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1 Introduction 
 
Global warming is an international issue, which has recently garnered significant and 
increasing attention. In the United States, federal legislation to control carbon dioxide 
(CO2) emissions has not yet been enacted.  However, many industries, and power 
generators in particular, are preparing for its arrival.  It is estimated that coal-fired 
generation emits about 1.0 tons of CO2 per megawatt-hour and natural gas-fired 
generation emits about 0.5 tons per megawatt-hour.   According to recent estimates, 
power generation accounts for roughly 35% of carbon dioxide emissions in the United 
States.1 
 
Limiting CO2, now believed to be a question of “when” and “how,” not “if,” will encourage 
lower carbon-emitting and more efficient technologies.  Nonetheless, gas- and coal-fired 
generation will remain critical sources of electricity for North America.  Coal-fired 
generation currently provides about half of U.S. electricity generation.  Coal is one of the 
least expensive fuels for generation, and it is one of the few fuels of which the United 
States has sufficient reserves to be independent of foreign sources.  Gas accounts for 
just under 20% of U.S. generation.2  Many industry observers expect additional gas 
generation to be built over the next five to 10 years, since the main alternatives, such as 
coal and nuclear, face uncertainties and have long lead times.  Generation reserve 
margins in the United States are shrinking, and significant new generation will be 
required soon.  According to EIA, the United States will have to increase current levels 
of electricity generation by over 40% by 2030 in order to keep up with demand.3 
 
This means there will be a large economic incentive to bring existing and new gas- and 
coal-fired facilities into CO2 emissions compliance.  New technologies are being 
investigated which can capture nearly all the CO2 from gas- and coal-fired facilities.  
However, these technologies are useless without suitable storage for the captured gas.  
Fortunately, the United States is endowed with a variety of options, which offer the 
potential of possibly centuries’ worth of safe and reliable storage. 
 
The new business of Carbon Capture and Storage (CCS) offers possible opportunities 
both for the utilities ready to adopt CO2 capture technologies as well as for the 
businesses that can offer them a way to move and store it. 
 
 

                                                 
1 Barbour, 2007. 
2 “Net Generation by Energy Source by Type of Producer,” 2007. 
3  Annual Energy Outlook, 2007. 
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2 Climate Change and the Regulatory Context 

2.1 Evidence of Climate Change 

Scientific data suggests that in the last 100 years the earth has been getting warmer; a 
recent rise in CO2 levels from human activities in the atmosphere may be one of this 
phenomenon’s primary causes.  CO2 contributes to the greenhouse effect in which heat 
is trapped by gases in the atmosphere, much as it is trapped by the glass in a 
greenhouse. 

According to ice core samples, the current level of atmospheric CO2 (383 parts per 
million) is the highest it has been in the past 650,000 years.4  This level represents a 
38% increase from pre-industrial 1750 levels.5  In the last 20 years, at least three-
quarters of this increase has been attributed to the increased use of fossil fuels.  The 
UN-sponsored Intergovernmental Panel on Climate Change predicts dramatic growth in 
CO2 to as much as 250% of the current level by the year 2100.  Next to water vapor, 
CO2 is the largest contributor to the greenhouse effect, and it is currently considered the 
most likely cause of rising temperatures.6  

Each year, temperatures across the globe fluctuate with location, season, and weather; 
although, the mean temperature over time should be independent of these factors.  
However, during the last 100 years, the global mean temperature has increased by 1.3 
degrees Fahrenheit.7  Though seemingly small, this is a significant rise over such a 
short amount of time.  That’s because even a tiny change carried over time can have 
dramatic effects on the environment.  Again, according to some studies, if the rise in 
global temperature continues at its current rate, or is allowed to accelerate, its effects 
will increase, possibly including: 

• Rising sea levels 
• Changing weather patterns  
• Glacier retreat 
• Species extinction 

2.2 Public Opinion 

From Teddy Roosevelt’s establishment of the first national park in 1902 to the inaugural 
Earth Day celebration 66 years later, the environmental movement has always had 
deep roots in American culture.  New data and snowballing media coverage in recent 

                                                 
4 E. Williams, 2007. 
5 Royer, 2001. 
6 Metz. 
7 Houghton, 2001. 
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years have increased the spotlight on the global warming phenomenon, putting 
pressure on the industries thought to be responsible for causing it. 

The energy utility industry is taking much of the pressure from this increased scrutiny.  
That is because, as mentioned earlier, electricity generation accounts for roughly 35% 
of carbon emissions in the United States.8  Moreover, large stationary sources of 
emissions, such as power plants, are more easily regulated than smaller or mobile 
sources.  Although no U.S. legislation has been enacted (much is in progress) to limit 
the amount of CO2 that power plants emit, citizen action and regulatory caution have 
done a great deal to slow down the number of new coal-fired plants. 

In 2007, citizen groups with environmental concerns successfully postponed or slowed 
the construction of new coal-fired generation facilities in several states across the 
country.  Citizens in the United States are concerned about global warming and will 
continue to do what they can to slow growth in the industries which emit CO2.  Although 
there is currently no national legislation to restrict carbon emissions, public opinion 
seems to support such legislation and industry increasingly backs such legislation in 
order to remove uncertainty and influence terms. 

2.3 International Precedence for Restricting CO2 Emissions 
 
Several countries have already taken dramatic steps to reduce their CO2 emissions.  No 
single agreement has achieved unanimous support or completely halted the growth of 
carbon emissions worldwide.  However, one has made significant progress and set a 
strong precedent for future legislation in the United States. 

2.3.1 Kyoto Protocol and the European Union 

The U.N.-sponsored Kyoto Protocol is the most significant effort towards the curtailment 
of atmospheric CO2 levels of any agreement so far.  It has been ratified by 175 nations 
and is the first binding agreement to limit greenhouse gases.  The Kyoto Protocol 
covers more than 60% of the emissions produced by developed nations and proposes 
to cut emissions by up to 5% below 1990 levels during the first period, which concludes 
in 2011, with up to 30% lower targets in the next period.  Unlike previous agreements, 
the Kyoto Protocol includes enforcement provisions for nations that fail to meet initial 
goals.9 

The U.S. Congress unanimously refused to ratify the Kyoto Protocol on the grounds that 
it would be too costly and economically damaging to implement and that it unfairly 
omitted requirements for developing nations.  Despite Congress’s rejection of the 
accord, then U.S. Vice President Al Gore still signed it, symbolically, in 1998. 

                                                 
8 “U.S. 2002 Carbon Dioxide Emissions from Carbon Consumption,” 2007. 
9 “Introduction to the Kyoto Compliance Mechanism,” 2007. 
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In order to meet Kyoto goals, the European Union established a cap and trade system 
for carbon emissions and a market for trading carbon allowances in 2005.  Emission 
quotas were allocated to over 12,000 different manufacturers and power generators.  
Covered businesses, which exceeded their quotas, were allowed to purchase additional 
allowances on the market, while those which were below their targets were allowed to 
sell their remaining allowances. 

The Kyoto Protocol had no direct effect on CO2 emissions in the United States.  
Nonetheless, the success of the agreement abroad and its symbolic signing at home 
added to pressure for action in the United States.  The agreement also helped create an 
emissions trading market within the European Union, which is already being used as the 
basis for some proposed solutions here in the United States. 

2.4 Action within the United States 

In recent years, several programs at municipal, state, and regional levels have begun to 
address the issue of controlling CO2 emissions.  The lack of federal legislation has 
caused several cities and states to begin forming their own solutions for combating 
climate change.  These initiatives demonstrate the public’s and politicians’ desire for 
CO2 limitations, and have formed the basis for much of the federal legislation currently 
being proposed. 

2.4.1 Municipal Action 

Over 540 mayors, representing over 50 million residents, have joined a program started 
in 2005 by Seattle’s Mayor Greg Nickels.  The program formed a conference, which is 
designed to help cities reduce carbon emissions below 1990 levels in line with the Kyoto 
Protocol.  The conference’s president, Mayor Douglas Palmer, has stated that his aim is 
to help, “fill the void left by federal inaction.”10  Although the mayor’s plan represents a 
significant commitment to address climate change, even more promising progress is 
coming from state and regional initiatives. 

2.4.2 State and Regional Action 
 
Both California and New Jersey have recently taken aggressive steps to limit the 
amount of CO2 released within their borders.  In 2006, California passed a bill that 
would require a 25% decrease in CO2 emissions by 2020 and an 80% reduction by 
2050.11  In 2007, New Jersey passed a bill mandating cuts of 16% by 2020 and 80% by 
2050.12  In July 2007, Florida Governor Crist issued an executive order requiring state 

                                                 
10 “U.S. Mayors Take the Lead in Fighting Climate Change,” 2007. 
11 Eilperin, 2006. 
12 Gardner, 2007. 
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agencies to reduce their greenhouse gas emissions and directing electric utilities to do 
the same. 
 
Greenhouse gas emission controls are supported primarily in states in the far West, 
Mid-Atlantic, and Northeast regions with Democratic Party governors and legislators.  
However, Republican Governor Schwarzenegger in California and former Governor 
Pataki in New York have been at the forefront of some of these initiatives.  So far, there 
has been little activity in the Deep South, Midwest, Mountain Region, or among those 
states which are large coal producers, coal users, or have a significant manufacturing 
sector. 
 
Western Climate Initiative 

Launched in February 2007, the Western Climate Initiative (WCI) is a collaboration 
among the governors of Arizona, California, New Mexico, Oregon, Washington, and the 
Premier of British Columbia to reduce regional CO2 levels.  Member states have agreed 
to a goal of reducing CO2 emissions by 15% from their 2005 levels by 2020.  Governor 
Schwarzenegger has said that the agreement would, “build a successful regional 
system to be linked with other efforts across the nation and eventually the world.”13 

The Regional Greenhouse Gas Initiative 

The Regional Greenhouse Gas Initiative (RGGI) is a cooperative endeavor among 
Northeastern and Mid-Atlantic states to reduce CO2 emissions.  The participating states 
of Maine, New Hampshire, Vermont, Connecticut, New York, New Jersey, Delaware, 
Massachusetts, Maryland, and Rhode Island are designing a cap and trade program for 
emissions from power plants.  Member states hope to reach a goal of 10% reduction of 
emissions between 2015 and 2020.  Members with ‘observer status’ who are not 
participating in the reduction program include Pennsylvania, Washington D.C., and the 
Eastern Canadian Provinces.  The organization is also building the Regional 
Greenhouse Gas Registry (RGGR), a database which will help catalog and track 
emissions. 

2.5 Federal Legislation 

Until now, differing political agendas have made federal legislation to limit emissions 
difficult to achieve.  The U.S. Senate unanimously elected not to support the Kyoto 
Protocol in 1997.  However, since then, the Senate has made several attempts to enact 
similar legislation in the United States.  Over time, these proposals have become more 
acceptable politically, and it is likely that one will be enacted in the near future.  A 
summary of significant proposed legislation follows. 

                                                 
13 Tanner, 2007. 
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2.5.1 Climate Stewardship Act of 2003 
 
The 2003 Climate Stewardship Act, sponsored by Senators John McCain and Joe 
Lieberman, represented the first congressional vote on U.S. climate change legislation.  
The proposed bill would have covered 85% of U.S. emissions of six major greenhouse 
gases from sectors including electricity generation, transportation, industrial, and 
commercial.  Highlights of the bill include: 
 

• Cap and trade system 
• Unlimited trading of allowances including on international markets 
• Emission reductions allowed from non-covered sources 
• Borrowing of allowances from future years 
• Carbon sequestration projects allowed for meeting goals 

 
The Climate Stewardship Act was defeated in the Senate by a vote of 55 to 43 with 80% 
of Democrats supporting it and 88% of Republicans opposed to it. 
 

2.5.2 Global Warming Pollution Reduction Act of 2007 

The Global Warming Pollution Reduction Act, sponsored by Senators Bernie Sanders 
and Barbara Boxer, sought to reduce emissions from motor vehicles and power 
generation by 15% by 2020 and 80% by 2050.  Highlights of the bill include: 

• Cap and trade system 
• R&D funding for geologic sequestration projects 
• Lower emission standards for new vehicles 
• Low carbon electricity generation standards for new utilities 
• Renewable energy portfolio requirement 

The bill was proposed to the Senate in January of 2007. 

2.5.3 Electric Utility Cap and Trade Act of 2007 
 
Senators Diane Feinstein and Tom Carper introduced the Electric Utility Cap and Trade 
Act as an amendment to the Clean Air Act.  This act sought to create a program that 
would regulate and control the emission of CO2 solely from electric utilities.  Goals 
included a CO2 emissions reduction by utilities of 8% by 2020 and 41% by 2050.  
Highlights of the act include: 
 

• Cap and trade system for utilities 
• R&D funding for low and zero-carbon generation technologies  
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2.5.4 Proposed Legislation – Bingaman Bill 
 
In January 2007, Senator Jeff Bingaman of New Mexico began drafting legislation that 
would regulate emissions from petroleum refineries, coal mines, natural gas processors, 
electricity generators, and carbon-intensive manufacturing.  The bill would reduce the 
emission of CO2 and five other greenhouse gases by 5% below their 2004 levels by 
2015.  Subsequent targets include 11% in 2025 and 14% by 2030.14  The bill would also 
provide R&D funding for zero or low-carbon energy technologies, advanced coal 
technologies, cellulose biomass, and advanced technology vehicles.  Components of 
the draft legislation include: 
 

• Cap and trade system for greenhouse gas emissions 
• Price cap for the cost of carbon emissions 
• Option for companies to buy allowances at a fixed cost 
• Tariffs on imported goods from countries not addressing climate change 
 

The bill has already garnered significant support in the Senate.  Supporters include key 
Republican senators from traditionally energy-friendly states like Pennsylvania and 
Alaska.  Several key lobbying groups have also endorsed the legislation including:  
American Electric Power, Exelon Corp., Duke Energy Corp., United Mine Workers of 
America, and the United Auto Workers.  Although several senators and environmental 
groups see the legislation as too weak, it has been recognized by many as the best 
compromise so far. 

2.5.5 Proposed Legislation – America’s Climate Security Act 
 
Another proposed piece of CO2-limiting legislation being crafted in the Senate right now 
is the America’s Climate Security Act.  Connecticut Senator Joe Lieberman and Mark 
Warner, a 30-year Senate veteran from Virginia, have been working on this new 
compromise bill.  Provisions of the legislation include: 

 
• Cost containment measures for mitigating economic damage 
• Cap and trade system 
• Borrowing of allowances from future years 
• Banking of unused allowances 

 
Like the Bingaman Bill, America’s Climate Security Act offers a compromise for both 
sides of the debate.  Before unexpectedly joining Lieberman as a co-author of this 
legislation, Warner consistently came out strongly against cap and trade solutions.  An 
advocate for much stronger proposals, Barbara Boxer has said that the Lieberman-
Warner bill would likely serve as the foundation for a bill she wants her committee to 

                                                 
14 Holly, 2007. 
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pass.15  It is unknown what elements the first successful CO2-limiting legislation will 
include.  However, Washington seems to be coming very close to a politically viable 
solution. 
 

3 Carbon Sequestration Technologies 

As discussed above, federal legislation will likely soon reduce the amount of CO2 that 
power generators and industry are allowed to release into the atmosphere.  When this 
happens, businesses will need to either use alternative fuels or look for less carbon 
intensive ways of using current fuels.  Alternative fuels are available.  However, with 
existing oil and gas resources and a coal supply estimated at almost 500 years,16 
inexpensive carbon-based fuels will continue to be the cheapest and most accessible 
fuel sources in the United States.  The production of CO2 is inherent in using these 
fuels.  However, there are alternatives to releasing this CO2 into the air, chief among 
them CCS. 

Several different CCS techniques are currently being explored.  Discussion of the 
techniques for carbon capture, transportation, and storage follows. 

3.1 Carbon Capture 
 
Although carbon capture for the power industry remains untested and economically 
questionable on a large scale, there are several promising technologies which may help 
it to become a reality in the near future.  The power industry’s three most promising CO2 
capture technologies include:  1) flue gas separation; 2) oxy-fuel combustion; 3) 
synthesis gas capture.  Each of these approaches requires different technology, has 
different capital costs, and imposes a different energy penalty for a generation plant. 
 
Flue Gas Separation 
 
Flue gas separation is currently in use at about 12 facilities worldwide.  The CO2 
captured at these plants is used for a variety of industrial and commercial processes 
including:  foam blowing, carbonated beverage production, urea production, and dry ice 
production.  Because the CO2 at these facilities is used as a commercial input, its value 
can help offset the additional cost of separation. 
 
In the process of flue gas separation (Figure 1), the flue gas containing CO2 is bubbled 
through a packed absorber column.  Inside the column, a chemical solvent bonds with 
the CO2, separating it from the other gases.  Afterwards, the column is passed through 
a steam regenerator unit, which removes the absorbed CO2.  The gaseous mixture is 

                                                 
15 Talley, 2007. 
16 “Feds ID Huge Coal Reserves,” 2007. 
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then condensed, leaving just water and highly concentrated CO2 gas.  Afterwards, the 
absorber solvent is cooled and then reused. 
 

Figure 1:  Flue Gas Separation 
 

 
 
The cooling and heating of the solvent, along with the required pumping and 
compression use power from the plant, decreasing its thermal efficiency.  However, new 
technologies and membranes are being developed which will likely decrease the capital 
and energy costs for this process and reduce the size of the absorption columns and 
regenerator units. 
 
Oxy-Fuel Combustion 
 
When fossil fuels are combusted with air, the amount of CO2 in the flue gas ranges from 
3% to 15%.  Separating this CO2 from the other gases after combustion is a costly and 
energy intensive process.  The alternative to post-combustion separation is to burn the 
fuel in a pure oxygen environment.  In pure oxygen combustion, the flue gas is 
composed solely of CO2 and water.  This mixture is cooled and condensed, leaving 
water and a nearly pure stream of CO2 (Figure 2). 
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Figure 2:  Oxy-Fuel Combustion 

 

 
 

Oxy-fuel combustion moves the energy intensive separation step upstream from the 
post-combustion flue gas to the pre-combustion air intake stage.  The air separation 
stage separates air into liquid oxygen and gaseous nitrogen, plus argon and other inert 
gases.  All of these gases have industrial uses and can be sold to partially offset the 
cost of separation. 
 
Pre-combustion capture offers two main advantages over flue gas separation.  First, 
CO2 is undiluted by the other combustion gases.  Second, the resulting stream 
containing the CO2 is at a higher pressure making it possible to apply a wider variety of 
solvents for separation.  However, it is extremely expensive with current technology. 
 
Synthesis Gas Capture 
 
Another approach to pre-combustion capture entails gasifying the coal initially to 
produce a synthesis gas composed of CO and H2.  Combining the CO component of the 
mixture with H2O in a chemical reaction produces CO2 and more H2 (Figure 3).  The H2 
can then fuel a small turbine or, theoretically, be collected for hydrogen fuel cells.  
Widespread adoption of this technique has not occurred for two reasons.  First, the 
technology does not yet exist, which would allow utility scale electricity generation from 
pure H2. This has created a somewhat limited market for large quantities of Hydrogen.  
Second, if there is no cost for carbon, pulverized coal (PC) is a less expensive (and 
proven) technology.   
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Figure 3:  Synthesis Gas Capture 

 

 
 
Worldwide, a number of plants are in operation which use coal to produce hydrogen gas 
instead of electricity.  The H2 produced from these plants is used either for liquid fuel 
production or as a chemical input in manufacturing.  The CO2 from these plants is 
traditionally used in manufacturing or in Enhanced Oil Recovery (EOR).  EOR is a 
technique for increasing oil well output by pumping a gas, such as CO2, into an 
underground oil reservoir in order to push out some of the remaining oil.  EOR will be 
discussed later as a CO2 storage option. 

3.2 Carbon Transportation 
 
CO2 is currently transported in several ways including by train, truck, and pipeline.  For 
scales large enough to support long-term carbon sequestration, transportation by 
pipeline is by far the most economical method. 
 
In the United States, transporting CO2 by pipeline is an established practice but still 
operates on a relatively small scale.  More than 3,000 miles of pipeline operate today, 
transporting CO2 for use in EOR.  By comparison, there are 200,000 miles of oil pipeline 
in this country and nearly 300,000 miles of natural gas pipeline.  It has been estimated 
that carbon capture and storage daily volumes could equal the volumes handled by the 
U.S. petroleum industry to supply gasoline, roughly 20 million barrels per day.  This 
estimate provides a reference point for the magnitude of the challenge facing large 
scale CO2 transport. 

3.3 Carbon Storage 
 
Several approaches exist for storing captured carbon.  Although few have been applied 
in the context of reducing atmospheric emissions, many of these techniques have been 
in practice for decades.  The oceans offer the largest theoretical potential for carbon 
dioxide storage, while geologic formations offer a more accessible and ecologically 
friendlier alternative. 
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3.3.1 Deep Ocean Storage 

Deep ocean storage is technologically feasible solution.  However, its effects may be 
ecologically harmful and are not yet fully understood.  Because of its high 
compressibility, at certain depths it is possible to dissolve CO2 into water or sink it to the 
bottom of the ocean in a liquid form.  Above 500 meters, liquid CO2 will immediately 
flash into vapor and rise to the surface to join the atmosphere.  When released using a 
diffuser at depths between 500-3,000 meters, liquid CO2 will dissolve into the seawater 
and remain trapped.  At depths below 3,000 meters, CO2 is denser than water and will 
continue to sink to the bottom. 

There are currently two main approaches to oceanic CO2 sequestration under 
consideration.  The first is to release CO2 from tankers or off-shore pipes at mid-levels 
(500-3,000 meters) where, if released in small enough droplets, it will dissolve in the 
ocean.  The downside of this approach is that higher CO2 concentrations would raise 
oceanic pH levels, which may affect marine life.  The second approach is to release 
liquid CO2 at depths below 3000 meters, where it will continue to sink to the ocean floor 
and eventually form a deep lake of liquid CO2.  The second approach will necessitate 
new technology; however, it will reduce the undesirable effects of higher oceanic pH 
and CO2 levels. 

3.3.2 Geologic Storage 

Unmineable Coal Seams 

Abandoned or unmineable coal seams offer another potential opportunity for CO2 
storage.  Exposed coal has twice the chemical affinity for CO2 that it has for naturally 
occurring methane.  This property of CO2 makes it possible to pump the gas into 
inaccessible coal mines, pushing out any methane, which may be clinging to the 
exposed coal surface.  This technique is traditionally referred to as ECBM, or Enhanced 
Coal Bed Methane recovery.  In cases where significant methane can be recovered, the 
cost of storing CO2 in an inaccessible mine can be offset or even overcome by the value 
of the recovered methane. 

Significant coal bed methane potential exists both in the United States and abroad.  In 
2000, roughly 40 billion cubic meters of coal bed methane were recovered – this 
represents about 7% of the nation’s total natural gas supply.  Large coal basins in 
Australia, Russia, China, India, and Indonesia have also been identified, putting the 
estimated worldwide potential of coal bed methane at roughly 7.1 billion tons.17 

                                                 
17 Howard, 2007. 
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Enhanced Oil Recovery 

As discussed earlier, EOR is a technique for increasing the output of existing oil fields.  
The most common method of EOR involves pumping a gas such as CO2, natural gas, or 
nitrogen into a well whereupon it expands, pushing additional oil to the wellbore.  The 
injected CO2 may also dissolve into the oil, decreasing its viscosity and improving flow 
rate.  Using EOR, 30%-60% or more of the reservoir’s original oil can be recovered.18  
Geologic storage of CO2 through EOR is an established practice in the United States.  
In 2000, U.S. EOR wells produced more than 237,000 barrels of oil per day, more than 
3% of the country’s total output.19 

Deep Saline Aquifers 

Deep saline aquifers offer another promising geologic storage opportunity.  Their salinity 
and high mineral content make these aquifers an unsuitable source of drinking water.  
However, their size and abundance make them an excellent option for other storage 
needs.  Saline formations have been used for storage of chemical waste in the past and 
are currently being tested as an option for CO2 storage. 

The physical properties of CO2 make aquifer sequestration an attractive option.  When 
injected into the ground below 800 meters, CO2 will remain in its liquid phase.  Liquid 
CO2 within the aquifer will dissolve into the surrounding brine, form solid compounds 
with the surrounding rocks, or slowly rise to the surface (due to its lower density). 

Aquifers with impermeable rock caps at their surface offer the best storage opportunity.  
Rising liquid CO2 will pool below these formations, remaining trapped between the 
aquifer and the rock cap above indefinitely. 

Currently, the only commercial deep saline sequestration facility is operated 250km off 
the coast of Norway.  The natural gas retrieved from the Statoil Sleipner West gas field 
has a CO2 content of about 9%.  Due to legal requirements, this level must be reduced 
to 2.5% before the gas can be used.  The additional CO2 from the Sleipner well is 
removed, compressed, then reinjected into a single 250m thick formation 800m below 
the seabed.  Sleipner stores roughly 1 million tons of CO2 each year, an amount 
equivalent to about 3% of Norway’s total CO2 emissions from all sources. 

4 Potential for Carbon Capture and Storage (CCS) 
 
The United States has several options for storing captured carbon dioxide.  Since all of 
these options incur a cost, the price of storage and potential capacity will likely 

                                                 
18 ”Enhanced Oil Recovery / CO2 Injection,” 2007. 
19 Oil & Gas Journal, 2006. 
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determine the best option.  Depending on locations, transportation usually represents 
the large portion of post-capture sequestration costs. 
 
In the United States, deep saline aquifers offer the greatest number of possible 
sequestration sites.  The accessibility of these sites may help limit the distance that CO2 
will have to travel from a unique source point to its storage site.  A study has estimated 
that 65% of the CO2 captured from U.S. power plants can be injected into deep aquifers 
without the need for long pipelines.20  A comparison of the four most common geologic 
sequestration options and their estimated potential both in the United States and in the 
world reveals that deep saline aquifers predominate (see table below). 
 

Sequestration Options Capacities 
 

Sequestration Option21 Worldwide Capacity 
(GtCO2) 

U.S. Capacity 
(GtCO2) 

Deep Saline Aquifers 9,500 3,630 
Depleted Natural Gas Reservoirs 700 35 
Depleted Oil Reservoirs 120 12 
Unmineable Coal Seams 140 30 
   
Current Utilization < 0.1 GtC/yr  
* U.S. anthropogenic carbon emissions are ~ 6 GtC/year  
** 1 GtC = 1 billion metric tons of carbon  

 

Although the practice of CO2 storage is established in unmineable coal seams and 
EOR, deep saline aquifers offer both the largest and most accessible storage potential 
for CO2 in the United States. 

4.1 U.S. Carbon Storage Potential 

The amount of carbon dioxide that is sequestered from power plants will depend heavily 
on the stringency of government caps, availability of alternative energy sources, and the 
state of CCS technology.  These factors aside, the potential for CCS within the United 
States is very large.  Each year, the United States produces roughly six billion tons of 
CO2, nearly 20% of the world’s total.  Over 65% of these emissions come from fixed 
point industrial or power generation sources, making the maximum theoretical potential 
for CCS roughly 3.8 billion tons of CO2 each year.22  It is unrealistic to imagine that all of 
this CO2 would be captured and stored.  However, capturing even a small fraction of 
this total would represent a significant undertaking. 

                                                 
20 Bergman, 1996.  
21 Dooley, 2007. 
22 Carbon Dioxide Emissions, Thousand Metric Tons of CO2, 2007. 
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The amount of CO2 which can realistically be stored will depend heavily on the cost of 
moving the gas from the capture site to a storage site.  In the United States, emission 
sources are relatively concentrated, offering several advantages.  First, the 
concentration of source points may offer economies of scale in the CO2 capture phase.  
The 100 largest facilities in the United States account for approximately 40% of all CO2 
emitted from power generation sources while the 500 largest CO2 emitters account for 
about 80% of all these emissions.23  Therefore, installing capture technology at a small 
number of sites should make it possible to capture a significant amount of CO2.  
Second, proximity of these source points to possible storage sites may offer additional 
economies of scale in transportation.  For example, 95% of the top 500 emitters are 
located within 50 miles of a possible geologic storage site.24  By using locally accessible 
storage sites, these large emitters should be able to minimize their transportation 
expense, helping to drive down the total cost of CCS. 

4.2 Implementing CCS 

As the largest contributor of CO2 into the atmosphere, power plants will likely be 
shouldered with a large portion of the work once CO2-limiting legislation is enacted.  
The power generation sector represents roughly 35% of the United States’ total CO2 
footprint while transportation accounts for just over 30%.  In order to determine the most 
cost effective approach for reducing CO2 emissions, utilities must concentrate on the 
individual factors contributing to the overall cost of CCS. 

4.2.1 Cost Analysis 
 
Based upon current technology development, there is a wide range of potential costs.  
Therefore, there is a large degree of uncertainty in potential CCS cost:  the cost for CCS 
could be as low as 6.6 US$/tCO2 and as high as 223 US$/tCO2.  The actual cost will be 
different for each scenario and will vary with factors such as geography, regulation, and 
choice of technology.  (See table below.) 

                                                 
23 Metz. 
24 Dooley, 2007. 
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CCS Costs 

 
CCS System Component25 Cost Range 

(US$/tCO2) 
Notes 

Capture from coal- or gas-fired 
power plant $15-75 Compared to the same plant without 

capture 
Capture from hydrogen and 
ammonia production or gas 
processing 

$5-55 Applies to high purity sources, those 
requiring only drying and compression 

C
ap

tu
re

 

Capture from other industrial 
sources $25-115 Reflects the use of a number of 

different technologies and fuels 

Tr
an

sp
or

t 

Transportation $1-8 
Based on the assumption of a 250km 
pipeline for shipping at flow rates 
between 5 to 40 MtCO2/year 

Geological storage $0.5-8 Excluding possible revenues from EOR 
or ECBM 

Geological storage:  monitoring and 
verification $0.1-0.3 

Covers pre-injection, injection, and 
post-injection monitoring; depends also 
on regulatory requirements 

Ocean storage $5-30 
Includes offshore transportation of 100-
500 km, excluding monitoring and 
verification 

S
to

ra
ge

 

Mineral carbonation $50-100 Includes additional energy used for 
carbonation 

 

Capture 

The application of CCS to existing gas and coal-fired production is likely to increase 
generation costs by about 0.02-0.03 US$/kWh.26  Assuming that this cost is passed on 
directly to the consumer, the adoption of CCS would increase the average U.S. 
household’s energy bill (at an average usage of 888 kWh per month in 2005) by roughly 
$18 to $27 each month. 27  The actual increase would likely be lower since gas and 
coal-fired production represent only a portion of the full portfolio of generation sources. 

In most cases, the cost of capture will represent the highest percentage of this total 
additional cost.  The cost of capture from a coal- or gas-fired power plant is estimated 
between 15-75 US$/tCO2 captured.  However, new technologies, currently in the 
demonstration phase, are predicted to reduce this cost of capture by 20%-30% over the 
next decade. 

                                                 
25 Metz. 
26 Energy Technology Perspectives: Scenarios & Strategies to 2050, 2007. 
27 E. Williams, 2007. 
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Transportation 

CCS transportation costs will vary significantly by geography.  Proximity to potential 
EOR sites, ECBM sites, or deep saline aquifers will lower the cost of transportation.  
Proximity to the nation’s 3,000 miles of existing EOR pipeline currently used to transport 
CO2 could also be a factor.  However, in order to meet the capacity needed for large 
scale CCS, both the number of active EOR and ECBM sites and the pipeline capacity 
would need to be increased dramatically. 

The cost of CO2 pipeline can be estimated as a function of distance and pipe diameter.  
Diameter determines flow rate and thus the maximum amount of CO2 that can be 
transported.  Recent data on pipeline construction costs suggests that on average CO2 
pipeline construction costs $40,000 per mile per inch of diameter.  The typical coal-fired 
power plant, producing 3.7 million tons of CO2 per year, would need a pipe of roughly 
10” in diameter, costing roughly $400,000 per mile to construct.28  If this plant was 
located 50 miles from a deep saline aquifer, then the total cost for constructing the 
pipeline would be roughly $20 million.  Larger plants might enjoy lower transportation 
costs, and clustered plants might shorten this distance by tapping into a shared 
network.  Although just an estimate, this example gives an idea for the likely costs of 
transporting CO2 from the site of capture to the site of storage. 

Storage 

Storage tends to be the smallest cost component for CCS.  However, the cost of 
different storage options can vary dramatically.  Important factors to consider when 
estimating storage cost include injection cost, the cost of potential liabilities if storage 
fails, and monitoring cost.  The cost for geologic storage is expected to vary between 
0.50-8 US$/tCO2, excluding any benefits from EOR or ECBM.  EOR and ECBM offer an 
economic benefit to CCS.  However, they may also require specialized equipment.  
Deep saline aquifers offer a larger and more abundant option than EOR or ECBM.  
However, they do not come with the same kind of financial benefit, and deep saline 
aquifer sequestration has not yet been proven on a large scale commercially.  None of 
the available CCS techniques offer proven data on long-term monitoring.  However, 
initial cost estimates for monitoring are very low, in some instances only a few cents per 
ton of CO2. 

4.2.2 Current State of CCS 

CCS currently operates on a small scale in a handful of industries and locations. The 
necessary technologies for its key components – capture, transport, and storage – have 
been proven.  However, a network of the size and complexity that would be needed in 
order to link these parts together for CCS at nationwide scale does not yet exist. 

                                                 
28 Dooley, 2007. 
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There are several techniques currently available for carbon capture.  However, the 
additional cost associated with these techniques renders them economical currently in 
only a few situations.  Without a price on carbon emission, carbon capture will continue 
to occur only where there is an industrial (manufacturing, EOR, or ECBM) need for CO2. 

A number of IGCC plants are on the drawing boards.  This may set the stage for 
increased application of carbon capture.  (See tables below.) 

Sample of Existing IGCC Plants Worldwide29 
 

Project Year 
On-Line 

Net Output 
(MW) 

Primary 
Feedstock 

Design 
Efficiency Capital Cost 

Polk County IGCC 1996 250 Coal 42% $1650/kW 
$424 Million 

Wabash River Energy Ltd. 1995 260 Petcoke 38% $1660/kW 
$430 Million 

Delaware Clean Energy 
Cogeneration Project 

2002 160 Fluid petcoke No data $380 Million 

El Dorado Gasification 
Power Plant 

1996 35 Petcoke, natural 
gas, refinery 

waste 

No data $2150/kW 
$80 Million 

ISAB Energy (Italy) 1999 512 Asphalt  $1200 Million 
Falconara Marittima (Italy) 2000 550 Heavy oil 38% $1530/kW 

$444 Million 
Elcogas Puertollano 
(Spain) 

2000 335 High ash coal, 
petroleum, coke 

47% $894 Million 

Nippon Oil Negishi (Japan) 2003 342 Asphalt residue 39% $1,000/kW 
William Alexander Plant 
(Netherlands) 

1994 253 Bit. Coal 43%  

 
IGCC Plants Planned for the United States30 

  
Sponsor State Size, MW Start-up 

Date 
Capital Cost 
(Million $) Fuel Type 

Orlando Utilities Comm. Florida 285 2010 750 Bit. Coal 
Southeast Idaho Energy Idaho 520 2010 850 Bit. Coal 
Clean Coal Power 
Resources 

Illinois 2,400 TBD 2,800 Bit. Coal 

Madison Power Corp. Illinois 545 TBD 2,000 Bit. Coal 
Erora Group Illinois 677 TBD 700 Bit. Coal 
Steelhead Energy Co. Illinois 545 TBD 600 Bit. Coal 
Duke Energy Indiana 677 TBD 900 Bit. Coal 
Tondu Corp Indiana 545 TBD 1,000 Bit. Coal 
Global – Kentucky Pioneer Kentucky 600 TBD 520 Coal, refuse 

derived fuel 
Synfuel Oklahoma 640 2004 600  

                                                 
29 E. Williams, 2007. 
30 E. Williams, 2007. 
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Sponsor State Size, MW Start-up 
Date 

Capital Cost 
(Million $) Fuel Type 

Excelsior Energy, Mesaba 
Energy Project 

Minnesota 540 2011 1,200 Bit. Coal 

American Electric Power Ohio 600 2010 1,288 Coal, some 
pet coke 

Global Energy Ohio 580 2007 575 Bit. Coal 
DKRW Wyoming 350 2008 2,500 Bit. Coal 
Waste Management and 
Processors Inc. 

Pennsylvania 41 2008 612 Bit. Coal 

FirstEnergy/Consol Ohio or 
Pennsylvania 

TBD TBD TBD  

Energy Northwest Washington 600 2011 950  
 
Carbon transport has been practiced for decades,  but it is still a long way from 
achieving the scale that will be needed for nationwide CCS. 

ECBM and EOR have helped to establish the business of CO2 storage. However, the 
techniques, technology, and storage sites necessary for large scale capture are still in 
the planning phase.  The United States has a large number of ECBM and EOR sites.  
However, in order to meet the needs of nationwide CCS, less-established approaches, 
such as deep saline aquifer storage, will be needed. 

4.2.3 Barriers to Adoption 
 
Technological Barriers 

The technologies for capturing, transporting, and storing CO2 exist.  However, 
implementing these technologies at an acceptable price on the scale necessary is a 
hurdle that must still be overcome. 

Separation of CO2 in the natural gas industry has been practiced for years and CO2 
separation from coal is currently being proven at several IGCC power plants worldwide.  
These separation techniques require significant energy from the plant.  Therefore, in 
order to make them economically viable under likely CO2 legislation, their efficiency will 
need to be improved. 

CO2 transport is also established.  However, much of the existing pipeline capacity is in 
relatively remote, sparsely populated areas.  Building a network capable of transporting 
all of the CO2 that would be recovered from nationwide CCS, would be a major 
undertaking.  Dramatically larger pipelines and networks would be required, and a 
system for monitoring them would need to be designed and installed. 

Carbon storage has been used for decades in ECBM and EOR.  However, these 
approaches offer only a portion of the capacity needed for full-scale CCS.  Deep saline 
aquifers will likely be used for the majority of the remaining need.  The Sleipner 
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sequestration project in Norway has met with great success.  However, initiated in 1996, 
the project is still relatively young.  It will take additional monitoring at multiple sites over 
time to fully understand storing CO2 in deep saline aquifers. 

Legal Barriers 

There are several legal issues impeding full-scale implementation of CCS.  First, there 
is no cohesive regulatory regime concerning CO2.  For example, it is unclear what will 
be the governing law:  the Clean Air Act or EPA’s Safe Water Drinking Act.  CO2 is a 
gas (suggesting the former); however, under CCS it will be stored in a liquid phase in 
the ground (suggesting the latter).  Second, there is an ambiguous legal framework 
associated with CCS.  State laws governing CO2 and emissions are diverse and often 
contradictory.  Third, the treatment of CO2 as a hazardous waste poses a possible 
industry crippling liability.  Past court decisions defining CO2 as an air pollutant for 
inclusion under the Clean Air Act may have already impacted the way CO2 will be 
treated in the future.  In his April 2007 testimony before the United States Senate, Kipp 
Coddington, partner at Alston and Bird LLP, stated,  

“The laws’ focus on the nature of the specific constituent means that the legal 
label which applies to carbon dioxide when it is injected into the subsurface 
and thereafter geologically stored is important.  I believe that the CCS industry 
could be crippled if carbon dioxide is deemed a waste when in the 
subsurface.”31  

In order to overcome these issues, a clear, cohesive legal and regulatory regime 
governing CO2 must be established.  Also, a governmental role in assuming or insuring 
against long-term liability from CO2 leakage – much like its role regarding nuclear 
incidents and waste disposal – will be needed.  Otherwise, these legal uncertainties 
may hinder or block the advancement of CCS. 

Financial Barriers 

The implementation of CCS technology will significantly increase the cost of operating a 
power plant.  Therefore, the technology will only be adopted once there is a financial 
incentive to do so.  Legislation is under strong consideration which would create a price 
for emitting CO2 and markets where emission allotments could be traded.  The question 
then becomes at what price is sequestering CO2 economically preferable to emitting it.  
Most sources agree that at an emission price of 25-30 US$/tCO2, sequestration 
technologies will begin to be deployed.  However, this price is not an absolute tipping 
point for carbon sequestration to begin.32   Even at a lower CO2 price, cheaper, 
established technologies such as ECBM and EOR may be scaled up at existing sites or 
applied for the first time at new ones. 
                                                 
31 Coddington, 2007. 
32 Metz. 
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5 Conclusion 

Given the state of development of alternative technologies and the abundance of coal in 
the United States and other countries, CCS is likely to play an important role both in 
industry and power generation in upcoming years.  With the growth of regional state-led 
initiatives and the recent increase in citizen action to stop new power plant construction, 
the United States appears ready and eager for federal legislation to limit CO2 emissions.  
Several such bills are currently under consideration in Washington, and although the 
final result will likely be a compromise for both sides of the issue, there is no question 
that it will include some form of limitations for CO2. 

Carbon capture is practiced today at several power plants worldwide, and in the next 
five years this number could double with the construction of new IGCC plants in the 
United States alone.  The network components necessary for transporting CO2 have 
been demonstrated.  However, a transport network at nationwide scale would be a 
massive undertaking.  Existing practices such as ECBM and EOR provide easily 
adaptable approaches for CO2 storage.  However, neither technology offers the size or 
geographic availability that a nationwide program is likely to require.  Fortunately, the 
United States is endowed with one of the world’s largest collections of deep saline 
aquifers, which have the potential to provide several centuries’ worth of CO2 storage.  If 
legal barriers can be overcome, financial incentives exist, and technology continues to 
evolve, CCS could become a major part of the U.S. landscape. 
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