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Executive Summary

Carbon Capture and Storage (CCS) has progressed from an obscure and speculative 
concept in the early 1990s, when serious consideration of CCS as a climate mitigation 
measure first began, to a practice today with proven effectiveness and safety 
demonstrated throughout the world.  Its three major components—carbon dioxide 
(CO2) capture, transport and storage—have each been implemented in numerous 
research and pilot projects and commercially in several large-scale projects.  

Although more needs to be done, extensive progress has been made since the early 2000s in 
developing the technologies and practices required for each component of CCS.  Research, 
development and demonstration have taken CCS to the point where new commercial-
scale CCS projects are planned or under construction for power plants and in more difficult 
industrial applications.  This booklet explains the progress made through late 2013 and how 
CCS has been proven to be a viable climate mitigation technology for the future. 

Capture from power generation and industrial sources has been proven to be technically 
viable.  Capture involves the separation of CO2 from other components of the exhaust 
streams of a process and, if necessary, its pressurization to a supercritical state.  Technologies 
for capture have now been shown to work and the first commercial large-scale integrated 
projects are in operation for low-cost, high CO2 industrial concentration sources.  Power plants 
and several types of large industrial sources emit large quantities of CO2 and can potentially 
use these technologies to implement CCS to reduce their emissions.  

Several types of capture technologies have been developed and are being tested in 
power plant and industrial applications.  Some have been demonstrated at pilot scale 
and others are in an earlier stage of development.  Companies and research institutions are 
working to develop many variants of each type of capture technology—post-combustion, 
pre-combustion, oxycombustion and industrial capture. The type of capture technology that 
can be used for a specific facility depends on the characteristics of that facility.

The safety and security of geologic storage has been demonstrated.  Numerous geologic 
storage projects have been conducted in many regions of the world and large quantities 
of CO2 have been successfully injected in diverse formations.  Many of these have been 
research projects that have carefully monitored the results of storage, the movement of CO2 
underground, and its effect on the geology.  Each of these projects has been conducted 
safely and the CO2 has been shown to have stayed in the target storage formation.  Initial best 
practices to ensure safe and secure storage have been developed. The primary task today is 
not how to do geologic storage, but rather how to find the injection sites for specific projects, 
which involves using established techniques to evaluate what to look for and what to avoid.  

Although it varies by region, geologic research has now shown that CO2 storage 
capacity is vast compared to emissions.  This has been determined by extensive regional 
and national-scale geologic estimates.  In addition, completed and ongoing geologic storage 
projects have already provided a great deal of information that can guide future geologic 
storage projects.  Storage projects can now be sited where proven scientific techniques 
show strong evidence of adequate and secure storage capacity.  Lessons from experience 
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can enable storage projects to be safely designed, operated and closed.  Further experience 
with storage, especially with commercial-scale projects, will improve the current base of 
knowledge.

CO2 utilization is an option in some regions and industries.  Enhanced Oil Recovery (EOR) 
provides an already-commercial storage option and other CO2 utilization methods are under 
development or being demonstrated.  Some utilization options reuse CO2; others store CO2 in 
various manufactured commodities such as concrete; and still others eventually store the CO2 
in geological formations after it is used.  Utilization has a smaller total potential for reducing 
CO2 emissions than geologic storage. Still, utilization, especially through EOR, provides 
important economic support for many projects.  

CO2 transportation by pipeline is a well-established commercial practice.  An extensive 
network of CO2 pipelines has been in operation for decades, mostly transporting CO2 from 
natural sources to oil fields for EOR.  Pipeline networks connecting multiple sources with 
multiple storage reservoirs are now starting to be developed.  Such networks enhance the 
ability to capture and store CO2 from multiple sources.  

CCS is now poised at the final technical step required for commercial implementation—
demonstration at commercial scale.  The first-of-a-kind large-scale integrated CCS projects 
for power generation and some industrial processes are now being built and others are being 
planned.  Some, but not all, of the planned projects are likely to be built and go into operation.  
Lessons learned from these projects will provide the basis for commercial deployment.   

Progress on scaling up and optimization is required and is well within the domain of 
standard engineering practice.  The potential is large for improvement in performance, 
particularly in reducing the cost of capture, especially given the many potential alternative 
technology pathways.  

Each capture technology will need to be implemented in its own sequence of several 
large- scale projects, each learning from prior projects using the same technology.  A 
robust set of commercial capture technologies and effective competition among vendors 
will require multiple sequences of projects of different types for both power generation 
and industrial applications.  Such projects are needed over the next several years to ensure 
widespread commercial deployment. All this will require large investments in CCS, far beyond 
those already made.

Ultimately, the most vital resources now needed to ready the technology for widespread 
commercial deployment are commitments by both governments and industry to 
continue development of CCS and to build and operate multiple sequences of projects.   
Like other abatement measures, industry will only use CCS when it can cover its costs 
and earn an adequate rate of return on investment.  The policies that will enable those 
costs to be covered, an adequate rate of return to be earned and allow the safe and 
effective capture, transport and storage of CO2 currently exist in few jurisdictions.
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Carbon Capture and Storage: 
A Brief History

Efforts to develop Carbon Capture and Storage (CCS) as a viable method to reduce 
carbon dioxide (CO2) emissions from power plants and other industrial sources have 
been underway since the 1990s and accelerated after the year 2000.   Since then, CCS 
has progressed from an obscure and speculative concept to a practice with proven 
effectiveness and safety demonstrated throughout the world.  It has already been 
implemented in numerous pilot projects and commercially in several large-scale 
industrial projects.  Research, development and demonstration have taken CCS to the 
point where new commercial-scale CCS projects are planned or under construction for 
power plants and in a wider set of industrial applications. 

Although more needs to be done, extensive progress has been made developing the 
technologies and practices required for each component of CCS.  This booklet explains the 
progress that has been made through late 2013 and how that has proven the viability of CCS 
as a climate mitigation method.  What is needed now is sound policy development to enable 
widespread commercial development.

What is CCS? What is it used for?

CCS is the separation and capture of CO2 emissions from the exhaust streams of power 
generation or other industrial processes and the transport and permanent disposal of that 
CO2 in deep underground rock formations.  CCS is one of many actions necessary to stabilize 
greenhouse gas concentrations in the atmosphere.  It has the potential to significantly reduce 
emissions from the power generation and industrial sectors.

In CCS, CO2 is separated from the exhaust gases at a large facility such as a power plant before 
those gases are emitted into the atmosphere. The CO2 is then compressed into a very dense 
supercritical fluid state and, if necessary, transported for injection.  The supercritical fluid CO2 
is injected under high pressure into a deep underground geologic formation for very long-

In CCS, CO2 is captured 
before it is emitted into 
the atmosphere, then 
compressed, transported to 
the injection site and finally 
injected underground 
in suitable deep rock 
formations.  
Image Source: CO2CRC
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term storage.   That geological formation may be a deep saline formation or a depleting oil 
or natural gas field at least 800 meters (2,600 feet) below the surface of the earth where 
the pressure will ensure the CO2 will stay in a supercritical state. CO2 may also be stored in 
unmineable coal seams at somewhat shallower depths using a different storage process.

Much progress has been made on CCS since the early 1990s and particularly since 2000. CCS 
has been proven to work and has already been used commercially in the first applications.  
We now know that CO2 can be safely and reliably captured at the source, transported and 
disposed of in deep geologic formation.  Although experience is needed at commercial scale, 
many technology options for capture have been successfully tested and some have been 
used commercially.  CO2 transport by pipelines is already a commercial practice.  Knowledge 
of how to conduct geologic storage has been gained in many projects in diverse geologic 
formations throughout the world.  First movers are already beginning to use the entire CCS 
value chain.  

How CCS Began

Although CO2 had been known earlier to be a greenhouse gas, scientists became increasingly 
concerned about rising atmospheric CO2 levels caused by man-made emissions in the 1970s.  
A large proportion of these emissions is from combustion of fossil fuels at large facilities, 
especially power plants or from chemical processes at large industrial facilities.  Proposals 
for methods to reduce emissions from these sources, including early concepts of CCS, also 
began to be made in the 1970s, but the issue did not gain widespread attention and virtually 
nothing was actually done at that time to develop CCS.  

Concern over climate change started to gain broad public and political attention in the late 
1980s and early 1990s.  One turning point was the publication in 1990 of the First Assessment 
Report1  of the then-new Intergovernmental Panel on Climate Change (IPCC) formed by the 
World Meteorological Organization and the United Nations Environmental Program.  This 
report drew worldwide attention to the problem of climate change and presented a range of 
possible response strategies.  CCS was not one of those strategies; it was still little known and 
at the time only a vague concept.  The 1992 Rio Earth Summit attended by 172 governments, 
including 108 heads of state, further focused global attention on climate change and created 
the United Nations Framework Convention for Climate Change (UNFCCC) as an ongoing 
platform for international cooperation on climate change. Throughout the 1990s concern 
about climate change continued to grow and was reflected in the 1997 Kyoto Protocol in 
which 37 industrialized countries agreed to legally-binding reductions in emissions of 
greenhouse gases.  In that Protocol, developing countries also agreed to reduce emissions, 
but did not have legally-binding commitments.

Concepts for CCS started to attract attention at about the time of the Rio Conference and 
serious consideration of CCS began in the early 1990s.  At that time, a number of potential 
paths forward were seen for disposal of CO2:  storage in deep geologic formations, terrestrial 
storage by trees and other plants (e.g., reforestation), injecting the CO2 deep under the ocean, 
mineral production and various methods for the reuse of CO2.  To date, the preponderance of 
the progress has been made on geologic storage, but interest in CO2 utilization has recently 
increased.  Terrestrial storage has also gone forward but is now generally seen as having less 

1 World Meteorological Organization and the United Nations Environmental Program, First Assessment Report 1990, available for download at 
www.ipcc.ch/publications_and_data/publications_and_data_reports.shtml
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potential for emissions reductions than geologic storage.  In deep ocean sequestration, the 
CO2 would be injected into the ocean where it would either dissolve or accumulate in pools 
under the ocean floor.  Deep ocean injection has largely been abandoned due to concerns 
about environmental impacts.  Storage in geologic formations under the ocean floor, however, 
is going forward and is a major option for many regions.  Mineral production is generally seen 
to be too expensive for widespread use because it requires materials handling on a vast scale.

Early on, CO2 capture with geological storage appeared to be a viable opportunity because 
it was known that:

•	 Power plants and many industrial facilities are large, concentrated sources from which it 
might be economical to separate CO2 from the existing exhaust streams;

•	 CO2 was already commercially separated from other gases, particularly in natural gas 
processing plants and in coal gasification plants and, in some cases, from the exhaust 
streams of other power plants and industrial facilities;

•	 CO2 has been naturally trapped in certain geologic formations for millions of years and 
it was believed that formations of those types were common and could hold even more 
CO2;

•	 Millions of tonnes (metric tons) of CO2 had already been successfully injected underground 
without incident for Enhanced Oil Recovery (EOR—see box); and

•	 Commercial pipelines were in operation to transport CO2 from natural sources to depleting 
oil fields for EOR.

1990s: Initial Research and Development and First Projects

In the early 1990s when CCS was first being considered, scientists evaluating the potential 
for this new concept set out the challenges that needed to be overcome in making CCS 
commercially viable:

•	 Developing economical capture processes that would take into account the characteristics 
of the emission sources;

  –     Adapting existing CO2 separation technologies used in natural gas processing  
        or gasification plants to the lower concentrations and pressures of CO2 found  
        in power plants and industrial combustion processes;

  –     Developing other, more innovative CO2 separation and compression processes;
•	 Understanding how and where to safely inject CO2 and ensure that it stays in the intended 

geologic formation;
•	 Determining whether geologic storage capacity is adequate to accommodate the vast 

volumes of CO2, the properties of those geological formations and their proximity to 
sources; 

•	 Exploring the development of an adequate pipeline network;
•	 Integrating the entire system of capture, compression, transport, injection and storage in 

an effective, safe and affordable way; and
•	 Moving from the scale of scientific tests and engineering pilots to commercial scale.

Work on CCS to this day has continued to focus on addressing these technical challenges.
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CCS received a large boost as a method of combating climate change in October 1996 when 
Statoil, the Norwegian oil state company, began operation of a large-scale commercial CCS 
project at its offshore Sleipner gas field in response to a tax imposed by Norway in 1991 on 
offshore emission of CO2.   The natural gas at Sleipner contains about 9 percent CO2.  In usual 
natural gas production practice, CO2 produced with natural gas is separated from the natural 
gas and natural gas liquids and simply vented into the atmosphere.  In order to avoid the 
tax, these CO2 emissions needed to be prevented.   Statoil and its partners decided instead 
to inject the CO2 into a deep underground formation.  This geologic formation, the Utsira 
Formation, contains sandstone filled with highly-saline water.  CO2 is prevented from moving 
out of the Utsira Formation by an 800-meter thick impermeable rock layer above it.   

The Sleipner CCS project was a significant milestone.  It marked the first time CCS was actually 
used to reduce emissions; it was done on a commercial scale, and it injected the CO2 in a 
deep saline formation, not a depleting oil field as was done in EOR.  CCS at Sleipner reduced 
CO2 emissions by nearly one million tonnes per year.  Sleipner has successfully stored eight 
million tonnes of CO2 through 2012 in a deep saline formation and continues to operate.  (CO2 
separated from natural gas had been used for EOR in natural gas processing plants as early as 
1972, but the purpose was to increase oil production, not to reduce emissions.)   CO2 storage 
at Sleipner has been carefully monitored and served as a platform for extensive research 
and a model for later geologic storage projects, both offshore and onshore.  Building on the 
success of Sleipner, Statoil opened Snøhvit in 2008, a second offshore CCS project involving 
the separation of CO2 at a natural gas production facility and injection into another deep 
saline formation.

Geologists have long known that CO2, like other gases, is naturally trapped in certain types of 
geologic formations often for millions of years and such formations are common.  Scientists 
studied these formations to identify characteristics that would enable geologic storage.  

Image Source:  CO2CRC



Enhanced Oil Recovery (EOR) with CO2

When oil is produced from the reservoir in which it has been trapped for millions of years, 
a large fraction of the original oil in place typically stays in that reservoir.  Left-behind oil 
represents a substantial lost opportunity for producers.  This oil remains behind because 
pressure in the oil reservoir decreases to where it will no longer push the oil out; the 
remaining oil is held too tightly in the porous rocks; or the remaining oil is too thick to 
flow.  Primary recovery techniques rely on the natural reservoir characteristics such as 
pressure to raise the oil to the surface.  Secondary recovery techniques inject water to 
displace the oil and drive it to the surface.  Both primary and secondary recovery methods 
are widely used.

Various techniques known as tertiary recovery, or Enhanced Oil Recovery (EOR), may be 
used to increase oil recovery still further.  Which EOR technique is used depends on the 
characteristics of the reservoir and the composition of the oil.  One increasingly-used EOR 
method, CO2 flood, injects CO2 into the reservoir to expand and push the oil through the 
reservoir and to increase its ability to flow (decrease its viscosity).  Where CO2 is not readily 
available at low cost, natural gas and other solvents are used for tertiary recovery.

CO2 flood has been used since the late 1960s when the first CO2-flood EOR project began 
in Hungary.  The second project, SACROC, began in 1972 in Texas and continues to this 
day.  Through the early 2010s, about 800 million tonnes of CO2 have been injected for this 
purpose in many projects.  CO2-flood EOR, with some modification and enhancements, 
can be used for geologic storage of CO2.  When CO2 is injected purely for the purposes 
of EOR, some of it stays in the geologic formation and some is produced with the oil and 
then re-injected.  Given the cost of CO2, most operators using CO2 attempt to recover 
and recycle as much CO2 as possible for reuse and precise accounting of the CO2 is 
not critical.  Using EOR for geologic storage, by contrast, would require more rigorous 
planning and permitting, keeping as much of the CO2 underground as possible, more 
careful monitoring and accounting of the CO2, and more comprehensive well closure and 
post-closure activities.

Most CO2 used for EOR today comes from natural geologic sources in which CO2 has been 
trapped for millions of years.  Although not applicable in all oilfields, estimates are that 
CO2 flood could produce vast amounts of oil.

 
CO2-flood EOR increases oil production while leaving some or all of the CO2 underground
Image Source: CO2CRC
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The Sleipner 
Project was the first 
commercial CCS 
project designed to 
reduce CO2 emissions. 

Image Source: Kim Laland/
Statoil 
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By the late 1990s, interest in CCS was also starting to build among the scientific community.  
The 1997 Kyoto Protocol, in particular, spurred interest.  Initial research and development 
(R&D) plans were developed.  Although budgets were small, serious R&D began in several 
countries.  Conceptual designs for capture, particularly for coal-fired power generation, 
were developed and cost estimates were made, initial work was undertaken to understand 
the geology of potential storage formations and initial experimental projects were being 
planned.  The first major international collaboration on CCS, the IEA Greenhouse Gas R&D 
Programme, www.ieaghg.org, began in 1991 and continues to conduct many collaborative 
projects on all aspects of CCS.  Members include 21 countries, the European Commission 
and the Organization of Petroleum Exporting Countries (OPEC), as well as 24 multi-national 
industrial sponsors.

The New Millennium: Expanding Efforts and Results

Starting about the year 2000, as concerns about climate change increased, so did the 
resources devoted to CCS by both government and industry.  Increasing numbers of scientists 
and engineers were devoted to various aspects of CCS.  Numerous projects to understand 
the science of capture and storage and to develop and demonstrate capture and storage 
technologies and practices were conducted throughout the world.  Much has been learned, 
particularly from projects which capture CO2.   These tests have increased in scale, volume and 
duration.  They have more than proven that CCS works; they have brought CCS to the point of 
first commercial scale in many applications. 

Work on CCS since 2000 has been highly collaborative, with governments working with 
industry and with each other as well as companies working with each other to advance CCS 
technology and practices and to share the results.  Among the important collaborations 
started since 2000 have been the Carbon Capture Project, (2000 - ), www.co2captureproject.
org; IEA Working Party on Fossil Fuels Zero Emissions Technology Initiative, (2001 - 2007); 
CO2CRC, (2003 - ), www.co2crc.com.au;  Carbon Sequestration Leadership Forum, (2003 - 
), www.cslforum.org; European Technology Platform for Zero Emissions Fossil Power Plants, 
(2005 - ), www.zeroemissionsplatform.eu; Regional Carbon Sequestration Partnerships, (2003 
- ), www.netl.doe.gov/technologies/carbon_seq/infrastructure/rcsp.html; CO2GeoNet, 
(2004 - ), www.co2geonet.com; the Global CCS Institute, (2009 - ) www.globalccsinstitute.
com; and the Clean Energy Ministerial Carbon Capture, Use and Storage (CCUS) Action 



Group, (2010 - ), www.cleanenergyministerial.org/OurWork/Initiatives/CarbonCapture.
aspx.  Many individual projects have also involved activities conducted jointly by various 
types of entities.  One of the earliest and most important collaborative projects was the IEA 
Greenhouse Gas R&D Programme’s Weyburn (later Weyburn-Midale) Monitoring and Storage 
Project in Saskatchewan, Canada, which involved researchers from around the world.  The 
drivers for all this collaboration were concern over climate change, the magnitude of the 
challenge of developing CCS, and the expectation by industry that it would have to reduce 
emissions.  This collaboration has greatly accelerated the development of CCS.

In 2005, the IPCC published its Special Report on Carbon Dioxide Capture and Storage.  This 
report summarized what was then known about CCS through peer-reviewed published 
literature.  It estimated that 7,887 industrial facilities worldwide were potential candidates 
for CCS, including 4,942 fossil power plants and 2,945 industrial facilities.  (See table below.) 
Together, these facilities emit roughly half of all global CO2 emissions. The Special Report also 
evaluated the technical and economic maturity of four alternative approaches for capture, two 
for transport and four types of geologic storage as well as industrial uses of CO2.  It concluded 
that industrial separation of some types, pipeline transport, EOR and some industrial uses 
of CO2 were already mature and market ready and that other types of capture and geologic 
storage would be economically capable under specific conditions.  It also identified gaps in 
knowledge and challenges facing CCS development.

Since the publication of the IPCC’s Special Report, numerous research, development and 
demonstration projects have been conducted and much further progress has been made.  
The number of scientists and engineers working on CCS has expanded throughout the world.  
A 2009 survey by the Carbon Sequestration Leadership Forum, for example, found a large and 
growing number of academic programs devoted to aspects of CCS throughout the world.

Numerous facilities have been built and operated to test various approaches to capturing CO2.  
New and innovative methods to capture CO2 have been proposed and are being evaluated.  
CO2 has been injected at many sites to develop and evaluate procedures for geologic 
storage as well as to understand how CO2 behaves in diverse geologic formations.  Laws and 
regulations governing various aspects of CCS have been enacted in many jurisdictions.  

7
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The human and financial resources available to develop CCS have also increased.  Today, 
thousands of engineers and scientists in industry, government and academia are working on 
CCS and many are working together on international collaborations.  Budgets devoted to CCS 
have also expanded and the number of patents applied for and granted has also increased 
apace, reflecting the innovation that has taken place.  One estimate by Chatham House was 
that over 9,180 related patents had been issued on all aspects of CCS by 2007.  That number 
is believed to have grown substantially since then. 

Today, the first truly commercial-scale integrated CCS power plant projects are under 
construction.  Still, the momentum to develop the large-scale projects needed for 
commercialization has slowed as financial concerns have diverted the attentions of both 
governments and industry.  Fewer commitments to actually build projects are being made 
and some projects are being cancelled.  It is clear that the substantial progress made to date 
will not continue at the pace considered necessary for CCS to play the most effective role in 
combating climate change.  At the same time, the number of facilities that could use CCS to 
control their emissions has increased as have global emissions, particularly in developing 
countries.  The concentration of CO2 in the atmosphere has now reached 400 parts per 
million—over 40 percent above the pre-industrial level—and continues to rise. The need for 
CCS is greater than ever but the fulfillment of that need is increasingly uncertain. 

The next sections explain in more detail the progress that has been made in CO2 capture, 
storage and transport.  Much of this progress builds on and combines technologies and 
practices that have been commercial for other purposes.  The result is now a technology that 
is proven and has been shown to work.  Still, more work is needed to ensure that CCS is widely 
used and fulfills its promise as one of the vital tools necessary to abate CO2 emissions.  

Worldwide public sector Research Development and Demonstration (RD&D) spending has 
increased greatly since the early 2000s, both in absolute terms and as a share of fossil fuel 
RD&D spending.  Still, spending for CCS represents only a very small fraction of total energy 
RD&D spending.
Image Source: “Tracking Clean Energy Progress 2013: IEA Input to the Clean Energy Ministerial,” © OECD/IEA 2013, 
Fig. 2.4, p. 57. 
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Cumulative global spending on large CCS projects in both public and private sectors has 
increased considerably since about 2008 when CCS became ready to be implemented in 
large-scale projects.  Public-sector funding has been predominantly focused on early project 
planning while private-sector funding has gone more into project construction and operation.   
CCS projects which have started construction through 2013 represent only the leading edge 
of many planned projects, but how many of those projects will be built and go into operation 
is uncertain. 
Image Source:  “Tracking Clean Energy Progress 2013: IEA Input to the Clean Energy Ministerial” © OECD/IEA 2013, fig. 
2.3, p. 57  based on data provided by Bloomberg New Energy Finance, 2012.
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Capture involves the separation of CO2 from other components of the exhaust stream 
of a process and its pressurization to a supercritical state, if necessary, for transport and 
injection into geologic formations.  Many different types of large industrial sources, not 
just power plants, emit large quantities of CO2 and can potentially implement CCS to 
reduce their emissions.  Several capture processes have been developed and are being 
tested in power plant and industrial applications.  These include post-combustion 
capture, pre-combustion capture, oxycombustion and industrial capture technologies.  
The type of capture technology that can be used for a specific facility depends on the 
characteristics of that facility.

Prior to the early 1990s, two types of processes for CO2 separation were already in widespread 
commercial use.  The first type was the “amine separation” process used at natural gas 
processing plants and the second was separation of CO2 and other acidic gases from the 
“syngas” (mostly a mixture of hydrogen and carbon monoxide) produced by gasification 
plants.  The amine separation process used at natural gas separation plants, it was thought, 
could be adapted to the exhaust streams of power plants as “post-combustion capture 
technology,” that is, a technology that removes CO2 from the exhaust stream of combustion 
process.  The second type could be used in Integrated Gasification Combined Cycle (IGCC) 
power plants, the earliest of which were being built in the 1980s and 1990s to gasify coal 
for power production.  Since it would remove the CO2 from the syngas fuel stream, not 
the exhaust stream, this process was termed “pre-combustion capture.”  Scientists and 
engineers also saw the potential to adapt another commercial process, oxycombustion, to 
CO2 separation.  In addition, large industrial sources of CO2 often require industrial capture 
technologies tailored to their specific characteristics. Each of these four categories of capture 
technologies is actually a family of technologies, using the same basic principles.  Multiple 
capture processes within each family are being developed, are quite diverse, and some are 
further along than others. 

By far, the earliest and still greatest focus of interest is CO2 capture from coal power generation 
plants, which emit large quantities of CO2.   Pre- and post-combustion capture as well as 
oxycombustion needed considerable development to be adapted to the needs of CCS from 
coal-fired power generation.  In addition, it became clear that achieving CO2 reduction 
targets would require that CO2 be captured from natural-gas fired power plants.  IGCC for the 
power industry, in its first generation during the 1990s, also needed further development to 
improve the performance for widespread commercial use.  All three processes would add 
considerable capital and operating costs to a power generation plant.  They also consumed 
large amounts of energy.  These issues were exacerbated by the high volumes of the exhaust 
streams and dilute concentrations of CO2 in those streams in conventional power plants.  
The research needs identified at the time—and the research implemented since then—has 
focused on bringing down the added costs and energy consumption.

Research, development and demonstration to develop and improve CO2 capture technologies 
began in earnest in the early 2000s on each of the capture options, with the greatest 

Progress on Carbon  
Dioxide Capture
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efforts probably being devoted to pre- and post-combustion capture at power plants, 
especially coal-fired power plants.  Much experimental work was done in laboratories and 
demonstration projects of various scales were built and operated for pre-combustion and 
oxycombustion. That work has now brought those technologies to the verge of commercial-
scale demonstration.

Post-Combustion Capture Family:  Evolving From Natural Gas Processing 

Natural gas produced from geologic formations is a mixture of various gases and liquids, 
one of which is commonly CO2.  Produced natural gas varies in composition.  Natural gas 
processing plants are built and operated to separate the components of natural gas into 
useful products including natural gas that meets the specifications of end users.  They also 
produce other marketable gases and liquids such as ethane, propane, butane and CO2, which 
is typically vented into the atmosphere. 

Amine separation is used in natural gas processing to remove CO2 and other acidic substances 
in the produced gas, a process called “gas sweetening.”  In some cases, amine separation has 
also been used to separate CO2 from the exhaust stream of a power plant when the CO2 could 
be sold for a high value, for example, for drink carbonation.  This process operates by using 
an amine solvent, typically monoethanolamine (MEA).  

In post-combustion capture using a solvent such as an amine, exhaust gas containing CO2 
and other gases (mostly nitrogen) enter the chamber containing the solvent.  The solvent 
with the dissolved CO2 is then removed from the chamber.  The other gases are released as 
they are not absorbed by the solvent.  Recovery of CO2 from the solvent is called desorption.  
Depending on the process, heat or pressure can be used to trigger the release of CO2 from the 
solvent.  Other post-combustion processes use sorbents (rather than solvents such as MEA).  
Sorbents physically “adsorb” CO2 onto their surface rather than dissolving CO2 like a solvent. 

Post-combustion capture has been successfully demonstrated at pilot scale in several power 
plants and industrial facilities.  As noted above, post-combustion capture has also been used 

A natural gas processing plant separates CO2 
from the natural gas.
Image Source: Chevron

How solvent-based pre-combustion 
CO2 separation works.
Image Source: CO2CRC
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by power plants at commercial-scale when there is a high-enough value for sales of the CO2.  
The 205 MW Warrior Run coal-fired power plant in Maryland, United States, for example, 
has captured 200 tonnes per day of CO2 since 2000, which it sells to the food industry.  The 
Shady Point coal-fired power plant owned by the same company in Oklahoma, United States 
captures 800 tonnes per day.  Still another example of post-combustion capture in industry 
is the Prosint methanol plant in Rio De Janeiro, Brazil, which also sells its CO2 to the beverage 
industry.

A major challenge facing post-combustion is the capital cost and energy consumption it 
adds to the power plant or industrial facility to which it is attached.  Considerable research 
and development is going into ways to reduce costs and energy consumption, especially 
for power plants, which are low-concentration, low-pressure, high-volume sources.  Many 
different post-combustion solvents, for example, have been proposed to reduce the required 
energy consumption and are being tested.  Designs have also improved with experience.

The first large-scale integrated power plant to use post-combustion capture and geologic 
storage will be the SaskPower Boundary Dam Integrated Carbon Capture and Storage 
Demonstration Project currently under construction in Saskatchewan, Canada.  The 110 
MW project will combine a rebuilt coal-fired generation unit with post-combustion capture 
technology and will be fully commercial in early 2014.  CO2 captured at the site will be used 
for EOR and also injected into a deep saline formation. 

Post-combustion capture can also be used for other types of power plants and for some 
industrial processes.  Analyses by the IEA and others show that this type of capture system 
will need to be applied to both gas-fired power plants and some industrial applications 
in order to meet CO2 abatement goals.  The first natural gas-fired power plant using post-
combustion capture went on-line as part of the Mongstad Carbon Capture Test Centre in 
Norway. Mongstad is actually testing several different post-combustion systems.

Pre-Combustion Capture Family: Building on Experience in Gasification 

Gasification is a chemical process for transforming a solid or liquid hydrocarbon such as 
coal, petroleum coke or heavy oil into a gaseous mixture of hydrogen and carbon monoxide 
called “syngas” that can be used to make chemicals or to generate electricity.  Gasification 
also produces CO2 which, along with other contaminants, needs to be separated from the 
syngas. Gasification has been commercial since the nineteenth century. Over 100 gasifiers 

Amine separation 
equipment at the 
Warrior Run Power 
Plant captures CO2.
Image Source: IEA 
Greenhouse Gas R&D 
Programme
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currently operate worldwide.  Many of these gasify petroleum products for chemical 
production.  Others, particularly in China, gasify coal, also mostly for chemical production. 
The concentration of CO2 is higher in the syngas stream and the syngas stream has a smaller 
volume than in a typical power plant exhaust gas stream.  Smaller equipment that can be 
more efficient in removing pollutants can be used, thus reducing capital costs greatly.  

Nothing is essentially new or unique about capturing CO2 from a gasification plant.  It is done 
today in many commercial gasification plants. For gasification for power generation (IGCC) 
with CCS, the hydrogen is burned as fuel in the combustion turbine and the CO2 is pressurized 
for geologic injection. Considerable CO2 capture experience has been gained where the CO2 
was captured as a by-product for commercial uses.  Commercial CO2 separation applications 
have included:

•	 Texaco Los Angeles Hydrogen Generation Unit (1983)—for oil recovery
•	 Tennessee Eastman (1984)—for food and beverage industry 
•	 Ube Ammonia (1984)—for food and beverage industry
•	 Eight gasification plants in China—for urea production
•	 Other gasification plants in China—for beverage industry
•	 Coffeyville, Kan. (2000)—for urea production.

A notable achievement for pre-combustion capture was the Great Plains Synfuels Plant, 
which gasifies coal to produce synthetic natural gas and chemicals.  The plant has captured 
2.8 million tonnes of CO2 per year since the year 2000, which is transported by pipeline to 
Saskatchewan, Canada for use in EOR in the Weyburn and Midale oil fields.  This facility, 
however, is not an IGCC plant and does not generate electricity.  

The SaskPower Boundary Dam Post-Combustion Capture Facility is near completion.
Image Source:  Photo provided by and is the property of SaskPower
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The challenge for pre-combustion capture has not been the separation and pressurization 
of CO2.  Those can be readily accomplished using commercial equipment.  Rather, the 
challenge has been in developing a cost-effective IGCC unit with commercial guarantees 
that meets performance requirements for power generation.  IGCC is already widely used in 
refineries where byproduct fuels such as petroleum coke are available and the performance 
requirements are less stringent. IGCC for power generation requires greater process 
integration and reliability.  In the 1990s, several first generation IGCC plants started operation 
in the United States and Europe.  

Starting in the mid-2000s several major companies, including General Electric, ConocoPhillips, 
Huanang, Mitsubishi and Shell, began development of the second generation of IGCC units. 
Several second generation units are currently being developed in the United States, China and 
Europe.  The first of the second generation units went on-line in June 2013 in Edwardsport, 
Indiana, United States, but it does not capture CO2.  The first IGCC to be fully integrated with 
capture, the Kemper County Plant in Mississippi, United States, is currently under construction 
and is expected to begin operation in 2014.  CO2 captured from the Kemper County IGCC will 
be used for EOR.  Higher-than-anticipated capital costs have been a challenge for both the 
Edwardsport and Kemper County plants.  

Oxycombustion Family: Creating a New Application

Oxycombustion (sometimes called oxyfiring, oxyfuel or oxy-coal) is the combustion of fuel 
in an oxygen-rich environment.   Oxycombustion has been used on a small scale for high-
temperature industrial processes since the 1940s.  Large-scale oxycombustion of coal to 
increase CO2 concentrations for CCS has been studied since the late 1980s.  When fuel is 
burned in air, CO2 concentrations are relatively low since most of the air consists of nitrogen.  

Higher CO2 concentrations are expected to make separation less expensive.  Burning fuel 
in pure oxygen, however, creates temperatures well beyond what the steel used in a boiler 
could tolerate.  To avoid that, flue gas containing CO2 is recycled into the boiler (in place of 
the nitrogen present during combustion in air).  Pollutants are removed, the flue gas is cooled 
and then CO2 is extracted and compressed.  Oxyfiring has been proposed for both new and 

Edwardsport, a second generation capture-ready 
IGCC plant, began operation in June 2013.
Image Source: Duke Energy at www.duke-energy.com/about-
us/edwardsport-overview.asp
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retrofit applications.  One advantage compared to a plant with post-combustion capture of 
CO2 is that oxycombustion may require only one-tenth of the water withdrawals.

Oxycombustion has been tested in a number of small experimental facilities for many years.  
For example, the CANMET Energy Technology Center, a division of Natural Resources Canada, 
has operated a pilot scale oxycombustion facility in Ottawa, Ontario, Canada since 1994.  That 
and other facilities have provided much of the data required to ready oxyfiring for use on a 
somewhat larger scale in actual power plants.  

The first pilot-scale coal-fired plant with oxycombustion began operation in Germany in 2008.  
Several companies are developing oxycombustion and have now successfully operated test 
facilities and pilot plants and are working on plans to scale their technologies to commercial 
scale.  Some of these oxycombustion technologies operate at atmospheric pressure; others 
are pressurized to increase efficiency.  The most recent pilot plant is the Callide A plant 
in Queensland, Australia, which also is to integrate with storage of CO2 in a depleted gas 
reservoir.  

Oxycombustion can also be used in industrial applications.  As part of the CO2 Capture Project, 
an oil industry collaboration, oxycombustion was used to capture CO2 from the main emitting 
component of refinery operations, the Fluid Catalytic Cracking (FCC) unit.  This test conducted 
in 2012 at a Petrobras research facility in Paraná state, Brazil confirmed oxycombustion as a 
viable method for CO2 capture in refineries.  

The next step is to scale up to full commercial size. Two large-scale oxycombustion projects 
are currently in an advanced state of planning, the 425 MW White Rose project in England 
and the 200 MW FutureGen project in Illinois, United States.

Industrial Capture Family: Diverse Applications  

A common perception is that the purpose of CCS is just to reduce emissions from coal-
fired power plants.  Many large industrial plants of various types, however, also have large, 
concentrated emissions and are good candidates for CO2 capture.   CO2 is already commercially 
captured in plants that produce various chemicals including ammonia, methanol and 
hydrogen. 
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These facilities produce streams of CO2 that are large, pure and at high pressure and represent 
early low-cost opportunities for capture.  

CO2 could also be captured from the production processes of industries where capture is 
more difficult.  These include cement plants, integrated steel mills, oil refineries, fertilizer 
plants, and petrochemical plants, as well as pulp and paper mills.  Most of the CO2 emitted 
from some types of operations—cement kilns and iron reduction in the steel industry, for 
example—comes from chemical reactions involving the raw materials, not combustion.  

Methods to capture CO2 in each industry depend on the production processes in that industry. 
Some facilities such as oil refineries and petrochemical plants may emit large amounts of CO2, 
but the CO2 is actually emitted from many small, individual sources within the facility.  Each 
source may emit a different quantity of CO2 at a different pressure and purity.  In each case, 
the capture technology must be tailored to the specifics of the production process.  This is an 
area with large opportunities for CCS requiring more work. 

The status of industrial capture depends on the source.  Capture from relatively high 
concentration industrial sources—natural gas separation, ammonia plants—is ready for 
commercial deployment.  Capture from more complex or less concentrated sources—cement 
plants, steel mills, and refineries—requires more development but initial projects are taking 
place.
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Cement Production.  Global CO2 production in 2011 was 3.6 billion tonnes and the cement 
industry emitted and is estimated to emit about 5 percent of global CO2 emissions.  CO2 from 
cement production comes from both combustion and chemical reactions. Cement production 
has several steps, the most energy-intensive of which involve heating the “raw meal” inputs 
consisting mostly of crushed limestone but also other component such as clay or shale.  
First, a precalciner heats the raw meal to form calcium oxide from the limestone (calcium 
carbonate), which releases CO2. Then a rotary kiln completes the process by producing clinker 
by sintering (i.e., creating lumps) the output of the precalciner.  The clinker is then cooled and 
mixed with additives to form cement.  (Cement is a binder for concrete and can later be mixed 
elsewhere with water and stone aggregates to produce concrete.)  Of the CO2 emissions from 
clinker production, 61 percent comes from the calcination process and 39 percent comes 
from the combustion of fuel.

Both post-combustion capture and oxycombustion are capture options for the cement 
industry. Post-combustion capture is an option for retrofitting existing plants.  In post-
combustion capture the cement plant itself is not modified but, in addition to the capture 
equipment, the flue gases must be cleaned to an extent that could be well beyond the plant’s 
current practice.   Low pressure steam is also needed for the part of the post-combustion 
process that releases CO2 from the solvent.  This requires installation of a boiler or, more likely, 
a Combined Heat and Power facility. Oxycombustion requires relatively low levels of oxygen 
compared to power generation, but retrofit would be difficult and only about 60 percent of 
the CO2 would be captured.  

A pilot facility is currently under construction by the Skyonics Corporation at the Capital 
Aggregates Cement Plant in San Antonio, Texas in which the CO2 captured is reused to make 
sodium bicarbonate (baking soda).  Other projects are also under development at cement 
plants in Norway and Taiwan. 

Steel Making.  Steel mills of various types also emit large quantities of CO2. The 2005 IPCC 
Special Report on Carbon Dioxide Capture and Storage found 269 iron and steel industry 
sources that together emitted 646 million tonnes of CO2 per year.

The cement making process emits CO2 from both chemical reactions and fuel combustion.
Image source:  IEA Greenhouse Gas R&D Programme
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Primary steel production involves three steps: 

1. Iron production by reduction of iron ore either in a blast furnace using coke produced in 
a coke oven or through a Direct Reduction Iron (DRI) process; 

2. Steel making through either a basic oxygen furnace or an electric arc furnace;
3. Various processes, usually starting with a reheat furnace, to make the products sold to 

customers such as rolling steel sheets, steel pipes, rods or structural forms.

In secondary steel production, scrap metal is recycled through an electric arc furnace rather 
than going through the first two steps of primary steel making.  Secondary steel production 
emits only 20 to 30 percent of the CO2 of primary steel production.  

The energy intensity and CO2 emissions of steelmaking depend on the exact processes used 
at each steel mill. About 60 percent of the world’s total steel is made using the basic oxygen 
furnace with most of the rest made in an electric arc furnace.  Integrated primary steel mills are 
large facilities that typically are composed of several different processes, each of which may 
emit CO2.  Steel mills, however, vary widely since steel is produced using different processes, 
different grades and alloys of steel are produced, and steel mills have different end products.  
The emission sources within the mill and the quantities of CO2 also vary.  Like cement plants, 
much of the CO2 from steel making is emitted by chemical processes.  The largest sources 
of CO2 in conventional steel mills are typically coke ovens and blast furnaces as well as the 
power plants that support them, but other processes such as rolling mills and sintering also 
emit CO2.  

Methods to capture CO2 emissions in primary steel making are currently being developed.  
These include capture of CO2 emitted from the DRI process for iron production and from basic 
oxygen furnaces as well as capture from associated power plants.

Two significant steel industry CCS projects have been under development.  The Masdar-Abu 
Dhabi National Oil Company project in Abu Dhabi is planned to capture 800,000 tonnes of 
CO2 from a DRI process for delivery to an offshore oil field for EOR starting in 2016.  The Europe 
Wide Ultra-Low CO2 Steel (ULCOS) Blast Furnace Project was planned to capture 700,000 
tonnes per year of CO2 from a blast furnace in France, but did not receive funding from the 
European Commission.  The plant’s owner, however, is keeping the plant available for CCS in 
the future.  In addition to these projects, R&D on CCS in steel mills is underway in Europe by 
the ULCOS as well as in Japan and Korea.

Fertilizer Production.  Ammonia has been produced from natural gas using the Haber 
process for about a century and emits large quantities of CO2.  In the Haber process, natural 
gas is first processed with water using a “steam reforming” process to form hydrogen and CO2.  
The hydrogen then reacts with atmospheric nitrogen to form ammonia.  The reforming of 
natural gas produces a highly-concentrated stream of CO2 which can be captured at relatively 
low cost.  Again, the CO2 comes from the chemical process, not just fuel combustion.  One 
project, the Enid Fertilizer plant in Oklahoma, United States, is already in operation and 
captures 0.7 million tonnes of CO2 per year.  At least four other plants in Australia, Canada, 
and New Zealand are now under development.  Together, these could capture up to 5 million 
tonnes of CO2 per year.
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Oil Refineries.  The oil industry has a long history of involvement in each step of CCS—
capture, transport and storage.  (See box on next page.)  Refineries are the most CO2-intensive 
part of the industry.  The 2005 IPCC Special Report identified 638 refineries around the world 
that emit 798 million tonnes of CO2 annually.  

The variations among refineries are even greater than those in steel production.  While the 
refinery process always starts with a distillation tower, the crude oils that the refinery can 
input, the outputs of the distillation tower, and the processes that come after the distillation 
tower to produce the refineries’ final products vary widely.    Refineries can be highly complex 
and differ in the sources and quantities of CO2 emissions.  CO2 capture opportunities vary 
accordingly.  Depending upon the refinery, post-combustion capture is possible from process 
furnaces, plant utilities, fluid catalytic cracker (FCC) units, and hydrogen plants that use steam 
reforming to produce the hydrogen. In addition, IGCC—the primary pre-combustion capture 
source—is most widely used in refineries and companies in this industry that pioneered its 
development.  

The oil industry is exploring opportunities for capture of CO2 from refineries.  The CO2 
Capture Project, for example, successfully tested oxycombustion in a FCC unit at a Petrobras 
facility in Paranas state, Brazil. The Mongstad European Test Center, opened in 2012, tests 
post-combustion capture technologies and, in 2013, a commercial capture facility began 
operation at the Valero Port Arthur refinery.  One million tonnes of CO2 per year is being 
captured from a steam methane reformer at the refinery.  Another refinery CCS project in 
development will capture 1.2 million tonnes of CO2 annually from a heavy oil upgrader at the 
Northwest Sturgeon Refinery near Edmonton, Alberta, Canada.  This project is expected to be 
in operation in 2015.

Novel Concepts and Innovation

New and alternative concepts for separation were also beginning to be considered in the 
1990s and work has progressed to develop them.  CO2 capture has engaged the creativity 
and collaboration of scientists and engineers from around the world.  Commercial firms as 
well as academic and research institutions are participating in this research, development 
and innovation.  

Over time, even more ideas have been proposed. Each of these requires more work to be 
ready for large scale demonstration.  These include:

 3 Membrane separation is a post-combustion method which uses a semi-permeable barrier 
(the membrane) through which one or more of the gases in a mixture of gases move faster 
than the others, thus separating the components.  Membrane separation methods are 
also being developed for oxygen production that would enhance both oxycombustion 
and pre-combustion capture. Membranes have the potential to be more efficient and less 
capital intensive than solvent-based systems. 

 3 Chemical looping uses metal oxide particles to react with oxygen to form a metal oxide, 
which then reacts with fuel, producing solid metal particles and a mixture of carbon 
dioxide and water vapor.  The water vapor is condensed, leaving pure carbon dioxide.  
These two reactions form a cycle.  This is actually a different type of combustion process 
than the direct reaction of fuel with oxygen.
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 3 Cryogenic separation and distillation take advantage of different temperatures at which 
CO2 and other components of an exhaust stream change from a gas to a liquid or vice 
versa.  Some oxycombustion approaches use cryogenic separation.  The Shute Creek 
Separation Plant mentioned in the text box on CCS and the Oil and Gas Industry uses a 
cryogenic separation method.

Other novel concepts and variants of these and the more-established concepts continue to 
be proposed and developed. 
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CCS and the Oil and Gas Industry

The oil and gas industry has been the source of much of the technology and practice used 
in virtually every aspect of CCS—CO2 capture, transportation and storage.  Many of those 
individual technologies and practices were used separately for different purposes by the 
industry long before interest in CCS arose.  

Once interest in CCS did arise, however, the industry became deeply involved in 
developing and implementing CCS as a climate mitigation option.  The first project in the 
world to implement CCS to mitigate climate change was Sleipner, implemented offshore 
by the Norwegian oil and gas company Statoil.  Decades before Sleipner, the industry 
was capturing CO2 from both natural sources and industrial facilities and injecting 
it underground for EOR.  Six of the nine large-scale integrated CCS projects operating 
commercially today are operated by the oil and gas industry. Those projects all use amine 
separation of CO2 at natural gas processing plants, long a commercial practice in the 
industry.  Amine separation was the first technology route followed for capture by other 
industries for facilities such as power plants and today remains a leading post-combustion 
alternative.  

ExxonMobil Shute Creek Processing Plant in LaBarge, Wyoming, United States, has been 
capturing CO2 for EOR since 1986 and currently captures about 7 million tonnes per year. 
It will soon be joined by Chevron’s Gorgon Project in Australia which will capture about 4 
million tonnes of CO2 per year.  
 
CO2 pipelines were operated by this industry for EOR long before CCS was seriously 
considered.  Similarly, the technologies and practices for geologic storage build upon 
decades of industry experience in hydrocarbon exploration and CO2 injection for EOR.  
Indeed, many of the services required for geologic storage are provided by oil field 
services companies. 

Oil and gas industry collaborations are also advancing CCS.  The CO2 Capture Project (CCP) 
is a partnership of six major oil and gas companies from Europe, North America and South 
America working together since 2000 to advance the technologies that will underpin the 
deployment of industrial-scale CCS. The CCP has conducted over 150 projects covering 
capture, storage and policies related to CCS. 



Progress on Geologic Storage 
and Utilization of CO2

Geologic research has now shown that, although it varies by region, CO2 storage 
capacity is vast compared to emissions, and operating geologic storage projects 
have already provided a great deal of information that can guide future geologic 
storage projects.  Future storage projects can now be sited where proven scientific 
techniques show strong evidence of adequate and secure storage capacity.  Lessons 
from experience can enable CO2 storage projects to be safely designed, operated and 
closed.  Enhanced Oil Recovery (EOR) provides an already-commercial storage option 
and other CO2 utilization methods are under development.  Further experience with 
storage, especially with commercial-scale projects, will improve the current base of 
knowledge.

When geoscientists first started considering underground injection of CO2 to avoid emissions 
into the atmosphere in the early 1990s, they asked several basic questions: 

1. In what geologic formations can the CO2 be stored? 
2. Is storage capacity adequate?
3. How can geologic storage of CO2 be effectively and safely conducted? 
4. Can we be assured that the CO2 will stay where we want it underground?

Considerable research has gone into answering these questions and today they can be 
answered with confidence.  Work is continuing to refine the answers to these questions 
and the same questions must be answered for every geologic storage project.  In addition, 
options for the utilization of CO2 are increasingly being developed.  Some utilization options 
reuse CO2; others store CO2 in various manufactured commodities such as concrete; and still 
others eventually store the CO2 in geological formations after it is used.  

In what geologic formations can CO2 be stored?

The initial focus of geologists seeking geologic formations in which to store CO2 was 
highly-porous and permeable rocks that had already been shown to securely hold large 
quantities of fluids such as water, petroleum, natural gas, or CO2 for geologic periods, that 
is, for millions of years.  The hope was that they could also hold injected CO2 for similarly 
long periods.  Most of these porous and permeable rock formations are composed of what 
geologists call sedimentary rocks such as sandstone and carbonates. Coal seams and shale 
formations are porous, but they are not permeable and are potential storage reservoirs if 
CO2 could be safely injected and contained in them using new technologies.  Formations of 
these rocks are composed of sediments that have accumulated over time and been buried 
deep underground by other formations.  Sedimentary rocks are not the only possible storage 
formations, however, as basalt formed from volcanic eruptions is also porous and also could 
potentially hold CO2 over geologic periods.  The high permeability of basalts and the potential 
for CO2 to leak from this type of rock makes the use of basalts still an open question and 
research is ongoing to evaluate their suitability for CO2 storage.

2  A non-technical but more detailed description of how storage is conducted can be found in a companion booklet by the IEA Greenhouse Gas R&D 
Programme, “Geologic Storage of Carbon Dioxide, Staying Safely Underground.”
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Several types of rock formations are suitable for CO2 storage, including depleted oil and gas 
fields, deep saline formations and deep, unmineable coal seams. Other types of formations 
such as basalts and shales are being examined by scientists for possible future use. 
Image Source: CO2CRC
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In order for a geologic formation of porous rocks to securely hold CO2, the formation must 
have several further characteristics.  It must: 

•	 Be permeable, that is, allow the flow of injected CO2 into and through the formation;
•	 Be deep, at least 800 meters (2600 feet), the depth below which, due to high pressure and 

temperature conditions, CO2 becomes a “supercritical fluid” that takes up much less space 
than a gas and flows much better than gases through the tiny pore spaces;

•	 In most cases, be covered by thick layers of impermeable “cap rock” that can withstand 
any pressures or stresses due to the injection or movement of CO2 or natural geologic 
processes and that will not allow the upward flow of the injected CO2; and

•	 Have secure trapping mechanisms to hold the CO2 in the desired formation. 

Geologists started looking for formations with these characteristics in the mid-1990s.  Mostly, 
they sought geologic formations that were already known to hold oil or gas, or water with too 
high a salt content to be used for other purposes. These are depleted oil and gas reservoirs and 
deep saline formations.  The geologists also identified deep unmineable coal seams, basalts, 
and shale formations as possible candidates.  In evaluating these formations, they built on 
decades of experience and information assembled by geologists. Geologic explorations for 
possible CO2 storage formations continue to the present day. 



Numerous large potential storage formations have been found all over the world, both 
onshore and offshore.  Once found, the answers to further questions about storage adequacy, 
injection procedures, security assurance and impacts need to be answered.

Is storage capacity adequate?

This question needs to be answered credibly at two levels: first, at a broad, regional level to 
determine whether geologic storage is a policy option for climate mitigation and, second, as 
part of feasibility assessments for specific projects.

Regional storage capacity estimates, some done at a national level, have mostly been 
conducted by geologists at government agencies and research institutions.  Starting in the 
late 1990s these geologists began reviewing available geologic records, identifying potential 
storage formations, estimating how much CO2 could be stored in those formations, and 
refining those initial estimates.  By the time the IPCC’s Special Report on Carbon Dioxide 
Capture and Storage was being written in 2004-2005, enough analysis had been done to 
make a broad global estimate of storage capacity based on peer-reviewed journal articles.  
These estimates are shown below:

This 2005 estimated range of storage capacities is much larger—at least two and possibly 
three orders of magnitude—than current emissions from large power plants and industrial 
sources, estimated at 13.8 Gigatons of CO2. The largest, but least well understood, types of 
storage reservoirs it reviewed were deep saline formations.  That deep saline formations were 
the least well known is understandable because such formations had never before been seen 
as a resource that had value.  Geologists had thus earlier paid little attention to them.   By 
contrast, much was known about oil and gas fields and coal seams because the industry had 
extensively explored and exploited them.

Much further work to estimate storage capacity has been conducted in years since the IPCC 
report and estimates are being continually refined.  Importantly, geologists now recognize 
that CO2 storage capacity is a natural resource, just like any useful mineral.  They also recognize 
that methods for estimating and classifying storage capacity differed, thus creating a need 
for CO2 storage estimation and classification standards. Such standards have now been 
developed by international collaborations such as the Carbon Sequestration Leadership 
Forum and estimates are now made using such standards.
 
The knowledge produced since 2005 has resulted in estimates of vastly larger available 
storage capacity and deeper understanding of the characteristics of individual storage 
formations.  One recent example is an estimate in 2012 of the storage resources in the United 
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States and three western Canadian provinces. In that region alone, the estimated range of 
storage capacity is more than double the global estimate in 2005 and is between hundreds 
and thousands of years of the required storage capacity.   

More recent estimates for other countries are similarly vast compared to stationary large-
source emissions.  China, the world’s largest emitter of CO2, was estimated to have over 3,080 
billion tonnes of theoretical geologic CO2 storage capacity in 106 onshore and offshore 
storage formations.  The European GeoCapacity project found and mapped 119 Gigatons 
of storage capacity in Western Europe for about 3.2 Gigatons of annual emissions from large 
sources.   Similarly large estimates have been made for Australia.  Less information is available 
for most developing countries.

Beyond just estimates of storage capacity, most regional storage assessments produce 
considerably more detailed information about other attributes of the potential storage 
formation—for example, type of rock formation, thickness, depth, porosity, permeability, 
pressures, cap rock, groundwater, and geographic extent.  Knowledge of all of these 
characteristics is vital to planning CCS projects and to understanding the potential for 
CCS.  Great differences in these characteristics have been found among potential storage 
formations and these differences affect suitability for geologic storage. It is now clear that, 
on a global basis and in many regions, storage capacity is vastly more than adequate, but the 
characteristics of storage formations and their proximity to CO2 sources vary widely. 
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China’s estimated 
storage capacity 
is nearly 100 times 
annual emissions 
from large stationary 
sources.

Image Source: R.T 
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China: A Comprehensive 
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Project storage capacity estimates are made to identify and evaluate specific sites for the 
injection and storage of CO2 from a specific source or group of sources.  Since storage 
formation characteristics vary widely and are even highly variable over short distances, site 
specific estimates of storage capacity and other characteristics of the storage formation need 
to be made.  Site characterizations for geologic storage projects typically involve extensive 
seismic surveys and the drilling and evaluation of test wells.  

How can geologic storage of CO2 be effectively and safely conducted? 

Geologic storage requires careful exploration to identify geologic formations that have 
adequate storage capacity and effective geologic trapping mechanisms, a well-designed plan 
for injection, good engineering practice for injection, an appropriate program of monitoring 
the movement of CO2 underground, and safe closure when injection is over.  The life cycle of 
a storage project will typically span several decades. Effective technologies and practices for 
each aspect of that life cycle are available and are being rapidly refined.

Finding a good storage site and planning injection.  The geologic formations into which CO2 
will be injected for geologic storage will usually have multiple effective trapping mechanisms 
and an absence of potential escape pathways as determined by highly-detailed geologic site 
characterization prior to operation.  This characterization will usually include seismic surveys, 
drilling of test wells, test injections of small amounts of CO2, extensive computer numerical 
modeling of the geology, and the development of a safe injection and monitoring plan.  The 
general conclusion of research to date is that geologic storage can be safe and secure if it is 
done to industry standards such as those that apply in the resource or power sectors.  We 
now have a good undserstanding of how and where to inject CO2 safely underground and are 
rapidly improving that understanding.  Further work is being done, for example, to advance 
the techniques for site characterization, injection and storage; to understand the behavior 
of large amounts of CO2 in diverse geologic formations; and to refine our knowledge of 
appropriate geological formations.  It is now clear that there are no technical show stoppers.  

Computer modeling of CO2 storage and risk assessment techniques have also been developed 
to guide the selection, design and operation of a storage site.  Such techniques are now 
an integral part of CCS projects. Computer models using geologic data gathered from the 
site are used before injection begins to predict the movement of CO2 through the storage 
formation.  The actual movement of CO2 can then be compared with model predictions to 
improve model results and, if necessary, to adjust injection procedures.  Modeling of storage 
projects so far have validated and improved model results.  Similarly, methodologies have 
been developed to identify risks associated with geologic storage and to correct problems 
should they arise.

Injection and Monitoring.  During injection, the movement of CO2 in the formation will be 
carefully monitored on an ongoing basis and the injection plan modified if the movement of 
CO2 deviates from what is expected.  Monitoring may continue for some time after injection 
ceases into the post-closure and long-term stewardship phases.  Regulatory authorities 
throughout the world have developed regulations to ensure that all this is done properly.
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In order to ensure the safe and secure storage of CO2, methods have been developed to 
monitor the location and movement of CO2 in the storage formation, to verify that it has been 
stored as intended, and to enable accounting of the stored CO2 for regulatory or economic 
purposes.  Other characteristics of the storage formation such as pressures, temperatures, 
and micro-seismic conditions may also be monitored.  Reliable methods for Measurement, 
Verification and Accounting (MVA, alternatively called Measurement, Monitoring and 
Verification, MMV) are now ready for commercial deployment.  These include methods for 
monitoring CO2 and its effects in the subsurface, at the surface and in the atmosphere.  

Subsurface monitoring is particularly important because that is where the CO2 is expected to 
remain.  Such monitoring may include seismic monitoring, the use of various tracers injected 
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Life Cycle of a Geologic Storage Project

Geologic projects are conducted in four phases.  Each requires a different set of activities.

1. Planning, Permitting and Construction.  A CCS developer must identify and characterize 
a viable storage site and obtain all necessary legal rights and government permits for 
that site. Site characterization examines site accessibility, capacity, injectability and 
storage security.   If the site is viable, plans and supporting information are submitted 
to relevant government agencies and permits are obtained, perhaps with revision of 
plans, if those plans meet government criteria.  Once all permits and approvals have 
been received, the design and development of a storage project follows, including 
the drilling of injection and monitoring wells.  This phase typically lasts for several 
years.

2. Operation.  In this phase, CO2 is injected under pressure into the storage formation 
and the amount and fate of the CO2 within the storage formation is monitored with 
reporting to government regulatory agencies.  This phase may continue for 30 or 
more years for a commercial site.

3. Closure and Post Closure. This consists of permanently ceasing injection and properly 
closing the site followed by ongoing monitoring to ensure that the security of storage 
continues.  The site is closed with the injection and monitoring wells being properly 
sealed. Post closure lasts for several years or even decades after a site is closed 
depending on regulatory requirements and site characteristics.  

4. Long-Term Stewardship.  This consists basically of continued monitoring and final site 
abandonment.  This is not necessarily a new activity compared to post closure, but 
rather a continuation of post-closure monitoring, possibly with less frequency and 
eventual transfer of responsibility to a governmental entity.  The distinction between 
post closure and long-term stewardship is not technical, but rather financial and legal 
in nature.



with the CO2, sampling of subsurface fluids as well as various measurements taken on an 
ongoing basis in the storage formation.  Typically, several wells are drilled at the storage site 
not to inject CO2, but to monitor its movement and take ongoing measurements of pressure 
as well as of physical and chemical changes in the storage formation. Technologies have also 
been developed to reliably detect any CO2 leaked into the soil or groundwater and to monitor 
any CO2 in the atmosphere.  The exact MVA techniques to be used in a specific project depend 
on the site characteristics of the project and the regulations it must follow.   MVA techniques 
have been used in virtually every geologic storage operation conducted to date.

Current State of Knowledge.  The engineers and scientists conducting the first CO2 storage 
projects built on an extensive base of experience in similar activities in the oil and gas, waste 
disposal and other resource industries.  They adapted and further developed the technologies 
and practices long used for the exploration and production of oil and natural gas, disposal of 
liquid waste, groundwater use and other subsurface resource activities.  Site characterization, 
for example, draws heavily on oil and gas exploration techniques such as seismic surveys 
and the drilling of test wells.  Other lessons have been learned in the many storage tests that 
have been conducted over the years.  Among the lessons learned are how to avoid potential 
CO2 migration from the storage formation, how to best design, place and monitor wells, how 
to best plan and maintain the ability to inject CO2, and how the geologic formations and 
well construction materials react to CO2.  Much understanding has also been gained about 
how CO2 moves through storage formations and interacts with the liquids and solids in those 
formations.  All of this can be used to plan and implement future CCS projects.
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Monitoring techniques include atmospheric monitoring, soil gas and water sampling and 
seismic surveys.
Image Source: CO2CRC
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Extensive experience has now been gained in many projects throughout the world in the 
planning and operation of geologic storage in a variety of geologic settings.  Much has been 
learned.  Indeed, while experience in even more diverse geologic settings would be useful, 
“best practices” building on this experience have been able to be described in a number of 
important geologic storage practices:

•	 Site screening, characterization and selection;
•	 Monitoring, Verification and Accounting (MVA);
•	 Risk analysis and simulation; and
•	 Project development and operation.

Weyburn-Midale CO2 Monitoring and Storage Project

A CO2 injection well used in the Weyburn-Midale CO2 Monitoring and Storage Project.
Image Source: IEA GHG Weyburn-Midale CO2 Storage and Monitoring Project Final Phase

The Weyburn-Midale CO2 Monitoring and Storage Project, conducted under the auspices 
of the IEA Greenhouse Gas R&D Programme from 2000 to 2011, was an international 
collaborative study of CO2 injection and storage into two oilfields in the Canadian 
province of Saskatchewan for EOR. The project’s first phase, completed in 2004, predicted 
and verified that the Weyburn oil reservoir could securely and economically contain CO2.  
The second phase expanded upon the work of the first, and recommended a framework 
to encourage implementation of CO2 geological storage on a worldwide basis.  In 2005, 
the research project was expanded to include the adjacent Midale oil field where CO2 is 
also being injected to enhance oil recovery.  

The project involved researchers from many countries.  The final product was a best 
practice manual for the geological storage of CO2 in a depleted oil reservoir.  Injection of 
CO2 for storage continued after the research project ended.  Lessons were learned about 
site characterization, monitoring, public outreach, risk assessment and modeling. 

Approximately 3 million tonnes of CO2 per year came from a pre-combustion capture 
facility at the Dakota Gasification plant in the U.S. state of North Dakota and was 
transported by pipeline 320 kilometers (199 miles) across the international border for 
injection. Over 20 million tonnes of CO2 have now been permanently stored in the 
Weyburn and Midale oil fields.  
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Best practices manuals to ensure safety and security of long-term CO2 storage have already 
been developed based on the experience so far.  Building on much the same information, 
for example, the World Resources Institute, an environmental NGO, has produced guidelines 
for carbon capture, transport and storage based on extensive consultations with diverse 
stakeholders.  These manuals and guidelines can now be prepared because there is adequate 
scientific information to write them.  Ensuring that geologic storage is done safely and 
securely is the role of regulation.  Regulations governing CCS have been enacted in various 
jurisdictions throughout the world.

CO2CRC Otway Project

 Image Source: CO2CRC

      Image Source: CO2CRC

The CO2CRC Otway Project in the Australian state of Victoria is an innovative effort to 
demonstrate that CCS is a technically and environmentally safe way to make deep cuts 
into Australia’s greenhouse gas emissions.  The project provides technical information 
on geosequestration processes, technologies and monitoring and verification regimes 
that will help inform public policy and industry decision-makers while also providing 
assurance to the community.  Over 65,000 tonnes of CO2 have been injected and stored 
in a depleted gas field and further injection into different formations is being planned.  
The project includes a comprehensive monitoring program.

The first phase of the Otway Project showed that storage in depleted gas fields can be 
safe and effective, and that these structures could store globally significant amounts of 
carbon dioxide. The second stage of the Otway Project, which determined the amount 
of residual gas trapping in a deep saline formation, was successfully completed in March 
2012.

CO2 has been injected commercially into geologic formations for over 50 years for EOR.   
Injection of CO2 into deep saline formations and depleted oil and gas fields without EOR 
draws on that experience.   Widespread use of CCS will require the storage of large volumes of 
CO2 in diverse geologic formations.  In order to successfully store CO2 in geologic formations, 
it was necessary to test injection in diverse fields.  Many such tests have been conducted 
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throughout the world.  Still, geologic formations are diverse and more experience would be 
helpful for widespread deployment of CCS.

Injection in unmineable coal seams, basalt formations and shale is at a much earlier stage 
of development.  Initial small scale injection tests have been made in coal seams in Canada, 
China, Japan, Poland and the United States and, so far, the results are encouraging.  The first 
injection into a basalt formation is currently planned in the United States and will be quite 
useful because basalt formations underlay areas where the sedimentary rocks for other types 
of storage formations are not present, for example, in parts of India. 

Can we be sure the CO2 will stay in the target geologic formation?

One question raised about geologic storage is: how can we be sure that the CO2 stays in 
the intended geologic formation?  Part of the answer is in the use of proper planning and 
operation of CO2 injection.  The other part is that the CO2 is monitored both during and after 
injection and actions can be taken to prevent movement out of the intended storage geologic 
formation.  CO2 can be expected to stay in the target storage formation over long periods of 
time due to several natural trapping mechanisms.  For this to be assured, the site has to be 
selected carefully based on proper characterization of those trapping mechanisms, injection 
must be planned and carried out so as to preserve those mechanisms, and the fate of the CO2 
must be monitored to ensure that it behaves as expected.

One early concern related to the impact of earthquakes.  Yet, in Japan, a major earthquake 
occurred in the vicinity of the Nagaoka CO2 storage project; there was no measurable impact 
on the stored CO2 and no leakage.   This is consistent with the behavior of other geological fluid 
reservoirs in seismically active areas—for example, oil and natural gas in southern California 
do not come to the surface when earthquakes occur.  Some people have also raised concerns 
that injections of CO2 could cause earthquakes.  Research, however, indicates that this risk 
can be avoided through proper site characterization and selection as well as monitoring and 
control of well pressure.

Considerable knowledge has been gained from the experience of CO2 injection projects 
about the trapping mechanisms that hold CO2 securely in the geologic storage reservoir.  
Such knowledge will guide the selection, design, operation and closure of future projects.  
Extensive effort has gone into developing technologies and methods to monitor the location 
and movement of the CO2 throughout this period.  These have now been tested and shown 
to be highly accurate.  Best practices have been developed for their use.

While the environmental and health effects of high concentrations of CO2 are well known, the 
evidence is that properly-conducted geologic storage will not lead to incidences of such high 
concentrations.  As the IPCC noted in its 2005 report on CCS, CO2 has been naturally trapped 
for millions of years in geologic formations around the world.   These are essentially the same 
types of formations into which CO2 would be injected for geologic storage.  

Potential risks that have raised concerns include migration of the CO2 out of the storage 
formation, induced seismicity, and impact on water resources.   Scientists have developed 
and are now refining methods to assess the risks associated with specific projects and 
practices.  Such analyses, based on geologic knowledge and site characteristics, can enable 
project siting to avoid areas with significant risk as well as aid the safe design and operation 
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of projects.  Research so far indicates that risks such as movement of CO2 out of the storage 
formation are extremely unlikely if the storage is conducted properly.  

Ongoing Research and Development on Geologic Storage

Research on geologic storage of CO2, and particularly its safety and permanence, has been 
conducted for many years throughout the world and is continuing.  The US Department 
of Energy has studied this issue extensively through test injections in its Regional Carbon 
Sequestration Partnerships (RCSP) and in its core carbon sequestration research program.  
The RCSP Program has conducted 20 test injections in diverse geologic formations in the 
United States and Canada and is now in its second phase consisting of eight additional 
large-scale injections, seven of which are in deep saline formations.  In Canada, extensive 
work has been done by Natural Resources Canada and CO2 has been injected into suitable 
geological structures in Canada for over a decade, without any safety or health issues 
arising.  The European Commission (EC) has sponsored considerable work on this topic, as 
have several of its member states.  Australia’s Cooperative Research Centre for Greenhouse 
Gas Technologies (CO2CRC) has been safely injecting and monitoring CO2 since 2008.  The 

What Keeps the CO2 Underground?

CO2 is injected under extremely high pressure as a supercritical fluid into tiny pores 
within deep rock formations which have already trapped liquids such as oil, natural gas 
or highly salty and unusable water for millions of years.  Supercritical CO2 takes up as 
little as 0.27 percent of the space of gaseous CO2 and diffuses readily through the pore 
spaces of solids.  Supercritical CO2 compresses more the deeper it is injected, increasing 
the amount that can be stored in the same volume of rock.  High pressure and sufficient 
depth (2,600 feet or 800 meters) maintains the supercritical fluid state.  Once in an 
appropriate geologic storage space, CO2 is held in place by one or more of five trapping 
mechanisms, depending upon geology:

 3 Stratigraphic trapping occurs when cap rock, a dense layer of impermeable rock 
overlays the CO2 deposit forming a closed container.

 3 Structural trapping occurs when impermeable rocks overlie a fault or fold in the 
geologic strata, holding the CO2 in place.  The CO2 is also generally separated from the 
surface by other thick layers of impermeable rock called seals.

 3 Residual trapping takes place when the CO2 is trapped in the tiny pores between 
rocks by the capillary pressure of water.     

 3 Solubility trapping occurs when CO2 dissolves in the saline water in the rock formation, 
forming a denser fluid which may then sink to the bottom of the storage reservoir.  

 3 Mineral trapping occurs when CO2 chemically combines with the surrounding rocks 
to form minerals.  

In most cases, multiple geologic trapping mechanisms will apply and these mechanisms 
will become more effective the longer that the CO2 stays in the storage formation. Trapping 
mechanisms are site specific and must be determined before large-scale injection begins.

The security of geologic storage is discussed in more detail in a companion booklet 
from the IEA Greenhouse R&D Gas Programme—“Geologic Storage: Staying Safely 
Underground.”
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Australian government has also released offshore and onshore areas for exploration for CO2 
storage formations. The Australian states of Victoria and Western Australia also are sponsoring 
storage projects and the Chevron Gorgon Project is in Western Australia.  Japan’s Ministry of 
Economy, Trade and Industry is conducting a full-chain CCS project and is also focusing on the 
sub-seabed.  Academic and research institutions throughout the world have also extensively 
addressed this issue. Research on this topic has been conducted in Norway where CO2 has 
been safely injected in two large-scale projects, one of them operating since 1996.   Activities 
on geologic storage are also taking place in a number of emerging economies such as China, 
Mexico, Saudi Arabia, and South Africa.

International organizations such as the Task Force to Examine Risk Assessment Standards 
and Procedures of the Carbon Sequestration Leadership Forum and the International 
Energy Agency’s (IEA’s) Greenhouse Gas R&D Programme conduct extensive international 
collaboration on the issue of safety and security of geologic storage.  The latter operates 
an international research network on risk assessment for CCS.  The CO2 Capture Project is 
an international partnership of major energy companies, research institutions, the U.S. and 
Norwegian governments and the European Commission that conducts research on a wide 
range of technical issues related to CCS, including the safety and security of geologic storage.  
As described earlier, perhaps the most extensive international collaboration on the safety 
and security of geologic storage is the Weyburn-Midale CO2 Monitoring and Storage Project 
in Saskatchewan, Canada.  The websites of each of these organizations show the abundance 
of information—and the progress made—on this topic.
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Much has been learned from the many test, pilot and commercial scale CO2 injections that 
have already been made in different types of geologic formations throughout the world.
Image Source: CO2CRC



Utilization

One alternative to geologic storage is to use the captured CO2 for a productive purpose.  The 
value of the CO2 for such a purpose can offset some or all of the cost of capture.  EOR is 
currently the largest use of CO2 and is a commercial practice.  Two similar uses for CO2 are 
Enhanced Coal Bed Methane (ECBM) and Enhanced Gas Recovery (EGR), but these are at an 
earlier stage of development.  Initial tests of ECBM have taken place in China and the United 
States.  The use of EOR, ECBM and EGR is limited to areas where the oil, coal or gas resource 
is present.  

CO2 has other uses as well, some of these with even higher value: examples include for 
beverages, in fertilizer and chemical production, for greenhouses, and for dry ice.  CO2 
captured from power plant and industrial sources is currently used for these purposes.  A 
number of coal gasification plants used for chemical production capture CO2 which is used 
for urea fertilizer production. Certain industries may also have unique beneficial reuses for the 
CO2.  For example, the Kwinana Alumina Refinery in Western Australia uses 70,000 tonnes per 
year of CO2 captured from a nearby ammonia plant for a residue carbonation process mixing 
bauxite residue with CO2.  This permanently disposes of the CO2 and has been operational 
since 2007.  Research and development is also at a relatively early stage in the production of 
fuels from CO2, the use of CO2 for building materials such as concrete, and other uses such as 
plastics production. 

The total size of the market for CO2-flood EOR is by far the largest of any of these applications.  
However, given the total amounts of CO2 from large stationary sources, geologic storage has 
far more potential than any utilization option. 
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Commercial CO2 Transport: 
Existing Today

Unless CO2 can be injected on site, which is possible in some locations, it must be transported 
to storage reservoirs, most likely by pipeline.  Today, over 6,600 kilometers (4,100 miles) of CO2 
pipelines operate in several countries and carry over 100 million tonnes of CO2 per year.  The 
most extensive set of CO2 pipelines operates in the southwest United States to carry CO2 mostly 
from natural formations to oil fields where it is used for EOR.  Due to the different physical and 
chemical properties of CO2, the design and materials for a CO2 pipeline and CO2 compressors 
for the pipeline are somewhat different than for natural gas pipelines. CO2 pipelines have 
operated safely for many years, some for decades, without any environmental or health and 
safety issues.  The oldest CO2 pipeline is the Canyon Reef Carriers pipeline, 225 kilometers 
(140 miles) in length, which has been operating since 1972.  Over the years, an extensive base 
of experience and statistical data, an established regulatory regime in the United States, and 
standards and best practices for CO2 pipelines have already been developed.  Other countries 
with significant experience with CO2 pipelines include Canada, the Netherlands and Norway.

Worldwide, all but one of the operating CO2 pipelines is onshore.  The offshore pipeline, 
operated in the Barents Sea off the northern coast of Norway, carries 700,000 tonnes of 
CO2 per year 153 kilometers (95 miles) from the Snøhvit onshore LNG plant to an offshore 
depleted natural gas field.  Offshore pipelines are not as easy to build as onshore pipelines 
but are particularly important for Europe and Australia, where much of the geologic storage 
is expected to be offshore.

The transportation of highly-compressed CO2 by pipeline is already a well-established 
and safe commercial practice.   CO2 pipelines, however, differ from those used to 
transport natural gas.

An extensive and growing 
set of CO2 pipelines connects 
both natural and man-made 
sources of CO2 to depleting 
oil fields in North America. 
Image Source:  United States 
Department of Transportation
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As CCS becomes a more widespread practice, individual pipelines may be combined into 
networks linking multiple sources with multiple storage reservoirs.  Such networks would 
provide operational flexibility and economies of scale to CCS projects.  The first networks 
with CO2 from industrial sources are already starting to emerge.   One example, already 
in operation, is the Denbury Green Pipeline which carries CO2 from several industrial and 
natural sources in the US states of Mississippi, Louisiana and Texas to EOR fields. Another 
network currently under construction is the 240 kilometer (149 mile) Alberta Carbon Trunk 
Line network in Alberta, Canada.  At full capacity, this network will ship 14.6 million tonnes of 
CO2 from industrial sources in northern Alberta for EOR in depleting oil reservoirs in central 
and southern Alberta.  Capture projects at the first two industrial sources that will be served 
by this Alberta network, an ammonia plant and a heavy oil upgrader, are currently under 
construction.  Several other networks have been proposed and are under development.  
Plans have also been developed for other networks in North America, Australia and Europe. 

One future possibility for long-distance shipment is to transport the CO2 by tanker ships.  
Conceptual designs of such ships have been made, but no CO2 tanker ships as yet have been 
built.  CO2 for industrial purposes is already carried commercially by trucks and railcars, but in 
small volumes.

COMMERCIAL CO2 TRANSPORT - EXISTING TODAY
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Becoming Commercial 
Practice

In nearly all installations, CCS will add costs to the power generation and industrial production 
processes to which it is applied. In most cases, CCS will provide a public good but not a 
commercial benefit to the companies implementing it.  In order to be commercially viable, 
companies using CCS will need to cover the costs and earn an adequate return on investment 
in the facilities of which CCS is a part.  For that to happen, the outputs of those facilities—
electricity, chemicals, steel, or whatever else—will need to be competitive and adequately 
reliable in the markets they serve.  Utilization of the CO2 will help to cover costs and aid in the 
return on investment but, as in most cases, will not be enough on its own to cover all costs.  

Ensuring that costs are covered while facilities with CCS are competitive will be determined, 
for the most part, by government climate and economic policies and regulations.  In addition, 
regulatory policies that enable the safe and effective capture, transport and storage of 
CO2 must be in place.  Those policies and regulations have yet to be developed in many 
jurisdictions.  

Regardless of the status of policies and regulations, the development of CCS as a commercial 
practice requires the attainment of two tasks: (1) achieving the same scale as the facilities 
they serve, and (2) reducing costs to a level that the customers of commercial operations 
can bear.  These have already been achieved in a few niche applications such as natural gas 
separation and EOR, but in most of the applications for which CCS can be used, more work 
is required.  Work to achieve scale and reduce costs is underway, but needs to be completed 
for each component of CCS.  Capture technologies need to be demonstrated at the full scale 
of the power generation and industrial facilities to which they will be applied.  Although 
it varies regionally and large scale CO2 pipelines are fully commercial, CO2 transportation 
infrastructure needs to be developed to enable CO2 to move from the sources where it is 
captured to where it will be stored.  Storage needs to be practiced at large scale in geologic 
formations where it will not be used for EOR, most importantly in deep saline formations 
where most storage capacity exists.

Moving to Scale and Reducing Costs

Although methods differ, capture of CO2 generally consists of a series of chemical or physical 
processes to remove CO2 from a stream of gases.  Each process takes place under specific 
conditions of temperature and pressure in equipment specially designed for that process.  
Methods to capture CO2 can be readily theorized based on known chemistry and physics 

Widespread deployment of CCS will require the implementation of many large-scale 
projects that integrate capture, transport and storage or utilization of CO2 at a cost 
that is affordable and provides economic benefits to those who will implement and 
ultimately pay for the projects.  CCS has now reached the point where projects must be 
built and operated at the scale of commercial use. Well-known engineering practices 
are available to guide this scale up. The initial large-scale integrated CCS projects for 
applications such as power generation are now being planned and built.  Lessons 
learned from these projects will provide the basis for commercial deployment.



and they can be tested in a laboratory setting.  Even with such laboratory tests, the best 
equipment and operating conditions to use for each process—and which processes work 
best for an application—are not obvious.  For each capture method, many design options 
are usually available: chemical reactants, component specifications, materials, plant layout, 
process integration, redundancies, and control systems, to name a few.  Moreover, different 
technology developers see the engineering opportunities differently and proceed along 
their own paths.  

It is simply not possible to know in advance everything necessary to design and operate 
the most cost-effective system.  In any design of equipment so complex, numerous choices 
and tradeoffs need to be made.  For first-of-a-kind projects, these decisions are made more 
on expert judgment and analysis, not experience. Initial designs and operating practices are 
thus likely to be sub-optimal. Moreover, in commercial use, many operational considerations 
must be dealt with—the varying composition and impurities of the gas stream, flow rates, 
pressures, temperatures, weather conditions, required purity of the CO2, wear and tear 
on equipment, operating procedures, and so on.   Much can only be determined through 
extensive and time-consuming experimentation.  As more is learned, larger and more cost-
effective systems can be built with greater confidence.

Scaling Up. Chemical engineers have standard procedures and a great deal of experience for 
developing progressively larger equipment.  This is the well-known and widely-used practice 
of “scaling up” chemical processes to the scale at which it will be used commercially from 
smaller, experimental designs.   Chemical process equipment usually exhibits economies 
of scale; the larger the process, the less expensive it is.  As a rule of thumb, cost declines 
exponentially with size, so the largest equipment that matches the output of the CO2 source 
is generally the most cost-effective.  

Capture at commercial scale—up to millions of tonnes per year from a single source—requires 
large and expensive equipment that, if used without prior experience, is highly unlikely to be 
optimal and may not even work at all.  For this reason, testing is done at a progression of 
scales, starting small and inexpensive and then building up step-by-step to the commercial 
scale.  

As adequate knowledge is gained at each scale, revisions to improve results may be made 
to equipment and operating procedures, and data is assembled for more cost-effectively 
building facilities at the next largest scale.  Since revisions become more difficult and 
expensive at larger scales, it is vital to gain as much knowledge as possible at smaller scales.  
As experience is gained, the design is improved and scale can be increased. Scale and 
technical maturity are thus highly correlated.  Recently, the use of process simulations has 
expedited analysis of alternative designs, but accurate simulation still requires good data and 
a proper understanding of the entire process, some of which, in many cases, must be gained 
experimentally. 

Although distinctions among them are not clear-cut, and definitions differ, the scales for 
capture typically include:

•	 Bench Scale testing of a chemical process on a small scale, such as a laboratory table, 
provides the maximum flexibility at the least cost to prove that the system and its 
components work in principle.  
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Scaling Up for the Moon Landing

A well-known example of the scaling up process is the evolution of rocket technology 
in the 1960s for the first manned moon landings.  Manned rockets went through several 
generations from the Mercury Redstone rocket which launched one man into suborbital 
flight in 1961 to the Saturn V system which launched 3 men, landing 2 of them on the 
moon in 1969—only eight years later. Each generation increased in size, power and 
sophistication.  The Saturn V rocket system had 93 times the mass of the Mercury Redstone 
and its first stage had 98 times the thrust.  The Saturn V was also capable of much longer 
manned flights and more complex navigation.    

Many of the same engineering practices that were used to scale up rockets for the moon 
landing are being used to scale up capture technologies. Innovations were tried at small 
scale and lower costs.  Lessons learned in one generation were applied in the next.  The 
stakes were high as lives depended on good engineering design.  Still, progress was rapid, 
requiring only eight years.  This same process of learning and increasing size step by step is 
being used for CO2 capture.  The main difference is that only one moon rocket technology 
was being developed but there are many competing capture technologies, each of which 
needs to be optimized to perform economically at scale to become commercial.  Only 
some of these capture technologies will reach commercial operation.

Source: NASA and CO2CRC
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•	 Test Systems implement and test the fully-integrated system at a small scale within the 
developer’s laboratory.  Costs are still relatively modest.

•	 Pilot Plants take into account all of the real-world operational considerations and operate 
at a fraction of commercial scale over an extended period to experience varying conditions.  
Pilot plants typically process a portion of the exhaust stream from an actual industrial 
facility such as a power plant.  For power plant applications, pilot capture systems may 
typically be 1 to 40 MW or up to about 150,000 tonnes of CO2 per year.  They may or 
may not be integrated with geologic storage.  Pilot projects may also tend to be more 
expensive on a per unit basis (for example, per megawatt of power generation capacity 
or megawatt hour of generation) because they do not have the economies of scale of 
commercial-scale plants.

•	 Demonstration Plants are the first units to test technology at the same scale as commercial 
plants and are integrated with geologic storage.  For power plants, commercial scale may 
be about 250 MW or larger, capturing and storing over 1 million tonnes of CO2 per year.  
Demonstration plants are generally put through several years of testing under varying 
conditions.  Modification and enhancements, for example of new components based on 
learning, may be made as part of the testing plan.  Once the testing is over, depending 
upon the market for their output, some of these plants may enter full commercial 
operation. 

The scaling up of one post-combustion capture technology, Alstom’s chilled ammonia post- 
process, shown on the next page, is an example of how technologies are scaled up. 

Beyond the technical progress, real-world CCS projects—whether pilot or demonstration 
scale—have provided valuable information about the business aspects of building and 
operating CCS facilities.  They must address such concerns as legal and regulatory issues, 
permitting, subsurface rights acquisition, supply chain development, contracting practices, 
financing, and public understanding, particularly in the local communities.  A great deal has 
been learned about how to address these considerations from the pilot and demonstration 
plants that have already been operated.  Much of the business of new CCS projects will build 
on what has already been learned.

Reducing Costs.  Commercial plants are designed and built based on demonstration plant 
results. They are complex systems and the first commercial-scale plants are not likely to have 
the best achievable performance because still more can be expected to be learned.  Both the 
cost and performance of chemical process equipment improve with experience.  Over time, 
vendors and operators find ways to improve designs and simplify complex equipment.  Many 
of these improvements may be small and incremental, but they add up.  These improvements 
tend to be more frequent in facilities where the components are novel and such improvements 
have not already taken place.   Moreover, as more vendors enter the market, competition 
provides incentives to bring costs down.  
  
As has been shown for other similar process equipment, a sequence of generations of 
commercial-scale plants improves performance and significantly brings down costs from 
that of first-of-a-kind plants.  Similar technologies that have experienced significant cost 
reductions as more were built are illustrated in the following table.  This table shows that a 
doubling in technology capacity reduced capital cost by 5 to 27 percent and operating and 
maintenance costs by 6 to 27 percent for those technologies.  
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0.25 MW Pilot, 2004-2006, increased process 
scale and built on lessons learned in the 
Batch System. 

Example of Scaling Up: Alstom’s Chilled Ammonia CO2 Capture System

Initial Bench Test, 2001-2003, showed “proof 
of principle” and determined the major 
operating parameters of the process.

Batch System, 2003-2004, 
implemented a complete process 

operation using process parameters 
determined by the Initial Bench Test.

1.7 MW Pilot, 2006-2007,  at 
WE Energies further increased 

scale and operated at a coal 
power plant.

25 MW Mountaineer Demonstration, 2007-2009, 
further increased scale at a coal power plant, built on 
lessons from the WE Energies Pilot, and injected CO2 
underground.   Following this test, the technology 
was ready for demonstration scale deployment.

40 MW Mongstad CAP, 2011-2013,
increased scale still  further and 

operated at a natural gas power 
plant.

Image Source:  Copyrighted pictures courtesy of Alstom Power
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Scale and Maturity Currently Achieved by CCS Technologies

After many years of pilot plant operation, each type of capture and storage in deep saline 
formations is now ready to be demonstrated at commercial-scale.  Capture projects at this 
scale are now under construction or in various stages of planning.  Experience at scale 
for storage varies with the type of storage.  Still, the maturity and scale of various power 
generation and industrial capture processes varies.

Each capture type—post-combustion, pre-combustion, oxycombustion, industrial capture—
actually encompasses multiple technologies, each with its own characteristics and developed 
by a different organization.  For example, multiple approaches to post-combustion are now 
being pursued.  They differ in the solvent (or sorbent) used, the design of the equipment 
(which is specific to the solvent and application), operating conditions, level of technical 
maturity and the scale of development reached.  In addition, capture equipment designed 
for one application cannot necessarily be used in another.  For example, pre-combustion 
capture processes used for gasification cannot be used for power generation boilers and 
equipment for these boilers would not work for gasifiers or some types of industrial processes.  
If a technology is commercially ready for one application, it does not mean that technology 
is ready for another application.

Numerous tests of post-combustion capture have now taken place at pilot scale with different 
solvents and designs.  It is ready to be implemented in commercial-scale projects for both 
power generation and industrial applications.  The 110 MW Boundary Dam post-combustion 
capture project is currently under construction in Canada and is expected to be operational 
in 2014.

Scale for pre-combustion capture in a gasification plant is not an issue.  Commercial scale 
gasification plants and IGCC units have been built for decades.  IGCC for the power generation 
industry, however, is relatively new (as most IGCCs are used in refineries where they have a 
different design and must meet different performance criteria).  The second generation of 
IGCC for power generation is now being planned and some will capture CO2.  The Kemper 
County IGCC in Mississippi, United States, will be the first of that second generation to capture 
CO2 and is currently under construction.  It will go into operation capturing 3.5 million tonnes 
of CO2 per year in 2014.  A plant with the same gasification technology but which will not 
initially capture CO2 is also under construction in China.
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The scale of the oxycombustion system is essentially the scale of the power plant.  So far, as 
discussed earlier, oxycombustion has been proven in numerous large pilot plants at scales 
up to 40 MW.  Several commercial-scale oxycombustion plants are currently planned, notably 
the 200 MW FutureGen project in the United States, the 300 MW OXYCFB 300 plant in Spain 
and the 450 MW White Rose project in the United Kingdom, each of which is scheduled to 
become operational by 2016.

The scale and maturity of industrial capture depends on the type of industrial source.  Capture 
from relatively high concentration industrial sources—natural gas separation, ammonia 
plants—is ready at scale for commercial deployment.  Others—steel plants, refineries, biofuels 
other than ethanol, cement plants—use various, often specialized, capture technologies and 
require more development.  The most recent industrial project to become operational was 
the Air Products Steam Reformer project at a hydrogen plant in Texas, United States, where 
1 million tonnes per year of CO2 will be used for EOR.  Several other large industrial capture 
projects are under construction. 

The scale experience of geologic storage varies with the type of storage.  Hundreds of millions 
of tonnes of CO2 have already been safely injected on a commercial basis for EOR in depleting 
oil fields.  Storage in that type of formation is now an established practice at the scale required.  
Several large commercial-scale storage operations have been successfully conducted in deep 
saline formations and depleting natural gas fields, however, most injections in those types of 
formations have been at a smaller scale.  Much has been learned from projects, both large 
and small.  Given the geologic diversity of deep saline formations, more experience at large 
scale and over longer periods in those types of formations would be particularly helpful.   
Experience has been gained only at relatively small scale in unmineable coal beds and the 
initial storage test in basalt is currently planned.  

Current Status of Large-Scale Integrated CCS Projects

CCS facilities need to reach the same size as the commercial facilities from which they capture 
CO2.  They are now beginning to reach that size for power generation and in some industrial 
applications.  Like other large-scale industrial projects, major CCS projects are developed 
using what is called a “stage-gate” approach.  In the stage-gate approach, projects are 
proposed and investments are made in incremental stages in order to manage risks.  Much is 
learned about the viability of the project at each stage.  Between each stage, there is a “gate” 
of evaluation at which a decision is made whether to proceed to the next, more expensive 
stage.  Cost estimates are made between each stage and generally become more accurate as 
the design progresses and becomes more specific. Even so, many variable and uncontrollable 
factors such as inflation, materials costs, financing costs, and fuel costs cannot be predicted 
with complete accuracy, which is true of any large, complex project.   Costs of first-of-a-kind 
projects are particularly difficult to project and also have higher commercial financing costs 
than for more mature technologies.

Projects that do not meet the criteria of the gate evaluation are dropped.  As projects proceed 
from one stage to the next they become more likely to be carried out and better defined 
with costs that are more certain.  At each stage, first-of-a-kind project designs, costs and 
performance are less certain than those of comparable commercial technologies.  Most 
large projects, especially first-of-a-kind projects, do not pass through all the gates and only a 
minority typically enters operation.
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A late-2013 survey by the Global CCS Institute found 65 Large Scale Integrated Projects 
(LSIPs) in various stages of development, including 31 power generation projects and 34 
industrial projects.  LSIPs are defined as projects involving the capture, transport and storage 
of at least 800,000 tonnes of CO2 annually for a coal-based power plant, or at least 400,000 
tonnes of CO2 annually for other emission-intensive industrial facilities (including natural gas-
based power generation).  Of the 65 projects, 33 involve enhanced hydrocarbon recovery, 
predominantly EOR.  Many more smaller-scale and non-integrated CCS projects have already 
been carried out.  The Global CCS Institute survey, updated periodically, classifies projects by 
stage based on their current status going through the gates.  The five project stages it uses 
are as illustrated below:

Public announcements are typically made when a project is in an early stage of development. 
Permitting and financing typically occur in the middle stages and success or lack of success 
by these activities is a key gate criteria.  The table on the next page shows the status of the 65 
LSIP projects, many of them first-of-a-kind projects.  Twelve industrial projects and no power 
generation projects are already in the Operate stage and eight projects are in the Execute 
stage including two power generation projects. 
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Most power generation projects (29 of 31) and the more difficult industrial projects (e.g., 
iron and steel production) are at earlier stages of development.  The 20 Operate and Execute 
stage projects are listed in the table on the next page.  All of the Operate stage projects 
capture CO2 from industrial sources where the cost of capture is lower and in nine the value 
of the CO2 is higher because it is used for EOR.  Most separate CO2 from natural gas streams, 
which is necessary to ensure the commercial value of the natural gas.  Fourteen of the 20 
projects earn revenue through the utilization of CO2 for EOR.  Two power generation LSIPs in 
the Execute stage, Boundary Dam and Kemper County, are the first of the commercial-scale 
demonstrations for power generation.  

This survey has been conducted on an ongoing basis since 2009.  The total number of LSIP 
projects has gone up and down over that period, mostly as early stage projects have been 
added or subtracted.  The total number of LSIPs in late 2013, 65, is about the same as in the 
first survey in 2009, but the mix has changed from mostly power generation projects to more 
industrial projects.   Some projects have advanced in development, but others have dropped 
out.  The total number of projects has declined from a peak of 80 in the 2010 report.  The most 
recent additions are projects in the Identify and Evaluate stages from China.
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Status of Large-Scale Integrated CCS Projects, mid-2013



Source: Status of Global CCS Institute, The Global Status of CCS 2013, October 2013
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Most of the 8 Execute-stage projects and some, but not all, of the 45 projects in the less-
advanced Define, Evaluate and Identify stages will probably eventually continue into the 
Operate stage and contribute to the commercial implementation of CCS.  Other projects will 
likely continue to be proposed.  Even those projects that do not ultimately go into operation 
provide some valuable lessons for the future.

Implications for the Future of CCS

Each capture technology will need to be implemented in its own sequence of several large 
scale projects, each learning from prior projects using the same technology.  A robust set 
of commercial capture technologies and effective competition among vendors will require 
multiple sequences of projects of different types for both power generation and industrial 
applications.  Similarly, commercial geologic storage requires further experience at scale in 
diverse geologic settings, particularly for deep saline formations. All this will require large 
investments in CCS, beyond those already made.

Ultimately, the most vital resources needed to make CCS ready for widespread commercial 
deployment are commitments by government and industry to continue CCS development 
and to build and operate multiple sequences of projects.  This will require leadership and 
substantial investments.  Once the technology is developed, businesses will then need a 
sound business rationale to build and operate CCS projects on a commercial basis.  They will 
need to be able to cover the incremental costs of CCS, however much those may be reduced 
through RD&D.  Climate policies that would enable those costs to be covered are in place in 
only a few of the jurisdictions where they are needed.  
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