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Executive Summary
The CO2Chem Network was formed as a result of the EPSRC Grand Challenges and has created a
research community that considers new approaches to chemical synthesis, from laboratory to
production, using carbon dioxide as the chemical feedstock. Carbon dioxide utilisation is a quickly
growing, wide field of research with a diverse array of possible products. Due to the large scale
problem of CO2 emissions, a narrow range of products will not provide adequate solutions for the
UK’s emissions targets. Therefore, the CO2Chem network aims to be an all-encompassing, nonprescriptive network covering the entire breadth of the CCU landscape.
Our primary objective is to develop science and engineering strategies to tackle CO2 capture and reuse over a 20-40 year time frame and to identify funding streams to address their implementation.
We aim to ease our reliance as a society on petrochemical based feedstocks for the production of
commodity chemicals, taking a more environmentally sound approach to chemicals production.
CO2Chem is bringing together academics, industrialists and policy makers over a wide range of
disciplines to consider the utilisation of carbon dioxide as a single carbon chemical feedstock for the
production of value added products. Network activities have been geared towards the founding of
strong cross-disciplinary target-specific clusters that will lead research in this increasingly important
area. These will be value-added clusters where the whole is greater than the sum of the individual
components.
The current CO2Chem Management Group is made up of members from four different universities
and has been in place since the beginning of the Grand Challenge. It has recently expanded due to
the inclusion of two industrial members.
Membership of the CO2Chem network has grown steadily throughout the duration of the initial
phase. Currently we are seeing an increasing number of members joining, predominantly from
Europe, but also across the rest of the world. At the time of the launch event in September 2010 the
membership of the network stood at 174 people. This has grown to over 320 members by the
beginning of March 2012.
From the chart below (Fig. 1), it can be seen that the network has a good spread of members from
academia, industry and other organisations. These organisations include the IChemE, IMechE, Royal
Society of Chemistry, Chemistry
Innovation KTN, Technology Strategy
Figure 1: Demographics of Network
Board, UK Energy Research Centre,
membership at end Febuary 2012
CEFIC, CO2Sense and the Centre for Low
Industry
Carbon Futures.
85
26%

The academic demographic of the
network
is
split
across
the
Academic
chemistry/chemical
engineering
interOther
192
organisations
face with representation from other
60%
44
engineering disciplines such as civil,
14%
mechanical
and
environmental
engineering. The network has a diverse
portfolio of research interests across the sector, but with the greatest interest being in the area of
catalysis. This interest has been reflected in the network meetings and can also be seen in project
proposals submitted by network members and invited lectures given by management group
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members on behalf of CO2Chem. There are also an increasing number of members from the Social
Sciences and Law and collaborations are now beginning to be established that address public
awareness and engagement in CCU.
The CO2Chem network was officially launched in September 2010 at the Royal Society of Chemistry
in London. Stimulated by networking and discussion exercises at this meeting it was decided that
the principal focus for CO2Chem would lie initially in 3 areas of CCU:




CO2 conversion to Bulk Chemicals (including Fuels)
Carbon Capture
CO2 conversion to Fine Chemicals

With overarching themes of:
 Catalysis
 Process Engineering
 Biosynthesis
 Social Impact
It was decided that the network should meet to discuss each of the three themes, to highlight
opportunities and possibilities in each area, to share expertise and to form collaborations and
partnerships. These meetings took place throughout 2011.
During the first 18 months of the network CO2Chem has
 been represented and given lectures at the ICCDU conference;
 been represented and given the closing lecture at the 6th Platt’s Conference on Carbon
Capture and Storage;
 been contracted write and has delivered a review report on current CCU technologies;
 submitted papers to journals;
 developed collaborations leading to research grant applications to EPSRC, FP7 and CAS;
 supported spinout companies;
 held joint events with other networks;
 lobbied local and national policy makers;
 attracted increasing overseas membership;
 become part of a group seen as the key influencing figures in CCU in Europe, resulting in
attendance at an invite-only symposium in Aachen and a key figures meeting at CEFIC in
Brussels.
The experience from these achievements and our network meetings form the basis of the following
roadmap which shows a predicted timeline of CCU implementation, the challenges and barriers
associated with this along with the societal and economic issues surrounding CCU. The experiences
and the information gathered from our events will be distributed as outcomes through the
co2chem.com website in the later stages of the current grants. We will invite feedback and
discussion as part of this dissemination.
The network has been proactive in knowledge transfer and in building up a virtual centre of
excellence in CCU.
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Carbon Capture and Utilisation
Capture and storage of CO2 is defined by most international bodies, including the UK Department of
Energy and Climate Change (DECC), as being the capture of CO2 from point source emitters
combined with geological storage of the captured CO2. While carbon capture and geological storage
(CCS) can make a significant contribution to carbon dioxide abatement in the United Kingdom and
abroad, there is also the possibility of CO2 utilisation in building material production, for fuels or as
feedstocks in the chemicals industry.
CCS in some sectors provides cost-effective emission reductions, but has significant shortcomings: it
has high investment costs, the potential storage capacity has uncertainties, public resistance to CCS
has been increasing, and it costs energy. Moreover, if the UK is to maintain and improve on its
current standard of living, access to a secure supply of chemical feedstocks and fuels is essential.
Although only a partial solution to the CO2 problem, under some conditions using CO2 for CCU rather
than storing it underground can add value as well as offset some of the CCS costs.

Ideal Product

Figure 2: Metrics for the Successful
Implementation of CCU

However, the situation is far from simple. Many regard CCU as a thermodynamic dead-end. It is
true that CO2 lies at the bottom of a thermodynamic well, but this problem has been overcome by
many researchers and companies by the selective use of new catalysts. It is important to remember
that CCS treats CO2 as a waste material that requires disposal and so incurs a financial burden in
order to meet storage obligations. CCU can not only offset CCS start up costs (capture unit,
separation, etc.) it can in a short time frame lead to profit for the operator. The diagram above (Fig.
2) summarises the challenges in employing CCU technologies. The first circle in the Venn diagram
relates to Net Capture Capacity, the amount of gas captured minus the emissions created during the
overall CCU process. The larger this value, the more efficient the process becomes. Capture
Lifetime is interesting, as it relates to the storage capacity of the products. This would be large for
materials such as cement or polymers but low for transportation fuels which represent the
temporary storage of energy in a liquid form. Market Value is the price that can be achieved for the
product: high for fuels and pharmaceuticals but low for construction materials. Some groups have
considered just these three metrics when determining process viability, however we have included a
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fourth, very important metric: Market Capacity. If the market is saturated then Market Value will
either have no consequence or it will be reduced through overcapacity. A prime example of this is
salicylic acid which can be produced from CO2 using the Kolbé-Schmidt process. While this is a
relatively high market value commodity (aspirin pre-cursor and cosmetics additive) its production
from a small (60 tonne/day) CO2 slip stream from a combustion unit will provide enough aspirin to
meet the global annual demand for salicylic acid. Therefore, there has to be a compromise over the
four metrics to achieve the most viable CCU process. This is therefore one of the key challenges to
the CO2Chem Network as a whole community.
During the first phase of CO2Chem we have discovered that, to the best of our knowledge, no
comprehensive survey of CCU products complete with whole systems analysis has been carried out.
There is a great need to assess products manufactured by CCU processes for market potential,
energy requirements and sustainability and compare them with traditional manufacturing methods
and this will become a key target for the future of the network.
We envisage a range of products to become economically viable in the near future. Those with the
greatest potential are:
 Fuels
 Polymers
 Methanol, ethanol and ethylene
 Carbon Fibres
 Cement via mineralisation
A cross-cutting approach to CCU research and development is needed, from discovery at the
molecular level, through pilot-scale to production. We need to be taking into account supply chain
logistics, legalities and economics. A synergistic approach needs to be developed rather than the
current compartmentalised research. To do this we will exploit and expand our industry links, using
industry’s guidance and expertise to shape future collaborations and projects. We wish to further
encourage the network into blue sky thinking, extending the horizons of their research far above
current applications. Energy integration and feed stock supply are key to the successes of
commercial CCU applications. We will ensure that all CO2Chem activities keep this at the forefront
to ensure sustainable processes are established. Due to the demands of these approaches we see
CO2Chem as sitting at the interface not only between chemistry and chemical engineering, but also
between, energy, all areas of engineering and manufacturing.

Physical
Sciences

Manufacturing
the future

Engineering

Figure 3: CO2Chem Network
at the Research Interface

Energy
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CO2Chem Research Priorities
The Network is gathering into six research sub-themes or clusters around the areas we as a network
perceive as the most important:
 Chemical and Process Engineering (including electrocatalysis) in CCU
 Structural and Functional Polymers production from CO2
 Solvents and Synthons production from CO2
 Fuels (including methanol, ethane, methane and high density liquid fuels) production from
CO2
 Bio Transformations (including artificial photosynthesis)
 Mineralisation processes providing long-term carbon storage solutions
Each of these clusters is led by small group of champions from academia and industry who with help
from the management group, will ensure that progress is being made towards the research
challenge targets for each cluster. We aim to have two academic champions and one industrial
champion for each cluster however as the clusters vary in size and makeup this is not currently the
case with all clusters and will develop over time. The cluster research challenges have been
highlighted by the network during the various meetings in the first phase of the network as the key
challenges in each area. As these challenges represent a snap-shot in time and we intend to be
receptive to new ways of thinking and new technological innovation. The Network intends to be
both pragmatic in its approach to targets, but also adaptable in seeking new research horizons as we
work towards the commercialisation of CCU processes.
There are also overriding key targets for research that we will make priority outcomes (see diagram
below). These targets are key achievements for the network and are priorities which cover more
than one of the research clusters. The key targets will be addressed not only in the individual cluster
meetings but in the whole network meetings ensuring that we remain on focus.
The network as a community has identified a number of Key Priorities in CCU research and subthemes and priorities have emerged, and continue to emerge from these.
Low energy and
environmental
carbon capture
agents, especially
atmospheric capture
Production of
methanol, ethanol
and ethylene

Scale up of
electrocatalysis

New, innovative,
sustainable catalysts

Key
Research
Priorities

Life cycle analysis on
CCU processes

Figure 4: High Level Research Priorities
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It is important that the whole system and supply chain is considered when developing CCU
technologies. While we discuss essentially carbon capture from point source emitters such as power
generators and heavy industry, this needs to be considered as a short term priority. In the future, it
is essential that air capture is addressed and achieved so that CO2 emissions are not just reduced but
eliminated and efforts made to reduce atmospheric concentrations. It is therefore critical that new
and highly effective capture agents are developed that are highly selective towards CO2, even at low
concentrations. The challenge here will be to balance function against cost as it is anticipated that
task-specific designs will come at a premium. This will of course be offset by costs of emitting the
gas so a point will be reached where materials design will lead to profitable capture.
Similarly, CCS is recognised as a short term solution to emissions as it is recognised that there is
limited geological storage capacity. Therefore, CCU will grow in importance over the forthcoming
decades. We are confident that CCU will make a major impact in the energy and chemicals
economies by the mid-2020s. Germany has taken a substantial lead in this area will Federal funding
being diverted from CCS to CCU. President Obama has recently committed hundreds of million US
dollars to the CCU-led ARPA-E research fund from the Department of Energy.
The key to success in CCU lies in the development of inexpensive but selective catalysts that can be
up-scaled from the laboratory to a large scale commercial operation, ideally under continuous flow
conditions. As Aurel Wolf at Bayer has stated, over 85% of all reactions operating at a commercial
scale do so using a catalyst to increase efficiency. The immediate challenge is to develop selective
catalysts for key processes including the synthesis of synthetic liquid fuels and novel polymers. It is
feasible that in the next 5-10 years new catalysts will become available, however the barrier will be
to do this at low cost and with long active lifetimes. The challenge in the medium to long term will
therefore be to reduce the costs of these materials. Again, LCA will play an important role. It is clear
that complex decoration of expensive metals may well give excellent results at the microscale but it
is abundant metal catalysts based on iron, aluminium, etc. that will ultimately become the industry
standard. Another long-term target will be to develop photocatalysts to harness solar radiation.
The barrier here will be to get efficient photon conversion in systems that mimic photosynthesis. A
more realistic short-term goal would be the development of electrocatalysts to harness intermittent
renewable energy supplies such as wind and solar power. These represent realistic goals for the
next 10 years, however this will be at the bench scale. The barrier to deployment will be the scaleup of catalysts to an industrial scale. This will then become one of the major challenges leading up
to the middle of the 21st century.
In terms of specific molecular targets, the community has identified cement, polymers and fuels are
prime targets. However, taking a step back we have identified methanol and ethanol as early targets
simply because they can be used as energy storage media and also used as synthons for further
derivitisation. Looking at the petrochemicals industry for inspiration, a key target has been
identified as ethene (ethylene), one of the principal feedstocks in chemicals manufacture. On paper
this seems a relatively low lying fruit as it simple involves the coupling of two carbon atoms with
reduction. However, there is a barrier in that a source of hydrogen is needed and the catalysis needs
to be selective so that chain propagation is stopped at only two carbon atoms.
The UK has considerable strength in catalysis with a long and distinguished heritage. However, many
catalysts are developed in the discovery phase and cannot be commercially scaled. Catalysis is a
main focus of the IChemE through its subject group and we would not seek to replicate that, but
work in close collaboration through joint meetings. There is also considerable expertise in chemical
engineering and its interface with chemistry, particularly as a result of recent EPSRC initiatives. Flow
chemistry and its scale-up and –out to industrial applications has also been a priority in recent years
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and there is a breadth of expertise in this area. However, the UK lacks expertise in life cycle analysis
although there are pockets of excellence.
Success in CCU will in a large part depend on the public acceptance of developing technologies. We
have identified public acceptance as a key area that provides challenges barriers and opportunities.
Fortunately we have a number of members with considerable experience in public engagement who
will provide expertise in promoting the concepts.
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Figure 5: Summary of key research priorities and their barriers

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Life Cycle analysis on CCU
processes



Not having enough specialists in the UK in this field to
undertake the task
Limited literature data available to base the LCA on





encourage re-training in specific areas of LCA
working in partnership with EU to pool resources
Establish a LCA working party

LCAs on key products by end 2014
2012-2017
2012-2014

Community not product focused in catalyst
development
Ability to effectively model reactions
Catalyst expense



Work with community to focus on key CCU
products and their catalysis requirements
Work with Computational Chemistry community
to develop new models
Develop catalysts based on abundant metals
and/or organic active sites
Develop biomimetic catalysts
Need consider task specific sorbents such as ionic
liquids, polymers and other functionalised solids
Need to address scale-up of sorption tests
Develop new materials with CO2 selectivities >
100:1
Work with IChemE Catalysis Subject Group
LCA on catalyst supply and use
Workshops with Energy Programme

On-going

Joint events and conferences with IMechE on
subject
Involvement of industry at an early stage
Work closely with the Energy community to
develop technologies based on intermittent
renewable sources

2012-2013


New, innovative
sustainable catalysts





Low energy and
environmental carbon
capture agents, especially
atmospheric capture





Research to focused on amines
Scale-up of new materials from discovery phase
Air capture ignored as current focus on point sources








Production of methanol,
ethanol and ethylene





Selective catalysts need to be developed
Current cost of manufacture
Energy integration





Scale up of
electrocatalysis



Discovery phase catalysts are in development but do
not scale to industrial applications
Energy costs of operation
Long-term stability of catalysts









2012-2017
2013-2020
2012-2022
On-going
2014-2020
2014-2017
2013-2017
2012-2014
2014-2017

20132014-

10

Short term

Medium term

Long term

Product Goals
(commercial)

Pharmaceuticals
Synthetic diesel

Methanol
Mineralisation

Kerosene

Ethanol
Ethene

Capture agents

Carbon fibre

Scientific barriers

Selective catalysts

Renewable energy integration
Sustainable catalysts

Large scale electrocatalysis

Economic hydrogen production
New Fellowships

People
barriers

Re-training
Creating sub clusters

Lack of LCA specialists

Public acceptance
Bio integration

Process
barriers

CCU integration into CCS infrastructure
Scale-up to commercial plant
Economic CO2 Capture

Modelling

Air capture
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Technology Timeline
Our best estimate at when a range of CCU technologies and products will be marketable.
Light green dots and arrows represent the timescale in which we predict large scale pilot testing will occur,
Dark green dots and arrows represent the time period in which we predict the process will become commercially operational
Renewable energy
integration

2012

2022

2032

2042

2052

Diesel
High value fine chemicals
A1 (aviation) fuels
Mineralisation

Air capture
Designer catalysts

Polymers
Fine
Chemicals

Fossil fuel-less chemical
synthesis
New C1 chemistries
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Research challenges by Cluster

Scale up of bench scale reactions e.g. Electrochemical cells, conversion to fuels
Whole process modelling

Chemical
Engineering and
Process

Renewable energy integration and storage
Net CO2 balances and full economy analysis
Hydrogen production
Integrating with CO2 supply and creating low energy capture and release mechanisims
Catalysis step change - more stability, increased lifetimes, lower pressures and temperatures
Hydrogen production for use in methanol and ethanol synthesis
Deeper understanding of reaction mechanisms

Solvents and
Synthons

Integration photochemical water splitting with carbon dioxide reduction
Research into best uses of carbonates as solvents across wide range of chemical transformations
New reactor designs to find an efficient way to shift the equilibrium in equilibrium limited reactions
CO2 into small synthons containing an alkenic motif

Carbon
Capture
and
Utilisation

Production of synthetic ethylene

Stuctural and
Functional
Polymers

Directed and self assembly of polymer structures
Production of Kevlar
New sustainable, 'greener' carbon fibre production mechanisms
Direct synthesis of varying length hydrocarbon chains
Ability for closed loop cycle i.e. Integration of air capture

Fuels

Ability to store renewable energy in a chemical form
Improved Fischer-Tropsch-type processes to reduce temperature and pressure requirements
Hydrogen production
Photobioreactor improvements to improve productivity and energy inputs
Reducing costs in cultivation and harvesting to allow large scale production
Step change in artifical photosynthesis

Biotransformations
Bacterial degradation
Reducing the amounts of landmass needed
Maximising algal and biomass productivity
Approval of product as building material substitute
Improving rates of reaction

Mineralisation

Reduce costs and energy requirements associated with mineral pretreatment
Reduction of plant costs

Figure 5: Research Challenges by Cluster
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Chemical and Process Engineering Cluster
Many of the research challenges in CCU lie across the Chemistry/Chemical Engineering interface. The
chemical and process engineering challenges are to overcome unfavourable reaction rates, large
energy requirements and scale-up. These are indeed grand challenges. However, progress is already
being made.
The network has a strong representation of members interested in electrocatalytic process and it is
envisaged that a sub-cluster will emerge in this area particularly interested in the scale up of
electrocatalytic processes using renewable intermittent energy supplies. The challenges of hydrogen
production in an economic manner resonate with several of the other clusters (fuels, polymers,
synthons) and so will be discussed in this and other clusters. A significant proportion of the network
is focused on new catalyst development. The challenge of creating cheap, sustainable, long term
recyclable, effective and selective catalysts is of paramount importance due to the somewhat
unfavourable reaction kinetics of CO2.
In assessing the potential of products a review of the size of the market and current market price is
essential. Life cycle analysis and whole systems modelling will need to rise to the forefront of our
research to enable effective evaluation of future and current CCU opportunities. As a network we
have engaged with specialists in this field and will continue to do so. Recent papers in ChemSusChem
(September 2011 issue) have highlighted ‘using methodologies such as LCA, exergy analysis, and
similar approaches, which should be tightly integrated to the more classical techno-economic
methods to evaluate opportunities in this field. The limited literature data available on these aspects,
evidence the need to dedicate much more effort to these topics and analysis and assessment
methodologies’ An example of this is the design and costing of a plant to produce salicylic acid
(aspirin synthon). On paper the process looked good, with a very short payback time, however a 10%
slip stream of CO2 from a CHP plant would provide enough carbon to manufacture more than the
annual global consumption of aspirin. Obviously although this is an option, it is not going to deliver
CCU on the large scale that is needed.
The use of renewable energy is crucial to carbon neutral or negative CCU processes. Integration of
renewable energy and methods of storing it at times of low demand by means of producing valuable
chemical intermediates and products are key targets in CCU. Currently in times of low demand
renewable energy cannot be stored and is effectively wasted. The production of methanol, ethanol
and other easily stored and transported energy vectors via CCU processes using renewable energy
will enable all produced energy to be harnessed and not wasted. This will become increasingly
important as the amount of energy generated from renewable sources increases.
Chemical (and Process) Engineering is a key underpinning technology for the whole CCU process. It
is essential that good links are made between this cluster and each of the other. Much of the work
required to meet the specified targets will require an input from Chemical Engineers, and indeed
other branches of engineering. Many innovative reactions and processes have been and will
continue to be developed at the Discovery Phase on a small scale. Some may have even made it to
the Pilot Plant Stage. However, the major on-going challenge will be to ensure that new discoveries
are transferable to the commercial production phase. There will also need to be clear
understandings and collaboration between all parties working in the complementary field of CCS. It
is likely that not all production using CCU will occur close to point emissions sources. It is also likely
that pipelines will be developed to store captured CO2 in geological formations. It is therefore
suggested that sub-stations be developed along the route of the pipeline so that slipstreams of the
transported gas can be utilised at remote chemical plants.
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Figure 6: Summary of key areas for the Chemical and Process Engineering Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Scale up of bench scale
reactions e.g.
Electrochemical cells,
conversion to fuels





Economics in scale up
Large change in reactor design needed
Marrying electrochemical techniques with organic
synthesis
Energy penalty
Not enough specialists in UK
Lack of and difficulty in finding published literature
Commercial confidentiality



By 2013

Currently no joined up thinking
Efficient Methanol/Ethanol production at capture
location







Economic H2 production
Large scale production
One-step CCU processes including H2 production







Developing CCU sites along the CCS pipeline network
Government CCS agenda on-hold
Lack of awareness of possibilities of CCU integration







Whole process modelling,
net CO2 balances and full
economic analysis






Renewable energy
integration and storage




Hydrogen Production

Integrating with CO2
supply and creating low
energy capture and
release mechanisms












Subgroup formed on electrocatalysis focused on
synthesis and scaling
Electrocatalysis key theme of joint 2013
conference with IMechE
Integration with renewable energy groups
Encourage network in re-training
Partners with EU specialists and share findings
Sharing of literature and resources
Knowledge Transfer between small groups under
non-disclosure agreements
Knowledge transfer to renewable energy
community
Priority of Methanol/Ethanol production
Greater interaction with hydrogen research
community
Integration with renewable energy groups
Industry specific events
Public engagement exercises
Knowledge surveys
Meeting attendance
Working with other bodies to lobby and inform
government

Mid-2013
On-going
Late 2012
Early 2013
On-going
Mid-2012
Late 2012
Early 2013
2015
On-going
Mid-2013
Ongoing but step change by 2014
Early 2013
On-going
On-going
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Functional and Structural Polymers Cluster
Our ever increasing use of polymers for both structural and functional applications provide another
useful storage medium for CO2. Currently the field is dominated by polycarbonates, polyesters and
polyurethanes, however there are enormous possibilities for the creation of new and existing
polymers from CO2. Due to the longevity of polymers, they represent excellent storage media for
CO2 with added benefits of function and form. Current polymer technologies rely on oil as the
source of the synthetic building blocks. By incorporating CO2, ‘greener’ polymers can be produced
that attract consumers because of their environmental credentials. Furthermore, by combining CO2
incorporation with bio-processing and landfill mining of waste plastics, it is possible to produce a
wide diversity of polymers. The production of biofuels from crops is one example. A by-product of
bio-diesel production is the polyhydroxyl compound glycerol. When reacted with CO2 this can
produce polycarbonates, but if the conditions are tuned appropriately polyesters. Cross-linking of
the polycarbonates can lead to very strong cross-linked materials, ideal for use in the construction
safety materials industries.
One of the key objectives will be the conversion of CO2 into small synthons containing an alkenic
motif which can be further reacted to give polyalkanes (polyethylene, polypropylene, etc.). As
ethylene is a key starting material in the petrochemicals industry then it is given key status in our
road-mapping. If sustainable ethylene can be produced this opens up vast areas in polymer
synthesis from sustainable feedstocks, as well as an array of fine chemicals. Catalysis will play an
important role in achieving this target. These need to be robust and energy efficient with large
turnover numbers. They will also need to be selective, in the case of ethane completing a single C-C
coupling step and reduction before the reaction terminates. This will avoid chain propagation which
would otherwise require post-production thermal cracking which is both process and energy
intensive. Other more elaborate alkenes may be prepared from renewable materials through
carbonylation, dehydration and reduction chemistries. It is envisaged that new pathways will need
to be developed with the concurrent development of new catalysts and methodologies.
Catalysts will also need to be easily recovered post polymer synthesis. This will depend on the
properties of the polymers produced but will require inexpensive catalysts that can be easily
separated. This may include homogeneous or immobilised catalysts in the case of solution
polymerisations, but also solvogenic catalysts in the production of networks and other high viscosity
polymers. In each case, it is important that the integrity of the catalyst is preserved post-production.
Structural polymers will have an increasing role to play in manufacture, especially those derived
from sustainable and renewable resources. Polyesters are important precursors to these, as are
polyamides. Directed and self-assembly of polymer structures can lead to high strength materials
and composites. The incorporation of a CO2 molecule into the bulk structure imparts polarity into
the polymer, a pre-requisite for self-assembly. Polymers such as Kevlar attract a high market
premium so represent an immediate deliverable target. Carbon fibres have been described as the
new gold. Their increasing use in the automotive and aerospace industries have led to a prediction
that demand will soon outstrip supply. It is therefore important that new sustainable routes to
carbon fibres are developed. This is particularly timely as there are environmental concerns
surrounding the present production methods using polyacrylonitrile (PAN) precursors. The latter will
be a major challenge as it will require a complete rethink of the synthetic pathways. If carbon fibres
are to make a major impact in all areas of high technology they need to be prepared from renewable
resources in processes that mimic the self-assembly achieved using PAN. Extending this
methodology could yield new routes to graphene which is attracting considerable interest as an
energy storage material.
16

Figure 7: Summary of key areas for the Functional and Structural Polymers Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

CO2 into small synthons
containing an alkenic
motif






Limited number of processes currently identified
Efficient synthesis of alkenes from CO2
Identifying markets
Catalyst development/separation






Review of polymer literature
Host a co-meeting with the (RSC) Macro Group
Engagement with polymer manufacturers
Engagement with IChemE Catalysis Subject Group

On-going
2013
On-going in Europe. Extend
globally by end of 2013

Production of synthetic
ethylene




Catalyst development
Process development and scale-up






Workshop to develop the theme
Identification of relevant funding calls
Working with IChemE Catalysis Subject Group
Industrial Focus Group

Late 2012
2013-2016
On-going
Mid-2013

Directed and selfassembly of polymer
structures



Usually requires complex structures and functional
groups
Small research community in polymers




Working group to establish synthetic horizon
Work on a joint meeting wit the Directed
Assembly Grand Challenge Network

2013
Late-2013

Production of Kevlar




Energy intensive process
Production under non-environmentally benign
conditions
Process problems
High temperatures involved in carbon fibre
production
Hazardous reactants
Current processes cannot supply expected future
demand




Integration with Energy groups
Work with Chemical Engineering Cluster as one of
key topics

On-going

New sustainable,
‘greener’ carbon fibre
production mechanisms











Applications for funding to EPSRC and FP7 with a
consortia of industry and academic
Define new chemistries for directed synthesis

2013

2012-2017
Part of a co-meeting with
Directed Assembly GC Network
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Solvents and Synthons Cluster
Solvents and synthons as building blocks in the chemical industry are important targets for CCU.
Reducing the reliance of their synthesis on petrochemical feedstocks and changing it to CO2 will
ensure a long term stable supply chain.
Methanol is one of the fundamental solvents and chemicals that the chemicals industry is based
around. It is currently prepared by the hydrogenation of carbon monoxide, though carbon dioxide is
added to the syngas mixture and is also reduced. The challenge will be to find a catalyst with suitable
activity and lifetime to be used commercially which will allow the reduction of carbon dioxide to
methanol in the absence of carbon monoxide. This is a relatively low lying fruit and pilot scale plants
to accomplish this have already been built. Ethanol is another fundamental solvent with a wide
range of applications. It is increasing used as an oxygenating agent for petrol. If the carbon dioxide
which is converted to ethanol is bio-derived, then it should be possible to market the resulting
ethanol as bio-ethanol and thus provide a route to bio-ethanol that avoids any food versus fuel crop
debate. Ethanol is also the immediate precursor of other important chemicals/solvents including
acetic acid, ethyl acetate and diethyl ether. Ethanol has been detected as a minor component of
many carbon dioxide reduction systems with methanol being the major product. Fundamental
academic work needs to be carried out to determine the mechanism of its formation; understand
which catalyst features favour / disfavour ethanol formation and then to design and develop a
catalyst which would preferentially form ethanol.
The challenge of the source of the hydrogen is key in solvent production. A possible attractive
system would be to integrate photochemical water splitting with carbon dioxide reduction to give a
light driven conversion of carbon dioxide and water to methanol/ethanol and oxygen.
Cyclic carbonates, especially ethylene and propylene carbonate, but increasingly also glycerol
carbonate are already used in some technological applications as polar aprotic solvents. They have
the potential to be used more widely (propylene carbonate has recently been added to the Glaxo
guide to green solvents) and to substitute for traditional polar aprotic solvents such as DMF, DMSO
and NMP which produce NOx and/or SOx on incineration and which are prepared from nonsustainable sources. For this to happen, research needs to be carried out on the use of cyclic
carbonates as solvents for a wide range of chemical transformations to determine where they do
and do not function well. The current synthesis of cyclic carbonates is from carbon dioxide and
epoxides at high temperatures and pressures. There is also a need for a better understanding of this
reaction mechanism leading to the development of catalysts which are active under very mild
reaction conditions. Electrocatalysis of this reaction has also been demonstrated and should be
pursued further. Another attractive approach is to prepare cyclic carbonates from carbon dioxide
and diols. This reaction is however equilibrium limited and research on reactor design will be needed
to find an efficient way to shift the equilibrium.
Dimethyl carbonate is much less polar than the cyclic carbonates and has been widely investigated
as a green replacement for phosgene and methyl iodide in carbonylation and methylation reactions.
However, it can also be used as a chemical solvent. For this to happen, research needs to be carried
out on the use of dimethyl carbonate as a solvent for a wide range of chemical transformations to
determine where it does and does not function well. At present, most dimethyl carbonate is not
produced from carbon dioxide, but rather from carbon monoxide and methanol. However, it is also
prepared commercially by the reaction of ethylene carbonate with methanol. Research needs to be
done to integrate this process with cyclic carbonate synthesis from carbon dioxide and with
methanol synthesis from carbon dioxide to provide a process which produces dimethyl carbonate
18

from carbon dioxide as the only carbon source. Ultimately, a synthesis of dimethyl carbonate directly
from carbon dioxide and methanol should be developed. This is again an equilibrium limited reaction
and will require chemical engineering input and reactor design work. Dimethyl carbonate is a
precursor to other acyclic carbonates such as diethyl carbonate (reaction with ethanol which can be
derived from carbon dioxide as discussed above) and diphenyl carbonate. Diethyl carbonate is also
an attractive solvent and one which is less reactive than dimethyl carbonate. Diphenyl carbonate is
an intermediate in phosgene free polyurethane synthesis and interesting, phenol can be obtained
from carbon dioxide and water under hydrothermal conditions by use of an iron catalyst, though
much more research needs to be done on this reaction to understand the mechanism and hence
optimise the conversion.
Although fine chemicals by definition are produced in small quantities, they have a high unit cost
price. The use of CO2 to produce fine chemicals will therefore only have a minimal effect on carbon
abatement but due to the high sale price will provide a good investment return. Furthermore they
will reduce reliance on petrochemical feedstocks hence ensuring a long term supply chain. Unlike
bulk chemicals, fine chemicals and especially pharmaceuticals production tend to produce a
relatively higher amount of waste. Recycling of this waste will therefore help close the carbon loop.
The potential of CCU in fine chemical production is still in its infancy, however our vision is the
production of a chemical intermediates toolkit, whereby chemical building blocks are produced and
integrated into processes. Fine chemicals, while a general group of materials, are intimately linked
to solvents and synthons as without the latter end-user products cannot be synthesised. Therefore,
we have added fine chemicals production as an end-point within this cluster.
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Figure 7: Summary of key areas for the Solvents and Synthons Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Catalysis step change –
more stability, increased
lifetime, lower pressures
and temperatures



Traditional use of exotic catalysts at the Discovery
stage
Move to flow systems to intensify the process
Active supported catalysts with high selectivity



Academic and Industrial Focus group working in
partnership with IChemE Subject Groups
Joint Chemical Engineering-Chemistry workshop

2013

Hydrogen production for
use in methanol and
ethanol synthesis








Joint events and conferences with IMechE on
subject

2012-2013

Deeper understanding of
reaction mechanisms




Current reliance on hydrocarbon reforming reactions
Energy cost associated with water electrolysis
Lack of progress in scale-up of electrocatalysts
Migrating hydrogen production from a transport fuels
to a chemical co-reactant
Lack of Physical Organic Chemists in the UK
Lack of reliable kinetics data to support mechanism
hypotheses



Continued support of the Chemical EngineeringChemistry interface

On-going

Integration of
photochemical water
splitting in CO2 reduction





Energy cost
Robust catalyst development
Scale-up of electrocatalytic processes



Joint events and conferences with IMechE on
subject

2012-2013

Research into best uses
of carbonates as solvents
across a wide range of
chemical transformations





Traditional use of common organic solvents
Stability over different reaction conditions
Reluctance to adoption of new solvents



Integrate into wide range of meetings and
workshops as am over-arching technology
Education of the community through the
publication of a textbook on new solvents
published through CO2Chem

On-going

New reactor designs to
find an efficient way to
shift the equilibrium in
equilibrium limited
reactions






Traditional approaches to Chemistry
Different cultures in laboratory and industrial plant
Possibly high CAPEX costs due to need for new plant
Analysis of the whole process and identification of
pinch points



Integrate into wide range of meetings and
workshops as am over-arching technology
LCA and economic analysis to identify profitable
processes

On-going










2012

2013-2016
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Fuels Cluster
Globally, we are reliant on petrochemical feedstocks to produce fuels for transportation and energy
and to provide the starting materials in chemical synthesis. As petrochemical resources are used we
are transferring sources of natural carbon from the solid and liquid phase to the gas phase. In order
to reduce atmospheric emissions of carbon and to reclaim it into the chemical economy we must
devise methods for the capture and recycling of carbon dioxide.
Fuels represent the largest production target for the chemical utilisation of CO2. This is due to
increasing global consumption through transportation and energy provision. Conversion to fuels
represents a grand challenge as it will require not only the development of new catalysts and
processes, but also the integration of renewable energy sources. Harnessing renewable energy at
times of low demand in the form of liquid hydrocarbon fuels and carbonaceous fuels represents a
way of storing the electrical energy that would otherwise been lost, as chemical energy for later use.
This challenge overlaps with both the Chemical Engineering & Process Cluster and Solvents &
Synthons Cluster in the areas of integration of renewable energy and the challenges of hydrogen
production.
The production of synthetic diesel (C18) and synthetic aviation fuels (C12) has a huge economic,
infrastructure and environmental advantage over other approaches such as engine redesign to
accommodate other fuels (hydrogen, electric, etc.) as they would seamlessly integrate into our
current engine technologies and supply chains. Furthermore, they have a high chemical and
volumetric energy density making them the ideal fuels for long-haul transportation. The target is to
produce fuels of controlled hydrocarbon chain length through the use of selective catalysts. This will
mean that we produce effectively refined products direct from CO2 without the need to employ
energy intensive cracking processes. Several approaches to reach these targets can be taken using
bio-processes via algae, electrocatalytic process and traditional F-T methods. What is becoming
clear is that new techniques need to be developed based on commercially sound catalysts that offer
high activity, selectivity and lifetime. While exotic catalysts have been developed in the past they
have failed to make an industrial impact because of high cost. Non-traditional Fischer-Tropsch-type
reactions need to be developed based on abundant metal catalysts under conditions that favour
chain growth termination at certain molecular weights. These will require an assured supply of
hydrogen and CO in order to operate commercially. New methods for the direct conversion of CO2
to hydrocarbon fuels is also required. Nature has enzymes such as Rubisco that can achieve this and
we therefore need to promote the development of biomimetic catalysts to achieve this important
transformation.
Our 2050 vision would be for integrated CO2 capture from a point source with renewable energy
conversion to provide transportation fuels to the local area. Eventually air capture would need to be
integrated to close the carbon cycle and ensure this was a carbon neutral process. This introduces
the concept of micro-refineries as an integrated part of the energy and fuel supply network. This will
reduce both the need for reliance on overseas petrochemicals and the carbon footprint for
distribution. The challenge of air capture and its energy barriers need further research.
Molecular modelling will also be required in order to develop ab initio catalyst structures and
architectures so links will be made with the strong UK Computational Chemistry community to
develop this theme.
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Figure 7: Summary of key areas for the Fuels Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Direct synthesis of
varying length
hydrocarbon chains






Inexpensive active and selective catalysts
Lack of control over product distribution
Need for large supply of cheap energy
Energy intensive process



2012-2013

Ability of closed loop
cycle i.e. integration of
air capture



Current focus on point sources, very little UK research
on air capture
Inefficient or polluting capture agents
Need new designs for absorber units
Selectivity over nitrogen needs to be improved at low
CO2 concentrations
Lack of focus on this important target – recently
highlighted as key target in Europe
Efficient and inexpensive catalysts
Use of hydrogen as a commodity rather than a fuel
Resistance to recognising fuel from CO2 being a useful
energy pathway
New catalyst design
Novel reactor design
Move away from traditional F-T approaches

Joint events and conferences with IMechE on
subject
Signposting of activities
Integration with EU programmes
Joint events with Energy Programme
Joint meetings with NSF in US
Joint events and conferences with IMechE on
subject
Collaborations across the Chem Eng/Chemistry
interface
Sharing of research and resources via website
Joint events and conferences with IMechE on
subject
Sharing of research and resources via website
Collaborations with EU to speed research

2012-2013

Discussions in research cluster to generate
innovative ideas
Industrial focus group

2012-2017

Discussions in research cluster to generate
innovative ideas
Joint events and conferences with IMechE on
subject
Collaborations across the Chem Eng/Chemistry
interface
Cross-Europe collaborations

2013-2017





Ability to store
renewable energy in a
chemical form



Improved Fischer-Tropsch
-type processes to reduce
temperature and
pressure requirements
Hydrogen production and
integration into process














Energy penalty
Intermittency of supply
Large quantities required
Progress in scale-up of electrocatalytic hydrogen
production



















2013-2017
2013
2014
2013-2016
2012-2013
On-going
2012-2017 and beyond

2012-2017 and beyond
2013-2017

2013-2017

2012-2013
On-going
2013-2017
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Mineralisation Cluster
Like fuels, mineral and accelerated carbonation using CO2 represents a high volume sequestration
process, but has the additional advantage of permanently storing the CO2. The mineralisation of CO2
is seen by many as a CCS technique, but by using the products in the built environment as cement
and aggregates, it has a useful purpose rather than being stored underground. In mineral
carbonation, (captured) CO2 is reacted with minerals (mostly calcium or magnesium silicates) to form
(Ca or Mg) carbonates. As mineral feedstock, rocks that are rich in alkaline earth silicates can be
used. Examples are olivine (MgSiO4) and wollastonite (CaSiO3). These silicates of magnesium and
calcium react with CO2 to form the corresponding carbonates and SiO2 providing storage on a
geological time scale. Carbon dioxide storage by mineral carbonation mimics the naturally occurring
rock weathering which is known to have played an important role in the historical reduction of the
CO2 concentration in the atmosphere after the creation of the earth. This “weathering” depends on
the initial chemical composition, the characteristics of the minerals and the amount of CO2 uptake.
The technology of accelerated carbonation has been used in the treatment of solid wastes in which
toxic compounds are stabilised by carbonated materials, so that the treated solid waste material can
be utilised in construction.
Current technologies for cement production have a large net positive emission as CO2 is released
from a stored form to the gas phase. Cement production from captured CO2 will still emit the gas but
it will be looped back into the process. Present processes developed in this area using CCU not only
produce cement for use in the construction industry but also produce desalinated water as a byproduct. These processes may prove very useful in developing countries with a growing construction
industry and limited fresh water supply, but do require an accessible coastline. Therefore our vision
includes the development of inland process not requiring seawater but using waste such as fly ash as
well as minerals.
The key advantages of mineral carbonation for CO2 storage are:
1. CO2 storage that is a permanent, leak-free fixation with no need for long-term monitoring.
2. A potentially huge capacity. Earth’s calcium and magnesium carbonate mineral rock deposits are
theoretically sufficient to fix all the CO2 produced by combustion of all available fossil fuel.
3. Carbonation chemical reactions are all exothermic so no energy input is required for the
reactions to proceed: in theory it could provide useful thermal energy.
4. Waste materials like steel converter slag or asbestos can be converted into “valuable” calcium or
magnesium carbonates.
5. It is technically possible to operate the carbonation process directly with flue gases, making the
expensive CO2 capture step superfluous.
The major challenges in the commercialisation of mineralisation are numerous. The acceptance of
the new CCU products as building materials needs to be addressed. At the present time this can
take many years of research and current markets are very well established. Decreasing plant costs
are required to make them more financially viable, which is a key engineering and process target.
This will enable the production to be less reliant on and sensitive to government policy on carbon
trading. A key part of this is increasing the rate of reaction at which the mineralisation process
occurs to intensify production rates and decrease energy input penalties. The natural carbonation
reaction is very slow. Therefore, a key challenge is acceleration of the carbonation process, using
heat, pressure, and mechanical and chemical pre-treatment of the mineral. The carbonation
reactions are all exothermic indicating that in principle no net energy is required for the reactions to
take place and that theoretically even useful energy i.e. heat could be produced, but the energy
from the reaction needs to be recovered.
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Figure 7: Summary of key areas for the Mineralisation Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Approval of products as a
building material
substitute



Currently takes many years for product approval






2012-2013
2014
2013-2017
2013-

Improved rates of
reaction



Improvements needed without the need for
increased heat, pressure and smaller particle size




Awareness raising of time taken
Expertise sharing of spin out companies
Advocacy on ‘green’ credentials of new products
Engagement with large industry and construction
companies
Review of literature
Discussions in research cluster to generate
innovative ideas
Sharing of research and resources via website
Review of literature and current processes
Sharing of research and resources via website
Collaborations across the Chem
Eng/Chemistry/Mech Eng interface
Sharing of research and resources via website
Collaborations across the Chem Eng/Chemistry
interface
Work with Chemical & Process Engineering
Cluster

2012-2014
On-going


Reduction of costs and
energy requirements
associated with mineral
pre-treatment
Reduction of plant costs






Minerals have to be mined, transported to plant and
appropriately sized to ensure good reaction rates.

Innovation in new plant design
Dependency on carbon trading








2012-2014
2012-2013
On-going

On-going
2012-2014
On-going
2012-2017
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Biotransformations Cluster
Initially, we considered biomass as a source of captured CO2 for the production of new products. In
reality there has been little support for this concept, however bio-transformations as an overarching
technology in CCU has been proposed as a key target area and opinion is that it will become a key
driver in the long-term. We therefore plan to target biological processes strongly in the first two
years of the next phase of the Network. We will then make a strategic decision into its viability and
modify our action plan accordingly. The cluster will look at all aspects of bio-processing, from the
use of biomass as a chemical feedstock to the incorporation of bio-catalysis and genetic modification
in the production of synthons and products.
Biological mitigation of CO2 relies on photosynthesis by green plants or algae. In this process organic
compounds are synthesised from carbon dioxide and water powered by energy derived from
sunlight. The resulting biomass can be used for electricity generation or as raw material for
production of transportation fuels, bio-based chemicals and materials. An option for direct capture
and utilisation of CO2 emitted from point sources could involve the cultivation and processing of
plants growing in an aquatic environment especially microalgae.
Microalgae are microscopic, single-celled plants growing in fresh water or seawater. They use
sunlight as their energy source, and CO2 and inorganic nutrients (mainly N-compounds (NO3-, NH4+)
and phosphates) for growth. The CO2 for algal growth can be derived from concentrated sources
such as flue gas. Per tonne of algal biomass ca. 0.5 tonne carbon (from 1.8 tonnes of CO2 taken up by
the algae) are fixed and converted to valuable products. Micro-algal biomass is a versatile raw
material that can potentially be used as a source for a range of non-fuel and fuel products, including
bio-oils and proteins, high value chemicals and ingredients, food and feed, fertilizers and fuels.
Nature efficiently converts CO2 and water into sugars that are then used as synthons in further
biochemical processes. However, large areas of land and reliable access to solar energy is required
for these reactions to be efficient on a commercial scale. Microalgae have been used to accelerate
the bioprocess and it has been shown that flat panel reactors are considerably more efficient than
open raceways. However the panel reactors present additional engineering problems, particularly
the exposure to high intensity light sources in complex reactor geometries. Microalgae has become
a major theme in Europe and it is therefore essential that we consider this maturing technology in
our toolkit of expertise. It is an attractive area of research for emitters as it presents a green
interface to the public and is likely to improve public perception of capture technologies. There is
considerable support in the UK for the use of microalgae and the Network will work to establish and
maintain collaborations in this area.
Efforts are continuing to develop efficient and inexpensive catalysts for artificial photosynthesis. The
problem is that photosynthesis is not restricted to a single catalytic site but is a part of a metabolic
process. The challenge will be to decouple to photoactive component from the ancillary protein
structures to create active discrete catalysts. It is anticipated that this is an area that will benefit
from collaboration with the Directed Assembly Grand Challenge.
The Rubisco enzyme is another major target for the mimetics community. The enzyme catalyses the
conversion of CO2 into oils and an understanding of the bioprocess is beginning to develop. This is a
prime area for computer aided design of the active site into a synthetic mimic that can be developed
on an industrial scale.
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Figure 7: Summary of key areas for the Biotransformations Cluster

Key Targets

Barriers to progress

Activities to address barriers

Timescale

Photobioreactor
improvements to
improve productivity and
energy inputs






Sharing of research and resources via website
EU Collaborations for FP7 Bids

2012-2014
2013



Significant technological advances required for
commercial scale
R&D and investment required

Reduction of costs in
cultivation and
harvesting to allow large
scale production



Development of new processes




Sharing of research and resources via website
EU Collaborations for FP7 Bids

2012-2014
2013

Step change in artificial
photosynthesis



Advances needed so that large scale artificial
photosynthesis can occur




EU Collaborations for FP7 Bids
Discussions in research cluster to generate
innovative ideas
Working with other networks such as Shine
Project at University of Sheffield
EU Collaborations for FP7 Bids

2013
2013-2017


Bacterial degradation



Development of resistant algae



Reducing the amount of
land mass needed








Development of effective photobioreactors and high
yielding biomass
Developing new algae strains to promote production

Bio-themed workshops
Working with BBSRC to identify different funding
mechanisms



Advances in biorefineries





Sharing of research and resources via website
EU Collaborations for FP7 Bids
Discussions in research cluster to generate
innovative ideas

Maximising algal and
biomass productivity

2012-2015
2013

2012-2014
2013
2012-2015
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Overarching Barriers to CCU

Awareness

Process

Economics

Supply
Chain

Some have a negative views
based on thermodynamics
and pre-conceived prejudices

Development of new catalysts
for sustainable sources

Lack of funding, including
seed funding/PhD/CDT, more
funding and focus needed

Renewable energy is needed
to overcome thermodynamics

Lack of government buy-in
and awareness of CCU
process and economic
opportunities

Some of community currently
unwilling to idenitify
commercial end products,
more focused on specific
processes, than economic and
environmental potential

More funding for lab to pilot
scale transitions

Sustainable hydrogen
production

General lack of awareness in
public and businesses as well
as government

Integration of technologies

Profit, supply chain, market
quantities and capacity have
yet to be full assessed and
impact on research choices

Energy integration - needs a
coordinated aproach from
power companies and CCU
projects

Debate of CCU "vs" CCS will
need to occurs as public
perception increases

Legal framework needs
developing

Life cycle analysis to identify
pinch points and
environmentally responsible
solutions
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Other Drivers in CCU
CCU is gaining prominence on the continent and North America as a complementary technology to
CCS. In the UK, progress has been slower but CCU is now beginning to be recognised as a value
added component of wider CCS technologies. The CO2Chem Network has played a major role in
facilitating this opinion change and is recognised globally as an authoritative body in CCU
technologies. Indeed, moves are afoot to develop closer links with the European CO2 Forum based
in France. CO2Chem has been invited to discuss the options at a meeting organised by CEFIC in
Brussels for late March 2012. The network was also represented at the CCU Symposium in Aachen,
Germany in 2011 where the vision for CCU in Europe was discussed with CO2Chem playing a central
role. However, there are still a number of barriers that need to be addressed in order to develop
CCU into an accepted component of any carbon abatement structure. These barriers will be kept at
the forefront of the discussions within the research clusters and during our large network
gatherings. Updates in progress will be assessed each year and barriers revised accordingly.
Funding The UK is falling behind the US and Europe, particularly Germany, in the funding available
for CCU research. Without immediate investment the UK runs the risk of future reliance on
imported technology in order to reach our demands for emissions control and supply chain security.
The network has been responsible for bringing together new consortia that have applied for funding
from the EC FP7 scheme in particular. While some of these have involved members of the
Management Group, the vast majority have been network members who have benefited from the
network activities to form brand new consortia. Further funding applications are also in the
pipeline. One major barrier to assessing success in this area has been the confidential nature of
many of the projects, particularly where an industrial partner is involved. We always attempt to
obtain collaboration data but we are equally sensitive to confidentiality. In many cases we have
been told where applications have been made only after the deadline for the competition has closed
or when funding is secured. This also means we do not hear about unsuccessful applications.
Process Many consider that taking CO2 and transforming it into chemicals is thermodynamically
prohibitive. It is challenging, however it has been demonstrated that it is feasible and indeed in
some cases industrially viable. It is certainly an energy challenge because the processes will require
activation. Catalysts will provide a means for altering the path of the reaction. However, many
catalysts reported from discovery studies rely on complex molecular decoration of the active site
and exotic metal centres. In most cases these will not be economically viable given the huge
volumes of CO2 to be converted. It will be necessary to develop catalysts based on simple, abundant
and readily sourced metals such as aluminium or iron. However it is difficult to persuade some of
the catalyst research community to focus on target products in their catalyst development rather
than general catalytic advances. This is a mindset that we will seek to challenge and change.
Energy for CCU process must come from renewable and sustainable sources. In particular, we see a
role here for intermittent renewables, particularly wind and solar energy. At times of low demand,
energy can be stored in liquid or solid vectors such as synthetic liquid fuels, minerals or polymers.
Such an approach will maximise our use of renewables. We will engage with power companies to
ensure that they have a full grasp of the potential that CCU coupled with renewable energy can
provide.
In this respect, a major barrier will be the integration of technologies as energy generation may be
remote from any end user. It is assumed that in the UK there will be a network of pipelines
transporting captured CO2 to remote storage sites. This provides the opportunity to build in substations where industries can take off slip streams of CO2 for use in their processes. This will require
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collaboration at all stages of the post-capture supply chain and is a barrier that must be overcome at
an early stage. CO2Chem has close links with the organisations involved in the Yorkshire pipeline
and therefore we are in a position to ensure we can advise on potential CCU technologies that could
be integrated into the pipeline.
Supply Chain CCU on its own represents a major challenge in terms of the thermodynamics and the
huge amounts of gas that are available from emitters. However, we cannot consider CO2 in isolation
as in all cases co-reactants are required. The major barrier to utilisation is maintaining an adequate
and sustainable supply of hydrogen. Electrocatalysis based on the use of intermittent renewable
electricity supply is seen as the solution, however new catalysts and processes need to be
developed. We have proposed a simplified four parameter approach to the CCU product design
process based on (a) net CO2 capture, (b) capture lifetime, (c) product market value and (d) product
market capacity. The last parameter is important as if no market exists then there will be no market
driver. Ideally all four parameters can be maximised but it is appreciated that this will not be the
case. It is therefore essential that the best compromise is achieved.
Life cycle analyses (LCAs) over complete systems are required to characterise the processes
proposed in a cradle to grave approach which must include economics and geopolitical
considerations in addition to the technology.
Other feedstocks may become the determining stages in the supply chain, so the LCA will be used to
identify pinch points and environmentally responsible solutions proposed. Ultimately, with an
assured supply of CO2 and hydrogen it is envisaged that a portfolio of synthons appropriate to
further synthesis can be established. We will ensure that the importance of LCA is highlighted and
has a prominence within our meetings and that expertise is shared throughout the network.
Awareness Carbon Capture and Storage (CCS) has suffered internationally from poor public
acceptance, in part due to a lack of comprehensible information. Technological explanations have
often fallen on stony ground as concerns have grown regarding, for example, amine capture agents,
fears of gas leakage and the use of ‘supercritical’ technologies. CCU offers a unique opportunity to
demonstrate how engineering and science can contribute to the wealth of the nation and the
maintenance of quality of life. We expect during the next five year period the debate surrounding
CCS to re-awaken, providing the network with the ideal opportunity to engage with the public
regarding CCU opportunities. To enable us to be in the best possible position to engage with the
debate, we are proposing to run a series of surveys to ascertain knowledge levels and opinions
around CCU and CCS within the community, in academia, in industry, in government and the general
public. The results of these will then be analysed and details published on the website. We aim to
coordinate these surveys through our collaboration with the Social Carbon Capture and Storage
Group based in Nottingham.
A current barrier within the international CCU community is lack of common terminology for CCU.
Currently the terms, carbon capture and utilisation, carbon recycling, carbon valourisation, carbon
re-use and others are used interchangeably. As a consequence of relationships formed during the
last two years Mike North, Peter Styring and Katy Armstrong were asked to present on the network
at an invite-only international Symposium held at RWTH Aachen in November 2011. This Symposium
has led to CO2Chem has being invited to become part of a European group of key players in CCU,
who will take a pan-European view on CCU research. A key part of this will to be to standardise
terminology to enable more effective communication and awareness raising within governments
and the general public. The first gathering of this group will occur in March 2012 in Brussels hosted
by Cefic, the European Chemical Industry Council. CO2Chem being included in this grouping give
important kudos to the network emphasising its growing outstanding reputation in the field. It also
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enables us to share the UK research with others, form collaborations for funding, influence EU policy
and advocate UK research.
Economics The CO2Chem community has perceived barriers of lack of funding being available for
CCU research. Although the economic situation has lead to a reduction in calls, there are still many
opportunities available and it is essential that these are effectively communicated and understood
by the network. In response the network needs to become more focused, proactive, form better
internal collaborations and better international collaborations (US/EU/Asia) to enable effective
response. We are currently seeing an increased trend in international partnership funding
opportunities and it is important that we continue to build our international relationships to allow
these funding streams to be accessed bringing international funding into the UK.
As part of the next phase of CO2Chem we will initiate a Seedcorn funding programme to allow initial
feasibility studies to take place which will enable larger grant proposals to be submitted. The cluster
sandpit meetings will stimulate the basis for these proposals which will then be peer-reviewed by
the network.
Currently we are seeing a shift towards recognising the importance of economic feasibility studies
early in the research of CCU products. As ultimately the best products will balance net CO2 capture,
capture lifetime, product market value and product market capacity and will not rely on carbon
credits to balance the economics of the process; we will advocate that this type of economic is
carried out as early as possible in new research and compile references to research done in the area.
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Conclusions
Carbon Capture and Utilisation (CCU) is set to become a complementary tool in the Carbon Capture
and Storage (CCS) landscape over the following decades. While potentially only a percentage of the
total CO2 mitigation portfolio it is one where there is a tangible value to the products produced. This
value will contribute and in many cases exceed the CAPEX costs for not only the capture plant but
also the reactors.
However, there are many challenges and barriers to the successful implementation of CCU. These
include the unfavourable thermodynamics and kinetics of some of the reactions, the energy penalty
associated with capture and then conversion, supply chain logistic and economics, public acceptance
and socio-political issues. These are not insurmountable barriers but nevertheless barriers that need
to be actively addressed.
If CCU is to succeed, as much of the developed and developing world has now realised it must, then
there needs to be concerted inter-disciplinary research carried out to drive the field forwards. The
CO2Chem Network is committed to achieving these grand challenges. It originally identified some
key research areas for development. These have been addressed to varying degrees. Some of those
objectives remain valid today. Others have been modified or even discarded. New challenges have
been identified in an ever-changing landscape. It is recognised that this will be the case for many
years as this relatively new technology evolves.
The CO2Chem Network is committed to developing excellence in Science and Engineering in CCU. It
has supported Fellowship applications for early career and established researchers. It has facilitated
the formation of new collaborations and assisted in research funding applications. It has held a
number of meetings to facilitate this and to develop a community around CCU. It will continue to do
this over the next five years with renewed vigour and a high degree of focus.
Unlike many Grand Challenges, the field of CCU needs a diverse approach to defining a research
landscape as it covers such a diverse range of disciplines. Many of the technologies are embryonic
or in their infancy. The landscape will change and CO2Chem will respond proactively to that
change. Quality Assurance measures will include the formation of an industrial Liaison Group and
focussed surveys to academia, industry and the public which will gauge success and define future
activities. By taking this broad brush approach in the early stages of an exciting technological
revolution we will be able to mitigate risk by developing a wide portfolio of applications
technologies.
As we increase our industrial membership, a major priority for the forthcoming year, we will develop
a business model that will allow the network to become self-sustaining into the future. This is
already happening in support for meetings and is an area we will actively grow.
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