
EXECUTIVE SUMMARY

Contents

Introduction	 2		  Regulatory Issues of Capture and		
			   Geologic Storage of Co

2
		  15

The Impact of Carbon Dioxide		
in the Atmosphere	 3		  Terrestrial Sequestration		  22

Means of Reducing CO
2
 Levels 	 6	 Regulatory Issues of Terrestrial

		  Sequestration				    23
Carbon Dioxide Capture and
Storage in Geologic Formations  			   Other Carbon Sequestration
(CCS)	 8		  Options and Concepts			   24

Economics of CCS	 13		  Policy Issues on the Horizon		  25

The National Regulatory Research Institute

Commissioner Primer
Carbon Dioxide Capture and Storage 

March 2006

06-02

A contributing cause of climate change is the accumulation of greenhouse gases in the 
atmosphere.  Carbon dioxide (CO

2
) is a principal greenhouse gas which is caused, in part, 

by human activities such as generation of electricity from fossil fuels.  Interest in CO
2 

capture and storage in geologic formations (CCS) and in terrestrial carbon sequestration 
systems is rapidly growing.  Terrestrial carbon sequestration involves locking carbon in 
soil or long-lived biomass such as forests.  CCS systems capture CO

2 
from a flue gas or a 

process stream, transport it to a suitable storage location, and inject it into suitable deep 
geologic formations for permanent storage.  

Planned field tests to be conducted over the next four years under the U.S. Department 
of Energy’s Carbon Sequestration Program are bringing to the fore issues related to 
the regulation of CCS and terrestrial carbon sequestration.  Some state public utility 
commissioners are already dealing with applications for employing CCS or terrestrial 
carbon sequestration technologies while other state utility commissioners will likely 
need to address these issues in the future.  While these issues will primarily affect a 
state commission in its role of assessing utility cost recovery, a few other issues could 
be within the purview of the state commission, including siting, condemnation and 
eminent domain, and pipeline safety.  In some states, the public utility commission 
also acts as regulator of Class 2 underground injection wells used for the disposal of 
fluids associated with oil and gas production; use of similar wells for CO

2
 storage is 

not unlikely.  Implementation of CCS and terrestrial carbon sequestration will involve a 
number of regulatory agencies at the state and federal levels.  State commission efforts at 
interagency coordination can increase the regulatory agency’s understanding of the costs 
that are subject to cost recovery as well as enhance the likelihood that electric generation 
technologies incorporating CCS are implemented.  
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In the foreseeable 
future, CO

2  
emissions 

will continue to rise.  
Thus, the search is on 
for carbon abatement 
strategies.

INTRODUCTION

Research indicates that increasing con-
centrations of greenhouse gases in the 
atmosphere are responsible for global 
warming, sometimes also referred to 
as climate change.  Carbon dioxide 
(CO

2
) resulting from human activities 

is considered one of the major con-
tributors to global warming.  While 
efficient use of fossil energy with its 
eventual substitution by carbon-free 
energy sources may be the ultimate 
solution, it is evident that, in the fore-
seeable future, CO

2
 emissions will 

continue to rise.  Thus concerns about 
global climate change have led to the 
search for effective carbon abatement 
strategies.

The terrestrial biosphere is the natu-
ral carbon sink that sequesters ap-
proximately two billion metric tons of 
carbon per year.1  Terrestrial carbon 
sequestration is the net removal of 
CO

2
 from the atmosphere or preven-

tion of CO
2
 emissions from terres-

trial ecosystems into the atmosphere.  
Two approaches to terrestrial carbon 
sequestration are: preservation of the 
ecosystems that store carbon and en-
hancement of their ability to sequester 
carbon beyond current levels.  Preven-
tion of deforestation and reforestation 
are examples of methods used for ter-
restrial carbon sequestration.  For ex-
ample, planting trees to offset the CO

2 

emissions of a power plant could be an 
effective carbon abatement strategy.  

For CO
2
 point sources another alterna-

tive is to physically capture CO
2
 and 

store it in secure geologic formations.  
Separation and capture of CO

2
 from 

flue gas or process streams at chemi-

cal plants have long been in practice 
for the production of chemicals such 
as fertilizers and carbonated bever-
ages.  However, these processes are 
generally expensive and have only 
been used for the production of com-
modity CO

2
.  Research continues on 

cost-effective technologies applicable 
to high-volume gas streams with low 
concentration of CO

2
, such as power 

plant flue gas, for capture and geologic 
storage of CO

2
 to be economically via-

ble.  Underground injection of CO
2
 has 

also been in use to enhance oil recov-
ery from partially depleted fields or to 
dispose of acid gases (removed from 
natural gas) in depleted gas reservoirs.  
However, other types of geologic for-
mations, with minimum leakage po-
tential, will be used for CO

2
 storage.   

The U. S. Department of Energy 
(DOE) has funded seven regional part-
nerships to conduct pilot projects dem-
onstrating geological CO

2
 storage and 

terrestrial carbon sequestration within 
each region.2 Battelle Memorial Insti-
tute is leading the Midwest Regional 
Carbon Sequestration Partnership 
(MRCSP).3  The National Regulatory 
Research Institute (NRRI) is the re-
search partner in the MRCSP deal-
ing with regulatory issues associated 
with these technologies.  This primer 
provides public utility regulators with 
an initial background on geologic CO

2
 

storage and terrestrial carbon seques-
tration and their associated regulatory 
issues.

This primer is an introduction to engi-
neered CO

2
 capture at a point source 

such as a modern power plant coupled 
with geologic CO

2
 storage in suitable 

deep geologic formations such as de-

CO
2  

may be 
“sequestered”-- captured 
and stored by injection 
deep into rock formations 
(geological) or by putting 
it back in the ecosphere 
(terrestrial).  This primer 
focuses primarily  on the 
former.
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pleted oil and gas reservoirs, coal 
seams and deep saline formations.  
The primary focus is on geologic CO

2
 

storage, although terrestrial carbon se-
questration is dealt with briefly.  This 
primer also provides public utility 
regulators with an initial background 
on the associated regulatory issues but 
does not delve into how those are to be 
resolved.

THE IMPACT OF CARBON 
DIOXIDE IN THE 
ATMOSPHERE

The National Academy of Sciences 
estimates that the earth’s surface tem-
perature has risen by about one degree 
Fahrenheit in the last century.4  There 
is a growing scientific consensus that 
accumulation of greenhouse gases5 in 

the atmosphere due to human activities 
is the primary cause for this change.6  
As shown in Figure 1, energy from 
the sun heats the earth’s surface, and a 
portion of the energy is radiated back 
into the space.  Greenhouse gases in 
the atmosphere trap some of this out-
going energy causing the earth’s tem-
perature to rise.7

CO
2
 is one of the greenhouse gases 

responsible for climate change.  The 
greenhouse gases are produced as a 
result of natural processes (for ex-
ample, decomposition of plants, dead 
animals, and other organic matters) as 
well as human activities, such as the 
combustion of fossil fuels, mining of 
coal, extraction of oil and natural gas, 
the raising of livestock, deforestation, 

The reader will be 
introduced to engineered 
CO

2
 capture at a point 

source such as a modern 
power plant and storage 
in suitable geological 
formation.

	 Source:  U.S. Environmental Protection Agency.

Fig. 1.  The greenhouse effect.

CO
2
 is one of the 

greenhouse gases 
responsible for climate 
change.

www.epa.gov/globalwarming/kids/greenhouse.html
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and other agricultural and industrial 
activities.  Figure 2 shows the differ-
ent greenhouse gases emitted due to 
human activities in the United States. 

As shown in Figure 3, release and 
storage of carbon is part of the car-
bon cycle.  Naturally occurring CO

2
 

releases—which are ten times greater 
than CO

2
 released as a result of human 

activities—have generally been in bal-
ance with CO

2
 absorption by ocean 

and terrestrial vegetation.  The CO
2
 

released as result of human activity, 
also referred to as anthropogenic CO

2
, 

causes the atmospheric concentration 
of CO

2
 to increase which is leading 

to climate change.  The United States 
CO

2
 emissions by source and sector 

are shown in Figure 4.  The CO
2
 con-

centration in the atmosphere at present 
is 379 ppm (parts per million), about 
33 percent above the pre-industrial 

level, and is rising at 1 ppm per year.8  
The 20th century’s ten warmest years 
all occurred in the last 15 years of the 
century.  The snow cover in the north-
ern hemisphere and floating ice in the 
Arctic have decreased due to the rising 
temperature and the sea level, glob-
ally, has risen 4-8 inches in the past 
century.9

Fossil fuels meet 86 percent of all pri-
mary energy demand globally and are 
likely to remain the dominant source 
of energy in the next century.  Glob-
ally, by 2100, absent measures to curb 
CO

2
 emissions into the atmosphere, 

CO
2 

concentrations are projected to 
be 30-150 percent higher than today’s 
levels.  Scientists predict that increas-
ing concentration of CO

2
 in the atmo-

sphere will lead to an average global 

Source: National Energy Technology Laboratory (2003). Presentation by Scott Klara on U.S. DOE

Field Efforts Sequestering CO2 in Geologic Formations.  Available at http://www.netl.doe.gov/

publications/ carbon_seq/presentations/SPE_AAPG_090803.pdf.

Fig. 2.  U.S. greenhouse gas emissions (equivalent global warming basis).

Fossil fuels will continue 
to be the dominant 
source of energy during 
the rest of this century.  
Absent curbs on CO

2
 

emissions, global surface 
temperatures will 
increase and the sea level 
will rise.

http://www.netl.doe.gov/publications/ carbon_seq/presentations/SPE_AAPG_090803.pdf
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Source:  Prof. R. Lal, The Carbon Management and Sequestration Center of The Ohio State University. 

Fig. 3.  Global carbon fluxes in gigatons. 

Source:  National Energy Technology Laboratory (2004).  Presentation by Scott Klara at the

Programmatic Environmental Impact Statement Public Meeting. May 18.

Fig. 4.  U.S. carbon dioxide emissions.

www.cmasc.osu.edu
http://www.netl.doe.gov/publications/carbon_seq/eis/Presentations/04PEIS%20Final%20Columbus%205-18-04.pdf
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surface temperature rise of 2.2-10o F 
with consequential sea level rise of 
two feet along most of the U.S. coast.10  
Calculations of climate change for 
specific areas and regions are less reli-
able at this time, but some low lying 
coastal areas worldwide could be ren-
dered uninhabitable, if these predic-
tions come true.

MEANS OF REDUCING CO
2
 

LEVELS

Reduction of CO
2
 emissions into the 

atmosphere is receiving increasing at-
tention globally and also in the United 
States which stems from the possible 
effects of climate change.  This is 
achievable by:

(1)	 Using energy more efficiently 
(2)	 Switching to lower carbon energy 

sources such as switching from 
coal to natural gas for power gen-
eration

(3) 	Deploying more carbon free en-
ergy sources (e.g., nuclear, hydro, 
geothermal, wind, solar, etc.)

(4) Capturing CO
2
 before it can be re-

leased to the atmosphere through 
the application of CO

2
 capture and 

geologic storage technologies
(5)	 Removing CO

2
 from the atmo-

sphere through the application of 
terrestrial sequestration technolo-
gies and isolating it in long-lived 
carbon pools (such as forest)

Although an eventual transition to car-
bon-free sources of energy is the ul-
timate goal, in the foreseeable future 
consumption of fossil fuels will con-
tinue to rise.

As shown in Figure 5, energy usage in 
the United States is anticipated to grow 
from 98 quads in 2002 to 136 quads in 
2025—a growth of nearly 40 percent.  
Although during this period our reli-

Reduction of CO
2
 

emissions into the 
atmosphere is receiving 
increasing attention 
globally and in the 
United States.  

Source:  National Energy Technology Laboratory (2004).  Presentation by Scott Klara at the

Programmatic Environmental Impact Statement Public Meeting. May 18.

Fig. 5.  U.S. energy mix.

http://www.netl.doe.gov/publications/carbon_seq/eis/Presentations/04PEIS%20Final%20Columbus%205-18-04.pdf
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All nations and sectors 
must eventually 
participate in the effort to 
address climate change 
through reductions in 
emissions of greenhouse 
gases.

Because carbon 
sequestration itself uses 
energy, more than a 
ton of CO

2
 will have to 

be captured to have the 
same effect as avoiding 
a ton of CO

2
 emissions.  

Whether the cost is 
worth it is the subject of 
ongoing debate.

ance on fossil fuels, on a percentage 
of energy used basis, remains nearly 
the same, greater energy consumption 
would translate into much larger quan-
tities of fossil fuels being burnt.  This 
will result in a large increase in CO

2
 

emissions into the atmosphere if no 
preventive measures are taken.   But the 
United States is not alone in its thirst 
for fossil fuels.  As shown in Figure 6, 
the world itself (including the United 
States) used 382 quads of energy in 
2002, of which 86 percent is reliant 
on fossil fuels.  The United States is a 
major emitter of anthropogenic green-
house gases as a major user of fossil 
fuels and thus has greater responsibil-
ity to address climate change.11  How-
ever, given that climate change is a 
global problem and energy use, popu-
lation, and standards of living are all 
expected to continue growing over the 
course of this century, CO

2
 emissions 

are expected to rise across the globe.  
Figure 7 shows the contribution of dif-

ferent countries and regions to global 
anthropogenic CO

2
 emissions in 2002.  

Therefore, all nations and all sectors 
must eventually participate in efforts 
to address climate change through re-
ducing their emissions of greenhouse 
gases into the atmosphere.12

In this primer, we address options for 
capturing, transporting, and storing 
CO

2
 in suitable deep geologic forma-

tions.  In some cases, these steps today 
face significant costs.  For example, 
the process of capture, transportation, 
and injection of CO

2
 can consume sig-

nificant amounts of energy.  Produc-
tion of this additional energy in turn 
requires use of additional fuel that 
results in more CO

2
 being produced, 

unless of course this additional energy 
is produced from nuclear or renewable 
sources.  As a result, more than a ton 
of CO

2
 will have to be captured to have 

the same overall effect as avoiding a 
ton of CO

2
 emissions.  Whether the 

Source:  Annual Energy Outlook 2004 cited in National Energy Technology Laboratory (2004).

Presentation by Scott Klara at the Programmatic Environmental Impact Statement Public Meeting.

May 18.

Fig. 6.  World energy mix 2002.

http://www.netl.doe.gov/publications/carbon_seq/eis/Presentations/04PEIS%20Final%20Columbus%205-18-04.pdf
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benefit of this action is worth the cost 
is an ongoing debate among scientists, 
economists, public interest groups, 
politicians and the general public that 
we will not delve into.

CARBON DIOXIDE 
CAPTURE AND STORAGE 
IN GEOLOGIC 
FORMATIONS (CCS)

Capturing CO
2
 for geologic storage as 

a method of preventing its release to 
the atmosphere applies only to point 
sources of CO

2
, such as an electric 

generating plant burning coal.  The 
process involves isolation of CO

2 
(cap-

ture) from the flue gas (or from the fuel 
before combustion), its compression 
and transportation to the storage site, 
and injection into the storage wells.  
Candidate deep geologic formations 
suitable for long-term storage of CO

2 

include depleted oil and gas reser-

voirs, unmineable coal seams, and 
underground saline formations.  The 
estimated potential worldwide storage 
capacity for each of these options (as 
well as terrestrial carbon sequestra-
tion potential) is shown in Figure 8.  
The storage capacity is shown in gi-
gatons (GtC) or billion tons of carbon 
(1 GtC is equivalent to 3.67 GtCO

2
).  

At present there are two commercial-
scale CCS projects in operation—one 
in Norway and the other in Algeria.  
Both of these projects involve storage 
of CO

2
 separated from natural gas in 

deep saline aquifers.  A third project 
closely resembling CCS is in opera-
tion in the United States where CO

2
 

captured at the Dakota Synfuels Plant 
is transported to Weyburn oilfields 
in Canada for enhanced oil recovery 
(EOR).13

Geologic CO
2
 capture 

and storage (CCS) for 
an electric power plant 
burning coal comprises 
of:

•	 Capture—isolation of 
the CO

2
•	 Compression
•	 Transportation to a 

storage site
•	 Injection into storage 

wells

27%

13%

15%
7%

25%

13%

US, Canada, Mexico

Former Soviet Union and
Eastern Europe

Western Europe

Japan, Australia, New
Zealand

Emerging Asia

Rest of the World

Source:  Based on data from Department of Energy (2005).

Fig. 7.  Global anthropogenic CO2 emissions in 2002 (percent).

ftp://ftp.eia.doe.gov/pub/oiaf/1605/cdrom/pdf/ggrpt/057304.pdf
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The high cost of CO
2
 

capture using a solvent 
makes this method 
impractical if there is no 
financial return.

Source:  National Energy Technology Laboratory (2004).  Presentation by Scott Klara at the

Programmatic Environmental Impact Statement Public Meeting. May 18.

Fig. 8.  Large potential worldwide carbon storage capacity.

Capture of CO
2
 at Source 

As shown in Figure 9, before CO
2
 can 

be stored in geological formations it 
must be isolated at its source, such as 
a fossil fuel burning power plant, as a 
relatively pure gas.   The flue gas re-
sulting from the combustion of fossil 
fuels in air usually contains a small 
percentage of CO

2
, a large amount of 

nitrogen and oxides of nitrogen as well 
as various other gases formed due to 
the combustion of other noncarbon 
constituents of the fuel.   Preferential 
absorption of CO

2
 by a solvent, such 

as monoethanolamine, is the method 
most commonly used for CO

2
 capture.  

The solvent is then regenerated to strip 
the dissolved CO

2
, which results in a 

highly concentrated stream of CO
2
.  

Using this method CO
2
 is routinely 

captured from industrial processes 
such as synthetic ammonia produc-
tion, hydrogen production, and lime-

stone calcinations for use as chemi-
cal raw material.  However, the high 
cost of this method of capture makes 
its use impractical for the purpose of 
geologic storage of CO

2
 that does not 

yield a financial return.  The process 
is applicable where the captured CO

2
 

is used as a production input, such as 
for the production of carbonated bev-
erages, fertilizers, or EOR because it 
has a commodity value that justifies 
the costs associated with the capture 
of CO

2
.  CO

2
 is the nineteenth largest 

commodity chemical, on a mass basis, 
in the United States.  With the solvent 
absorption method for the capture of 
CO

2
, it is estimated that capture, in and 

of itself, would constitute three-fourths 
of the total cost of CCS.  Innovative 
and more cost-effective schemes for 
the separation of CO

2
 have been pro-

posed, but they are still largely in the 
research and development phase.  

http://www.netl.doe.gov/publications/carbon_seq/eis/Presentations/04PEIS%20Final%20Columbus%205-18-04.pdf
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The concentration of CO
2
 in the flue 

gas of power plants typically ranges 
from 3 percent (natural gas fired) to 15 
percent (coal fired), depending on the 
carbon content of the fuel; the remain-
der is primarily nitrogen.  Replacing 
air with oxygen for the combustion of 
the fuel (oxyfuel combustion) would 
result in a much higher concentra-
tion of CO

2
 in the flue gas and, conse-

quently, reduce the CO
2
 capture costs.  

However, production of oxygen from 
air involves another separation process 
and may consume up to 15 percent of 
the power plant’s output.  Given that 
the byproducts from the oxygen sepa-
ration process—nitrogen, argon, and 
others—are saleable products, and 
assuming continued technological ad-
vance and a need to employ CCS sys-
tems to address climate change, some 
researchers estimate that oxyfuel com-

bustion might have some cost advan-
tages over air firing.14

Pre-combustion capture of CO
2
 is fea-

sible for integrated coal gasification 
combined cycle plants where coal is 
gasified using oxygen to produce syn-
thesis gas (CO + H

2
).  Synthesis gas 

can be further processed to produce 
CO

2
 and hydrogen.  The CO

2
 from 

the stream is captured using physical 
solvents (such as Selexol).  The hydro-
gen and part of CO

2
 are sent to drive 

a turbine coupled to an electricity 
generator, and the remainder of CO

2 

is transported for use as feedstock or 
for geologic storage.15  A somewhat 
similar application of this concept is at 
the North Dakota Synfuels Plant that 
employs coal gasification technology.  
The CO

2
 from the process stream is 

captured and transported via pipeline 

Oxyfuel combustion 
might have some cost 
advantages over air 
firing.

Pre-combustion capture 
of CO

2
 is feasible 

for integrated coal 
gasification combined 
cycle plants.

Source:  National Energy Technology Laboratory (2003).

Fig. 9.  Pre and post-combustion capture of CO2 for geologic storage.
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to the Weyburn oilfield in Saskatch-
ewan, Canada for EOR.16

Transportation of CO
2
 for Storage

CO
2
 can be transported as liquid in 

tankers or in supercritical phase via 
pipeline.  Pipeline transport as a su-
percritical fluid is likely the most cost 
effective and reliable when dealing 
with large quantities as would be re-
quired for CCS.  However, for trans-
portation over long distances (exceed-
ing 625 mi or 1000 km), ocean tankers 
may have a cost advantage when ship 
transportation is a viable alternative.  
Land-based pipelines are likely to be 
the cheapest option in the continental 
United States and are likely to be the 
dominant means of moving CO

2
 if and 

when CCS is implemented.  There are 
many CO

2
 pipelines in operation in the 

United States, the earliest of which was 
built nearly 35 years ago. There are 
more than 1,500 miles of main and lat-
eral pipelines in the United States and 
Canada carrying over 55 million tons 
per year of CO

2
 to oilfields.17  These 

pipelines primarily transport naturally 
occurring CO

2
 to oil fields for EOR, 

with the exception of the most recent-
ly-built 205-mile long pipeline from 
the North Dakota Synfuels Plant (ref-
erenced above) to Canada that trans-
ports CO

2 
captured from the synthesis 

fuel production process and closely 
resembles the proposed pipelines for 
CCS.  

For pipeline transport, the captured 
CO

2
 is compressed to above 1250 psi, 

cooled and dehydrated before trans-
portation.  At this pressure CO

2
 exists 

in supercritical phase and behaves as a 
liquid; however, its specific properties 

require the compressors, pipelines and 
associated equipment to have some 
special features such as corrosion re-
sistance, special seals, etc.  Otherwise 
the design practices governing natural 
gas pipelines generally apply to CO

2 

pipelines.  CO
2
 pipelines operate at 

1250-2270 psia and 40-100o F.18  Com-
pression cost is the main component of 
the transportation cost.  

CO
2
 pipelines are classified by the 

U.S. Department of Transportation 
(DOT) (en) as high volatile, low haz-
ard, low risk; however, if a leak devel-
ops, CO

2
 may accumulate in low lying 

areas and, at concentrations in the 7-10 
percent range by volume, asphyxiation 
can occur; a 20-30 minute exposure at 
concentrations above 20 percent can 
be fatal.19  CO

2
 is also colorless and 

odorless like natural gas.  The risks of 
accidental exposure can be mitigated 
through addition of odorants (mercap-
tans) to CO

2
, maintenance of adequate 

safety distances from inhabited areas 
in routing the pipeline and frequent 
use of block valves (to isolate the af-
fected section of the pipe and mini-
mize CO

2
 discharge), and the applica-

tion of commercial best practices such 
as supervisory control and data acqui-
sition systems.  Proven design meth-
ods are available for safe installation 
and operation of CO

2
 pipelines and the 

statistics of pipeline incidents indicate 
that CO

2
 pipelines are no more hazard-

ous than natural gas pipelines.  

CO
2
 Storage in Geologic 

Formations

Depleted oil and gas reservoirs are 
considered one of the suitable geolog-
ic formations that can be used for CO

2 

Land-based pipelines are 
likely to be the dominant 
means of moving CO

2
 to 

storage if and when CCS 
is implemented.

Proven design methods 
are available for safe 
installation and operation 
of CO

2
  pipelines.

Compression cost is 
the main component of 
transportation cost.
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The most prevalent 
storage option will be 
injection into deep saline 
formations, which are 
widespread and have 
large storage potential.

storage.  In fact, reinjection of acid 
gas (a byproduct of oil and natural gas 
processing containing CO

2
, hydrogen 

sulphide, and other byproducts) into 
depleted reservoirs has been practiced 
for many years, particularly in Canada.  
Acid gas often contains more than 90 
percent CO

2
, and oil and gas reservoirs 

have proven to be reliable containers 
of both acid gas and hydrocarbons.

Injection of CO
2
 into oil reservoirs 

for EOR (CO
2
-EOR) is a well proven 

technology.  CO
2
 mixes with other-

wise irrecoverable oil and the mixture 
is extracted from the well.  CO

2
 upon 

separation from oil is reinjected back 
into the well.  In many of these proj-
ects, however, the CO

2 
is only tem-

porarily stored in the well as blowing 
down (with water or air) is necessary 
to maximize oil recovery; only a small 
portion of injected CO

2 
then remains 

dissolved in the oil residues in the res-
ervoir.  However, for long-term storage 
of CO

2
 in the reservoir, as is the case 

with the Weyburn field in Canada, the 
injected CO

2
 must not be blown down 

with air or water.  CO
2
-EOR is often 

referred to as a value-added CO
2
 stor-

age process as the resulting oil has a 
commercial value that offsets in full or 
part depending on the price of oil, the 
cost of separation, compression, trans-
portation, and injection of the CO

2
.20

Unmineable coal seams are consid-
ered another major potential storage 
site.  CO

2
 diffuses through coal and 

is physically adsorbed to it.  The coal 
surface’s affinity for CO

2
 adsorption 

is higher than for methane.  Thus CO
2 

injected into these coal seams can en-
hance recovery of methane (ECBM).  
There could therefore be significant 

potential worldwide for ECBM if CO
2
 

storage in these unmineable coal for-
mations is widely employed.  ECBM 
is also a value-added activity as the 
methane recovered has a market val-
ue.21  CO

2
 -ECBM is in the early stages 

of field demonstration.22

Injection of CO
2
 in deep subterranean 

and sub-seabed saline formations is 
considered the most likely storage op-
tion for two reasons: they are consid-
ered to have the largest storage poten-
tial and are widespread.  Thus they are 
likely to be found in close proximity 
of CO

2
 point sources.  CO

2
 is to be in-

jected below 800 m (2600 feet) so that 
CO

2
 remains in the supercritical dense 

phase.  However at these depths CO
2
 is 

lighter than brine and so will naturally 
rise to the surface.  Geologic traps or 
impermeable cap-rock above the res-
ervoir keep the CO

2
 in the target host 

formation.  Over time, CO
2
 will dis-

solve in the formation waters and react 
with the minerals to form stable com-
pounds and thereby become perma-
nently trapped in the reservoir.  (Refer 
to Figure 10 for a schematic diagram 
of a CCS-enabled power plant show-
ing different system components.)

Research is currently underway to es-
tablish which deep saline formations 
would be suitable for long-term CO

2 

containment.  The two commercial 
scale projects of this type have been 
implemented at the Sleipner West gas 
field, 250 km off the coast of Norway, 
and at In-Salah, Algeria.  CO

2
, sepa-

rated from natural gas, is compressed 
and injected into deep saline forma-
tions-sub-sea in the case of Sleipner, 
and in the water leg of the producing 
gas field in the case of In-Salah.  The 

Potential storage sites 
include:

•	 Depleted oil and gas 
reservoirs

•	 Unmineable coal seams
•	 Deep subterranean 

and sub-seabed saline 
formations
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Research is underway to 
establish the suitability 
of particular deep saline 
formations for CO

2
 

containment.

Source:  Battelle Memorial Institute. 

Fig. 10. Carbon dioxide capture and storage-enabled power plant schematic diagram. 

formations are being carefully moni-
tored to identify any unexpected mi-
gration of the stored CO

2
 or its release 

to the atmosphere to demonstrate that 
permanent storage of CO

2 
in deep sa-

line formations is a viable option.  
Each of these projects geologically 
stores more than a million tons of CO

2
 

per year; or to put it in context, six to 
seven such projects would be neces-
sary to store the annual CO

2
 emissions 

of a 1000 MW coal-fired power plant.  
Thanks to the Sleipner project, since 
1996 about 3 percent of Norway’s to-
tal annual CO

2
 emissions have been 

stored in this aquifer.  The project was 

made feasible by Norwegian govern-
ment incentives as an offshore carbon 
tax credit.  Statoil is planning another 
similar project in the Barents Sea off 
northern Norway.23  The formations 
are being carefully monitored to iden-
tify interformation migration of the 
stored CO

2
 or its release to the atmo-

sphere.  

ECONOMICS OF CCS

Fossil power plants represent the larg-
est point sources of CO

2
.  CCS has 

therefore been primarily considered 
in the context of electricity generation 
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Cost comparisons tend 
to support the belief that 
CO

2
 capture coupled 

with an IGCC plant will 
be cheaper than other 
options.

and a number of studies have been 
done to establish its impact on electric-
ity prices.24  CCS cost varies with the 
type of power plant, its efficiency, ca-
pacity factor, the method of CO

2
 cap-

ture, the distance from the storage site, 
the terrain, and the depth of injection 
as well as the fuel price.  The results of 
those studies apply to specific plants 
and storage options being considered 
(value-added or non-value-added) and 
are not easily generalizable.   

Table 1 contains a summary of costs 
(ranges) for three types of power 
plants—pulverized coal (PC), Inte-
grated Gasification Combined Cycle 
(IGCC), and Natural Gas Combined 
Cycle (NGCC).  The power plants 
are assumed to be new and the costs 
of capturing CO

2
 include the cost 

of compression but not transporta-

tion and storage.  Transportation and 
storage costs25 depend on the storage 
option used (e.g., EOR or non-value-
added storage) and are fairly generic 
across technologies and, therefore, the 
capture costs (using the same capture 
method) essentially demonstrate the 
relative costs for each power genera-
tion technology, all else being equal.  

The costs for avoided and captured 
CO

2
 given in the table tend to support 

the widely held belief that CO
2
 capture 

coupled with an IGCC will be cheaper 
than other CCS-enabled power pro-
duction options in many locales and 
under most circumstances.  There is 
some overlap in the costs of electric-
ity, with the CCS-enabled NGCC op-
tion appearing most cost-effective.  
It should be noted, however, that the 
estimated costs are highly sensitive to 

TABLE 1

COST AND PERFORMANCE OF POWER PLANTS WITH CO2 CAPTURE

(ADOPTED FROM RUBIN ET AL, 2004)**

**Rubin et al. (2004). Comparative assessments of Fossil Fuel Power Plants with CO2 Capture and Storage.

Proceedings of the 7th International Conference on Greenhouse Gas Control Technologies.  Vancouver, Canada.  Sept.

5-9, 2004.  Available at http://uregina.ca/ghgt7/PDF/papers/peer/475.pdf.

http://uregina.ca/ghgt7/PDF/papers/peer/475.pdf
http://uregina.ca/ghgt7/PDF/papers/peer/475.pdf
http://uregina.ca/ghgt7/PDF/papers/peer/475.pdf
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If today’s level of 
technology for CCS is 
to be widely adopted 
by the power industry, 
carbon prices will have 
to substantially increase 
through a tax, cap-and-
trade credits, or some 
other regulatory means.

Although CO
2
 is not 

considered hazardous, 
pipelines transporting 
it are regulated under 
the same scheme 
as hazardous liquid 
pipelines.

the plant utilization, loading, and fuel 
price assumptions.  

The pipeline transportation cost based 
on a quantity of 10 million metric 
tonnes per year (equal to the emissions 
of a 1500 MW PC plant) is in the order 
of $0.50/metric tonne/100 km.  Truck 
transport of liquefied CO

2
 is in the 

order of $6.00/metric tonne/100 km.  
The typical storage cost consisting of 
transport and injection, based on a dis-
tance of approximately 200 miles be-
tween the source and the sink, is in the 
range of $3 to 5.50 per metric tonne of 
CO

2
 ($11-20 per metric tonne carbon); 

however, if CO
2 

is used for enhanced 
oil or gas recovery then a byproduct 
credit will be available that will offset 
the storage costs, in part or in full de-
pending on the commodity price.26

According to some estimates, with 
today’s level of technology for CCS to 
be widely adopted by the power indus-
try, carbon prices (established through 
tax, a cap-and-trade system, or some 
other regulatory means) will have to 
reach $100/tC over a significant frac-
tion of the assets’ lifetime to make the 
application of CCS technologies an 
economic choice.27

REGULATORY ISSUES OF 
CAPTURE AND GEOLOGIC 
STORAGE OF CO

2

In the case of CCS, several regulatory 
problems might fall under the state 
public service commission’s direct 
purview.  These could include: pipe-
line safety, rights of way, and under-
ground injection and storage. 

Pipeline Safety

The DOT has authority over the safety 
and environmental effects of pipeline 
transmission.  Within the DOT, the 
Office of Pipeline Safety (OPS) regu-
lates the interstate transportation of 
CO

2
 via pipeline.  The OPS certifies 

state agencies to inspect and enforce 
the regulations for intrastate pipelines.  
For many states, the state agency with 
jurisdiction is the public utility or pub-
lic service commission.  States must 
enforce federal regulations, but they 
are free to supplement these with state-
specific regulations provided they are 
consistent with the federal standards.  
The state agencies are partially funded 
(up to 50 percent) by OPS.28

Although CO
2
 is not considered to 

be hazardous, pipelines transporting 
CO

2
—defined as a fluid consisting of 

greater than 90 percent CO
2
 molecules 

compressed to a supercritical state—
are regulated under the same scheme 
as hazardous liquid pipelines.29  The 
federal regulations include provisions 
for safety in the design, construction, 
inspection, operation, and monitoring 
of pipelines. 

Among other requirements, all new 
pipelines must have a competent di-
electric coating to prevent corrosion 
and must have a cathodic protection 
system.  This system should be regu-
larly monitored to ensure the electric 
current levels are sufficient and that 
no corrosion is occurring.  With CO

2
 

pipelines, a primary concern is the 
formation of carbonic acid in the pres-
ence of water.  Thus, water in the pipe-
line must be kept to a very low per-
cent.  The OPS has authority to carry 
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The existing CO
2
  

pipeline network is small 
but growing.

out audits and inspections to ensure 
compliance.

The existing CO
2
 pipeline network is 

small when compared to oil or natu-
ral gas pipelines, but has been grow-
ing for the last 20 years.  So far, the 
infrastructure in the United States has 
developed in the West for transporting 
CO

2
 from natural underground sources 

to EOR operations.  Based on this ex-
perience, it is reasonable to conclude 
that CO

2 
pipelines can be regulated by 

existing institutions.

Natural gas regulation also provides 
an analogue. The Natural Gas Pipe-
line Safety Act provides for federal 
regulation of interstate transportation 
and storage of natural gas.30  State gov-
ernments may regulate intrastate pipe-
lines as long as the state regulations do 
not conflict with the federal minimum 
standards.  Liability for accidents is 
determined by common law prin-
ciples.  Because the benefits of natu-
ral gas are deemed to offset the risks, 
the operation of natural gas pipelines 
is not considered ultrahazardous, and 
negligence is the standard of care.31  
Without specific statutory standards 
for liability, CO

2
 might be treated un-

der the common law in a similar man-
ner.

Other surface risks are covered by 
state environmental health and safety 
regulations (EHS).  EHS regulations 
are established by the Occupational 
Health and Safety Administration and 
the Department of Labor, and adopt-
ed and enforced mainly by the states.  
Agencies within the Department of 
Health and Human Services also set 

recommended exposure limits for hu-
mans.

Rights-of-Way

Siting a pipeline entails obtaining the 
proper regulatory permits and acquir-
ing use of the land that the pipeline will 
occupy.  Depending on the location of 
the proposed pipeline, environmental 
impact assessments, permitting and 
acquisition of rights-of-way can take 
several years.  After a pipeline route 
has been approved, land along the 
route must be acquired by an easement 
agreement, by purchase or via eminent 
domain.

Nonetheless, the close proxim-
ity of many coal-fired electric power 
plants—currently the largest CO

2
 

emitters—and deep saline formations 
or other suitable geologic formations, 
particularly in the Midwest region, 
mean that many projects will require 
only short pipelines.  Some of these 
pipelines may be entirely located on 
one company’s land. In such cases, 
rights-of-way will not be an issue.  
Where longer pipelines are needed, 
one of the key issues in the regulation 
of CO

2
 pipelines will be whether the 

power of eminent domain can be used 
to secure rights-of-way. 

A right-of-way agreement between the 
pipeline company and a landowner is a 
form of easement.  An easement does 
not grant an unlimited entitlement to 
use the right-of-way. The rights of the 
easement owner (pipeline company) 
are set out in the easement agreement.  
Like contracts, the terms of the ease-
ment agreement control the rights 
and obligations of the parties inter se.  

Siting a pipeline may take 
many years.  But many 
coal-fired electric power 
plants would require only 
short pipelines.

Rights-of-way will be 
an important issue if 
pipelines are not entirely 
located on one company’s 
land.
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Many rights-of-way 
issues have recently 
been addressed with 
installation of fiber optic 
lines in existing utility 
corridors.

Is a CO
2
  pipeline a 

public utility or common 
carrier.  So far FERC has 
not asserted jurisdiction, 
and it is not clear it can 
without legislation.

When the terms are ambiguous or the 
agreement is silent on an issue, gen-
eral legal principles govern. In inter-
preting an easement, the intentions of 
the parties at the time of the grant are 
taken into account.  Generally, use of 
an easement is limited to what is rea-
sonably necessary to carry out the in-
tended purpose.  These issues become 
important when pipelines must be 
constructed in existing right-of-way 
corridors where the easements may 
be many decades old. Some questions 
that will need to be asked are: 

(1) 	Does the original easement grant 
the right to install and operate CO

2
 

pipelines?32

(2)	 How much, if anything, does each 
landowner or easement holder 
need to be compensated for the use 
of the easement? 

(3)	 Can existing easements be sold or 
leased to third parties?

Many of these issues have recently 
been addressed with the installation of 
fiber optic lines in existing utility right-
of-way corridors.  Fiber optic lines are 
analogous to CO

2
 pipelines in that they 

are both relatively new technologies 
that would not have been explicitly in-
cluded in older easements.  The cases 
that resulted from placing fiber optic 
lines in existing utility rights-of-way 
demonstrate a wide range of variation 
in both the language of the original 
easements and the interpretation of 
this language by the courts. 

If the legislature and/or state commis-
sion concluded that CCS would be in 
the public interest, an issue for trans-
portation of CO

2
 via pipeline is wheth-

er current state condemnation statutes 

and regulations allow for treating 
CO

2
 pipelines as a public utility or a 

common carrier.  The Federal Energy 
Regulatory Commission (FERC) has 
broad authority over interstate pipe-
line matters.  For natural gas pipelines, 
FERC has jurisdiction over tariffs and 
rights-of-way.33  As of January 2006, 
FERC had not asserted jurisdiction 
over CO

2
 pipelines.  Moreover, it is 

unclear whether FERC could assert 
jurisdiction in the absence of specific 
legislative authority.  

In much of the West, the Bureau of 
Land Management (BLM) adminis-
ters land.  Therefore for the West, it 
is useful to briefly examine the basic 
right-of-way provisions of the For-
est Land Policy and Management Act 
(FLPMA) and the Mineral Leasing 
Act (MLA).34  The right-of-way sec-
tions of the FLPMA and the MLA are 
similar.  One of the differences will 
be important in determining which 
statute applies to pipelines involved 
with geologic CO

2
 storage, however.  

The MLA imposes a common carrier 
requirement; the FLPMA does not.  
Recent BLM practice has been to con-
sider CO

2
 as a “natural” gas.  This has 

resulted in legal challenges by com-
panies that do not want to be bound 
by common carrier requirements.  A 
common carrier requirement allows 
other companies transporting CO

2
 to 

utilize the pipelines. 

Although the BLM permits existing 
CO

2
 pipelines under the MLA, and 

therefore imposes a common carrier 
requirement, it is not clear that pipe-
lines associated with geologic CO

2 

storage would have a common carrier 
requirement.  This is because the com-
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In the West, the BLM 
might consider CO

2
 

a waste rather than 
a consumer product, 
making a common 
carrier provision 
unnecessary for CO

2
 

pipelines through federal 
lands.

A one-stop siting agency 
would facilitate CCS.

mon carrier requirement of the MLA 
appears to be aimed at protecting con-
sumers.  The common carrier section 
of the MLA exempts public utilities 
under the jurisdiction of state public 
utility commissions that regulate the 
rates charged for natural gas to con-
sumers.35

Given that CO
2
 destined for geologic 

storage might be considered a waste 
rather than a consumer product, the 
BLM and other relevant agencies may 
determine that a common carrier pro-
vision is not necessary.  In the case of 
the BLM, that would mean deciding 
that CO

2
 destined for geologic storage 

is not a natural gas or a refined product 
of a natural gas.  The BLM could then 
issue pipeline right-of-way permits 
for CO

2
 destined for geologic stor-

age under the FLPMA instead of the 
MLA.  BLM right-of-ways will not be 
important in other regions.  Nonethe-
less, similar issues relating to the clas-
sification of CO

2
 pipelines will arise in 

states. 

One-Stop Siting Agency

A one-stop siting agency, similar to 
the Ohio Power Siting Board, would 
greatly facilitate all phases of CCS as 
well as other energy facilities.  Best 
practices for a siting agency include:36

•	 A broad jurisdictional scope that 
encompasses all stages of CCS, 
including electric generation and 
CO

2
 capture, selection of the geo-

logic storage site, transportation, 
injection, and monitoring

•	 A comprehensive process that in-
corporates all state and local per-
mitting agencies, with a continuing 
long-term coordination of agencies 
with oversight responsibility

•	 Clear standards for review
•	 Preliminary site studies to facili-

tate better planning
•	 Public participation beginning 

early in the siting process
•	 Formal legal proceedings with the 

right of judicial review
•	 Statutory power of eminent do-

main

Underground Injection

The Underground Injection Con-
trol Program (UIC), administered by 
the U.S. Environmental Protection 
Agency (EPA), regulates underground 
injection of wastes and other fluids.  
The UIC regulations were enacted 
pursuant to the Safe Drinking Water 
Act (SDWA).37  The UIC Program has 
several decades experience regulating 
underground injection wells. 

The use of CO
2
-EOR projects is licen-

sed under the joint federal-state UIC 
programs.  In some states, it is the 
state public service commission that 
administers this joint program.  The 
most important difference between 
many existing EOR operations and 
some of the proposed geologic CO

2
 

storage projects is that the EOR opera-
tions are not meant for the long-term 
isolation of CO

2
 from the atmosphere 

as a means for addressing climate 
change concerns.  Current EOR regu-
lations do not address issues related 
to the retention of CO

2
 in the geologic 

containments: monitoring of interfor-
mation migration of CO

2
 or leakage to 
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At present, CO
2
 used 

in EOR is treated as 
a commodity, and 
state public utility 
commissions or gas and 
oil commissions have 
jurisdiction. 

`
Source:  U. S. Environmental Protection Agency. 

Fig. 11.  Underground injection well classes. 

the atmosphere and verification of the 
quantities involved.

At present, CO
2
 used in EOR is treated 

as a commodity, and state public utility 
commissions or gas and oil commis-
sions have jurisdiction.  The Interstate 
Oil and Gas Compact Commission 
(IOGCC) recommends that all CO

2
 

which is stored in deep geologic for-
mations for the purpose of addressing 
climate change should also be treated 
as a commodity.38  Geologic storage of 
CO

2
 might be distinguished from that 

used in EOR however.  The geologic 
storage plans for the future do not nec-
essarily contemplate further use of the 
CO

2
.  Therefore, others argue that it 

should be treated as a disposed waste, 
rather than a stored commodity.  If this 
occurs, regulatory jurisdiction over 
geologic CO

2
 storage might be more 

contentious.  There are no existing reg-
ulations covering long-term storage of 
CO

2
. If in the future sequestered CO

2
 

is treated as a waste, then state natural 
resource departments or environmen-
tal agencies might have regulatory au-
thority.  Given the status quo, the only 
regulatory framework that will clearly 
have jurisdiction over geologic CO

2
 

storage is the UIC program. 

A crucial question under this scheme 
is how CO

2
 and storage wells would 

be classified.  As illustrated in Figure 
11, under the UIC system, there are 
five classes of wells based primar-
ily on the type and depth of injec-
tion.  These are defined in 40 CFR 
144.6.  The UIC regulations establish 
specific criteria for the construction, 
operation and monitoring of injection 
wells.  The permitting process for UIC 
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Given the status quo, 
the only regulatory 
framework that will 
clearly have jurisdiction 
over geologic CO

2
 storage 

is the UIC of the EPA.  
The UIC framework has 
five well classifications.

wells consists of providing the infor-
mation listed in 40 CFR 146 or appli-
cable state regulations to the UIC di-
rector with jurisdiction over the well 
site.  The information required relates 
to geological considerations, structure 
of the well, operational considerations, 
status of other wells in the area and the 
proposed monitoring of the operation.  
After submission of the application, a 
draft permit decision will be prepared 
and published for notice and comment.  
Any person may request a public hear-
ing for further comment.39

Class 1 wells are those used for deep 
injection of hazardous and nonhaz-
ardous industrial or municipal liquid 
wastes below the lowest sources of 
potable groundwater within one quar-
ter mile of the wellbore.  When not 
administered directly by the federal 
EPA, Class 1 wells are normally regu-
lated by state agencies of environmen-
tal protection or natural resources. 

Class 2 wells inject fluids for disposal 
that are associated with oil, gas, or 
natural gas production and methane 
gas dehydration.  Class 2 also covers 
wells used for enhanced recovery of oil 
and gas.  This category includes wells 
used to dispose of fluids employed 
in EOR and fluid hydrocarbons.  The 
most common Class 2 wells are those 
disposing of brine water brought to the 
surface with hydrocarbons, enhanced 
hydrocarbon recovery wells, and liq-
uid hydrocarbon storage.  Offsite waste 
fluids are not defined as oil field fluids 
and, under existing regulations, can-
not be disposed of in a Class 2 well. 

Class 3 wells are used for injecting ma-
terials associated with in situ mineral 
extraction, mostly uranium or salt.

Class 4 wells are those used for haz-
ardous or radioactive waste injection.  
These are generally prohibited.

Class 5 includes wells that do not fit 
into the first four categories.  These are 
predominantly shallow injection wells.  
Experimental research wells also tend 
to be put into Class 5 as well.

Another issue under the UIC frame-
work is whether or not CO

2
 should 

be considered hazardous or nonhaz-
ardous.40  This is important because, 
among other reasons, in ten states, in-
cluding Ohio and Michigan, a 10,000 
year no-migration demonstration is 
required for Class 1 hazardous waste 
wells.  The SDWA definition is the 
same as that of the Resource Conser-
vation and Recovery Act.  The EPA’s 
definition of hazardous waste is found 
in 40 CFR 261. Certain wastes are 
listed as hazardous in 40 CFR 261(D); 
others are hazardous because they 
have one of four hazardous character-
istics (ignitable, corrosive, reactive, 
or toxic).  CO

2
 is neither listed as a 

hazardous waste nor is it particularly 
ignitable, corrosive, reactive, or toxic.  
Therefore, CO

2
  might be considered 

non-hazardous.  Moreover, there ap-
pears to be a growing view among the 
regulators working in the UIC program 
and those in the oil and gas field that 
CO

2
 should be considered nonhazard-

ous, with some contending it should 
be treated possibly as a nonhazardous 
industrial waste. 

CO
2
 is not listed as a 

hazardous waste by the 
EPA, nor is it particularly 
ignitable, corrosive, 
reactive, or toxic.
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More detailed geological 
hydrologic data and 
modeling must be done 
before further classifying   
CO

2
 injection wells.

A possible regulatory 
gap is the lack of a 
federal requirement for 
monitoring the actual 
movement of fluid or 
gas within the injection 
zone or monitoring for 
leakage.

Geologic CO
2
 storage is a new endeav-

or.  As such the long-term consequenc-
es of geological CO

2
 storage are not 

known.  Consequently, more detailed 
geologic and hydrologic data and mod-
eling must be done before further clas-
sifying CO

2
 injection wells.  For many 

regulators of underground injection 
wells, UIC Class 1 (non-hazardous) or 
Class 5 appear to be the most appro-
priate classification.

Others make the case that Class 2 
might be more suitable.  This argu-
ment is based on the fact that the costs 
and delays that might accompany 
Class 1 permitting could discourage 
some CCS projects.  Because Class 1 
wells face more stringent regulations, 
the permitting process costs more and 
takes longer than Class 2 wells.  Con-
sidering the costs of preparing a peti-
tion and geologic modeling and test-
ing, a petition could cost more than 
$2,000,000.41  However, many of the 
requirements are the same for both 
Class 1 and Class 2 wells.  Both need a 
permit unless authorized by rule.

Rather than putting CO
2
 injection into 

one of the existing UIC classes, there is 
also the possibility of creating a sixth 
class specifically designed for geologic 
CO

2
 storage.  According to some regu-

lators, the new regulations could be 
enacted within five years.  Any wells 
put into operation in the interim could 
be regulated under the existing UIC 
program.  Whether or not a new class 
of UIC wells is developed will depend 
on the expansion of geologic CO

2
 stor-

age and concomitant policy consider-
ations. 

Another proposal has been put forth 
by the IOGCC that advocates regulat-
ing geologic CO

2
 storage as either UIC 

Class 2 or under state natural gas stor-
age statutes.

Consol Energy has a project with five 
test wells in West Virginia.  Injec-
tion of CO

2
 is still several years away, 

therefore the company has not yet ap-
plied for a permit.  The West Virginia 
Division of Environmental Protection, 
Division of Water Resources, Ground-
water Program will most likely re-
quire a Class 5 permit for the injection 
wells.42

The recent Frio pilot project (injec-
tion into a brine-bearing interval) in 
Texas by the University of Texas re-
ceived a Class 5 permit.  Class 5 was 
chosen rather than Class 1 because: (1) 
the injection period was brief; (2) the 
amount of CO

2
 was small (3000 tons); 

(3) the food-grade CO
2
 injected is con-

sidered a benign substance; (4) as an 
experiment it will be closely moni-
tored; (5) the injection area is not suit-
able for Class 1 wells due to faults and 
heavy drilling for oil wells; and (6) the 
permitting process is faster for Class 
5, so information that will benefit fu-
ture projects can be gathered quickly.43  

Unlike EOR wells, hydrocarbon pro-
duction is not part of the research proj-
ect.  Therefore, a Class 2 permit was 
not applied for. 

Despite the comprehensive regulatory 
scheme developed for the UIC pro-
gram, a possible gap exists in regard 
to geologic storage of CO

2
.  Specifi-

cally, there is no federal requirement 
for monitoring the actual movement of 
fluids or gas within the injection zone; 
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The specific charac-
teristics of  storage, 
especially the long time 
frame, need to be fully 
considered before large-
scale commercial projects 
begin.

nor are there requirements for moni-
toring in overlying layers to detect 
leakage.44  Given the long time frame 
for geologic CO

2
 storage, monitoring 

for migration might be required.  Also, 
financial responsibility for long time 
frames might be necessary.  Requiring 
geologic CO

2
 storage projects to ob-

tain a Class 1 UIC permit might help 
to ensure that there is an adequate plan 
for after the well is closed that includes 
continued monitoring and financial re-
sponsibility.  The specific characteris-
tics, especially the long time frame, of 
geologic CO

2
 storage need to be fully 

considered before large-scale com-
mercial projects begin. 

The current UIC regulatory scheme 
will likely be extended to cover geo-
logic CO

2
 storage, unless other regu-

lations are developed.  EPA Regional 
Offices and state offices are regulating 
the injection at current demonstra-
tion projects as Class 5 experimental 
wells.

As with oil and natural gas, surface 
and subsurface property rights will af-
fect the regulation of CCS, the cost of 
transportation and storage of CO

2
, and 

will be central in determining liability.  
Property rights issues that might affect 
CCS operations include, among other 
things: surface rights and easements, 
subsurface mineral rights, ownership 
of the injected CO

2
, neighboring min-

eral leases, and water rights.  Property 
rights also affect issues of liability.  
Because property rights are governed 
by state law and often develop through 
state court precedent, it is difficult to 
predict precisely how property issues 
will affect CCS.45  Nonetheless, the 

basic issues that might arise can be an-
ticipated.

In regard to owners of injected CO
2
, 

potential conflicts could arise with 
surface estate owners.  If injected CO

2 

migrates laterally beyond the reservoir 
where property rights have already 
been secured, the adjacent surface es-
tate owners may have legal causes of 
action such as trespass,46 nuisance,47 
negligence, strict liability, or unjust 
enrichment. 

Under the surface, similar concerns 
must be addressed with owners of 
mineral estates and water rights.  Most 
issues involving water resources will 
be taken care of by the permitting pro-
cess if the UIC program governs geo-
logic CO

2
 storage.  Subsurface mineral 

rights will be determined by state laws.  
The rules for mineral rights developed 
primarily from oil and gas law.  Some 
of these rules might not apply, or might 
require some modification to apply to 
geologic CO

2
 storage.

In summary, the regulatory issues of 
CCS are complex, requiring interagen-
cy coordination to smoothly deal with 
transportation issues, such as pipeline 
safety and rights of way, as well as in-
jection and storage issues.  State public 
utility commissions can play a key role 
in encouraging interagency coordina-
tion on the regulatory issues of CCS, 
as well as cost recovery.

TERRESTRIAL 
SEQUESTRATION

Terrestrial carbon sequestration in-
cludes both the net removal of CO

2 

from the atmosphere and the preven-

Surface and subsurface 
property rights will affect 
CO

2
 storage.

State public utility 
commissions can play a 
key role in encouraging 
interagency coordination 
on the regulatory issues 
of CCS, as well as on cost 
recovery.
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Terrestrial carbon 
sequestration includes 
net removal of CO

2
  

from the atmosphere 
and prevention of net 
emissions from the 
terrestrial ecosystems 
into the atmosphere.

Verification of the 
amount of CO

2
 

sequestered and the 
permanency of storage 
can be thorny issues.

tion of CO
2
 net emissions from the 

terrestrial ecosystems into the atmo-
sphere.  Net removal of CO

2
 from the 

air entails transferring of CO
2
 into 

soils and vegetation (long-lived carbon 
pools) through natural processes of 
photosynthesis, humification, aggrega-
tion, and calcification.  It is important 
to note that sequestration requires that 
carbon must be fixed into long-lived 
carbon pools (e.g., standing biomass 
such as trees or in root mass and in-
organic carbon compounds in the soil) 
and remain there for a significant peri-
od of time (decades at least) for terres-
trial sequestration to be a viable means 
of addressing climate change.

Scientists estimate that improved land 
use practices that enhance carbon stor-
age in soil could sequester 5 to 15 per-
cent of anthropogenic CO

2
 globally.48  

Two approaches to enhancing the car-
bon sequestration potential of soil are: 
(1) protection of ecosystems that store 
carbon in order to maintain or increase 
sequestration; e.g., efforts to stop de-
forestation in developing nations and 
elsewhere in the world; and (2) manip-
ulation of ecosystems to increase their 
ability to sequester carbon.

Forests and agricultural soils store car-
bon.  Research indicates that erosion 
control and no-till or low-till cropping 
reduces the amount of CO

2
 released 

into the atmosphere.  Tilling soil ex-
poses carbon in the soil to air, thereby 
oxidizing it and releasing CO

2
 into the 

atmosphere.  Tilling also increased the 
rate of soil erosion.  Trees store carbon 
in their cells.  This carbon is released 
as CO

2
 into the atmosphere when the 

trees die and decompose.  Soil is also a 
repository for decaying plants; return-

ing crop residues to soil also enhances 
carbon storage.  Other methods include: 
growing plants that have large capac-
ity to store carbon in above-ground or 
below ground biomass, reforestation, 
and improved methods of logging to 
minimize forest disturbance.  

REGULATORY ISSUES OF 
TERRESTRIAL 
SEQUESTRATION

There are fewer regulatory barriers 
to implement terrestrial sequestration 
projects.  However, verification of the 
amount of CO

2
 sequestered and per-

manency can be thorny issues, requir-
ing special monitoring, especially as 
carbon markets develop to trade fun-
gible carbon credits.  Regulators may 
find it helpful to become familiar with 
the regulatory aspects of both geologi-
cal and terrestrial sequestration, as 
they can affect cost recovery of elec-
tric utilities.

To date, terrestrial sequestration has 
primarily been carried out under pri-
vate contract with farmers, foresters, 
and others.  The carbon sequestered 
is then traded on the Chicago Climate 
Exchange.  There is no direct regu-
lation of such contracts.  Due to the 
public interest of the subject matter, 
however, there is indirect regulation 
of private contracts.  A major area of 
concern is monitoring and verifica-
tion.  Agriculture is considered a non-
point source of pollution.  Carbon 
released from terrestrial sources is 
much more difficult to monitor than 
a point source such as a power plant.  
As a consequence, Entergy’s private 
contracts provide that the third par-
ties shall have access to the fields.49  
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Some regulatory issues 
will involve how to 
encourage land and 
forest use that captures 
and stores carbon.

The farmers are also responsible for 
self-reporting in writing to their local 
conservation districts.  The conserva-
tion districts are quasi-governmental 
agencies working with the U.S. Natu-
ral Resources Conservation Service to 
develop and monitor projects funded 
by the U.S. Department of Agriculture 
(USDA).  Estimates for the amount of 
carbon sequestered are based on local 
soil samples and the USDA’s CQESTR 
model.50  Once carbon markets are 
well established, there will be a need 
for trusted third party verification and 
monitoring.  As demonstrated in the 
above example, using the existing reg-
ulatory institutions is a logical place to 
start.

Although terrestrial sequestration re-
mains largely private, there is a public 
interest in encouraging sequestration 
and monitoring sequestration projects.  
Thus there will be a role for regulation.  
Some regulatory issues will involve 
how to encourage land and forest use 
that sequesters carbon and discourage 
practices that release carbon.  Regula-
tions could restrict land use practices 
and require replanting of harvested 
forests (for example, via conserva-
tion easements), provide for subsidies 
and taxes, and/or stipulate how prop-
erty rights in sequestered carbon are 
obtained and transferred.  More gen-
erally, regulations could require CO

2 

emitters to offset emissions in seques-
tration projects. Oregon has done this, 
and gone a step further.  The Oregon 
Office of Energy’s Energy Facility Sit-
ing Council considers emissions offset 
projects before issuing a site certificate 
for the construction of new electric 
power plants.51

OTHER CARBON 
SEQUESTRATION 
OPTIONS AND CONCEPTS52

Apart from capture and geologic stor-
age of CO

2
 and terrestrial sequestra-

tion, a number of alternative approach-
es for capture and storage have been 
proposed.  Given below is a cursory 
description of some of those proposed 
alternatives that are receiving increas-
ing attention. 

A possible storage site for CO
2
 is the 

ocean.  The ocean represents the larg-
est potential sink for manmade CO

2
.  

Deep ocean water is unsaturated with 
respect to CO

2
.  If liquid CO

2
 is dis-

charged below 3,000 meters where 
CO

2
 is denser than seawater, it de-

scends to greater depths, forming a 
deep lake.  If liquid CO

2
 is discharged 

at depths of 1,500-3,000 meters 
through a diffuser such that the liquid 
breaks up into droplets, then CO

2
 dis-

solves completely before it rises 100 
meters.  Both of these methods how-
ever are controversial because they 
would increase the acidity of seawater.  
A third method is to bring seawater 
in contact with CO

2
, such as the flue 

gas at a power plant, and then treat the 
CO

2
-rich water with carbonate miner-

als to form soluble bicarbonates before 
discharging back into the ocean.  The 
advantage of this method is that sea 
water would not be acidified.  Ocean 
sequestration results in the formation 
of carbonates and bicarbonates which 
are natural ingredients of sea water; 
however, many questions remain un-
answered regarding the long-term 
consequences of carbon sequestration 
on the marine eco-system and thus the 
proposal remains controversial.  Some 

The ocean is the largest 
potential sink for 
manmade CO

2
.

Apart from capture 
and geologic storage or 
terrestrial sequestration 
of CO

2
, a number of 

alternative approaches 
have been proposed.
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All of the options for 
ocean storage have 
serious potential 
drawbacks.

Use of microalgae 
instead of fossil fuel 
is not a cost effective 
alternative today.

very limited experimentation has been 
carried out.

It has also been shown that fertilizing 
the ocean with nutrients such as iron 
dramatically enhances the growth of 
phytoplankton biomass and thereby 
uptake of atmospheric CO

2
 by the 

ocean is increased.  The presumption 
is that a portion of this phytoplankton 
will eventually sink to the deep ocean.  
Using this method the cost of carbon 
sequestration has been estimated to 
be in the order of $1-10/tC.  However, 
there are many significant concerns 
about the effects of this intervention on 
the ecosystem that cannot be directly 
measured or factored into cost-benefit 
calculations, such as oxygen deple-
tion and changes in the phytoplankton 
communities.

Another concept is to grow microalgae 
in artificial ponds fertilized with CO

2 

from flue gas.  The growth of micro-
algae under these conditions is likely 
to be enhanced.  This algal biomass 
can be converted to food, feed or fuel.  
Food or feed upon digestion will return 
CO

2
 and other greenhouse gases to the 

atmosphere; however, use of bio fuel 
to replace fossil fuel will eliminate the 
fossil fuel generated CO

2
.  The meth-

od is not cost effective at this point in 
time.

Another proposed method is mineral 
carbonation or fixation of CO

2
 in the 

form of inorganic carbonates.  There 
are some minerals found on earth 
(e.g., serpentine, a silicate of magne-
sium) that naturally uptake CO

2
 from 

the atmosphere to form carbonates, 
thereby permanently locking carbon.  
This natural process is, however, very 

slow.  Research continues to identify 
pathways that would accelerate this 
reaction.  For example, reactions of 
CO

2
 with metal oxide-bearing mate-

rials have been conducted to produce 
corresponding metal carbonates and a 
solid byproduct such as silica, but this 
requires energy intensive preparation 
of the solid reactants and thus trans-
lates into a high energy penalty on the 
original power plant.  The method is 
attractive in that the magnesium and 
calcium silicate deposits on earth 
are sufficient to store on a geologi-
cal time scale all the CO

2
 that would 

be produced from the combustion of 
all fossil fuel resources and, also, the 
carbonation reaction is exothermic 
and therefore, theoretically, can yield 
energy.  A full CCS option, using the 
best available carbonation technology 
today, would require 60-180 percent 
more energy than a power plant with 
similar output but without CCS.53

POLICY ISSUES ON THE 
HORIZON

Geologic CO
2
 storage and terrestrial 

carbon sequestration is a topic that 
will likely involve state public service 
commissions, state and federal envi-
ronmental agencies, state departments 
of natural resources, and the DOT, to 
name a few.  Planned field tests to be 
conducted over the next four years un-
der the DOE’s Carbon Sequestration 
Program are bringing to the fore is-
sues related to the regulation of CCS 
and terrestrial carbon sequestration.  
Regulatory issues associated with 
CCS, particularly geologic CO

2
 stor-

age, can be complicated, requiring 
interagency coordination.  The ben-
efit of this early coordination is likely 

The natural process of 
mineral carbonation is 
too slow and would itself 
use considerable energy.
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State commissions are 
positioned to play a key 
role in implementation.

Planned field tests under 
the DOE’s Carbon 
Sequestration Program 
are bringing CCS, 
particularly geological 
CO

2
 storage, to the fore.

most apparent for applications of CO
2
 

capture technologies with geologic 
CO

2
 storage, given the long-lived and 

capital intensive nature of these as-
sets; e.g., a CCS-enabled power plant 
and the associated CO

2
 transport and 

injection infrastructure.

CCS is a relatively new concept and 
requires infrastructure and technolo-
gies that are new to the marketplace.  
Much work will need to be accom-
plished by the regulators and the par-
ties involved to ensure that the siting 
process is safe and reliable, that accu-
rate monitoring and verification proto-
cols to ensure storage efficacy are in 
place, and that project noncompliance 
has a downside for the emitter.  In ad-
dition, trading of carbon “credits” will 
likely require greater oversight in the 
future to ensure that one credit traded 
equals one unit of carbon sequestered 
or otherwise not emitted.

Although the topics of geologic CO
2 

storage and terrestrial carbon seques-
tration might at first glance seem 
principally of primary concern of en-
vironmental regulators, in fact state 
public utility regulators are positioned 
to play a key role in implementation.  
The state commission’s major role of 
cost recovery is, of course, critical for 
the implementation of these seemingly 
promising climate-change mitigation 
technologies.  In addition, many state 
commissions will regulate pipeline 
safety, siting (including rights-of-way 
and condemnation), and, for some 
commissions, underground well injec-
tion policy.  Commissioners in states 
with fossil-burning electricity gen-
eration plants (particularly older, coal-
fired units) may wish to gear up on 

these issues and be prepared to engage 
in interagency coordination as CCS 
pilot projects will be shortly undertak-
en through DOE-sponsored Regional 
Carbon Sequestration Partnerships, 
such as the Midwest Regional Carbon 
Sequestration Partnership.
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3 For more information on the Midwest Re-
gional carbon Sequestration Partnership visit 
http://www.mrcsp.org.
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