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Executive Summary in Brief
Climate change and the increasing carbon content of the atmosphere are causing great con-
cern. The UK has legislation in place to decrease greenhouse gas emissions and still main-
tain a secure energy supply into the future, primarily through Carbon Capture and Stor-
age (CCS) technologies. The University of Cambridge has many diverse groups conducting
ground-breaking and innovative research on decreasing the costs and uncertainties surround-
ing different aspects of CCS and making its long-term storage as safe and as inexpensive as
possible.
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Executive Summary

The Earth’s climate is changing and the release of carbon dioxide (CO2) and other greenhouse
gases (GHGs) into the atmosphere is recognised as the principal cause. To meet legally
binding targets, UK GHG emissions need to be cut by at least 80% of the 1990 levels by
2050. It is acknowledged that the future energy supplies will likely depend on fossil fuels
into the foreseeable future, and therefore Carbon Capture and Storage (CCS) is required to
control atmospheric greenhouse gas (GHG) emissions.

Some key challenges face the deployment of CCS and are concerned with a breadth of
different issues. Research at the University of Cambridge is resolving some of these issues
and assisting the deployment of CCS technology. One significant challenge is cost, with
the capture of CO2 representing the largest share of this. Research at the Engineering and
Chemical Engineering Departments has been conducted into alternative capture technologies
with improved efficiencies to reduce costs, and innovative solutions have arisen. These include
pre-combustion technologies such as chemical looping, using solid fuels that produce pure
CO2 as a by product, with energy penalties as low as 5-8%.

Uncertainty of CCS deployment is also a major challenge and is widely perceived as being
mainly due to costs and liabilities should a storage reservoir leak. Research at the Depart-
ments of Applied Mathematics and Theoretical Physics, Earth Sciences and the BP Institute
has addressed some of the concerns surrounding CO2 storage and potential leakage from the
storage site. Analytical and numerical models have been developed to assist understanding
of the propagation of fluid CO2 in a reservoir, the different methods of trapping that might
occur and the likelihood of leakage through a fissure or fracture in the reservoir. Experimen-
tal studies have been conducted to help validate the models, and an understanding of the
migration of CO2 through a reservoir has also been gained through seismic studies of the
Sleipner Field in the North Sea. Dissolution of carbonate or silicate minerals can provide
the CO2 with a leakage pathway or help with pathway sealing. Rates of reactions occuring
in reservoirs that might act to dissolve carbonate or silicate minerals have been investigated
using geochemical studies of analogue natural sites.

An important aspect of the CCS process is sending a clear and scientifically grounded
assessment of the risks associated with long-term CO2 burial. Thus public communication
of CCS is also vital for commercial deployment. Research has been conducted at the Judge
Business School into the communication of CCS, with the findings that CCS technologies are
currently not sufficiently well known or understood by the public and that there are gaps in
the types of information (predominantly technological) that are available and in the types
of institutions (predominantly corporations and Government) actively providing information
on CCS. Research is also conducted into the economics of CCS because cost is a major issue.

Another challenge is that the technology has not yet been tested at the commercial scale
and therefore the associated risks may not have been fully characterised. However, unless the
technology is commercially deployed, the full technological capability will not be understood.
The key is to generate the right market conditions to allow the technology to be deployed
and remain viable when competing with other low-carbon energies. The right regulatory
framework needs to be set so the financial burden placed on operators of storage sites is not
prohibitive, but negative environmental and health impacts due to leakages are minimised.

The current UK policy framework for CCS is outlined in this document and the immediate
barriers to deployment are highlighted. The ongoing CCS research taking place primarily
at the University of Cambridge is described. There are many steps that need to be taken if
CCS deployment is to ultimately succeed; this document attempts to highlight these steps
and address them.
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1 Introduction

The release of carbon dioxide (CO2) into the atmosphere has been recognised as the principal
cause of changes to the Earth’s climate [2]. The Intergovernmental Panel on Climate Change
(IPCC) has carried out assessments of the state of the climate, producing reports1 and
providing information on climate change [2, 50]. In the 2001 report, the IPCC stated that
climate change and its effects needed to be mitigated; this is still the case.

Using Carbon Capture and Storage (CCS) (described more fully below) is the only way of
preventing greenhouse gas (GHG) emissions reaching the atmosphere whilst still continuing
to use fossil fuels. It is acknowledged that in the foreseeable future, demand for energy
will increase and future energy use at least to the mid-century (Figure 1) will likely contain
fossil fuels, thus CCS, along with other renewable energy technologies and nuclear power,
will be needed in order to balance the supply and demand for energy, whilst maintaining
energy security [19, 12]. However, some CO2 emissions are intrinsic to particular industrial
processes and as such, can only be reduced by abatement processes such as CCS [19]. Thus
CCS is regarded as a key mechanism for mitigating the effects of climate change [2] and is a
component of long-term strategies for cutting back UK CO2 emissions [3, 19, 37].

Carbon capture and storage schemes capture CO2 from power plants or industrial sites
before that CO2 is emitted to the atmosphere. The CO2 is then compressed and sequestered,
either underground, in a deep submarine environment, or by reacting it with silicate minerals
to form carbonate minerals. Carbon capture can be accomplished using different technologies
and applying them to different industrial processes. In essence, CO2 capture occurs via the
chemical reactions of reduction and oxidation, allowing the CO2 to be separated from the
waste product of the industrial process. In the first instance, CO2 will be captured from
emissions of power stations as these provide the largest individual source of CO2.

Carbon storage involves pumping CO2 into large porous reservoirs (for example saline
aquifers, coal seams or oil and gas reservoirs) beneath the Earth’s surface at depths greater
than about 1 km. At these depths, the CO2 is compressed such that it is in a liquid-like form
(supercritical fluid) and free of any gas phase. The aim is then for the supercritical CO2 to
be retained underground for long enough to be both safe and to solve the problem of human
release of CO2 to the atmosphere.

2 The Policy Framework for CCS

2.1 The UK Policy context

To meet a legally binding target set by the government in the Climate Change Act (2008), UK
GHG emissions should be cut by at least 34% of the 1990 levels by 2020 and 80% by 2050 [19,
24]. This legislation provides a framework for emissions reductions and combatting the effects
of climate change, transitioning to a low-carbon economy and demonstrating international
leadership in cutting carbon emissions [22]. Carbon budgets have been introduced to cap
emissions [24] (Figure 1).

The power sector is the single largest emitter. In 2010, 27% of the UK emissions (157
MtCO2e

2) were caused by power generation [19, 17]. The UK is currently a net importer of

1IPCC assessment reports have been produced in 1990, 1995, 2001 and 2007. The fifth assessment report
is due in 2014.

2All GHG emissions are quantified according to their mass in terms of their equivalence with respect to
CO2 (termed tonnes of CO2e). This allows the different global warming potentials for each GHG to be
accounted for [18]. CO2 comprised 76% and 84% of GHG emissions in 1990 and 2010 respectively.
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Figure 1: A) The current trend in GHG (solid blue line) and CO2 (solid red line) emissions
from the UK. The baseline levels, the 2030 and 2050 targets are shown. Drax, the UK’s largest
and newest power station with a 4000 MW production capacity, generates 22.4 MtCO2 per
year [68] (or 14% of the UK’s power generation emissions) (yellow line). Carbon budgets
are set for a budgetary period of 5 years: 3,018 MtCO2e (2008-2012), 2,782 MtCO2e (2013-
2017), 2,544 MtCO2e (2018-2022) and 1,950 MtCO2e (2023-2027) and are designed to cap
emissions [24] (green line). The orange point is the DECC estimate of UK emissions following
an agressive increase in energy generation from renewables and no increase in nuclear showing
that fuel switching alone is not enough to reach the 2050 target [23]. B) In 2010, 89.8% of UK
energy was sourced from fossil fuels, 9.9% was from low carbon sources (including nuclear
and renewables for example: wind, solar photovoltaics, hydroelectric and biofuels) and 0.3%
was from net imports of electricity and non-biodegradable wastes. Just over 99% of the
electricity supply was generated in the UK with 72% generation from fossil fuels (40% gas,
32% coal, 18% nuclear, 7% renewables and 3% other (including oil)) [19].

energy, and in 2010 the net import dependency3 was 28.5%, up from 26.7% the year before
[14].

3Net import dependency is the imports minus exports, divided by the adjusted primary demand [14].
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In 2010, the UK’s total net greenhouse gas4 emissions were 586.3 MtCO2e, an increase
from 568.0 MtCO2e the year before [18, 17] (Figure 1). The baseline level5 for net greenhouse
gas emissions is 770.7 MtCO2e with baseline net CO2 emissions of 588.9 MtCO2e. Whilst
the 2010 levels were an increase on the previous year, the long-term trend for the UK’s CO2

emissions show them gradually falling. However, global atmospheric CO2 levels are contin-
ually increasing at an average rate of 1.4 ppm yr−1 6 [49] and achieving an 80% reduction
on the baseline levels will require substantial changes to our energy usage and generation
methods [16]. It is estimated that about 90% of the CO2 emitted from a power station could
be captured [19] and either utilised7 or stored.

The industrial sector also emits CO2 through processes such as cement and hydrogen
production. However, CO2 is emitted in lower overall volumes and from more dispersed
industrial sites, so it is less likely that the industrial sector will experience the deployment
of CCS schemes before the power sector does so, and then only after the development of the
transport infrastructure from clustered sources of CO2 capture [19].

According to scenarios modelled in the Carbon Plan, by 2030 between 40 and 70 GW of
new low-carbon electricity generating capacity will be required [16, 19], and CCS schemes
could contribute up to 10 GW of this [9, 19]. This equates to 50 MtCO2 yr−1 storage,
increasing to 150 MtCO2 yr−1 by 2050 (for 30 GW electricity). In order to meet the 80%
target by 2050, the UK would need to store in total between 2 and 5 billion tonnes of CO2

(between 500 thousand and 1.3 million times the volume of the millennium dome); this may
need to increase to 15 billion tonnes by 2100 [20]. For comparison, the StatoilHydro CO2

sequestration project at the Sleipner Field in the North Sea stores 1 MtCO2 yr−1.
The potential CO2 storage capacity of the UK is up to 70 billion tonnes, which is sufficient

to store the energy sector’s emssions at current levels for the next 100 years [19, 20]. However,
not all of the storage capacity is well-enough understood that storage permits can be granted8

and whilst hydrocarbon fields are better known and understood, most of the storage capacity
(over 85%) is in saline aquifers [20].

2.1.1 The CCS Roadmap

The Government has published a CCS strategy outlining the steps that need to be taken by
the Government, industry and wider CCS community, in order to allow full scale deployment
of CCS by the 2020s [19]. Three key issues that this CCS Roadmap is aiming to address
are: 1) reducing the cost of CCS deployment and the associated risks; 2) creating good
market frameworks that will allow CCS to be deployed; and 3) removing any barriers to the
deployment of CCS [19].

One of the largest challenges for CCS is that the technology has not yet been deployed
at the commercial scale. Whilst much of the technology associated with storage processes
has been used for decades in the oil industry, capture technologies have not been tested on
an equivalent scale to that required for use on existing power plants. The technologies have
also not been used in an integrated system. This means that the technology has not been
fully tested and the associated risks may not have been fully characterised. However, unless
the technology is deployed commercially, the full capability of the technology may not be

4Greenhouse gases are CO2, CH4, N2O, HFCs, PFCs, and SF6.
51990 level for CO2, CH4 and N2O, 1995 level for HFCs, PFCs and SF6
6Average rate of increase in CO2 was determined by direct measurements for the period 1960 to 2005.
7Utilisation uses by-product CO2 to manufacture chemicals, fuels or other materials [76].
8Storage permits are granted by the competent authority of each EU member state under the criteria

outlined in Annex I of Directive 2009/31/EC, including data collection of the construction of a 3D-earth
model of the storage site, dynamic modelling of CO2 injection at the storage site, sensitivity analysis and risk
assessment [33].
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understood. Rapid technological progress may be made with large-scale fully-monitored field
trials. The challenge is to generate the market conditions to allow the technology to be
deployed and remain viable when competing with other low-carbon energies.

The government’s programme to encourage CCS deployment includes the following mea-
sures.

1. A four-year programme of R&D with £125 million funding commencing 2012.
2. A commercialisation programme for deployment of commercial-scale CCS projects

which has £1 billion capital funding. This funding includes £20 million funding for an
innovation competition and £13 million funding for a new UK Carbon Capture and
Storage Research Centre (UKCCSRC).

3. Electricity Market Reform, the introduction of a Carbon Price Floor (CPF) and Feed-
in Tariffs with Contracts for Difference (FiT CfD) to create a market for low-carbon
energy and allow CCS to compete with other energy sources.

4. Addressing the key deployment barriers such as transport infrastructure, storage site
development and a regulatory framework for long-term CO2 storage.

5. Promoting knowledge-sharing to accelerate CCS technology deployment.
6. Forming a CCS Cost Reduction Task Force to help industry reduce costs.

2.1.2 Electricity Market Reform

As CCS has not yet been deployed at the commercial scale, there is a large degree of un-
certainty as to what its deployment will cost. There are capital costs associated with the
building of the capture facility and transport infrastructure, energy penalties due to the
operation of a capture-enabled plant, opportunity costs associated with the loss of energy
and higher operating costs. These all contribute to making the deployment of CCS appear
unattractive, if simply viewed in isolation from other sources of low-carbon electricity. The
Government is incentivising the deployment of CCS through the CCS Roadmap as well as
Electricity Market Reform.

The White Paper ’Planning our Electric Future’ (2011) sets out the government’s plans
for secure and affordable electricity generated from low-carbon sources, and reforms to be
made to the electricity market to provide an electricity system that is flexible but generated
from a diverse range of sources [15]. While both the demand and the price of electricity are
likely to rise in the future, electricity generation in the UK still needs to be decarbonised.
Until the global cost of carbon-release is formally recognised, the electricity-generation sys-
tem will continue to favour fossil fuels over renewable power. Fossil fuels drive the market
price for carbon and the carbon price does not reflect the cost of potential damage due to
climate change. A strategy is outlined for long-term contracts for new low-carbon electricity
generation to be offered in the form of Feed-in Tariffs with Contracts for Difference (FiT
CfD), giving a stable and predictable return for low-carbon energy generation and greater
certainty with regard to revenues produced, increasing the likelihood of investment [15].

As well as the long-term contracts, a Carbon Price Floor (CPF) is introduced to price
carbon fairly [15] and given the length of time between investment and energy production,
the CPF reduces uncertainty in the carbon price. The CPF will start at approximately £16
tCO2

−1 and will cost £30 tCO2
−1 in 2020 having followed a linear path of price increase

[43]. It is expected to rise to £70 tCO2
−1 by 2030. The CPF is designed as an incentive to

encourage investment in low-carbon generation (Figure 4).
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2.2 The CCS Policy Framework within the EU

Within the EU a target of a 20% reduction of GHGs from 1990 levels by 2020 has been set [19].
Very few EU countries have their own specific legislation or a regulatory framework regarding
the capture of CO2 for geological storage [48, 46], although there are many existing pieces
of legislation that will affect CO2 sequestration. There are also a number of UK regulations
that pertain to the geological storage of carbon dioxide, for example mining, hydrocarbon
extraction, the control of pollution and waste disposal, clean water and subsurface property
rights. The leakage of CO2 is another aspect which is currently not well resolved [48], along
with the ownership of long-term liability. The EU is the only body to have introduced a CCS
incentive (the EU Emissions Trading System) [76]. The carbon price is variable. At the end
of 2008, CO2 was worth approximately £12.119 per tonne; throughout 2012, the price has
only once exceeded the £4.84-7.26 9 per tonne of CO2 range [31].

2.2.1 The EU Emissions Trading Scheme

The EU Emissions Trading Scheme (ETS) (under Directive 2003/87/EC) is the first inter-
national scheme to reduce GHG emissions and tackle climate change [35]. The scheme limits
the total emissions of certain gases allowed by industries or energy producers. At the end
of each year, allowances are surrendered to cover the emissions of each company and spare
allowances can be retained or sold. The number of allowances provided has been and will
continue to be reduced over the duration of the scheme [35].

In 2013, a number of changes will be made to the ETS. The gases covered by the scheme
will be extended to include additional greenhouse gases, as well as the CO2 and nitrous oxide
already covered. Member states will no longer be able to set their own carbon cap or issue
allowances; this will instead be controlled centrally. The majority of allowances are currently
provided freely; it is intended that in the future, the allowances be auctioned. Some of the
allowances will be retained for ”new entrants” into the carbon market and 300 million of
these will be retained until 2015 for up to 12 demonstration projects of CCS or innovative
renewable energy technologies [68].

2.2.2 The CCS Directive (2009/31/EC)

The CCS Directive (2009/31/EC) provides a legal framework for the safe geological storage
of CO2. Requirements for safe operating procedures and environmental protection over the
lifetime of a CO2 storage site are outlined and all EU geological formations used for CO2

storage are covered [34].
For geological storage of CO2 to be allowed at a site, a storage permit must be obtained

and it must meet the requirements of the CCS Directive [34]. The risk of CO2 leakage causing
damage to the environment or human health should be minimal [34] and a site should only
be chosen if there is ”no significant risk of leakage” [33], environmental or health impacts. If
CO2 injection is combined with enhanced oil recovery, leakage of CO2 is not to exceed that
which is necessary for the extraction of the hydrocarbons (Directive 2003/87/EC), and the
environment and storage ability are not to be adversely affected [33]. The CCS Directive
also states that CO2 injection must be monitored to ensure that migration and leakage are
not ocurring. Monitoring should also be adapted so that offshore CO2 injection can also be
properly managed [33].

Monitoring should be able to detect the behaviour of fluids in the reservoir, CO2 mi-
gration and leakage, irregularities in behaviour, environmental impacts and the short and

9Conversion factor e 1=£0.807.
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long-term integrity of the storage site [33]. Monitoring requirements are specific to individ-
ual storage sites, but should be carried out for the length of operation of the storage site
and be continued after site closure on the basis of an individual post-closure plan. After
the transfer of responsibility, the competent authority is required to continue monitoring the
reservoir, but the operator should financially contribute a sufficient amount to cover 30 years
of anticipated monitoring costs [33].

If a storage site were to leak, liability for damages caused to the climate is covered by Di-
rective 2003/87/EC with surrender of emissions trading allowances [33] and the responsibility
of the operator to stop any leakage that occurs. Liability for damages to the environment is
regulated by Directive 2004/35/EC. Liability for damage to human health and property is
to be addressed at the Member State level [34].

The CCS Directive (2009/31/EC) does not specifically determine the length of time that
the operator is liable for a storage site after the site has been closed. Instead it suggests
that the operator is responsible for the length of time of the post-closure plan, until the
responsibility is transferred to the authority [33].

3 Current Research Output at the University of Cambridge

The University of Cambridge has ongoing research in a number of key areas related to CCS.
This includes (1) the financing, economics and policy of CCS, (2) combustion processes,
pre-combustion capture technologies such as Oxyfuel and Chemical Looping Combustion
(CLC), and (3) in understanding both the monitoring (through seismic imaging), storage
potential (through understanding geochemical reactions within the reservoir or trapping due
to dissolution, capillary forces or reservoir structures) and long-term safety and viability of
reservoirs.The Sleipner Field in the North Sea has been used as a field area for the study
of CO2 propagation [4, 5, 6], and used as a comparison for analytical and numerical models
of CO2 propagation in porous media [56, 65, 66, 64, 67, 79, 80]. Analogue experimental
studies have also been carried out to understand the dynamics of fluid-CO2 propagation
[38, 39, 41, 56, 62, 69], as well as studies of natural analogue sites where CO2 is leaking from
underground reservoirs [30, 54, 55, 81].

Both Dr. David Reiner (for Financing, policy and deployment) and Dr. Stuart Scott (for
High Temperature Looping) are Research Area Champions within the new UKCCS Research
Centre. In addition, the EPSRC has funded two capture projects directly related to CCS at
the university totalling over £780 K, as well as numerous other grants for research with CCS
applications.

3.1 The Policy and Economics of CCS

It is improbable that the large-scale deployment of CCS will occur before the policy frame-
work strictly limits the emissions of greenhouse gases, or before the price of carbon is suffi-
ciently high to incentivise this approach [48]. Economic modelling of CCS deployment sug-
gests that the carbon price would need to be about US$25-40 tCO2

−1 [8, 44, 48, 52, 63, 82].
Whilst the UK is relatively far advanced, compared to other European countries, in im-
plementing the CCS Directive and incentivising the deployment of CCS technologies, much
more needs to be done before the large scale deployment of CCS can occur. Active areas of
research within the University of Cambridge include the public and stakeholder perception
of CCS [57, 71], attitudes towards CCS [53] and communication of CCS [13], analysis of CCS
incentives [68] and the benefits of demonstration projects [70], amongst other topics.

If, in the near future, CCS is to be commercially deployed, it first needs to progress
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through the demonstration phase [70]. This can only be achieved if there is the financial
incentive to do so, which in Europe is taken to be government support. The European Union
has generated two mechanisms to stimulate the deployment of up to 12 CCS demonstration
projects. These are a share of up to 45 million EU ETS allowances from a total of 300
million, and a share of up to EUe180 million from a total of approximately EUe1 billion
made available from the European Economic Recovery Plan [68]. Newbery et al. [68] argue
that decisions need to be made as to what is being demonstrated, in terms of time-frames,
scales and costs, before demonstration projects can be finalised. They suggest that for the
limited number of intended demonstration projects in Europe, learning from replication will
not be as useful as diversity in project selection. They also suggest that it is more likely that
there will be too few demonstration projects put forward within the EU than too many, and
that domestic support for CCS demonstration projects should be encouraged.

Issues have been raised about funding for the operational costs of running CCS demon-
stration plants [68]. Approximately 25% of the energy produced for sale is consumed by the
capture process, thus depending on the profit margins, profit may be lost due to running
the plant in capture mode. Because the price of the EU allowances varies with the price
of electricity, the risk for the project-developer is enhanced [68]. If the price of the EU al-
lowances is low, the plant may not cover its operating costs and may not choose to run in
capture mode. In the UK, as well as the capital support provided by the Government, the
Electricity Market Reform is designed to assist with the additional operating costs of plants
with carbon capture capability [19]. DECC has also commissioned a report into the potential
for reductions that can be made to the cost of CCS [19].

One of the key aspects contributing to the ultimate success or failure of a CCS project
is the attitude of communities and society in general towards the project. Social or political
acceptance of CCS is vitally important as demonstrated in Germany, where last year a
proposal for a CCS Act (Act on the Demonstration and Implementation of Technologies for
Carbon Capture, Transport and Permanent Storage of CO2) was rejected by the Bundesrat
(Federal Council). In many areas of Germany, especially the north where more CCS sites
are intended, there is strong opposition from local communities.

In their research into the communication of CCS, Corry and Reiner [13] find that it is a
problem that CCS technologies are currently not well known or understood by the public and
some policymakers (e.g. [32]), and the communication of CCS will help to determine how
CCS is used in the future. Corry and Reiner [13] distinguish gaps in the types of information
that are available and in the types of institutions actively providing information on CCS.
English is found to be the dominant language for communication of CCS material, and the
technologies of CCS are found to be more widely publicised than the social aspects of CCS
such as the economics, politics, the regulatory framework and environmental themes [13].
In addition, the least trusted organisations (corporations and Government) are found to be
doing most of the communication.

The NearCO2 project [72] has also investigated perceptions of and attitudes towards
CCS by surveying residents of five EU member states (comprising Germany, Netherlands,
United Kingdom, Poland and Spain), with the findings that male respondents had a greater
familiarity with CCS than females and that whilst the respondents from the UK had the
least awareness of CCS, they also had the most genuine knowledge. Public respondents
(as opposed to stakeholder respondents) thought favourably of CCS, with respondents from
Poland most in support of CCS (72% favourable), although support for local projects was
lower than the general case [72]. For CO2 storage, there is a positively linear relationship
between distance from the storage site and the favourable opinion of it. For CO2 capture,
the study found a quadratic relationship between distance from the capture site and the
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favourable opinion of it [72].
The focus of CCS demonstration projects has been technical ’learning-by-doing’ [70] be-

cause the cost to governments of developed countries for the first 100 plants is estimated
at £2.2-2.6 billion yr−1 10 [45] and therefore cost-efficiency and value for money are highly
desirable [70]. Benefits other than technological testing and improvement, and establishment
of operating costs, may be gained from CCS demonstration projects, such as social learning,
knowledge transfer and greater political support [70]. CCS demonstration projects could be
seen as a source of work and industry, and greater social and political acceptance of CCS
could be achieved if project developers were to invest in social learning; not to do so may be
a lost opportunity [70].

3.2 The Capture of CO2

The capture of CO2 is not a new process [68]. Many industrial processes separate CO2 from
other solids or gases, either as a waste product or for further use (for example beverage
carbonation, cement production or hydrogen production and the synthesis of ammonia).
However, although each of the components is commercially available, the component parts
have not yet been united and tested in an integrated system [48]. There are, therefore, a
number of uncertainties surrounding the large-scale deployment of integrated CCS capture
technologies. Uncertainties are related to technology cost, the method of capture, adverse
environmental effects and scale.

Researchers at the University of Cambridge are working on a number of different methods
for CO2 capture and storage or utilisation. CCS technologies need to be applicable to both
existing and newly built infrastructure because approximately 80% of the future emissions
for 2020 are locked-in, coming from emissions-intensive plants that are already in place or
under constuction [19]. Topics such as accelerated mineralisation (e.g. [77]), alternative
cements (e.g. [51, 58, 59, 78]) and brine sequestration [28, 29] are all active research areas
being followed in the Department of Engineering, where technologies for the production of
materials that will use CO2 and reduce emissions are being developed.

The currently available methods of CO2 capture from power stations comprise both pre-
combustion and post-combustion technologies (Figure 2). Pre-combustion technologies such
as Oxyfuel with pulverised coal (Figure 2 A), Chemical Looping Combustion (CLC) (Figure 2
B) (e.g. [11, 25, 26, 75]) and Integrated Gasification Combined Cycle processes (e.g. [27, 74])
are not expected to be deployed in the first instance, as each of these technologies requires
modifications to be made to the currently used method of energy generation at a power
station. Oxyfuel can be retro-fitted to a power station, but with significant difficulties in
terms of costs and logistics, and the CLC process requires a new type of power station.
Researchers at the University of Cambridge are also investigating the use of alternative solid
fuels in the gasification process (e.g. [73]).

Oxyfuel is the process of burning fuel in a mixture of oxygen and carbon dioxide [48]. By
combusting the fuel in the absence of nitrogen, the waste gases (CO2 plus sulphur and steam)
can be easily separated and utilised. However, energy is used initially to separate nitrogen
from the air (air liquefaction) providing the process with an energy penalty of approximately
15 to 25%. On the other hand, the process of separating the nitrogen can also produce argon
which can offset some of the cost. The fuel combustion cannot take place in pure oxygen
because the temperatures generated would be too high.

The chemical looping process oxidises a gaseous fuel using metal oxide in the following

10Converted from a published estimate using a conversion factor of US$1 = £0.642.
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Figure 2: The CCS process with different capture technologies. Post-combustion technologies
such as carbonate looping (e.g. [60]), amine scrubbing and chilled ammonia are more likely to
be deployed in the first instance. A) Oxyfuel is a pre-combustion technology, burning fuel in
oxygen and carbon dioxide (without nitrogen) so that the waste gases are easily utilised. B)
Chemical looping is a pre-combustion technology that involves the oxidation and reduction of
a gaseous fuel using a metal oxide. Oxidation transfers oxygen from the metal oxide onto the
organic fuel producing a metal, steam and carbon dioxide. C) Amine scrubbing uses amines
to remove CO2 from the post-combustion flue gases. D) Carbonate looping uses calcium
oxides to remove CO2 from the flue gases. Different capture technologies have different
associated energy-penalties. According to the IEA, the aim for all capture technologies is to
reduce the energy penalty to the range of 7-8% by 2030 [45].

reaction.
(2n+m)MeO + CnH2m 
 (2n+m)Me+mH2O + nCO2 (1)

The off-gases are condensed to produce water and pure CO2 [27, 74]. The metal can then
be passed through a second process where it is re-oxidised by air; N2 and unused O2 are
also emitted [27, 74]. Chemical looping, like oxyfuel, has the advantage over postcombustion
techniques where the fuel is burnt in air, that the resulting CO2 is not contaminated by
nitrogen, and instead can be directly transported to a CO2 storage site. The total heat
produced by CLC is the same as that produced if the fuel were burned in air [27, 74] except
that the CO2 has also been separated from the off-gases. The CLC process has an energy
penalty of approximately 5 to 8% (Figure 2 B).

Researchers at the University of Cambridge [27, 74] have shown that it is also possible to
apply chemical looping combustion (CLC) to a solid-fuel source as long as a gasification agent
is included. The gasification agent (e.g. steam) turns the solid carbon to gaseous compounds
(CO and H2) that can then be reacted with the metal oxide. An example of a solid-fuel
source would be a lignite coal11 or lignite char [27, 26]. Lignite coal is not typically used in

11Lignite, or brown coal, is the lowest grade coal with a carbon content in the range 25-35%.
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the UK, instead higher grade coals12 are used to produce electricity. However, a significant
amount of Europe’s energy is generated by burning lignite coals (∼26% of coal burnt) [25].

Carbonate looping is a post-combustion process, similar to the chemical looping process,
whereby calcium oxide (CaO) is used as the metal oxide and the CO2 in the flue gas reacts
to form calcium carbonate (CaCO3) (Figure 2 C). The CO2 is then separated so that the
CO2 can be stored and the CaO can be reused. Carbonate looping has the advantage that it
is cheaper than other metals, but large volumes are required and CLC is thermodynamically
more efficient. Like carbonate looping, amine scrubbing is a post-combustion process of re-
moval of CO2 from flue gases using amines (Figure 2 D). Amines are alkaline organic chemical
compounds containing nitrogen that react with the acidic CO2 in the flue gases, capturing
it. They can then be heated to obtain the pure CO2, and re-used. In this regeneration stage,
between 13 and 20% of the power output of the plant can be lost.

One of the issues with the commercial-scale deployment of CO2-capture technologies
is that of scale. Currently, capture technologies have only been tested on the 1 to 30 MW
range [68]. The outstanding question that may be resolvable during the demonstration phase
of CCS deployment, is whether capture technologies will work on the large scale (300-800
MW range [68]). A commercial-scale post-combustion scrubbing plant would have a larger
footprint than the power station, with a number of different reactors to process the volume
of flue gas generated by the power station. The reactors would not necessarily be able to
be shut down on a timescale commensurate with the timescale for electricity generation of
a power station. This raises questions about whether the power station would have to work
as a base load or be able to be more variable, generating according to demand. Also, whilst
the three parts of the CCS chain (capture, transport and storage) are not new technologies,
they have not been used together in an integrated system. For the commercial deployment
of CCS to occur, these three parts need to be deployed so that they are ready at the same
time. For any one of the components to be delayed and not be operational whilst the other
elements were, would likely incur a large financial penalty and the CCS process may not
succeed in meeting financial targets.

Another issue is the production of waste materials and the potential for environmental
pollution through the CO2 capture process. This is especially important for post-combustion
amine scrubbing as amines are chemically vicious and volatile, and are highly toxic; some
amine is inevitably emitted during CO2 capture. However, all of the capture processes will
produce some waste product. Precombustion chemical looping will produce a large volume
of waste oxygen carrier13. Like the CLC oxygen carriers, amines will also degrade with
continued use and will require periodic replacement. When burning solid fuels, residues such
as char and ash can build up and contaminate the CLC process. Drs. Dennis and Scott are
currently working on methods for the selective oxidation of the metal and not the char.

3.3 The Geological Storage of CO2

CO2 can be stored in a number of geological locations and through a variety of methods.
These include the deep ocean, utilisation of crushed rock, reactive rock formations and un-
derground reservoirs such as depleted oil and gas reservoirs or saline aquifers [3]. CO2 can

12Mainly bituminous coal, with some anthracite, is combusted for electricity in the UK. Bituminous coal is
higher grade than lignite, with a carbon content in the range 60-80%. Anthracite is the highest grade with
about 90% carbon content.

13for example: for each 1 kg of nickle oxide, 0.07 kg of coal will be oxidised. This means that large amounts
of oxide are required to oxidise each batch of fuel. In addition, the reduction and oxidation process used to
separate the CO2 can only happen a limited number of times before the oxide becomes degenerated and needs
replacing.
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also be used in active oil reservoirs for Enhanced Oil Recovery (EOR) where a by-product
is the storage of CO2 in the reservoir. Most of the storage capacity of the UK for CO2 is
provided by proven (depleted oil and gas reservoirs) and unproven (saline aquifers) reservoirs,
predominantly in the North Sea [19] (Figure 3).
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Figure 3: The methods of geological CO2 storage in a saline aquifer or disused oil/gas reser-
voir. CO2 migrates buoyantly upwards through a porous reservoir due to density differences
until it reaches an impermeable cap. Leakage may occur through fractures in the caprock. A
CO2 plume will spread laterally along an impermeable interface and become trapped through
capillary trapping, residual trapping and solubility trapping due to convective dissolution.
Solubility trapping occurs due to the dissolution of CO2 into the brine in a reservoir that
forms a fluid that is more dense. This causes a convective instability at the interface of
the CO2 and brine. Capillary trapping retains CO2 in pore spaces as the CO2 is unable
to overcome the capillary force required to escape the pore space. During brine imbibition
after CO2 injection has ceased, residual trapping occurs as brine re-enters a previously CO2-
saturated region and flows around the CO2 in a pore space, cutting it off from the rest of the
CO2 fluid. CO2 in solution with brine forms carbonic acid which can dissolve carbonate and
silicate minerals in a reservoir. Understanding the kinetics of reactions between the solution
and the reservoir rock has important implications for whether dissolution or precipitation
will be dominant. This balance may control whether a reservoir will eventually leak or gain
a more effective seal. Photograph [40].

Storage in depleted oil and gas reservoirs or saline aquifers can occur at depths greater
than about 750 m, where the injected CO2 exists as a supercritical fluid. Technology used for
compression and injection of CO2 is already used in the oil industry for enhanced recovery [3].
Disused reservoirs and saline aquifers are filled with brines, denser than supercritical CO2.

11

1228



The CO2 rises through the surrounding brine and is trapped by an impermeable cap rock
(structural trapping) in most cases. There are a number of different research groups within
the university working on different aspects of the migration of CO2 within an underground
storage reservoir and its consequent trapping. Researchers at Cambridge University have
shown that the buoyant rise of supercritical CO2 through a porous reservoir occurs much more
quickly than previously expected [5, 6], and is only halted once it reaches an impermeable
interface, along which it spreads laterally [62]. A laterally spreading plume of CO2 within
a reservoir will experience further opportunities to become trapped. Work in Cambridge
is conducted on CO2 migration [56, 62, 38, 39, 65, 67, 69, 79, 80] and trapping in a saline
aquifer; the StatoilHydro project at the Sleipner field in the North Sea [4] is frequently used
as a case study. The various kinds of trapping in saline aquifers being studied are capillary
trapping [38, 39], residual trapping, and solubility trapping through convective dissolution
[1, 42, 61, 64] (Figure 3).

Theoretical analytical and numerical models have been developed by researchers at the
Department of Applied Mathematics and Theoretical Physics and BP Institute to model the
lateral propagation of CO2 within a porous medium along an impermeable interface. The
flow can be modelled as an inverted gravity current driven by the density difference between
the CO2 and the brine. Lyle et al. [62] find that the current spreads axisymmetrically at a
rate of t(α+1)/4 (t1/2 for the case of constant volume flux). The volume of fluid injected is
equal to the flow rate multiplied by time to the power α (V = Q ×tα) so larger values of
α signify increasingly larger injected volumes of CO2. This is supplemented by the work of
Golding and Huppert [38] where topographic trapping in a channel is examined, and Golding
et al. [39] where capillary forces are addressed. Vella and Huppert [79] look at the progression
of CO2 along an inclined impermeable interface and find that for constant volume or constant
flux injections of CO2, the current initially spreads axisymmetrically and at longer times,
spreads down slope. Work has also been carried out on the effect of fractures or leakage
pathways within the impermeable boundary layer, on the propagation of the gravity current
[66, 67, 80] and on the effect of multiple layers [41, 65].

In a porous medium saturated with a brine (e.g. a saline aquifer) into which CO2 is being
pumped, capillary forces exist between the two fluids. Capillary pressures are dependent on
the size distribution of the pore spaces, and their regularity. Capillary forces affect the
amount of CO2 saturation achieved, and the permeability of the porous medium to flow
through it [38, 39], because the CO2 needs to overcome the capillary pressure in order to get
into a pore space. Therefore capillary forces need to be understood to be able to accurately
model the migration of fluids in a reservoir. Capillary forces can also trap CO2 in the pore
spaces.

Residual trapping occurs in reservoirs where CO2 pumping has stopped and brine im-
bibition14 is occuring. Beneath the laterally spreading plume of CO2, the brine begins to
re-enter a previously CO2-saturated region. The brine flows into the pore spaces and will
take the easiest path. Rather than forcing out all of the CO2 in a pore space, the brine may
flow around the CO2 in the centre of the pore space, cutting off that small amount of CO2

from the rest and leaving it trapped in the pore space. Residual trapping is dependent on the
initial CO2 saturation, and this is dependent on reservoir properties (pore-size distribution,
temperature and pressure).

The solubility of CO2 in the brine can be important for understanding the dissolution
or precipitation processes that occur in the reservoir. The dissolution of CO2 into water
within a reservoir forms carbonic acid and reduces the pH of the fluid. The solubility of
CO2 in saline water is pressure-dependent, with greater amounts of CO2 dissolved at higher

14Brine imbibition is the process of reabsorbing brine into the porous medium.
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pressures15. Once CO2 is dissolved into the brine, the CO2-saturated brine becomes more
dense and sinks to the base of the reservoir, thereby trapping the CO2 (solubility trapping).

An important question to answer is whether the reactions between the CO2-brine mixture
will cause the precipitation or dissolution of carbonates or the dissolution of silicates in the
reservoir and, if they occur, the rates of these reactions. Carbonate dissolution occurs more
rapidly than silicate dissolution16 and the dissolution of carbonate minerals releases CO2

and increases the porosity of the reservoir, thereby increasing the storage capacity in the
area of dissolution, but also possibly the risk of CO2 escaping elsewhere. Carbonate deposits
are commonly found in faults and fissures, forming seals. Dissolution of these carbonates
may provide an escape pathway for CO2 [55]. On the other hand, the rapid dissolution of
carbonate in one part of the reservoir may saturate the fluid in calcium (and other cations17

and encourage mineral precipitation elsewhere, reducing permeability in that area.
The dissolution of silicates is associated with the precipitation of clay minerals (e.g.

kaolinite) which may cause an alteration in the permeability in the reservoir, possibly assisting
the trapping of CO2. The porosity-permeability relationship is non-linear with small porosity
changes having a large effect on the permeability. Researchers at the University of Cambridge
are trying to constrain the reaction rates within reservoirs [30, 54, 81]. Reaction rates in
natural systems are sensitive to the temporal variation of the reactive mineral surface, the
porosity and the pH, as well as heterogeneities in mineralogy and fluid chemistry, and hence
reaction rates calculated using an analogue system do not necessarily reflect those of the
natural system.

Major concerns regarding CCS are the risks associated with storage, the possibility of
leakage of CO2 from a reservoir and whether monitoring processes have the resolution to
determine leakages. The injection rate must be limited so that increasing pressure does not
lead to fracturing of the reservoir during injection. If a reservoir is confined, then the build-
up of pressure due to CO2 injection may be a particular concern. However, if the reservoir
is unconfined, an additional concern is the displacement of saline water by CO2, with the
migration of this saline fluid leading to contamination of potable water supplies. Additionally,
explosions due to CO2 build-up (e.g. Crystal geyser) may occur and subsequent accumulation
of dense CO2 in low-lying surface areas is a risk that can have varying consequences depending
on the location of the leak. Ponding of CO2 in low topography poses the greatest threat to
the general population in terms of suffocation hazards (e.g. Lake Nyos).

To be able to detect leakage from a reservoir, effective monitoring of that reservoir needs
to be carried out. Cambridge researchers are using three-dimensional seismic acoustic surveys
to image the CO2 injection into the Sleipner storage reservoir [5, 6]. Boait et al. [5, 6] have
investigated the CO2 plume at intervals, using images of nine discrete CO2-rich layers which
are separated by thin mudstones and capped by a thick reservoir caprock. The imaging shows
that the areal extent of ponded CO2 in the deepest layers has stopped growing through time
and in some cases has decreased in size, whilst the size of the shallower layers has continued
increasing through time [6]. This suggests that the observed shrinkage of the deeper horizons
is reflective of an actual reduction in size of the deeper layers of CO2-rich fluid [6] with the
propagation of CO2 into or around the overlying mudstones [5].

The seismic data, through the calculation of the vertical pushdown of horizons [5], can

15The solubility of CO2 is complicated, and dependent on a number of parameters including temperature,
pressure, water salinity, the state of the reservoir water (e.g. liquid, gas or supercritical phase), and whether
or not there is already any CO2 dissolved. Also, the carbonic-acid species produced (H2CO3, HCO3

− or
CO3

2−) is dependent on the pH of the reservoir, which is spatially and temporally variable depending on the
injection of the CO2.

16The reaction kinetics for the dissolution of silicates is slower than for the dissolution of carbonates
17A cation is an atom that has lost electrons from its outer shell.
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also be used to estimate the amount (mass and volume) and distribution of CO2 stored in
the horizons of the reservoir [10]. The vertical pushdown can be calculated from the differ-
ence in two-way travel times between surveys, from the knowledge of the acoustic velocities
of brine-saturated versus CO2-saturated sandstones. However, volume estimates are not
well constrained; that requires monitoring in observation wells to support the seismic data.
Leakage from an offshore reservoir could be detected using an ocean-bottom array for water
chemistry, and should CO2 be leaking, the water column would become acidic. Monitoring
of offshore reservoirs is more costly than monitoring reservoirs onshore; monitoring can be
carried out more extensively onshore than offshore for a given cost and leakage is more likely
to be detected.

4 Barriers to Deployment

There are some key challenges facing the deployment of CCS. One of the most significant
barriers to deployment is cost. In developed nations technology deployment is somewhat
difficult due to cost, although additional energy expenses are economically feasible for the
customer base. However in developing nations where a large percentage of the population do
not have access to mains electricity18, the cost of deploying CCS could be prohibitive. The
problem of CO2 emissions and climate change is a global one, needing a global solution. If
the answer is CCS, then it needs to be cheaper. There are some ways of achieving this, for
example, ensuring that the storage sites for the captured CO2 are close to the sites where the
CO2 is generated, improvements in combustion and power-generation technologies, such as
those being developed at Cambridge University, so that the capture of CO2 is more efficient
with reduced energy penalties.

Another barrier is that of scale. Capture technologies have not been tested at the scale
that would be required to retrofit a currently active, coal-fired power station (300-800 MW
range [68]). The different parts of the CCS chain have not yet been used together in an
integrated system, but this is required for deployment, otherwise heavy financial penalties
may be incurred. The uncertainty surrounding CCS deployment is also a major challenge
and is perceived to be mainly due to costs and liabilities should a storage reservoir leak CO2.
The CCS Directive (2009/31/EC) specifies that a leakage is ’any release of CO2 from the
storage complex’ which is the ’storage site and surrounding domain’, and corrective measures
must be taken if any leakage occurs. This places a financial burden on the operator until the
liability is passed to the competent authority. The timescale for the transferral of liability in
the UK has not been set, although Directive 2009/31/EC stipulates that it must be greater
than 20 years unless evidence is supplied to indicate that the CO2 has been permanently
contained. The right regulatory framework needs to be set so that the financial burden
placed on operators of storage sites is not prohibitive, but that negative environmental and
health impacts due to leakages are minimised. The key is to generate the right market
conditions in order to allow the technology to be deployed and remain viable, and to take a
realistic view on the risks of leakage from storage versus the risks of not deploying CCS in
the first place.

Lastly, the public communication of CCS is vital for commercial deployment. Previous
projects have failed on the strength of public opposition with shortcomings in communication
often to blame [36]. Early communication between project developers, stakeholders and the
public, is important if a CCS project is to succeed [13].

18In 2009, 19.5% of the world’s population did not have access to mains electricity with 99.8% of these
people living in developing nations [47]. China has 99.4% electrification, India has 75% [47].
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4.1 Cost

There are a number of components in the CCS chain with varying costs (Figure 4). The
largest cost associated with the deployment of CCS technology is the cost of capturing
CO2 [48, 21, 83]. There is, however, a popular belief that the costs associated with CO2

capture will decrease with time [48]. Technological developments may add to a reduction in
the cost of CCS, although more efficient equipment does not always corellate with a lower
cost. However, there are certain areas which will need to be investigated further, where
technological advances, optimisation and economies of scale may lead to reduced costs.
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Figure 4: One of the most significant barriers to deployment is cost. A) Additional costs
due to CO2 capture, storage, monitoring and transport in 2013 and predictions of future
costs. Capture costs are dependent on the type of power plant. Anticipated storage costs
and dependent on the type of storage reservoir and the characteristics of the reservoir. B)
Predicted costs to 2040. The Carbon Price Floor (CPF) will provide revenue and will cost
£30 tCO2

−1 in 2020 having followed a linear path of price increase [43]. It is predicted to rise
to £70 tCO2

−1 by 2030 [15]. The CPF is designed as an incentive to encourage investment
in low-carbon generation.

The cost of transport will include the costs of construction, maintenance and operation, as
well as other costs such as design and insurance [48]. The cost of constructing and maintaining
offshore pipelines is between 40 and 70% more than onshore pipelines, and it is not expected
that the costs associated with transport will decrease over time [21, 48]. The transport of
CO2 by ship is cost-competitive if the distances are large [48]. The cost of transportation
by ship is estimated at £11.7 and £12.9 per MtCO2 at the demonstration scale (2.5 MtCO2

per year) and £9.7 and £10.6 per MtCO2 at the commercial scale (20 MtCO2 per year) for
distances of 180 km and 500 km respectively [21, 83].

Storage costs are affected by whether the intended storage reservoir is on or offshore and
the characteristics of the reservoir, for example the depth, permeability and thickness [48]
Estimates of storage costs are included in Figure 4 [21, 83]. The cost of drilling a well is a
large part of the capital investment required for storage reservoirs where there has been no
previous industry (for example saline aquifers) [48]. The cost of assessing and characterising
a reservoir, studying the feasibility and obtaining the correct licensing will also need to be
included; these costs are estimated at £1.08 million19 [7, 48]. The U.K.’s storage capacity is

19Converted from a published estimate using a conversion factor of US$1=£0.642.
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composed of offshore disused oil and gas reservoirs and saline aquifers.
There is a large amount of uncertainty regarding the costs of deployment of CCS. Some of

these costs are introduced by the unknown time of availability of storage sites. For example,
it may be unknown when a hydrocarbon reservoir will become available for storage as the
date for the end of the production of the hydrocarbons may be unknown [20]. In addition,
there is a wide range in the estimates made of the cost to deploy CCS on a large scale. There
are site-specific issues (for example the transportation distance) that cause the deployment
estimates to vary. Cambridge University research on trapping mechanisms within potential
storage reservoirs will be an essential guide to field tests of CCS and the assessment of costs.

5 Conclusions

This document has outlined the key challenges that face the deployment of CCS in the UK,
along with the ongoing research at the University of Cambridge that is resolving some of
these challenges. Research into CO2 capture has yielded progress in developing new capture
technologies with greater energy efficiencies (for example pre-combustion chemical looping
technology using a solid fuel [11, 25, 26, 73, 74, 75]). Continued testing of these technologies
will lead to better prospects for their commercial deployment.

CO2 storage research has focussed on understanding the physical processes of the mi-
gration of CO2 within a porous reservoir through geophysical observations [5, 6] as well as
analytical and numerical modelling [62, 79]. The Sleipner Field in the North Sea has been
used as a field area for the study of CO2 propagation [4, 5, 6]. This, in combination with
analogue experimental modelling [38, 39, 41, 56, 62, 69], has lead to a better knowledge of
the different trapping processes that could occur within the reservoir [1, 38, 39, 42, 64], the
rate of migration of CO2 within a reservoir [38, 39, 62, 66, 67, 69, 80] and the risk of CO2

leakage [66, 67, 80]. Axisymmetric gravity currents have been found to spread laterally at a
rate of t1/2 for a general case before capillary forces or non-horizontal interfaces are consid-
ered. Research has also been conducted into the reaction kinetics of geochemical processes
occuring in a reservoir using natural analogue sites where CO2 is leaking from underground
reservoirs [30, 54, 55, 81], leading to an enhanced knowledge of the long term effects of CO2

storage. Carbonate dissolution occurs more rapidly than silicate dissolution. The dissolution
of carbonate minerals may increase the porosity of the reservoir locally, but increase the risk
of CO2 escaping elsewhere.

Sending a clear and scientifically grounded assessment of the risks associated with long-
term CO2 burial is vital for commercial deployment, as is the public communication of CCS
technologies. Research into the financing, economics and policy of CCS, and the public
communication of CCS technologies, has found that CCS technologies are currently not well
known or understood by the public and that there are gaps in the types of information that
are available and in the types of institutions actively providing information on CCS.

The body of research being accumulated at the University of Cambridge is helping to
decrease uncertainty in CCS, increasing the likelihood of commercial deployment of CCS.
As large-scale demonstration projects come closer to fruition, what remains to be done is to
continue to drive the cost of CCS down through the introduction of improvements to tech-
nologies, especially in the case of CO2 capture, through better understanding of the physics
and chemistry of storage, and to continue to increase public awareness of CCS and the role
it can play in a greener future.

Acknowledgements
K. A. Daniels would like to acknowledge an EPSRC Bridging the Gaps grant. JAN is funded by

16

1228



a Royal Society University Research Fellowship. A. Al-Tabbaa, M. J. Bickle, F. C. Boait, S. S. S.
Cardoso, J. S. Dennis, B. Dubacq, M. J. Golding, D. R. Hewitt, N. Kampman, J. P. B. Lovell, D.
M. Newbery, S. A. Scott and A. W. Woods are all thanked for their assistance and useful discussion.
This manuscript has benefitted from the constructive comments and suggestions of J. P. B. Lovell.

References

[1] Andres, J. T. H., Cardoso, S. S. S., 2011. Onset of convection in a porous medium in the presence
of chemical reaction. Physical Review E 046312.

[2] Baines, S. J., Worden, R. H., 2004. Geological storage of carbon dioxide in Geological Storage
of Carbon Dioxide, (Baines, S. J., and Worden, R. H., editors). Geological Society of London
Special Publication 233, 1 – 6.

[3] Bickle, M. J., 2009. Geological carbon storage. Nature Geoscience 2, 815 – 818.

[4] Bickle, M. J., Chadwick, A., Huppert, H. E., Hallworth, M., Lyle, S., 2009. Modelling carbon
dioxide accumulation at Sleipner: Implications for underground carbon storage. Nature Geo-
science 2, 815 – 818.

[5] Boait, F., White, N., Bickle, M. J., Chadwick, R. A., Neufeld, J. A., Huppert, H. E., 2012. Spatial
and temporal evolution of injected CO2 at the Sleipner Field, North Sea. Journal of Geophysical
Research 117 (B03309), 21.

[6] Boait, F., White, N., Chadwick, A., Noy, D., Bickle, M., 2011. Layer spreading and dimming
within the CO2 plume at the Sleipner Field in the North Sea. Energy Procedia 4, 3254 – 3261.

[7] Bock, B., Rhudy, R., Herzog, H., Klett, M., Davidson, J., De la Torre Ugarte, D., Simbeck, D.,
2003. Economic evaluation of CO2 Storage and Sink Options. DOE Research Report (DE-FC26-
00NT40937).

[8] BP, 2012. BP Global website, Sustainability, Climate Change, Our Program of Action on Climate
Change.
URL http://www.bp.com/

[9] CCS Association, 2011. A Strategy for CCS in the UK and Beyond.

[10] Chadwick, R. A., Arts, R., Eiken, O., 2005. 4D seismic quantification of a growing CO2 plume
at Sleipner, North Sea, in, Petroleum Geology: North-West Europe and Global Perspectives:
Proceedings of the 6th Petroleum Geology Conference held at the Queen Elizabeth Conference
Centre, London, 6-9 October 2003, (Dore, A. G., and Vining, B. A., editors). Geological Society
of London, 1385 – 1399.

[11] Chuang, S. Y., Dennis, J. S., Hayhurst, A. N., Scott, S. A., 2008. Development and performance
of Cu-based oxygen carriers for chemical-looping combustion. Combustion and Flame 154, 109 –
121.

[12] Committee on Climate Change, 2012. The Committee on Climate Change website.
URL http://www.theccc.org.uk

[13] Corry, O., Reiner, D., 2011. Evaluating global Carbon Capture and Storage (CCS) communica-
tion materials: A survey of global CCS communications. University of Cambridge Judge Business
School, A report for CSIRO Work Package 1.

[14] DECC, 2011a. Digest of UK Energy Statistics (DUKES) Chapter 1: Energy.

[15] DECC, 2011b. Planning our electric future: a White Paper for secure, affordable and low-carbon
electricity.

[16] DECC, 2011c. The Carbon Plan: Delivering our low carbon future.

17

1228



[17] DECC, 2012a. UK emissions statistics, 2010 final UK figures.

[18] DECC, 2012b. Annual Statement of Emissions for 2010.

[19] DECC, 2012c. CCS Roadmap Supporting deployment of Carbon Capture and Storage in the UK .

[20] DECC, 2012d. CCS Roadmap Storage Strategy .

[21] DECC, 2012e. Potential cost reductions in CCS in the power sector Discussion paper .

[22] DECC, 2012f. Carbon Budgets.
URL http://www.decc.gov.uk/en/content/cms/emissions/carbon budgets/carbon

budgets.aspx

[23] DECC, 2012g. 2050 Pathways Calculator.
URL http://2050-calculator-tool.decc.gov.uk/

[24] DECC, 2012h. The Climate Change Act 2008 Summary.
URL http://www.decc.gov.uk/en/content/cms/legislation/cc act 08/cc act 08 .aspx

[25] Dennis, J. S., Muller, C. R., Scott, S. A., 2010. In situ gasification and CO2 separation using
chemical looping with a Cu-based oxygen carrier: Performance with bituminous coals. Fuel 89,
2353 – 2364.

[26] Dennis, J. S., Scott, S. A., 2010. In situ gasification of a lignite coal and CO2 separation using
chemical looping with a Cu-based oxygen carrier. Fuel 89, 1623 – 1640.

[27] Dennis, J. S., Scott, S. A., Hayhurst, A. N., 2006. In situ gasification of coal using steam with
chemical looping: a technique for isolating CO2 from burning a solid fuel. Journal of the Energy
Institute 79 (3), 187 – 190.

[28] Druckenmiller, M. L., Maroto-Valer, M. M., 2005. Carbon sequestration using brine of adjusted
pH to form mineral carbonates. Fuel Processing Technology 86 (14 – 15), 1599 – 1614.

[29] Druckenmiller, M. L., Maroto-Valer, M. M., Hill, M., 2006. Investigation of carbon sequestration
via induced calcite formation in natural gas well brine. Energy and Fuel 20 (1), 172 – 179.

[30] Dubacq, B., Bickle, M. J., Wigley, M., Kampman, N., Ballentine, C. J., Sherwood Lollar, B.,
2012. Noble gas and carbon isotopic evidence for CO2-driven silicate dissolution in a recent
natural CO2 field. Earth and Planetary Science Letters (doi: 10.1016/j.epsl.2012.05.040).

[31] Ecotrade, 2012. Historical Carbon Price, Ecotrade website.
URL http://www.ecotrade.pt/?m=201206&cat=10&lang=en

[32] Eurobarometer, 2011. Special Eurobarometer 364: Public Awareness and Acceptance of CO2

capture and storage.

[33] European Commission, 2009. EU Directive 2009/31/EC The CCS Directive.

[34] European Commission, 2012a. CCS Directive website.
URL http://ec.europa.eu/clima/policies/lowcarbon/ccs/direct- ive/index en.htm

[35] European Commission, 2012b. Emissions Trading System (EU ETS).
URL ec.europa.eu/clima/policies/ets/index en.htm

[36] Feenstra, C. F. J., Mikunda, T., Brunsting, S., 2010. What happened in Barendrecht? Case
study on the planned onshore carbon dioxide storage in Barendrecht, the Netherlands. Global
CCS Institute, Energy research Centre of the Netherlands.

[37] GCCSI, 2011. The Global Status of CCS: 2010.

18

1228



[38] Golding, M. J., Huppert, H. E., 2010. The effect of confining impermeable boundaries on gravity
currents in a porous medium. Journal of Fluid Mechanics 649, 1 – 17.

[39] Golding, M. J., Neufeld, J. A., Hesse, M. A., Huppert, H. E., 2011. Two-phase gravity currents
in porous media. Journal of Fluid Mechanics 678, 248 – 770.

[40] Hesse, M. A., Orr Jr., F. M., Tchelepi, H. A., 2008. Gravity currents with residual trapping.
Journal of Fluid Mechanics 611, 35 – 60.

[41] Hesse, M. A., Woods, A. W., 2010. Buoyant dispersal of CO2 during geological storage. Geo-
physical Research Letters 37 (L01403, doi:10.1029/2009GL041128).

[42] Hewitt, D., Neufeld, J. A., Lister, J. R., 2012. Ultimate Regime of High Rayleigh Number
Convection in a Porous Medium. Physical Review Letters 108 (224503).

[43] HM Treasury, 2011. Budget 2011.

[44] International Energy Agency, 2004. The prospects for CO2 Capture and Storage.

[45] International Energy Agency, 2011a. Technology Roadmap: Carbon Capture and Storage.

[46] International Energy Agency, 2011b. Carbon Capture and Storage: Legal and Regulatory Review
Edition 2.

[47] International Energy Agency, 2011c. World Energy Outlook, Access to Electricity Database.
URL http://www.iea.org/weo/electricity.asp

[48] IPCC, 2005. IPCC Special Report: Carbon Dioxide Capture and Storage.

[49] IPCC, 2011. IPCC Fourth Assessment Report: Climate Change 2007.

[50] IPCC, 2012. The Intergovernmental Panel on Climate Change website.
URL http://www.ipcc.ch/

[51] Iyengar, S., Al-Tabbaa, A., 2007. Developmental studies on a low pH magnesium phosphate
cement for environmental applications. Environmental Technology 28, 1387 – 1401.

[52] Johnson, T. L., Keith, D. W., 2004. Fossil electricity and CO2 sequestration: How natural gas
prices, initial conditions and retrofits determine the cost of controlling CO2 emissions. Energy
Policy 32, 367 – 382.

[53] Johnsson, F., Reiner, D., Itaoka, K., Herzog, H., 2009. Stakeholder attitudes on carbon capture
and storage - an international comparison. Energy Procedia 1, 4819 – 4826.

[54] Kampman, N., Bickle, M., Becker, J., Assayag, N., Chapman, H. J., 2009. Feldspar dissolution
kinetics and Gibbs free energy dependence in a CO2-enriched groundwater system, Green River,
Utah. Earth and Planetary Science Letters 284, 473 – 488.

[55] Kampman, N., Burnside, N. M., Shipton, Z. K., Chapman, H. J., Nicholl, J. A., Ellam, R. M.,
Bickle, M. J., 2012. Pulses of carbon dioxidie emissions from intracrustal faults following climatic
warming in an exhumed natural CO2 reservoir, Green River Utah. Nature Geoscience 5, 352 –
358.

[56] Leahy, M. J., Ennis-King, J., Hammond, J., Huppert, H. E., Neufeld, J. A., 2009. Application
of gravity currents to the migration of CO2 in heterogeneous saline formations. Energy Procedia
1, 3331 – 3338.

[57] Liang, X., Reiner, D., Li, J., 2011. Perceptions of opinion leaders towards CCS demonstration
projects in China. Applied Energy 88 (5), 1873 – 1885.

19

1228



[58] Liska, M., Al-Tabbaa, A., Carter, K., Fifield, J., 2012a. Scaled-up commercial production of
reactive magnesia cement pressed masonry units. Part I: Production process. ICE Construction
Materials.

[59] Liska, M., Al-Tabbaa, A., Carter, K., Fifield, J., 2012b. Scaled-up commercial production of
reactive magnesia cement pressed masonry units. Part II: Performance of the commercial blocks.
ICE Construction Materials.

[60] Liu, W., Dennis, J. S., Sultan, D. S., Redfern, S. A. T., Scott, S. A., 2012. An investigation of
the kinetics of CO2 uptake by a synthetic calcium based sorbent. Chemical Engineering Science
69, 644 – 658.

[61] Lopes, J. P., Cardoso, S. S. S., Rodrigues, A. E., 2009. Convection, Diffusion, and Exothermic
Zero-Order Reaction in a Porous Catalyst Slab: Scaling and Perturbation Analysis. American
Institute of Chemical Engineers Journal 55 (10), 2686 – 2699.

[62] Lyle, S., Huppert, H. E., Hallworth, M., Bickle, M., Chadwick, A., 2005. Axisymmetric gravity
currents in a porous medium. Journal of Fluid Mechanics 543, 293 – 302.

[63] McFarland, J. R., Reilly, J. M., Herzog, H. J., 2004. Representing energy technologies in top-down
economic models using bottom-up information. Energy Economics 26, 685 – 707.

[64] Neufeld, J. A., Hesse, M. A., Riaz, A., Hallworth, M. A., Tchelepi, H. A., Huppert, H. E.,
2010. Convective dissolution of carbon dioxide in saline aquifers. Geophysical Research Letters
37 (L22404).

[65] Neufeld, J. A., Huppert, H. E., 2009. Modelling carbon dioxide sequestration in layered strata.
Journal of Fluid Mechanics 625, 353 – 370.

[66] Neufeld, J. A., Vella, D., Huppert, H. E., 2009. The effect of a fissure on storage in a porous
medium. Journal of Fluid Mechanics 639, 239 – 259.

[67] Neufeld, J. A., Vella, D., Huppert, H. E., Lister, J. R., 2011. Leakage from gravity currents in a
porous medium. Part I. A localized sink. Journal of Fluid Mechanics 666, 391 – 413.

[68] Newbery, D., Reiner, D., Jamasb, T., Steinberg, R., Toxvaerd, F., Noel, P., 2009. Carbon Capture
and Storage (CCS) Analysis of Incentives and Rules in a European Repeated Game Situation.
Electricity Policy Research Group, University of Cambridge 09D/676.

[69] Pritchard, D., Woods, A. W., Hogg, A. J., 2001. On the slow draining of a gravity current
through a layered permeable medium. Journal of Fluid Mechanics 444, 23 – 47.

[70] Reiner, D., 2011. Learning lessons on carbon storage. Nature Climate Change 1, 96 – 98.

[71] Reiner, D., Liang, X., 2012. Stakeholder Views on Financing Carbon Capture and Storage
Demonstration Projects in China. Environmental Science and Technology 46, 643 – 651.

[72] Reiner, D., Riesch, H., Chyong, C. K., Brunsting, S., de Best-Waldhober, M., Duetschke, E.,
Oltra, C., Lis, A., Desbarats, J., Pol, M., Breukers, S., Upham, P., Mander, S., 2011. NearCO2
WP 2 Opinion shaping factors towards CCS and local CCS projects: Public and stakeholder
survey and focus groups. University of Cambridge Judge Business School, pp. 204.

[73] Scott, S. A., Davidson, J. F., Dennis, J. S., Fennell, P. S., Hayhurst, A. N., 2005. The rate of
gasification by CO2 of chars from waste. Proceedings of the Combustion Institute 30, 2151 –
2159.

[74] Scott, S. A., Dennis, J. S., Hayhurst, A. N., Brown, T., 2006. In situ gasification of a solid fuel
and CO2 separation using chemical looping. American Institute of Chemical Engineers Journal
52 (9), 3325 – 3328.

20

1228



[75] Sim, C. Y., Brown, T., Chen, Q., Sharifi, V., Swithenbank, J., Dennis, J., Scott, S., 2012. Particle
characterisation in chemical looping combustion. Chemical Engineering Science 69, 211 – 224.

[76] Styring, P., Jansen, D., de Coninck, H., Reith, H., Armstrong, K., 2011. Carbon Capture and
Utilisation in the Green Economy: Using CO2 to manufacture fuel, chemicals and materials. The
Centre for Low Carbon Futures 2011, Report Number 501.

[77] Vandeperre, L. J., Al-Tabbaa, A., 2007. Accelerated carbonation of reactive MgO cements. Ad-
vances in Cement Research (19), 67 – 80.

[78] Vandeperre, L. J., Liska, M., Al-Tabbaa, A., 2008. Microstructures of reactive magnesia cement
blends. Cement Concrete Comp. (30), 706 – 714.

[79] Vella, D., Huppert, H. E., 2006. Gravity currents in a porous medium at an inclined plane.
Journal of Fluid Mechanics 555, 353 – 362.

[80] Vella, D., Neufeld, J. A., Huppert, H. E., Lister, J. R., 2011. Leakage from gravity currents in a
porous medium. Part II. A linear sink. Journal of Fluid Mechanics 666, 414 – 427.

[81] Wigley, M., Kampman, N., Dubacq, B., Bickle, M., 2012. Fluid-mineral reactions and trace metal
remobilisation in an exhumed natural CO2 reservoir, Green River Utah. Geology 40, 555–558.

[82] Wise, M. A., Dooley, J. J., 2004. Baseload peaking economics and the resulting adoption of a
carbon dioxide capture and storage system for electric power plants in Proceedings of the 7th

International Conference on Greenhouse Gas Control Technologies, (Rubin, E. S., Keith, D. W.,
and Gilboy, C. F., (editors)). Volume 1: Peer-reviewed papers and plenary presentations, IEA
Greenhouse Gas Programme, Cheltenham, UK.

[83] Zero Emissions Platform, 2011. The Costs of CO2 Capture, Transport and Storage Post-
demonstration CCS in the EU .

21

1228


	1228 Abstract
	1228 Full



