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Abstract
With increasing international willingness to act over rising concentrations of atmospheric
carbon dioxide, the political impetus for reducing CO2 emissions is growing. To meet the
long-term goal of atmospheric stabilization of CO2 levels, a major technological
transformation must occur in the energy sector. One strategy to achieve this is carbon
capture and sequestration. Carbon dioxide is first captured from power plants or
industrial sources and then sequestered deep underground, into depleted oil and gas
reservoirs, saline aquifers, or unminable coal seams. Geologic sequestration could be
coupled with fossil fuel use to make electricity, hydrogen, or transportation fuels with no
net emissions of CO2 into the atmosphere. Geologic sequestration of CO2 (GS) is defined
as injecting CO2 into deep (greater than ~1 km) geologic formations for the explicit
purpose of avoiding atmospheric emission of CO2.
Resolution of regulatory and legal uncertainty for geologic sequestration of CO2 is a key
prerequisite for GS adoption and success. This research focuses on the regulatory and
legal context within which GS will take place and seeks to create linkages between actual
risk and a potential regulatory framework. Problematic areas with the existing regulatory
structure are identified and alternatives are evaluated. Identification of these issues now
can help to ensure that research is focused on answering questions that future regulatory
regimes will need to address.
The nature, if not the magnitude, of risks from GS are well understood: leakage to the
surface or near surface could harm human or ecosystem health, injected CO2 could, either
directly or indirectly affects groundwater and hydrocarbon resources. Aligning the known
risks for GS with an appropriate regulatory structure is the major contribution of this
work. Identifying how a GS project would be regulated now and analyzing where the
gaps are, and identifying possible pathways, given specific risk management parameters
is key. The current regulatory structure covers transportation, and underground injection,
but not long-term monitoring or verification. Legal considerations for GS, focusing on
property rights and site creation are also explored.

v

vi

Acknowledgements
Thanks to my advisor, David Keith, for being an inspiration and a support and also for
becoming a friend. While his agile intelligence can often make even the most tenacious
of his graduate students feel left in the dust, it is well tempered by his warm wit and
genuine care for us all.
Thanks also to my committee members Granger Morgan, Sally Benson and David Gerard
for their time and care in reviewing and your valuable insights. I would also like to thank
Lester Lave, who originally helped me see that EPP was a good fit, I have truly benefited
from this association. Thanks also to Bill Rhodes and Frank Princiotta at the
Environmental Protection Agency for allowing me to see this project through. Help in
understanding the intricacies of the EPA’s Underground Injection Control Program came
from Bruce Kobelski, Anhar Karimjee, and other UIC staffers, and I am eternally grateful
for their patience and interest in this work. Tim Johnson and my mother, Judy Scott,
graciously gave guidance, support, and well needed editorial help throughout the writing
of this dissertation. Those proverbial kicks in the pants were well worth it!
The legal section of this dissertation benefited immensely from the editorial review of
Maria Savasta-Kennedy from the University of North Carolina Law School and Tony
Beyer of the U.S. EPA, I thank them both. Thanks also to Malcolm Wilson, Wolfgang
Heidug, and Stefan Bachu and a very special thanks also to Owen Anderson from the
University of Oklahoma Law School for his insight into oil and gas law and to Myron
Sereda for explaining the differences between U.S. and Canadian subsurface property
rights systems.
This dissertation would never have been possible without the support and patience of my
husband Ross Jackson. He was willing to re-locate to Pittsburgh for a year, put up with
long years of late night reading, and help (well, do most of the hard work) of raising two
children with love. Thank you Ross, Amelia and Charlie for being patient, to you three, I
dedicate this work.

Support for this dissertation was provided by the U.S. Environmental Protection Agency,
the U.S. Department of Energy, the Mellon Foundation, NSF, and Green Design at
Carnegie Mellon. The contents of this dissertation do not necessarily reflect the views of
the Environmental Protection Agency, and no official endorsement should be inferred.

vii

viii

ix

Figure 0-1: Geologic Carbon Sequestration by Amelia Wilson-Jackson, age 5 (2004). Note man with
bucket pouring CO2 into storage reservoir. Artist comments, “He has a lot of work to do.”

x

xi

Table of Contents
List of Tables

xv

List of Figures

xvii

List of Acronyms

xix

Chapter 1: Geologic Sequestration as a Carbon Reduction Option
1.1 Dissertation Structure
1.2 Summary of Major Findings and Conclusions
1.3 References for Chapter 1

1
7
9
15

Chapter 2: Risks Assessment and Management for Geologic Sequestration of
Carbon Dioxide
2.1 CO2 Properties
2.2 CO2 Behavior Underground
2.3 Characterizing Pathways of Surface Leakage and Exposure
2.3.1 Leaks Due to Local and Regional Geology
2.3.2 Existing Manmade Pathways: Abandoned Wells and Boreholes
2.3.3 Human Activity Causing Pathways for Migration
2.4 Risks from Geologic Sequestration of CO2
2.4.1 Local Risks from Leakage
2.4.2 Quantity-based Risks: Displacement, Induced Seismicity and
Ground Heave
2.4.3 CO2 Specific Risks
2.4.4 Risks to Hydrocarbon Resources
2.5 Global Emissions from Leakage
2.6 Other Risks
2.6.1 Longevity: A Moral Risk
2.6.2 Environmental Justice and Geologic Sequestration
2.7 Risk Perception and Actual Risk in the U.S.
2.8 Conclusions
2.9 References for Chapter 2

17
18
19
23
23
25
26
26
27
32
34
35
36
38
38
39
39
41
43

Chapter 3: Regulating the Underground Sink: Managing the Risks of
Geologic CO2 Storage
Reprint from Environmental Science and Technology, 2003, 37, 3476-3843

47

Chapter 4: Subsurface Property Rights: Implications for Geologic CO2
Sequestration
4.1 Introduction
4.2 History of U.S. Property Rights
4.3 The Negative Rule of Capture and Secondary Recovery

55
55
56
58

xii

4.3.1 Implications for Geologic Sequestration
4.4 Injecting Industries
4.4.1 Hazardous Waste Injection Case Law
4.4.2 Natural Gas Storage Case Law
4.5 Creating Large and Legal Storage Reservoirs for Geologic Sequestration
4.6 Conclusions

61
62
62
68
74
77

Chapter 5: Regulatory Analysis of Geologic Sequestration of Carbon
Dioxide
5.1 Risk Management and Regulatory Challenges for Geologic Sequestration
5.1.1 Risk Management for Geologic Sequestration
5.1.2 Transforming the Risks into Risk-based Regulation
5.1.3 Risks from Displacement Caused by Large Volume Injection
Projects
5.1.4 Risks from Leakage and other Subsurface CO2 Behavior
5.1.5 Managing the Global Risks of Leakage: Ensuring an Adequate
Length of Time for Sequestration
5.1.6 Ensuring Risks are Appropriately Managed: Leakage,
Measurement, Monitoring and Verification
5.2 Evaluation of a Sample Geologic Sequestration Project
5.2.1 Transportation of CO2 in Pipelines
5.2.2 Underground Injection Control Specific Considerations for
Permitting
5.2.3 Permitting Under a Class I Regime
5.2.4 Permitting Under a Class II Regime
5.2.5 Comparison of Class I and Class II Regimes
5.2.6 Problems Experienced with a Fluid Similar to CO2 Regulated as a
Class I Well
5.2.7 Permitting as a Special Class V Well
5.2.8 Creating a New Well Class
5.2.9 Regulating Geologic Sequestration Outside of the UIC Program
5.3 Measurement, Monitoring, Verification and a Carbon Management
Framework
5.4 Who Cares: Stakeholders Now and in the Future
5.4.1 Other Institutional Considerations for Regulation of Geologic
Sequestration
5.5 Conclusions
5.6 References for Chapter 5

81

Chapter 6: Future Regulatory Considerations
6.1 Regulatory Program Components for Geologic Sequestration
6.1.1 Approaches for Regulating Subsurface Movement of Injected CO2
6.1.2 Long-term Liability, Project Finance and Public Assumption of
Liability
6.1.3 Project Verification
6.1.4 Property Rights and Establishing Large and Legal Storage

82
83
87
88
89
90
92
93
94
95
108
111
115
121
123
125
125
126
129
132
133
137
141
143
144
146
147
148

xiii

Reservoirs
6.2 Regulatory Path Dependency
6.2.1 Enhanced Oil Recovery to Geologic Sequestration
6.2.2 Deep Emissions Cuts Through Geologic Sequestration in Saline
Aquifers
6.3 Institutional Actors: Who Could Do What?
6.4 References for Chapter 6

149
151
153
155
160

xiv

xv

List of Tables
Table 1-1 Geologic sequestration demonstration projects
Table 2-1 Description of possible human health effects from CO2
Table 4-1 Sample cases city surface property holder’s rights to remaining
underground storage space
Table 5-1 Risk assessment considerations for geologic sequestration

6
29
69

Table 5-2 Summary of requirements for Class I or II injection well permits
Table 5-3 Class I and Class II UIC program differences contrasted with
geologic sequestration programmatic considerations
Table 5-4 Geologic Sequestration considerations and evaluation of Class I
and II UIC regime fit

98
116

85

118

xvi

xvii

List of Figures
Figure 0-1 Geologic Carbon Sequestration by Amelia Wilson-Jackson
Figure1-1 Stabilization triangle
Figure 1-2 Examples of different ‘wedges’
Figure 1-3 Estimates of sources and sinks of carbon
Figure 2-1 Global carbon cycle
Figure 2-2 Density/temperature curves for CO2 at different pressures
Figure 2-3 Potential pathways of CO2 leakage from geologic sequestration
Figure 2-4 Typology of risks from geologic sequestration
Figure 5-1 Typology of risks from geologic sequestration
Figure 5-2 Schematic of injection well
Figure 5-3 Stakeholders involved in injecting fluids underground today
Figure 6-1: Permitting and project time line for geologic carbon sequestration
Figure 6-2: Potential regulatory time-line for geologic sequestration

ix
1
2
5
19
21
24
27
88
107
130
142
158

xviii

xix

List of Acronyms
AOR
API
CCS
CFR
CO2
DoE
EOR
EPA
IOGCC
GS
MIT
NGO
NIMBY
NIOSH
OSHA
REL
RSPA/OPS
STEL
TWA
UIC
UICPG
USDW
ZEI

Area of Review
American Petroleum Institute
Carbon Capture and Storage
Code of Federal Regulations
Carbon dioxide
U.S. Department of Energy
Enhanced Oil Recovery
U.S. Environmental Protection Agency
Interstate Oil and Gas Compact Commission
Geologic Sequestration
Mechanical Integrity Test
Non-governmental organization
“Not in my backyard”
National Institute of Occupational Safety and Health
Occupational Health and Safety Administration
Recommended Exposure Limits
Research and Special Projects Administration’s Office of
Pipeline Safety
Short-term Exposure Limits
Time Weighted Average
Underground Injection Control Program
UIC Program Guidance Document
Underground Source of Drinking Water
Zone of Endangering Influence

xx

1

Introduction: Geologic Sequestration as a Carbon

Reduction Option
With increasing international willingness to act over rising concentrations of atmospheric
carbon dioxide, the political impetus for reducing CO2 emissions is growing. The longterm goal of such CO2 reduction efforts is stabilization of atmospheric concentrations, as
agreed upon in the 1992 United Nations Framework on Climate Change. This presents a
challenge, even stabilization at twice the pre-industrial level (~500ppm) would require a
50% reduction from the business-as-usual trajectory within about half a century. Such a
significant reduction will fundamentally transform industrial society.
Caldeira, Jain and Hoffert estimate that, depending on climate sensitivities, between 75%
and 100% of energy will need to be carbon free by 2100 to stabilize the climate at a 2°C
warming [1]. Pacala and Socolow illustrate the enormity of these required changes via
their “stabilization triangle” and the “wedge”, thereby decomposing “a heroic challenge
into a limited set of monumental tasks,” depicted in Figure 1-1 [2].

Figure 1-1: Stabilization triangle from Socolow et al. from[3]

1

Assuming a business-as-usual CO2 growth scenario of 1.5%/year, by 2054, the increase is
the “stabilization triangle” of roughly 7GtC, which is broken up into seven “wedge,” as
shown in Figure 1-2. Each wedge is 1GtC in height, and 50 years in length, with the total
area of one wedge being 25 GtC. Wedges represent an initiative, using available
technology, that saves 1GtC in 2054 and can be associated with efficiency improvements,
renewable energy, carbon capture and sequestration or storage (CCS), biological stocks,
and other technologies.

Figure 1-2: Examples of different ‘wedges’ from Socolow et al. [3]. Some wedges may be used more
than once, some not at all.

Each wedge represents a significant investment and commitment to a particular
technological path. A partial list of wedges for energy efficiency and conservation, CO2
capture and storage (CCS), nuclear, and forest and soils from Pacala and Socolow is
presented below [2, 4]. Each initiative represents a potential savings by 2054 associated
with a particular wedge:
•

Efficiency
2

o 2 billion gasoline or diesel cars getting 60 miles per gallon instead of 30
miles per gallon (only 500 million cars exist now)
o Cut 2054 projected carbon emissions for buildings and appliances by 25%
o Produce twice today’s coal power at 60% efficiency, instead of 40%
efficiency (efficiency today is ~32%).
•

Carbon Capture and Sequestration
o

800 GW coal or 1600 GW natural gas CO2 emissions being sequestered in
3,500 Sleipner-sized projects (each injecting 1Mt CO2/year).

o Hydrogen production from fossil fuels with CCS, producing 250 million
tones hydrogen per year from coal or 500 million tones hydrogen from gas
(approximately 40 million tones hydrogen is produced from all sources
today) captured CO2 in 3,500 Sleipner-sized projects (each injecting 1Mt
CO2/year).
•

Renewable energy and nuclear (replacing coal)
o

2,000,000 1 mega-watt peak windmills, 50 times current capacity
occupying an area equivalent to 10% of the U.S.

o 2,000 gigawatt peak PV, 700 times current capacity, covering 2 million
hectares (roughly 7,700 square miles).
o One-hundred times the current U.S. or Brazilian ethanol production, using
roughly 17% of the worlds cropland.
o An additional 700 gigawatts of nuclear capacity, twice the current
capacity.
•

Forests and agricultural soils
o Conservation tillage on all cropland soils, ten times greater than current
use.
o Decrease deforestation in the tropics to zero (current rate is 0.5 GtC/year),
and establish tree plantations at twice the current rate, covering 300
million hectares (about 1 million square miles).
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Carbon capture and sequestration is one piece that could play a key role toward achieving
the deep emissions cuts necessary to reach a stabilization target in the next 50-year time
horizon. CCS is rapidly emerging as a potentially important tool for managing carbon
emissions [5]. CCS first captures emitted CO2 from power plants or industrial sources
and then sequesters the CO2 either onshore or off-shore in deep underground depleted oil
and gas reservoirs, saline aquifers, or unminable coal seams.
This dissertation focuses on the sequestration of CO2 into onshore sites. Direct injection
of CO2 into oceans will not be directly addressed in this document, as the trapping
mechanisms, risk profile, and regulatory system are fundamentally different.
Geologic sequestration of CO2 (GS) is defined as injecting CO2 into deep (greater than ~1
km) geologic formations for the explicit purpose of avoiding atmospheric emission of
CO2. As seen in the examples above, geologic sequestration could be coupled with fossil
fuel use to make electricity, hydrogen, or transportation fuels with no net emissions of
CO2 into the atmosphere. Geologic sequestration associated with one wedge of CCS
would require injecting approximately 3.5 gigatonnes of CO2 annually, equivalent to
3,500 Sleipner sized projects. Keith has provided a rough estimate of total available fossil
sources and potential sequestration space for CO2, shown in Figure 1-3 [6].
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Figure 1-3: Estimates of sources and sinks of carbon from Keith [6]. This figure presents total carbon
estimates for all available fossil fuel reserves (coal, oil and gas) and compares it with total human
consumption, total carbon in the atmosphere and in the biosphere. These figures are contrasted with
estimated sinks, sequestration capacity in oil and gas reservoirs, coal beds, saline aquifers and
oceans.

Several GS projects are currently underway or planned, as shown in Table 1-1. In
addition to the projects injecting CO2 for sequestration shown in Table 1-1, CO2 is
injected with acid gas, a waste associate with sour gas production (natural gas with high
levels of H2S), and is currently being injected in Canada, the U.S., and Abu Dhabi [7, 8].
Additionally, approximately 25 Mt/yr of CO2 are being injected for enhanced oil
recovery (EOR) in the Permian Basin in Texas alone [9], with more projects planned
worldwide [7].
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Project

Start

Type of project

Participants and
Location

Sleipner

1996

Weyburn

2000

Statoil project, North
Sea
EnCana, Canada

In Salah

2004

Snohvit

Planned
2006

Upstream natural
gas
CO2 from
anthropogenic
source, enhanced oil
recovery
Upstream Natural
Gas
Upstream natural
gas/LNG

Gorgon

2008-2010

Upstream natural
gas/LNG

BP and Sonatrach,
Algeria
Statoil, Petoro,
TotalFinaElf and
others, Barents Sea
ChevronTexaco

Tonnes of CO2
injected per
year
1 Mt

Total tonnes
of CO2 to be
injected
20 Mt

1 Mt

20 Mt

1 Mt

18 Mt

0.7 Mt
1 Mt in Phase I

125 Mt

Table 1-1: CO2 Geologic sequestration demonstration projects from the International Energy
Agency’s (IEA) Greenhouse gas program on CO2 storage and capture and Robert Service [5, 7].

Because of GS’s compatibility with the fossil energy infrastructure, it is plausible that it
could provide a less expensive route to deep emissions reductions within the next halfcentury compared with other technologies like PV or nuclear. Numerous studies have
explored the injection of carbon dioxide from technological and scientific perspectives
[10], including a new Intergovernmental Panel on Climate Change (IPCC) special report
due out in 2005. Significant research efforts are being funded by the U.S. Department of
Energy (DoE) ($40.5 million in fiscal year 2004)1 [11], European governments, and
industry (through the Carbon Capture Project, for example).
Few studies, however, have examined the regulatory needs of such a program or
compared them with current regulations governing underground injection [12]. Legal
considerations of GS have also been largely ignored. Recently, DoE has funded the
Interstate Oil and Gas Compact Commission (IOGCC) to research and possibly craft
model state regulations and several of the DoE’s Regional Carbon Sequestration
Partnerships have begun to further investigate regulatory and legal barriers to GS, but as
of yet, no publications have resulted [13, 14]. This dissertation seeks to fill this gap.

1

Including research on carbon capture
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Resolution of regulatory and legal uncertainty for geologic sequestration of CO2 is a key
prerequisite for the technology’s adoption and success. This dissertation examines the
regulatory and legal framework for potential GS projects and provides insights into
important issues that need to be more fully resolved before the technology can be
successfully implemented. Identification of these issues now can help to ensure that
research is focused on answering questions that future regulatory regimes will need to
address. By making sure that the science is in place to ensure protection of the
environment as well as human health and safety, future regulatory regimes can
implement GS with a higher degree of confidence in its success.

1.1 Dissertation structure
The thesis of this dissertation is that legal and regulatory factors will play a crucial role in
making GS a feasible and accepted technological option. This research focuses on the
regulatory and legal context within which GS will take place and seeks to create linkages
between actual risk and a potential regulatory framework. Problematic areas in the
existing regulatory arena are identified and alternatives are examined. The dissertation is
structured as follows:
Overview of Risk: Chapter 2 provides a summary of potential risks from GS. The physical
properties of CO2 and an overview of potential leakage pathways are presented. Risks to
human and ecological populations are explored as well as other risks associated directly
with CO2 injection and with injecting large volumes of fluid into the subsurface. Legacy
and global risks of GS are also addressed. Finally, some initial studies on public
perception of geologic sequestration and approaches for managing GS risk are presented.
After comparing acceptable levels of risk for other activities to GS, a preliminary risk
management paradigm for GS emerges. Risk management serves to bridge levels of
actual risk to a regulatory structure.

7

Regulatory Framework for Underground Injection: Chapter 3 presents a re-print of
Regulating the Ultimate Sink: Managing the Risks of Geologic CO2 Storage, published in
Environmental Science and Technology (2003), 37, 3476-3483. This paper covers the
history and present framework for regulating underground injection activities and
identifies existing injection activities that are somewhat analogous to large-scale GS, with
significant similarities and differences highlighted. The paper outlines modifications
needed in current regulations in order to properly regulate GS activities. Trade-offs
between performance-based and procedural approaches to regulation are discussed along
with the regulatory process. Tim Johnson contributed the section on GS under the sea
floor.
Legal Issues Surrounding GS: Chapter 4 delves into specific legal questions that are
pertinent to GS: Who owns the pore space? Could this right be transferred to another
party? Who owns the sequestered CO2? What are the legal implications of GS being
considered a “natural resource” or a “waste”? After a brief history of U.S. property rights,
examination of mineral rights and severance of mineral estates from the surface estate,
associated case law is explored. Precedents for secondary recovery operations,
exploration of liability from subsurface trespass and the negative rule of capture are
presented. An analysis of cases exploring pore space ownership and trespass associated
with natural gas storage and hazardous waste injection follows, presented along with
legal treatment of just compensation for storage operations. Finally, legal instruments
used to create large storage fields (unitization and condemnation) are also explored.
Regulatory Analysis of Geologic Carbon Sequestration: Chapter 5 addresses the future
regulatory needs for geologic carbon sequestration. What such a regulatory structure for
GS would look like is presented in detail. A sample large-scale GS project is evaluated
under the current set of regulations that govern underground injection, briefly exploring
the regulatory structure that governs pipeline transport and then presenting a detailed
analysis of regulating GS under the U.S. Environmental Protection Agency’s
Underground Injection Control (UIC) program. Injecting CO2 under Class I, Class II,
8

Class V regulatory regimes or potentially developing a new well class are all explored
and the advantages and disadvantages of the regulatory framework discussed. The
structural “no migration into underground sources of drinking water (USDW)”
incompatibility of existing regulation with CO2 injection needs to be recognized and
alternative regulatory structures explored. Institutional actors, stakeholders, and
challenges are discussed, as are other institutional issues associated with measurement,
monitoring, verification, and long-term record keeping.
Future Regulatory Considerations: Chapter 6 provides a summary of regulatory program
components for GS and explores tradeoffs of future regulatory approaches.

1.2

Summary of Major Findings and Conclusions

Resolution of regulatory and legal uncertainty for geologic sequestration of CO2 is a key
component to the technology’s adoption and success. This section seeks to summarize the
major findings in this dissertation.
The nature of the risks from GS are, on the whole, well identified and understood and
supported by a significant (and growing) body of literature. Carbon dioxide leakage to the
surface could harm human and ecological populations and compromise global CO2
reduction efforts. While the mechanisms for potential leakage have been identified in
numerous studies, assigning probabilities for different leakage pathways is more difficult.
In situ CO2 could also pose a risk to groundwater quality, first by geochemical means,
altering reservoir water pH, dissolving substrate minerals or organic materials and
second, by altering subsurface pressure regimes and potentially causing migration of
more saline formation fluids into potable water supplies. While enhanced oil recovery
(EOR) techniques are used for CO2 flooding to mobilize hydrocarbons, sequestered CO2
could damage hydrocarbon resources and affect future field production. A wide body of
literature exists implicating underground injection, natural gas storage, and oil and gas
recovery in inducing earthquakes. While the magnitude of these seismic events is usually
9

quite small, the large quantities of CO2 to be injected for GS can be expected to have a
similar effect. There is also a moral risk of geologic sequestration, as large areas in the
subsurface will be appropriated by this generation for thousands of years. Such legacy
risks must be analyzed within the larger risks of climate change and the risks of other
technologies available for CO2 reduction.
The major contribution of this work is aligning the known risks for GS with an
appropriate regulatory structure. Regulations are established to codify the management of
risk. Understanding the existing regulatory structure is an important first step in
determining how well it covers similar underground injection risk and deciding if it is an
appropriate structure for regulating future GS projects and was undertaken here to
provide background and context necessary for developing future regulations.
•

Currently, GS projects would be regulated under the U.S. Environmental
Protection Agency’s Underground Injection and Control (UIC) Program,
authorized by the Safe Drinking Water Act of 1974. These programs are either
run by the states or directly implemented by the EPA.

•

Relevant regulatory analogs for GS exist both within and beyond the UIC
program and are useful both for understanding potential problems and exploring
possible solutions. The ability of a regulatory program to manage large quantities
of injectate is an important consideration and similar volumes of fluid are injected
both with the disposal of waters produced from oil and gas extraction and with
Floridian municipal wastewater disposal. The long storage times required for GS
are also required for injecting hazardous waste, which must demonstrate using
numerical simulations, that injected waste will remain in place for over 10,000
years. While it is not covered here explicitly, the long-term risk analysis and
record-keeping regime necessary for nuclear waste disposal is also a useful
analog. Buoyant fluids have also been disposed of with Floridian municipal
wastewater injection and stored in natural gas storage projects. Finally, there is
significant direct experience transporting, handling, and injecting CO2 for
enhanced oil recovery (EOR).
10

While the analogies provide a useful starting point for understanding how current
regulations are similar to the needs of GS, identifying how a GS project would be
regulated and where the gaps are, given specific risk management targets, is key.
•

Aside from the small-scale GS demonstration projects that have been permitted
under the Class V regime as experimental wells, currently GS projects would be
permitted under UIC Class I or Class II regimes, depending on the source of the
CO2 and the sequestration destination. Both well classes forbid migration of
injectate or formation water into Underground Sources of Drinking Water
(USDW). Because of the potential project scale, buoyancy of CO2, relatively
benign risk profile with respect to groundwater contamination, and its potential
migration into USDWs this no-migration edict may be inappropriate and difficult
for GS projects to meet. Similar to municipal waste-water injection in Florida,
projects might be vulnerable to lawsuits if they violate the no-migration into
USDW requirement of Class I and II regimes.

•

Although current well construction and well testing procedures are probably
satisfactory for ensuring safe wellhead and injection operation for CO2 injection,
the significant risk of GS lies away from well-bore in improperly abandoned
wells, unknown faulting or transmissive zones or other potential leakage
pathways. Siting considerations are key and the potential scale of large GS
projects necessitates a much larger Area of Review than is currently practiced in
many states. Thorough documentation of substrate characteristics is warranted.

•

If CO2 injection can be shown (through both geochemical and geophysical tests
and modeling efforts) to not degrade USDWs, and assuming adequate barriers to
prevent leakage to the surface, allowing leakage from the target formation but not
above surface should be considered. Under these circumstances, a Class V regime
adapted to GS or well class tailored specifically to GS might be more appropriate
for regulating GS projects. Class V permits migration of injectate into USDWs, as
long as it does not cause public drinking water standards to be exceeded,
effectively creating a performance-based standard.
11

•

Measurement, monitoring and verification are crucial for GS projects.
Measurement of injected fluid is regularly practiced in underground injection
operations today. While injectate is monitored at the well-bore, no in situ
monitoring or post-injection modeling or field testing is required by federal
regulations. Surface monitoring may be required at the work site, as mandated by
worker health and safety regulations. Verification is essential to connect
individual GS projects to a larger carbon management regime and to assure that
injected CO2 remains underground for hundreds to thousands of years. Additional
provisions need to be made to ensure that monitoring efforts exist both for
environmental, health and safety considerations as well as to evaluate overall
project effectiveness. However, it is unclear how systems for monitoring,
verification and remediation would respond in the event of CO2 leakage into
USDWs or to the surface, and how exactly any remediation efforts would be
managed within underground injection permitting and regulation scheme.
Concerns from surface leakage are addressed outside of the UIC program, usually
by state environmental health and safety considerations. For example, projects
injecting H2S are required to monitor gas atmospheric concentrations throughout a
specified area surrounding the injection site. One could imagine such surface
monitoring regimes being adapted to manage the risks from surface leakage from
GS projects.

•

Institutional considerations are important as well. While shallow wells exist
throughout the country, injection into deep wells is not practiced in many areas of
the country, as the geology is inappropriate, less favorable, or is limited by
specific state restrictions. Additional stakeholders will be involved as actors in GS
projects as well. Integrating groups from NGO’s involved in air, energy, and
climate issues, CO2 producers, and presents further challenges. In addition to
ensuring that local risks are mitigated, it is possible that the permitting process
could become a stage for expressing dissatisfaction with overall climate policy
and continued use of fossil fuels.

12

In addition to administrative law and regulation, case law helps to define, refine and
interpret particular administrative statutes. This research effort focused on analyzing past
case law decisions that have addressed concerns of property rights, pore space ownership,
subsurface trespass, creation of large storage or sites, and compensation to interest
holders and analyzing its relevance for GS projects. Property rights are traditionally
handled by the state courts. Much of this case law is centered on oil and gas extraction,
natural gas storage operations, and underground injection for waste disposal. Cases
involving property rights are traditionally heard in state courts and different jurisdictions
have interpreted similar circumstances in dramatically different ways. Property can be
divided into many different “estates”, the surface estate, the mineral estate, etc. with each
estate controlled by a different interest. The scale of potential GS projects and resulting
subsurface CO2 spread could make the application of the technology vulnerable to legal
challenges; evolution of case law in different jurisdictions will be an important factor in
the ultimate success of the technology. Some key considerations are presented here.
•

Pore space ownership: Following the historic doctrine of property ownership,
most court cases have upheld the surface owner’s rights to pore space ownership
once the hydrocarbons have been removed. While this issue is undecided in some
states, surface estate owners’ property rights were truncated in one Ohio case
involving hazardous waste. Mineral estate and lessees also have an interest in
subsurface property. Any GS project would need to consider the various interests
of all of these parties.

•

Trespass: Subsurface trespass is an important consideration for GS projects, but
for it to be problematic harm must be shown by the party bringing the charges.
Trespass has been found in many secondary oil recovery projects, with some of
these rulings finding the injecting party liable for damages to existing oil reserves.

•

Property rights for injected gas: Injected gas remains the property of the injecting
party, an important factor for long-term verification and accounting. Additionally,
the potential liability for damage also rests with the injecting party. How this
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liability would be handled over the hundreds to thousands of years necessary for
GS storage projects is unknown.
•

Unitization or condemnation: Given the scale of potential GS projects, some type
of unitization (for oil and gas fields) or condemnation (for natural gas storage
fields, employing rights of eminent domain) needs to be explored to legally create
storage fields that are sufficiently large enough and ensure access (surface and
subsurface) for long-term monitoring and verification activities. Given the
challenges in employing eminent domain for the siting of high-voltage electricity
transmission lines, creating large (>40mi2) subsurface sequestration sites may be
difficult. Potential objections by property rights advocates can be anticipated.

•

Compensation: the creation of large subsurface tracts of land for GS projects will
require compensation to interest holders. Methods for compensation for surface,
subsurface and mineral owners of the sequestration reservoir need to be better
explored. Competing GS projects could potentially create a “market” for
subsurface storage space, driving up costs.

Whether the GS is defined as waste disposal or storage might impact the legal paradigm,
but, it is unsure exactly how, and it is likely to differ between jurisdictions. However, this
consideration will not have much impact under the current regulatory system, it probably
will not affect how it is regulated. Currently, well class is determined by source and how
the injectate is being used. Classifications of the injection wells are outlined in 40 CFR
146.5.
Having the individual technical details resolved is not sufficient for GS to be a widely
deployed technology. An integrated system that includes technical factors of geologic
sequestration along side regulatory, social, and legal considerations must develop. Future
GS research efforts should endeavor to integrate regulatory questions within their
research agendas, assuring a judicious use of limited resources. Specific research targeted
on developing a credible risk assessment for GS, focusing on leakage, risks to human and
ecosystem populations, as well as outlining viable techniques for mitigating and
14

managing GS risks to an acceptable societal level, is important. Additional legal analysis
focusing on necessary condemnation or unitization procedures for establishing GS sites is
crucial if the technology is to be deployed. How GS could link to global greenhouse gas
accounting and (possibly) trading systems is another important area for development.
Most importantly, the development of geologic sequestration as a salient technology for
reducing CO2 emissions depends on having an active climate policy with clear targets for
CO2 emissions.
Future regulatory considerations will be affected by the nature of regulatory change. If
regulation evolves incrementally from the existing UIC program or is radically changed
under new overarching climate policy regulation, challenges to ensuring that the future
regulatory regime adequately manages the unique risks of GS are different. The federal
and state governments, private businesses, and stakeholders will all play important roles
shaping the future of the regulatory and legal environment for GS, and ultimately, its
success.
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2 Risks Assessment and Management for Geologic
Sequestration of Carbon Dioxide
Risk is the chance of loss or injury, the potential for harm. It is potential danger, a
function of the probability of an event times its some measure of its consequence.
Measures of risk associated with specific technologies are often decomposed into risk
exposure and risk effects. While the calculation of risk can be relatively straightforward,
perception of risk is more complicated than the probability of an event times its
consequence, often leading to divergent expert and public assessments of the same risk
[1].
Injecting large quantities of carbon dioxide underground would create several distinct
risks, both to the environment and to humans. These risks can be broken down along
several dimensions. Risks for GS are simultaneously local and global in scale and they
are affected by both past, current, and future human activities and by local geologic
conditions. Human and environmental exposures to risk are influenced by the quantity
and purity of CO2 injected as well as local geology, geography, ecosystem vulnerability
and human settlement patterns. There are important temporal and spatial dimensions that
alter the potential exposure and characterization of risk. GS could potentially affect
groundwater quality, local ecosystems, local populations, as well as global CO2
concentrations, and adversely impact global carbon trading regimes.
Chapter 2 presents a summary of potential risks from GS. After a brief overview of CO2
properties (Section 2.1), CO2 behaviors in the subsurface and potential mechanisms for
leakage are presented in Section 2.2. Local and regional risks associated with CO2
leakage to the surface and near-surface environment and CO2’s potential risk to human
populations and ecosystems is summarized in Section 2.3. Section 2.4 outlines potential
risks to groundwater. Next, other subsurface risks from injecting large quantities of CO2
are presented in Section 2.5. While some of these could occur with any large-scale
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injection project (disruption of hydrogeologic pressures, induced seismicity), others are
specific to CO2 (potential damage to hydrocarbon resources). Finally, global risks and
legacy effects and limits of GS, along with important moral ramifications of GS, are
explored in Section 2.6. Section 2.7 compares risk perception with actual risk and Section
2.8 summarizes the chapter’s conclusions.

2.1 CO2 Properties
Carbon dioxide (molecular weight 44g/mole) is crucial to life and plays a key role in the
global carbon cycle. CO2 cycles in the Earth’s ecosystems and is found in air, land, and
water, as shown in Figure 2-1. Ambient air typically contains 21% oxygen and 0.037%
carbon dioxide (370 parts per million). CO2 is inert and it is non-toxic at low
concentrations. It is not explosive, carcinogenic, or mutagenic [2].
CO2 plays a key role in the photosynthesis of plants and cellular respiration of animals.
Plant cells make glucose by consuming CO2 through photosynthesis and produce CO2
through respiration. Phytomass is made from carbon (from CO2) combining with
hydrogen (from water) and micronutrients[3]. Cells of animals use aerobic respiration,
oxidizing glucose and producing CO2. Air exhaled from human lungs contains an average
of 3.5% carbon dioxide.
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Figure 2-1: Global carbon cycle, all pools are in 1015g C and all fluxes are in 1015g C/yr, averaged for
the 1980’s, from Schlesinger (1997) [4]. GPP is the gross primary production, Rp the respiration
from photosynthetic organisms, Rd, the release due to decomposition, DIC is dissolved inorganic
carbon; DOC, dissolved organic carbon. To convert C to CO2, multiply by 3.7.

2.2 CO2 Behavior Underground
Injection of CO2 into wells is the reverse of oil or water pumping from confined aquifers.
Injection takes place into the more porous and permeable layers of sedimentary rock with
the less permeable layers serving to impede fluid migration (the confining interval). The
pressure of the injectate must be greater than that of the receiving formation for fluid to
enter, but it mustn’t exceed the lithostatic pressure1 since that could fracture the confining
interval. To ensure the integrity of the confining interval or caprock, pressure levels of
disposal wells are regulated to avoid fracturing [5]. When the disposal well pressure
1

The pressure on a layer of rock caused by the overlying material
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needed to inject nears the lithostatic pressure safety margin (approximately 1.7 times the
hydrostatic pressure for gases), a well is considered “full” and injection ceases. For GS,
CO2 will be sequestered either as a gas, a dense supercritical gas2, or a liquid. Depending
on reservoir temperature and pressure injected, in almost all circumstances, except deep
ocean subsurface sequestration, CO2 will be less dense than the brine present in the
reservoir. This makes buoyancy flow an important force governing supercritical CO2
behavior in the subsurface [6]. Generally it is assumed that the water in the receiving
reservoir are at hydrostatic pressure. As a rule of thumb, temperature increases 25°C/km
underground and the pressure increases 10MPa/km. While these rates of pressure
increase with depth vary between formations, the general predictability is primarily due
to the fact that over a very long time (104-106 years [15]) deep waters in the formation are
connected to the larger hydrosphere. Injected CO2 will also be connected to the larger
hydrosphere and surface over tens of thousands to millions of years as well. As CO2 is
highly compressible up to pressures of roughly 80 bar, found at approximately 1km
depth, significantly more can be stored at injection depths up to one kilometer, beyond
this the density is flat, or even slightly decreasing with depth [7].
CO2 effects on the subsurface are complex. According to Pruess et al. [8] large-scale
injection of CO2 (greater than several Mt/year) will cause a range of
“strongly coupled physical and chemical processes, including multiphase
fluid flow, changes in effective stress, solute transport, and chemical
reactions between fluids and formation minerals. The displacement of
aquifer water by CO2 is subject to hydrodynamic instabilities, including
viscous fingering and gravity override which may give rise to bypassing
and preferential flow along localized pathways, with important impacts,
favorable and unfavorable on CO2 containment and storage capacity.
Fluid pressures will rise as CO2 displaces aquifer water in which it partly
dissolves. CO2 dissolution will lower the pH of the aqueous phase, and
will give rise to chemical interactions with aquifer minerals. Dissolution
of primary and precipitation of secondary minerals will alter formation
porosities and permeabilities. Continuous injection of CO2 will lead to
increased formation pressures over large areas, of the order of 100 km2 or
2

CO2 is considered a supercritical fluid at temperatures greater than 31.1°C and 7.38 MPa (critical point).
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more, which will modify the local mechanical stress field, causing
deformation of the aquifer.” (p.2)

Figure 2-2: Density/Temperature curves for CO2 at different pressures, from [9]

At depths greater than approximately 800m (depending as well on temperature and
pressure profiles), a supercritical pressure regime could be sustained [8]. While the major
portion of injected CO2 will initially be stored as a dense supercritical fluid (see Figure 22), it will also dissolve into the native brines and react with formation minerals [8].
Because it will be less dense than formation brines, it will tend to pool beneath any
confining layer, making any penetrations or structural defects likely pathways for
buoyant upward migration. According to Pruess, this pooling is increased with a larger
vertical permeability, as injected CO2 migrates to the top of the aquifer and creates a CO2
plume with a larger areal extent [8].
Both physical and geochemical trapping mechanisms are important for GS. Injected CO2
will be physically trapped below less permeable layers of caprock, reside in pore spaces
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(residual gas trapping). It will also dissolve into pore fluids (solubility trapping), form
ionic species (ionic trapping) and over tens to thousands of years will become
immobilized through geochemical reactions (mineral trapping) [8, 9].
The rates at which such reactions will occur depend on local geochemistry and will affect
the mobility of the injected CO2. Pruess et al. estimated that the gas phase capacity factor,
or how much of CO2 would reside as a gas, could vary between less than 20% to
approximately 40% for a variety of different substrates, and is dependent on both
permeability and viscosity contrast. The dissolution of CO2 into formation waters is
highly dependent on salinity [8]. Ten to twenty percent of injected CO2 could dissolve
into undersaturated brines within the first few decades after injection [10]. Saturated
brines are more dense than undersaturated brines and convective mixing could play an
important role on rates of long-term CO2 dissolution [11]. Dissolution will be driven by
both the density differences in saturated brines as well as the buoyant flow and CO2
migration through the formation, with reservoir and basin scale simulations predicting
that from 30% up to 90% of CO2 may ultimately dissolve in formation waters [11-13].
Mineralization is the most secure type of sequestration, as CO2 reacts with formation rock
to form carbonate minerals. Mineralization factors were examined for major classes of
rock forming minerals that can be altered to precipitate carbonates. Pruess et al. found
that the capacity factor for solid phase was almost 11%, and Xu et al. determined the
potential to fix CO2 per kg/ m3 of the mineral varying between roughly 2000 for Olivine
to less than 100 for illite clay minerals or Glaucoconite in the Mica group [8, 14]. For
typical reservoir conditions, which are a mélange of different mineral types, an estimated
30 kg of CO2 per m3 of aquifer volume may be able to be stored in gas, liquid, and solid
phases [8].
Because injected CO2 will initially be more buoyant than the receiving waters, upwards
migration within the subsurface is an important consideration. Buoyant forces will be
stronger at terrestrial sites than in cold sea-floor sites due to the temperature and pressure
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profiles. Storage will become more secure over time as geochemical reactions dissolve
CO2 in formation waters, and eventually convert it to minerals like calcium carbonate.
The rates of change are slow, on the order of centuries for dissolution and millennia for
mineralization [8, 14, 15]. Additional research on geochemical transformations in
different aquifers will allow for more accurate estimation of GS management variables.

2.3 Characterizing Pathways of Surface Leakage and Exposure
The major risks of GS are leakage to the near-surface or surface and displacement of
formation waters. Because of buoyancy flow, injected carbon dioxide will migrate to the
top of the injection reservoir, making the areal extent of CO2 much larger than it would
be for a buoyancy neutral fluid [9]. Any breach in the confining layer could therefore be
considered a possible pathway for escape. This makes the pre-injection detection of
faults, improperly plugged boreholes or irregular transmissivities an especially important
criterion in pre-site screening. The lower viscosity will also influence CO2 flow fingering
and other behavior in the reservoir3 [9]. As CO2 will initially migrate upwards, physical
trapping mechanisms as well as local reservoir heterogeneities become especially
important. The following section identifies specific pathways that could enable leakage.
Benson and Hepple compiled Figure 2-3, which outlines potential leakage pathways and
risks from CO2 escape.

2.3.1 Leaks Due to Local and Regional Geology
“Location, location, location,” the top three factors for desirability in real estate,
seemingly apply to GS as well. Local geology plays a critical role in assuring effective
sequestration of CO2 and proper site selection is crucial to the success of GS projects. An
ideal storage site will be able to sequester large quantities of CO2, have high porosity and
permeability, adequate mechanisms for trapping CO2, and a stable geologic environment.

3

Other behaviors could be two phase flow effect or flow instability.
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Figure 2-3: Potential pathways of CO2 leakage from geologic sequestration in [16].

Knowledge about local lithology and brine chemistry must be inferred from drilled cores,
seismic testing, and accumulated regional knowledge. Leakage can occur through
inadequate confining beds, diffusion through the confining layers, and leakage through
transmissive faults [17]. Pressure increases along with large quantities of injectate will
increase formation pressures and facilitate migration of CO2. Caprock seal integrity is
key, as CO2 could migrate through any existing or created fracture networks, or areas of
lower permeability. Potential transport pathways through faults and fractures propagated
through injection pressures also need to be analyzed for specific sequestration reservoirs.
Several cases of leakage from natural gas storage fields were attributed to defects in the
caprock and seal integrity is a key factor in a storage site [18]. The fields in question were
either abandoned or being remediated by aquifer pressure control or shallow gas
recycling. Observation wells proved to be the best warning signal for detecting leaks in
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natural gas fields. Geologic leaks were strongly related to the geologic structural relief
used to store the natural gas, highlighting the importance of siting for GS projects.

2.3.2 Existing Manmade Pathways: Abandoned Wells and Boreholes
Because of their history, abandoned well bores or other manmade pathways should be
more easily identified than geologic factors. Boreholes in the vicinity are potential
pathways and information on their location and status are generally known. Records
documenting well history are available, but often not complete. New drilling operations
should have access to existing projects and care can be taken to avoid compromising the
storage integrity of GS sites. Wells could provide an important pathway for CO2 leakage,
construction quality and material integrity are key components of ensuring GS site
integrity over the long storage times envisioned.
The well bore where the CO2 is injected is another potential pathway for leakage. Poor
well construction (i.e., a poor quality cement job) could lead to well bore failure or
migration of the injectate along the well casing. With advanced drilling technologies like
horizontal and directional drilling, assuring an adequate cement job or well construction
becomes increasingly challenging.
Additionally, record keeping will need to become three-dimensional, accurately
identifying where old penetrations and directional drilling sites are located. In regions of
oil and gas production, penetrations into the subsurface are widespread. For example, in
the Alberta Basin, over 300,000 known oil and gas wells have been drilled and in Texas
over 1,500,000 oil and gas wells have been sunk [19]. In many regions of historic oil and
gas production, many of the earliest wells might not be documented. Stories of ‘mud
plugs’ and improperly abandoned wells abound. Because of the initial buoyancy force of
injected CO2, vertical migration and leakage through abandoned well bores is a
potentially important pathway to the surface. In several of the natural gas storage field
leaks, a wellbore or casing leak or an improperly plugged well was found to be the cause.
The leaks were controlled by remediating the wellbore or re-plugging the old well [18].
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2.3.3 Human Activity Causing Pathways for Migration
In addition to abandoned wells and boreholes, other human activities, past, present and
future can exacerbate or cause potential escape pathways from the injection zone for
sequestered CO2. Unintended hydraulic fracturing could compromise the integrity of the
caprock and allow for fluid migration through confining beds. Additionally, injection
activity, in changing the geophysical pressure regimes, could activate transport paths
through faults or fracturing. CO2 injection could also induce seismic activity or cause
local ground heave, if improperly managed. Future drilling into storage zones is another
potential leakage pathway, making long-term record keeping a must for any GS regime.

2.4 Risks from Geological Sequestration of CO2

Risk assessment connects pathways (or the probabilities of pathways) with potential
consequences. The most obvious risk associated with injecting CO2 underground is its
release back to the surface, with the type of release, slow or fast, being especially
important. The probability of CO2 leaking from the injection zone to the surface is
increased by the large number of existing oil and gas wells, the large volumes of CO2 to
be injected (Mt-Gt) and the long time frame that CO2 must remain sequestered.
According to Celia and Bachu (2003), “complete avoidance of leakage over long periods
of time appears to be impossible,” (p. 482). The proper context for analyzing the risks of
GS needs to focus on what the acceptable leakage would be, from both a global and local
scale, as well as within the larger context of continued unabated CO2 emissions.
These risks can be broadly divided into global and local risks, shown in Figure 2-4. These
risks are discussed in detail in the following section. Local risks effect local and regional
human populations and ecosystems. While this section does not specifically cover risks
associated with injecting CO2 in mixed waste streams (H2S, NOx, etc.) these risk profiles
could vary from injecting pure CO2, either because waste streams themselves could be
more hazardous, making leakage or contamination of groundwater a more substantial
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concern, or they could alter subsurface behavior in ways that might make modeling and
monitoring more difficult. Risks posed from direct injection of CO2 into deep ocean
waters are not covered here either.

Risks of geologic storage

Local

CO2 in atmosphere or
shallow subsurface

Suffocation of humans
or animals above
ground
Effects on plants above
ground
Biological impact below
ground on roots, insects
and burrowing animals

Global

CO2 dissolved in
subsurface fluids

Mobilization of metals or
other contaminants
Contamination of potable
water
Interference with deepsubsurface ecosystems

Displacement

Ground heave
Induced seismicity
Contamination of drinking
water by displaced brines
Damage to hydrocarbon or
mineral resources

Release of CO2 to the
atmosphere

Figure 2-4: Typology of risks from geologic sequestration

2.4.1 Local Risks from Leakage
Surface or near-surface leakage is an important local risk for GS. The type of leakage,
slow or fast, is important for a larger carbon management scheme, as is the ability to
remediate the leak site and re-capture leaked CO2. Monitoring and verification of
sequestered CO2 will take place at a local level. Significant experience in monitoring and
verification of leakage from natural gas storage is available, and initial estimates show
monitoring and verification to be extremely affordable [18]. Benson estimates that
monitoring technologies can cost as little as 4-6 cents per tonne sequestered or 6-9 cents
per tonne sequestered for enhanced monitoring, serving as an effective early warning
system for project failure [20]. The natural gas storage industry also has experience with
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remediating leaky fields, but some of these techniques may be too costly for GS projects.
Additional research into the efficacy of remediation technologies is warranted.
Dose Response: Risks to Humans
Direct health effects to humans from GS leakage are possible if concentrations of CO2
became elevated to a few percent. Carbon dioxide at low concentrations (hundredths of a
percent) is a normal and basic requirement for life on Earth; at concentrations of a few
percent, it can be harmful or deadly to humans and other animals. The effects of CO2 on
human physiology are well known, and data are abundant for working populations;
additional health effects data for children or other sensitive populations, however, are still
needed [21, 22]. Ebi cautions that “acute exposure to CO2 concentrations less than 3%
and prolonged exposure to concentrations greater than 1% may significantly affect health
in the general population,” [21]. To date, available research and regulations have largely
focused on the healthier working population and not on more sensitive members of the
population. Extrapolation of the standards to the general population is “not warranted,”
and lower acceptable exposure levels may be appropriate [23].
CO2 can be dangerous to humans at high concentrations, through either direct high
concentration carbon dioxide toxicity or by reducing oxygen in ambient air
concentrations. While CO2 can act as a general asphyxiant, research has shown that
significant physiological effects occur at exposures much lower than those known to
cause asphyxiation [2]. Hypoxia, or starving tissues of necessary oxygen, occurs at
oxygen levels below 17%. Table 2-1 shows relative CO2 concentrations and associated
workplace recommended exposure limits (REL) for a time weighted average (TWA),
short-term exposure limits (STEL), and levels of CO2 concentrations considered
immediate dangerous to life and health (IDLH). The Occupational Health and Safety
Administration (OSHA) regulates CO2 levels in the workplace and the National Institute
of Occupational Safety and Health (NIOSH) provides recommendations for acceptable
exposure levels. Chronic exposure to levels below 3% does not seem to have any lasting
negative effect on worker populations [2]. Enclosed sites, such as grain silos, cargo holds
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of ships, composting and processing plants, deep wells, and mines, are the sites of most
CO2 related deaths [22].

Concentration
of CO2
0.037%
0.5%
1%
3%

4-5%
>30%

Effect and result on healthy adults
Average atmospheric concentration – 2000
No threat to human health

Slightly increased breathing rate, prolonged
exposure may affect health, no lasting effects
Local vasodilator, cerebral vasodilator,
breathing labored and double normal rate,
impaired hearing and vision, headache,
higher blood pressure and pulse, weak
narcotic effect, mental confusion, acute
exposure effects health
Breathing rate four times normal rate,
feelings of intoxication, slight choking,
headache, dizziness, increased blood pressure
Death within minutes

Existing Recommendations
and Regulations
OSHA Regulations 8hr-TWA,
NIOSH Guidelines
REL 10-hr TWA
Vacated OSHA Regulations,
8hr-TWA
Vacated OSHA Regulations,
STEL (Short-term exposure
limit),
NIOSH Guidelines STEL 15
minute TWA
4% NIOSH Guidelines: IDLH
(immediately dangerous to life
and health)

Table 2-1 Description of possible human health effects of CO2[2, 21, 23]. It should be noted that the
National Institute for Occupational Safety and Health, NIOSH was created to research and
recommend standards, while the Occupational Health and Safety Administration (OSHA), a division
of the Department of Labor, has the responsibility for regulating and enforcing set standards. OSHA
had attempted to set a 1% REL-TVA and a 3% 15 minute STEL level in 1989, but the rule was
remanded and the only current regulation in force is the 0.5% REL-TVA.

Prolonged exposure to low levels of CO2 has been shown to increase lung dead space and
increase blood pressure, increase blood flow to the brain and lead to increased blood
calcium levels and subsequent decreasing bone formation. Prolonged CO2 exposure in
rodents caused renal calcification. All of these effects were found at CO2 levels ranging
from 0.3-15% [22]. While this level of prolonged exposure is not immediately life
threatening, it may have health consequences for both sensitive and healthy populations.
Ensuring protection of sensitive populations, including infants, children, the elderly,
people with respiratory diseases and those with panic disorders, may require ambient
monitoring levels to be set well below ‘no observed effects levels’ for worker
populations.
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From Health Effect to Risk for Humans
As the concentration of CO2 is the key measure of its toxicity, the type of CO2 release
(slow or fast), dispersion mechanisms, and the location of the release as well as the
probability of the release will affect the overall risk level. Although CO2 will be readily
dispersed under most atmospheric conditions, as CO2 is heavier than air, without
adequate dispersion mechanisms, it will displace air and create potentially dangerous
environments. While most slow releases of CO2 would be rapidly dispersed by even
small surface air movements, previous CO2 related deaths occurred in enclosed spaces or
low-lying areas where CO2 could concentrate as pools. In investigations around
Mammoth Mountain, California, where CO2 outgasses from the young volcano, higher
CO2 concentrations were found in low-lying (>1m deep snow pits, tree wells, below
ground water-valve boxes) and enclosed (snow cabins, restrooms) areas [24].
The effects of a fast catastrophic release of CO2 are well known. Lake Nyos in
Cameroon erupted carbon dioxide in August 1986. Situated in the throat of an old
volcano, the lake belched out a dense cloud of CO2 that flowed down the valley, killing
over 1,700 people and countless animals, some as far as 15 miles away. The estimated
quantity of CO2 released was approximately100 kt4[25], with atmospheric levels of CO2
greater than 8-10% [22]. The relatively small quantity released and high death toll
emphasize the importance both of the type of release and the surrounding topography.
There was considerable inter-subject variability in response to similar levels of CO2
exposure, with survivors and the dead often in close proximity [22].
While Nyos was unique in both scale and location, smaller catastrophic releases could be
imagined with a large-scale (>10 tonnes) well blow-out or a pipe-line transport accident.
Current regulations governing injection and environmental health and safety procedures
help to reduce occupational risk. Protocols and procedures for protecting nearby
populations are currently required and could also be mandated for GS, including ambient
monitoring of CO2 in areas with potential risk, serving to help avoid such catastrophes.
4

As a point of comparison, a 1-GW pulverized coal-fired power plant generates about 5-10Mt of CO2 per
year.
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Dose Response: Risks to Ecosystems for Plants and Animals
While natural phenomena have provided the most direct experience with CO2 release
risks, effects of CO2 on dramatically different ecosystems are not as well understood [2].
Respiration in animals is similar to that in humans, with CO2 affecting physiology as well
as pH response[2]. Studies on animals have shown large variation in sensitivity to CO2
concentrations. In the Lake Nyos disaster, domestic animals died in the same areas that
people did [2]. However, while the basic physiological mechanisms are the same,
different animals have different tolerances to CO2. Many insects have higher tolerances
than vertebrates, with food preservation research showing that many insects can recover
after days of high CO2 concentrations [2]. Among vertebrates, burrowers have the highest
CO2 tolerances, as CO2 concentrations in poorly aerated soils can exceed 10% [2].
Additional research on aquatic ecosystems and ecosystem change as a result of slow or
catastrophic CO2 leakage is warranted. For a more complete discussion, refer to Benson,
Hepple, et al. (2002) [2].
Higher atmospheric CO2 levels, similar to those associated with climate change (preindustrial to 0.1% levels), have been found to increase some plant growth and alter plant
morphology. More significant effects have been found in C3 rather than C4 plants. C3
and C4 plants utilize different photosynthetic pathways and the stomatal response to
sunlight is more variable in C3 plants. C4 plants are generally thought to utilize water
more efficiently under high sunlight conditions and thus be more heat tolerant. Many free
air CO2 enrichment studies have charted the response of C3 and C4 plants to higher
levels of CO2 and observed the morphological differences in their growth response. A
significant number of climate change research projects related to ecology and elevated
CO2 levels are ongoing [2].
From Health Effect to Risk for Ecosystems
There are few data available on the effects of localized high levels of CO2 on plant life.
Mammoth Mountain is a young and active volcano and a 1989 swarm of earthquakes led
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geologists to discover outgassing of large quantities of CO2 [26, 27]. This recent
outgassing of CO2, an estimated 530 tonnes per day in 1996 and from 30-300 tonnes per
day currently, at Mammoth Mountain, California, has led to a tree kill area of about 40
hectares. Elevated CO2 levels in soil gas measured in the anomalous areas—areas with
abnormally high concentrations of CO2— ranged from concentrations of roughly 46% in
the Horseshoe Lake area up to 96% of CO2 near the ski lift Chair 12 area. These contrast
sharply with control site measurements of 0.5% CO2 volume in the soil gas [24]. In
combination with length of exposure, soil moisture and nutrients, and plant species,
elevated levels of CO2 in the root zone can be toxic to plants. At about 20% volume CO2,
the Mammoth Mountain vegetation began to show signs of stress [24]. At these levels,
root development is affected, nutrient uptake by tree roots is disrupted and the trees
perish.
Because plants are able to tolerate high levels of CO2 for brief periods, fast and
catastrophic releases like the Lake Nyos disaster did not measurably damage local flora.
However, additional research on CO2 effects in the vadose or unsaturated zone5 is
important. As leakage would result in higher CO2 concentrations in the vadose zone due
to decreased mechanisms for dispersion, effects on available nutrient profiles and
potential mobilization of subsurface contaminants make it important to understand
specific soil buffering capacity and ecological resilience.

2.4.2 Quantity-based Risks: Displacement, Induced Seismicity and
Ground Heave
Quantity-based risks are caused by the injection of large amounts of fluid in the
subsurface and are independent of the type of fluid being injected. They can be local or
regional in nature; some of the risks associated with large-scale GS are directly tied to the
amount of CO2 to be injected. The displacement of saline groundwater into potable
aquifers is important to consider, given the large quantity of CO2 to be injected and the
5

The vadose or unsaturated zone is the zone immediately below the land surface but above the water table.
In the vadose zone pores contain both water and air, and are not totally saturated with water.
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associated fluid displacement and subsurface pressure changes. Modeling simulations
have shown that a 1GW coal fired power plant, producing approximately 8 Mt of CO2
annually,6 injected over a 30 year plant lifetime into a 100m thick receiving horizon
could have an areal extent expanding over roughly100km2 (39 mi2) with pressure effects
greater than 1 bar extending over 2,500km2 (960 mi2) [8, 9]. Clearly, local geologic
heterogeneities have the potential to create irregularly shaped plumes. Simple
calculations incorporating storage volume, efficiency factors, and a buoyancy flow ratio
can provide a simple order of magnitude range of the radial extents of a necessarily large
storage reservoir. Such basic order of magnitude calculations show the injection radius
from a 1 GW plant producing 5-10 Mt of CO2 annually and injecting into a 100 m thick
target zone which is able to store 30 kg CO2/m3 times a buoyancy flow factor of about 1.4
would range between 5-8 km [8, 9]. Were the target zone only 50 m thick, the radius
would expand to about 8-11 km.
In addition to the large areal extent of injected CO2, localized ground heave could result
from improper maintenance of reservoir pressures. While this can be controlled with
proper operation of injection well fields, it could affect the rate at which CO2 can be
injected into a particular reservoir [28]. As CO2 capture from power plants is costly and
production is steady, it is important that the GS project be adequately scaled to handle
any reservoir operational constraints. In areas with extensive aqueducts for water supply
and irrigation ground heave could be especially problematic.
While it seems unlikely to be a serious problem, except from possibly a public relations
standpoint, modification of the mechanical stress field could trigger local seismic events.
Cypser has developed a comprehensive bibliography of the induced seismicity literature,
covering seismicity from underground injection, oil and gas production, natural gas
storage, geothermal energy and other sources [29]. Underground injection has been
implicated in many small earthquakes. The USGS and the US Army Corps of Engineers
determined that a series of mild earthquakes (largest was M5.5) near Denver, CO were
6
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triggered by injection well disposal at the Rocky Mountain Arsenal [30]. Recorded
seismic events in Paradox Valley, CO have also been triggered by deep underground
injection. While the largest seismic event had the magnitude of M4.3 on the Richter
scale, the majority of the 3,880 recorded events (>99%) are below M2.5 and undetectable
to humans [31]. These seismic events are located both around the injection well and
concentrated around a fault trend 8km from the injection site, underlining the importance
of understanding regional geologic faulting regimes. Understanding how such seismic
events could affect the subsurface geophysical environment, especially related to
sequestration capabilities, is another consideration.
Additionally, there is a both a public relations and legal risk associated with induced
seismicity as well. While earthquakes created by “Acts of God” are not liked but
accepted, those created by specific injection activities are not likely to be tolerated, even
in the lightly populated Paradox Valley [31]. While small earthquakes are unlikely to do
significant harm, if people or property were injured, causation could be established and
strict liability for damage could apply [32].
There is also a set of risks unique to scaling GS up to a large-scale activity that affects
both groundwater and overall project integrity. This scale specific risk is unique to each
project. Population density in the affected area and the completeness of drilling records
both influence a project’s risk profile. Because of the significant areal extent likely with
large-scale injection projects, potential uncertainties increase. Geologic uncertainty
increases with the total areal extent. Being able to identify discontinuities within the
confining zone or abandoned wells within the area of influence becomes increasingly
difficult as the area needed to be reviewed expands. Cost also increases as the potential
number of wells to research and remediate expands.

2.4.3 CO2 Specific Risks
The behavior of CO2 in specific subsurface environments will depend on the local
geology and reservoir conditions. CO2 interactions with other subsurface constituents
(hydrocarbons, native rock, other plumes) and its ability to influence the migration of
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these components are important variables that could affect for groundwater quality.
Because of the possibility of CO2 migrating out of the injection zone, impacts on the
subsurface need to be better understood. Drinking water would not be harmed by small
quantities of either gaseous CO2 or carbonated water, but further investigations are
needed to better understand the secondary effects of CO2 on the geochemistry of specific
aquifers. Because CO2 would change the pH, metals, sulfate or chloride could be
mobilized and change the taste of the water. Wang and Jaffe[15] conducted numerical
simulations to assess the potential trace metal solubility in a variety of geochemical
situations from different CO2 release scenarios with different geochemical properties.
While they chose an unlikely aquifer, they found that the pH buffering capacity of the
aquifers was a key component affecting the dissolution of lead. Additional work with
other metals, hydrocarbons, and organic compounds under a wide variety of conditions in
subsurface aquifers and over longer time-frames would significantly add to this
knowledge base. Displaced formation waters also have the potential to make the
groundwater more saline, which could affect both taste and agriculture in regions that
use groundwater for irrigation.

2.4.4 Risks to Hydrocarbon Resources
CO2 is currently used for enhanced oil recovery (EOR) precisely because it is effective in
dissolving into and moving hydrocarbons in the subsurface. In EOR, the injected CO2
sweeps the reservoir, dissolving into the lighter hydrocarbons, which in turn react with
the remaining oil, causing it to swell and become less viscous, thus encouraging flow
toward the production well. Injected CO2 could inadvertently affect hydrocarbon
resources in GS projects. If CO2 were to leak from the injection zone and affect
hydrocarbon reserves above it, liability and property issues might also come into play
(see Chapter 4).
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2.5 Global Emissions from Leakage
In conventional fossil-fired plants, it takes carbon to capture carbon, and the overall
quantity of CO2 per unit energy produced is greater with carbon capture and sequestration
than without. Energy penalty estimates are dependent on the type of capture technology
employed, but range from 7-33% [33](Table 2, p 16-17). In addition to the extra CO2
produced to capture CO2, premature leakage could compromise global benefits gained
from carbon capture and storage.
Storage Time and Leakage
Injected CO2 seeping to the surface has ramifications for any global carbon management
scheme, as escaping CO2 would add to the concentration of CO2 in the atmosphere. If a
large amount of CO2 is sequestered, even a small amount of leakage from the injection
site could compromise long-term efforts towards atmospheric carbon stabilization. Three
time-scales are important for GS: the lifetime of CO2 in the atmosphere, the amount of
time fossil fuels will be used, and the time over which leakage will occur. The amount of
time that it would take current levels of atmospheric CO2 to stabilize into the ocean if
fossil fuel use would cease is on the order of centuries [4]. The fossil fuel age will not
end because of resource exhaustion, but because of rising extraction costs (marginal costs
are key) or, more importantly, environmental consequences of their continued use [34].
Estimated lifetimes of conventional fossil fuels range widely and reserve/production
ratios for coal (roughly 230), conventional oil (about 60) and gas (approximately 75), in
reality these are dependent on extraction technologies, demand, and marginal cost [34].
The longevity of CO2 sequestered should also be compared to time-frames for other
forms of biomass sequestration, in forests and soils.
Leakage involves tradeoffs between the costs of sequestration, the energy penalty, the
level of leakage and the discount rate used in the analysis, as shown by Ha-Duong and
Keith [35]. In analyzing the economic implications of using carbon capture and storage
as a backstop technology, they derived an analytic approach to calculate the value of
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leaky storage and ran an integrated assessment model to study large-scale CCS leakage
from the perspective of an optimal climate policy. They derived an economic efficiency
ratio, from assumptions on the discount rate and small amounts of CCS. They reasoned
that CCS with leaks is less environmentally efficient than an abatement technology would
be; therefore, an economically preferable CCS must be cheaper than the other
technological alternative by the calculated efficiency ratio. Given a leak rate that is an
order of magnitude or more than the discount rate, the penalty for leakage is very small
(with the efficiency ratio close to one). This then implies that leakage rates on the order
of 0.1% a year are economically close to perfect storage. Using the DIAM integrated
assessment numerical model, they found that at leakage rates of 0.1% (residence times of
roughly 1,000 years) were virtually equivalent to perfect storage, and that higher rates
could be tolerated if air capture were an option (0.5%). The larger the leakage rate, the
less CCS that was used and the more attractive the other abatement technology was. HaDuong and Keith state that leakage is “at heart a problem of inter-temporal distribution of
abatement costs and benefits,” (p. 188). It is yet to be determined how this type of
information would be integrated by the financial community into liability considerations,
bond ratings, and other types of financial risk, or how it would influence public or
political perceptions of the technology [36].
Using different methodological approaches, Hepple and Benson [37], Pacala [38], and
[39] all came to similar conclusions that leakage rates of 0.1% per year, roughly
equivalent to a storage time of 1,000 years, would be small enough to ensure GS does not
cause atmospheric CO2 concentrations to surpass levels achievable without GS.
Given GS projects injecting 5-10Mt/year over a 30-year lifetime, a 0.1% leakage rate
could still be on the order of 105 tonnes of CO2/year. The type of leakage (slow or fast) is
very important for being able to manage the risk. This rate is similar to the amount
leaking from Mammoth Mountain, California, mentioned in Section 2.4.1, which has
killed trees over 40 hectares. If all of this CO2 were released in one burp, it is
significantly more than the estimated 80,000 tonnes of CO2 that caused the Lake Nyos
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disaster. Thus is seems probable that the binding risk management for GS projects will be
driven primarily by local environmental health and safety concerns, rather than by global
considerations. This is an important point when considering incentives for monitoring
schemes and site remediation and gives a strong incentive towards siting of GS projects
in areas where human and environmental risk is minimal.

2.6 Other Risks
In addition to direct risks to humans and ecosystems from surface leakage and exposure
to elevated concentrations of CO2, there are important moral dimensions associated with
the longevity of GS projects and determining who the potentially exposed populations are
that should be part of the technology’s evaluation.

2.6.1 Longevity: A Moral Risk
The legacy effect of GS needs to be considered, both for individual projects and within a
larger climate strategy framework. Decisions made today will transfer risk to future
generations and the policy response to climate change concerns the transfer of risks and
benefits across time. Inaction also presents a risk to future generations and any evaluation
of GS will need to be a systems-based one, considering both the risks associated with
other technologies and risks of non-action as well.
GS will cost money, and while some businesses might accrue local profits, the overall
societal effect will be a cost. While it can be argued that future generations will be
wealthier and more technologically advanced, and thus better able to manage any lasting
harm, a counter argument can be posed that it is unethical to knowingly burden future
generations with unknown risk. Moral objections to GS are similar to those of nuclear or
hazardous waste.
The intersection of risk and liability is also an important consideration. Short-term risk
might be handled by standard liability, but long-term risk, occurring decades or centuries
38

after the end of the injection phase of the operation may need to be handled in an entirely
different manner {Gerard, 2000 #59}. Public assumption of long-term GS risk
management may be appropriate, though some may argue that it transfers today’s private
profits into a future public burden. Company lifetimes are too short for private liability to
be an acceptable long-term solution, especially as outstanding liabilities are frequently
transferred to smaller spin-off companies with fewer resources and shorter life spans
[40]. Due to the long sequestration times (most likely >100 years), and the relatively
short lives of most businesses, it seems clear that some type of transfer of liability to
public hands must be made. Private investment in GS and public acceptance of GS risks
will be significantly affected by future decisions relating to public assumption of longterm liability. In addition, company bond ratings, along with insurance and re-insurance
industries affected by GS risk exposure and liability, could have an important influence
on technological deployment. Current developments in the surety markets could also play
an important role in the partitioning of liability {Carlton, 2002 #61}.

2.6.2 Environmental Justice and Geologic Sequestration
Understanding who is exposed to the risks posed by GS is another important
consideration. Risk management for GS is discussed in greater detail in Section 2.8, but it
is important to consider surface dwellers who might be affected by the unique risks.
Environmental justice seeks to ensure that “no group of people, including a racial, ethnic,
or a socioeconomic group, should bear a disproportionate share of the negative
environmental consequences resulting from industrial, municipal, and commercial
operations or the execution of federal, state, local, and tribal programs and policies” [41].
Current policies for permitting and facility siting must take environmental justice
considerations into account [41].

2.7 Risk Perception and Actual Risk in the U.S.
Public perception of risk is more complex than the objective probability of an event times
the consequences. The level of perceived risk associated with a specific technology is
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dependent both on the absolute risk (i.e., associated morbidity or mortality) as well as the
type of risk (small or large death tolls, short or long term effects, who is affected,
humans, animals, plants, voluntary or involuntary nature of the risk), and moderated by
the “acceptable level” of risk and level of societal concern [42]. Perception of risk is also
tempered by the perceived benefit of the technology. Risks may be perceived differently
if the “net benefit” of a technology (total benefit minus total risk, expressed as a cost) is
large, or if the technology fills a unique function. Risk is a multi-attribute concept; hence
expert judgments of expected mortality and morbidity may diverge significantly from
public assessments.
Additionally, while several comprehensive risk evaluations of GS are underway or have
been completed [2] public perception of risks associated with geologic sequestration of
CO2 is largely unknown. Initial work by Palmgren et al. has attempted to elicit nontechnical public perception of GS [43]. After employing a mental models method to elicit
people’s relevant beliefs, the authors conducted a more detailed closed-form survey to
measure the prevalence of beliefs and understand how they correspond with acceptance
of carbon capture and sequestration. In the mental models portion of the study,
participants voiced concern over the cost and efficacy of the technology and unforeseen
negative consequences, with one third linking carbon capture and sequestration to
“waste”, comparing it to nuclear waste or disposal or dumping. Concerns over siting (‘not
in my backyard’) were raised by 50% of the respondents, though the majority showed
only minor concern over pipeline leakage, leakage back to the atmosphere or fast releases
from storage locations. Many respondents also independently suggested other energy
alternatives for mitigating CO2 emissions or carbon management, leading the researchers
to craft the closed-form survey within a broader set of options for carbon management.
The results from the closed-form survey and suggest that GS may be more popular with
the public than ocean disposal, but the technology ranks below even nuclear power as a
preferred option for mitigating CO2 emissions.
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It is unclear whether the net benefits of GS technology will be able to overcome
perceived risks, especially if climate change is not considered a priority in the U.S. On a
list of 15 social and economic issues, “reducing climate change” was rated as the least
important, behind promoting recycling and reducing taxes [43]. This perception varies
significantly among different countries.
There is widespread acceptance of injection associated with oil and gas production
operations. Natural gas storage fields are also relatively non-controversial. However,
public opposition to siting hazardous waste injection facilities or radioactive waste
repositories has been strong and has become highly politicized and depending on how GS
is framed in the public debate, similar levels of public concern could be expressed [34,
44].
Public perception is based upon more than the riskiness of a particular technology. Who
benefits and who pays is also important. In addition to nuclear and hazardous waste
disposal sites, municipal solid waste facilities, prisons, homeless shelters and sports
stadiums have also been perceived negatively and siting has been subject to public
opposition or a “NIMBY” (not in my backyard) response [45]. Like other projects that
generate a NIMBY response, GS would generate widely dispersed benefits while
imposing costs or risks to relatively few [45]. While it is hard to gauge public reactions
to future technologies, it seems safe to predict that some opposition against GS is
inevitable. Ensuring that proponents of the technology are able to adequately manage the
environmental risks and safety concerns of the public is the first step in building a
credible GS project.

2.8 Conclusions
Risks from GS are both global and local in nature and are influenced by geology along
with historic drilling activity, population density, ecosystem sensitivity, and the local
importance of groundwater.
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Most of the key components necessary to manage risk of GS projects are well understood
and the largest risks for GS have been identified. Significant experience constructing and
operating wells and injecting CO2 underground exists. Health and effects of CO2 are well
understood and technologies to monitor elevated concentrations are regularly employed
at industrial facilities. Potential pathways for leakage have been outlined, although
probabilistically characterizing risks for individual projects will not be easy and will
require site-specific geological information.
The ability of a site to attenuate the risk of leakage over the long-term is a key
consideration for managing future risk from GS. Uncertainties lie in characterizing the
probabilities of leakage from a particular site, as small-scale anomalies not characterized
in site selection could enable leakage from the target zone. Impacts of CO2 on
groundwater, both through chemical interactions with formation rock and fluids and
through potential displacement of brines into potable water, need to be better understood.
This requires both local geochemical and regional-scale modeling to examine pressure
effects caused by injection activities. Additionally, research on CO2 effects in aquatic
ecosystems and in the vadose zone deserve more attention.
Additional data might be needed to understand CO2’s effects on sensitive population
groups, if prolonged low-level exposure due to leakage becomes a concern. CO2 effects
within the vadose zone, as well as its ability to mobilize and transport substrate metals
and organic compounds and influence regional groundwater flows are also important to
characterize in order to reduce system uncertainty. Significant modeling efforts, at
reservoir and regional scales, incorporating geochemical as well as geophysical
phenomena, can help to bound risk uncertainties.
While risks are generally well understood, reducing system uncertainties in predicting
risk needs to be a key component of future risk management strategies. Large-scale
injection schemes with significant measurement, monitoring and verification will help to
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gather the necessary data to ensure that GS risks can be managed in a safe and
environmentally acceptable way [6]. Additionally, efforts to help quantify the risk level
in order to determine the appropriate management strategy should be undertaken.
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The geologic storage (GS) of carbon dioxide (CO2) is
emerging as an important tool for managing carbon. While
this Journal recently published an excellent review of
GS technology (Bruant, R. G.; Guswa, A. J.; Celia, M. A.;
Peters, C. A. Environ. Sci. Technol. 2002, 36, 240A-245A),
few studies have explored the regulatory environment
for GS or have compared it with current underground
injection experience. We review the risks and regulatory
history of deep underground injection on the U.S. mainland
and surrounding continental shelf. Our treatment is
selective, focusing on the technical and regulatory aspects
that are most likely to be important in assessing and
managing the risks of GS. We also describe current
underground injection activities and explore how these
are now regulated.

Introduction
With increasing international concern over CO2-induced
climate change, CO2 capture and sequestration (CCS) is
rapidly emerging as a potentially important tool for managing
CO2 emissions. The CO2 from combustion of fossil fuels or
biomass could be captured at electric power plants, hydrogen
production facilities, or other industrial processes and
sequestered in geologic formations, the ocean, or through
the production of stable carbonates on the surface (1, 2, 3).
Because of its compatibility with the current fossil energy
infrastructure, CCS may prove an important tool for achieving
deep reductions in emissions at a reasonable cost. We focus
on geologic sequestration (GS), which we define as the process
of injecting CO2 into deep (greater than ∼1 km) geologic
formations for the explicit purpose of avoiding atmospheric
emission of CO2. A list of acronyms is presented in Table 1.
Numerous studies have explored the technical aspects of
GS (4), but there are few assessments of the regulatory
environment for GS (5). While GS will not likely serve as a
large-scale means of CO2 mitigation for decades to come,
action is beginning now. One large GS project is already in
operation (2), and more are being planned around the world.
In addition, facilities that currently inject CO2 for other
purposes are seeking to claim credit for avoided CO2
* Corresponding author phone: (919)541-1949; fax: (919)541-7885;
e-mail: Wilson.Elizabeth@epa.gov.
† Carnegie Mellon University.
‡ U.S. EPA National Risk Management Research Laboratory.
§ Present address: U.S. EPA National Risk Management Research
Laboratory.
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TABLE 1. Acronyms
CCS
CO2
EOR
CWA
EHS
EPA
GHG
GS
MMS
OCS
SDWA
UNCLOS
USDW

carbon capture and storage
carbon dioxide
enhanced oil recovery
Clean Water Act
environmental health and safety
U.S. Environmental Protection Agency
greenhouse gas
geologic sequestration
Minerals Management Service
outer continental shelf
Safe Drinking Water Act
United Nations Convention on the Law of the Sea
underground source of drinking water

emissions. While large-scale use of GS in the electric sector
will not occur until government policy imposes significant
constraints on CO2 emissions, there are near-zero cost
opportunities for GS in the oil and gas sector that may well
be implemented rapidly in response to modest carbon prices.
Because of the likelihood of early action in niche applications, efforts to understand and adapt the regulatory
environment for GS cannot wait until the technology is ready
for large-scale application. Regulations often evolve incrementally from existing regulatory structures and experience,
an effect that often dictates much of the initial regulatory
framework. Absent adequate understanding and debate
about the appropriate regulatory environment, there is a
risk that regulators will act abruptly, crafting a regulatory
structure to fit the demands of a few early GS projects, without
adequate understanding of the long-term implications of
their rule-making. Such early regulatory action is often hard
to amend and could affect the development of GS for decades.
Care needs to be taken to ensure that the existing framework
adequately addresses the novel risks arising from large-scale
GS. Assessment of the existing regulatory environment for
GS and debate about the structure of any new regulation are
required, both to help guide the current technical research
agenda and to enable informed regulatory decision-making.
Geologic sequestration is accomplished by injecting CO2
at depths greater than ∼1 km into porous sedimentary
formations using drilling and injection technologies derived
from the oil and gas industry. The technology required to
inject large quantities of CO2 into geological formations is
well-established. Industrial experience with CO2-enhanced
oil recovery (EOR), disposal of CO2-rich acid gas streams,
natural gas storage, and underground disposal of other wastes
allows confidence in predictions about the cost of CO2
injection and suggests that the risks will be low. Once injected,
evidence from natural CO2 reservoirs and from numerical
models suggests that CO2 cansin principlesbe confined in
geological reservoirs for time scales well in excess of 1000 yr
and that the risks of geological storage can be small.
Suitable formations for GS are found in deep sedimentary
basins. Such basins frequently have sedimentary formations
extending to a depth of greater than 2 km and are composed
of horizontally stratified porous rocks with mean porosities
often greater than 10%. The pore waters (generally very saline)
and pressure are found (with some well-understood exceptions) near the hydrostatic pressure of a column of water
extending to the surface, indicating that the formation waters
are connected to the larger hydrosphere over long time scales.
At almost all plausible injection sites CO2 will be less dense
than the displaced brines, so buoyancy-driven flow will carry
the CO2 upward until it rests against the underside of lowpermeability cap-rock. The buoyancy-driven flow makes any
10.1021/es021038+ CCC: $25.00
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FIGURE 1. Taxonomy of risks of geologic sequestration. The risks fall in two categories: local environmental risks and global risk arising
from leaks that return stored CO2 to the atmosphere. The global risk may alternatively be viewed as uncertainty in the effectiveness of
CO2 containment. Local heath, safety, and environmental risks arise from three processes: the elevated CO2 concentrations associated
with the flux of CO2 through the shallow subsurface to the atmosphere, the chemical effects of dissolved CO2 in the subsurface, and the
effects that arise from the displacement of fluids by the injected CO2.
breach in the confining layer a pathway for upward migration
and, depending on the configuration, can drive horizontal
movement, making the areal extent of the CO2 plume much
larger than it would be for a neutraly buoyant fluid (5). Where
CO2 contacts the brines, it can dissolve into them, and the
CO2-rich brines are then negatively buoyant, greatly reducing
the speed at which CO2 migrates in the reservoir. The time
scale for dissolution depends on the rate at which CO2
migrates through undersaturated brine and thus on the
configuration of the reservoir; typical dissolution time scales
are of order 103-105 yr. Once CO2 is dissolved, it may become
further immobilized through geochemical reactions with the
formation waters and the reservoir rock (5, 6).
The risks of GS are categorized in Figure 1. Local risk
associated with the surface release of CO2 will be strongly
dependent on the rate, volume, and surface topography (CO2
is denser than air and can pool in pits or depressions). CO2
causes significant physiological effect in humans at concentrations over 3% and will produce fatalities above 10%
(7). The most obvious local risk is of catastrophic leaks such
as well blowouts or pipeline ruptures. Catastrophic events
may be caused by slow leaks if the CO2 is temporarily confined
in the near-surface environment and then suddenly released.
At Lake Nyos (Cameroon), for example, lake waters that were
gradually saturated with CO2 from volcanic vents were
suddenly vented, releasing ∼100 kt of CO2 that killed 1700
people (8). While the specific mechanism active at Lake Nyos
can occur only in tropical lakes (because they do not turn
over annually), mechanisms may exist that could confine
slowly leaking CO2 in the subsurface, enabling sudden
releases. It is conceivable, for example, that CO2 leaking from
deep underground could infiltrate karst caverns at shallow
depths and that such CO2 could then be rapidly vented since
it would no longer be confined in a porous media. Environmental effects of steady (noncatastrophic) surface venting
of CO2 have also been observed at Mammoth Mountain, CA,
with extensive tree kills documented (9). Another class of
risks arises from CO2 dissolved in subsurface waters, which
alters pH and could affect the stability of metal-organic
complexes within the substrate (10). Finally, large volumes
of any injected fluid impacts the subsurface environment by
displacing the original material, sometimes causing local
ground heave and inducing local seismic events.
The global risk stems from the re-release of CO2 to the
atmosphere. Because of energy penalties in CO2 capture and
sequestration, more CO2 will be produced per unit of
delivered energy using CCS/GS than would have been emitted

if the fossil fuels had been used without sequestration. A
leaky GS project can, therefore, increase emissions to the
atmosphere per unit final energy delivered, although the
emissions are delayed in time. If the CO2 is retained for a
century or longer, leaky GS can still have much of the
economic value of perfect GS in mitigating climate change
(11, 12).
A robust and consistent framework for managing these
risks will be required if GS is to play a significant role in
mitigating CO2 emissions. While local risks of GS can perhaps
be managed within the existing regulatory framework,
management of sequestered CO2 leakage will likely require
international agreement.

History of Underground Injection and Its Regulation
In the 1930s, petroleum technologies were adapted to inject
oilfield-produced brine wastes underground to avoid surface
water contamination (13). Produced brine waters had previously been pumped into evaporation pits or discharged to
surface waters directly. Disposal of industrial waste by
injection began in response to the strengthening of surface
water pollution control regulations. The use of industrial
injection wells pre-dates WWII; however, subsequent growth
of such facilities was slow. Only four waste injection wells
were in existence prior to 1950 (14). From an inventory in
1964 of 30 industrial wells, the number grew rapidly, with
110 in 1968, 246 in 1972, and 333 industrial and municipal
wells in 1974, (figures not strictly comparable) (15).
Regulation of underground injection began with the states.
As early as 1934, the Kansas Legislature gave the State
Corporation Commission control over oilfield brine injection
(15). Texas’ Injection Well Act of 1961 was the first to
specifically address other kinds of wastes, giving permitting
power for oil field wastes to the Texas Railroad Commission,
with injection of all other wastes requiring a permit from the
Texas Board of Water Engineers (15). Throughout the late
1960s and early 1970s, state regulations of underground
injection activities were adopted by Ohio, Michigan, West
Virginia, New York, and Colorado. In 1971, Missouri became
the first state to pass legislation forbidding underground
disposal of wastes; North Carolina followed in 1973 (15).
Federal regulation of underground injection began in the
1970s in response to disposal well failures. In 1968 a
Hammermill Paper Company (Erie, PA) well was thought to
have contributed to contamination of groundwater 5 mi away
(16). In the 1960s, the U.S. Geological Survey and the U.S.
VOL. 37, NO. 16, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 2. Summary of the Current UIC Program
well class, defined in 40 CFR 144.6

active wells (1999)

I: deep injection of hazardous, municipal, other 473a
industrial wastes, deep radioactive

comments
nonhazardous, 266 wells, in 19 states

II: injection of fluids produced with natural gas
storage or oil or gas production, EOR for
oil and gas, storage of hydrocarbons
liquid at STP

∼154 000 in 32 statesb

III: wells injecting for mineral extraction

∼30

IV: hazardous or radioactive wastes injection
within 0.25 mi of a USDW or injection
into or above a USDW

40 sites for remedial
cleanups, several
hundred wellsd

V: all other wells not included in classes I-IV

200 000b officially
possibly as high
as 685-500 000d

000b

FL municipal, 84 wells, ∼0.5 Gt injected, in FL only
hazardous, 123 wells, ∼34 Mt injected handling
50% liquid hazardous wastes;
b 10 000-yr no-migration demonstration required,
in 10 states [majority in Texas (64),
Louisiana (17), Michigan (9), Ohio (10),
Indiana (4), Illinois (4)] avg depth ∼1500 m
brine disposal, ∼2.7 Gt injectedc

EOR with miscible CO2, ∼25 Mt
injected in Permian Basin
in situ solution mining of sulfur, uranium, metals,
salt, etc.; active in 15 states
80% of uranium and 50% salt used in U.S.
comes from solution mininga
banned except for remediation
prohibited under UICe and RCRA
shallow disposal ponds, large capacity cesspools,
drainage wells, recharge wells, subsidence
control wells, experimental, geothermal energy,
solution mining of conventional mines, etc.
these occur in all states, no comprehensive
inventory available

a Ref 36. Other estimates differ: ref 16 estimates 532 class I active wells, 466 nonhazardous, and 126 hazardous with 84 municipal waste injection
wells, similar to ref 37. b Ref 16. Active well numbers fluctuate greatly with 175 500 active in 1991 and about 148 000 active in 2000. c Estimate
based on ref 37; however, if the 1999 domestic oil production figure (5.88 million gal/d (38)) and estimate of 10 gal of brine for every gal of oil
produced, the estimate is closer to 3.4 Gt/yr injected. d Ref 16. e Class IV wells are prohibited by 40 CFR 144.13.

Army Corps of Engineers determined that a series of
earthquakes near Denver was triggered by injection well
disposal at the Rocky Mountain Arsenal, with one tremor
measuring 5.5 on the Richter scale (16). In 1970 the Federal
Water Quality Administration, one of the predecessors to
the Environmental Protection Agency (EPA) adopted a policy
that “opposed the disposal or storage of wastes by subsurface
injection without strict controls and a clear demonstration
that such wastes will not interfere with present or potential
use of subsurface water supplies, contaminate interconnected
surface waters or otherwise damage the environment” (17).
The statement then declared that underground injection
should be used “only until better methods of disposal are
developed” (17).
In response to a directive in the 1972 Clean Water Act
(CWA) for information on pollution control from “the disposal
of pollutants in wells” (15), the EPA in 1973 also released a
guidance document titled “Ground Water Pollution from
Subsurface Excavations” that detailed control methods for
underground injection. The EPA then tried to regulate under
the CWA, but this proved impractical. The crux of this issue
is whether the CWA provides protection for groundwater
(18). The CWA adopts a broad use of the term “navigable
waters”, defining them as “waters of the United States”, and
sparking off much of the ensuing legal debate (18). In
December 1973, the U.S. EPA’s Office of the General Counsel
issued an opinion that while the CWA issued permits for the
“discharge of a pollutant”, this was defined under the
Commerce Clause to include only discharges into navigable
waters (19).
Congress acted to extend the U.S. EPA’s authority in 1974
with passage of the Safe Drinking Water Act (SDWA). SDWA
gave the EPA administrator responsibility for developing
regulations for state underground injection programs that
provide minimum standards and ensure that injection
3478
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activities do not harm underground sources of drinking water
(USDW) (15). After being first proposed in 1976, the first set
of Underground Injection and Control (UIC) regulations
under SDWA were finally promulgated in 1980 (40 CFR 144146) and established five distinct classes of injection wells.
These minimum federal standards could either be adopted
by state programs or implemented by the U.S. EPA directly.
Some states have also been more restrictive, either imposing
tougher standards or prohibiting injection activity altogether.
In the 1980 re-authorization of the SDWA, two specific
provisions concerning the oil and gas industry were adopted.
Constraints affecting class II (hydrocarbon-associated) wells
were closely scrutinized by Congress as these were by far
most numerous and, therefore, likely to bear the economic
brunt of regulations (20). The first provision required that
states need only regulate class II oil and gas associated
injection wells in an “effective manner”, while states were
required to meet or exceed all federal standards to assume
primacy for other well classes. In practice state regulation of
class II wells is both more lax and more stringent than the
federal standards. Second, the injection of natural gas for
storage was exempted from regulation. The rationale was
that natural gas injection does not harm groundwater and
that any federal oversight might inhibit the needed expansion
of gas storage.

Current Regulatory System
In the United States, with the exception of the outer
continental shelf (see next section), underground fluid
injection is managed under the UIC program, pipeline
transport is regulated under the Department of Transportation, and most of the surface risks are handled by state EHS
regulations.
The UIC regulations divide underground injection activities into five major classes. Table 2 summarizes the current

number of wells in each class. Typically, class I wells are
regulated by state departments of environment or natural
resources, while class II hydrocarbon production wells are
regulated by state conservation commissions or divisions of
oil and gas. Currently, 33 states have been granted primacy.
The EPA shares responsibility for UIC program implementation in 7 states, and EPA regional offices implement the UIC
program for all well classes in 10 states and on all federal and
Indian lands. Regional EPA offices also manage all class I
hazardous no-migration petitions, the only well subclass that
specifies a containment lifetime (21).
The explicit goal of the UIC program is to protect current
and potential sources of public drinking water. The movement of injectate into an Underground Source of Drinking
Water (USDW) is explicitly prohibited in class I-III wells,
where a USDW is defined as an aquifer that has a total
dissolved solids content of less than 10 000 mg/L (13). The
rules mandate zero contamination: if “movement of any
contaminant into the underground source of drinking water”
is detected, corrective actions will be taken “as are necessary
to prevent such movement” (40 CFR 144.12b).
While there are detailed requirements for siting, constructing, and monitoring injection well operation, there are
no federal requirements for monitoring the actual movement
of fluids within the injection zone, nor are there requirements
for monitoring in overlying zones to detect leakage with the
exception of specific class I hazardous wells, where this
monitoring can besbut rarely issspecifically mandated.

GS under the Sea Floor
Off-shore GS is interesting for at least three reasons: (i) there
will be smaller risks to humans and drinking water supplies
if leaks occur; (ii) there may be less risk of leakage because
one of the primary pathways for leakage in on-shore GS is
thought to be the existence of many old abandoned wells,
whereas there are fewer abandoned wells for off-shore
reservoirs, and the abandonment methods are likely superior;
and (iii) important offshore sequestration sites may exist near
large coastal populations where opportunities for on-shore
GS are limited. Moreover, it’s noteworthy that the first largescale GS project of any kind is located off-shore in the North
Sea where ∼1Mt of CO2 is injected annually at Sleipner West
(4). This section first covers domestic U.S. regulation before
briefly reviewing relevant international treaties.
Submerged lands near the coasts are under state and UIC
jurisdiction, so regulation and management are similar to
the on-shore case described above. State mineral jurisdiction
extends three nautical miles (5.6 km) from shore except in
Western Florida and Texas, where it extends three marine
leagues (16.7 km). We focus here on the seabed of the outer
continental shelf (OCS)sextending from the limit of state
jurisdiction to the 370 km (200 nautical miles) limit of U.S.
exclusive economic zone jurisdiction. There has been
considerably less sub-seafloor injection activity than on land,
and the domestic regulatory history is much simpler.
Regulation of GS under the sea floor is less clear-cut than
that of on-shore injection since both domestic law and
international treaties affect the legality of sub-seabed injection activity.
The OCS is managed by the Minerals Management Service
(MMS) within the Department of Interior. Established in 1982,
the MMS has primary responsibility for enforcing safety
standards, specifying platform and drilling equipment requirements, inspecting offshore facilities, collecting and
processing both environmental and production data, and
managing revenue through site clearance and the abandonment of each lease. Within the bounds of relevant legislation
and administrative law, approval of most routine mineral
recovery activities in the OCS rests with the regional MMS
administrators.

Underground injection occurs in the OCS. Sub-seabed
injection and waste disposal in the OCS include the injection
of water and produced natural gas to enhance oil recovery
and the disposal of drilling cuttings, produced waters,
naturally occurring radioactive materials above background
levels, and other wastes associated with offshore oil and gas
production. In the OCS, approximately 5.4 Mt of water was
injected for EOR, and 0.9 Mt of water was injected for disposal
in 2000, while 58.7 Bcf (∼1.2 Mt) of gas was injected in the
Gulf of Mexico and the Pacific Region, volumes that are
minute in comparison with the on-shore injection operations
shown in Figure 2. While seabed natural gas storage is not
currently practiced, the MMS encourages gas injection as a
routine part of oil and gas recovery operations (22). Reinjection of the natural gas that often accompanies oil
production for pressure supportsthe second of these
motivationsshas become routine, with as much as 25% of
gas re-injected in the Pacific region (23).
As is the case in the UIC program, the MMS regulations
governing well abandonment address closure and site
clearance but do not require monitoring of the closure
integrity (see ref 24). Likewise, the regulation of CO2 injection
in the OCS depends on the source of the CO2 and the purpose
of injection. The use of CO2 for EOR is allowed under current
administrative law. Disposal of CO2 from sources and for
purposes unrelated to OCS oil and gas operations, in contrast,
is not covered under the existing regulatory regime and would
most likely require an extension of MMS authority (25).
Domestic legislation and administrative laws, therefore,
provide an indefinite answer to questions about the legal
status of OCS sequestration.
Several international agreements either address protection
of the ocean environment specifically or, in regulating the
transboundary movement of pollutants, limit ocean waste
disposal. Of these, the 1972 London Convention (which the
United States has ratified into law and is known more formally
as the Convention on the Prevention of Marine Pollution by
Dumping of Wastes and Other Matter)sespecially in its more
recent guise as the1996 London Protocol (which the United
States has not ratified)sis the most definite. And as the
London Convention is also one of the few international
treaties relevant to sub-seabed CO2 sequestration to have
entered U.S. law, it is especially important. Negotiated in
1972 and in force since 1975, the London Convention
originally sought to prevent marine pollution by limiting the
dischargesor “dumping”sof human-generated materials
into the oceans. Subsequent amendments banned ocean
disposal of industrial and radioactive wastes as well as
offshore waste incineration. These amendments were brought
together in a more comprehensivesand restrictivesrevision
as the 1996 Protocol. Though the 1996 Protocol is not in
force, it will replace the earlier 1972 Convention when it
receives the requisite number of state signatures. In addition,
the 1996 Protocol requires that a “precautionary approach”
be taken when the discharge of a given substance may result
in environmental damage.
Neither the London Convention’s classification of banned
substances nor the 1996 Protocol’s list of allowed materials
include CO2. The “wastes or other matter” which both seek
to regulate refer to “material[s] and substance[s] of any kind,
form or description.” A more specific distinction, however,
rests on the definition of “industrial waste”. By amendment,
the 1972 Convention bans the discharge of such matter,
defined as “waste materials generated by manufacturing or
processing operations”. In addition, the 1996 Protocol
prohibits the discharge of wastes producing a biological
response in marine life above an acute (or chronic) threshold,
and in all cases where “adequate information is not available
to determine the likely effects of [a] proposed disposal
VOL. 37, NO. 16, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 2. Annual underground injection activity estimates and CO2 emitted (Mt/year) log scale (30, 37, 39-45). Any GS program will need
to manage and inject large quantities of gases and store them underground for long time periods. Large quantities of produced brines
are injected underground with oil and gas production, and Florida manages large quantities of municipal wastewater through underground
injection. Gases are managed within acid gas injection, natural gas storage, and CO2 injected for EOR. Only class I hazardous waste wells
specify any containment time underground. OCS injection and CO2 produced from electricity generation are shown for comparison.
option”. CO2 would currently appear to meet these restrictions.
Parties to the convention have debated the status of CO2.
According to the Convention’s Scientific Group, CO2 resulting
from the use of fossil fuels is an industrial waste, and its
disposal into the oceans (including the sub-seabed) would
therefore violate the London Convention (26). Participants
at a subsequent Consultative Meeting questioned this
interpretation, however, and requested that the Scientific
Group monitor proposals for ocean disposal of CO2 pending
further discussion (27). Hence, the legality of ocean GS under
the London Convention remains unresolved.
Further speculation about the legal status of sub-seabed
GS, however, must consider other aspects such as the status
of submerged lands under the London Convention. Whereas
the 1972 Convention defines “sea” as “all marine waters other
than the internal waters of States”, the 1996 Protocol extends
this definition by explicitly including “the seabed and the
subsoil thereof”. Furthermore, the 1996 Protocol considers
“any storage of wastes or other matter in the seabed and the
subsoil thereof from vessels, aircraft, platforms or other manmade structures at sea” as dumping. In addition, while the
1972 and 1996 agreements allow disposal of wastes resulting
from “the normal operations of vessels, aircraft, platforms
or other man-made structures at sea and their equipment”,
such discharges are illegal when the vessels or structures
exist solely for disposal or when the waste itself is a byproduct
of the offshore treatment of other wastes. Both agreements,
however, specifically exclude “[t]he disposal or storage of
wastes or other matter directly arising from, or related to the
exploration, exploitation and associated off-shore processing
of seabed mineral resources”.
Public dispute about sub-sea GS has begun. Greenpeace
has formally stated their opposition to what they term “ocean
disposal”, encompassing both sub-sea floor GS as well as
ocean disposal of CO2 (28). At Sleipner West, they question
not only the legality of subsea injection under the London
Convention, but also the long-term safety and surety of
containment of the injected CO2.
3480
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The 1996 London Protocol, however, is not in force. Absent
a ruling that anthropogenic CO2 is “industrial waste”, it is
therefore uncertain whether offshore sequestration is currently banned. Pending this decision or until the United States
becomes a signatory of the more limiting 1996 Protocol, it
appears that CO2 sequestration in submerged lands beneath
the waters of the Gulf of Mexico would not be prohibited as
“ocean dumping” under the 1972 London Convention.

Underground Injection: Current Practice and GS
Analogues
Experience with underground injection will shape the
regulatory environment for GS and offers specific analogues
that can inform assessments of the risks. This section
examines three important injection activities chosen as
analogues for specific aspects of GS: Florida municipal
wastewater injection (large quantities), hazardous waste
injection (long storage times mandated), and CO2-EOR
(experience with CO2).
As demonstrated in Figure 2, current injection activities
encompass injection volumes similar to what would be
required for large-scale GS. Florida, for example, disposes of
∼0.5 Gt/year of municipal wastewater via deep injection.
The largest injection wells are 0.75 m diameter, and injection
rates exceed 70 kt/day (16). Wastewater is injected into the
extremely permeable Floridan formation (known as the
boulder zone) at a flux-weighted average injection depth of
945 m (29).
These activities offer some lessons for GS. First, because
the displacement-related risks (Figure 1) are roughly independent of the kind of fluid injected, the large volumes
currently injected (Figure 2) provide a strong basis for
assessing the displacement-related risks of GS and suggest
that these risks may be small. Second, municipal wastewater,
like CO2, is less dense than the waters of the receiving
formation and so is subject to buoyancy-driven upward flow.
The analogy to CO2 is imperfect as density differences are
smaller and are likely to dissipate more quickly because

wastewater is fully miscible. Injected wastewater has been
found in monitoring wells of USDW’s above the injection
zone at three sites thus far, indicating injected waters have
migrated from the injection zone (30). Although the environmental impacts of this leakage are likely small, the fact
that the UIC rules allow no leakage has produced a serious
problem for environmental regulators. The U.S. EPA is
currently proposing to amend the UIC regulations in this
case to permit leakage if it does not endanger USDWs, an
action that has been challenged by environmental groups
(31). Similar problems might arise if GS was managed under
current UIC regulations.
Containment time of injected CO2 is another key consideration. UIC regulations do not, with the exception of
hazardous waste wells, specify any containment time for the
injected wastes, whereas the Class I Hazardous Program
requires that injected wastes remain in the receiving formation for >10 000 yr. The siting, construction, monitoring,
and reporting requirements for this injection activity are by
far the strictest of any well class. While the Class I Hazardous
Program may be run through the state, operators of hazardous
waste wells must receive approval of a “no-migration
demonstration”, required by the Resource and Conservation
Recovery Act and granted through the regional EPA office in
addition to their state or U.S. EPA injection permit (13, 32).
The no-migration petition requires operators to demonstrate
using computational models that wastes will not migrate
from the injection zone for at least 10 000 yr or be will
rendered harmless (through chemical transformation modeling). While there have been few reported problems, it is
difficult to assess the success of the program because there
is little monitoring designed to assess the transport of injected
fluids, and there are, therefore, no studies comparing the
fluid transport predictions made in the no-migration petitions
with observations. It is interesting that current efforts, such
as those at Sleipner West and Weyburn, to study the transport
of injected CO2 for GS are already more advanced than any
comparable studies of fluids currently disposed of underground.
While no carbon dioxide is currently being injected for
GS in the United States, roughly 30 Mt of CO2/yr is injected
for EOR, far more than elsewhere in the world. Industrial
experience with EOR provides a practical basis for estimating
the costs and risks of GS and demonstrates industry experience with CO2 regulation under the UIC program. Most CO2
for EOR is currently supplied by natural reservoirs and is
transported to injection sites by pipelines as long as 800 km.
In addition to natural sources, several gas processing plants,
a fertilizer plant, and a coal gasification plant (injecting in
Weyburn) all capture anthropogenic CO2 and inject it for
EOR (∼5 Mt/yr internationally) (33).
Current EOR operations must pay for CO2 (∼15 $/t of
CO2), so they are designed to maximize the ratio of CO2
consumption to oil production. If there was a value for
sequestered CO2sresulting from a carbon tax or equivalent
regulatory constraintsthen operators would change their
practice to co-optimize oil production and CO2 sequestration,
greatly lowering the cost of GS in comparison to injection
into saline aquifers where there is no byproduct. The value
of CO2 for in enhancing oil recovery provides a low-cost niche
for CCS/GS.
While EOR projects demonstrate that tens of Mt/yr of
CO2 can be safely injected underground, without new
research the existing projects yield little data about crucial
questions such as the rate of leakage through cap-rocks and
artificial penetrations, the migration of CO2 in reservoirs,
and the rate at which CO2 dissolves in brine-filled reservoirs
or reacts with minerals in the reservoir rock.

Discussion
The United States has considerable experience injecting fluids
undergroundsboth on land and under the sea floorsfor
purposes of storage, recovery, and disposal. An extensive
regulatory framework has evolved to ensure that the impact
of injection activities is minimized. More extensive regulations exist on land than off-shore, and injection experience
is greatest in regions of the country with historic oil and gas
production or heavy industrial activity.
The current regulatory structure for underground injection
cobbles together many different agencies and regulatory
authorities. Many different federal and state regulations and
actors are charged with ensuring that materials are handled,
transported, and injected in a safe and appropriate manner.
Pipeline transport is regulated by the Department of Transportation, for instance, while most of the EHS regulations
are set by OSHA and adopted and enforced by the states.
Underground injection activities on land and in state waters
are regulated by the Environmental Protection Agency, with
primacy given to different state agencies. Permitting requirements vary by individual well class. Injection in the
OCS is permitted and managed by the Minerals Management
Service.
Even within the same jurisdiction, the injection of identical
fluids is treated differently, depending on their source.
Produced brine from a hydrocarbon production operation
and that from an industrial process fall under different well
classes; are managed by different institutions; and are subject
to different site characterization, construction, management,
and reporting requirements. Under current rules, the regulation of GS could easily fall under different regulatory
jurisdictions and be subjected to quite different requirements
depending on the source of the CO2.
The inconsistencies in treatment of underground injection
for similar fluids means that, even assuming a consensus on
the appropriate regime for regulating GS, it would be difficult
to subsume that regime in the current regulatory structure.
It is unclear now if CO2-specific regulations would be
integrated within the existing underground injection regulations or if, in the long run, an entirely different regulatory
approach would be beneficial.
The difficulty in building a system for regulating CO2
storage is not simply due to the technical uncertainty in
predicting the lifetime of CO2 in reservoirs, rather it arises
from uncertainty about the political and regulatory goals of
GS. Should the median lifetime of sequestered CO2 be 500
yr or 10 000? What fraction of early failures are we willing to
accept? A rough consensus on these issues will be needed
to drive the GS research agenda, determine the appropriateness of individual technologies, and shape regulatory structures for the future.
While uncertainty in predicting the fate of CO2 in reservoirs
can be reduced through research and experience, it cannot
be eliminated. Some leaks are inevitable if GS is employed
on a large scale. The challenge is to build a regulatory regime
that works despite these uncertainties. Efforts to design
technology for injection and monitoring of CO2 and to craft
a system to regulate these activities cannot succeed until
there is some common understanding about these programmatic goals.
In most cases, injected CO2 will be less dense than the
formation waters. Most fluids injected underground thus far
have been denser than the formation waters. While buoyant
fluids have been injected in large quantities (see, for example,
Floridian wastewater and natural gas storage in Figure 2),
containment has proven more difficult, and some movement
has been documented (30, 34). The strong positive buoyancy
of CO2 combined with the long time scales that will required
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for sequestration will pose a significant management challenge within the current regulatory framework.
Aside from prescribed well integrity tests, the current
regulatory structure for underground injection is almost
exclusively procedural rather than performance-based. That
is, the regulations specify what an operator must do; for
example, they specify how an injection well must be
constructed rather than specifying an outcome, such as a
maximum acceptable leak rate, that must be achieved. Under
a performance-based system, in contrast, the operators are
directly responsible for achieving the desired outcome and
must convince the regulator of their ability to achieve these
performance standards. While performance-based regulations may offer important advantages such as increased
economic efficiency and greater flexibility, there are several
drawbacks to their use in managing GS. Performance-based
regulations ultimately hang on our ability to infer performance from quantities that can be directly measured. For
GS, however, a performance-based approach would have to
specify quantities, such as the maximum rate of leakage over
the next century that cannotseven in principlesbe directly
measured but must instead be inferred from models or
potentially costly monitoring schemes.
Although it is problematic, performance-based regulation
has been used in cases where performance must be inferred
from models. As described above, the regulation of hazardous
waste injection currently uses a performance-based approach, as does the current framework for the geologic storage
of radioactive nuclear wastes (35). A performance-based
system provides a framework in which the allowable leak
rate would be limited, but nonzero, over a specified time
frame as it is for radioactive waste. It seems likely that a
regulatory regime must accept limited leakage if GS is ever
to play a significant role though this could make achieving
a regulatory consensus more difficult.
Procedural and performance-based approaches to regulation are not as divergent as they might first seem; both
must have a performance goal. For performance-based
standards, the goal is explicitly defined and operationalized
through defined monitoring and verification activities to
ensure that acceptable risk levels are not surpassed. In
procedural regulations, the goal is implicit. Such regulations
aresor ought to bescrafted to ensure that systems permitted
under the procedural rules ultimately meet the implicit
performance goal. At present there is no consensus on the
appropriate sequestration lifetime, a crucial element of the
performance goal.
Technological capability is a necessary but insufficient
condition for GS to play a major role in mitigating CO2
emissions. To fulfill its promise, GS must evolve from a
collection of individual technologies into a large-scale
technological system for managing fossil-fuel carbon. To be
successful, such a technological system must comprise a suite
of technologies linked by a network of institutions, financial
systems, and regulations that are accepted by industry and
are able to achieve broad public understanding and acceptance.
What form those regulations assume, what entities are
involved in project approval and ongoing oversight, how
cooperative or adversarial the regulatory process is, and how
many opportunities are presented for litigation and other
third party interventions will together be critically important
in determining the economic attractiveness and social
acceptability of GS. Research, development, and deployment
are now outpacing the development of a framework for
managing GS. There is an urgent need to address the risks
and to begin crafting an appropriate regulatory environment
for GS.
3482
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4

Subsurface Property Rights: Implications for

Geologic CO2 Sequestration
Note: A shorter version of this chapter has been accepted for publication in the peerreviewed book entitled Underground Injection Science and Technology, to be published
by Elsevier in the Fall of 2004.

4.1

Introduction

Geologic sequestration of CO2 (GS) presents a unique set of challenges and opportunities
for making deep cuts in atmospheric emissions of CO2. GS projects inject captured CO2
into deep (greater than ~1 km) geologic formations for the explicit purpose of avoiding
atmospheric emission of CO2. Because of the large volumes of CO2 to be injected
annually (millions to billions of tonnes), the long storage time frames required for GS
(hundreds to thousands of years), and the monitoring and verification needs for injected
CO2, GS presents a novel set of demands on the current legal regime for sub-surface
property rights. If GS is to play a significant role in reducing atmospheric emissions of
CO2, the quantities to be injected are substantial. A one GWe capacity coal-fired power
plant generates approximately 30,000 tonnes of CO2 per day, and over the plant’s 30 year
lifetime, injected CO2 could increase formation pressures over an area of more than 100
km2, assuming a 100 m thick injection zone.1 In 2001, coal-fired power plants generated
approximately half of all U.S. net electricity generation, producing 1,856 Gt of CO2.2
The clarification of property rights as they relate to GS is important from both regulatory
and liability perspectives, as each can have significant impacts on the future cost,
acceptability, and feasibility of GS projects. Sequestration of CO2 in the subsurface poses
1

Tsang, C.-F., et al., Scientific Considerations Related to Regulation Development for CO2 Sequestration
in Brine Formations. Environmental Geology, 2002. 42: p. 275-281 at 275; Pruess, K., et al., Numerical
Modeling of Aquifer Disposal of CO2. Society of Petroleum Engineers, 2001. SPE 66537 at 2
2
1,904 billion kilowatthours, or 51% in 2001, U.S. DOE, Electric Power Annual 2001. 2003, Energy
Information Administration, U.S. Department of Energy: Washington, DC; U.S. EPA, Inventory of U.S.
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several legal questions: Could the right to sequester CO2 in the pore space be transferred
to another party? Should rights to use subsurface pore space be truncated as for adjacent
airspace and be granted to another interest, separating them from ownership of the
surface property? Who owns the CO2 sequestered in the pore space? How can the
sequestration of CO2 in the pore space be managed so as to assure minimal damage to
other property rights (mineral resources, water resources) sharing the same space? Will
GS be treated as “disposal” or “storage” activity and what are the implications of the
differing legal precedents? What types of regulatory or legal arrangements would be
needed to create the extensive injection sites necessary for large-scale GS projects?
Section 4.2 outlines the historical context within which subsurface property rights have
evolved and examine the gradual decomposition of property rights. Relevant case law
that has shaped subsurface property rights in the oil and gas industry and injecting
industries (hazardous waste and natural gas storage case law) is presented in Sections 4.3
and 4.4, followed by a discussion on the importance of unitization in Section 4.5. Finally,
the implications of case law for GS and future research concerns and directions are
explored.

4.2

History of U.S. Property Rights

The property rights system in the United States (U.S.) is based on English common law,
which in turn is based upon more ancient property rights regimes. The historic principle
of land ownership, Cujus est solum, ejus est usque ad coelum et ad inferos (“To
whomsoever the soil belongs, he owns also to the sky and to the depths. The owner of a
piece of land owns everything above and below it to an infinite extent”3) has been
tempered by case law and the subsequent decomposition, or separating out, of property
rights.
Greenhouse Gas Emissions and Sinks: 1990-2001. 2003, U.S. Environmental Protection Agency:
Washington D.C. at 29
3
Black, H.C., Black's Law Dictionary. 6th Ed. ed. 1990: West Group at 378
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The Fifth Amendment to the U.S. Constitution guarantees the right to keep private
property (“…nor shall private property be taken for public use without just
compensation” 4) and much case law has been devoted to defining private and common
rights of property ownership. In United States v. Causby, the Supreme Court truncated
the ancient doctrine of property ownership and declared that it “has no place in the
modern world,” with respect to air traffic.5 Property ownership does not extend to the
superadjacent airspace, which hasn’t been occupied by structures or otherwise. In the
same case, however, the Court affirmed that if such flights were to make the property
uninhabitable it would be considered a taking that would be compensable under the Fifth
Amendment.
The rules governing property rights are largely set by the states and affect property
access, management, and exclusion, with property rights being divided spatially,
temporally and according to use.6 The courts have determined that a taking has occurred
if the government divides property along spatial or temporal dimensions; however
government division along the rights of use is less obvious. Takings depend both on the
degree of financial importance as well as whether or not the “regulation deprives the
owner of an ongoing use.”7 Claims of unjust takings appear in much of the case law
presented here.
Property and mineral rights are framed in various ways. Under the English common-law
system in the U.S., land can be divided into surface and mineral estates. Mineral estates
can be conveyed separately from the surface estate, and in the majority of states, such
conveyance will include oil, gas and other petroleum products.8 Further, differentiations
4

The Constitution of the United States, The Constitution of the United States, in Amendment 5
United States v. Causby, 328 U.S. 256; S. Ct. 1062; 90 L. Ed. 1206; (1946 U.S.)
6
Stake, J.E., Decomposition of Property Rights, 1300, in Encyclopedia of Law and Economics, B.
Bouckaert and G. De Geest, Editors. 2000, Edward Elgar: Cheltenham. at 33-34; Thomas, W.A.,
Ownership of Subterranean Space. Underground Space. 1979 3(4) p. 155-163 at 160.
7
Ibid. at 34
8
Hemingway, R.W., The Law of Oil and Gas, Third Edition. Third ed. 1991, St. Paul, MN: West
Publishing at 1
5
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are made between resource stocks and resource flows.9 Stocks can easily be controlled by
the possessor (fields, hard rock minerals, buildings), whereas flows are not controllable
by the possessor and must be captured to be possessed (fish, groundwater, water in
streams, wild game, natural gas). At the turn of the century, several courts viewed capture
of oil and gas as similar to the capture of wild animals, ferae naturae. Oil and gas were
considered “fugitive,” and like wild game, the landowner did not possess the gas or oil
until it was captured. Modified versions of this ‘non-ownership theory’ of oil and gas
resources is still practiced in roughly half of the states, with states recognizing that the
owner possesses the exclusive rights of mineral exploration and exploitation, and is able
to protect the reservoir from operations that might be harmful.10 The remaining states
adhere to the “ownership in place” theory, where the mineral interests are severed from
the surface estate and the mineral rights holder owns the oil and gas beneath his land,
much as it is with solid minerals.11 Owners have a “possessory estate” in the oil and gas
in place, giving them the right to explore and produce oil and gas (and exclude others)
subject to regulatory and legal restrictions, which may limit operations and protect
adjacent mineral rights owners. Both of these broad frameworks are subject to the rule of
capture, where the legitimate producing party “gains title to all oil and gas produced,
regardless of drainage.”12 Statutes governing the conservation of oil and gas and the
prevention of waste have been adopted in all fossil fuel producing states.13

4.3

The Negative Rule of Capture and Secondary Recovery

As technology evolves so does the law, and case law surrounding secondary recovery
operations has served to further refine property rights and liabilities of oil and gas

9

Bouckaert, B., Original Assignment of Private Property, in Encyclopedia of Law and Economics, B.
Bouckaert and G. De Geest, Editors. 2000, Edward Elgar: Cheltenham at 3
10
Hemingway, R.W., supra note 6 at 27; Anderson, O. Kuntz Chair in Oil, Gas and Natural Resources,
University of Oklahoma, personal communication 11/17/2003
11
Ibid. at 27
12
Anderson, O. supra note 8.
13
Schepens, A.B., Prospecting for Oil at the Courthouse: Recovery Drainage Caused by Secondary
Recovery Operations. Alabama Law Review, 1999. 50(2): p. 603-622 at 606
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holdings. Secondary recovery operations have revitalized oil production in the U.S. By
injecting fluid into the producing reservoir, secondary recovery operations re-pressurize
the reservoir and increase oil and gas recovery. These operations have raised questions
surrounding the operator’s liability vis à vis reducing the amount of recoverable oil and
gas from an adjacent mineral rights holder.14 An operator has the right to a fair share of
the oil and gas in place and a duty to protect the common source of supply. As water
injected for secondary recovery migrates through the subsurface, it can affect a
neighboring rights-holder’s source of oil or gas supply and affect their ability to recover
the resource. The legal ramifications of secondary recovery projects are thus significant.
One of the first cases to deal with the implications of secondary recovery operations was
Railroad Commission of Texas v. Manziel.15 Manziel was the mineral rights owner in a
property adjacent to a secondary recovery project approved by the Railroad Commission
of Texas. Because injected fluids might migrate across property lines, Manziel took the
Commission to court for trespass of his subsurface property. In the case, the Texas
Supreme Court noted that secondary recovery increased total oil and gas recovery and
decided that technical rules of trespass could not defeat a valid secondary recovery
project.16 The resulting rule of non-liability has come to be known as the “negative rule
of capture” and essentially states that less valuable substances can migrate through the
subsurface and replace more valuable substances without incurred liability.17
Most secondary recovery activities will only take place in a field that has been unitized.
With “field unitization” (or the combination of oil or gas field leases for resource
14

Ibid. at 608
Railroad Commission of Texas v. Manziel, 361 S.W.2d 560; (1962 Tex.)
16
Schepens, A.B., supra note 10 at 613-614, Williams, H.R. and C.J. Meyers, Oil and Gas Law. Oil and
Gas Law, ed. H.R. Williams and C.J. Meyers. Vol. 1. 2001, New York: Matthew Bender and Company at
§204.5. Interestingly, a later Railroad Commission of Texas Oil and Gas Proposal for Decision and Orders
Application of LASMO Energy Corporation for an exception to convert the following producing wells to
injection wells: J.D. Hansborough Unit No. A-1, W.W. Wingfield Unit No. 2, and the J.R. Lusk Unit No. 1
in the Alabama Ferry (Glenrose "D" Field, Leon and Houston Counties, Texas, in Office of General
Counsel. 1990, Railroad Commission of Texas: Austin, Texas. p. 9 speculates that the result of Railroad
Commission of Texas v. Manziel may have been different if the secondary recovery project had “drowned”
one of Manziel’s producing wells, thus increasing the total damage of the secondary recovery operation.
17
Williams, H.R. and C.J. Meyers, supra note 13 at §204.5, Schepens, A.B., supra note 10 at 617
15
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development, creating a field-wide operation18) liability is removed as a driving concern
because production and profits are shared by all unit members and the field is managed in
order to optimize resource recovery. However, many oil and gas fields are not unitized
and Williams and Meyers note that liability has been imposed upon the operator in
several subsequent cases in Oklahoma (nuisance), Indiana (nuisance), Arkansas
(trespass), California (trespass and compensatory damages), Nebraska (compensatory
damages), and Kansas (compensatory damages).19 They also note that the courts have
been far from consistent in their interpretation and awarding of damages.20
However, the power of state regulatory boards to grant permits for secondary recovery
operations, or in some states, forced unitization, has consistently been upheld.21 This
discretionary power by the state oil and gas boards is seen as necessary to ensure the
greatest recovery and least waste of a valuable resource.
In a recent Alabama case, Phillips Petroleum Co. v. Stryker,22 damages of $26.9 million
were awarded to Stryker by a jury in the lower court on claims of trespass, negligence,
fraud, nuisance, and punitive damages for draining the plaintiff’s oil and gas reserves.
After being upheld by the circuit court, Phillips appealed to the Alabama Supreme Court,
which reversed the judgment of the circuit court, finding that the plaintiffs, in accordance
with Alabama Code, should have petitioned for inclusion in the unit within 30 days after
the unitization order had been filed and that to hold Phillips liable was against the state’s
policy on secondary recovery.23 The Court reversed the judgment of the lower courts and
no damages were awarded, stating “an owner of interests outside a unit should not be
entitled to damages from the operator of the unit if the circumstances are such that he can
protect himself by engaging in an independent operation, or if he has been extended a fair

18

Hemingway, R.W., supra note 6 at 427
Williams, H.R. and C.J. Meyers, supra note 13 at §204.5
20
Ibid. at §204.5
21
Schepens, A.B., supra note 10 at 614, 616
22
Phillips Petroleum Co. v. Stryker, 723 So. 2d 585; (1998 Ala.)
23
Schepens, A.B., supra note 10 at 620, Phillips Petroleum Co. v. Stryker, 723 So. 2d 585; (1998 Ala.) at
590
19
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opportunity to participate in the Unit.”24 The importance of administrative law is
highlighted in this decision.

4.3.1 Implications for Geologic Sequestration
While clear on the importance of secondary recovery for field maintenance and the right
of state oil and gas boards to approve it, the courts rulings on associated liability are not
consistent. Liability for resulting mineral damage has been found in many secondary
recovery cases, and fields that are not fully unitized could be especially vulnerable. If
CO2 were injected for sequestration, the operator could, theoretically, be held liable if
neighboring mineral rights that were not part of the same producing unit were harmed.
Many secondary recovery operations take place only in fully unitized fields because of
this potential liability. Injecting for GS within a fully unitized field could help to avoid
potential liabilities associated with mineral owners resulting from the operation. It should
be noted that all of the case law discussed above dealt specifically with the injection of
water for secondary recovery, not other fluids, like CO2,25 which are used in subsequent
recovery projects. Overall, considerations of other mineral and surface rights holdings
should be thoroughly reviewed to avoid compromising resource production and
potentially litigious situations resulting from GS.
Additionally, the role of administrative law in both supporting the creation of units and
protecting parties against future liabilities is a key consideration for GS, ensuring that the
regulatory structure is appropriate is a crucial component for success.

24

Phillips Petroleum Co. v. Stryker, 723 So. 2d 585; (1998 Ala.) at 591
While CO2 is gaseous at ambient temperatures, CO2 is injected as a supercritical fluid (Pcrit=73.82 bar,
Tcrit=31.05°C).
25

61

4.4 Injecting Industries
While the experience with secondary oil recovery provides a rich body of case law, the
goals of secondary recovery are inherently different from those of GS. While many early
GS projects will probably be linked to CO2-enhanced oil recovery (tertiary recovery
projects that begin after secondary operations), the fundamental goal of enhanced oil
recovery is not to sequester CO2, and a fair amount of injected CO2 is produced with the
pumped oil. In contrast, the goal of GS is to sequester the injected CO2 underground for
time periods that extend well beyond the 25-35 year time frame of tertiary oil recovery
projects. Additionally, GS injection into saline aquifers without hydrocarbon resources
may not be as influenced by the laws, property rights, statutes, and regulations that
specifically govern oil and gas production as the defined legal interests in the subsurface
could conceivably be smaller. As discussed below, case law has emerged surrounding
hazardous waste injection and natural gas storage. While hazardous waste is injected for
disposal, natural gas is injected expressly for the purpose of storage. Depending on how
GS is interpreted, some of the natural gas or hazardous waste rulings and underlying
logic may be applicable for GS. The direct applicability of this guidance is limited,
however, due both to the small quantities involved in hazardous waste injection and to
the seasonal nature of natural gas storage.

4.4.1 Hazardous Waste Injection Case Law
There are approximately 120 hazardous waste wells operating in 19 states, most injecting
at depths of ~1,400m (4,500ft) and disposing of approximately 50 percent of all liquid
hazardous wastes produced.26 The following is a discussion of several significant cases
that deal directly with hazardous waste injection. In all of them, neighboring citizens sued
the operator of a hazardous waste injection well; in none of the cases did the court uphold
the plaintiffs’ claims.
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Curtailing Subsurface Ownership Rights: Chance v. BP Chemical, Inc.
In their class action lawsuit against BP Chemical, plaintiffs-appellants charged that
injectate from BP’s injection well had laterally migrated below the plaintiff’s property,
violating their rights as property owners.27 The plaintiffs sought recovery for trespass,
nuisance, negligence, and fraudulent concealment, and claimed damage to their substrata
for other uses. As underground injection is less costly than other ways of handling
hazardous waste, plaintiffs also claimed unjust enrichment on the basis that BP Chemical
was able to dispose of toxins below their subsurface at a lower cost. Plaintiffs tried to
amend their initial complaint by requesting a judgment “declaring that the appellants
owned everything below the surface of their properties, including the geologic formations
into which the injectate was allegedly going, and further declaring that they had the right
to exclude the appellee from using their properties.”28 The motion to amend was denied
by the trial court.
At trial the court also excluded plaintiffs’ evidence involving other problems at other
deep well injection sites, Ohio’s property disclosure law, and information on the Lima,
Ohio, housing market, among other things.29 The trial court essentially limited the case
to a claim of trespass.30 BP Chemical tried to cite Railroad Commission of Texas v.
Manziel31 and the “rule of negative capture” but the court found that this situation was
not analogous because the case at hand was not related to oil and gas extraction or
storage.32 For that same reason, the Court also rejected Columbia Gas Transmission
Corporation v. Exclusive Natural Gas Storage Easement,33 which outlined various
26
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compensation schemes for surface property owners overlying natural gas storage projects
and will be discussed in more detail in the next section. Both sides presented expert
hydrologist/geological engineer witnesses with hydrogeologic models that proved the
respective side’s point and discredited their opponent’s model. Finally, the plaintiffsappellants “sought a ruling that a trespass had occurred and that damages could be
presumed from the act of trespassing.”34 The trial court denied this motion, and based
upon the evidence presented, the jury found in favor of BP Chemical.
The Court of Appeals affirmed for BP Chemical. While the court found that even though
BP Chemical “operates the wells pursuant to the permits, that fact in and of itself does
not insulate [BP Chemical] from liability”35 the Court held that the plaintiffs had the
burden of proving that a trespass had occurred.36
The Court in Chance v. BP Chemical, Inc. employed United States v. Causby,37 to
address the question of property ownership. Reasoning that “… absolute ownership of air
rights is a doctrine which ‘has no place in the modern world,’ to apply as well to
ownership of subsurface rights,” the Court effectively truncated subsurface property
ownership, though no specific depth was cited.38 In this interpretation, subsurface rights
to exclude invasions are only valid as long as the invasions actually interfere with
“reasonable and foreseeable” use of the subsurface.39 Thus, physical damage or
interference with use must be shown to be associated with any alleged trespass. The
plaintiffs’/appellants’ trespass case was found to be too “speculative.”40 The Court did
speculate that there was possibly a valid trespass claim against BP Chemicals, Inc. for
one class member who had supposedly abandoned plans to drill for natural gas and thus
was “prevented from enjoying the reasonable and foreseeable use of its property” by the
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injection operations.41 Thus, ownership of mineral rights might have conferred a claim of
trespass (and damages) that mere surface property ownership did not. Justice Pfeifer
dissented in part, believing that Columbia Gas Transmission Corporation v. Exclusive
Natural Gas Storage Easement42 was relevant, and the rental value of plaintiff’s
properties should have been determined by the jury.
Liability and Full Subsurface Property Rights: Mongrue v. Monsanto Co.
In Mongrue v. Monsanto Co.,43 the 5th Court of Appeals confirmed the decision of the
Louisiana District Court that wastewater injected by Monsanto onto Monsanto property,
but possibly migrating under Mongrue’s subsurface property, did not constitute a taking
without just compensation. The plaintiffs/appellants had originally charged trespass as
well, but later dropped this charge in the appeal even though the judge confirmed that
under Louisiana law,44 “the ownership of a tract of land carries with it the ownership of
everything that is directly above or under it.”45 Both the District Court and the Appeals
Court assumed, for the sake of argument, that Monsanto’s injected wastewater had
migrated into the plaintiff’s subsurface property and that the plaintiff did have ownership
rights to the strata, though Monsanto filed an affidavit disputing the physical presence of
its injectate under the plaintiff’s property. The Courts found that “appellants may recover
under a state unlawful trespass claim against Monsanto regardless of the permit allowing
for injection.”46 Because plaintiffs dismissed their trespass claim, the Court did not rule
on this issue.
The appeal for this case consisted only of the unconstitutional takings, a charge that was
not valid under the Louisiana Constitution. As the plaintiffs never specified that their case
also included a federal claim in addition to the stated Louisiana claim, the federal claim
41
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was not included. Under Louisiana law, only private agents authorized by the government
can be held liable for an unconstitutional taking from the expropriation of property. As
Monsanto had received no such delegation of authority, they could not be implicated in
an unconstitutional taking. While the Louisiana Commissioner of the Office of
Conservation has the power to delegate permits for injection and issue unitization orders
affecting property rights, there was no evidence in this case that the rights of the property
owners could be “redefined or limited.”47
A final case that went to trial but was never appealed is worth mentioning. In Cordts v.
DuPont48 plaintiffs'alleged that injectate from two hazardous waste injection wells
operated by DuPont had migrated under their property, was trespassing, and
compromised their mineral interests. Plaintiffs brought charges of trespass, nuisance,
negligence, intentional discharge of pollution, fraud, and unjust enrichment against
DuPont and two DuPont employees49. While the Court recognized that the injection
permits granted by the Texas Natural Resources Conservation Commission (now the
Texas Commission on Environmental Quality), the Railroad Commission of Texas, and
the U.S. EPA allow for legal operation of the wells, they do not exempt the operator from
liability due to well operation.
Plaintiffs claimed that the injectate under their property was an “invasion of property
rights, devalued their properties, prevented exploration or production of oil and gas and
entitled them to storage fees for use of the subsurface.”50 The jury found no trespass, no
violation of storage rights, and no intentional pollution, and the case was not appealed.
Overall, it is estimated that the plaintiffs and DuPont spent over $2 million on the case.51
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Implications for GS
In all cases, holding a valid permit to inject did not exempt the operator from liability.
The burden of proof , however, is on the plaintiff. In Chance v. BP Chemical, Inc., the
subsurface depth of surface property holder’s interest was truncated, yet in Mongrue v.
Monsanto the court affirmed the subsurface ownership by the surface property holder.
While it might have been possible to prove trespass in the latter case, it is unlikely that
any damages would have been awarded as no harm to existing or future interests could be
proven.
The implications for GS are significant, as surface property owners have not been found
to have a legally defensible interest in the subsurface, at least not one that resulted in
damage awards, when hazardous waste was injected and had possibly migrated through
the subsurface. Even when the property holder also controlled the mineral rights, as in
Cordts v. DuPont, no damages were awarded, as trespass could not be proven. These
cases highlight the difficulty in proving trespass (especially when no monitoring wells are
required) by the plaintiff and subsequently underline the lack of material interest that
surface property holders have been determined to have in the subsurface. However,
unlike hazardous waste injection, the quantities that will be injected for GS projects are
large and subsurface trespass could be more easily proven.
It is unclear whether GS projects not associated with hydrocarbon recovery will be
treated like waste or storage and which legal precedents will apply. In Chance v. BP
Chemical, the court found that legal precedents from cases related to oil and gas
extraction or storage were not applicable to the disposal question at hand.
The cases were argued, in large part, by experts with dueling hydrogeologic models.
Much of the testimony focused on the validity of the specific model parameters and
underlying assumptions. Uncertainties in the subsurface geology and the ability of the
specific various models to capture these were the focus of much of the argument.
51
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Because of the large quantities of CO2 and large area influenced by GS injection,
modeling the heterogeneous subsurface features over such a large area would be a
challenge.

4.4.2 Natural Gas Storage Case Law
Natural gas storage provides another relevant analog for understanding the evolution of
subsurface property rights. Natural gas is stored underground in depleted oil and gas
reservoirs, salt caverns or suitable natural aquifers to provide for the increased market
demand during the winter months. U.S. natural gas storage capacity is approximately 230
billion cubic meters (8.1 trillion cubic feet).52 McGrew provides an insightful discussion
of property rights, trespass and valuation methods for natural gas storage operations.53
McKinnon has written a summary of case law surrounding rights for natural gas
storage.54 While the article focuses mainly on the ownership of the stored natural gas and
the subsequent exploitation of minerals below the storage site and doesn’t directly
address subsurface property rights, it is still a useful summary of issues presented in the
case law.
Storage Space Property Rights
A large number of cases have upheld that after the removal of underground minerals, oil,
or gas, the surface owner retains the right to use the remaining space for storage. This is
different from the English rule (also practiced in Canada) where the mineral owner owns
the subsurface space, even after the minerals have been removed.55
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A list of cases and relevant findings are presented in Table 4-1 below.
Case
Dept. of Transportation
v. Goike

Cite
220 Mich. App. 614;
560 N.W. 2d 365

Southern Natural Gas
Co v. Sutton

406 So.2d 669

United States v. 43.42
Acres of Land

520 F. Supp. 1042 (WD
LA 1981)

Emeny v. United States

Ct. Cl. 1042, 412 F.2d
1319 (1969)

Finding
“a surface owner possesses the right to the
storage space created after the evacuation of
underground minerals or gas” at 617
“surface ownership includes the right to use
the reservoir underlying the surface for
storage purposes” at 671
“the mineral owner cannot be considered to
have ownership of the subsurface strata
containing the spaces where the minerals are
found” at 1046
Decided that the right and power to use a
depleted reservoir for gas storage purposes is
vested in the surface owner.

Table 4-1: A sample of cases citing surface property holder’s rights to remaining underground
storage space (from LexisNexis search, October 31, 2003).

While surface owners retain the right to the storage space, mineral rights holders have
also been found to have a continued property, interest, and right “after the underground
storage facility … has been created,” in an “ownership in place” state like Texas.56
Because administrative law and case law are different in each jurisdiction, legal opinions
will vary from state to state. Other parties that may have an interest in the subsurface
storage of natural gas include mineral lessees (who have leased the mineral rights for a
defined term and might need to be compensated for the taking of the exploratory rights)
and future interest owners (those having a vested right in the future estate).57
Mc Kinnon highlights the case law interpretation of differences between storage rights
and mineral rights.58 Several cases have found that they are fundamentally different, and
storage rights do not preclude exploration or production of mineral rights. It is
McKinnon’s view that it wouldn’t be possible for the party storing natural gas to stop
55
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production leases for zones beneath the storage formation from being issued.59 While the
storing party would be able to observe the production to ensure that it didn’t harm her
operation, she would not be able to stop it. However, natural gas storage operators
usually contract with mineral owners so the storage integrity is not compromised.60
Ownership of Injected Gas
One of the first cases decided in 1934 was Hammonds v. Central Kentucky Natural Gas
Co.61 It determined that gas injected for storage lost its title, and therefore trespass did not
occur because the injected gas had no owner. This rule was widely criticized and is not
currently followed in the United States.62 In subsequent cases63 the courts held that the
injecting company held title to the re-injected natural gas and determined that third
parties were forbidden to produce the stored gas, even if it had migrated to production
wells that were on the third party’s land not within the storage area. In two of these cases,
stored gas had migrated to other parts of the receiving reservoir (where the gas storage
company had not acquired storage rights) or adjoining formations that were not known to
transmit with the storage formation. The injector of gas must therefore obtain control of
storage rights for the full area of the reservoir, dealing with all parties that have mineral
or surface rights.64 These cases highlight the difficulty of anticipating where injected gas
will flow within the subsurface.
Access to Storage Rights
The Natural Gas Act of 1938 granted the power of eminent domain to private companies
for the construction of interstate natural gas transportation. The act was later clarified to
59
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include the construction of underground storage facilities.65 However, most storage
operations are not interstate and state legislation grants the power to establish storage
operations. Originally, the natural gas public utilities were able to use the eminent
domain law of the state, claiming it was necessary for a public purpose, to establish
natural gas storage facilities. Rights for storage are voluntarily contracted directly
between the natural gas storage company and the affected property owners, with storers
paying, for example, an estimated $4-5 per year/acre in Ohio in 1993 to surface rights
owners.66 No documentation on payments to mineral rights owners was found in the
literature, but as the mineral rights owners often own a “cushion” of remaining gas in the
formation, they must be compensated.67 When a property owner overlying a natural gas
storage project does not voluntarily enter into a contract with the storage company these
remaining properties are termed “windows” in the storage field.68 If the owner of a
“window” property threatened to drill into the storage formation or because of geologic
uncertainties wasn’t included in the original project boundary, the storage company could
file a condemnation action in court.69 The property owner could then counterclaim for
trespass under state law.70 Under condemnation of the property owner can “obtain
compensation as of the date of the taking,” a claim of trespass allows for compensation as
well as punitive damages.71 With deregulation of the gas market, many of the firms now
managing natural gas storage are private and how legal definitions of just compensation
and public good are still evolving.
Formulas for granting compensation for storage of natural gas under land were explored
in Columbia Gas Transm. Corp. v. An Exclusive Natural Gas Storage Easement.72 In an
effort to clarify Ohio State Law on compensation for natural gas storage projects the
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Sixth District Court asked the Ohio State Supreme Court to clarify "a measure of just
compensation for the appropriation of an underground gas storage easement."73 The
Court held that the methods outlined by U.S. District Court Justice Dowd, Jr. were
appropriate for examining this issue. The commission that Justice Dowd appointed under
the Federal Rules of Civil Procedure governing the condemnation of property74 outlined
several proper ways to determine the value of a natural gas storage easement. The
commission’s analysis suggested that it is necessary to consider “fair market value”
which could be based on one of the following methods:
1.

Comparable sales of easements for natural gas in the particular formation.

2.

Present value calculation (if sufficient natural gas exists for commercial

recovery) of the “foreseeable net income flow from the property for its
foreseeable life.”75
3.

Capitalization of rental income for the right to store gas, calculated by

multiplying the area to be rented with the value of comparable storage rights.
4.

Calculation of the depreciation of the entire tract from taking of the

easement used for storage, calculating the difference of the market value of the
property before and after the taking.
5.

Mineral lease value.

6.

Viewpoint of value: The value calculated from the point of the view of the

landowner, “The yardstick is what the landowner has lost, not what Columbia
has gained.”76
While Ohio law is now clear at both state and federal levels, the same cannot be said for
other jurisdictions. The federal law in the Sixth Circuit is clear, but state law in Michigan,
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Kentucky and Tennessee is not as explicit, and in other jurisdictions outside the Sixth
Circuit the issue is largely undecided.77
Implications for GS
Unlike Chance v. BP Chemicals Inc., which involved hazardous waste injection, case law
surrounding natural gas storage affirms that the surface estate owner also owns the
subsurface storage pore space. Mineral owners, however, could also have a substantial
interest, even after minerals and gas have been removed. In developing natural gas
storage projects, both surface and mineral rights holders are traditionally included.78 This
is in marked contrast with English and Canadian law, where the mineral rights owner is
also considered the owner of the pore space remaining after mineral exploitation.
Recent case law has clarified that ownership of injected natural gas rests with the storage
operator. If the same principle applies for GS, injected CO2 would remain the property of
the operator injecting, as would the increased liability that this implies. However, stored
natural gas is a valuable commodity that is injected and then recovered on an annual
basis, while injected CO2 will essentially be abandoned underground for hundreds to
thousands of years, making it more akin to a disposal activity.
Natural gas storage rights were also found to be secondary to those of mineral
production. Possible mineral extraction below GS storage strata, however, could
conceivably lead to compromising the integrity of the storage reservoir. Additionally, as
many of the cases found extensive lateral movement of stored natural gas, it will be
incumbent upon any GS project to characterize the reservoirs thoroughly and to contact
all associated property interests. This will be especially challenging given the long time
frames for GS projects and thus the greater importance of future interest holders.

77
78

McGrew, S.D., supra note 46 at 146
Anderson, O., supra note 8

73

Finally, with ownership of the injectate comes liability. Trespass is tolerated for natural
gas storage projects as the gas is a valuable commodity and the activity is considered
necessary for the common good. As no power of eminent domain exists for potential GS
projects and proving immediate ‘public good’ could be difficult, it will be interesting to
see how “window properties” overlying the storage reservoir are handled. As GS requires
underground storage for long time periods, the implications of different types of
compensation methods outlined in Columbia Gas Transm. Corp. v. An Exclusive Natural
Gas Storage Easement should be further explored for GS.

4.5 Creating Large and Legal Storage Reservoirs for Geologic
Sequestration
The scale of large GS projects is daunting: A 1GW coal-fired power plant will produce
~5-10Mt of CO2 per year, substantially larger than even the largest commercial projects
currently underway. As mentioned in Chapter 2, modeling simulations have shown that
this amount of CO2 injected over a 30 year plant lifetime into a 100m thick receiving
horizon could have an areal extent expanding over ~100km2 with pressure effects of ~1
bar occurring over areas on the order of 2,500km2 79. If GS were employed to cut North
American CO2 emissions by even 10%, hundreds of individual plants and facilities would
need to capture and sequester CO2. Clearly, the legal establishment of large-scale storage
reservoirs and definition of the associated property rights and liability are two issues that
need to be prioritized in future research.
Creating a large reservoir for resource recovery or storage is not a new concept, and there
is an inherent tension between individual and collective rights when unitizing oil or gas
production fields or establishing a natural gas storage site. Information on oil and gas
leases, storage documents, pooling agreements, surface leases, easements, rights of way,
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royalty and surface owner interests need to be assembled to determine interests and
project stakeholders.
Creating a field unit for secondary oil recovery may take months to years of negotiating
to secure all necessary rights and reach an agreement, as understanding the shares of risk
and production from operations is complicated.80 Statues allow for voluntary unitization
and most producing states also have a “compulsory joinder of interest”: once a certain
percentage of owners have agreed to unitization (50-85%), then the unit is created. It is
much more difficult in states without this provision, due primarily to the liability
associated with potential resource damage of conjoiners.81 State oil and gas or natural
resource commissions review the application, and then approve the unitization.
Natural gas storage fields are created in much the same way. The public utilities having
traditionally leased rights to the strata relevant for storage from interest holders. If storage
is threatened by any land not legally included in the storage area, the land can be
condemned using the state’s powers of eminent domain and proving the public good
arising from a natural gas storage facility.
While unitization for oil recovery and the creation of natural gas storage outlines the
steps necessary for establishing large subsurface reservoirs and illuminates issues such as
multi-party injection into the same reservoir and conjoiner rights and liabilities,
significant legal barriers to creating large-scale GS projects exist. Because of the scale of
GS projects and the lack of material benefit to many of the interest holders, employing
the powers of eminent domain might be necessary for establishing reservoirs of an
appropriate size. Specific considerations include:
•

The lack of administrative law to support the creation of large reservoirs for CO2
injection, lack of eminent domain, lack of recourse for dealing with “window
properties” that didn’t grant storage rights when the field was established.
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•

Current political difficulty and unpopularity in employing powers of eminent
domain (showing public good and legitimacy). Difficulties in siting power
transmission lines or other public structures are illustrative for future GS siting.

•

Challenge in showing public good when handled by private company and when
profits accrue to private company but public experiences the risk.

•

Challenge in proving that GS provides a ‘public good’ and is ‘legitimate’ when
the risks are accrued locally but the benefit is global. Local opposition to projects
could focus on the fact that other technologies exist to reduce CO2 emissions and
GS projects are not necessary.

•

Long-time frame necessary for sequestration makes compensation and long-term
liability questions important.

•

Project mission could evolve with different phases. If a GS project begins as an
EOR operation and then is transformed into a storage project, how is the relevant
legal framework affected? How do relevant stakeholders change?

•

Leakage and migration of CO2 in the subsurface could be important, as
experience with gas storage operations has shown that migration is difficult to
predict. How migration into other strata or areas outside of the legally established
storage reservoir will be treated (associated liabilities, etc…) is an important
consideration.

•

The scale of potential projects assures that many stakeholders with diverse
interests will be involved. Potentially, if GS projects want to inject into the same
reservoir, a ‘market’ could be created for subsurface storage rights.
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4.6 Conclusions
Case law builds upon itself; principles cited in cases are used as building blocks for other
situations and arguments. The goal of this paper is to highlight the historic legal
interpretations and begin to understand the context within which general principles may
affect GS projects.
The preponderance of case law presented here suggests that both surface and mineral
owners will have a legitimate claim on subsurface strata used for GS projects. Many
actors will have real interests in GS projects including the injector, owner of injected
material, surface property owner, mineral owner, mineral lessee, neighboring surface and
mineral owners and neighboring mineral lessees. As property rights are governed by state
laws and interpreted by state courts, any legal opinion on GS projects will be influenced
by jurisdictional differences.
Several issues that could directly affect GS projects have been discussed: subsurface
property ownership, potential liability, ownership of injected CO2, and methods for
evaluating potential compensation for utilization of the subsurface.
In most of the case law explored here, the ownership of the subsurface pore space seems
to rest with the owner of the surface estate. This is different from English and Canadian
law, where the pore space ownership remains with the mineral estate owner. Though it
has been theoretically explored in several texts,82 the one case that truncated subsurface
rights of surface owners was Chance v. BP Chemicals, Inc. which concerns hazardous
waste injection wells. Efforts at initiating GS projects in the U.S. need to be aware of
surface estates as well as mineral estates, as both have a stake in any injection or disposal
project.
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See Thomas, W.A., supra note 4 for an overview of the history of subsurface ownership
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Much as is done with natural gas storage, explicit "storage or disposal rights" could be
granted for GS projects. Both surface and mineral estates will need to be involved in this
process. Additionally, compensation for subsurface use and royalties for mineral rights
owners has regularly been paid for natural gas storage projects. Further study on the
impacts of compensation schemes on GS costs should be undertaken. GS project time
frame is an important consideration for leasing versus purchasing subsurface interests.
Theoretically, competing GS projects could create a market for storage strata.
The title of injected natural gas remains with the storage operator, and this has been
affirmed in subsequent cases. This is true even if the gas migrates out of the defined
boundaries of the storage area. However natural gas is a valuable commodity that will be
recovered and sold. For other fluids, this is not as certain and no case law deals directly
with injected CO2. It seems that CO2 injected under a GS scheme could also remain the
property of the injecting party, but further clarification would help, especially if injected
CO2 has no economic value. Cases of multiple operators injecting into the same reservoir
would need to be clarified as well.
Because of the large size of many proposed GS projects, care needs to be taken to ensure
that adjacent mineral rights owner'
s holdings are not compromised. As mineral rights
have been found to trump both storage uses and surface holdings, any GS project needs to
carefully examine mineral, water and surface uses of the land that will be influenced by
an injection project. Migration of CO2 from the storage or disposal zone could
inadvertently affect mineral rights. Mineral extraction in adjacent strata could
compromise the formation'
s storage integrity. Likewise, pressure increases in the
substrata could affect lateral movement of waters in the subsurface and affect
groundwater quality. The advantages of some type of unitization framework for GS
should be further explored. Such a framework is necessary to combine mineral and
surface interests and coordinate storage activities to ensure efficient and safe GS projects.
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Each of these issues should be examined in more detail to fully understand their
ramifications on GS. As litigation is costly and time consuming, substantial efforts should
be made up front to understand the legal framework and implications of legal precedents
on GS projects in order to avoid costly future litigation. The legal framework is likely to
vary significantly between states and among specific project sites, as will the important
geophysical characteristics.
It should be noted that several dimensions of import to GS have not been explored in this
paper: scale related issues; the impacts of injecting large quantities of CO2 on the areal
extent of lateral migration, such as displacement and the effect on groundwater resources;
legal process considerations, such as the need to prove causality for damage and the
implications and liability when GS is linked to an international carbon accounting
structure. Finally, the structure of GS projects, whether they occur in a large centralized
operation or through smaller, dispersed projects will also influence overall liability.
These are fruitful areas for future research.
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5 Regulatory Analysis of Geologic Sequestration of
Carbon Dioxide
In addition to the myriad of technical details necessary for effective GS, a regulatory
structure needs to be in place to ensure balance between local environmental, health and
safety needs and the long-run benefits of GS. The development of a risk-management
based regulatory structure founded on strong scientific principles cannot wait until largescale GS projects are ready for deployment. The construction of a regulatory structure
builds the foundation on which the legal, social, and technical aspects of the technology
meet and interact. Regulatory transparency and stability reduce project uncertainty and
help to pave the way for private sector investment and project development. A sound
regulatory structure also helps to build public confidence, fostering the impression that
human health and the environment are well protected. This chapter provides a detailed
analysis of the needs of large-scale GS and specifically examines the existing institutional
structures and regulations in place, evaluating where they are adequate or in need of
improvement.
This chapter builds upon the analysis of the regulatory structure begun in Chapter 3 and
goes further to present a systematic analysis of regulatory considerations necessary for
large-scale GS. It presents what the risks are and begins to define what future regulations
should look like. Section 5.1 provides an overview of risk management, and explores
how acceptable levels of societal risk are determined. This section then provides a
summary of what risks need to be regulated for GS. The heart of the chapter is
comprised of Section 5.2, “Evaluating a Sample Geologic Sequestration Project,” which
presents both a detailed description and analysis of the regulatory structure affecting CO2
transport, injection well siting, operation and closure, and monitoring and verification
programs. This section briefly outlines the regulations affecting CO2 transport before
providing a detailed analysis of the Underground Injection Control program’s permitting
regulations and the appropriateness of permitting a large-scale GS project as a Class I or
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II well. Regulatory problems and solutions injecting municipal wastewater in Florida, a
fluid similar to CO2, both in volume and also by virtue that it is more buoyant than the
waters in the injection formation, are presented. Permitting large-scale GS projects as
Class V wells, establishing a new well class, or exempting large-scale GS from the UIC
regulations altogether are explored. While an extensive institutional network for
managing underground injection exists, a parallel network linking monitoring and
verification activities and record keeping within a larger carbon management framework
is almost wholly absent, as is a global CO2 management framework. This is explored in
more detail in Section 5.3. Section 5.4 identifies institutions and actors currently involved
in permitting an underground injection project and identifies additional parties that would
have a stake in large-scale GS projects. A summary and recommendations for future
action are provided in the final Section 5.5.

5.1 Risk Management and Regulatory Challenges for Geologic
Sequestration
Stabilization of atmospheric levels of carbon dioxide, which the U.S. has agreed to as a
signatory to the 1992 United Nations Framework Convention on Climate Change1, could
take many different pathways. A Kyoto-sized reduction is just a start; at the US target of
7% below 1990 levels the target emissions level for the U.S. is approximately 4.6 Gt of
CO2 per year. Even meeting the Kyoto target would require a 2 Gt/yr reduction in
predicted 2010 CO2 emissions, a quantity roughly equivalent to the annual CO2 emissions
from 400 1-GW coal-fired power plants [2]. This amount makes up approximately half of
one of the seven ‘wedges’ needed for stabilization in 2054, discussed in Chapter 1.
Average load in the U.S. is approximately 400 GW [3].
1

Article 2, Objectives “The ultimate objective of this Convention and any related legal instruments that the
Conference of the Parties may adopt is to achieve, in accordance with the relevant provisions of the
Convention, stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the climate system. Such a level should be achieved within a
time-frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure that food
production is not threatened and to enable economic development to proceed in a sustainable manner.” [1]
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Individual GS projects will need to be placed within a larger carbon management
strategy, most likely command and control or trading regime. In addition to ensuring safe
injection of CO2, a larger institutional structure that accounts for the carbon and ensures
long term monitoring and verification must be present. A trading regime will also require
an organized market structure in place. Institutional structures currently exist for
distributing large quantities of gaseous resources long distances, regulating underground
injection and mitigating surface harm from underground injection during the project
lifetimes of 20-30 years. No structure currently exists in the UIC regulations, however,
for managing potential long-term environmental, health and safety consequences of GS.
These potential long-term planning efforts need to consider liability, intergenerational
equity and impacts, as well as the ability of institutional structures to manage uncertain
events over a long time frame (from 30 to 100 or 1,000 years).

5.1.1 Risk Management for Geologic Sequestration
The focus of this chapter is to link potential risks from geologic carbon sequestration with
appropriate strategies for managing these risks. This section seeks to view those risks
through the eyes of the risk manager and the eventual regulator and to place those risks
within a relative 2004 U.S. societal context. Risk management seeks to understand the
potential hazards and place the risks of a technology within a larger societal context
(What are the trade-offs? Who are the stakeholders? Who is affected? What is an
acceptable level of risk?). Risks are assessed to determine both their likelihood as well as
their potential consequence, allowing for a more transparent comparison between
different accepted levels of societal risk. Risk assessment is one of the key components of
creating environmental and health and safety regulations.
All activities carry some degree of risk. The annual risk of dying in the U.S. in a motor
vehicle accident is approximately 1.6 x 10-4 and dying from injury by firearms is
1.1 x 10-4, whereas some risks are much lower, e.g., death from exposure to smoke, fire
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and flames is 1.1 x 10-5 death caused by accidental poisoning or exposure to noxious
substances 5.2 x 10-5 [4]. While the national rates of death by “legal intervention”2 is
similar to those who die in childbirth, 1.2 x 10-6 and 1 x 10-6 respectively, these risks
clearly affect different populations and are not distributed equally across society [4].
Exposure to risk and its likelihood to create an effect is determined by age, gender,
lifestyle, location, diet, family history, occupation, etc.
Risk is a social construct and not all risks are perceived equally. Important dimensions of
risk determine its level of societal acceptability, response, and funds allocated towards
mitigation. Slovic, Fischhoff, and Lichtenstein identify dimensions of risk that influence
its social acceptability. The voluntary or involuntary nature of the exposure, immediacy
of the effect of the risk, familiarity with the risk, control over the risk, whether the risk is
chronic or catastrophic, dread factor, and severity of the consequences are some of the
dimensions that influence the acceptable level of risk [5].
The voluntary or involuntary nature of the risk affects its perception and acceptability [5].
Levels of risk for some occupations are much higher than the work place average of 4.8
fatalities per 100,000 workers (4.8 x 10-5) [6]. Fishers and timber cutters have fatality
rates ~1.2 x 10-3 and extractive industry operators (mining and oil and gas production)
and airline pilots have fatality rates at 5.2 x 10-4 and 8.3 x 10-4, respectively [6, 7].

2

Euphemism used for the death penalty
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Risk Dimension
Voluntary or Involuntary
Nature, is the risk faced
voluntarily?
Immediacy of Effect, is death
immediate or will it occur
later?

GS Considerations for a Risk Assessment
While the risk would be voluntarily assumed for those working to inject
the CO2, any leak in a populated area could cause involuntary exposure.

If the leaking CO2 was significant enough to increase ambient
concentrations above 30%, which would be highly unlikely under most
conditions, except in closed conditions, it would have an immediate effect.
If concentrations were lower, (~1-3%), affects would be less acute and
more chronic.
Risk Knowledge, how well
The effects of CO2 on human health are well understood, and significant
are the risks known to those
data exists for working populations. However, predicting how or when a
who are exposed to them?
catastrophic CO2 leak could occur could be improved with monitoring.
Worker knowledge can be assumed to be greater than general population
knowledge.
Control over the Risk, can a
For worksites, significant worker safety measures have been adopted to
person exposed to the risk by avoid accidental injury from high CO2 concentrations. No such alarms are
“personal skill or diligence”
common for the general public, but could probably be easily installed in
avoid being killed?
sensitive sites or highly populated areas. Risk can be controlled by an
effective siting, monitoring and verification regime, assuring the stability
of the sequestration reservoir and monitoring any in situ CO2 migration.
Surface risks could be minimized by providing protective equipment,
ensuring ventilation, alarm installation, etc…
Familiarity, how novel or
While dying from CO2 asphyxiation is not new, death from CO2
familiar is the risk?
sequestered deep underground for the purpose of avoiding atmospheric
emissions would be. How this known risk in a new situation will be
perceived is unknown. Regions with historic oil and gas production have
much more familiarity with underground industries drilling, pumping and
injecting fluids and may view GS as a familiar activity.
Would event be chronic or
A catastrophic accident in a densely populated area is the worst-case
catastrophic, killing one or
scenario for GS, and has the potential to dramatically kill many people. As
two people at a time or large
mentioned in Chapter 2, the estimated release of CO2 in Lake Nyos was
estimated to be only 100 kt [8, 9]. More likely for GS, is a leak that kills
numbers at once?
one or two people in an enclosed space with poor ventilation or harms
workers directly injecting CO2. While the risk profile may change with the
age of the project, since CO2 will be sequestered for hundreds to thousands
of years chronic small events are probable.
Common/Dread, are people
Carbon dioxide is used throughout society, and most people have some
habituated to this risk, or does familiarity with it in their soft drinks, if nothing else. However, the
the idea of it fill them with
situation and associated risks posed by GS are novel in many ways. It is
gut-level dread?
uncertain how people will respond to this new risk profile for a known
commodity.
Severity of consequences,
Fatality is determined by concentration. With the exception of a
how likely is it that the
catastrophic leak or a chronic leak in a poorly ventilated area causing high
consequences of risk will be
ambient CO2 concentrations, most leaks from GS will probably be small
fatal?
and dissipate rapidly once they reach the surface. Dispersion of CO2 can
be readily accomplished with a small breeze.
Table 5-1: Risk assessment considerations for geologic sequestration
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Potentially exposed populations for GS are operators injecting the CO2 and the
surrounding population. One of the most serious risks of GS is a catastrophic leak of
CO2, causing suffocation of humans on the surface. While the likelihood of this risk may
be extremely low, the consequences could be large and efforts should be made to attach
probabilities to such events and to craft risk-appropriate response strategies. Table 5-1
examines this risk along the dimensions identified above [5].
In 2001, only 20 people in the U.S. suffocated due to being trapped in a low-oxygen
environment, an annual risk of 7 x 10-8 [10], a much lower risk than other risks that
society readily accepts. With large-scale GS projects, this risk would likely increase as
more people would be exposed.
Different levels of risk may be appropriate for different populations. An acceptable risk
level for voluntary worker populations engaged in GS should be no greater than other
workers in the extractive industries, approximately 5.2 x 10-4 annually. While it is
difficult to determine “How safe is safe enough?”, calculating and evaluating risks that
increase the risk of death one in one million (1 x 10-6) provides a convenient rule of
thumb for GS [11, 12]. This study will therefore assume that involuntarily exposed
populations should experience an increased risk less than that of 1 x 10-6 annually.
Ensuring that the regulatory structure for GS is designed to manage the risks from GS to
these levels will help to protect human life at a level that is commensurate with other
societal risks.
While this analysis will assume that GS regulatory regimes should be crafted to assure
that the marginal risk is no greater than 1 x 10-6 annually, it should be noted that all risks
are not managed equally. Different government agencies spend vastly different sums in
an effort to save one life, varying by a factor of 20 [12].
Risk assessment will help assure that human populations are adequately protected from
risks posed by GS. Plant and animal sensitivities to increased levels of CO2 in
86

ecologically sensitive areas need to be understood and harm should be avoided. An
environmental impact analysis should accompany the risk assessment to ensure that local
ecosystems, especially areas with unique ecologies or endangered species are adequately
protected from degradation by geologic carbon sequestration.

5.1.2 Transforming the Risks into Risk-based Regulation
This study assumes that if a risk level of 1 x 10-6 for the general exposed population and
a risk level for workers similar to that of the other extractive industries of 5.2 x 10-4 is
considered acceptable by society, then risk management and regulatory approaches can
be tailored to ensure that GS projects do not surpass these levels of risk. In reality, much
stricter risk levels could be required. The following sections review where the main
components of risk from GS arise, based on the risk typology, presented again in Figure
5.1.
Salient risks from GS are discussed in detail in Chapter 2. The main risks for human and
ecological systems from GS arise from potential leakage to the subsurface or shallow
subsurface, as discussed in Section 2.4.1. Other risks from GS directly affect groundwater
quality (either through geochemical changes causing direct dissolution of substrate
minerals or displacement of brines), hydrocarbon resources, or can be related to the
injection operation (ground heave and induced seismicity), covered in 2.4.2-4.
The following sections (5.1.2-5.1.5) examine which components of GS projects are likely
to make the management of these risks most challenging. Future regulation needs to be
able to manage local ecosystem and human health risks to a level that is technologically
possible and societally acceptable.
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Risks of geologic storage

Local

CO2 in atmosphere or
shallow subsurface

Suffocation of humans
or animals above
ground
Effects on plants above
ground
Biological impact below
ground on roots, insects
and burrowing animals

Global

CO2 dissolved in
subsurface fluids

Mobilization of metals or
other contaminants
Contamination of potable
water
Interference with deepsubsurface ecosystems

Displacement

Ground heave
Induced seismicity
Contamination of drinking
water by displaced brines
Damage to hydrocarbon or
mineral resources

Release of CO2 to the
atmosphere

Figure 5-1: Typology of Risks from Geologic Sequestration of Carbon Dioxide

5.1.3 Risks from Displacement Caused by Large Volume Injection
Projects
The future regulatory regime for GS needs to be able to manage the unique set of risks
accrued from injecting large volumes of fluid underground, shown in Figure 5.1 under
the risks from displacement. Individual sources of CO2 will vary, both in amount and
purity of CO2. For coal-fired power plants, the individual project quantities of CO2
produced will depend on the technology, but will certainly be large (several Mt/year).
When capacity factors, efficiencies, and down time are factored in, a 1 GW pulverized
coal plant currently produces 5-10 Mt of CO2 annually depending on its age and
utilization. A dispatch model simulation by Johnson and Keith [13] has shown that in a
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carbon constrained economy, with carbon prices greater than $75/tC, plants with CO2
capture technologies installed will be operated as base load plants to help defray capital
investment costs.
If GS is to play a significant role in reducing CO2 emissions, the total GS system
quantities will be on the scale of the largest-scale injection activities today, which are
oilfield produced brine re-injection and Florida municipal wastewater injection.
Individual projects could range in size from a relatively modest few kt/yr to very large
projects injecting tens of Mt/year. Even if GS fills a more specialized niche, economies of
scale and associated reporting requirements could favor larger individual projects.
The eventual regulatory system for GS needs to be flexible and adaptable to ensure safe
management of the large amounts of CO2 being transported and injected into diverse
geological settings. Siting and site characterization are key components to ensure that the
site will not harm hydrocarbon resources or increased pressure regimes will not adversely
displace regional groundwater. Geophysical mapping combined with modeling
simulations should aid in predicting CO2 effects on the injection site and the reservoir.
Proper site operations are also important to ensure ground heave is not a problem and to
mitigate any induced seismic activity.
Development of tools to assess overall permeability and probabilistically estimate
leakage rates over large sequestration reservoirs will be important.

5.1.4 Risks from Leakage and Subsurface CO2 Behavior
Leakage to the surface or near-surface environments is one of the main risks of GS, and
shown in Figure 5.1 as CO2 in atmosphere or shallow subsurface and CO2 dissolved in
subsurface fluids. As CO2 flow will be driven by buoyancy, trapping mechanisms
become especially important. Current regulations governing the disposal of wastes by
deep injection have been crafted for fluids with weak or negative buoyancy. New
methods may be needed to assess the integrity of the confining layer over large areas and
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the adequacy of other trapping mechanisms. This could be especially important in regions
with a more complex geology, other subsurface uses, or where there are many abandoned
wells. Injected CO2 will alter in situ geochemical profiles; whether or not this could
adversely affect groundwater quality needs to be better understood. The regulatory
regime must ensure that adequate trapping mechanisms for injected CO2 are present.
CO2 could migrate into potable water supplies and potentially to the surface. Efforts
should be made to model and characterize the probabilities of these risks, given local
geology, natural attenuation of buoyancy over time, and in situ CO2 behavior.
Developing a risk-appropriate response strategy, given the probabilistic risk assessment
of leakage is the next step. Managing this risk will require ensuring that adequate
trapping mechanisms are present and that any potential pathways for leakage are closed.
Monitoring regimes should be developed to verify that sequestration is secure. Again,
proper site characterization is key.

5.1.5 Managing the Global Risk of Leakage: Ensuring an Adequate
Length of Time for Sequestration
While most projects and corresponding environmental assessments are engineered and
planned for decades, GS requires a much longer time horizon. From a global climate
perspective, the risk of GS is that injected CO2 will not remain underground for hundreds
to thousands of years. Detailed discussion of the global risks is found in Section 2.2.1,
but it is likely that binding risks will be based on human and ecosystem health
considerations mentioned above. While regulatory regimes for hazardous waste injection
require that injected wastes remain underground for 10,000 years, such projects inject
small quantities of negatively buoyant fluids and post-closure monitoring programs are
virtually non-existent. Ensuring that local environmental, health, and safety risks due to
leakage will be properly managed over, or beyond the sequestration time-frame is an
equally important consideration, and it is possible that retention times of well over a
thousand years will be needed to assure adequate local environmental health and safety.
Local risk management considerations may require more stringent safety measures than
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global stabilization. Avoiding catastrophic and harmful leakage and ensuring the surety
of the sequestration site through adequate long-term monitoring and record archiving are
important considerations. While OSHA regulations cover workplace safety for elevated
levels of CO2 (see Section 2.4.1), it is unclear who would manage the risks from general
GS project leakage. Radioactive waste disposal has had to design systems that will assure
safety for thousands of years and serves as a useful analogy when considering appropriate
record keeping for GS projects [14].
While it is unrealistic to assume that the current regulatory structure will be in place a
millennia hence, assuring that sequestration project risks to the environment and human
populations is properly managed is a crucial step. Conceptually dividing project
management up into distinct phases, each with a different risk profile is helpful: siting,
operation, pre-abandonment, and post-abandonment will help to adequately mange the
unique risks of each phase. Keith and M. Wilson [15] outline a ‘post-injection operation’
that covers two distinct risk phases. The first phase would specify project (not just well)
conditions for abandonment. As formation pressure caused by the operation phase begins
to subside, the entire sequestration system could be monitored for storage integrity and
regulatory authorities could maintain assurance that injected CO2 is safely stored. Upon
adequate completion of the abandonment phase, the long-term post-abandonment phase
with a monitoring regime tailored to a risk profile focusing on environmental, health and
safety monitoring would take over at a risk-appropriate level. Long-term record archiving
would also be covered in this final phase. The regulatory framework needs to be able to
manage and provide assurances for safe storage of injected CO2 for a thousand plus
years, with risks diminishing over time as CO2 sequestration becomes surer. Site-specific
risk management should be flexible as learning, via monitoring, occurs. Modeling efforts
demonstrating natural attenuation mechanisms will help to illuminate the appropriate
levels of risk at each stage of the sequestration project. Because of long-term institutional
uncertainty, ideally, a “fail safe” monitoring regime could be in place after approximately
100 years, reducing the risk to future populations, even in the absence of an active
regulatory regime.
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5.1.6 Ensuring Risks are Appropriately Managed: Leakage,
Measurement, Monitoring, and Verification
Risks from leakage necessitate the development of a comprehensive measurement,
monitoring and verification program. Leakage is discussed in detail in Sections 2.4.2 and
2.5. The storage time necessary coupled with local geology and the behavior of CO2 in
the reservoir will influence the type of monitoring and verification program necessary.
While very limited leakage might be acceptable, as mentioned in Section 2.5, many small
leaks could compromise the efficacy of GS projects and undermine global carbon
management efforts as well. Catastrophic leaks have the potential to kill humans and
persistent large leaks could damage the environment. Utmost care needs to be taken to
ensure that catastrophic leaks do not occur, especially in highly populated areas.
Within the framework of an acceptable level of risk, measurement, monitoring and
verification regimes should be established to ensure that injected CO2 is properly
managed. Measurement keeps track of how much CO2 is injected and is commonplace on
many injection wells now. Monitoring programs help to mitigate local risk from GS
projects by helping to keep track of injected CO2, while verification fulfills the global
goal of confirming that injected CO2 remains underground and serves to link direct
measurement within a larger record keeping and carbon accounting structure. Different
types of monitoring and verification are appropriate during different phases of the
project. Benson [16] outlines different types of measurements that underpin a monitoring
and verification program for GS:
1. Health and Safety: measurements of ambient concentrations of CO2 in the
workplace.
2. Carbon Accounting: measuring emissions from equipment and facilities to
determine emission rates and calculate reductions.
3. Underground Injection Specific Accounting: measurements of injected CO2 rates
and quantities and any CO2 produced with EOR recovered oil.
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4. Underground Injection Specific Maintenance: measurements of well conditions
and integrity.
5. Underground Injection Site and Surrounding Area: measurements to determine
plume migration in the formation and plume location. Benson notes that this type
of measurement could be used as an early warning system for leakage [16].
6. Surrounding Area: measurements of surface CO2 fluxes could be used to detect
surface leakage.
Most portions of measurements 1, 3 and 4 are well developed and regularly employed in
current industrial operations and underground injection projects. Although the amount of
CO2 currently produced with EOR oil is not well known, most CO2 produced with the oil
is stripped off and re-injected. Technologies and approaches for monitoring equipment
and facility emissions, the second type of measurement cited above are developed and
employed in many industrial settings, and methods for measuring surface CO2 fluxes
have also been developed. Benson highlights the challenges inherent in developing
affordable measurement techniques for locating and modeling plumes underground,
especially in the case of narrow, vertical plumes [16].
Monitoring migration of injected CO2 is a critical component for managing risks from
GS. Because of the buoyancy associated with GS, the current regulatory approach with
no requirements for post-injection monitoring is not appropriate. Such monitoring efforts
should combine geophysical monitoring along with modeling simulations to better
understand subsurface CO2 behavior.

5.2 Evaluation of a Sample Geologic Sequestration Project
Large-scale GS projects could cover significant area. As mentioned in Chapter 2,
modeling simulations and approximate order of magnitude calculations have shown that
the areal extent of injected CO2 could be on the order of 100km2, with pressure effects
felt over the scale of 1,000km2. This section provides a detailed summary of
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considerations necessary for regulating a large-scale GS project, seeking to link the
current regulatory structure with an appropriate risk management based approach for
future regulations. A brief overview of existing regulations governing the transport of
CO2 is presented, followed by a detailed analysis of the different well classes in the UIC
program and an evaluation of their appropriateness for large-scale GS. The UIC program
is important because GS projects would currently be permitted under it, indeed, pilot
projects already are. Analysis of federal code, associated UIC guidance documents, and
interviews with regulators underpin this part of the required assessment.

5.2.1 Transportation of CO2 in Pipelines
Pipeline transport for GS projects could become important if CO2 sources and sinks could
not be co-located. Sequestering 1gigatonne of CO2 could require transporting 4.8 million
cubic meters of gas each day, about 30% of all global oil shipments [17]. Onshore
pipeline transport standards, which are regulated by the Department of Transportation
and handled by the Research and Special Projects Administration’s Office of Pipeline
Safety (RSPA/OPS) will be briefly highlighted here. Regulatory jurisdiction for pipelines
was granted in the 1979 Hazardous Liquids Pipeline Safety Act, which specially
regulates CO2 in addition to other hazardous liquids.
Pipelines are widespread and transport a wide variety of gases and liquids. In 2003, over
980,000 miles of natural gas distribution pipeline were in operation, along with
approximately 160,000 miles of liquid pipeline [18, 19]. Carbon dioxide was transported
for EOR in an estimated 2,200 miles of pipeline with half of the pipeline miles operated
by Kinder Morgan in and around the Permian Basin [20]. While specific data were not
available for CO2 pipelines, most of the damage to natural gas distribution pipelines is
caused by forces unrelated to pipeline operation, with very little caused by internal or
external corrosion or operator errors [21].
Federal regulations for pipelines are detailed in 49 CFR 190-199. For CO2, the section of
the code of particular interest is 49 CFR 195 which sets out the minimum safety,
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construction, testing, monitoring, and inspection requirements for pipelines of hazardous
liquids, including CO2.
The RSPA/OPS works in conjunction with the states, certifying them to carry out
intrastate pipeline regulation, inspection, and enforcement activities [22]. State public
service commissions or utilities boards usually govern intrastate pipelines, with the
authority for enforcement of regulations for interstate pipelines resting solely with
RSPA/OPS (though a few states may have inspection certification). State statues and
rules must meet minimum federal regulations for certification. If a state does not meet the
requirements for certification, it can enter into an agreement with the RSPA/OPS
whereby the state performs pipeline inspections, but RSPA/OPS manages any reported
safety violations and enforcement [22]. Currently, 47 states are certified for natural gas
pipeline safety and 15 are certified for the hazardous liquid pipeline safety program [22].
Large volumes of CO2 are already safely transported in pipelines and successfully
regulated. Over 25 Mt of CO2 is transported by pipeline and injected into the Permian
Basin alone each year [23]. If pipeline transport of CO2 for GS were to become
widespread, additional states would probably need to be certified under the hazardous
liquid pipeline safety program and additional inspectors would be needed, but no
significant program modifications would be necessary.

5.2.2 Underground Injection Control Specific Considerations for
Permitting
Unlike the regulations for pipeline safety mentioned above, as they stand, the UIC
regulations are not adequate for CO2 sequestration. As mentioned in Chapter 3, the
Underground Injection Control program is based upon the core premise of protecting
underground sources of drinking water (USDW)3 from contamination by injectate.
3

Some aquifers that would otherwise be classified as USDW, but have no potential use as public drinking
water sources are specifically ‘exempted’ by the Director of the program, using the criteria laid out in Sec.
146.04. Aquifers that are not USDW are not ‘exempted,’ but “simply not subject to the special protection
afforded USDWs.” (40 CFR 144 .1 p. 617).
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Because of this, for Class I, II or III wells4, injected fluids are required to stay in the zone
into which they were injected5, and any upward migration into a USDW or between
USDWs is explicitly forbidden (“Integrity of [the] UIC system is dependent on proper
containment” [24] p. 2-43). This one provision may represent the largest hurdle for
permitting potential GS projects as a Class I or II well. The following analysis of the UIC
program draws upon the minimum federal requirements for injection as laid out in 40
CFR 144 –146 and is supplemented by guidance documents developed by the UIC
program. Definitions of specific UIC terminology are given in 40 CFR 146.3.
The permitting process requires information on injection well siting and construction,
planned operation and monitoring, as well as plugging and abandonment. A detailed
description of this information is provided in Table 5-2. After the operator submits the
permit, it is checked for administrative and technical completeness and the regulator,

4

As a reminder, Class I non-hazardous wells inject industrial waste, Class II wells inject fluids associated
with hydrocarbon production and Class III wells are associated with in situ mining operations.
5
144.12 Prohibition of movement of fluid into underground sources of drinking water. (a) No owner
or operator shall construct, operate, maintain, convert, plug, abandon, or conduct any other injection
activity in a manner that allows the movement of fluid containing any containment into underground
sources of drinking water, if the presence of that contaminant may cause a violation of any primary
drinking water regulation under 40 CFR part 142 or may otherwise adversely affect the health of persons.
The applicant for a permit shall have the burden of showing that the requirements of this paragraph are met.
(b) For Class I, II and III wells, if any water quality monitoring of an underground source of drinking water
indicates the movement of any contaminant into the underground source of drinking water, except as
authorized under part 146, the Director shall prescribe such additional requirements for construction,
corrective action, operation, monitoring, or reporting (including closure of the injection well) as are
necessary to prevent such movement. In the case the well was authorized by permit, these additional
requirements shall be imposed by modifying the permit in accordance with 144.39, or the permit may be
terminated under 144.40 if cause exists, or appropriate enforcement action may be taken if the permit has

been violated. In the case of wells authorized by rule see 144.21 through 144.24. (….) (c) For Class V
wells, if at any time the Director learns that a Class V well may cause a violation of primary drinking water
regulations under 40 CFR part 142, he or she shall: (1) Require the injector to obtain an individual permit;
(2) Order the injector to take such actions (including, where required, closure of the injection well) as may
be necessary to prevent the violation. (…) (3) Take enforcement action. (d) Whenever the Director learns
that a Class V well may be otherwise adversely affecting the health of persons, he or she may prescribe
such actions as may be necessary to prevent the adverse effect, including any action authorized under
paragraph (c) of this section. (e) Notwithstanding any other provision of this section, the Director may take
emergency action upon receipt of information that a contaminant which is present in or likely to enter a
public water system or underground source of drinking water may present an imminent and substantial
endangerment to the health of persons. If the Director is an EPA official, he must first determine that the
appropriate State and local authorities have not taken appropriate action to protect the health of such
persons, before taking emergency action. [48 FR 14189, Apr. 1, 1983, as amended at 52 FR 20676, June 2,
1978]
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either in the state department of EPA regional office, issues a draft permit. Reporting and
testing requirements are laid out in detail and must be followed for the lifetime of the
injection operation. Once the final permit is issued, the injection well can begin
operation.
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Table 5-2: Summary of requirements for Class I or II injection well permits. Differences between Class I and II regimes are shown in italics
[24, 25]
Information Required for
Injection Permit
MAPS with information on
public record
(cross-sections as well for Class
I)
40 CFR 144.31

Specific Information

Examples

Well location
Area of review determined by fixed
radius or calculation (more discussion
follows), topographic maps

Specific location of well latitude and longitude provided
All available information on number (names and ID#’s) and location of
producing wells, dry holes, surface water bodies, springs, surface and
subsurface mines and quarries, water wells, residences (identification
of surface and mineral owners) and roads. Available information on
known or suspected faults is also required. Class I: Topographic maps
must extend 1mi.beyond injection facility boundary, with all
information above shown ¼ mile from facility property boundary. New
Class II, must also include information on public water systems.
Relative position of USDWs to injection formation and
hydrogeological movement of subsurface flows
Regional and local maps and cross sections of local geologic structure
and regional geologic setting, including faults.
Review of regional geology and specific formations, examination of
well logs and field surveys (i.e. 3-D seismic), local stratigraphy
Identification of freshwater aquifers, water level, domestic water
supply wells, distribution of salinity (from logs)
Data including description of well type, construction specifics, date
drilled, specific location, depth, plugging and/or completion record.
Searches of state and commercial base maps, records and data
necessary. Problem wells should be identified and calculations made to
see what, if any remediation is necessary.
Proposed plan for identifying and repairing wells that penetrate
injection zone and would potentially allow migration of fluids but are
improperly completed or plugged. Calculate expected pressure
increase caused by injection and examine records of closure to
determine if remediation is needed.
Injected CO2 could mobilize mineral resources and could potentially
affect well casings and cements over long-term exposure. [25]

USDW location maps and cross sections

Report describing Area of
Review in detail (significantly
more detail is required for Class
I wells)

Geologic structure maps and cross
sections
Description of regional and local geology
Description of regional and local
hydrology
Specific tabulations of data within AOR
wells which penetrate into the proposed
injection zone
Corrective action plan, 40 CFR 144.55,
adequacy determined 40 CFR 146.7

Impact on oil and gas production
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Proposed Operating Data

Average and maximum daily rate of fluid
injection
Average and maximum surface injection
pressure, injection rate
Source analysis of injection fluids

Proposed Maintenance
Proposed downhole
compatibility testing

Plan for monitoring pressure, checking
for leaks
Analysis of receiving formation and
native fluid

Proposed stimulation program
Schematics of surface and
subsurface construction of well

Plan for stimulating injection interval
Well design characteristics, wellhead
information, and monitoring scheme

Contingency plans

General plans for specific problems

Plans for meeting monitoring
requirements

Maps and written plans

Well Construction

Proposed injection procedure
Description of well
Cementing and casing program
description

Calculated with specific reservoir parameters, instantaneous, average
and cumulative volumes
Calculated to avoid fracturing of (Class I injection zone/Class II
confining layer) and potential induced seismicity, continuous
monitoring required for Class I, periodic for Class II.
Class I source of injectate, chemical, physical, radiological and
biological characteristics of injection fluid, waste compatibility and
corrosion monitoring sampling plan, Class II source and analysis of
physical and chemical characteristics only.
Specific information on calibration, institutional reporting, personnel
duties
Sampling of formation matrix and native fluid at injection interval.
Must determine or calculate fluid pressure, temperature, fracture
pressure and other physical and chemical characteristics of injection
zone and fluids. Class I proposed ongoing program to analyze
injectate, and characteristics of injection formation and confining
zone. Analysis of compatibility with injectate, chemical, physical,
radiological and biological characteristics, checking for ‘downhole
compatibility.’ Changes in injected fluids must be reported.
Back flowing wells, acid fluid injection, backwashing
Well specific information on casing setting depths, cement and other
completion details (materials used, annulus, etc…); wellhead assembly
information (valves, gauge, casings, tubing, etc…); pressure
monitoring and release valve system; completion schematic
Potential procedures laid out for lost circulation, overpressured zones,
stuck pipe, etc…
Any detail of monitoring well, schematics and descriptions of
monitoring system In general, more detail is required for Class I
equipment, procedures, etc…
Injectivity/falloff testing
Total well depth below ground, receiving formation specifics, tubing,
packer, etc…
Specific information on surface and protection casings (size of tubing,
grade, etc…), cement information, specific characteristics, amount
used, plan testing cement and well completion
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Logging procedures
Deviation checks
Completion procedure
Drilling testing and coring program
Well testing – Mechanical Integrity test
Waste management
Financial Assurances

Closure

Ensuring sufficient funds exist for
plugging and abandonment
Well closure and abandonment plan
Certificate assuring available resources
for plugging and abandoning well

Types of diagnostic tools and geophysical logs used, in open hole
section and after cementing
Number of centralizers used and where placed
Cements, fluids, and procedures used
Proposed well drilling program, size of drill, mud, casings run,
pressure tests, surveys, drilling fluids specifics; size and lithology
sampled from coring program
Casing and annular pressure testing, radioactive tracer survey testing,
Acceptable to use existing cement records for Class II well, Class I
well must be logged.
Letters of credit, financial statements, surety bonds, trust funds, etc…
are accepted as proof for sufficient funds. No specified list for Class I
non-hazardous wells. Requirements for Class II Direct EPA
Implementation states are laid out in [26]
Details for closing the well and monitoring wells, plugs, packers,
cement, cost, post-closure plan
No long-term monitoring program is usually specified
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Area of Review
Because of the large volumes of CO2 to be injected, the Area of Review (AOR)
requirement could be particularly difficult for large-scale GS projects. The AOR
requirement was put in place to protect USDWs from effects of pressure buildup caused
by underground injection. The area of review is either calculated from the “zone of
endangering influence”6 (ZEI), or ZEI plus a buffer zone7 or using an arbitrary minimum
of ¼ mile radius around the well. With GS injection being driven by buoyancy flows,
even in the absence of large-scale pressure from injection, buoyancy will still cause
upward migration of CO2 in the absence of a confining layer.

6

The ZEI calculates the “cone of influence” of the injection well, computing the “potentiometric surface
area” surrounding the injection well where increased pressures due to injection would be sufficient to cause
fluid movement into a USDW. Writes Hovorka [19], “the cone of influence is the area within which
injection interval pressures are greater than the pressure necessary to displace the material residing within
the borehole”, (p.121). The calculation to compute the ZEI is outlined in 40 CFR 146.6 The ZEI is
normally calculated for the expected life of the injection well/field. It employs a modified Theis equation
that assumes the injection zone is homogenous, isotropic, and infinite; the injection well penetrates the
entire thickness of the injection zone and fluid placement creates an instantaneous pressure increase [21].

2.25 KHt
r=
S10 x

1
2

where

x=

4πKH (hw − hbo S p Gb )
2.3Q

r = Radius of endangering influence from injection well (length)
K = Hydraulic conductivity of the injection zone (length/time)
H = Thickness of the injection zone (length)
t = Time of injection (time)
S = Storage coefficient (dimensionless)
Q = Injection rate (volume/time)
hbo = Observed original hydrostaic head of injection zone (length) measured from the base of the lowest
USDW
hw = Hydrostatic head of the USDW measured from the base of the lowest USDW (length)
SpGb = Specific gravity of fluid in injection zone (dimensionless)
π= 3.142 (dimensionless)
7

For a single well: the area of the lateral distance in which injection zone pressures may cause migration of
injection and/or formation fluid; and for an area permit: “the project area plus a circumscribing area, the
width of which is the lateral distance from the perimeter of the project area, in which the pressures in the
injection zone may cause the migration of the injection and/or formation fluid into an underground source
of drinking water,” (40 CFR 146.6).
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In states directly implementing their UIC program the AOR ranges from ¼ mile to 2½
miles for some Class I programs and ¼ mile for Class II programs [27]. Chemistry of
injectate and formation fluids, hydrogeology, population and groundwater use and
dependence are all taken into account when deciding on the fixed radius. Historical use
and practice also play a role in areas with long-standing production (40 CFR 144.6).
Once the AOR is determined, the contamination potential within the area is determined
and then corrective action is taken if necessary. All plugging and completion records
within the AOR are reviewed to determine if conditions or pathways for potential
migration into USDWs exist and then these pathways are eliminated. If the AOR is
calculated for large-scale GS, fulfilling this requirement could be challenging. The AOR
Guidance document states, “[I]n some instances as many as several hundred wells have
been identified within an AOR making a review of potential pathways burdensome if not
impossible,” [28] (p. I-2). No geophysical mapping is required to fulfill the AOR
requirement.
Two specific problems make the review of the AOR difficult for GS: first complex or
unknown hydrogeology makes it difficult to determine the correct AOR and identify
potential leakage pathways in some regions, and second in areas of historic oil and gas
production hundreds of known wells may exist within an AOR [28]. The two methods for
calculating the AOR in the regulations are easy yet simplistic, leading to potentially
inaccurate solutions, especially in complex situations [28]. Because of the difficulty and
professional judgment necessary to calculate the AOR accurately, many programs use the
arbitrary fixed radius approach. The EPA Guidance document on the Area of Review
states, “The actual zone of endangering influence for a proposed injection well can vary
significantly from that of other injection wells even if the wells are located within the
same reservoir or well field,” [28] p. II-4.
The guidance further states that as programs gain experience with the AOR process, the
fixed-radius approach can be adapted to include additional technical information from
specific field data and incorporate operational experience. Additionally, the guidance
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document outlines a flexible interpretation of the AOR requirement; “Considering the
complexities involved in applying the requirement, the process should be limited to an
effort commensurate with the contamination potential of a proposed injection operation,”
[28] p. II-4. This type of flexibility will be very important for large-scale GS projects due
to the large volumes that will be injected and the reduced potential for contamination of
USDWs from CO2 injection.
The rationale underlying the analysis of a zone of endangerment is simplistic and a very
precautionary rule-of-thumb assumption. It assumes that waste escaping from the
injection zone will instantaneously contaminate the USDW, essentially assuming no
barrier between the injection interval to a USDW [24]. This assumption is not very
realistic as contamination will be delayed by fluid or mud in the well-bore or pressure
decreases as the fluid migrates through intervening layers. Under the current rationale,
any CO2 migrating from the injection zone would be unrealistically assumed to harm the
USDW.
Due to the scale of some potential GS projects the fixed radius AOR is probably
insufficient without a calculation to back it up. The order of magnitude calculations
presented in Section 2.2.4 calculate the radius from injection of a 5-10 Mt CO2/year at 511km (3-7 miles), depending on the amount of CO2 and the thickness of the reservoir
(100 or 50m). The AOR could then be extended to adequately encompass the zone of
endangerment from the GS project, ensuring that boreholes or transmissive faults within
the ‘cone of influence’ do not serve as inadvertent conduits to the surface. This is
especially important given CO2’s buoyancy. However, identification and remediation of
wells within a large AOR could become a costly and difficult enterprise.
Identifying Existing Wells within the Area of Review
The search for well records is often a daunting task and records research firms exist to
help operators fulfill this requirement [25]. In areas of historic oil and gas production
there is often difficulty in identifying all wells within the Area of Review. As mentioned
103

previously, several hundred wells have been identified in some AORs [28]. Records are
held by different institutions and spread across different data sources and maps. In an oil
or gas field, information is organized by district, operator, API8 number, lease name, etc.
For Hovorka’s permit to inject 3,000 tons of CO2, they engaged a records research firm to
search through Railroad Commission of Texas county maps, field maps, and even
microfilm records for identifying pre-1973 records [25]. The microfilm is organized
under several different and seemingly arcane systems: unit cards for pre-1962 records
that include mirofiche and old ledger books; folder-rolls of well records that may have
been excluded from the unit cards; well records for major operators, from 1945-1960, old
warehouse film (for records from 1919-1939), and specific films covering portions of
records from 1963-1964, 1964-1964, and 1965-1966 respectively. Using the standard
0.25-mile radius Area of Review, they found a total of 19 penetrations into their target
injection zone that needed further evaluation. Regulatory guidelines for plugging and
abandonment are presented in 40 CFR 146.10.
Permit Writing
Within the regulatory mandates, the permit writer, located in the state UIC program or
regional EPA office, has a considerable amount of discretion and is able to weigh the
available data, and to assess the necessity of protecting USDWs. In the Drinking Water
Academy’s training manual for UIC permit writers, the permit writer is continually asked
to decide what makes sense in an individual situation and to consider the benefit as well
as history of the field, any drawbacks, and the cost of specific measures [24]. The permit
writers can insist on verification of logs and tests performed for a specific project [24].

8

American Petroleum Institute began collecting data on drilled wells in the 1960’s. Each well was given a
unique 10-digit number made up of a 2-digit state code, 3-digit county code based on the Federal
Information Processing System (FIPS), and 5-digit well serial number. However, all wells do not have API
numbers. While no data for Texas was available, in Kentucky, permits that were issued before 1960 do not
have an API number and no permit was ever issued for most wells drilled before 1955. It is estimated that
up to 80,000 wells in Kentucky do not have an API number [29].
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Well Construction
Modern injection wells are highly engineered and sophisticated constructions, best
described as “a pipe-within-a-pipe-within-a-pipe” [24] (2-54). Major components, shown
in Figure 5-1 include [24]:
•

Surface casing, extending from the surface to the base of the lowest USDW
o These vary in size from 6.5-15 inches in regular wells, up to 60 inches in
municipal wells

•

Long-string casing, extending from the surface to the injection zone
o 4.5-10 inches in diameter, considered the primary layer of protection for
the well

•

Tubing, carrying waste from the surface to the injection well
o 2.5-7 inches in diameter

•

Packer, sealing the tubing to the long-string casing and preventing upward fluid
migration

•

Annulus, fluid filled space between the tubing and the long-string casing
o Kept pressurized, forming a “self-monitoring” well
o Constantly monitored in Class 1 wells

Well construction costs are a function of depth. Typical costs for injection wells vary,
from $1-2.5 million for a Class I well [30] to $250-300,000 for an average (4,500-5,000
ft) U.S. Class II well, deeper 8-9,000 foot Class II wells can cost up to $1 million [31].
Retrofitting an old production well into a disposal well is usually considered to be
roughly half the cost of constructing a new well [31]. In comparison with the hundreds of
billions of dollars needed for retrofitting or constructing power plants for CO2 capture,
well construction costs are relatively small.
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For GS projects, some well construction issues could be important. Long-term effects of
CO2 on injection well cementing and tubing, as well as on cementing and plugging of
nearby wells will need to be addressed for GS projects. Precautions also must be taken to
avoid well blow-outs and potential catastrophic releases of CO2 by ensuring thorough
characterizations of the chemistry of the injectate, the stratigraphy and in situ fluids.
Injected CO2 will be tested for interactions with the receiving formation fluids. If CO2
were injected with other waste-stream constituents (H2S, NOx, SOx, etc…) these would
also be tested for interactions with the receiving formation and fluids.
Pathways for leakage could also exist due to poor construction. Incomplete cementing
outside the long string casing, a significant risk in oil and gas production areas, especially
as most production wells and Class II wells are not fully cemented [24].
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Figure 5-1: Schematic of injection well, from [32]. Basic components of Class II wells vary from Class
I wells very little; some exceptions include extent of the long-string casing which is fully cemented in
Class I wells, and in some cases, the amount of the surface casing.
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5.2.3 Permitting Under a Class I Regime
Class I wells inject hazardous and industrial waste, and municipal wastewater. These
wells “inject fluids beneath the lowermost formation containing, within one quarter mile
of the well bore, an underground source of drinking water” (40 CFR 144.6 (a)(2)). The
basic standard of protection forbids movement into or between USDWs. The regulatory
program focuses on stringent permitting requirements, covering well siting, construction,
operation and maintenance and stresses the need for an adequate confining layer to be
present between the injection zone and USDWs [33]. Programs are either implemented
directly by the U.S. EPA or by states if they have been granted primacy.9
CO2 from power plants or any industrial facility, such as a refinery or cement factory,
injected into a saline aquifer and not associated with hydrocarbon production would
currently be regulated as a Class I well. If, however, the same CO2 were injected into an
oil or gas field for EOR, it would be regulated as a Class II well.
For non-hazardous wells, the permits take approximately a year to obtain due primarily to
the extensive public comment/response period. In states with primacy, the state
department of the environment generally permits these wells. The regulations are laid out
in detail in 40 CFR 144 and the specific requirements for Class I non-hazardous wells are
presented in 40 CFR 146.
Depending on the state, the AOR for Class I wells varies from a fixed radius of ¼ mile to
2.5 miles. Some states verify the fixed radius with a ‘zone of endangerment’ calculation
while others do not [27]. As mentioned in Sections 2.4.2 and 5.2.2, the radius of large
GS projects would surpass the fixed radius for Class I wells.

9

Currently 34 states have primacy and EPA jointly implements the UIC program in 6 states, and directly
implements the program in 10 states [34].
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Class I wells are considered the “Cadillac” of injection wells. Siting, construction and
operational standards are the most stringent of any injection well. Substantial effort goes
into engineering Class I well equipment against failure. Permitting a Class I well is more
time consuming than the other well classes and each well must be permitted individually.
Engineering, maintenance and testing requirements are all specified in the regulations and
associated UIC guidance documents. Guidance document #46 (UICPG #46) sets forth the
specific considerations necessary for permitting a Class I well [35].10
The interpretation of regulations has shown itself to be adaptable to different situations
and practices. Cement of Class I wells usually extends from the injection zone to the
surface and is considered one of the most important components in protecting against
borehole fluid migration and USDW contamination. Cementing requirements have been
adapted to a variety of specific operating conditions, proving more flexible than a literal
interpretation of the regulations would suggest. For example, the term “continuous
cement” is taken to “provide a sufficiently stable base upon which to do additional
staging and to prevent the movement of fluids into or between [USDWs] …” [36].
Alternative appropriate methods, as long as they can be shown to meet the minimum
federal requirements, are allowed, setting up performance-based measures within the
specific requirements. A good cement job ensures that the borehole would not be a
convenient pathway for upward CO2 migration.
Class I operators must report significant non-compliance within 90 days after the
occurrence ensuring that any problems with a GS well would receive the documentation
10

Installation of an automatic warning and shut-off system is required to alert the operator that something
is going wrong. High or low injection pressure or rate or a significant pressure change in the annulus or
tubing could trigger the shut-off mechanism. However, the costliness and problems with automatic shutdown systems needs to be weighed against the advantages [10]. Written procedures are required for
handling well shut-ins and in general Class I wells require more specifics on all contingency plans and
equipment [10]. Continuous annular monitoring and monitoring of injection parameters is required for all
Class I wells and mechanical integrity tests (MIT) must be run every 5 years. The pressures in the annulus
must be greater than the injection pressure, as this helps to eliminate any leakage. The MIT guidelines
recommend that the operator run pressure tests and radioactive tracer surveys for the cement annually. Care
must be taken to protect the bottom of the casing and the packer in wells injecting a corrosive fluid. The ongoing characterization of injected waste is also a requirement of Class I wells.
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essential for a verification scheme.11 Existing monthly reporting and testing requirements
will provide accurate measurements for necessary well-specific monitoring activities,
such as measuring injection pressure build-up and providing data for modeling CO2
movement through the formation. These records track the amount of CO2 injected and
would be valuable for any verification scheme for GS projects.
If a Class I regime were adopted for GS, given CO2’s buoyancy, monitoring wells could
be an important component of assuring no migration or harmful interaction with the
USDW. The prevision for monitoring wells exists in the regulations, but is rarely (with
few exceptions) implemented in practice. Monitoring wells would be one way to verify
the location of the injected CO2 and demonstrate it was not migrating toward the surface
or having any adverse effects on groundwater. As so few states actually monitor the
USDWs once the waste has been injected, it seems difficult to believe that reporting
contamination of USDWs farther away from the well bore is frequent. Additionally,
monitoring wells are costly, do not always provide the information sought,12 and can
provide pathways for leakage [24]. Other methods of monitoring subsurface fluid
movement (seismic imaging, electromagmentic and gravitational measurements) are
currently not employed for well monitoring under the UIC framework as they are not
required by the federal regulations. Some of these methods may be advantageous for GS,
and needed to demonstrate that projects are performing as expected.
The financial assurances required for Class I wells cover plugging and abandonment. The
operator is currently required to keep records on hand for 5 years and to report the closure
procedure followed to the regulator. This is similar in some respects to the first phase of
the post-injection program proposed by Keith and M. Wilson, mentioned in section 5.1.2
[15]. No second phase post-abandonment monitoring is covered under the current

11

Examples of significant non-compliance are contamination of the USDW, shut-in of the well, etc…
Because sub-surface flow can be difficult to predict, monitoring wells may not capture subsurface fluid
movement.
12
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regulatory structure. Long-term liability is not explicitly considered in Class I regulatory
provisions either.

5.2.4 Permitting Under a Class II Regime
Class II wells are associated with hydrocarbon production. Produced waters, upstream
natural gas wastes, and enhanced oil recovery projects all use Class II wells. CO2 from
industrial sources used for EOR and CO2 produced in upstream natural gas operations
would all currently be regulated as Class II wells. The state oil and gas divisions
generally permit Class II wells, with EPA directly implementing some of the smaller
Class II and Tribal programs. Permits can take as little as 6 weeks to issue and there is no
public comment period required. While some wells are permitted individually, area
permits, covering multiple wells at one site are also issued. Within Class II programs,
there is significant variation between the programs authorized by the SDWA’s Section
1425 and those authorized by Section 1422, which requires wells to obtain an injection
permit. Section 1425, added to the Safe Drinking Water Act by Congress in 1980, covers
states that had programs in place before they applied for primacy in running the UIC
program. These states were not required to adopt the minimum federal requirements and
are able to rely on their historical practices, if the states can show that they have an “...
effective program (including adequate record-keeping and reporting) to prevent
underground injection which endangers drinking water sources,” [37]. All other Class II
wells are regulated under Section 1422 and must apply for injection permits.
Construction standards for Class II wells that follow the federal guidelines are very
similar to those of a Class I well. However, most Class II wells are not fully cemented
and some states allow for well construction without tubing, packer, or surface casing
[24]. There are also specific ‘field rules’ in operation that rely primarily on historic
practices.
Most Class II injection wells are located in the West. Texas has 53,000 and California,
Oklahoma and Kansas have 25,000, 22,000 and 15,000 wells each [37]. The majority of
geologic data was collected when the fields were first drilled [24]. Class II does not
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regulate production wells. It should be noted that natural gas storage is not included
under the UIC program, which regulates only “storage of hydrocarbons which are liquid
at standard temperature and pressure,” (40 CFR 146.5).
While injectate or formation fluids from Class II wells are not allowed to migrate into
USDWs, many of the areas where oil and gas production take place are covered by
“exempted aquifers,” effectively eliminating the “no migration” constraint.13
The AOR requirements used for Class II wells would not cover the areal extent of largescale GS projects. Most states use ¼ mile and a few use ½ mile fixed radius for the AOR
of Class II wells [27]. Because of the large numbers of penetrations, calculation of the
AOR requirement in traditional oil fields can be complicated as well. Over 2.5 million oil
and gas wells have been drilled in the U.S [28]. Oil and gas wells existing at the time of
the federal regulations were exempted from AOR requirements, but producing and
abandoned wells located in the area of a GS project would not necessarily be exempted
[28].
The high concentration of penetrations in potential injection reservoirs and historical
fracturing practices could make remediation of the AOR especially challenging in a
developed oil filed within a Class II setting. Difficulty identifying abandoned wells,
coupled with incomplete plugging and completion records of abandoned wells could
make corrective action in areas of historical oil and gas production challenging. As stated

13

Exempted aquifers meet the definition of a USDW, but have been exempted under procedures outlined in
40 CFR 144.7(b) and defined in 40 CFR 146.4 which require that it does not currently serve as a source of
drinking water and will or cannot serve as a source in the future because it (a) contains commercially
producible minerals or hydrocarbons (b) it’s location is too deep or remote to make drinking water recovery
practical (economically or commercially) (c) it is so contaminated that it is impractical to make water fit for
human consumption (d) is located over a Class III well mining subject to subsidence or collapse (e) the
total dissolved solids content is >3000 but less than 10,000 mg/l and it is not “reasonably expected to
supply a public water system.” The program director identifies the aquifers for exemption, providing maps,
boundaries, etc… The state program director holds a public hearing and comment period for exempted
aquifers. For the exemption to be final, it must be approved by the U.S.EPA Administrator or an authorized
representative. 40 CFR 147 details specific state programs and lists information on aquifer exemptions for
specific programs.
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previously, certain AOR were found to contain hundreds of existing wells [28]. Each
field would require a case-by-case evaluation to determine the cost and feasibility of
remediation. Plugging, abandonment and remediation of the site to prepare it for a GS
project could be technically challenging if a large AOR is required.
Injection pressures for Class II wells are calculated so as to assure “pressure during
injection does not initiate new fractures or propagate existing fractures in the confining
zone adjacent to the USDWs” (40 CFR 146.23 (a)(1)). Injection is not allowed to cause
migration of injecate or formation fluids into a USDW.
The reporting requirements for Class II wells are less demanding than for Class I wells,
but may be sufficient for providing data on injected CO2 to a national or international
verification and carbon accounting scheme for GS projects, at least for what was injected
downhole.14 Reporting for injectate into EOR wells is required once within the first year
and again when changes are made to the injectate, so Class II reporting could manage a
changing injectate stream of CO2 plus other waste stream constituents. This is an
important component necessary for the implementation of an accurate carbon accounting
system.
No monitoring wells or other surface or subsurface monitoring technologies are required,
though operators must identify local water wells in their permit application. For the
Mechanical Integrity Test, no direct testing is required and cement records are acceptable
for Class II reporting. This may not be appropriate for GS projects, especially if there is
concern over prolonged CO2 contact degrading cement integrity.

14

The injection pressure, flow rate and cumulative volume must be recorded monthly and a mechanical
integrity test pursuant to 40 CFR 146.8 must be preformed at least once every 5 years during injection well
life. Annual reports must be submitted to the Director of the UIC program. These reports must include
results of monitoring, monthly records and any major operational changes. Reporting is acceptable on a
field or project basis (not necessarily on individual wells).
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Certain sections of Class II well requirements could be tailored for GS injection to
provide adequate protection against fugitive CO2 release. The federal construction
requirements supplemented by UIC guidance documents and enhanced by field specific
and materials knowledge of the CO2 injection operators and permit writers would provide
a strong base for well construction in future GS projects. It is less clear if the confining
ability of the geology would be adequately characterized. Historical field practice,
traditional AOR requirements and testing for cement mechanical integrity techniques
would need to be altered to provide sufficient data necessary to safely manage large
quantities of buoyant fluid in GS projects.
While Class II well operators have significant experience with injecting CO2 for EOR,
much information on the long-term degradation of materials exposed to CO2 is held by
private companies and is not yet publicly available. While ongoing research efforts are
providing more data, collaboration between private industry and public regulators is
crucial [38]. Long-term exposure to low pH groundwater could cause cement degradation
and compromise storage integrity.
The underlying programmatic focus on protecting USDWs governs both Class II and
Class I regulatory regimes, so the basic difficulties of containing injected CO2 remain the
same. However, historical construction practices, coupled with the greater number of
penetrations in a small area, could make many historical oil and gas production fields
more technically difficult and costly to remediate for large-scale GS projects. However,
injection into areas with designated exempted aquifers might be attractive for GS, as
contamination of USDWs would not be a constraint blocking upward fluid migration.

5.2.5 Comparison of Class I and Class II Regimes
The implications of using a Class I or a Class II regime should be understood for GS
projects. The overarching goal of both permitting classes, protecting USDWs from
contamination, may not be the major safety concern for CO2 injection for GS. However,
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GS injection could compromise USDWs by generating pressure increases that cause
migration of formation fluids into USDWs, also forbidden under Class I and II regimes.
Additional studies will be needed to examine the in situ effects of CO2 on groundwater
and the effect of large scale pressure build-up on hydrogeologic flows. Because migration
into USDWs is strictly forbidden, neither regulation addresses leakage to the surface or
shallow subsurface.
Institutional differences are important. If a state has UIC program primacy, state
environmental departments regulate Class I wells, and state oil and gas divisions manage
Class II wells. In general, the state oil and gas divisions have larger and more
experienced programs, issue more permits and do so much more quickly (6 weeks – a
few months), as no public comment period is required. The estimated time to fill out an
application for a Class I well is 255 hours and for a Class II well only 17 hours [24].
While a few states with Class I wells have large programs, most states have just a few
wells and, due in part to the mandatory public comment period, permitting can take about
a year.
The construction requirements laid out in 40 CFR 146 for Class I and II wells are quite
similar, and in practice, these standards have been adapted to reflect local conditions.
Because of the sheer number of Class II wells and the historical practice, construction
techniques of Class II wells are more varied and their overall suitability for preventing
CO2 migration is unknown. Complete cementing of Class II wells or nearby production
wells is rare. However, all of the current CO2 for EOR injection has taken place within a
Class II setting, albeit in just a few states and not for long-term storage.
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Parameter
Area of Review

GS Specific Need
Large enough to ensure
adequate coverage for GS
injection ‘cone of influence’
and adequate to contain
buoyant fluid
Groundwater contamination
not main risk, analysis of
surface leakage potential
necessary
Confinement layers
important for inhibiting CO2
migration

Class I Non-Hazardous
¼ mile to 2 ½ miles

Class II
¼ mile

Full analysis required,
each well must be
permitted individually

Short method
acceptable, area permit
available

< Fracture pressure of
injection zone

Well Monitoring

Need to know how much
CO2 is being injected and
how much is leaking out
and if well is serving as a
conduit for upward
migration

Continuous monitoring of
injection rate, flow rate
and volume and annular
pressure, injectate
parameters, alarm, MIT
test every 5 years

Construction

Must be constructed in such
a way that materials
withstand prolonged contact
with CO2 and well bore does
not serve as a conduit for
upward migration

More standardized and
stricter, continuous
cementing common

< Fracture pressure of
confining layer
adjacent to the
USDWs
Monthly, field
monitoring acceptable,
MIT test every 5 years,
Measurements: weekly
for disposal wells,
monthly for EOR
wells, daily for cyclic
steam operations
Federal minimum
requirements similar to
Class I, but field
practice varies in
historical settings

Endangerment
analysis
Injection pressure

Table 5-3: Class I and Class II UIC program differences contrasted with geologic sequestration
programmatic considerations

The siting requirements for Class I wells are generally stricter. Class I wells are normally
not sited in areas with extensive faulting, fracturing or historical seismic activity, whereas
Class II wells are sited wherever hydrocarbons are found. For large-scale GS projects,
both Class I and II would need to calculate the zone of endangerment instead of relying
solely on a fixed AOR to ensure that the confinement mechanisms covering the ‘cone of
influence’ were adequate. This is not always done in current practice. Neither Class I or
Class II wells allow for migration of fluids into or between USDWs, including the
migration of formation fluids into USDWs [24].
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Well construction requirements and well testing have been interpreted flexibly in
adapting to management of a wide variety of injectates as well. With the existing UIC
Class II experience injecting CO2 plus the proven flexibility of the permit writers to adapt
requirements to local conditions, injecting CO2 within a Class I well structure should
provide adequate measures to ensure safe injection practices, appropriate well
construction and testing for integrity. It remains to be seen if the characterization of the
surrounding geology and subsequent monitoring schemes needed for GS could be
sufficiently developed to appropriately manage the risks from GS.
Because of the importance of physical traps, a more thorough set of siting requirements is
warranted for GS projects. While monitoring wells can be required for Class I wells, they
rarely are. Even fewer Class II wells employ monitoring wells. No other techniques for
monitoring subsurface fluid movement in the formation are required by either class of
regulation. Class I wells are required to continuously monitor the well injection rate and
pressure, as compared to monthly checks for Class II wells, where data may be collected
on a field level for EOR projects. As CO2 is considered non-toxic, continuous injectate
monitoring might not be necessary for human health and safety considerations; it might
be required, however, for verification of injection and proof of sequestration. Ambient
monitoring in the workplace would be required by environmental health and safety
considerations. Additionally, it is unlikely current field-reporting requirements could
adequately measure potential leakage far away from the well bore.
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Parameter
Large quantities of
injectate

GS Specific Need
Adequate review of surrounding geology,
historic activity to assure sufficient
confinement of injected CO2

Containing buoyant
fluid

Sufficient trapping mechanisms need to
be present to insure that injected CO2 will
remain underground

Time

Injected CO2 must remain underground
for hundreds to thousands of years

Surface Leakage

Few small leaks OK, but need to be
monitored to ensure environment and
human health (operator and exposed
population) not overly harmed

Site Monitoring:
Injection well

Measurements to ensure that well is
sound and not providing inadvertent
leakage pathway

Site Monitoring:
Subsurface

Techniques to show how CO2 is flowing
through formation and not leaking to
surface

Site Verification:
Accounting,
Reporting

Verification of amount of CO2 injected
important for larger accounting regime

Class I Non-Hazardous
Not Sufficient: Traditional AOR
process and calculation need to be
adapted to CO2. Each well must be
permitted individually
Historical experience is with fluids
denser than the formation water, siting
requirements stricter, no faulting,
complex geology, earthquakes etc. FL
not successful containing buoyant fluid
Not sufficient: no storage time
specified for Class I N-H wells, no
post-closure verification of waste
storage
Focused on water contamination: No
leakage allowed, injected fluid must not
migrate into USDWs or cause other
formation fluids to inject into USDWs,
though FL ‘solution’ proposes creating
a special instance of a Class I well.
Current reporting of injection well and
mechanical integrity testing required
every 5 years

Monitoring wells may be required to
check for USDW contamination, rarely
are, no other methods are required,
surface monitoring provided by state
EH&S schemes
Metering of injection and quarterly
reports standard practice

Class II
Not Sufficient: Traditional AOR
small and often not backed by a
calculation. Significant adaptation
needed for GS. Area permit possible.
CO2 EOR experience is extensive,
but no direct experience with
containment of buoyant fluid, sited
where oil and gas reserves are
located
Not sufficient: no storage time
specified, no post-closure verification
of injectate storage
Focused on water contamination: No
leakage allowed, injected fluid must
not migrate into USDWs or cause
other formation fluids to inject into
USDWs. Many exempted aquifers,
migration would be OK
Current reporting of injection well
and mechanical integrity testing
required every 5 years, cement test is
only a review of past records, no
physical testing required, if cement
degradation within the operational
period is a concern, need to revisit
requirements
Monitoring wells may be required to
check for USDW contamination,
very rarely are, no other methods are
required, surface monitoring
provided by state EH&S schemes
Metering of injection and annual
reports standard practice
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Post-injection
operation

Well abandonment and long-term
monitoring, long-records archiving

Well plugging and abandonment
procedure, records kept for 5 years by
operator, regulatory agency records
well location and plugging records.

Programmatic
CO2 shall remain subsurface and not
No migration into or between USDWs
mandate
harm environment or human health
Table 5-4: Geologic Sequestration considerations and evaluation of Class I and II UIC regimes fit

Well plugging and abandonment
procedure, records kept for 5 years
by operator, regulatory agency
records well location and plugging
records.
No migration into or between
USDWs
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Class I injection pressures are not allowed to fracture the injection zone, while Class II
injection pressures are not allowed to fracture the confining zone. As physical confining
layers form an important barrier to CO2 upward migration, practices to keep confining
layers intact would be prudent. Mechanical integrity (showing that there is no significant
leak in the casing, tubing or packer) must be tested every five years, (40 CFR 146.8).
However the acceptable tests vary significantly among well classifications, with Class II
wells often having much less stringent testing. Most well failures are caused by tubing
and packers (80%) with casing failures responsible for 12-20% [24].
It is easy to imagine a scenario where anthropogenic CO2 is injected, first as part of a
larger EOR project and then transformed into a GS project. UIC guidance document #24
deals with the transfer of a well from one class to another specifically, stating that
procedures should be streamlined in a single permit that covers all phases of a well’s life
[39]. It states that the permit should specify which classes the well may operate under and
then set construction standards based upon the class with the strictest standards, but let
operating, monitoring and reporting requirements reflect the Class standards being used
at any particular time. Converting a well from Class II to Class I requires re-permitting as
it is considered a major modification [39]. Additionally, different institutions within a
state often handle the permitting of different well classes. For example in California, the
Class II program is overseen by the Department of Oil and Gas, but all Class I wells are
permitted out of the U.S. EPA Region IX office, as California does not have primacy for
Class I wells. Extra institutional coordination will be needed to ensure that such projects
proceed smoothly. CO2 is to be sequestered underground to fulfill national policy goals
and determining the appropriateness of federal and state roles in the management and
verification of GS permits is an important fact to consider.
Neither Class I non-hazardous nor Class II well regulations explicitly address storage
time underground, reliability or issues of long-term liability. Surface leakage of injected
CO2, not contamination of USDWs, is the direct risk of GS to human health and the
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environment. The programmatic rationales for both Class I and Class II well regulations
do not encompass or adequately manage the possibility of this risk.

5.2.6 Problems Experienced with a Fluid Similar to CO2 Regulated as
a Class I Well
Municipal wastewater injection in Florida provides a useful example of injecting large
quantities of a buoyant fluid under a Class I regulatory regime, which may serve as a
useful analog for GS. In Florida, 20% of municipal wastewater, close to half a gigatonne
per year, is injected at 62 facilities at an average depth of 860m. Wastewater is injected
into Class I municipal wells in the extremely high permeability Boulder zone (which is
not comprised of boulders) in the lower Floridan aquifer. The regulations specify that
injectate is not supposed to migrate from the receiving formation. The 600-1,000m deep
Boulder zone is overlain by 150-300m of low-permeability limestone or dolomite, and
was originally assessed as an adequate confining layer for the injected wastewater in the
Boulder zone. However, Florida monitoring wells15 have detected migration of the
buoyant injected wastewater into USDWs at three facilities in Pinellas, Dade and Palm
Beach counties, and it is probable at six additional sites. Fluid movement into nonUSDWs has occurred at nine other facilities, most in Broward County.
The premise of the Class I program, strict containment of injected wastes and no
migration into the USDW, is proving untenable in many Florida municipal injection
projects. This structural foundation of much of the UIC program is inappropriate for the
realities of Florida injection of a low-toxicity, highly buoyant fluid. Several years of
lawsuits have resulted in a proposed rule change in July of 2000, outlining two proposed
management options, both keep the Class I categorization, but allow for movement of
injectate into the USDW as long as it doesn’t compromise primary drinking water
standards, and effectively changing Florida’s municipal wastewater wells into a regime
15

Monitoring wells are required by Florida, but not by the federal UIC regulations. In Florida, all injection
facilities must have at least one monitoring well located within 45m of the injection well and monitor the
zones directly below the USDW, at least one zone at the base of the USDW, and one zone within the
USDW.
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more similar to Class V wells [40]. Both proposed options essentially create a
performance-based standard, allowing for the migration of wastewater (treated to a more
stringent standard) as long as it does not endanger USDWs by exceeding national
primary drinking water standards.16
In 2003, after a report on the relative risks of underground injection versus other
wastewater treatment methods, the Agency asked for additional comments, adding the
possibility of classifying some Florida municipal wells as Class V, in addition to the
options proposed in 2000 [33]. This change essentially proposes that some of the wells
may have been misclassified as Class I municipal wells (Class I requires separation of the
injection zone from USDWs with a confining layer) and reclassifies them as Class V
wells which typically release non-hazardous waste into or above USDW containing
formations [33]. For wells that were not misclassified, they would still be treated as a
special instance of a Class I well, with migration allowed as long as USDW standards are
not compromised. One suggestion is that rules governing operating conditions in both
Class I and V municipal wells would be promulgated to assure harmonization between
the different well classes. This performance-based approach to regulating municipal
injection wells synchronizes the regulations with the reality, though it is not clear what
types of remediation, if any, would be undertaken if injected municipal wastewaters were
to cause primary drinking water standards to be exceeded.
This case is especially relevant for CO2 injection, as upward migration of the injectate is
likely to violate regulations for Class I and II wells. If analyses could be performed to
demonstrate that CO2 migration wouldn’t negatively affect USDW’s, a regime that
doesn’t forbid upward migration would probably help to harmonize the reality of GS with
the regulations. Care would need to be taken to ensure that mobilization and transport of
other formation constituents wouldn’t degrade either the groundwater or the overlying
16

In one option, wastewater would be treated to a level where it did not surpass primary drinking water
standards before injection, in the other option, facilities must make a hydrogeologic demonstration and
prove that the combination of geologic containment and quality of injectate together will not cause the
USDWs to exceed primary drinking water standard. Fluid migration is allowed under both options.
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vadose zone. In geologically complex areas, testing regimes could be increasingly
intricate.

5.2.7 Permitting as a Special Class V Well
In light of the problems of permitting large quantities of a buoyant fluid as a Class I well,
other regulatory options should be considered. Instead of permitting GS projects as Class
I or II wells, another option would be, much like Florida, to create a new category of
Class V well, removing the “no migration from the injection zone” requirement and
writing a classification tailored specifically for GS.17 Class V wells are essentially a catch
all category that encompass a broad variety of different types of injection processes,
covering all injection wells that aren’t included in Classes I-IV. Most Class V wells are
shallow, but a few are deep, see [41]. The goal of the Class V program is to prevent any
contaminants in the injectate from endangering USDWs.
Because Class V wells allow for movement into the USDW as long as the presence of the
injected fluid does not cause violation of any primary drinking water regulations (40 CFR
144.12), migration of CO2 from the injection zone could be allowed. However, no
procedures for protecting surface populations from leakage are included in current Class
V regulations. Protection efforts focus on additional reporting, inventory, assessment,
closure requirements and other specific information required by the UIC staff [33].
Assuming it was not overly broad,18 new guidance document could be written by UIC
staff for Class V GS projects, with appropriate siting, construction, testing, monitoring,
and long-term care for GS. Care would need to be taken to ensure that the guidance
would not be construed as ‘regulating by guidance.’ Under a Class V regime, exceeding
drinking water standards and leakage to the surface could be made the key consideration,
17

Like Florida, GS could also be regulated as a special instance of a Class I well where migration is
allowed. To regulate GS as a Class I well that allows for migration as long as it doesn’t compromise
drinking water standards would require a rule change, similar to the Florida municipal wells.
18
It should be noted that “regulating by guidance” is prohibited, and one drawback of this approach would
be negotiating the fine line between what would be accepted as guidance and what would be considered
regulation.
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not migration of CO2 from the injection zone. Ideally, this guidance would be able to
evolve over time, incorporating additional knowledge into the regulations. A short-term
guidance could be crafted, requiring the gathering of additional information while project
uncertainty is high and there are many unknowns about CO2 behavior in different
reservoirs. This research-focused guidance document would allow for the collection of
additional data, require additional monitoring in an effort to acquire more public
information on in situ CO2 behavior and potential long-term interaction with cement,
steel and other injection and abandoned well components.
Once an adequate amount of information was available, a less restrictive rule (or possibly
new well class, see below) that was adequately tailored to a long-term GS program could
be promulgated. This “learning-by-doing” approach would be able to ensure project
safety, yet provide additional flexibility on some of the specific details that were not
found to be important for safe injection of GS.
The advantages to a Class V permitting approach are that it could be specifically tailored
to manage the risks arising from GS activities and it could focus on CO2 reaching the
surface as opposed to CO2 entering USDWs. Also, criteria to assess CO2’s specific affect
on surpassing drinking water standards within different hydrogeologic systems could be
examined. Additionally, as more operational knowledge is gained on GS projects and
CO2 behavior in specific reservoirs, the permitting standards could be adapted
accordingly, tightened where significant leakage or deleterious environmental affects
from injecting CO2 occur and relaxed where injection is shown to be safer. The evolution
of municipal well injection regulation in Florida provides an important analog.
Some of the disadvantages to this approach are that the major thrust of Class V is the
protection of shallow groundwater. In almost all states, the state environmental
department manages Class V programs, and, for the most part, these Class V programs do
not have significant experience with deep injection wells. Program additions focusing on
managing risk from CO2 to surface and near-surface ecosystem and human populations
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would need to be added. Additional institutional expertise would need to supplement the
existing Class V program. Care would need to be taken to ensure that the new guidance
document was not viewed as “regulating” by guidance. Also, Class V wells have evoked
the ire of environmental groups (Sierra Club, Legal Environmental Assistance
Foundation (LEAF) and others), and associating GS projects with the already unpopular
existing program might prove a barrier for public acceptance.

5.2.8 Creating a New Well Class
In addition to permitting under the existing well classes, it would be possible to create a
new well class explicitly tailored to mitigate the risks of GS projects. This would possibly
take longer than creating a guidance document as the rule requires a draft notice in the
Federal Register, a public comment period, and the final notice in the Federal Register. In
many other rules the EPA has promulgated, lawsuits (from either industry or
environmental groups) follow the public comment period, with judges either issuing a
suspension of the rule until the court case is settled, or letting the rule continue to be
implemented and finally resolved after litigation has ended. While some rules sail
through uncontested, others can get entangled in lengthy court battles [42].
While this approach might take longer to get through, the advantages would be similar to
those of a Class V special GS instance, without the negative history by association. A
hybrid approach could also be envisioned: beginning GS projects under a particular well
class and then creating a new well class for GS projects as experience is gained and the
more specific requirements are understood. This would allow for learning to be more
easily incorporated into a new regulatory regime and potentially facilitate the adoption of
a performance-based standard, as more data would be available.

5.2.9 Regulating Geologic Sequestration Outside of the UIC Program
Similar to natural gas storage, GS could be exempted by Congress from the UIC
program. Natural gas storage regulations exist at the state, county and public utility level,
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and vary significantly between jurisdictions. The advantages of this type of approach are
that it would allow a complete Greenfield approach to regulation at every sequestration
site, tailoring the requirements to match the geology. Disadvantages are a potential loss in
public confidence and an inconsistent or incomplete regulatory approach that is unable to
protect the environment, verify CO2 sequestered, or connect efficiently with a global
carbon management regime. Failures of gas storage projects, resulting in dramatic
explosions do little to engender public confidence [43]. Too much regulatory diversity
could increase project transaction costs and make centralized reporting difficult, as
operators would be forced to identify relevant regulatory institutions anew with each
project.

5.3 Measurement, Monitoring, Verification and a Carbon
Management Framework
While crafting an appropriate structure to regulate injection of CO2, GS projects also
require a significant monitoring and verification component. For an overall carbon
accounting scheme, individual GS project data need to be assembled, recorded, and
verified under a comprehensive carbon management regime. Measurement is currently
done regularly. Monitoring and verification are important both for ensuring project safety
and, at least initially, demonstrating project success. Whether a ‘cap and trade’ carbon
market, with credits and third party verification, develops or some other top-down CO2
limit on emissions emerges, the underlying managerial considerations of specific GS
projects do not change.
Monitoring of injected CO2 will play a crucial role in GS projects for two reasons: first,
carbon injected needs to remain underground for hundereds to thousands of years and,
second (an more importantly), carbon migration within the subsurface could potentially
harm human health, safety, and the environment. Management of potential surface
leakage needs to be considered in light of both global and local risk priorities and
126

acceptability. Monitoring will help to ensure that GS projects are managed at a risk
appropriate level.
Conceivably, different monitoring requirements could be required of different projects.
Small projects in proven traps might be able to employ less stringent monitoring systems
than very large projects in “unproven” saline aquifers. Population density or ecological
sensitivity might also affect the stringency of different monitoring schemes. Were a
market in place, Herzog et al. [44] propose treating injection and emissions as discrete
events for carbon accounting schemes. Injected carbon would be measured and credited
at the going rate, while carbon leaking at some time in the future would be charged at the
price at that time. Verifying the leakage becomes an important accounting activity,
although there is an inherent assumption of institutional longevity to continue enforcing a
climate policy geared towards offsetting leakage. Given the long time frames needed for
storage and the relatively short institutional life spans, this assumption is problematic.
Surface safety monitoring is another important program component. While the federal
regulations for underground injection do not cover surface air or water monitoring in
areas where there are fluids being injected, safety standards are set by the Department of
Transportation (DOT) or the Occupational Safety and Health Administration (OSHA)
and enforced by state statues and rule to ensure that injection is safe at work sites. For
example, state EH&S regulations like Texas’ Rule 36 are applied to any project injecting
H2S, ensuring that safety considerations are incorporated into acid gas injection and
requiring both ambient monitoring regimes and emergency action plans at the worksite
and in potentially affected public areas. Delineating the private and public sector roles,
both for the period of injection and for long term monitoring efforts, is a critical
component of future GS projects. Permitting and operational phases, as well as
procedures for plugging and abandonment are covered by the current set of regulatory
guidelines; however, carbon trading credits, long-term care, record keeping, and liability
provisions are not dealt with under the current regime.
127

The probability that CO2 will leak from sequestration sites will be determined by local
and regional geology, past, present and future activities and perturbations. Leakage of
natural gas from underground storage sites is well documented and provides a useful
analog for GS. Given sequestration site conditions, some sort of overall bulk permeability
could be estimated and a probability for leakage calculated. These types of probabilities
could enable the selection of risk appropriate human and ecological health monitoring
schemes.
Because of inherent geologic variability, different sequestration sites would potentially
require different monitoring systems for assuring adherence to similar site performance
goals, and it is conceivable that these would potentially need to adapt over time. State and
local knowledge of regional and local specificities as well as historical use and potential
leakage risk will help to tailor monitoring and related verification initiatives. Ostensibly,
different levels of project surety could be allowed by the markets and be reflected in the
requirements of the monitoring and verification program. The programs could be tailored
to ensure that a particular level of effectiveness is guaranteed. A global perspective is
key: care must be taken to ensure that individual project leniency doesn’t compromise
overall CO2 reduction goals.
Verifying that the injected CO2 remains where it is supposed to be is important for
system reliability, public acceptance, and value as a carbon mitigation technology. This
system verification provides the crucial linkage between individual GS projects and a
larger carbon accounting regime. Care needs to be taken to ensure that verification
programs, mitigating the risk posed by GS projects, adequately cover these programmatic
aspects.
The institutional structure that will be created to support long-term verification efforts
could conceivably take many different forms. Assignment of verification responsibility
and colleting measurements for monitoring is crucial and may include: the injecting
party, an independent third-party verification service, federal or state regulators, or some
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combination of the above. Different forms of institutional structure could influence the
level of public trust and project acceptability as well as overall system efficacy.
In addition to assuring the safety of underground injection, the system for verification and
accounting of injected CO2 must be internationally credible. This system will need to be
linked to the larger international emissions accounting network and be able to verify the
accuracy of measurements of injected CO2. In the U.S. these systems are still in their
infancy for GS. The U.S. EPA’s Office of Atmospheric Programs in the Office of Air is
currently charged with preparing annual emissions inventories for the UN-FCC and the
Chicago Climate Exchange has set up a private exchange for trading CO2. Until recently,
there was no accounting for CO2 injection for EOR, nor is there any accepted
methodology for quantifying leakage from potential GS projects. DOE is working to
create 1605(b) voluntary reporting standards for carbon sequestration.19

5.4 Who Cares: Stakeholders Now and in the Future
Future GS regulations will not spring from the head of Zeus, and a concerted group of
stakeholders is already involved in underground injection activities. If fluids need to be
transported by pipeline, the Department of Transportation’s Research and Special
Programs Administration Office of Pipeline Safety (RSPA/OPS) has the regulatory
jurisdiction, but it is often the state’s utility board, conservation commission, or public
service commission that issues the routing permits for pipelines, as discussed in Section
5.2.1.
Stakeholders currently involved in underground injection activities are shown in Figure
5-. In states with UIC primacy, permits for injection wells are usually granted by the state
Department of the Environment for Class I wells or the state’s Conservation
19

The Voluntary Reporting of Greenhouse Gases Program was established under section 1605(b) of the

Energy Policy Act of 1992.
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Commission/Department of Oil and Gas for Class II hydrocarbon associated wells. The
EPA regional offices directly implement injection activities on tribal lands and states
without primacy. Health and safety considerations of injection operations are managed by
the states, with levels of allowable exposure determined by OSHA. Specific state statutes
codify these regulations and their oversight is administered by state officials, sometimes
in conjunction with the permitting agency. Like the federal government, most state
environmental agencies are divided into media specific departments, dealing with air,
water, etc. Those that handle underground injection of industrial wastes are generally
associated with water departments.

UIC at Headquarters
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Ground Water and Drinking Water
Regional Offices
•Regions 4-10 esp.

Dept. of Environment

Underground Disposal Well
Actors

Office of Solid
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Figure 5-3 : Stakeholders involved in injecting fluids underground today. The most relevant federal
regulations are the Safe Drinking Water Act and the Resource Conservation and Recovery Act and
at the state level, ground water regulations, drinking water regulations and environment, health and
safety regulations. Acronyms: DOE, Department of Energy; LBNL, Lawrence Berkeley National
Lab; ACC, American Chemistry Council; API, American Petroleum Institute; AGA, American Gas
Association
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For example, in Texas, the largest program in the country for injection activities, oil and
gas associated wells are regulated by the Railroad Commission of Texas and industrial
wells are regulated by the Texas Commission on Environmental Quality (TCEQ). Texas
does not normally require monitoring wells and the state has only 3 class I wells with
monitoring wells [27]. Additionally, no overall mechanism for accounting for subsurface
migration or releases exists, as all injected fluid is presumed to remain in zone.
Other federal or state or county agencies that have responsibility for the land surface
might also need to authorize a permit. Examples are the National Park Service, U.S.
Forest Service, the Bureau of Land Management, the Minerals Management Service,
public utilities commission, and others [45]. Additional federal laws may also apply
[24]20.
New groups could become stakeholders in GS projects, including those associated with
research, global change, carbon markets, air pollution, monitoring and verification
schemes, and larger environment-energy issues. Owners of industrial facilities producing
significant volumes of CO2 and investing considerable resources towards its capture will
have a dedicated interest towards ensuring that GS projects are able to successfully and
safely sequester it. Additionally, given the scale and number of potential projects, the
sheer number of interested local stakeholders (see Chapter 4) will likely increase. Local
groups concerned with safety of pipelines or injection and potential leakage, property
rights both for project access and for subsurface storage, the local acceptance of risk from
GS projects for a global climate benefit (and potential “not in my backyard” backlash),
energy production politics, and others will all have an important role to play.

20

For example, Wild and Scenic Rivers Act, The National Historic Preservation Act of 1966, Endangered
Species Act, The Coastal Zone Management Act and Fish and Wildlife Coordination Act
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5.4.1 Other Institutional Considerations for Regulation of Geologic
Sequestration
The current UIC program is located in EPA’s Office of Water. Total federal funding
available for state and tribal programs, both primacy and those directly implemented by
U.S. EPA, is approximately $11 million, and has been at that level for the past decade21.
In addition to the $11 million, funding for federal programmatic research, technical
support by regional and headquarters U.S. EPA personnel and other administrative
support are generally provided by the current budget, also many states supplement federal
grants with state funds. When the UIC program was created, the suggested funding level
for state UIC programs was $25 million, but this level of support has never been
provided. Exacerbated in part by the chronic shortage of resources, it has been difficult
for the UIC program to pro-actively create guidance documents. In the past, courts have
ordered the writing of significant guidance documents after lawsuits. Several guidance
documents have taken over a decade to produce, even with court ordered deadlines. The
novel demands of regulating a large GS program, both in resources and personnel, could
significantly impact an already stretched program.
Class I experience is less extensive than Class II experience. There are only about 350
Class I non-hazardous and municipal wells in the country, compared with an estimated
154,000 brine disposal and EOR Class II wells. Because of this, the agencies that manage
the Class II program have significantly more experience with deep well permitting.
Another institutional issue that needs to be addressed is the complete lack of deep-well
knowledge in many parts of the country. While many states, especially those overlying
the Frio (Gulf Coast) or Mt. Simon (Midwest) formations, have significant operational
and regulatory experience with deep well injection, from Class I or II programs, many
states have no experience at all. Non-hazardous Class I wells exist in only 19 states and
33 states have Class II wells. This spatial disparity of knowledge could be partially
21

Compare this to the $40 million DOE Fossil Energy research budget for sequestration or the billions of
dollars necessary to construct or retrofit a power plant for carbon capture [46].
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rectified with sharing of information, but creation of adequate institutional structures
along with the necessary resources to support those structures is an important component.
The Department of Energy’s “Regional Carbon Sequestration Partnerships” could begin
to partially rectify this information imbalance [47].
With widespread programmatic disparity, there is a risk that industry and powerful
interest groups will be able to pressure state regulators and manipulate the regulatory
process and then ‘shop’ for favorable regulations. While this could be mitigated by high
transportation costs, care needs to be taken that minimum protective measures are in
place. Because of the inherent uncertainty in the implementation of GS, it is conceivable
that the standards and tests could significantly vary across different departments and
states. The up-side of this “regulatory diversity” is that a variety of different approaches
in the beginning might help to elicit learning and provide a rich texture of different
approaches and experiences that would otherwise be lost if a homogenized system were
adopted too early. As it is likely that states will be individually permitting injection wells
before there are any national standards or guidelines in place, it is probable that different
sets of criteria will develop independently. Harmonizing these criteria across different
regulatory agencies will provide both a learning opportunity and a challenge.

5.5 Conclusions
Crafting a regulatory regime that is risk-appropriate for GS involves a substantial
departure from current practice. Pipeline transport of CO2 for GS projects does not seem
to be problematic. A thorough and established regulatory program exists and already
manages large volumes of CO2 in the Southwest. However, current regulations for
underground injection, while providing a strong base, would need to be amended and
expanded to adequately deal with the novel risk set posed by GS.
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The first GS pilot projects are being permitted by the states, with no clear national
agreement on the long-term needs. Large-scale GS injection would now take place under
a Class I or II regime, depending on the source of CO2 as well as the sink. Traditional
well classes could be adapted to safely inject for GS, but the likelihood of CO2 migration
could make Class I or II regulations susceptible to litigation. A Class V guidance tailored
to the needs of GS, or an entirely new well class may prove to be a more appropriate
regulatory structure when coupled with an active surface monitoring regime. Siting and
site characterization will need to be more extensive for large-scale GS projects than the
current regulatory structure requires. The UIC program does not deal specifically with
formation or surface monitoring, or long-term verification, long-term records archival, or
storage time and these considerations would need to be added, possibly within the larger
carbon management structure, or directly into the UIC program. Surface monitoring for
acid gas injection is managed by environmental health and safety regulations and covers
both the work site and any potentially affected public areas.
Over the long-term, lack of regulatory harmonization could lead to difficulties in crafting
a flexible yet uniform set of standards necessary for large-scale GS projects; experience
is being gained, however, with specific projects, allowing for a deeper and more nuanced
understanding of the needs of GS projects. Ideally future GS permits would be written to
require the gathering of as much information as possible. Ultimately, a reliable set of
standards will be needed to provide minimum performance requirements. These will
ensure accountability for sequestered carbon dioxide on local as well as international
levels, in order to meet the GS overall goal of participation within a larger carbon
accounting regime.
Many groups are now involved to ensure underground injection takes place safely. While
the regulatory structure may need to be rethought to adequately manage the risks posed
by GS, there is a series of institutions in place to ensure that fluids are safely injected into
the subsurface. However, the shape of a larger carbon management regime and required
long-term care and liability has not been determined. In addition to studying the
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geophysical and geochemical properties of CO2 in the subsurface, care needs to be taken
in designing institutions for carbon management, ensuring that they contain adequate
monitoring and verification schemes as well as protocols to ensure environmental safety.
The ensuing uncertainty over the larger carbon accounting framework and its potential to
affect investment and financial risk will likely have an overall negative impact on the
widespread applicability of GS.
More information on specific reservoir subsurface mapping, the effects of CO2 on downhole performance, effects on well casing and cement (both of the injection well and any
abandoned and plugged well that CO2 contacts), and migration within the reservoir are
needed in order to have the science in place to craft an appropriate risk-focused
regulatory structure. Proprietary information obtained by oil and gas companies on
subsurface reservoir mapping, CO2 behavior in the reservoir, long-term effects on
cement, and much other proprietary information is not yet available for regulators to
study, and is crucial for determining the risk profiles of future GS projects. Issues such as
materials embrittlement, cement degradation and other geophysical and geochemical
modeling components for GS need to be well understood in order to adequately protect
human and ecological populations from risks posed by GS.
Additionally, GS will bring a host of new institutions and stakeholders into the
underground injection actor network. Groups concerned with global change, carbon
accounting, as well as energy policy will now have a vested interest in underground
injection. It is possible that, like the ongoing battle for the disposal of nuclear waste, GS
permitting and regulation could become a field for larger battles on carbon management,
reductions and the role of this particular technology. Groups that want to cut dependence
on fossil fuels could use the GS permitting process as a potential arena for disputing
larger common policy, rather than the specific safety merits of a particular GS project.
If past permitting experience is any guide, the permitting and public hearing process can
become a battleground for competing ideological camps [48]. Stakeholders concerned
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about upstream or other deleterious effects of continued fossil fuel consumption or longterm legacy issues associated with GS, or simply opposed to underground injection, may,
for example, choose to intervene in the GS permitting process both because of specific
risks associated with an individual GS project and because it may present their most
effective avenue for voicing their opinions in larger GS and energy policy issues.
Because the permitting forum has been used to express concerns beyond the safety of a
specific project, the roles that these groups play could dramatically influence the overall
acceptance of the technology and the ease of establishing specific projects.
Large-scale GS will not happen in the absence of an imperative. Ultimately, the form of
climate policy and the way in which energy technologies evolve (fossil v. renewable v.
nuclear) will dictate whether or not this technology ever comes into play.
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6 Future Regulatory Considerations
The premise of this dissertation is that the resolution of regulatory and legal uncertainty
for geologic sequestration of CO2 is a key prerequisite for the technology’s adoption and
ultimate success. If the goal of GS is to store large amounts of CO2 underground for
thousands of years, it stands to reason that specific system components ensuring storage
integrity and accountability (for both local and global risks) would need to be further
refined. In the short term, given the recent difficulty in siting power-lines and nuclear
waste facilities, CO2 pipelines and GS project siting issues might prove to be contentious
and potentially difficult. Siting issues aside, regulatory uncertainty for CO2 pipelines
transport appears to be low (see Section 5.2.1). However, many regulatory and legal
uncertainties remain for geologic sequestration. Additionally, in the short to mid-term,
ensuring that injected CO2 will be validated within a larger management system will be
influenced by measurement, third party enforcement, and clarification of long-term
liability. Other legal issues, encompassing property rights considerations, creating large
and legal sequestration sites, protecting against mineral and groundwater damage and
leakage would benefit from further clarification as well and will play out over the entire
lifetime of GS projects.
Regulatory oversight could take many different forms and one of the goals of this section
is to explore the tradeoffs between different approaches and pathways. Regulation could
evolve incrementally or from an overarching initiative. Either approach has certain
tradeoffs. Incremental change would build on current federal regulations, which are
directly implemented by the states in many cases and underpin permitting and operation
of underground injection projects. An overarching initiative could occur if the U.S.
adopted any overarching climate policy, incorporating national or international
agreements on greenhouse gas emissions reductions, where national or internationally
agreed standards of accountability for carbon management could be required. After a
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brief discussion on different approaches for components of a GS system, the implications
of an incremental or overarching regulatory regime are explored in further detail.
The major components of a regulatory regime for GS center around protecting human
and ecological health from CO2 leakage to the surface or near-surface and managing
these risks within the context of climate change uncertainty. The risks from GS projects
(Chapter 2) also include potential risks to groundwater, hydrocarbon resources, and
changes in subsurface pressure regimes. While the global risk of too much leakage from
many smaller projects compromising storage efficacy is important, given the long storage
time frames and potential for leakage, it seems likely that the regulatory framework will
be bound by mitigating local risk from GS. While both global and local risks from GS
leakage are important, the judgment here (and explained in more detail in Section 2.5) is
that less stringent requirements are necessary to manage global leakage rates, and the
binding regulations will be those enacted to protect local human and ecological health.
Balancing the global and local risks and benefits of GS is a challenge of any regulatory
regime.
The tradeoffs between a separate or an integrated regulatory system that assures for
regulatory compliance, environmental health and safety, and keeps track of global project
integrity need to be better understood. While much of the specific geologic experience is
locally based, the programmatic rationale for GS is national, or global in scale, and it is
unclear what level of national-level regulatory oversight will be necessary for GS
projects.
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Figure 6-1: Permitting and project time line for geologic carbon sequestration
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Any future regulatory regime for GS will need to consider well siting, operational
considerations and closure and post-closure care. Figure 6.1 presents a permitting and
project time-line for GS. Additionally, monitoring and verifying injected CO2 and
procedures for site remediation need to be considered. Siting is especially important for
GS as injected volumes are likely be large and driven by buoyant flow, making any
pathway for upward migration especially important. If the programmatic goal is to avoid
or minimize leakage, a thorough site characterization, employing geophysical methods as
well as historical records seems to be a logical area to focus initial regulatory
requirements. Also, as long-term safety requirements are an important consideration,
monitoring and verification of injected CO2 will be a crucial part of any future regulatory
regime.

6.1 Regulatory Program Components for Geologic
Sequestration
The following section explores specific regulatory program components and discusses the
benefits and challenges of different approaches to structuring these components. Issues
especially important for GS include, but are not limited to: allowable CO2 movement in
the subsurface, siting procedures, monitoring and verification of injected CO2, closure
and post-closure care. Additionally, liability, especially long-term liability factors are
important, as is the ability to legally create large sequestration sites. Another important
consideration is the evolutionary path that regulation will take. It seems possible that old
EOR projects could morph into GS projects, and care needs to be taken to ensure that the
regulatory structure is sufficiently well structured to adequately manage the different risk
profile and programmatic objectives of GS.
Different levels of regulatory stringency for GS can be imagined, ranging anywhere from
a regime forbidding CO2 migration into USDWs from one that tolerated limited surface
leakage. Additionally, questions surrounding long-term programmatic liability, and basic
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legal issues need to be explored. The following section examines the trade-offs of each of
these different stringency levels.

6.1.1 Approaches for Regulating Subsurface Movement of Injected
CO2
There are two general approaches to regulating the underground injection of CO2 for GS,
one that is similar to current regulation and one that essentially provides a risk-based
standard. This section discusses the merits and challenges of these two approaches.
Containment of injected CO2 below the USDW
One possible regulatory approach would be to require that CO2 injected for GS not
migrate into the USDW. This would be similar to the regulatory requirements imposed
for injection under a Class I non-hazardous or Class II disposal well today and outlined in
40 CFR 144.12. This approach is satisfying in that injected CO2 would be required to stay
deep underground, not harm USDWs or endanger environmental health or safety.
However, given CO2’s buoyancy and the recent problems with Florida waste water
disposal (Section 5.2.6), this stipulation would likely expose injection projects to
increased potential for litigation and ultimately serve to restrict where GS projects could
be located, in effect limiting the overall role this technology could play in reducing CO2
emissions. Assessing regulatory compliance and risk mitigation would necessarily rely on
sub-surface monitoring and verification that the injected CO2 remains below the
designated USDWs. While this would provide a level of confidence that injected CO2
would not leak to the surface and harm human or ecological health, it could also place an
added emphasis on siting, potentially restricting available sites. Additionally, in a site
with an exempted or non-existent USDW (many of the traditional hydrocarbon-producing
areas do not have USDWs), this approach wouldn’t necessarily ensure containment.
Finally, given the absence of a federal monitoring requirement, under current practice it
is likely that leakage into USDWs would not be observed, unless a particular state
required monitoring. Given the scale and buoyancy of injected CO2, this “don’t ask, don’t
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tell” approach to monitoring and assuring regulatory compliance seems highly
unsatisfactory and unable to provide the long-term verification and risk mitigation needs
for GS technology.
Limited leakage in the subsurface, into USDWs
This pathway would be similar to some of the regulatory requirements of a Class V well,
allowing for CO2 movement into USDWs, as long as it does not cause them to violate
public drinking water standards established in 40 CFR 142 or adversely affect public
health. This could be used both to ensure the protection of groundwater quality (due to
both direct and indirect contamination) and protect human health at the surface. No
provisions are made to guard against ecological harm from a leakage risk. This type of
approach, essentially a performance-based standard, would seemingly also rely on
monitoring for proving regulatory compliance through the first project phases.
Monitoring to collect additional data could be required in situ, on the surface and over a
reservoir scale. Over a 1,000-year time-frame, direct monitoring cannot be expected to be
the primary mechanism for ensuring public health and safety. Rather, the long time
frames necessitate a public assumption of liability and performance based engineering
protocol, much like that employed for Yucca Mountain or fire safety design standards.
Collected data would be used to create models that better reflect sequestration site
conditions and enable a more accurate probabilistic representation of risk, ensuring that
GS projects meet stated risk management objectives.
This approach could necessitate both extensive siting requirements and monitoring in the
subsurface and at the surface to ensure that groundwater will not be harmed and that any
surface leakage does not harm human health. Such surface monitoring could also be used
to ensure that the project meets its global objectives, important both for project
verification and long-term climate policy.
For both containing the CO2 below USDWs and allowing limited leakage, siting and
monitoring are key programmatic components. While the approach mandating strict
containment below USDWs might be more attractive to a risk-adverse regulator (or just
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those seeking to limit the role of GS in climate policy), it may prove to be unnecessarily
stringent, given CO2’s relatively benign risk profile, and ultimately expose society to
more risk and uncertainties from increased climate change.
Choice of approach could depend on the availability of the science to favor one pathway
or another, and answer questions such as “How certain is it CO2 will not harm the
groundwater, either directly or through displacement?” Or, “How could leakage be
monitored, and if found, how could sites be remediated?” Other institutional questions
are also important: “How are remediation efforts to be financed?”1 “Who pays for longterm care?” “How is long term liability covered?” It seems logical that a more riskadverse regulatory party will adopt more stringent requirements. If risk uncertainties can
be adequately understood and bounded, it could be easier to argue for an environment
that supports more regulatory flexibility.

6.1.2 Long-term Liability, Project Finance and Public Assumption of
Liability
Another important consideration for GS is the handling of long-term liability. Because of
the long sequestration times involved (thousands of years), requiring private assumption
of long-term liability is not a realistic option. The handling of liability will impact both
cost and public acceptance [2]. Liability associated with CO2 transport and injection well
operation is similar to existing activities, but post-closure liability associated with in situ
damage to resources or leakage and harm to human and ecological health is decidedly
different. Public assumption of this liability in the long-term seems an inevitable step
towards ensuring care over hundreds or thousands of years.
Questions of project finance are also important. If insurance and re-insurance companies
were needed to underwrite bonds for an indefinite future liability period, this could
greatly influence the costs of GS projects. Because the rationale of the project is based on
1

For an interesting discussion on the creation of Remedial Action Funds for low-level radioactive waste,
see Bullard, Weger and Wagner [1]
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national concerns of climate change and because all will share equally in the benefits of
sequestering CO2, it seems logical that after an appropriate post-closure monitoring
period, the long-term liability be transferred to the public. If long-term liability were to be
held publicly, given the nature of the technology and the already disproportionate share
of the local risks it seems logical that it should be held at a federal level.

6.1.3 Project Verification
Measurement, monitoring and verification are crucial components of GS projects.
Measurement of injected fluid is regularly practiced in underground injection operations
today. While injectate is monitored at the well-bore, no in situ monitoring, reservoir, or
post-injection modeling or field testing is required by federal regulations. Technologies
exist (time-lapse 3-D seismic, etc…) to better map the flow of CO2 in the subsurface, and
it seems logical that the application of these techniques would support increased project
accountability. Surface monitoring may be required at the work site, as mandated by
worker health and safety regulations. Verification is essential to connect individual GS
projects to a larger carbon management regime and to assure that injected CO2 remains
underground for hundreds to thousands of years. Additional provisions need to be made
to ensure that monitoring efforts exist both for environmental, health and safety
considerations, as well as to evaluate overall project effectiveness. However, it is unclear
how systems for monitoring, verification and remediation would respond in the event of
CO2 leakage into USDWs or to the surface, and how exactly any remediation efforts
would be managed within underground injection permitting and regulation schemes. A
general fund could be mandated, much like Superfund, to cover the cost of any needed
remediation efforts necessary for protecting local human and ecological health. From a
global perspective, leaked CO2 could be accounted for within the larger accounting
system, affecting the price of carbon under a cap and trade program. Some type of
vehicle allowing for third party enforcement for leakage is important, as it may not be in
the interest of those involved in the GS project (CO2 source, injection field operators,
CO2 credit holders, financial institutions) to report system failure.
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Concerns from surface leakage are addressed outside of the UIC program, usually by
state environmental health and safety considerations. For example, projects injecting H2S
are required to monitor gas atmospheric concentrations throughout a specified area
surrounding the injection site. Such surface monitoring regimes could easily be adapted
to manage the risks from surface leakage from GS projects, though how they will
function over the 1,000-year time-frame is unclear.

6.1.4 Property Rights and Establishing Large and Legal Storage
Reservoirs
Sub-surface property rights can be privately held in the U.S., different from many other
countries where these rights are retained by the Crown [2]. Liability from damage to
underground resources therefore becomes especially important. Additionally, most case
law pertaining to natural gas storage has found that after the extraction of the
hydrocarbons, the surface owner retains rights to the subsurface pore space (see Chapter
4). Potentially interested parties in any GS project include the surface rights owner,
mineral rights owner, lessees, field operator, CO2 producer, and any parties involved in
certifying or accounting for the injected CO2.
For GS, long-term site use and access for sequestration, monitoring and verification will
be necessary. Currently, there are no legal vehicles to create large and legal storage
reservoirs for GS. Unitization statues in oil and gas producing states are the vehicle used
to create unified fields for resource recovery, but this does not include the interests of the
surface owners, nor does it necessarily cover storage rights after resource extraction has
ended. Due to liability considerations, enhanced oil recovery projects take place almost
exclusively on unitized fields, and while the unit is valid for hydrocarbon production,
these units do not create storage fields, where the additional interests of the surface
owners would need to be incorporated. It is easy to imagine an EOR project transforming
into a GS project and continuing to inject CO2 for sequestration, but currently, no vehicle
exists to do this legally.
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The ability to establish natural gas storage fields is granted through state and federal
legislation, essentially allowing the body establishing the gas fields to contract for storage
rights with individual land owners, backed up by powers of eminent domain if any threats
to the storage field are anticipated. These statutes were generally adopted before
deregulation when gas fields were established by public entities and no discussion of
private operations using powers of eminent domain for natural gas field establishment
was found. While it would be relatively easy to create a GS project on federal lands
where the subsurface is owned by a single party (though lessees would still need to be
considered), there is currently no legal vehicle for creating a project on privately held
lands.
At this juncture, state legislatures could rectify this problem by creating a vehicle for
establishing GS storage projects, or potentially block such projects by failing to create
such a tool. Challenges from property rights advocates, especially if GS projects are
privately owned and operated, could be anticipated.

6.2 Regulatory Path Dependency
One rationale for beginning to establish the foundations for a GS regulatory framework
now is the potential for regulatory path dependency. Future regulatory development for
GS will likely be strongly influenced by past precedent. If similar projects have been
regulated to specific stringency levels, shifting directions might be more difficult.
There are three likely origins for GS regulations: through an expansion of the existing
underground injection program, Congressional authorization either through a large
carbon policy initiative or credit and permit system, or through court intervention. Each
approach could lead to a very different regulatory framework.
For example, the development of rules to regulate GS could be required through a
Congressional authorization, either through an explicit mandate or a general authority.
Additionally, rule making to regulate GS could stem from existing regulations that are
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revised or updated and be mandated by amendments to enabling legislation (a change to
the Safe Drinking Water Act or Clean Air Act), by a court order, or by internal agency
action [3]. For example, the U.S. EPA could decide to proactively create appropriate
standards for the regulation of GS under its existing authority to regulate all underground
injection activity, or Congress could pass legislation establishing a climate policy, setting
CO2 reduction targets and establishing a deadline for national standards for GS to be
established. Additionally, advocacy groups could sue the U.S. EPA to promulgate the
regulations if the congressionally established deadline was not followed or if risks from
GS were found to violate established regulations or statues. If the courts then ruled in
favor of the advocacy groups, they could order that rules be promulgated, and the
regulatory agency would be forced to comply.
Depending on how regulation occurs, some challenges may be more or less important.
The implications and inherent tradeoffs between two different pathways, one of
incremental regulatory evolution the other a broad overarching initiative, are discussed
here.
The incremental route could take place if GS projects begin slowly, possibly as EOR
projects (discussed further in 6.2.1) or spurred by a variety of specific state initiatives,
with existing state and federal UIC programs permitting the projects and adapting the
regulations as needed. In the absence of a national effort to characterize risks of GS
within the larger context of both other technologies to mitigate greenhouse gases and the
risks posed by climate change, it is likely that regulations might be more stringent than
otherwise. Regulations would emerge from the existing framework and not be a high
profile issue. Over time, some type of expanding cap and trade program could encourage
more GS projects, but if the regulations require strict containment of injected CO2 below
USDWs, the scale and number of projects could be limited. The advantages of such an
incremental approach are that it would allow for experimentation and a gradual build-up
of knowledge and best practice. Property rights issues and large and legal sequestration
site legislation could be clarified and established in the states where projects occur as
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needed. Additionally, the decentralized nature of projects could allow for the permitting
process to be based upon the actual risks of the project and not become a stage for a
larger protest on climate or energy policy.
A large-scale regulatory action could occur if Congress decided to enact a sweeping
climate policy, comprehensively adopting a nationwide cap and trade program. A section
of this legislation could ask the EPA or another government entitiy to promulgate
regulations to allow GS to happen. This would focus a spotlight on the Agency’s efforts
to craft new regulation, possibly freeing them from the current regulatory paradigm, but
bringing increased scrutiny from a wider variety of different interest groups. Within this
scenario, it is easier to imagine that the risks of climate change and all technologies for
CO2 mitigation would be examined in concert, but the effects that this would have on the
ultimate regulations for GS is unclear. It seems likely that political influence could play a
more important role in crafting the regulatory structure, especially as several highpowered lobbing interests would be directly affected by the regulation. Additionally,
questions of long-term liability could be more adequately addressed.
A hybrid approach is also possible, with some evolutionary change shifted by a later
adoption of a large-scale climate policy severely limiting CO2 emissions. The amount of
programmatic experience coupled with stakeholder involvement could influence the
regulatory pathway.

6.2.1 Enhanced Oil Recovery to Geologic Sequestration
An incremental approach for regulation development is likely to accompany the first
EOR to GS projects. EOR is ongoing and current interest in future projects injecting
anthropogenic CO2 is high. At the time of this writing, long-term oil futures prices of
over $35/barrel are driving a renewed interest in domestic enhanced oil recovery projects
[4, 5]. While increased EOR, especially if the CO2 is captured from anthropogenic
sources, will help to provide the capture and transport infrastructure necessary for GS, the
fundamental goals of EOR and GS are different. The objective function for EOR aims to
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maximize oil recovery by injecting as little CO2 as possible, while GS aims to maximize
CO2 sequestered and keep it underground for thousands of years. It would seem logical
that the regulatory regimes would be tailored to reflect the different programmatic goals
of the projects. Alternatively, there could be a new breed of project that aims to
simultaneously inject CO2 for both EOR and GS.
It is easy to imagine a project that undergoes an active EOR phase and once finished is
transformed into a GS project. UIC guidance document #24 specifically handles a case
where a well is transferred from one class to another, and states that procedures should be
streamlined allowing for the strictest construction standards but limiting operational
requirements to the Class used during the particular project phase [6]. What is less clear
is when and how GS specific siting and monitoring requirements, necessary to ensure GS
project integrity, would be performed if no such standards exist when the initial EOR
project begins. If EOR to GS projects would be allowed to continue in the operational
phase or undergo additional siting and permitting requirements remains to be seen. It
seems logical that ensuring adequate site sequestration ability would require additional
field remediation and monitoring activities. If full or partial sequestration credit would be
given for CO2 originally injected for EOR could depend on how extensive the site
monitoring has been and what types of project siting protocols were in place during the
EOR phase of the project.
If simultaneous EOR and GS is the project goal, it is possible to imagine how different
project requirements might be knitted together for accomplishing both outcomes.
Kovscek lays out a series of screening criteria for sequestering CO2 in oil reservoirs,
including specific reservoir properties (depth, capacity, permeability and thickness, initial
oil saturation, specific oil parameters, location of basin) [7]. While he doesn’t discuss the
importance of abandoned well bores or storage time frames, he does highlight the need to
ensure the integrity of the caprock over entire reservoirs, and suggests pore pressure
gradient not exceeding 17.4KPa/m as a screening parameter.
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EOR operates under the oil recovery and resource extraction legal and regulatory
paradigm. It is unclear what legal paradigm GS will fall under or what environmental
health and safety requirements will be required to ensure that GS stays underground and
does not harm ecological or human health. What how legal interpretation of GS projects
could differ from EOR operations may influence project viability.
Hopefully, the extensive experience with EOR will allow for increased research on in situ
CO2 behavior and testing for the efficacy of monitoring regimes that will provide the
science necessary to underpin a risk-based regulatory regime for GS.
Increased EOR will help to establish a CO2 pipeline network, important for large scale
transport of CO2 for GS. Current EOR siting requirements are not focused on long-term
storage and the mandated area of review is ¼ mile. Additionally, no monitoring of
injected CO2 for leakage from the target zone or to the surface is required. Currently,
EOR projects are permitted and managed by state offices concerned with resource
recovery. It seems logical, given the national inventory requirements and need for
additional information, (especially for the first GS projects) that state and federal
involvement be extensive and active. This is both to increase institutional information
dissemination and learning about GS, as well as to ensure that adequate precautions are
employed. As federal, and not state, governments will likely cover long-term liability,
this will make the establishment of minimum national standards all the more important.

6.2.2 Deep Emissions Cuts through Geologic Sequestration in Saline
Aquifers
Because large-scale GS projects will likely take place after a commitment to deep CO2
reductions is enacted due to carbon capture and sequestration cost, regulatory path
dependency is probably most crucial for GS projects into saline aquifers. Overly stringent
regulatory regimes may limit siting options and open projects up to increased legal
vulnerabilities.
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Another ongoing debate is the question of CO2 being a resource or a waste product.
Clearly, for an EOR project, CO2 is a resource, enabling the recovery of additional oil in
place. While EOR projects may enable the eventual injection of several gigatonnes of
CO2, deep emissions cuts using GS will require projects on a much larger scale, with
injection likely taking place in deep saline aquifers. It is difficult to argue that the large
volumes of CO2 injected into saline aquifers with the sole purpose of avoiding
atmospheric emissions is anything but disposal. While some argue that the sequestered
CO2 could prove to be a valuable resource for future generations, this argument is
problematic for several reasons. First, it is exceedingly difficult to believe that we can
predict the value of subsurface CO2 a millennia hence. The logic of this argument could
be used to argue that spent nuclear fuel and high level radioactive waste destined for
Yucca Mountain or mine tailings rich in toxic heavy metals could also be useful to future
generations. Judging future utility now is impossible and as our decisions today are made
on the basis of disposing of large amounts CO2, it would be disingenuous to pretend that
current disposal activities will be of great value to future generations. Second, the goal of
GS is to store CO2 deep underground for a thousand years or more and the regulatory
regime, to the best of its ability, should logically endeavor to protect future generations
that could be exposed to risk from future GS project leakage. If the sole motivation in
labeling CO2 injected for GS as a “resource” is to justify more lax regulatory standards,
and thus lower costs today, this approach is morally irresponsible and ethically dubious,
and risks unnecessarily burdening future generations with increased and avoidable harm.
Saline aquifers present an interesting regulatory challenge, but until large-scale CO2
reductions are required, it is unlikely that many projects will be initiated or permitted.
While they could be the largest GS projects, many of the aquifers are not proven traps,
and geological knowledge may not be as extensive as it is in traditional oil and gas
producing regions. Both of these factors emphasize the importance of siting and
monitoring activities. However, saline aquifers do not have the extensive number of
penetrations found in many historic oil and gas producing areas, possibly making them
more secure. Hopefully, additional research on in situ CO2 behavior, reservoir modeling
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and monitoring schemes will be incorporated into the creation of a risk-based regulatory
regime.
Additionally, the legal paradigm under which GS in saline aquifers will fall is also
unclear. It will not be associated with hydrocarbon production, and it is unclear if the
courts will choose to use the extensive case law surrounding underground gas storage as a
precedent. It is likely that additional legislation, on both state and national levels will be
necessary to enable the establishment of large and legal sequestration reservoirs. A
thorough state-by-state analysis of the case law relating to underground injection and
analogous storage activities should help to better reveal relevant legal precedents and
allow a more nuanced understanding of how case law surrounding GS could evolve.

6.3 Institutional Actors: Who Could Do What?
Regulation for GS could come about through many different pathways. Several different
institutional actors will need to act in concert to ensure that the technology is adequately
regulated. The following list outlines who the actors are, identifies several different
courses of action that may be necessary steps towards establishing a large-scale GS
regime, and seeks to examine the tradeoffs, risks and benefits associated with their
activities.
•

Congress
o Pass legislation requiring regulatory standards to be set for GS
Establish system for third party enforcement and verification, ensuring
accountability, system for public assumption of long-term liability, and
establishing the standards for long-term care
o Pass legislation to establish ability to create large and legal interstate GS sites
Possible challenge related to the expropriating private property for
private gain
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o Risks and benefits: An overarching climate program would help to clarify
programmatic goals and objectives, but intense lobbying by special interests
could compromise GS project integrity and ability to incorporate adequate
stringency to protect human health and the environment over the short and
long-term.
•

U.S. EPA
o Work to establish agenda to ensure necessary science is in place to adequately
regulate the risks posed by large-scale GS
o Draft and promulgate regulations and guidance documents for initial GS
projects either under the existing class structure or as a new class to ensure
minimum regulatory standards are applied nationwide
Focusing on siting requirements, operational parameters, in situ and
surface monitoring, long-term monitoring and care
o Risks and benefits: Early action will help Agency to learn and gain experience
necessary for permitting GS projects. Risks are that past experience and
existing regulatory paradigm may limit breadth of decision-making approach
and create more stringently or inappropriately regulated projects.

•

U.S. DOE
o Work with EPA to ensure science is in place for risk-based regulation,
focusing on ground water, human and ecological health, remediation, risk
attenuation over time, etc.
o Better understand non-technical, but potentially binding constraints
State by state legal considerations and case law that could affect GS
projects, covering groundwater, secondary oil and gas recovery, waste
disposal, liability from induced seismicity, natural gas storage projects,
and other topics.
Public perception and confidence
o Risks and benefits: Isolation from regulators and public could negatively
affect ability to regulate GS projects and unintentionally create Yucca
Mountain-like difficulties and contentions. Tailoring research agenda to
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encompass regulatory enable the formation of a more risk-appropriate
regulatory regime.
•

State Legislatures
o Pass legislation allowing for the creation of large underground sequestration
sites for GS in state
Possible stumbling blocks include expropriating private property for
private gain, structure to compensate pore space holders, if necessary.
o Liability considerations, operational and long-term
o Risks and benefits: The risks are that adequate experience will not exist and
powerful lobbying groups could wield more influence on individual state
levels, potentially compromising long-term health and safety of GS projects.
State legislatures could act to provide mechanisms to decrease legal and
regulatory uncertainty in their territories.

•

State Regulatory Agencies
o Project monitoring requirements, long-term care
o Permitting and regulatory experience with state geology appropriate for GS
projects
o Risks and benefits: There is considerable disparity experience with
underground injection in different states. States with extensive experience
may have an easier time permitting and managing the unique risks posed by
GS.

•

State Courts
o Case law clarifying facets of property-rights affecting GS (i.e. subsurface
ownership, legality of eminent domain clause used by private institutions to
take private subsurface land)
o Liability and damages associated with hydrocarbon and groundwater damage
due to GS
o Risks and benefits: Strict or lenient rulings could influence where projects are
sited and either make GS very costly or not compensate property owners.
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Potential challenges for GS on
property rights, storage rights?

Figure 6-2: Potential regulatory time-line for geologic sequestration

All of these steps serve to reduce the uncertainty surrounding GS projects. It is easy to
imagine several regulatory or legal stumbling blocks that if not approached carefully,
could impede on the ability of GS to make a significant dent in atmospheric CO2 levels.
Herein lies the “Goldilocks Dilemma”, regulations could be made so strict that the
technology was limited by default, or so loose that public acceptance was compromised
and project siting was made increasingly difficult due to public mistrust. Finding the right
balance between necessary stringency to protect human and ecological health over the
next thousand years and allow for the stringency of the regulations to be commensurate
with the actual risks of the technology are part of an ongoing balancing act. While
Congress, the Courts, EPA and DOE can all help to resolve regulatory uncertainty,
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through different vehicles and on different time-scales, the ultimate success of the
technology will depend on the interrelated institutional, technical, economic and social
factors that will jostle and negotiate GS deployment and potential acceptance.
If the goal of GS is to enable the technology to significantly reduce anthropogenic CO2
emissions, then the regulatory framework would need to allow for a risk-appropriate level
of stringency. The goal of regulation is to ensure the protection of human and ecological
health and to balance these risks within the larger context of uncertain risks from climate
change. This may mean allowing for some leakage, either into the USDW or possibly
limited leakage to the surface. While allowing surface or subsurface leakage could
increase overall project liability, regulatory stringency (not allowing movement into
USDWs) could increase the susceptibility of projects to future legal challenges and
litigation. A better understanding of the applicability (in both performance and cost) of
technologies for remediation in the case of surface leakage could be helpful for
determining the appropriate level of risk-based regulation.
As the overall rationale for GS is driven by national or international efforts to reduce
atmospheric CO2 levels, it appears logical that the federal government be involved in
individual GS projects. This involvement could be as little as promulgating a base set of
operational standards and keeping track of leakage in a central repository. Given that
long-term liability will likely be covered by national funds and that overall program
accountability will likely rest with the federal government, however, a more directly
involved role is probably warranted. At first, at least while institutional learning is still in
its infancy, spreading project management success through larger institutional
collaborations will be important.
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