less prohibitive, however, the captured CO2 needs to be either
stored or converted to a new product. The large amount of CO2 produced from the plants require
storage locations with large capacities or utilisation processes at high TRL and with large enough
markets for the end-products.
Regarding R&D challenges in CCUS, the iron and steel industry specifically mentioned the following
broad topics and goals:
•
•
•
•

Regarding CCUS, what are the products which can provide high value?
CCUS has a high energy cost. Reduce the energy cost or increase the product yield
In some countries CCS is not allowed, this raises questions regarding transport and treatment
of the CO2
How to decrease carbon emissions but maintain high quality steel?

5.3.3 Industry R&D and potential services
Iron and steel industry research is broad, based on the location and situation of the company. In
general, two CO2 reduction paths are considered:
•
•

Capturing and utilizing the CO2 from the off gases
Change the input to the steel process to reduce CO2 output.

The main technologies mentioned by the industry are:
•
•
•

Clean electricity for steel making (hydrogen/direct electrolysis)
Circular-carbon steel making (e.g., using biomass as fuel)
Conventional steel making with carbon capture and storage or recycling

Regarding services connecting ECCSEL to industry, the iron and steel industry showed most interest in
knowledge sharing and joint research, but they see some barriers regarding the IP of technology
providers. Contract research is mostly conducted in-house (TRL 3-5) or for low TRL directly with RTO’s.
In the field of representation, it was mentioned that economic modeling and ranking of technologies
could be provided to guide industry and government on routes to take. The services which were rated
highest by the steel industry are:
•
•
•
•

Knowledge sharing
Representation
Joint research
Capacity building

Specifically, the following input was mentioned on the potential services of ECCSEL:
“We are interested in joint research projects, however the technological partners we need for
utilisation do not permit this.” – on joint research.
“It is important to learn from and combine research with other sectors” – on knowledge sharing

www.eccsel.org | Page 37

“CCUS projects are capital intensive, additional (public) funding is essential” – on consortium
development
“CCUS needs knowledge which is not in the core business of the steel industry, we need engineers
who can integrate these technologies.” – on capacity building.
“We could benefit from market intelligence on CO2 re-use, if everyone makes the same product there
will be no market” – on market intelligence.

5.3.4 Current Research projects
Based on the technology barrier of CO2 utilisation most iron and steel industry CO2 capture projects
focus integration of capture and utilisation.
Carbon4PUR (TRL 4-6)
This project focussed on removing the separation step of CO2/CO from the off-gases and directly uses
the gas mixture as feedstock for their process which converts the mixed gas into building blocks to
produce polyol intermediates. The final products are foams and coatings.
Carbon2Chem (TRL 6-7)
This project by ThyssenKrupp, Fraunhofer Institute and other partners focuses on conditioning offgases and converting them to products such as ammonia and methanol. The hydrogen required is
provided through electrolysers running on renewable electricity.
FReSMe (TRL 7)
In the FReSMe project, CO in the off gas is converted to H2 and CO2. This CO2 and the CO2 in the off
gases is captured with a solid sorbent and converted to methanol in a subsequent unit. Stena Rederi
is a project partner who can use the methanol produced to fuel ferries on the Baltic sea.
INITIATE (TRL 7)
The Initiate project builds on the knowledge generated in the FReSMe project. The same conversion
and capture technology is applied but the CO2 is used to produce ammonia as precursor for urea.

5.4 Waste-to-Energy
The waste-to-Energy (WtE) sector differs from the sectors already discussed through its decentralised
distribution of facilities and large number of players.
In Europe only about 20% of municipal solid waste (MSW) produced is burned for energy; most is
recycled, composted, or placed in landfills [18]. While recycling and composting allow for efficient use
of the material, the landfill requires large area of land where the waste emits methane and other GHG
over time [18].
One path for the utilisation of the non-recyclable waste and avoidance of landfill emissions is the
incineration of waste for the generation of electricity and/or heat. A life cycle assessment (LCA) for
waste-to-Energy for electricity for the Netherlands presents an overall reduction of 0.4 tCO2 eq.
emissions per tonne of waste in case of no carbon capture [19]. This is based on four factors:
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1. Direct emissions from the incineration of the waste, here only around 40% of the emitted GHG
are considered as MSW is considered to contain 60% biogenic carbon
2. Saved emissions from the energy produced, as it replaced electricity/heat produced through
other conventional paths
3. Saved emissions from the avoided landfill
4. Saved emissions from recycling of the bottom ash for other processes
Similar LCA results were found for other countries in Europe.

5.4.1 Mitigation options
As a first solution to reduce the amount of MSW requiring incineration is more efficient recycling and
waste separation. In addition, recovered ash from the incineration can be used as building material
and potentially replace other more CO2 intensive materials.
In addition, CCUS technologies applied to the WtE plant off-gases can prevent the emission of CO2.
There are two possible paths, either non-biogenic carbon is captured making the process carbon
neutral, or all carbon is captured, including any biogenic carbon, leading to a carbon negative plant.
For the capture of CO2, the most dominant technology now is amine-based absorption, as it works on
the low-pressure level of WtE off-gases. Ideas for utilisation of the captured CO2 include in-house
production of sodium bicarbonate for flue gas scrubbing or supply of CO2 to nearby green houses.

5.4.2 Technology barriers
The technology for capture already exists at a high TRL, however there are currently very few
incentives to implement CCUS at WtE plants. The high energy costs of CO2 capture reduce the overall
output of the plant by up to 60% depending on the degree of capture and plant output (i.e., whether
electricity only or electricity and heat).
Additionally, the higher OPEX costs are a barrier; addition of a CO2 capture unit would require
retrofitting and a suitable utilisation or storage solution for captured CO2.
Regarding R&D challenges in CCUS, the WtE companies mentioned the following broad topics and
goals:
•
•
•
•
•
•
•

What the cost of CO2 capture will be
Space limitations on Waste-to-Energy sites, where CCUS installations can be quite large
Information and validation of the purity of the CO2. Potential customers need to be convinced
that the purity is sufficient
Expectation that there is no large market for CO2
Energy needed for the CO2 capture should be less. Capturing CO2 induces a large energy
penalty
Capture technologies are still under development
There is no regulation or other incentive for Waste-to-Energy plants to capture CO2.

5.4.3 Industry R&D and potential services
Research at Waste-to-Energy plants is limited and depends on the operator. In general, plants only
consider CO2 capture from the flue gases and the possibility of combining this with utilisation.
The technologies mentioned by the operators are:
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•
•
•

Using potassium carbonate as solvent
Convert captured CO2 into sodium bicarbonate which is re-used in the waste-to-Energy plant
Scaling up CO2 capture, where the CO2 is delivered as feedstock to horticulture or chemistry

The technologies are examples mentioned by specific representatives and not necessarily the views
of all participants of the workshop.
Regarding services connecting ECCSEL to industry, the Waste-to-Energy industry mainly showed
interest in knowledge sharing and a joint research facility. The companies see barriers concerning the
current economic feasibility of CCUS and investment in R&D. Market intelligence was mentioned as a
European responsibility to do correctly, current markets still need a subsidy scheme and if everyone
targets the same market its value will disappear. The services which were rated highest by the Wasteto-Energy sector are:
•
•
•
•

Knowledge sharing
Market intelligence
Joint research/consortium building
Capacity building

Specifically, the following input was provided on the potential services of ECCSEL:
“We are getting contacted by start-ups to do a trial on CCUS, we cannot facilitate them due to on-site
constraints.” – on joint research/facilities.
“We need cooperation outside our sector, for instance with the chemical sector” – on knowledge
sharing
“If you do not look at the CO2 market together, the market may disappear, and you are faced with a
great loss” – on market intelligence
“We foresee a problem with technical schooled staff. Start education on European Level for Wasteto-Energy with CO2 capture and electrochemical technology.” – on capacity building

5.4.4 Current R&D Projects
Fortum Oslo Varme
The company Fortum Oslo Varme delivers district heating to Oslo. They have run a successful pilot
project to capture CO2 from their WtE plant and as part of Karbon-Fangst Oslo, the CO2 is transported
offshore and stored in subsea reservoirs.
Twence
Twence is working on several strategies for utilisation of the captured CO2. In cooperation with
University of Twente a pilot plant was set-up to capture CO2 and convert it to sodium bicarbonate for
their flue gas scrubbers. They are also capturing CO2 and delivering it to greenhouses. In addition, they
have started a project to convert the captured CO2 to formic acid.
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APPENDIX A: CCUS RESEARCH PRIORITIES AND INFRASTRUCTURE NEEDS
Table 1A. High level CO2 capture research priorities and infrastructure needs
Priority level
of CO2
capture
research
HIGH

Key aim of research

How to address

CO2 capture research
infrastructure
required?

Liquid absorption

Not yet determined

HIGH

Solid sorbents

HIGH

Membrane systems

Understanding the structure, properties and physical
processes of absorbents
Supporting computational modelling methods
Development of novel highly selective new materials
and triggers
Supporting computational modelling methods
Fundamental research to understand membrane
transport at the atomic and molecular level
New computational design methods
Development of novel triggers and new membrane
systems including smart/self-assembling/selfrepairing systems with low energy cost

Not yet determined

Not yet determined

Table 2A. High level industrial research needs and infrastructure, and potential services in CO2 capture
Priority level
of CO2 capture
research

Key priority aim

Current
TRL

Industrial sectors

HIGH

Chemical post
combustion
capture
Hydrogen firing
(high temperature
heating
Calcium looping

7

Waste, Cement,
Steel, (petro-)
chemical
Steel and (petro-)
chemical

7

Cement

Oxy fuel
combustion
Pre-combustion
adsorption

6

Cement

6

Steel

HIGH

HIGH
MEDIUM
HIGH

6

CO2 capture
research
infrastructure
required?
Mobile units

Services

Burner test facility

Joint research, capacity
building, knowledge
sharing
Joint research

Research Demo
plant
Research Demo
plant
Large scale demo
plant

Capacity building,
knowledge sharing

Joint Research,
Knowledge sharing
Joint research

Table 3A. High level industrial research needs and infrastructure and potential services in CO2 utilisation
Priority level of
CO2 utilisation
research

Key priority aim

Current
TRL

Industrial
sectors

LOW

Delivery to
greenhouses
Methanol
production

8

Direct conversion
on site to valuable
products

3-6

Location
dependent
Waste, Cement,
Steel, (petro-)
chemical
Waste, Cement,
Steel, (petro-)
chemical

MEDIUM

HIGH
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6

CO2 utilisation
research
infrastructure
required?
Not identified

Services

Not identified

Market intelligence,
Capacity Building,
Knowledge sharing
Market intelligence,
Knowledge Sharing,
Joint Research,
Capacity building

Connection between
technology providers
and industries

Market intelligence

Table 4A. Research priorities and infrastructure needs for CO2 transport
Priority
level

Key aim of
research

How to address

CO2 transport research
infrastructure required?

HIGH

Properties of
CO2 and CO2
mixtures

Thermophysical properties
facilities for CO2/CO2 rich
mixtures and impurities in
CCS relevant conditions
covering phase equilibria,
density, flow calorimetry,
speed of sound,
interfacial tension, thermal
conductivity and diffusivity

HIGH

Flow
characterizati
on in
pipelines and
wells, ship
transport

Quantifying knowledge gaps in properties most important for the design
and operations of CCS processes and systems, and to which model
predictions are the most sensitive i.e.
•
Phase equilibria, including high pressure, reactive components and
solids (dry ice, ice, hydrates, salts, etc)
•
Density
•
Heat capacity/caloric properties
•
Speed of sound
•
Thermal conductivity
•
Interfacial tension
•
Viscosity
•
Diffusion coefficient
Detailed characterisation of CO2 flow
•
Pressure drop
•
Gas/liquid volume fractions
•
Temperature
•
Mass flow rate
•
Transient analysis for control and operation of networks handling
CO2 from multiple sources
•
Characterization of flow downstream of depressurization especially
understanding formation of solids and related kinetics
•
Clogging of safety equipment
•
Loading of low-pressure CO2-transport ships.
•
Transient vertical flow in wells (for start-up, shut-in, repressurization, depressurization, blow-out, unloading of ships etc).
•
Batch vs continuous unloading, buffering systems, flexible hoses
for offshore unloading of ships
Accurate fiscal metering solutions for CO2, including:

HIGH

Fiscal
metering and
flow
monitoring

Verification of flow meter technologies, further development of flow
meters if is found that current state of the art is not sufficient.
Procedures and infrastructure to ensure traceability within the ETS
requirements

Facility to investigate
transient phenomena
related to CO2 transport –
FASafe now in construction
via ECCSEL NFS
Flow assurance in safety
systems
Valve flow characterisation
facility

Large scale test facility for
fiscal metering of CO2 and
CO2 mixtures
Test facility for flow
monitoring instrumentation

Investigation of impact of transients and impurities
Development of systems for monitoring and control of complex CO2
transport systems serving industrial sources
Adaption of flow simulation tools for CO2 transport linked to online
sensors
Advancement of thermodynamic and flow models necessitating new
thermodynamic fluid
Development and verification of online sensing technologies regarding
e.g. onset of minor second phase, composition of relevant chemical
systems and flow rates
MEDIUM

HIGH

Pipeline and
tank integrity

Nonequilibrium
phenomena

Running-ductile fracture data for development and validation of models
Flow from cracks/along flaps in pipes

Facility for characterisation
of pressure along pipe flaps

Thermophysical properties (above)

Accurate facility for
investigation of corrosion

Non-equilibrium studies to evaluate potential for BLEVE

Facility for BLEVE wave
structures, kinetics of solid
formation, sublimation,
melting (FASafe?)

Kinetics of solid CO2 formation/melting/sublimation (above)
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Table 5A. Research priorities and infrastructure needs for CO2 storage
Priority
level
HIGH

Key aim of
research
Dynamic storage
capacity and
understanding
the pressureconnected
volume

How to address

CO2 storage research infrastructure required

Improving predictions of dynamic
properties with real thermophysical
property data

Model/monitoring loop and site assurance (improved
integrated modelling, real thermophysical data)

Improved techniques for integrated
modelling (geochemical, geomechanical
reservoir modelling with multiple fluids and
phases, relative permeabilities for target
formations)

Pressure pilot: Saline aquifer and interactions between
multiple injections
Injection pilot: Compartmentalised/heterogeneous
saline aquifer

Understanding and modelling the pressure
footprint/gradients, and demonstrating site
is behaving as expected
Model iteration; assessing how much
models change as more data become
available during operation
Pressure management through water
production
Practical evidence of impacts of
heterogeneities through experiments at
pilots
Pressure implications of multiple injections
in connected formations from multiple
storage operations
Optimise integration of high-resolution
models into regional models for regional
processes and improved representation of
heterogeneities
HIGH

MEDIUMHIGH

Storage
optimisation
through
development of
a range of
injection
strategies

How to test representative pore volumes
for many km2 and long periods (more than
a few hours) from weeks to months
How to predict the size of the pressureconnected volume that is in reach of one
well, especially in saline aquifers
Innovation around injection for enhancing
storage injection rates and capacity, e.g.
impacts of discontinuous injection on
storage efficiency and trapping
mechanisms
Understanding and monitoring CO2
behaviour in the well (phase changes,
impacts of heterogeneities)

Laboratory: Multiphase flow, real thermophysical data

Site selection
and
demonstrating
security of
storage

Demonstrating the minimum data needed
to assure storage capacity

Testbed or pilot: Fault permeability, aquifer

Factors that impact over- and underburden integrity e.g. fatigue when re-using
depleted hydrocarbon fields, fracturecontrolled migration in low permeability
materials
Fault behaviour
•
What data are essential in predicting
fault behaviour?
•
Pilot-scale tests to validate predictive
capability
•
Improved microseismic data
•
Fault detection (in caprocks) via highresolution seismics and image
logging
Interactions with other (sub)surface actors
for the green industrial revolution (e.g.
hydrogen, geothermal, wind farms)
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Pilot: Enhancing storage injection rates and capacity,
predicting and modelling pressure-connected volume in
saline aquifers
Testbed: well issues and CO2 behaviour

Testbed: Long term fault permeability
Testbed: Failure of reservoir and caprock or
underburden integrity
Testbed: Low integrity caprock

Priority
level
MEDIUMHIGH

Key aim of
research
Monitoring for
assurance and
long-term
containment

MEDIUM

MEDIUMHIGH

Developing
remediation and
mitigation
techniques

How to address

CO2 storage research infrastructure required

More efficient cost-effective monitoring
techniques to demonstrate reservoir
behaviour
•
High-resolution
permanent/continuous and sparse
techniques (e.g. improved
repeatability, improved temporal and
spatial resolution at lower costs and
spatial scaling)
•
Non-invasive monitoring of the
storage complex with minimal
wells/interruption of the seal
•
Monitoring with minimal operational
demands/low maintenance
•
Quantification of CO2 in the
subsurface for site assurance
Leakage detection and quantification (e.g.
with UAVs or continuous monitoring
stations)

Permanent/continuous monitoring, non-invasive
techniques, low maintenance/operational demand

Well completion (e.g. long term monitoring
technologies, long term stability of well
materials)

Laboratory: wellbore material reactions

New subsurface in-reservoir and inoverburden mitigation and remediation
technologies

Testbed – practical testing of remediation techniques

Data management - real-time data management,
automatic alerts, machine learning for data processing
and interpretation

Developing tools for leakage detection and
measurement – on/offshore testbed, multi-sensor
platforms

Field laboratory: wellbore completion

Remediation and mitigation at depth
Chemical/biological techniques specific to
CO2 storage
Practical experience in remediation

HIGH

Storage
permitting
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Pilot scale storage project to ‘dry run’/
inform discussions
•
Liability and risk management
•
Demonstrating that the site is ready
for handover and post-injection
monitoring

Pilot (project): moderate quantity of stored CO2

