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International Energy Agency 
The International Energy Agency (IEA) was established in 1974 within 
the framework of the Organisation for Economic Co-operation and 
Development (OECD) to implement an international energy programme.  
The IEA fosters co-operation amongst its 28 member countries and the 
European Commission, and with other countries, in order to increase 
energy security by improved efficiency of energy use, development of 
alternative energy sources and research, development and demonstration 
on matters of energy supply and use. This is achieved through a series 
of collaborative activities, organised under more than 40 Implementing 
Agreements.  These agreements cover more than 200 individual items of 
research, development and demonstration. The IEA Greenhouse Gas R&D 
Programme is one of these Implementing Agreements.
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Carbon dioxide (CO2) is widely recognised as one of the main causes of climate change, and the level of CO2 
in the earth’s atmosphere is rising as a result of human activities. Experts agree that a range of mitigation 
options will need to be used in order to reduce CO2 emissions. One of the options is to capture CO2 produced 
by power generation and industrial processes and store the CO2 deep underground - this is known as CO2 
Capture and Storage (CCS). This booklet explains the processes involved with capture and geological storage 
of CO2 and answers some of the most frequently asked questions:  

•	 Can CO2 be stored deep underground? 
•	 What difference could CCS make? 
•	 How can CO2 be captured? 
•	 Where can CO2 be stored? 
•	 Why does CO2 stay underground? 
•	 Where is CO2 geological storage happening today? 
•	 What is the future of CCS? 
•	 How much will CCS cost?

There is a belief that CCS is an entirely new concept, whereas the truth is that CCS merely uses existing, proven 
technologies in new and innovative ways to achieve its goal. The main elements of a CCS chain are capture 
(separation from the gas stream) at a power plant or an industrial source, compression and transport via pipeline, 
and injection of fluids (at the pressures associated with CCS, CO2 is a fluid) into an underground reservoir through 
a wellbore. The existing applications of these technologies are shown on the opposite page.

Introduction

2

More information on CCS and the science behind it can be found in the IEA Greenhouse Gas R&D Programmes’ 
range of information brochures, and through our technical reports. The reports are listed on the IEAGHG website 
www.ieaghg.org, together with instructions on how to obtain copies. 

For more in depth scientific detail of the processes involved, information can be found in the Intergovernmental 
Panel on Climate Change (IPCC) Special Report on Carbon Dioxide Capture and Storage. Details of the publication 
and how to access it can be found at www.ipcc.ch/publications_and_data/publications_and_data_reports.shtml
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Capture / Separation from Gas Stream:
Commercial scale separation at a gasification facility has been in operation since the mid-1980’s in 2 noted 
sites; Dakota Gasification, USA (since 1984) and Sasol CTL Facility, South Africa (since the mid 1980’s).

Compression and Transport via Pipeline:
There is a 5,800km pipeline network in the 
USA that transports CO2 for commercial 
purposes, as reported to the US Congress in 
2007, and the first CO2 pipeline in the USA 
was a 225km pipeline built at Canyon Reef in 
1972.

Injection into underground reservoirs:
The oil production industry (and to a lesser extent the gas production 
industry) has been injecting fluids into geological formations for 
many years to assist in oil (and gas) production, and CO2 Enhanced Oil 
Recovery, (CO2EOR)  has been in operation North America and Turkey 
since the mid 1980’s. Storage of Natural Gas has also been practiced 
in oil and gas fields as well as deep saline formations throughout 
Europe and North America since the 1990’s.

Courtesy of IEA

Courtesy of University of Texas Courtesy of Statoil
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‘Analyses from research groups all over the world have consistently shown that if the world is serious about reducing greenhouse 
gas emissions to stabilise the atmospheric concentrations of CO2 and reduce the impacts of climate change, then there is a need 
to deploy all the options that are on the table.  The longer we delay action the more we need CCS.

Coal will continue as part of the global energy mix for many years to come. Indeed, some countries 
will need it more than others, and this means we need to deploy coal fired plant with the lowest 
environmental impact which in turn means using CCS. If coal is replaced with gas fired generation 
then similarly CCS should be deployed: gas fired plants are more efficient than coal but that does not 
completely solve the CO2 problem unless CCS technology is added to these plants as well.

Of course there will be a cost incurred by adding CCS and although it is likely that the consumer will 
bear that cost, all low carbon technologies are more expensive than conventional fuel sources, so 
whether its wind or solar or nuclear then costs of electricity production will increase. In most cases 
these increases will be masked by subsidies of one kind or another, however, it should be noted that the 
Stern report clearly stated that the cost of doing nothing would be higher than that of taking action 
now.’

Abridged  from The Global CCS Institute Blog entry by John Gale entitled: ‘The Case for CCS’.

This analysis from the IEA 
clearly illustrates the need for 
CCS, along with a suite of other 
mitigation options. Other 
options are being investigated 
and developed alongside CCS 
research, and it is important 
to stress that investing in 
research into CCS does not 
detract from the research work 
undertaken on other clean 
energy mechanisms. In fact, 
CCS has the potential to buy 
us the time needed in order to 
fully develop alternative fuels, 
and increase the efficiency and 
operational flexibility in other 
renewable energy options; this 

is because by deploying CCS on a commercial scale, we can continue to use fossil fuels, with no increased emissions while 
the other options; those that are likely to play a much larger role in the longer term, are developed sufficiently to be 
commercially viable on the scale that is necessary.

Figure 1:   From International Energy Agency: Energy Technology Perspectives, 2010: Scenarios  
  and Strategies to 2050; Key Technologies for Reducing CO2 Emissions under the BLUE  
  Map Scenario

The IEA graph shown below demonstrates the vital contributory role that CCS could play to help reduce CO2 emissions in 
line with IEA scenarios to hold climate change to a 2oc rise. It is widely recognised that CCS has the potential to contribute 
around 20% of the emissions reduction required to control global warming, but the other key benefit of CCS, is that it 
facilitates the continued use of fossil fuels, without the associated CO2 emissions, allowing other clean technologies such 
as renewables and increases in energy efficiency to come to maturity and take their place in the energy mix.

What difference could CCS make?
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How can CO2 be captured from industry?
CCS involves capturing the CO2 produced by the burning of hydrocarbons (such as natural gas and coal) before it enters 
the atmosphere, and storing it deep underground in rock formations where it would remain indefinitely. CCS is most cost-
effective when applied to large, stationary sources of CO2 (such as power stations and steelworks), which account for more 
than half of all man-made CO2 emissions. The CO2 can be captured from hydrocarbons before, during or after burning and 
the technology to do this is already widely used in many industries (such as gas processing and fertiliser production).The 
illustrations below show the three methods of capturing CO2 – applied to a gas-fired power station.

Pre-Combustion Capture
One of the advantages of capturing the CO2 before burning (pre-
combustion capture) is that this technique separates hydrogen from 
hydrocarbon fuels. Hydrogen is a ‘clean’ fuel, producing only water when 
burned. The down side of pre-combustion capture is that it requires a 
relatively large amount of modification to the power plant, and is therefore 
harder to retrofit – that is fit capture machinery to existing power plants.

Figure 2

Figure 3

Figure 4

Post-Combustion Capture
Capturing the CO2 after the combustion process (post-combustion 
capture) is simpler to retrofit to existing power plants, and therefore would 
be a more cost efficient way to capture the CO2 in cases where there is no 
need to build a new power plant. In post combustion capture, because 
the CO2 is captured after the combustion process, it is separated directly 
from the flue gas, after the power generation has taken place. This means 
that little modification is needed to the generation equipment, instead a 
capture plant is ‘bolted’ to the end of the process. The down side of post 
combustion capture is the relatively high costs of the chemicals used to 
separate the CO2 from the flue gas, although this cost can be reduced by 
reusing the chemicals.

Oxyfuel Combustion 
In the Oxyfuel process, the fossil fuel is burned in an environment of 
almost pure oxygen, rather than in air, which means that the resulting 
flue gas is made up of mainly CO2 and water. The benefit of this process is 
that the CO2 contains far fewer other substances, and therefore requires 
much less processing to remove impurities before being stored. Oxyfuel is 
at a relatively early stage of development, although there are now a small 
number of large scale demonstrations ongoing around the world.

Negative Emissions?
Another possibility is to use CCS with biomass fuels, such as crop residues. Plants capture CO2 from the atmosphere (by 
photosynthesis) but when they die, most of that CO2 is returned to the atmosphere. Capturing and geologically storing 
the CO2 produced from burning biomass in combination with fossil fuels would permanently remove CO2 from the 
atmosphere, and by this means it is theoretically possible to achieve negative emissions, by capturing the CO2 removed 
from the atmosphere by the biomass as well as that stored in the fossil fuel. 
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Can CO2 be stored deep underground?
At the end of 2010, there were 4 commercial applications of CCS in operation around the world; Weyburn-Midale in Canada, 
injecting around 2.5 million tonnes a year (Mt/y) of CO2, Sleipner in the North Sea and In Salah in Algeria, both injecting 
over 1Mt/y, and Snøhvit in the Barents Sea, targeting injection of over 0.5Mt/y. Numerous other projects are at varying 
stages of planning, and many other projects are in operation at the pilot scale. 

As mentioned in the introduction, oil and gas companies have many decades experience of storing natural gas deep 
underground and using CO2 in depleting oilfields, to ‘push’ oil towards producing wells - a technique known as Enhanced 
Oil Recovery (EOR). The success of these projects proves the theoretical techniques needed to potentially store large 
quantities of CO2 underground - safely and securely. A schematic diagram of an EOR operation can be seen in Figure 5.

This process is cost-effective as an oil field under normal production can only produce around 60% of its oil; after this point, 
the costs increase, and it is not economically feasible to produce any more. Injecting CO2 or other fluids into the oil field 
however flushes the remaining oil to the production well, meaning that it can be produced at a much more favourable cost. 
This method has been used for many years, and with a little modification and additional monitoring, the same process can 
be used to produce additional oil that can be refined into fuels, and the process leaves the CO2 stored safely underground, 
reducing the emissions to the atmosphere.

Figure 5: A typical EOR operation. The CO2 is injected into the oil field and acts to ‘push’ the oil 
towards the production well, resulting in an increase in the amount of oil produced. Any CO2 that 
is produced is separated and recycled to the injection point.
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What do we really mean by the term ‘Deep Underground’? 

When CO2 is injected underground, the pressure it is 
subjected to increases with depth, and this affects the CO2 
by making it more dense, which allows certain processes to 
come into effect which effectively stores and traps the CO2 
(see page 10 for more details of these processes, known as 
‘trapping mechanisms’).

The graph on the left illustrates the range of depths CO2 is 
stored at at various projects around the world. While some 
projects store CO2 between 500-1000m underground, the 
majority  of storage takes place over 1000m underground, 
with some projects storing the CO2 over 3000m underground.

Where can CO2 be geologically stored?
When scientists talk about storing CO2 deep underground, the quantities they discuss are often expressed in Mega tonnes 
(Mt) or Giga tonnes (Gt). A Mega tonne is 1 million tonnes, and a Gigatonne is 1 billion tonnes. For comparison, 1 million 
tonnes is roughly equivalent to the emissions from 250,000 cars. The Sleipner project in the North Sea stores this amount 
of CO2 every year!

The best rocks for CO2 storage are depleted oil and gas fields and deep saline formations. These are layers of porous rock 
(such as sandstone) over 1km underground (either on land or far below the sea floor), located underneath a layer of 
impermeable rock (known as a caprock) which acts as a seal. In the case of oil and gas fields, it was this caprock that trapped 
the oil and gas underground for millions of years. 

Often you can see layers similar to these on cliff faces, where the type of rock are clearly discernable. The images below 
shown a sandstone rock layer similar to that which would be suitable for storage when found deep underground, lying 
underneath a claystone layer which would serve as the impermeable caprock.

Figure 7:   Left: layers of rock clearly visible in cliff face. Right: these layers labelled as they  
  would behave if thousands of metres below the surface

Figure 6: Depth variation of CO2 storage sites around the world.
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Figure 8: Sandstone, typical of the type of rock that would    
  be suitable for geological storage of CO2

Depleted oil and gas fields are the best places to start storing 
CO2 because their geology is well known and they contain 
proven features that ensure the injected CO2 stays where it is 
meant to. These features are known as trapping mechanisms, 
but more on these later. Years of exploration by the oil and 
gas industry has produced a large amount of detailed 
information on the rock formations suitable for storage such 
as the location, depth, and storage potential.

Deep saline formations (DSF) are rocks with tiny spaces that 
are filled with very salty water (much saltier than seawater, 
that has no commercial value as a source of drinking water). 
They exist in most regions of the world and appear to have 
a very large capacity for CO2 storage. Currently the geology 
of saline formations is less well understood than for oil and 
gas fields so more work needs to be done to understand 
which formations will be best suited to CO2 storage, but the 
potential storage volume is much, much greater. 

The photograph on the right shows an example of sandstone 
that would be suitable for geological storage of CO2. The 
space that the CO2 would be stored in is between the grains, 
and is too small to be seen without a magnifying glass.

Many natural geological stores of CO2 have been discovered underground, often by people looking for oil and gas. In 
many cases the CO2 has been there for millions of years. In other situations (volcanoes, geysers), CO2 leaks naturally from 
underground; indeed many of the world’s natural carbonated mineral waters, long prized for bottling and drinking, come 
from natural CO2 sources. The reasons why some rock formations trap the CO2 permanently and some do not are very well 
understood and documented, and this understanding will be used to ensure the sites selected for CCS are the most secure, 
therefore minimising the chance of leakage. Once the CO2 has been injected, the wells will have to be thoroughly sealed 
to ensure that the CO2 stays in place and cannot travel back up the well to the surface; again something understood from 
years of oil and gas exploration.

Years of research and innovation have led to the availability of a vast array of monitoring technologies that can be used 
to monitor the CO2 that has been injected, and measure its movement in the underground. Technology can also detect 
at very early stages any traces of injected CO2 travelling into the near-surface soil, or into the air. Technologies also exist 
to fix these leaks, should they occur, and to prevent further releases. On the surface, air and soil sampling methods are 
used to detect potential CO2 leakage, whilst changes deep underground can be monitored by detecting sound (seismic), 
electromagnetic, gravity or density changes within the rock formations.
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Figure 8: Sandstone, typical of the type of rock that would    
  be suitable for geological storage of CO2

Why does CO2 stay underground?

Figure 9: 
Illustrating the changes  in CO2 
volume and density as depth 
increases.

Figure 10: Sleipner Schematic, courtesy of Statoil

CO2 is subjected to pressurisation for transport and storage, 
and this renders it to a ‘supercritical’ state, whereby it behaves 
in a similar manner to a liquid. See figure 9 on density 
properties of CO2 with depth/pressure. 

This liquid-like state then allows it to become trapped in the pore 
spaces between the grains of rock by several means outlined 
below. Depending on the physical and chemical characteristics 
of the rocks and fluids in the storage formation, all or some of 
these trapping mechanisms may take place. Structural storage 
has immediate effect, the others take time, but provide increased 
storage security. The longer the CO2 remains underground, the 
more securely it is stored.

Structural Storage
When the CO2 is pumped deep underground, it is initially 
more buoyant than water and will rise up through the 
porous rocks until it reaches the top of the formation where 
it can become trapped by an impermeable layer of cap-rock, 
such as shale. The wells that were drilled to place the CO2 in 
storage can be sealed with plugs made of steel and cement. 

This is an illustration of the Sleipner CO2 storage operation 
under the north sea, where around 1 million tonnes of CO2 
per year (equivalent to the emissions from a quarter of a 
million cars) is being stored in a deep saline formation (the 
blue layer in figure 10). The natural gas produced from the 
deeper rock formations (the green layer in figure 10) has a 
high CO2 content, so the gas is pumped to the platform and 
is separated into natural gas (which is piped to a power plant 
for electricity generation) and CO2 (which is pumped back 
into the deep rock formations for storage). The caprock is the 
overlying layer or rock that prevents the CO2 from escaping 
to the surface.  
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Residual Storage
Reservoir rocks act like a tight, rigid 
sponge. Air in a sponge is residually 
trapped and the sponge usually has to be 
squeezed several times to replace the air 
with water. When liquid CO2 is pumped 
into a rock formation, much of it becomes 
stuck within the pore spaces of the rock 
and does not move. This is known as 
residual trapping.
 
 

Dissolution Storage
CO2 dissolves in salty water, just like 
sugar dissolves in tea. The water with CO2 
dissolved in it is then heavier than the water 
around it (without CO2) and so sinks to the 
bottom of the rock formation, trapping the 
CO2 indefinitely. 
 

Mineral Storage
CO2 dissolved in salt water is weakly acidic 
and can react with the minerals in the 
surrounding rocks, forming new minerals, 
as a coating on the rock (much like shellfish 
use calcium and carbon from seawater to 
form their shells). This process can be rapid 
or very slow (depending on the chemistry 
of the rocks and water) and it effectively 
binds the CO2 to the rocks.

Figure 11:  Residual trapping of CO2

Figure 13:  Mineral trapping of CO2

Figure 12:  Dissolution trapping of CO2

Trapping images courtesy of the EU ZEP Project
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There will be a cost involved in developing CCS, and although the costs are variable depending on many different criteria, 
reports suggest that in a typical situation, with part government funding, the effect on price of energy is likely to be 
fairly minor, in an article by the Financial Times it was suggested that the average cost to a UK household would be in the 
region of £10 a year. As with all new technologies, the initial costs are relatively high in comparison to the costs when the 
technology is more developed, so it can be expected that this cost would reduce after a period of time.

The cost of doing nothing could be higher still; it is thought that with no action, there is a 75% chance that global average 
temperatures will rise by 3oC, and a 50% chance they will rise by 5oC. The Stern review outlines a number of eventualities 
if this was to occur:

•	 Melting glaciers will increase flood risks in localised areas,
•	 Crop yields will decline due to droughts, leading to increasing food prices,
•	 Rising sea levels could leave up to 200 million people permanently displaced, 
•	 Extinction of up to 40% of species on earth,
•	 More extreme weather patterns, leading to an increase in insurance premiums,
•	 Decrease in global economic output of up to 3%, up to 10% in the poorest countries,

There are many contrary views to climate change, one of which is that the changes in global average temperatures is a natural 
phenomena, and has been cycling for thousands of years. Whilst it is true that there is a natural flux in global temperatures, 
it can be clearly demonstrated that the rise in CO2 concetration in the atmosphere we are currently experiencing is not part 
of this natural rise and fall. The current spike in atmospheric CO2 concetrations corresponds to the industrial revolution, 
clearly indicating the effect of fossil fuel combustion on the atmosphere. 

How Much will CCS Cost?

What Is the future of CCS? 
Realistically, we are going to have to rely on energy from fossil fuels for some years, until the renewable and alternative 
energy generation methods are developed to a point where they can provide the majority of our energy needs. This 
combined with increases in energy efficiencies (again see the IEA graph in figure 1) will allow us to move away from a 
fossil fuel based energy mix. Until we reach this point, we will continue to use fossil fuels in our power stations, and for 
this reason, we need to continue to develop CCS technologies and projects in order to reduce the CO2 emissions from 
this energy generation. We need technology options that allow us to continue burning fossil fuels without increasing the 
CO2 concentration in the earths atmosphere, and CCS is one of the best options we have for this. As more demonstration 
scale and commercial projects are established, the knowledge gaps that do still exist will be reduced and finally removed 
altogether, allowing full scale commercial development to occur. 

Conclusions
•	 CO2 capture and geological storage could contribute a significant part of the solution to the issue of addressing climate 

change. 
•	 The required technology has been used by the oil and gas industry for many years – it is proven and available today. 
•	 CCS needs commercial investment to boost the technology development.
•	 In order for CCS to be implemented on a commercial scale, appropriate regulations and commercial frameworks are 

needed. 
•	 CCS will cost, but the cost of doing nothing is likely to be much higher.
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Figure 14:  Location of sites where geological storage of CO2 and CO2- enhanced oil and gas recovery takes  
  place, from the IPCC Special Report on Carbon Dioxide Capture and Storage  

Numerous large-scale geological storage projects are already in operation, and many more have been proposed. The map below shows the locations of existing and proposed CO2 storage projects, along 
with the locations of projects where CO2 is currently used to enhance oil and gas recovery. 

Where is CO2 geological storage happening?
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Numerous large-scale geological storage projects are already in operation, and many more have been proposed. The map below shows the locations of existing and proposed CO2 storage projects, along 
with the locations of projects where CO2 is currently used to enhance oil and gas recovery. 

Where is CO2 geological storage happening?
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