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“S
equestration is difficult, but if we don’t
have sequestration, I see very little hope
for the world.” Strong words from Lord
Oxburgh, geologist and non-executive
chairman of the UK arm of petroleum
giant Shell, speaking to the Guardian in

June of this year.
Growing concern around the possible threat of climate

change – induced by carbon dioxide emissions from fossil
fuel combustion – has brought a raft of potential solutions,
many of which involve carbon sequestration. But does this
technology really provide an answer to the world’s
emission issues?

According to Ron Oxburgh, yes. “No one can be
comfortable at the prospect of continuing to pump out the
amounts of carbon dioxide we are at present,” he says. “I
believe that the solution is sequestration.”

So, what is it and why is it difficult? Carbon dioxide
sequestration is the capture of carbon dioxide gas – before
it enters the atmosphere – and its storage in geological
formations or marine waters. For any such project, there
are three phases: capture, transportation and injecting the
carbon dioxide into storage reservoirs.

Looking at the first step, carbon dioxide emissions from
power plants can be captured prior to, or after, fuel
combustion (see Power Engineer, April/May 2003, p12). ‘Pre-
combustion capture’ involves reacting the fuel with oxygen
and/or steam to produce carbon monoxide and hydrogen.
The carbon monoxide is reacted with steam in a catalytic
reactor to give carbon dioxide and more hydrogen.

The carbon dioxide is then separated and the hydrogen

used as fuel in a gas turbine combined cycle plant. Indeed,
the process is, in principle, the same for coal, oil or
natural gas.

Alternatively, carbon dioxide emissions can be captured
after fuel combustion by taking the flue gases and separating
them into the constituent parts, nitrogen, oxygen, water
vapour, and of course carbon dioxide. This is a necessary –
while costly – step, as storing all flue emissions underground
would require huge amounts of energy to compress the gas
as well as excessive storage space.

Once captured, the carbon dioxide has to be transported
to its place of storage. If underground – in a geological
reservoir – the carbon dioxide will be transported as a
supercritical or dense phase fluid, most likely via pipeline.
Shipping is only economically competitive with pipeline
transport over distances greater than 1000km.

But before industry can proceed seriously with carbon
dioxide capture and storage, infrastructure needs to be built
(fig 1). Pipeline grids, such as those used for natural gas
distribution, will have to be built to provide flexible
operations and economies of scale. And, to this end,
developments are already underway in Europe to establish
such an infrastructure.

In the North Sea, a project called CENS – carbon dioxide
for enhanced oil recovery (EOR) in the North Sea – is being
pioneered by Danish energy company, ELSAM, and US
energy transport and storage business, Kinder Morgan. The
project  is looking to establish a network of carbon dioxide
pipelines linking power plants in Denmark, Norway and
the UK to offshore oil fields.

Once complete, the pipeline network will comprise
1500km of offshore carbon dioxide pipelines and 900km
of onshore pipelines across Denmark and the UK. Ten
power plants connected to 12 oil fields will supply 700
million tonnes of carbon dioxide over the eight year life
of the project. Clearly, plans for economical transportation
are underway, but what about storage?

The most scientifically advanced option to date is the
storage of liquid carbon dioxide in terrestrial geological
formations. Examples include depleted and disused oil
and gas fields, deep saline aquifers and coal seams that
are no longer practical or economic to mine.

But are there enough of these formations to cope with
the massive volumes of liquid carbon dioxide that would
need to be stored? The International Energy Agency (IEA)
has already calculated the global storage capacity of the
main types of geological storage reservoirs.

These results have been compared with estimates of
the total amount of carbon dioxide that would have to be
sequestered between 2000 and 2050 according to a
‘business as usual’ scenario from the Intergovernmental
Panel on Climate Change (IPCC) (see table 1). The
storage capacities are based on an assumption of ➔
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theoretical. However, detailed analysis of the practical
storage capacity that can be achieved is currently underway,
on a worldwide scale. Key countries involved include
Australia, Canada, Japan, north-west Europe (mainly
Denmark, Norway and UK) and the US.

Examples of projects include the ‘saline aquifer carbon
dioxide storage studies’, SACS and SACS 2 (fig 2). Here, one
million tonnes of carbon dioxide are being injected into the
Sleipner field in the Norwegian North Sea per year. The
behaviour of the carbon dioxide is being monitored, giving
useful data on transport rates, geophysical properties as
well as potential leakage and sealing mechanisms.

At the Weyburn oil field in Canada, several groups are
monitoring the transport and geochemical interactions of
carbon dioxide that is being used for enhanced oil recovery
(EOR). Meanwhile, in Poland, a large-scale demonstration
project of carbon dioxide sequestration combined with coal-
bed methane recovery in a coalfield is taking place. This
project is known as ‘Reduction of CO2 emissions by means
of CO2 storage in coal seams in the Silesian coal basin of
Poland’ (Recopol).

A UK project called Grace is developing technologies that
will achieve a step-change in the cost and performance of
capture and separation of carbon dioxide. The chief aim is
to develop technologies that will capture 50% of the present
carbon dioxide emissions from a power station, refinery and
petrochemical complex at 50% of the cost of applying
current technology.

LEAKAGE ISSUES
Gas leakage is a key concern for the storage of carbon
dioxide in geological formations, (see Power Engineer,
April/May 2003, p16). Indeed, a large-scale release of carbon
dioxide gas could lead to many human and livestock deaths.

The likelihood of leakage depends upon the cap-rock
integrity at the storage site and the security of well-capping
methods. The extent to which carbon dioxide is trapped,
either through solubility or by reaction with formation
minerals to form carbonates is another factor. In addition,
it is possible that the reaction of carbon dioxide with
reservoir minerals could affect the permeability and
porosity of the geological formation.
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Fig1: For sequestration to be
feasible, industry needs to plan
and build a new infrastructure of
pipelines for carbon dioxide
transportation. 

injection costs of up to $20/tonne of carbon dioxide
stored.

These capacity estimates first demonstrate that
geological storage of carbon dioxide can have a substantial
impact. Looking more closely, deep saline aquifers offer
considerable potential, although there is a wide variation
in the estimates of how large this might be.

Depleted oil and gas fields also have significant storage
potential, capable of accepting an estimated 40% of the
carbon dioxide that needs to be stored. Meanwhile, the
storage of carbon dioxide in deep non-viable coal seams
will not have a globally significant impact. However, there
could be regional niche opportunities for coal seam
sequestration.

Clearly these global storage potentials are still
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To gauge the impact of a carbon dioxide gas leak we
can  look at past leaks from natural carbon dioxide
reservoirs. One such incident took place at the volcano,
‘Mammoth Mountain’, California, US. Here an unexpected
gas leak led to human asphyxia followed by large numbers
of trees dying as a result of high soil carbon dioxide
concentrations.

Carbon dioxide sequestration could also affect sub-soil
ecosystems, although this issue has yet to receive any real
attention. Very little work has been carried out on deep sub-
soil microbial communities and possible wider ecological
interactions, so the consequences of carbon dioxide storage
on these ecosystems are largely unknown.

But, aside from possible undesirable impacts, what about
cost; is sequestration actually affordable? 

The IEA reports that more than 75% of the costs of
geologic sequestration will come from processes other than
storage. So this leaves separation and capture, compression
and transportation of the carbon dioxide.

The agency estimates that, if capture is used to
minimise carbon dioxide emissions from power plants,
it would add 1.5 US cents/kWh to the cost of generating
electricity. What’s more, generating efficiency would be
reduced by 10-15%, assuming current technology.
Figures would be expected to improve following
significant take-up of sequestration and technology
improvements.

Meanwhile, the 2003 UK Energy White Paper estimated

that the cost of sequestration from combined cycle gas
turbines will be in the range £100-120 per tonne of carbon
and the cost of sequestration from coal-fired power plants
will be £230-500 per tonne of carbon.

Clearly, in monetary terms, sequestration is not
cheap, but optimising the geological sequestration
system can cut net costs. For example, the cost of
sequestration can be offset through value-added benefits,
such as enhanced oil recovery (EOR). Carbon dioxide
transportation and compression costs could also be cut
by identifying sequestration sites close to the carbon
dioxide generator.

Capturing carbon dioxide from conventional coal-fired
power plants is also very expensive due to dilution and
required pretreatment of the flue gas. However, gas
separation costs can be reduced by increasing the
concentration of carbon dioxide in the flue gas, which is
achieved by increasing the oxygen content in the feed gas
and the re-circulating part of the flue gas. Indeed, coal
combustion at higher oxygen concentrations not only
reduces the cost of carbon dioxide separation in the flue ➔

Fig 2: SACS –
Injection of
Sleipner, into the
‘Utsira’ saline
formation under
the North Sea.
Monitoring
partially financed
by the EC

Table 1: Estimate of storage capacities for different geological traps

Storage Option Global capacity

(Gt carbon % of total 
dioxide) emissions to 2050

Depleted gas fields 690 34
Depleted oil fields 120 6
Deep saline aquifers 400 – 10,000 20 – 500
Non-viable coal seams 40 2

FUTUREGEN: US POLLUTION-FREE POWER
“Today I am pleased to announce that the United States will sponsor a $1bn, 10-year demonstration project to create
the word’s first coal-based, zero emissions electricity and hydrogen power plant.” And so US President George Bush
presented ‘FutureGen’.

Launched in Februrary 2003, FutureGen aims to build the world’s first integrated sequestration and hydrogen
production research power plant. Operating with zero-carbon dioxide emissions, the prototype plant will be used to
establish the technical and economic feasibility of producing electricity and hydrogen from coal, while capturing and
sequestering the carbon dioxide generated in the process. The project will employ coal gasification technology integrated
with combined cycle electricity generation and the sequestration of carbon dioxide emissions. 

Led by an industrial consortium from the coal and power industries, participants hope that, once operational, the
project will generate revenue streams from the sale of electricity, hydrogen and carbon dioxide.
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gas but also cuts the volume of inert gas, increasing boiler
thermal efficiency.

Rather than storing carbon dioxide in geological
formations, why not use the world’s oceans? Indeed, ocean
sequestration has already been considered as an
alternative.

Liquid carbon dioxide can be introduced to the oceans
for storage from a fixed or towed pipeline into mid-ocean
waters (fig 3). It is then discharged onto the seabed from a
fixed platform. The liquid gas is not contained and therefore
will dissolve and ultimately re-enter the carbon cycle.

Most research has concentrated on introducing carbon
dioxide into the oceans by pipeline. Discharging gas in
water depths of less than 500m will lead to bubble plumes
that dissolve in the seawater and become trapped below the
ocean thermocline for around 50 years. If the liquid gas is
discharged at depths between 500 and 3000m, the carbon
dioxide will float as a droplet plume.

If carbon dioxide is introduced to deeper waters it
behaves differently. When injected at depths of more than
3000m, the carbon dioxide forms a dense liquid plume
that will settle as a lake of liquid carbon dioxide on the
seabed. This ‘lake’ will be bound by an ice-like solid
compound known as clathrate that prevents the carbon
dioxide from dissolving quickly. Indeed, a 58.4Mt pool of
carbon dioxide is estimated to take 240 years to dissolve
in deep waters.

The key problem with ocean storage is that the science
is not yet fully understood. To make matters worse, there is
only limited knowledge regarding the understanding of the
associated ecosystems in deep marine environments.
Clearly this is a major hindrance when trying to accurately
predict the potential impacts of carbon dioxide storage in
such an environment.

However, a more immediate stumbling block rests
within lingering legal issues. Two major international
conventions, the 1992 Framework Convention on Climate

Change (FCCC) and the 1972 London Dumping Convention,
contradict each other regarding the potential use of the
ocean as a disposal area for carbon dioxide.

The FCCC encourages the development of the ocean as
a repository to store carbon dioxide. However, the London
Convention prevents the dumping of waste into and under
the seas without a permit (fig 4). In addition to this, both the
UN Convention on the Law of the Sea (UNCLOS) and the
Paris Convention are ambiguous regarding carbon
sequestration in the oceans.

LOOKING TO THE FUTURE
Given the slow progress of ocean sequestration, the crucial
questions surrounding geological sequestration are over
how much emitted carbon dioxide can be effectively stored
and at what cost. At present, answers to these questions are
not available, but much work is in progress.

Widespread sequestration studies across North America
and Europe mean that these regions are likely to be used for
carbon dioxide capture and storage at an early stage (see
‘FutureGen’ box on previous page). To date, only limited
research into capture and storage in South East Asia and
the Indian subcontinent has taken place. In addition,
matching emission sources with geological storage sites is
a crucial first step to evaluating the need for new carbon
dioxide pipeline networks.

The European Union is focusing on cutting the imple-
mentation costs of sequestration. Indeed, the key to further
development will be the balance between implementation
costs – taking into account available subsidies – and the cost
of alternatives to avoiding carbon dioxide emissions.

This cost balance will in part depend upon the value
placed on the emissions. We can only wait and see if the
Emission Trading Scheme – due to start in 2005 – will
provide a mechanism to take care of this. �

David Flin is a freelance energy consultant based in London
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Fig 4: Ocean sequestration is limited by the London
Convention, which restricts dumping waste into the sea
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[Credit: Europa]
Fig 3: Ocean sequestration involves discharging gas beneath
the surface via a pipeline

024-028_PE_OctNov04_EG  10/8/04  1:24 PM  Page 30


