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SUMMARY FOR POLICY MAKERS

On July 23, 2010, the MIT Energy Initiative (MITEI) and the Bureau of Economic Geology at the
University of Texas (UT-BEG) co-hosted a symposium on the Role of Enhanced Oil Recovery
(EOR) in Accelerating the Deployment of Carbon Capture and Sequestration (CCS). The motiva-
tion for the symposium lies with the convergence of two national energy priorities: enhancement
of domestic oil production through increased tertiary recovery; establishment of large-scale CCS
as an enabler for continued coal use in a future carbon-constrained world. These security and
environmental goals can both be advanced by utilizing the carbon dioxide (CO,) captured from
coal (and natural gas) combustion for EOR, but many questions remain about the efficacy and
implementation of such a program at large scale. The symposium aimed to lay out the issues and
to explore what might be an appropriate government role.

We summarize for policy makers the key points that we drew from the lively symposium discus-
sions. We stress that the observations in this summary are those of the authors and are not
offered as a consensus view of the participants.

1. Framework

About 65 million metric tons (MT) of new CO, are used annually for EOR in the United States.
Total use is approximately 115 million MT, which include new and recycled CO,. Most of this CO,
is from natural sources and is delivered to EOR sites through a few thousand miles of commercial
CO, pipeline. This yields nearly 300K barrels of oil per day (BOPD), or just over 100 million barrels
(bbl) per year — about 5% of domestic crude oil production. However, estimates of economically
recoverable oil from underground injection of carbon dioxide for enhanced oil recovery (CO,-
EOR) are in the range of 35 to 50 billion barrels of oil (BBO), suggesting that larger volumes of
CO, could be employed.

Coal power plants in the US today produce about 2 billion MT of CO, annually, about 80% of total
power sector emissions. Thus, the 65 million MT of new CO, used for EOR today represents only
about 3% of coal plant emissions. 65 million MT is equivalent to that emitted by about 10 GigaWatts
electric (GWe) of high efficiency (supercritical) baseload coal power plant capacity, generating

a bit over 4% of coal plant electricity in the US.

The US has not enacted legislation to cap CO, emissions, but the overwhelming majority of
climate scientists continue to anticipate major impacts from increased greenhouse gas (GHG)
emissions and to call for CO, limits. At a minimum, prudence suggests preparing the technology
options for a future marketplace in which CO, emissions are significantly below today’s levels
because of regulation and/or pricing, and this cannot practically be achieved without dramatic
reductions in CO, emissions from coal. Indeed, for these reasons, the federal government contin-
ues to invest significantly in CCS research, development, and demonstration (RD&D), as do many
other countries.

The CCS program has two major objectives. The first is to establish the science, the monitoring
regime, and the regulatory apparatus to store large amounts of CO, in deep geological forma-
tions. Understanding capacity, injectivity limits, and the permanence of storage are key research
goals. Extended time periods are needed for this research, so an aggressive CCS program is
required in this decade if the option is to be established in a timely way.

The second objective is to lower the financial cost and energy penalty of CO, capture for power
plants. With today’s post-combustion capture technology, a quarter to a third of the coal plant’s
energy output is needed to implement the capture process. It is estimated that the cost of CO,
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capture with evolutionary technology advances and engineering experience may reach as low

as $50 to $70/ton CO, for a fully commercial (i.e., nth) integrated coal/CCS plant, but that the
costs for the first-mover plants are roughly twice as high. This is well above the price range paid
today for carbon dioxide injection for enhanced oil recovery (CO,-EOR), which is more in the

$25 to $40/ton range with recent oil prices. Consequently, while CO,-EOR can materially lower the
costs for an anthropogenic CCS project, government support is likely required to help motivate
the first-mover demonstrations.

The integration of EOR and CCS programs poses a number of challenges, the most fundamental
of which is the different motivations of the various players. CO, is treated as a commodity by EOR
operators and the Bureau of Land Management (BLM), but as a pollutant by the Environmental
Protection Agency (EPA) and the power plant operator. The EOR operator wants to minimize the
CO, needed for producing a barrel of oil, while the power plant operator and EPA want to maxi-
mize CCS. Even within the EPA, regulation of oil and gas wells and of CO, disposal wells would
need to be harmonized. In addition, CO, pipeline issues have not been in the federal domain

but rather are regulated at the state level. These challenges are certainly not insurmountable,
but they do highlight the range of issues that will enter into shaping the value proposition for
different stakeholders.

2. Scale of CO, Storage through EOR

The focus of sequestration programs has been on deep saline formations (DSFs) because of the
enormous CO, storage potential. However, the symposium discussion brought into sharper focus
a key outcome: an organized CO,-EOR program using anthropogenic CO, could, with the appro-
priate CO, transportation infrastructure, kick-start larger-scale sequestration in the US and meet
sequestration needs for a significant period if CO, emissions pricing is introduced. Of course, this
will depend on reaching a satisfactory understanding of the scale and permanence of CO, storage
in EOR.

It appears that up to 3,500 GWe-years of CO, from coal power plant generation could be accom-
modated in the EOR Main Pay Zones (MPZs). This represents about 15 years of total output from
all US coal plants, or equivalently about 60 years of output from 25% of the US coal fleet; the
latter would represent an increase from 65 million MT of EOR CO, annually today to over

300 million MT annually. We do not suggest that this “theoretical maximum” can be achieved
anytime soon, so the available capacity can be expected to be sufficient for a considerable time:

e |t takes time to scale-up any industrial enterprise, including EOR, several-fold.

e EOR with CO, from coal power plants will not be commercially viable absent government
subsidy or until CO, emissions are priced substantially, and such pricing does not appear
imminent.

e |t will take a considerable time to retrofit as much as 50 GWe of the coal fleet for carbon
capture and the opportunities may not be much beyond this level: with today’s capture
technology, as little as 20% of the existing US coal plants may be serious candidates for CO,
capture retrofit (see Retrofitting of Coal-fired Power Plants for CO, Emissions Reductions,
proceedings of a 2009 MITEI Symposium, web.mit.edu/mitei).

Beyond this, Residual Oil Zones (ROZs) may hold an even greater potential according to estimates
made for the Permian Basin by the US Department of Energy/National Energy Technology
Laboratory (DOE/NETL). There is much to be understood before this assertion can be verified,
and the DOE should support a research program to quantify the promise of ROZ for enhanced oil
recovery for carbon capture and sequestration (EOR-CCS).
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3. Storage Issues with EOR

A key issue for gauging the appropriateness of government support of a major EOR-CCS effort is
verifiable permanence of CO, storage. Tertiary recovery obviously implies that the reservoir has
been produced through many wells over a considerable period of time. This calls into question
the integrity of the CO, confinement over centuries. Clearly, monetization of the stored CO, will
require development of both well integrity standards and an adequate and affordable monitoring
system and verification protocol.

Second, the EOR process entails repeated recycling of the CO,, as a substantial fraction (20% to
40%) of the injected amount can accompany the produced oil, is separated from that oil, and then
reinjected. Therefore, CO, “accounting” needs to be monitored throughout the entire operation.
Further, overall system operation may be complicated by the declining demand for CO, during a
well’s EOR operating period.

However, EOR also has attractive features for CO, storage relative to DSFs. Some of the potential
advantages are:

e amuch reduced footprint (perhaps an order of magnitude in area) for the underground CO,
plume;

e oil production can lower sequestration technical risk because of lower reservoir pressure
requirements for CO, storage;

e abaseline of reservoir data and production history;

e known trap and seal integrity tested over geologic time;

e existing infrastructure at the site;

e buildup of public acceptance for large-scale sequestration.

These features should be captured and advanced in design of a government-assisted CCS
program focused around CO,-EOR with anthropogenic sources.

4. Implementation Issues for CO,-EOR

The combination of the high cost of integrated first-mover CCS projects, the benefits of enhanced
domestic oil production, and the rough equivalence of CO, needs for EOR and CO, sequestration
potential in the next two to three decades merits a serious look at scaling up CO,-EOR with
government support. However, in addition to the research needed to quantify storage perfor-
mance, several other implementation issues need to be addressed.

¢ Infrastructure

Federal CCS programs have paid relatively little attention to the CO, transportation infrastructure,
but this is a key enabler for building both EOR and DSF sequestration. Looking well into the future,
a CO,-EOR program utilizing hundreds of millions of tons of CO, annually will likely require tens
of thousands of miles of CO, pipeline. A “giant horseshoe” configuration was discussed at the
symposium, linking the major CO, sources of the Midwest with the producing regions of the Gulf
Coast, West Texas, and the Rockies. Clearly, such an ambitious undertaking should occur with
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public support only with evidence that large-scale CO,-EOR using anthropogenic sources will
materialize as an opportunity for both climate risk mitigation and enhanced oil production.
Satisfying these needs will probably require sustained “high” (i.e., current) oil price levels and
a price (or cap) on CO, emissions. However, even the initial steps to implement anthropogenic
CO,-EOR should be taken with a view toward beginning to build the physical infrastructure in
a way that would be needed for a future major scale-up.

In the longer term, other issues will certainly arise as to how a large pipeline infrastructure

is built and regulated when part of its purpose is to serve an environmental public good (CO,
“disposal”). For example, will major pipelines be required to serve as common carriers? Will the
federal government take on some measure of siting authority, as it does with natural gas pipe-
lines (and more recently with electricity transmission lines)? These questions do not need to be
answered immediately, but they merit near-term stakeholder discussion to map out the regula-
tory landscape in case the value proposition becomes attractive sooner rather than later.

e Managing CO, supply and demand

The supply of CO, from a large baseload coal plant, which is essentially continuous unless down
for repairs, will not always match the demand requirements of individual EOR operators. How
supply and demand are matched is an important issue for the value proposition and for capture
and storage of most of the produced CO,. Simple “take or pay” long-term contracts are not likely
to be attractive or economical for individual EOR projects.

Some of the supply/demand balancing can be facilitated by an infrastructure that links sources
to multiple EOR projects. However, the most straightforward approaches discussed at the sym-
posium appear to be employment of available pore space in depleted natural sources of CO, and
“stacked storage,” that is, use of the CO, for EOR when possible, and storage of “excess” CO, in
a DSF at other times. It is anticipated that such storage options will be available at or near most
EOR locations.

Stacked storage will require that the federal government continue its program for resolving
science and regulatory issues for sequestration in DSFs. It will also call for an evolved public-
private business model, since some of the CO, goes for commercial purposes (and storage), while
some is directed towards CO, “disposal.” A fair allocation of costs and benefits among the EOR
operator, the CO, supplier, the transportation provider, and governments must be analyzed and
put into contractual terms.

¢ Regulation

Multiple regulatory issues need to be faced, some of which have been alluded to already. Liability
is a key issue. There was considerable disagreement among symposium participants about the
extent to which government should assume long-term liability for CO, storage and/or is compen-
sated for assuming that liability. This discussion mirrors that for CO, sequestration quite indepen-
dent of the EOR possibility.

Our view is that a phased approach is called for, testing out the scalability of anthropogenic
CO,-EOR while answering the scientific, verification, infrastructure, and business questions.

In this context, some combination of state and federal governments should assume long-term
liability for a small set of first-mover projects while the regulatory regime is proposed, debated,
and evolved based on the first-mover experience. Clearly, historical liabilities associated with the
site history or with a possible “orphan” site future are not acceptable. This assumption of liability
can be negotiated into the terms for monetizing the stored CO, in these first few projects. The
alternative is further delay in establishing the CCS option and deferral of the domestic oil produc-
tion opportunity.
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A second set of issues deals with ownership of pore space. Conventional approaches to mineral
extraction rights are inappropriate for CO, storage rights. An essential step is that the EPA recog-
nizes EOR as providing storage, subject to verification. Unitizing — legal agreements that enable
oil reservoirs to be operated as a single system even if different landowners are affected — needs
to be carried over to CO, storage in order to facilitate monitoring, reporting, and verification
(MRV) needed for monetizing stored CO,.

5. Recommended actions

Anthropogenic CO, capture, transportation, and use for EOR has the potential to be a significant
contributor to domestic oil production and, if increased several-fold from today’s injected vol-
umes, to accommodate anticipated sequestration needs for at least a couple of decades, quite
possibly more. The high cost of integrated CCS projects has slowed down the implementation of
CCS demonstrations, and the economic benefits of EOR, especially with continuing high oil
prices, can provide a major stimulus for advancing such projects. Several DOE projects already
target EOR, but there has not been a commitment to this option as a key part of the overall CCS
program design. We strongly urge that the DOE develop and implement a comprehensive RD&D
program that:

e Provides data on permanence of CO, storage in EOR;

e Develops the tools for end-to-end systems analysis of CO, capture at power plants, transpor-
tation infrastructure, and stacked storage;

e Provides an analytical framework for the value proposition for power plant, pipeline, and EOR
operators and for the government;

e Puts forward principles for resolving regulatory issues, such as pipeline siting and access,
long-term liability, and pore rights;

e Explores the potential for EOR in ROZs; and

e Maps out a phased implementation program for CO,-EOR, including build-out of transporta-
tion infrastructure.

Ernest J. Moniz Scott W. Tinker

Director, MIT Energy Initiative Director, Bureau of Economic Geology
Cecil and Ida Green Professor of Physics Allday Endowed Chair in the Jackson
and Engineering Systems School of Geosciences
Massachusetts Institute of Technology University of Texas at Austin
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MIT Energy Initiative and Bureau of
Economic Geology at UT Austin Symposium

The Role of Enhanced Oil Recovery in
Accelerating the Deployment of Carbon
Capture and Sequestration

FINDINGS IN BRIEF

FROM THE RAPPORTEURS’ REPORT ON THE SYMPOSIUM

MITEI and UT-BEG at Austin co-hosted a symposium on the role of EOR in accelerating the
deployment of CCS. This summary report reflects the major points of discussion and the general
findings and recommendations of the event’s participants. This is a report on the proceedings
and the papers that informed those proceedings; this is not a study. This report represents a
range of participant views and, where possible, includes consensus or general recommendations
of the presenters and participants; it is in no way intended to represent the views of all the partici-
pants, of individual participants, or of the rapporteurs.

Symposium Structure

The symposium'’s participants helped to frame the issues, opportunities, and challenges associated
with the geosciences, implementation, and policy and regulatory aspects for carbon sequestration
through the use of CO, in EOR activities. The findings identify a range of possible “next steps” for the
consideration of policy makers and other interested individuals and entities.

Participants engaged in moderated discussions after reading commissioned white papers and other
materials provided to them in advance of the symposium. Symposium participants Michael Ming of
the Research Partnership to Secure Energy for America (RPSEA), Stephen Melzer of Melzer Consulting,
and James Dooley of the Joint Global Change Research Institute at the Pacific Northwest National
Laboratory each provided high-level framing of the issues associated with EOR.

During the symposium, the authors of the pertinent white papers, Susan Hovorka of the UT-BEG,

for geosciences; Vello Kuuskraa of Advanced Resources International, for implementation; and Scott
Anderson of the Environmental Defense Fund (EDF), for policy and regulation, highlighted key points
from their papers and selected discussants offered brief responses to those points. Symposium
participants then engaged in a discussion framed by the white papers exploring the issues associated
with carbon sequestration in oil and gas fields (in conjunction with EOR and otherwise).

Several participants also provided papers and slides in advance of the symposium to further inform
and focus the discussion. Data, points of view, and information from such documents are integrated,
where applicable, into the text of this report and are available at the MITEI Web site. Ernest Moniz,

the director of MITEI, and Scott Tinker, the director of UT-BEG, provided summary remarks at the
symposium and led a concluding discussion. A summary of the issues and findings of the symposium
follows.
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Framing of the Issues

Issues Summary: Large-scale CCS includes a suite of critical enabling technologies for the
continued combustion of fossil fuels in a carbon-constrained environment. The oil industry has
for several decades been using subsurface injection of CO, for EOR. The key focus of the sym-
posium was assessing the potential of the availability of additional anthropogenic CO,-EOR as
both a value proposition for industry and an opportunity for demonstrating large-scale seques-
tration for meeting climate change mitigation objectives.

The volume of EOR pore space was a central focus of the discussion, viewed as both an oppor-
tunity as well as a limitation by various participants. Hydrocarbon pore volume in current and
potential EOR operations is readily available, accessible, and may be significantly larger than
typically recognized. New research and field demonstrations have identified the opportunity

for EOR in ROZs," geologic formations that historically have not been targets for commercial oil
production. The ROZs may have the potential to expand known usable pore volume by orders of
magnitude although, given current understanding, there is a high degree of uncertainty about
total ROZ capacity.

Another key issue addressed by the participants was the framework that would be needed to
transform current CO,-EOR operations into a viable CCS option. Participants noted that current
EOR operations were designed to maximize oil production rather than permanently store CO,,
and that data, research, and analysis to support regulations on the permanency and safety of CO,
injected into hydrocarbon pore space are not complete or comprehensive.

Linking carbon capture, CO, transportation, and enhanced oil recovery for EOR-CCS activities
will require the development of new business models. Alternative models were discussed, ranging
from evolutionary expansion of the current CO,-EOR business model to the creation of a broad
new framework requiring an active governmental role in establishing the vision, leadership, and
possible financing of certain activities.

Value sharing between those entities capturing carbon and providing the CO, supply (i.e.,
upstream participants in CCS, e.g., utilities) and those entities acquiring CO,-EOR projects

(i.e., oil industry participants downstream in the CCS value chain) was identified as an important
issue for the development of a viable business model. Past analyses were discussed which show
the West Texas CO, market to be oligopolistic in nature, as the current CO, sellers influence
pricing by controlling supply. A large-scale CO, capture program could lead to a situation in
which the supply of CO, would most likely exceed demand; therefore, the rents from CO,-EOR
would accrue to the downstream participants, not the CO, suppliers. Sharing of value between
suppliers and downstream users is critical to a successful business model. Absent such a
scheme, the value proposition of CO,-EOR may not adequately incentivize power plant owners to
capture carbon and supply the downstream market.

With today’s capture technologies, the cost of capture from power plants would not be offset by
the CO, value for EOR. Therefore, absent a price on CO, emissions, some form of government
incentive would be needed. Government incentives are justified as needed to demonstrate CCS
for a future in which CO, emissions carry a price.

Development of a CO, transportation network was identified as a critical element to connect the
CO, sources to potential EOR applications. The design of a transportation network and its imple-
mentation and financing were identified as major issues by participants. Linking current CO,
pipeline segments in a “giant horseshoe” arrangement could, for example, form the backbone for
a national CO, pipeline system.
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Concern about a regulatory regime for CO,-EOR was a recurring theme of the symposium. The
value proposition of CO,-EOR depends in large part on the ability of CO,-EOR operators to com-
ply with any emerging CCS regulatory requirements and to obtain the appropriate carbon credits
if and when they become available. Care would need to be taken by those establishing regula-
tions and credit structures to ensure that CO,-EOR project sponsors are adequately covered in
any regulatory or statutory regimes, particularly for early-mover projects that preceded the estab-
lishment of the regulations. Otherwise, CO,-EOR project sponsors could be faced with

a potential environmental liability rather than an environmental credit.

The current EOR infrastructure in the Permian Basin in West Texas was discussed as a possible
starting point for the evolution of an EOR-CCS program, in large part because of the economic
opportunities associated with the potential to substantially increase the producible oil resource
base in that region. It is highly unlikely that EOR would enable the complete recovery of the
remaining one-third of oil resources left from conventional production; if this were possible,
however, it would create nearly $1 trillion of value. Some participants noted that EOR activities in
the Permian Basin benefited from targeted R&D, regulatory, and tax subsidies spanning decades.
Taking full advantage of the Permian Basin EOR opportunities in the future might entail the need
for similar incentives.

Framing of the Issues: Key Findings

Finding: The expansion of EOR programs to increase domestic oil production while
simultaneously sequestering CO, in hydrocarbon pore volume offers a value proposition
that can create wealth, contrasting with the view of geologic sequestration of CO, as a
waste disposal activity.

Finding: The magnitude of hydrocarbon pore space available for sequestering CO,
through EOR operations is significantly greater than generally recognized.

Finding: New research and field experiments have identified the feasibility of EOR devel-
opments in partially oil-saturated structures, known as ROZs, that could possibly expand
potential hydrocarbon pore space volume by orders of magnitude. There is significant
uncertainty surrounding the capacity of these zones, and additional research and analysis
are required to fully understand ROZ potential.

Finding: New business models are needed to create the necessary linkages between CO,
sellers (i.e., power plant owners who install carbon capture), CO, pipeline transporters, and
CO,-EOR operators. Business arrangements that share the added value created by CO,-EOR
opportunity will be an important aspect of any successful business model.

Finding: Establishment of a regulatory framework that enables CO,-EOR activities to be
recognized as a viable carbon sequestration option is essential to realizing the full potential
of CO,-EOR.

Finding: Additional CO, pipeline infrastructure will be needed to link anthropogenic CO,
sources to regions of EOR potential. A smartly designed “source-to-sink” pipeline system
could minimize the amount of new pipelines. Even so, up to 30,000 miles of new pipelines,
developed over decades, will be needed.

Finding: The public policy purposes associated with EOR-CCS merit consideration for
federal policy and financial incentives to overcome the current barriers to widespread
commercial deployment. The current volume cap on Section 45Q of the Internal Revenue
Code sequestration tax credit is too small to incentivize significant commercial deployment
of EOR-CCS.
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Panel One: Geosciences

Issues Summary: From a technical perspective, the degree to which the subsurface can be
characterized both qualitatively and quantitatively will have major impacts on the ultimate success
of any EOR-CCS project. The geosciences provide the tools for understanding the subsurface.
Many of these tools (e.g., imaging, reservoir, and fluid modeling) have been highly developed by
the oil and gas industry.

While these tools can be applied to any EOR-CCS project, their accuracy in resolving and charac-
terizing the subsurface is directly proportional to the density of available data. CO,-EOR projects
are high-data-density environments with a number of well penetrations and production records
that contain information on pressure and fluid flow, as well as iterative modeling of fluid flow
through the reservoir, often complemented by seismic data. In short, from the perspective of the
geosciences, the long operating history and data density associated with EOR provide an oppor-
tunity to advance both the science and practice of EOR-CCS.

There is an established base of geosciences information for EOR reservoirs that does not exist for
deep saline formations (DSFs). There is direct evidence — oil confined over geologically significant
time — of the quality of the confining system (cap rock) of an EOR project, a property that can
only be inferred in a saline formation. In addition, the storage volume (exclusive of ROZ volumes)
and injection rate of an EOR field are well known; in saline formations, these key properties must
be measured and extrapolated over the planned storage volume.

EOR projects already provide substantial experience useful for monitoring CO, injection and
movement in the subsurface. Economic incentives for more robust demonstration of storage in
EOR can test the effectiveness of monitoring approaches and provide data for assessing subsurface
storage risks. However, at the decadal time frame of EOR projects, direct measurements of
permanence are difficult or impossible to make with adequate precision to assure performance
over centuries. Making long-term projections (centuries plus) requires indirect methods such as
models and comparison to analogous natural systems.

Understanding the geosciences issues associated with the subsurface behavior of large-scale
CO, injection — plume size at expected injection rates for both EOR and saline aquifer injection,
for example — is critical to advancing the understanding and confidence in CCS as a climate mitiga-
tion measure. Fully instrumented and monitored CCS demonstration projects can be linked to
EOR in order to accelerate experience
gains and provide data at scale.

Figure 1 - Schematic of a CO,-EOR System. Components
required for sequestration in brine formations that are also
common CO,-EOR are highlighted in red.

Coincidence of sedimentary forma-
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that much US brine-formation storage
could be accessed through infrastruc-
ture developed for CO,-EOR using the
stacked-storage concept. Additional
screening to determine which reser-

T voirs are economically accessible for
EOR and the scope of pipeline con-
Reservoir struction that would be motivated by

EOR has not been undertaken.
Source: Hovorka
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Geosciences: Key Findings

Finding: There currently exists a wealth of information and experience, including massive
data sets, on CO, injection for EOR projects. This information on CO,-EOR is held by the oil
industry. There is a need to determine how to share this information to educate the public
and advance the understanding of and confidence in EOR-CCS.

Finding: The potential pore volume available for CO, injection into DSFs (i.e., brine)

is several orders of magnitude greater than for EOR. However, much less is known about
the geoscience of CO, injection into DSFs, and there may be challenges associated with
pressure management and confinement.

Finding: Because of the economic incentive, test and measurement in EOR projects
are much more practical than in “greenfield” DSFs. Acquiring these kinds of data for
a “greenfield” brine project will be expensive and time consuming. EOR provides the
dense data needed to test tools, methodologies, and long-term monitoring.

Finding: Subsurface monitoring to determine the permanence of CO, injection will be
critical in any carbon regulatory scheme. Mass balances may be too simplistic. There are
many different monitoring techniques that need to be integrated, but all require some
pre-injection baseline to fully understand the movement of CO, in the subsurface.

Finding: CO,-EOR projects can accelerate CCS demonstration and serve as test beds for
understanding geoscience issues and increasing confidence in the correctness of monitoring
and modeling.

Panel Two: Implementation

Issues Summary: A recurring theme of the symposium was that widespread adoption of CO,-EOR
as a matter of public policy could accelerate the implementation of CCS. Some participants thought
that the potential for sequestration in conjunction with EOR activities was sufficient to meet CO,
storage needs through 2050. Other systematic estimates expressed were much more conservative.
Some noted that the lack of CO, supplies could actually restrict additional CO,-EOR development.

Participants discussed analysis of the economic potential of CO,-EOR in the MPZs, which suggested
that there is sufficient capacity in the EOR sector to sequester CO, supplies from 57 1-gigawatt
(GW) coal-fired power plants for 30 years. Estimates were even greater when the pore volume in
the ROZs is included, although the understanding of these zones is limited. While the resource
potential is yet to be quantified, an assessment by the US Department of Energy/National Energy
Technology Laboratory (DOE/NETL) of the ROZs in the Permian Basin determined that an addi-
tional 12 to 18 gigaTons (GT) of CO, storage capacity exists in the ROZs, compared to 6.4 GT storage
capacity in MPZs.

There is a geographic mismatch between some of the existing anthropogenic CO, sources and
the oil basins. To fully integrate the potential CO, supply from these sources into the EOR projects,
an extensive pipeline network linking the large anthropogenic CO, sources to EOR projects will
be needed.
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Implementation: Key Findings

Finding: There are over 100 active CO,-EOR projects in the US, currently providing
281,000 BOPD, about 5.0% of total domestic crude oil production. Natural sources of CO,
account for over 80% of the total CO, supply to these projects. Current EOR operations can
store around 0.26-0.32 MT of CO,/bbl produced.

Finding: It is estimated that there are 38 to 58 billion barrels of economically recoverable
oil from CO,-EOR, under current assumptions. Recovery of this oil will require a significant
expansion of CO, supply.

Finding: The potential for retrofitting carbon capture at existing coal power plants for
retrofit could be as low as 20% of the fleet. Emissions from this subset translate to a few
hundred million MT of CO, which is a good match to the CO,-EOR potential. This raises the
possibility that brine may not be needed as primary storage capacity in the near and
intermediate term.

Finding: While the potential amounts of CO, supply and use in EOR match well, there are
transportation constraints. Additional CO, pipeline capacity will be needed to link regions
of coal generation plants with carbon capture potential to the areas of EOR potential.

Finding: The area of the CO, plume in a DSF created from the injection of CO, from a
1-GW coal power plant over 30 years could reach over 200 square miles. Because of its
greater pore space, the size of the plume from a comparable amount of CO, injection into
an EOR reservoir is estimated at 20 square miles, or one-tenth the size of the plume in the
brine formation.

Finding: CO, sequestration in DSFs can be used as backup storage to deal with opera-
tional EOR issues. Short-term and long-term operational mismatches between anthropo-
genic supplies and EOR demand raise the need for a secondary storage capacity that can
accommodate the CO, supply during periods of high electricity generation and associated
large CO, production. Moreover, backup brine storage can serve as a secondary sequestra-
tion site in case oil production decreases to a point at which CO,-EOR no longer becomes
economically feasible. It is evident that there is substantial overlap between oil reservoirs
and DSF; however, the details for co-deployment mechanisms for EOR and DSF need
further assessment on a basin-by-basin scale.

Finding: There are 10 CO, geologic storage projects in operation or development in the
US. Seven of the 10 projects are employing CO,-EOR as the method of storage. The three
projects using CO, injection into brine are projects located in areas in proximity to DSF and
not convenient to CO, transportation infrastructure. The CO,-EOR projects have an advan-
tage in terms of lower technical risk, greater value proposition, and the potential for greater
public acceptance.

Finding: Implementation of CO,-EOR as a major national strategy for carbon sequestration
will likely need to occur in phases. The initial phase of pioneering projects will involve “learn-
ing by doing” and developing the data to support an effective regulatory regime. This phase
needs to be followed by a major effort to reduce cost, in order to ensure that a mature
CO,-EOR industry will be commercially viable. Even under a climate bill, very little CO,-EOR
as a means of CCS will take place without incentives until a price is set on CO, emissions.
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Panel Three: Policy and Regulation

Issues Summary: Participants focused on policy and regulatory frameworks that would enable
CO,-EOR activities to qualify as a viable and effective carbon sequestration strategy. Much of the
discussion centered on questions related to the permanency of carbon sequestration in hydrocarbon
pore space and whether current EOR field practices were adequate to prevent leakage. The
availability of baseline data from existing EOR fields was identified as an important factor that
would facilitate regulatory determinations. Public acceptance also was noted as an important
consideration.

Participants discussed whether there should be a distinction, for regulatory purposes, between
enhanced oil recovery-business as usual (EOR-BAU), i.e., EOR activities designed to maximize oil
production with incidental carbon sequestration, and EOR-CCS, i.e., EOR activities designed to
maximize carbon sequestration with oil production as a corollary benefit that lowers CCS cost.

The major elements for an effective regulatory regime were also discussed. These include criteria
for siting, operations, closure, and MRV. This discussion centered on the requirements applicable
for new CO,-EOR projects planned for the purpose of carbon sequestration (EOR-CCS).

Participants were also concerned about appropriate requirements for existing CO,-EOR opera-
tions, i.e., EOR-BAU. The current EPA Underground Injection Control (UIC) program, established
under the Safe Drinking Water Act of 1974, is an imperfect framework for achieving comprehensive
regulation. Aspects of EOR-CCS activities fall within both the Class Il and Class VI wells estab-
lished in the EPA UIC regulations.? In addition, the Safe Drinking Water Act currently does not
have explicit authority to authorize standards for CO, emissions leakage to the atmosphere that
may result from underground injection activities.

Participants discussed the importance of legal issues, such as ownership of pore space. Current
leasing regulations were designed to convey mineral rights, including the use of pore space as
reasonably necessary for extracting minerals. However, current leasing regimes did not antici-
pate the use of pore space for permanent storage of CO,. This may require changes in regulations
to recognize the distinctions between mineral extraction rights and storage rights. This issue is
currently under review for federal lands leased by the Department of Interior (DOI) BLM.

Another important legal issue for EOR fields is “unitization” — legal agreements that enable oil
reservoirs to be operated as a single system in order to increase oil recovery. Such agreements
typically involve the equitable sharing of royalties between landowners likely to be affected

by the drilling, production, or injection activities on the unitized properties. Failure to achieve full
unitization of EOR fields planned for CO, storage could present major obstacles to compliance
with MRV requirements needed for carbon sequestration credits. Participants recognized that
unitization was an issue under the jurisdiction of the states. Many state legislatures have enacted
compulsory unitization requirements for oil and gas extraction. Texas, which has by far the
largest extent of CO,-EOR activity and future EOR potential, does not currently have a state law
on compulsory unitization.

The issue of liability protection received a great deal of attention at the symposium. Many partici-
pants felt that CO,-EOR operations should not receive any form of liability protection from the
migration of sequestered CO, into the groundwater or atmosphere under the theory that these
operations are no more risky than those of other industries that do not receive such protections.
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Others noted at least two areas in which inadequate information or market failures may justify
a governmental role in liability protection. Early movers of pioneer EOR-CCS projects have
inadequate information for the marketplace to appropriately price risk and provide risk manage-
ment tools. Also, “orphan” sites, which may require remedial action, may require some kind of
government-supported liability protection or coverage.

Participants also heard about and discussed possible “pooling” arrangements among CO,-EOR
project sponsors. These arrangements would enable private sector entities to achieve standard-
ization and economies of scale in long-term MRV activities, and possible risk sharing, without the
need for a governmental role in providing financial protection or subsidies.

Finally, participants discussed legislative scenarios for a national EOR-CCS program and there
was general agreement that such a program could advance only in the context of a national
requirement for CO, emissions reductions. Participants generally agreed that comprehensive
climate change legislation would provide the necessary incentives to spur a national EOR-CCS
program. Participants also noted that legislation proposed in 2010 provided special incentives for
EOR-CCS in the form of bonus allowances under the proposed cap-and-trade regulator regime.

At the time of the symposium, some participants were unwilling to preclude the possibility that
the 111th Congress might take action on comprehensive climate change legislation, although the
general feeling was that this was highly unlikely. Consequently, there was less focus on policy
and legislative options for CO,-EOR / CCS separate from comprehensive climate change legisla-
tion. Absent comprehensive climate change legislation, there was a view that CO,-EOR would
evolve slowly as a niche activity providing an opportunity for “learning by doing” to inform future
discussions of policy and regulation. [Note: the 111th Congress did not act on comprehensive
climate change regulation.]
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Policy and Regulation: Key Findings

Finding: Regulation of EOR-CCS activities requires a comprehensive framework that should
address siting, operations, closure, and long-term monitoring of EOR sequestration projects.

Finding: EOR-BAU, EOR-CCS, and carbon sequestration in brine formations, have different
operational characteristics, such as injection rates and pressures. These differences will
require different regulatory approaches.

Finding: There will be challenges in adapting existing CO,-EOR projects to a new CCS
regulatory regime. While carbon sequestration is clearly taking place, current projects may
lack sufficient data on baseline conditions, migration patterns, and leakage points needed
to make a regulatory determination of long-term sequestration and verifiable carbon
credits.

Finding: Extensive planning is currently underway to establish MRV plans for EOR-CCS
demonstration projects. MRV plans are intended to support compliance with anticipated
regulatory requirements; however, they have not yet been fully demonstrated. Consequently,
the emerging regulatory framework for EOR-CCS will need to have some flexibility to allow
for learning by doing.

Finding: The process of development of the regulatory framework for EOR-CCS has
involved extensive dialogue among stakeholder groups. This process appears to have
contributed significantly to early identification and discussions of key issues. While there is
not necessarily a consensus on a number of issues, the process of dialogue has appeared
to significantly advance regulatory development efforts.

Finding: Ownership rights to pore space in EOR reservoirs, as well as unitization of EOR
fields, pose potential barriers to EOR-CCS projects. Resolution of the legal questions
surrounding these issues is generally the responsibility of the states, except for federal lands
which are administered by the DOl BLM.

Finding: Liability protection for post-closure CCS projects remains a contentious issue.
While the risk profile associated with EOR-CCS operations may not be significantly higher
than certain other types of industrial activities, there are significant uncertainties associ-
ated with pioneer projects and there may be challenges associated with the long time
scales for post-closure monitoring, including the possibility of “orphan” sites. There is a
broad range of potential options to address the liability issue, including possible liability-
sharing or “pooling” arrangements among EOR-CCS operators, as well as limited govern-
ment intervention.
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I. Framing of the Issues

The maturity of oil fields globally and more specifically in the US creates a continuing private
interest in CO,-EOR. Likewise, there is an increasing public interest in controlling CO, emissions.
CCS in geologic formations is one pathway towards achieving this objective. The overarching
theme of the symposium was to explore the possibility of aligning private and public interests in
this intersection of CO,-EOR and CCS. Moreover, if such an alignment were possible, would there
be a case for public policy to accelerate CO,-EOR that is driven by CO, control and possibly by
energy security concerns?

Ernest Moniz and Scott Tinker opened the symposium with introductory comments to set the
stage for the day’s discussion. Following these introductory comments, Michael Ming, Stephen
Melzer, and James Dooley made presentations on framing the issues for discussion. Tracy Evans
provided additional comments. Participants made additional comments and raised questions
throughout this process. A topical summary of the discussion follows.

The symposium sought to address this issue by focusing on the “three legs of the stool”® with
regard to CO,-EOR as a CCS option:

1. Is it technically possible from an engineering and geologic perspective?

2. lIsit doable? This addresses the implementation aspect of CO,-EOR and deals mostly with
surface issues.

3. lIsitsensible? This is the most contentious issue of the three because it encompasses policy,
economics, and public perceptions and acceptance.

The Oil Field Opportunity for CCS

CCS is a future technology option for mitigating CO, emissions from traditional fossil fuel power
generation and other industrial processes. Employing CCS on a meaningful scale relative to CO,
emissions volumes is a longer-term option, as:

e Costs of retrofitting existing coal-fired facilities to capture CO, appear to be unacceptably high;
e The distribution network to move the CO, from power plants to repositories is inadequate;

e The regulatory framework to enable the determination of safe and acceptable permanent CO,
repositories is not yet in place; and

e The public generally lacks knowledge of or information on CO, sequestration.

Despite these barriers to near-term, large-scale CCS deployment as a technology for reducing
CO, emissions into the atmosphere, there is high current demand and even higher future
potential for CO, in EOR operations, where both pore volume and established CO,-related
infrastructure and expertise are available.

Two of the recurring themes and discussion topics of the symposium were:

1. Hydrocarbon pore volume in current/potential EOR operations is readily available, accessible,
and larger in scale than generally recognized. In addition, utilization of partially oil-saturated
reservoirs, ROZs, has the potential to increase usable hydrocarbon pore volume by orders
of magnitude.
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2. Transforming CO,-EOR operations from commercial oil production operations to commercial
operations plus CCS (i.e., EOR-CCS) to reduce atmospheric emissions requires a strategically
planned and commercially incentivized research program. To employ existing EOR operations
as acceptable CO, storage sites, such a program would need to address both the source and
sink ends of the process and advancement of a yet-to-be-completed distribution system.

Underlying Driving Factors Needed to Shift to a New Paradigm

To facilitate accelerated CCS development, policy and regulatory frameworks need to acknowl-
edge several key factors including:

e The critical importance of a commercial economic driver to create wealth and incentivize the
robust participation of the private sector;

e The necessity of an extensive pipeline distribution network; and

e The establishment of a program that is broader than a simple “clean coal technology” dem-
onstration program and one that, in its design, reconciles the “chicken and egg” problem —
the need to significantly reduce capture technology costs while simultaneously ensuring that
repositories are established for economically captured CO.,.

Wealth Creation as a Principal Driver for EOR-CCS

Wealth creation from expanded use of CO, for EOR can serve as an essential motivator for
accelerating the demonstration, deployment, and public acceptance of CCS as a tool for GHG
emissions mitigation. This vision and the leadership required for its implementation could enable
a change in the public mind-set about sequestration — a shift from the current view of CCS as a
waste disposal option to an avenue for wealth creation. This transition would link near-term CCS
deployment with EOR to achieve multiple objectives: job creation, decreased cost for a public
good, enhanced national security, and improved balance of trade through the expansion of
domestic oil production.

Participants generally recognized this core argument — that CO,-EOR could provide a bridge to
large-scale commercial EOR-CCS deployment, providing revenues to the private sector while
meeting essential public goods in the following ways:

e Revenues from CO, sales to the oil industry can offset some of the costs of CO, capture from
both natural gas- and coal-fired power plants, as well as other industrial facilities producing
large volumes of CO,.

e New integrated gasification combined cycle power plants employing CCS technologies could
be built by 2020 with the incremental cost of these plants being offset by a market and a
positive price for all the CO, captured by this new fleet of power plants.

e |f CO, emissions pricing is in place, the scale of the rents associated with selling CO, for
CO,-EOR could decrease wholesale electricity prices by 1% to 5% in the regions where credits
for EOR-CCS are available. Revenues from CO,-driven EOR could create benefits of up to $55
per ton of CO, for the supplier. This creates the potential for encouraging early adopters of
CCS technology as well as providing an incentive for commercial deployment and infrastruc-
ture build-out for large-scale commercial CCS.
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These arguments assume that CO,-EOR is undertaken as a profitable endeavor, motivated by
revenues from recovered oil. There is currently a positive price for pipeline quality CO, in regions
that already employ CO,-EOR. Over the last several years, CO, prices have risen along with oil
prices. It may not be possible to extrapolate previous experience into the future unless the
positive price for pipeline quality CO, persists for a significant period of time and the rents associ-
ated with oil production are shared with upstream CO, suppliers.

If pipeline quality CO, remains scarce, CO, suppliers will receive a reasonable price for their com-
modity. If, however, GHG emissions constraints force the widespread deployment of CCS systems
with a corresponding increase in CO, supply, there is a risk of over-supply, creating a very differ-
ent market structure in which rents do not necessarily accrue to the upstream supplier of CO, for
EOR purposes. Under these market conditions, downstream CO,-EOR would likely remain profit-
able, but upstream supplies would be devalued, diminishing opportunities for offsetting CO,
capture costs from anthropogenic sources and reducing the profitability of the current suppliers
of natural CO, to EOR operations.

Also, evaluations of economy-wide CCS deployment have typically assumed that 100% of the
potential storage capacity for a given formation is available on the first day of operations. They
also assume injection rates and fluid volumes over the course of a year consistent with the
number of wells, making them cost, not technically, driven calculations.

Storing CO, for climate change mitigation in a field undergoing CO,-EOR, however, is subject

to a set of constraints that CO, storage in DSFs is not. The most important constraint is variable
demand for CO, in EOR operations. This operational mismatch may strongly influence the ability
of an EOR field to serve as a base-load storage formation for commercial-scale CCS projects.
While each EOR field will be unique and will respond to CO, stimulation in different ways based
on reservoir-specific characteristics and project design, the general pattern will be high initial
demand for new CO, coupled with a decrease in demand as recycled CO, is used for an increas-
ingly larger portion of the total injection volume. Regional CO, supply systems can help mitigate
the variability.

Alternative Business Models

Two historical analogies were highlighted at the symposium, features of which may inform the
development of possible business models for implementation of the EOR-CCS concept. The first
was the development of the transcontinental railroad. The transcontinental railroad was created
from scratch by the unique confluence of factors. Central to its success were a solid vision and
committed high-level leadership. It also required the development and adherence to a road map
so that simultaneous development of infrastructure from the east and the west would converge
at the right point. The unprecedented logistical complexity required a level of expertise that only
could be provided by the experienced military leaders from the Civil War. And finally, it required
a unique financing structure with bonds authorized on the basis of miles of line actually laid.

The second historical model was development of unconventional natural gas resources in the
US which occurred coincident to conventional gas development, for which an infrastructure
already existed. This existing infrastructure was convenient, efficient, and effective for logically
leveraging and extending technologies from conventional resource development to the develop-
ment of unconventional resources. Consequently, a service infrastructure and pipeline network
developed incrementally and markets developed logically. Mineral issues were resolved through
legislation and court decisions over time, and effective regulatory policies were developed to
protect the environment and the public interest. These developments provided the requisite
economic incentives for the capital markets to work efficiently and be protected under the law,
which in turn bred investor confidence.
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Participants discussed a hybrid model for EOR-CCS in which new elements would be grafted onto
the existing CO,-EOR model, where the oil and gas industry already has significant expertise in
subsurface operations and experience in managing CO,, pipeline systems, and public concerns
about CO, injections. New elements include:

e (CO, measurement, verification, and permanency;
e Long-term stewardship;

e Pore volume ownership;

e New pipelines and distribution networks; and

¢ New financing arrangements.

This hybrid model would address the “chicken and egg” problem, by matching large-scale,
readily available carbon sinks with anthropogenic sources in order to incentivize the development
of economic capture technologies. The private sector would provide the sources and the sinks, a
combination of private and public investments would fund the connection of the sources and the
sinks, and the public sector would fund effective RD&D programs to advance the science and
technologies to enable economical large-scale CCS.

An issue that was discussed in detail by participants was the need for a pipeline infrastructure to
move CO, from power plants to EOR locations. One concept was to link existing CO, pipeline
segments into a national “horseshoe pipeline” that would form the backbone of a national CO,
pipeline network.

Figure 2 - A Framework Depiction of a National CO, Pipeline Network (“The Horseshoe”). The shaded
ellipses represent three areas where very large EOR/CCS projects are active or proposed.
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Leveraging the Value of an Effective EOR-CCS Program through a Comprehensive and
Effective National Policy

The value of the EOR-CCS program could be magnified if combined with complementary energy
policies. For example, more efficient energy use across the entire continuum could substantially
reduce the total volume of CO, that needs to be sequestered; coordinated and appropriately
sequenced policies should be developed to maximize the value of CO,-EOR for public purposes.
Also, replacement of legacy generation with low or no-carbon generation could dramatically
reduce the volumes of CO, requiring capture and sequestration.

Absent a global commitment to significantly reduce GHG emissions, the world will likely expand
its use of unconventional oil to replace declining conventional supplies. Production of unconven-
tional oil is generally more energy (carbon) intensive. However, the implementation of effective
climate change policies could fundamentally alter the mix of energy resources on which the world
draws to augment declining conventional oil resources. Stabilization of atmospheric GHG concen-
trations will require an increase over time in costs of carbon-intensive fuels. As the cost of emitting
GHGs to the atmosphere increases, the energy and carbon intensity of these unconventional
hydrocarbons will likely make them less competitive with other options to displace petroleum-
based fuels, such as biomass-derived fuels, natural gas vehicles, and electric passenger vehicles.
Under this scenario, the ability to reduce the cost of CO, for EOR will become increasingly impor-
tant in order to maximize the value of remaining oil resources, and minimize the shift to more
carbon-intensive unconventional resources.

Participants agreed that EOR-CCS is best addressed in the context of effective and more fully
integrated national energy policy. A promising area for demonstrating such integration is in the
Permian Basin in West Texas. The Permian Basin is home to the most extensive current CO,-EOR
activities in the world. It also is the home to a large wind energy resource. Thus, the Permian
Basin represents a happy confluence of geology, geography, and an established and growing
energy industry.

The Permian Basin as the Starting Point for Implementing the EOR-CCS Business Model

The Permian Basin has been an important location for traditional EOR operations. Two new
scientific developments could greatly expand this opportunity.

e Work originally sponsored by the DOE and accelerated by RPSEA has demonstrated both the
origin and distribution of what have come to be known as ROZs, reservoirs of saline solution
(i.e., brine) that are partially saturated with oil. Further resource assessments indicate that
ROZs exist in both “brownfield” areas where there are existing producing wells in the MPZs,
and in “greenfield” areas where there is no existing oil production.

e Additional work has demonstrated the commercial feasibility of oil production from ROZs
using CO,-EOR in the Permian Basin over the next 30 to 50 years.

There is significant uncertainty associated with ROZs. Taking advantage of any new opportunities
presented by ROZs would likely require additional research and characterization to determine the
actual size of the producible resource base and to determine suitability for sequestration.

These activities could be beneficial because the value proposition and pore space for sequestration
could be quite large. Participants recognized that there is limited understanding of ROZs. It is
estimated that concurrent EOR and CCS operations could potentially extract 1.5 to 2.0 barrels of
oil per ton (bbl/t) of CO, sequestered in ROZ zones, but substantial further analysis is required to
determine the scale of this opportunity.’
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The issue of the role of federal incentives in achieving the economic benefits of EOR in the
Permian Basin and West Texas was discussed. Projections of future growth are rooted in the
significant expansion of EOR activities that have taken place in the US, particularly in West Texas,
over the last 40 years. However, relatively little attention is paid to the underlying drivers for this
expansion.

Expansion of CO,-EOR in the US was not driven by the many technical and scientific factors often
used to compute the theoretical potential of EOR fields to store anthropogenic CO,. Instead, the
principal drivers were economic and political:

e Federal efforts to explicitly support CO,-EOR go back to the early 1970s. Since the oil price
spikes of the late-1970s, steps to encourage domestic EOR have been taken when the politics
were favorable.

e Direct federal support for EOR, specifically CO,-driven EOR, can be traced back to at least
1976, when the Emergency Petroleum Allocation Act (EPAA) was amended to provide price
incentives for bona fide tertiary EOR techniques under the national oil price controls then in
effect.

e President Carter’s 1977 National Energy Plan called for decontrolling the price of domestic oil
produced via EOR, which would provide a significant monetary incentive to begin seriously
exploring ways to deploy nascent EOR production technologies on a large scale.

e The Crude Oil Windfall Profits Tax Act of 1978 established differential tax rates for different
categories of crude oil, with a more favorable tax treatment for crude oil from EOR. The
differential tax treatment created an incentive that favored CO, flood development for crude
oil produced from the Permian Basin, as well as construction of the necessary CO, pipeline
infrastructure needed to support expanded EOR activity. Between 1994 and 2005, the IRS
credited an estimated $1.3 to $1.9 billion (in 2005 US dollars) under the Section 43 Enhanced
Oil Recovery Tax Credit, which directly subsidized the creation of new CO,-EOR floods, the
expansion of existing CO,-EOR projects, and associated purchases of CO,.

While there was a lag between the application of these federal subsidies and the production of oil
from CO,-EOR floods, and significant private funding invested into oil fields and their associated
infrastructures, federal subsidies designed to enhance energy security played a decisive role in
establishing the existing CO, pipeline network. More than 60% of the existing 3,900 miles of CO,
pipeline, mostly in and around West Texas, was built in the 1980s. These existing CO, pipelines
represent an implicit subsidy for any CO,-EOR flood that accesses the lines. It is unclear the
extent to which it is appropriate to extrapolate field-level CO,-EOR production cost data from areas
that are served by these lines to regions of the US where there is CO,-EOR potential but no extant
pipeline infrastructure.

A waste disposal-driven model without a commercial driver would most likely result in a longer,
more costly avenue for sequestering carbon, given the magnitude of the required investment and
very large volumes of waste. EOR-CCS would not only provide meaningful storage volumes, but
would also provide an accelerated path forward for the commercial deployment of CCS through
the efficient and effective merging of the public interest in CO, emissions reductions with the
capability and financial interests of private industry.
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Distinguishing Between CO,-EOR and EOR-CCS

It is important to clarify the distinction between CO,-EOR and EOR-CCS. CO,-EOR is the process
by which CO, is injected into depleted oil fields for the purpose of enhancing the recovery of oil
left over from primary and secondary production. Though it shares certain technical characteris-
tics and methods with CO,-EOR, EOR-CCS includes technologies whose objective is the long-term
isolation of CO, in the deep subsurface as part of a program to reduce atmospheric CO, emissions.
Depleted oil and gas fields, along with DSFs, are among the types of geologic formations being
targeted for CO, sequestration. EOR-CCS could be attractive in locations with significant available
capacity and conditions amenable to both long-term CO, storage and EOR.

Discussants noted that CO,-EOR as currently implemented is considerably dissimilar from commer-
cial-scale EOR-CCS per se. Large-scale adoption of the technology is unlikely unless significant
changes are made in the current deployment practices. These changes would include the broaden-
ing of subsurface understanding to include ROZs and DSFs (e.g., brine aquifers), along with a new
policy and regulation framework to incentivize the expansion to include anthropogenic sources,
transportation on a national scale, and appropriate monitoring to assure permanent sequestration.
Past experience with CO,-EOR operations and the incentives that have driven the development of
the industry are insufficient bases for informing public policy and investment in the current climate-
laden regulatory regime.

CO,-EOR-BAU does not meet the emerging regulatory thresholds for EOR-CCS, and significant
effort and cost might be required to bring current practice up to the level required for qualifica-
tion for CCS. Four large complete end-to-end commercial CCS facilities in the world were noted.
Only one employs CO,-EOR: the Dakota Gasification-Weyburn CCS project. The Weyburn project
has incorporated significant risk assessment and monitoring programs to verify the secure
storage of the injected CO, which is essential to the regulatory concept of a “complete end-to-end
CCS project” at the core of the CO,-EOR / CCS distinction. No other CO,-EOR projects are viewed as
EOR-CCS projects due to missing operational and CO, monitoring elements critical to demonstrat-
ing CO, sequestration.

The other three noted large-scale CCS projects inject CO, into “non-value-added” DSFs and,
thus, do not generate revenue via recovered hydrocarbons. There are likely a number of reasons
for this, including the distance of EOR fields to the source of captured CO,, availability of trans-
portation infrastructure, and the cost and complexity of CO,-EOR projects, such as the need for
additional injection and production facilities.

GHG Emission Reduction Credits

Essential to a successful GHG emissions strategy are specific, verifiable emissions reductions.
This is especially true for capital-intensive, single-purpose systems like CCS, which are employed
to ensure regulatory compliance to avoid penalties. Certification protocols will demand rigor
beyond simply demonstrating deep subsurface CO, injection to issue certified GHG emissions
reductions credits for CCS projects. Moreover, the degree of regulatory rigor applied is heightened
by the trading of credits in which each ton of reduced emissions is fungible and interchangeable
with any other ton of reduced emissions, irrespective of activity type.

In the context of climate change, the test for CO,-EOR is not as simplistic as establishing that the
use of CO, from anthropogenic sources for CO,-EOR results in lower overall GHG emissions than
CO,-EOR from natural sources. Instead, certified, fungible CCS-derived GHG emissions reduction
credits for any mitigation/offset project will likely be based on the net volume of CO, injected less
the emissions from operating the CCS project, including the energy required to separate and
re-inject the more than half to two-thirds of the injected CO, produced along with the oil after
breakthrough. Life cycle analysis tools will likely be needed for these calculations.
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Proposed or enacted regulations for CO, storage draw a distinction between CO, stored in geologic
structures, such as DSFs, and CO, used for CO,-EOR. For example, the EPA’s proposed Mandatory
Reporting Rule (MRR) makes it clear that different levels of reporting will be required for conven-
tional CO,-EOR than will be required for what the EPA defines as geologic sequestration. The
MRR would require the calculation of CO, entrained in the produced oil as well as different (albeit
lesser) reporting of fugitive CO, emissions for CO,-EOR-based projects. Still, the reporting thresh-
old for geologic sequestration projects would be significantly higher. This was likely done to limit
interference with current CO,-EOR practices, but may also present a barrier to entry for those
wishing to convert CO,-EOR projects to certified geologic sequestration projects (i.e., EOR-CCS)
if the operator cannot produce the appropriate baseline and historical fugitive emissions data.

The Tax Credit for Carbon Dioxide Sequestration under Section 45Q of the Internal Revenue Code*
also explicitly differentiates between injection of CO, into DSFs for CCS and CO,-EOR. Further,
the EPA’s proposed UIC program regulations for geologic sequestration wells (Class VI wells)
make it clear that abandoned wells intersecting the proposed storage reservoir that are within the
area of review would need to be identified, located, and plugged prior to using the field for
storage. This requirement reflects the fact that storage security in mature oil and gas provinces
may be compromised if too many wells penetrate the cap rock.

Even after CO,-EOR is complete and a depleted oil field is used “purely for CO, storage,” there
will still be a significant quantity of oil remaining in the reservoir. Stored CO, could make it possible
to extract the remaining oil in the future, depending on advances in technology. Thus, available
pore space in a depleted oil field should only be construed as those pores that have been liberated
of their formation fluids (oil, water, and gas); pores that contain residual hydrocarbons after
production could still be considered a valuable mineral right. This potentially adds a level of
complexity for those selecting to store CO, in depleted hydrocarbon formations, as reservoir
ownership (whether mineral, water, or surface rights) is partly based on the presence or absence
of valuable minerals.

It remains to be seen if this differentiated regulatory treatment proves to be problematic or bur-
densome. At its core, the gap represents a set of activities that would not be undertaken on an
EOR-BAU project and which may incur significant cost. Current EOR-BAU monitoring is designed
to assess the sweep efficiency of the solvent flood and to deal with health and safety issues. EOR

is also required to meet underground injection control program requirements for Class Il wells set
by the EPA under the authority of the Safe Drinking Water Act. For climate mitigation purposes,
there would also be requirements for pre-injection activities, e.g., field characterization and mitiga-
tion of leakage pathways, including abandoned wells (many of these activities are already required
for EOR-BAU); co-injection activities, e.g., groundwater monitoring, injectate monitoring, iterative
reservoir modeling, and efforts to optimize for CO, storage and security rather than EOR alone; and
post-injection activities, e.g., continued monitoring, modeling, and site closure. Thus, the implication
in much of the technical literature that CO,-EOR is essentially identical to geologic sequestration—
except that one “gets paid” for CO, injected into the oil field—is false. The requirements necessary
to qualify CO,-EOR as a geologic sequestration project (i.e., EOR-CCS) will likely require disclosure
of certain information considered proprietary under current EOR-BAU practice, as well as additional
work and cost to meet new MRV requirements.

National CO, Pipeline Network?

In view of the geographical differences between the location of anthropogenic sources of CO,
emissions and the location of EOR opportunities, a national pipeline network (greatly expanding
the one in West Texas) is essential to enable deployment of EOR-CCS on a large scale. Estimates
of total pipeline length needed for a large-scale national system range from 66,000 to 73,000 miles.
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An alternative system configuration that could meet this need would be the construction and
operation of dedicated pipelines by individual CCS facilities — a “source-to-sink” system. This
configuration of loosely linked “source-to-sink” pipelines could, in effect, form a national CO,
pipeline system of roughly 30,000 miles, deployed over the course of many decades, and suffi-
cient to de-carbonize the vast majority of existing large CO, point sources in the US, including
fossil fuel-fired base load power plants and major industrial emitters. Assuming future CO,
sources are primarily built on “brownfield” sites or use proximity to CO, storage reservoirs as a
siting criterion, the 30,000 miles of dedicated “source-to-sink” pipelines could represent an upper
estimate of the total CO, pipelines that need to be built. However, this configuration has been
criticized because it would not reflect the cost efficiencies potentially achievable with networked
CO, pipeline systems.

Other estimates of CO, pipeline needs are based on simple volumetric calculations of oil and its
associated infrastructure and conclude that CCS would require roughly the same pipeline infra-
structure. While a good starting point, these volumetric comparisons assume the dynamics of oil,
which is a valuable commodity for which consumers are willing to pay for shipments over long
distances. This is not the case for piped anthropogenic CO,, especially when billions of tons of
CO, would need to be stored annually. At these scales, CO, is a waste product with zero (or, more
than likely, a negative) value. Economics suggest that operators will likely seek to dispose of the
CO, as close to the source as feasible.

Current CCS systems do not generate net revenues; however, the fact that CCS is serving a public
good suggests the need for some type of federal incentive. Section 45Q of the Internal Revenue
Code sequestration tax credit provides a subsidy of up to $10 per ton for CO,-EOR, and $20 per ton
for geologic sequestration. The incentive is capped at a total of 75 million MT of CO,, therefore,
the total cost of the credit will vary depending on the method of storage. For instance, if all of the
CO,-EOR is used for CO,-EOR, then the total cost of the credit would be equal to $750 million. It is
estimated that in the US in 2008, 17% (about 9 million MT) of the CO, used for EOR came from
anthropogenic sources. Existing facilities claimed that Section 45Q of the Internal Revenue Code
sequestration tax credit would exhaust the total authorized level of the credit in a little more than
eight years. The limited nature of this credit is insufficient to incentivize development of new
technologies or infrastructure to help achieve climate change mitigation objectives.

Issues Summary

Large-scale CCS includes a suite of critical enabling technologies for the continued combustion
of fossil fuels in a carbon-constrained environment. The oil industry has for several decades been
using large-scale underground injection of CO,-EOR. The key focus of the symposium was
assessing the potential of the availability of additional anthropogenic CO,-EOR as both a value
proposition for industry and an opportunity for demonstrating large-scale sequestration for
meeting climate change mitigation objectives.

The volume of EOR pore space was a central focus of the discussion, viewed as both an oppor-
tunity as well as a limitation by various participants. Hydrocarbon pore volume in current and
potential EOR operations is readily available, accessible, and may be significantly larger than
typically recognized. New research and field demonstrations have identified the opportunity

for EOR in ROZs, geologic formations that historically have not been targets for commercial oil
production. The ROZs may have the potential to expand known usable pore volume by orders
of magnitude although, given current understanding, there is a high degree of uncertainty about
total ROZ capacity.
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Another key issue addressed by the participants was the framework that would be needed to
transform current CO,-EOR operations into a viable CCS option. Participants noted that current
EOR operations were designed to maximize oil production rather than permanently store CO, as
environmental waste. It was also noted that data, research, and analysis to support regulations
on the permanency and safety of CO, injected into hydrocarbon pore space were not complete or
comprehensive.

Linking carbon capture, transportation, and CO,-EOR / CCS activities will require the development
of new business models. Alternative models discussed ranged from evolutionary expansion of the
current CO,-EOR business model to the creation of a broad new framework requiring an active
governmental role in establishing the vision, leadership, and possible financing of certain activities.

Value sharing between those entities capturing carbon and providing the CO, supply (i.e., upstream
participants in CCS, e.g., utilities) and those entities acquiring CO, for EOR projects (i.e., downstream
oil industry participants) was identified as an important issue for the development of a viable
business model. Past analyses were discussed which have shown the West Texas CO, market to
be oligopolistic in nature, current CO, sellers influence pricing by controlling supply. A large-scale
CO, capture program could lead to a situation in which the supply of CO, would most likely
exceed demand; the rents from CO,-EOR would accrue to the downstream participants, not the
CO, suppliers. Sharing of value between suppliers and downstream users is critical to a success-
ful business model. Absent such a scheme, the value proposition of CO,-EOR may not adequately
incentivize power plant owners to capture carbon and supply the downstream market.

Development of a CO, transportation network was identified as a critical element to connect the
CO, sources to potential EOR applications. The design of a transportation network and its imple-
mentation and financing were identified as major issues by participants. Linking current CO,
pipeline segments in a “horseshoe” arrangement could, for example, form the backbone for a
national CO, pipeline system.

Concern about a regulatory regime for CO,-EOR was a recurring theme of the symposium. The
value proposition of CO,-EOR depends in large part on the ability of CO,-EOR operators to com-
ply with any emerging CCS regulatory requirements and to obtain the appropriate carbon credits
if and when they become available. Care would need to be taken by those establishing regula-
tions and credit structures to ensure that CO,-EOR project sponsors are adequately covered in
any regulatory or statutory regimes, particularly for early-mover projects that preceded the estab-
lishment of the regulations. Otherwise, CO,-EOR project sponsors could be faced with a potential
environmental liability rather than an environmental credit.

The current EOR infrastructure in the Permian Basin in West Texas was discussed as a possible
starting point for the evolution of an EOR-CCS program, in large part because of the economic
opportunities associated with the potential to substantially increase the producible oil resource base
in that region. It is highly unlikely that EOR would enable the recovery of the remaining one-third
of oil resources left from conventional production; if this were possible, however, it would create
nearly $1 trillion of value. Some participants noted that EOR activities in the Permian Basin
benefited from targeted R&D, regulation, and tax subsidies spanning decades. Taking full advantage
of the Permian Basin EOR opportunities in the future might entail the need for similar incentives.
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Framing of the Issues: Key Findings

Finding: The expansion of EOR programs to increase domestic oil production while
simultaneously sequestering CO, in hydrocarbon pore volume offers a value proposition
that can create wealth, contrasting with the view of geologic sequestration of CO, as

a waste-disposal activity.

Finding: The magnitude of hydrocarbon pore space available for sequestering CO, through
EOR operations is significantly greater than generally recognized.

Finding: New research and field experiments have identified the feasibility of EOR develop-
ments in partially oil-saturated structures, known as ROZs, that could possibly expand
potential hydrocarbon pore space volume by orders of magnitude. There is significant
uncertainty surrounding the capacity of these zones, and additional research and analysis
are required to fully understand ROZ potential.

Finding: New business models are needed in order to create the necessary linkages
between CO, sellers (i.e., power plant owners who install carbon capture), CO, pipeline
transporters, and CO,-EOR operators. Business arrangements that share the value created
by CO,-EOR opportunity will be an important aspect of any successful business model.

Finding: Establishment of a regulatory framework that enables CO,-EOR activities to be
recognized as a viable carbon sequestration option is essential to realizing the full potential
of COQ-EOR

Finding: Additional CO, pipeline infrastructure will be needed to link anthropogenic CO,
sources to regions of EOR potential. A smartly designed “source-to-sink” pipeline system
could minimize the amount of new pipelines. Even so, up to 30,000 miles of new pipelines,
developed over decades, will be needed.

Finding: The public policy purposes associated with EOR-CCS merit consideration for
federal policy and financial incentives to overcome the current barriers to widespread com-
mercial deployment. The current volume cap on Section 45Q of the Internal Revenue Code
sequestration tax credit is too small to incentivize significant commercial deployment of
EOR-CCS.
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ll. Geosciences Perspective: Understanding the Subsurface

From a technical perspective, the degree to which the subsurface can be characterized both
qualitatively and quantitatively will have a major impact on the ultimate success of any CCS project.
The geosciences provide the tools for understanding the subsurface and many of these tools (e.g.,
imaging, reservoir, and fluid modeling) have been highly developed within the oil and gas industry.

While these tools can be applied to any CCS project, their accuracy in resolving and characterizing
the subsurface is very dependent on the density of data available to constrain them. EOR projects
are high-data-density environments with a number of well penetrations and with monitoring of
pressure and fluid flow, as well as iterative modeling of fluid flow through the reservoir that is
often complemented by seismic data. The net effect is that, from a geosciences perspective, EOR
offers the opportunity to advance both the science and practice of CCS given the data density
and long operating history.

In CCS, the geosciences are not independent of other factors affecting a project. In other words,
possible (science) and doable (legal/regulatory) do not necessarily mean that a given project is
sensible (economic). In the end, for any CCS project, geology matters. Fully understanding and
characterizing the geologic environment will be a critical success factor in building the most
sensible CCS projects possible.

Geoscience and Subsurface Characterization of the EOR Opportunity

CO,-EOR has been evaluated since the 1950s and full-scale field projects have been in operation
since 1972. CO,-EOR is underway at more than 100 sites in the US (Oil and Gas Journal Enhanced
Recovery Survey, 2010) and a lesser number of sites outside the US. In these projects, the geo-
sciences have been critical over the entire project life cycle. Oil companies deployed geologists
and geophysicists to find natural sources of pure CO, that could be produced and transported to
the target oil fields for injection.

Research in the behavior of fluids in porous media led to an early understanding of the characteristics
of CO, when injected in oil reservoirs highlighting the economic opportunity underlying CO,-EOR,
and the oil industry identified several large candidate fields in West Texas within a reasonable
distance of natural sources of pure CO, in Colorado. These first large-scale projects established

a baseline of experience in CO, transportation and handling that is readily transferable to CCS.

CO, is placed in the reservoir through injection wells. In most cases, pressure applied via pumping
is required to force the CO, to the bottom of the well, out through the perforations, and into the
pore spaces of the designated
injection formation. Typical injection

Figure 3 - Schematic of a CO,-EOR System. Components
required for sequestration in brine formations that are in

common with CO,-EOR highlighted in red. depths for EOR are between 2,500
and 10,000 feet. In the reservoir,

N CO, emissions Separation unit Oil to market CO, moves outward away from the
s injection well in a generally radial

= manner by entering the brine and/or
Capture

unit recycle

oil-filled inter-granular or inter-
crystalline pores of a generally
tabular body of sedimentary rock
bounded by an upper confining
system that greatly retards vertical
Confining system movement of the CO,.

Reservoir

Source: Hovorka
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CO, will interact with oil and water in the pores and over time periods of months to years, and
create a region in which oil saturation and mobility are increased, known as an “oil bank.” The
flood design places production wells in areas where the “oil bank” is expected to develop. If the
flood performs as designed, oil, brine, and CO, will enter the production wells through the per-
forations and will rise or be pumped to the surface. Geometry and timing, in terms of which pores
are accessed and the amount of CO, that enters them, are controlled by how flood engineering
intersects the rock fabric and changing fluid environment. Analytical and geo-cellular flow mod-
els are used to make an accurate estimate of how oil is accessed by CO,. Monitoring techniques,
reservoir flow simulation software, and experience in designing CO,-EOR floods provide the
subsurface technical foundation on which confidence in brine sequestration is founded.

To date, CO,-EOR projects have focused on conventional oil resources that remain trapped in
geologic reservoir structures after primary (pressure depletion) and possible secondary (water
flood) development. CO,-EOR currently provides approximately 281,000 BOPD, or about 5%° of
US crude oil production. This is enabled by the use of some 55 million MT of CO, per year from
natural (45) and anthropogenic (10) sources®. This is on average, about a third of a metric ton
per barrel.

While there are new projects as well as expansions of existing projects in development, the
primary barrier to reaching higher levels of CO,-EOR production is the availability of adequate
supplies of affordable CO,. The volume of oil recoverable in the US using CO,-EOR ranges from
38 to 126 BBO. This suggests that the MPZs identified for potential CO,-EOR (conventional
hydrocarbon-bearing reservoirs) have the potential to store in the range of 10 to 30 billion MT
of CO,, if they were developed for their EOR potential'.

Of growing interest is the potential to significantly expand the CO,-EOR volume target by includ-
ing the development of ROZs — saline formations containing a mixture of oil and brine. ROZs
can include migration paths for oil in the subsurface, as well as traps that have been breached
naturally over geologic time and have been flooded by saline water. ROZs do not represent
economic deposits of conventional hydrocarbons and so have not been exploited to date. They
had been identified as potential EOR targets more than two decades ago but were never com-
mercially advanced by industry. While much work needs to be done to better characterize the

oil production and CO, storage potential in ROZs, a DOE/NETL study of a portion of the Permian
Basin in West Texas and eastern New Mexico suggests an additional opportunity of 36 BBO of
recoverable oil and additional storage capacity of 12 to 18 billion MT of CO,".

The opportunity for increased oil production from CO,-EOR greatly outstrips the supply of CO,
from current, primarily natural CO, sources. The volume opportunity in the potential for produced
oil could translate into a significant volume opportunity for CCS.

Natural gas reservoirs can also serve as CO,-EOR targets, but have received less attention. Gas
reservoirs may offer storage potential, but may be less attractive than oil reservoirs because gas
separation (removing CO, from produced natural gas) is expensive and difficult. While gas fields
typically have fewer penetrations, which enhances confidence in long-term retention, significant
work is necessary to better characterize the subsurface (e.g., volumes, chemistry, value of
remaining gas vs. value of pore space).

CO,-EOR opportunity also exists outside the US (e.g., China), but has not received as much
attention, so the potential is currently not well understood.
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Subsurface Risk and Uncertainties

The potential pore volume in brine formations dwarfs that of EOR as demonstrated by Figure 4.
The potential pore volume in brine formations is estimated to be over 3,000 billion MT of CO,,
while that of EOR is 12 to 14 billion MT. Consequently, if CCS emerges as a significant sustained
option to mitigate climate change, then eventually a transition to injection into brine formations
will be necessary. The pace at which space or other requirements will force a transition from
CCS in conjunction with EOR to CCS in brine formations depends on the magnitude of feasible
CO,-EOR projects, including projects in the ROZ, and the extent to which significant anthropogenic
CO, becomes available through capture. Another issue is whether CCS proves to be transitional
or sustained in the long term.

Figure 4 - US CO, Sequestration Potential of EOR Successful sequestration is
dependent on how well the

natural geology of the system

What is the COZ SequeStration oy is able to accept and retain
potential of EOR inthe U.S.? | IRttt

i designed to interface with
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planned market . .
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a reservoir seal has a well-

138 billion metric tons storage

resource in depleted gas reservoirs documented history of retain-
(NETL 2008 NATCARB) ing buoyant fluids (e.g., oil and
» natural gas). The seal impedes
3,297 billion metri the upward immigration of
e % these buoyant fluids and, as

e a result, the trap has retained
“ these fluids over geologic time.
Source: Hovorka This proven retention is in
contrast to that of brine
formations in which the confinement capacity is only inferred. Retention must be tested by
monitoring fluid flow following injection of CO,. Until this is done, it must be assumed that there
is a risk of fluids escaping from the saline aquifer.

Other differences between CO,-EOR and brine sequestration lie in the ability of the injection zone
to accept fluids. In CO,-EOR, which is often the tertiary stage in oil field development, significant
data are available to quantity the fluid flow and characterize the reservoir. Due to the relative
abundance of data, field operators are able to develop accurate models that predict the reservoir
response to CO, injections.

The ability to predict reservoir response to CO, injection in brine formations is more uncertain
and is considered one of the “main risk factors in brine sequestration projects.” Risks are thought
to be higher in brine sequestration because sites usually rely on one site to inject large amounts
of CO,. Consequently, site characterization of the sub-regional fluid flow is required to verify that
adequate connected pore volume is available to accommodate the injected CO, and prevent any
significant increases in pressure.
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The geo-mechanics of CO, storage are very different in terms of the pressure buildup between
CCS in brine and EOR. Pressure increases as a function of CO, injection rate; the highest pressure
occurs around the well bore and decreases with distance. Areas in which the pressure elevation
may induce fluid flow into underground sources of drinking water are often referred to as the
area of review (AOR). The AOR for large injection brine projects is expected to be large as is
shown in Figure 5. As a result, in the absence of large permeable areas, the pressure buildup in
brine is limited by the injectivity rather than by the available pore space. Some projects are
considering brine withdrawal and disposal to alleviate the pressure buildup.

Figure 5 - Comparison of Pressure Propagation Away from Brine

Sequestration and EOR

Storage only

CO, injection is approximately balanced
by oil, CO,, and brine production so
pressure elevation beyond the CO,
injection area is minimal

Source: Hovorka

CO, injection (no production)
pressure elevation extends
beyond the CO, injection
area

In contrast to the long-term
pressure buildup in brine, EOR
projects are characterized by a
pressure-controlled operation.
Pressure management is
inherent in the operation of

an EOR project. Production

of oil is often accompanied by
water and brine, and in some
instances brine is recycled and
injected back into the reservoir
to maintain miscibility pres-
sure.” Due to the different
patterns of pressure buildup in
brine formations, CO, seques-
tration projects in brine risk
premature termination due to

the unexpected elevation of the AOR into undesirable areas. As a result, only a small amount of

the total pore volume is utilized.

Table 1 - Comparison of Risk Elements for Sequestration of CO, in Brine Formations with Those

for CO,-EOR

Risk Element

Sequestration in Brine Formation

CO,-EOR

Well operations

CO, injection (possible brine
production)

CO, injection plus oil, brine, CO,
production, with recycle

AOR

Large areas of pressure elevation

Active pressure control through
production, smaller magnitude
pressure increase, and smaller area
of elevated pressure

Injection-zone performance in
accepting fluids

Inferred from sparse well data
and relatively short duration
hydrologic tests

Well known; many wells and extensive
fluid production history with information
on how the reservoir responded

Confining system performance Inferred Demonstrated
Structural or stratigraphic trapping May or may not be part of system Demonstrated
Dissolution of CO, into fluids Moderate High

Wells that penetrate the confining
system

Usually sparse

Usually dense

Financial support for injection

All costs

Costs plus revenue from oil production

Permitting and pore-space
ownership

Evolving; state-dependent; and
uncertain, between water law and
mineral law

Historic frameworks for secondary and
tertiary recovery are well known

Public acceptance

Uncertain

Relatively good because value of
royalties, fees for surface access, and
jobs are recognized in host communities

Source: Hovorka
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The geosciences affect all of these risks, whether under consideration are the obvious concerns
about the nature of the confining system, or how well the subsurface understanding can be
translated into public acceptance. Currently, geologic understanding, regulatory framework, and
public acceptance give CO,-EOR advantages over CO, injection in saline formations. Many of
these advantages are rooted in a long operating history and an economic model in which the
entire system not only stores CO, but also creates business value in its own right.

To maximize and protect this value, the oil industry has instrumented CO,-EOR projects to gather
significant data on the underground movement of fluids. Specifically, CO,-EOR is conducted in
environments in which trapping of buoyant fluids over geologic time has been demonstrated; the
pore space and chemical reactions are reasonably well understood; pressure and fluid flow have
been monitored; and the geologic understanding has been coupled to a legal and regulatory
framework.

The disadvantage to CO,-EOR for permanent sequestration is that competent reservoir seals have
been penetrated by a number of wells that now offer potential leak points to return CO, to the
surface. The wells themselves, however, form a large part of the dense data network available in
CO,-EOR reservoirs that makes it possible to understand and characterize the geosciences risks
and uncertainties. While it appears that the flow of CO, in the subsurface can be managed and
controlled, symposium participants generally agreed that the permanence of storage has not
been demonstrated. Work is proceeding by entities such as the Texas Bureau of Economic
Geology to develop a framework for testing and monitoring permanence of storage.

Many people assume all oil fields are amenable to CO, sequestration. However, from an industry
perspective, only certain reservoirs containing medium gravity, viscous crude are chosen for
CO,-EOR projects because competing technologies (e.g., steam-flooding or polymer floods) are
more economic if the CO, supply is limited. Also, CO,-EOR is not economical in all reservoirs. For
the oil industry, estimating how much CO, can be sequestered through EOR requires character-
izing the reservoir’s suitability. This must be done on a field-by-field basis, by building reservoir
simulation models that consider many parameters of the field (depth, temperature, reservoir
characteristics) as well as properties of the fluids in the reservoir.

The introduction of CO, sequestration into the equation substantially changes the calculus and
economics of EOR. Large supplies of CO, enable a broader selection of potential CO,-EOR projects,
including injection into both deep and heavy oil reservoirs that typically are not targets for EOR
projects. To extend the oil industry’s knowledge to full-scale CO,-EOR sequestration, also needed
are more robust economic models that better characterize the subsurface risks and uncertainties.
What is particularly needed are system-level models in which CO, sources are linked to potential
storage volume with a full analysis of both costs (e.g., capture and transportation cost for anthro-
pogenic CO,) and opportunities (e.g., value of incremental produced oil). A complete life cycle
estimate of net CO, sequestration requires a more complete modeling of the CO, cycle to account
not only for the carbon stored away in old or depleted oil fields, but also for the incremental
carbon that is released by combustion of the produced oil from a new CO,-EOR project.

The general view of symposium participants was that EOR offers financial incentives needed to
explore CCS in the near term and to more fully understand the uncertainties, particularly geologic,
of trying to permanently store large volumes of CO, in the subsurface. This expansion of the
knowledge base will likely lead to a more robust set of potential reservoirs for underground
storage in the future that includes oil MPZs as in current CO,-EOR, as well as ROZs, and ultimately
into saline aquifers.
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Additional subsurface studies are necessary to establish the proper baseline of data needed to
address subsurface uncertainty, including (but certainly not limited to) detection and monitoring
of plume migration and understanding the very long-term competence of well completion tech-
nologies. It will also be important to consider the geo-mechanical issues of pressure buildup and
pressure management. It is possible that, due to issues of pressure management, CCS potential
could be, in some cases, limited by injectivity rather than pore space. The learning curve on many
of these issues will take decades. EOR has the potential to provide the long-term economic
incentive for these studies that may ultimately provide the knowledge necessary for full-scale
development of CCS into saline aquifers.

Issues Summary

From a technical perspective, the degree to which the subsurface can be characterized both qualita-
tively and quantitatively will have major impacts on the ultimate success of any EOR-CCS project.
The geosciences provide the tools for understanding the subsurface. Many of these tools (e.g.,
imaging, reservoir, and fluid modeling) have been highly developed by the oil and gas industry.

While these tools can be applied to any EOR-CCS project, their accuracy in resolving and charac-
terizing the subsurface is directly proportional to the density of available data. CO,-EOR projects
are high-data-density environments with a number of well penetrations and production records
that contain information on pressure and fluid flow, as well as iterative modeling of fluid flow
through the reservoir, often complemented by seismic data. In short, from the perspective of the
geosciences, the long operating history and data density associated with CO,-EOR provides an
opportunity to advance both the science and practice of EOR-CCS.

There is an established base of geoscience information for EOR reservoirs that does not exist for
DSFs. There is direct evidence — oil confined over geologically significant time — of the quality of
the confining system (cap rock) of an EOR project, a property that can only be inferred in a saline
formation. In addition, the storage volume (exclusive of ROZ volumes) and injection rate of an
EOR field is well known; in saline formations, these key properties must be measured and extrap-
olated over the planned storage area.

EOR projects already provide substantial experience useful for monitoring CO, injection and
movement in the subsurface. Economic incentives for more robust demonstration of storage in
EOR can test the effectiveness of monitoring approaches and provide data for assessing subsur-
face storage risks. However, at a decadal time frame for EOR projects, direct measurements of
permanence are difficult or impossible to make with adequate precision to assure performance
over centuries. Making long-term projections (centuries plus) requires indirect methods such as
models and comparison to analogous natural systems.

Understanding the geoscience issues associated with the subsurface behavior of large-scale

CO, injection — plume size at expected injection rates for both EOR and saline aquifer injection,
for example — is critical to advancing understanding of and confidence in CCS as a climate
mitigation measure. Fully instrumented and monitored CCS demonstration projects can be linked
to EOR in order to accelerate experience gains and provide data at scale.
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Coincidence of sedimentary formations of suitable depth for brine sequestration in DSFs with

hydrocarbon basins and stationary CO, sources suggests that much US brine-formation storage

could be accessed through infrastructure developed for CO,-EOR using the stacked-storage

concept. Additional screening to determine which reservoirs are economically accessible for EOR

and how much pipeline construction would be motivated by EOR has not been undertaken.

Geosciences: Key Findings

Finding: There currently exists a wealth of information and experience, including massive
data sets, on CO, injection for EOR projects. This information on CO,-EOR is held by the oil

industry. There is a need to determine how to share this information to educate the public
and advance understanding of and confidence in EOR-CCS.

Finding: The potential pore volume available for CO, injection into DSFs (i.e., brine) is

several orders of magnitude greater than for EOR. However, much less is known about the

geoscience of CO, injection into DSFs, and there may be increased challenges associated
with pressure management and confinement.

Finding: Because the economics, incentive tests, and measurements in EOR projects are

much more practical than in “greenfield” DSFs. Acquiring these kinds of data for a “green-

field” brine project will be expensive and time consuming. EOR provides the dense data
needed to test tools, methodologies, and long-term monitoring.

Finding: Subsurface monitoring to determine the permanence of CO, injection will be
critical in any carbon regulatory scheme. Mass balances may be too simplistic. There are
many different monitoring techniques that need to be integrated, but all require some
pre-injection baseline to fully understand the movement of CO, in the subsurface.

Finding: CO,-EOR projects can accelerate CCS demonstration and serve as the test bed for
understanding geoscience issues and increasing confidence in the correctness of monitoring

and modeling.
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lll. Implementation of EOR for the Purpose of CCS

The key focus of the symposium was assessing the potential of the availability of additional
anthropogenic CO, for EOR as both a value proposition for industry and an opportunity for
demonstrating large-scale sequestration to meet climate change mitigation objectives. Several
participants thought that CO,-EOR could accommodate anthropogenic CO, up to the year 2050.
The factor that was often mentioned as the limiting factor in the further development of CO,-EOR
was the lack of CO, supply.

Current CO,-EOR Activity

CO,-EOR operations date back to the early 1970s and, as a result, the industry has extensive
technical experience in terms of transporting, injecting, and storing CO,.

As of July 2010, there were 129 CO,-EOR projects operating around the world, 114 of which were
in North America.¥ The incremental US oil production from these projects was equal to 281,000
BOPD (about 5% of the total US crude oil production) with approximately 60% of this incremental
oil production coming from the Permian Basin. Current CO,-EOR operations use and store between
0.26 and 0.32 MT of CO,/bbl produced.i This CO, remains in the pore space vacated by the oil.
The storage potential varies depending on how the operation is optimized; CO,-EOR currently is
practiced to optimize oil recovery although some operations, e.g., Weyburn, are capturing CO, as
GHG emissions mitigation measures.
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CO,-EOR Potential

A recent assessment of the storage capacity in the MPZs by Advanced Resources International
(ARI) estimated that the technically recoverable oil potential when utilizing today’s state-of-the-art
technology® would be equal to 81 BBO and 126 BBO with next-generation technologyx The
economically recoverable oil, which was calculated using an oil price of $70/bbl, CO, cost of $45/MT,
and a 15% rate of return, was equal to 38 BBO under state-of-the-art technology and 58 BBO under
next-generation technology. A similar calculation for the CO, storage capacity was made by esti-
mating the number of 1-GW coal power plants’ that could provide the estimated CO, required for
EOR operations, assuming a 30-year operating life. The results are summarized in Table 2 below.

Table 2 - Volume of CO, Storage with CO,-EOR in MPZ

State of the Art Next Generation
Technically Recoverable 81 126
(BBO)
Economically Recoverable 38 58
(BBO)
Number of 1-GW Size Coal-Fired Power Plants 94 156
needed to support technically recoverable EOR
Number of 1-GW Size Coal-Fired Power Plants 56 67
needed to support economically recoverable EOR

Source: Kuuskraa

Anthropogenic CO, Supply

The potential supply of CO, from anthropogenic sources more than meets the demand for CO,
for potential EOR production. Papers submitted for the MITEI symposium on the Retrofitting of
Existing Coal-Fired Power Plants concluded that a maximum of 59% (184 GW) of the generation
capacity of the existing US coal-fired power plant fleet are appropriate candidates for CCS retro-
fits; taking into account potential plant-specific and location constraints and limitations reduces
this potential to about 20% of the fleet, or around 61 GW of coal-fired generation technically and

economically suitable for retrofitting X

Figure 8 - The Net Cost of Employing CCS within the US, Current Sources

and Technology

The Net Cost of Employing CCS within the United
States - Current Sources and Technology
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While the potential
supply of anthropo-
genic CO, from coal
power plants, even
with conservative
assumptions, is large,
the cost of CO, from
power plants is at the
upper end of the cost
curve of potential
anthropogenic CO,
supply options. As
shown by the cost
curve in Figure 8,
approximately 50
million MT of CO, can
be captured and stored
at a net negative cost;
around 500 million
MT can be captured,
transported, and
sequestered at
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below $40/MT of CO,. The least expensive opportunities seen in Figure 8 are for CO, captured
from high purity sources with EOR potential or activities within a 50-mile radius of the CO, source.

High purity sources of CO, such as gas processing and ammonia plants represent least cost
suppliers of CO, for EOR projects. Capture costs from ammonia plants are in the neighborhood
of $0.55 to $0.60/thousand cubic feet (Mcf). Other relatively pure CO, sources include ethanol plants;
however, due to the low volume of CO, produced, they are less attractive candidate sources for
large-scale EOR operations. Another feasible CO, candidate supply source is coal gasification
facilities, which have estimated capture costs that are competitive with ammonia plants. Other
CO, sources include capturing emissions from fertilizer and gas plants which have capture costs
in the range of $1.25 to $1.55/Mcf. Coal-based electricity generating facilities lie at the upper end
of the supply curve due to current relatively high estimated cost for carbon capture. When anthro-
pogenic sources are compared to natural sources of CO, such as the Jackson Dome, which costs
$0.20/Mcf, it is evident that most of the anthropogenic sources are not currently cost competitive.

Feasibility of Matching Anthropogenic CO, Sources with Large EOR Opportunities

As the distance increases, so does the capital cost for laying more pipeline and the operating cost
for compressing and transporting the CO, across larger distances. The Intergovernmental Panel
on Climate Change (IPCC) report on CCS estimated the cost of transporting one ton of CO, over a
distance of 100 km in the range of $1 to $8*' depending on the type of terrain. It is thought that
high purity sources within a reasonable radius (100 miles) of an oil field will be the first choice for
CO,-EOR. The International Energy Agency (IEA) Greenhouse Gas R&D Programme surveyed high
purity sources of CO, (40% CO, concentration) within a 100-mile radius of an EOR potential site
and found 62 candidates that matched the criteria*i. Some sources were within range of more than
one oil field, creating a total of 329 options for high purity sources matched to EOR candidate fields.

Figure 9 depicts existing oil fields and large CO, sources from power plants in the US. The
Electricity Reliability Council of Texas (ERCOT) has large oil fields that are amenable to CO,-EOR
as well as a large CO, supply (100 million metric tons of CO, per year). By comparison, areas in
the Ohio River Valley represented by the East Central Area Reliability Coordination Agreement
(ECAR) release more than 500 million metric tons of CO, per year but have limited EOR potential.

Figure 9 — Coincidence of Sedimentary Formations of Suitable Depth  Detailed breakdowns of the
g)c;zBé?:rf:guestratlon with Hydrocarbon Basins and Stationary potential CO, sources and
CO,-EOR potential up to year
2030 are shown in Table 3. The
CO, supply is based on the
modeling analysis conducted
by ARI for the Natural
Resources Defense Council
(NRDC) using the Energy
Information Administration
(EIA) National Energy Modeling
System (NEMS) electricity
market model. The analysis
shows CCS deployment in
13 US regions based on the
Bl Caasinees : SR ; ir'nplementation of the provi-
M Oil and Gas (USGS) 4 sions of the American Clean
W Coal (USGS) Energy and Security Act (ACES)
E Brine Aguifer> 1000m EORIis geographicaliy less widespread passed by the House of
Compiled from USGS data compared to brine storage Representatives in 2009.
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Source: Hovorka
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A strategy for the development of a commercial CO,-EOR industry is illustrated. Initially, incentives
will be needed to kick-start early demonstration projects for retrofitting coal power plants and
integrating CCS into new coal and natural gas power plants as is shown in Table 3. The crucial
first step is establishing the early demonstration or “pioneering phase” in CCS which involves
the development of full-scale CO, capture demonstrations to determine feasibility, costs, environ-
mental impacts, reservoir
impacts, etc., and inform the
development of regulatory
structures. Participants noted

Figure 10 - Possible Phases for CCS Development and Deployment
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that government incentives will
be needed to kick-start the early
demonstration projects.
Participants discussed the need
for up to 30 projects, each of
500 megawatt (MW) scale, in
the “pioneering phase.” These
projects could rely predomi-
nately on EOR storage, leverag-
ing the existing infrastructure.

carbon-
::1:1‘11‘:['1‘:1[ nd Using the estimates from the
manufacturing NEMS modeling analysis, ARI
P examined the possible flow of
the captured CO, and the oil
basins. For instance, the East/
Central Texas market for CO,-
EOR is estimated at 1,940
million MT of CO, up to 2030;
however, the CO, supply from
that region (ERCOT) over the
same time period is only equal
to 110 million MT of CO.,.
Conversely, the CO, supply

in the ECAR region is equal to
670 million MT of CO, and far
exceeds the market for CO, in
that region which is equal to
130 million MT. If the CO,
supplied by the ECAR region
were integrated into an EOR
project, an interstate pipeline
would be needed to connect
the ECAR region to the more
abundant MPZs and possibly
ROZs in the Mid-continent part
of the US. If the remainder of the CO, were to be moved into oil regions as proposed by the ARI
study, then a more extensive CO, pipeline network would be required as shown in Figure 11.

projects coal and natural
gas.

Source: John Thompson presentation

Figure 11 — Possible Way the US CO, Capture/Transport/Storage
Could Evolve

] NEMS Blecticity Market Mode! Supply Regions
[l Major Oil Basins with CO2-EO0R Potental in the Lower 48

Source: Kuuskraa presentation

The ARI study analyzes the technical potential for CCS deployment based on the provisions con-
tained in the House-passed ACES legislation. These estimates would need to be refined to reflect
that a significant percentage of the existing US coal-fired power generation fleet is not amenable
to retrofitting for capture of CO,. Industrial sources of CO,, such as ethanol plants, could provide
additional sources of CO, supply, but the low pressure of the CO, and the relatively limited
quantities of the captured CO, do not match the operational requirements of EOR operators.
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On the sink side, there are similar restrictions that diminish the size of the technical potential EOR
opportunities. Currently, there are a limited number of existing EOR fields of substantial size —
those that can accommodate at least 1 million MT of CO, per year. As such, there is a need for
the integration of several smaller oil fields in close proximity of one another to handle the CO,
emissions from a large CO, source. In these instances, implementation of sequestration in DSFs
would provide an important supplement in improving the operational feasibility of EOR projects.

Continental-Scale CO, Pipeline Network Requirements

The analyses of the scale of the CO,-EOR opportunity that would be created by the ACES legisla-
tion would require new, continental-scale pipeline infrastructure to connect the CO, sources to
the sinks. Some participants advocated direct public intervention in the development of the
necessary infrastructure and proposed a type of hybrid model for funding. The model would
combine some of the lessons learned in building the transcontinental railroad system and the
development of the unconventional natural gas pipeline system.

Leadership was deemed essential, a characteristic that was critical to the building of the transcon-
tinental railroad, which offers parallels in scale of the project, risk levels, and the involvement of
the private markets. The development of unconventional natural gas “piggy backed” on the

Figure 12 — A Framework Depiction of a National CO, Pipeline Network (“The Horseshoe”). The shaded
ellipses represent three areas where very large EOR/CSS projects are active or proposed.
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infrastructure built for conventional gas; the overlap of resource locations for conventional and
unconventional gas resources is somewhat analogous to the current co-location of MPZs and
ROZs. According to several of the participants, the exploitation of ROZs is only a matter of tech-
nology and investment.

Participants discussed a hybrid of both models as a possible avenue for developing a national
CO,-EOR sequestration program. Some components of such a program would have to be built
from scratch such as the measurement and verification procedures as well as the new pipelines,
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analogous to the ground-level development of the railroad system. The experience with the
development of unconventional natural gas offers an analogy in terms of leveraging the existing
EOR infrastructure and tapping into the subsurface fluid flow expertise of the oil and gas industry.

These new pipelines and distribution networks could be financed through a quasi-governmental
agency by the issuance of climate change bonds. Significant CO, pipeline networks already exist
in West Texas and these segments can provide the foundation for the further expansion of the
network that will connect the anthropogenic sources of CO, to the geologically well-characterized
EOR oil basins, both MPZs and ROZs. At later stages, the network could be used to transport the
captured CO, into the depleted natural CO, domes. The resulting infrastructure was described as
“the Horseshoe” pipeline concept, as seen in Figure 12. The national pipeline would be con-
structed by filling in the gaps as shown by the dotted lines; according to the participants, the most
important piece in this network would be the connection between East and West Texas. The
shaded areas in Figure 12 represent the areas of large CO,-EOR projects.

Finally, it was argued that establishing the pipeline connection between the source and the sink
would expand demand for captured anthropogenic CO, and would incentivize the research
needed to achieve a multifold reduction in the cost of capture. Thus, the availability of pipeline
capacity could facilitate the breakthrough of the “chicken and egg” problem.

CO, Storage in DSFs as a Complement to CO,-EOR

CO, supplies from various sources will be available at rates and times that differ from the CO,
injection patterns in EOR projects on both a short-term basis (daily) and on a more long-term
basis (years). A coal-fired power plant operating in base load service will emit a very significant
and almost constant amount of CO, year round. By comparison, an EOR project might have a
fluctuating demand for CO, due to operational limitations such as periodic shutdowns for mainte-
nance work. Furthermore, as
the EOR project progresses,
O — increased amounts of CO, are
~S-fiacycled CO2 ACO2) recycled from production
R S operations. As a result, the

Figure 13 - Annual CO, Injection Rates by Year
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The economics of the CO,-EOR business are driven by the price of oil. An analysis (Leach et al.
2009) of CO,-EOR economics shows that oil production from EOR projects is highly inelastic to
the cost of CO,, but highly responsive to oil prices. The high uncertainty in the price of oil trans-
lates to a high uncertainty in the EOR potential. Having saline storage as backup will help mini-
mize this volatility when, for example, an EOR operation is shut-in because of falling oil prices.
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Value Proposition of CO,-EOR as a Means to Sequestering CO,

The CO,-EOR business model for CO, sequestration offers three principal benefits relative to
a business model based on geologic sequestration in DSFs: economic value, reduced geologic
footprint (due to greater pore volume density), and potential for regulatory acceptance.

Economic Value: CO,-EOR offers a value proposition that can provide several revenue streams:

e Arevenue stream that would accrue to the CO, supplier can help offset some of the capture
costs for the CO, producers;

e Arevenue stream that would accrue to the local or federal governments from the royalties
and taxes on the produced oil; and

e Revenue from increased employment and equipments sales in the EOR industry.

In addition, the presence of existing infrastructure, such as injection and production wells, makes
existing sites more favorable than “greenfield” sites in terms of CCS costs. This is very relevant
since the capital investment required for storage infrastructure (production and injection wells,
other surface facilities) exceeds the capital costs needed for transportation, compression, or
capture infrastructureX™ Improving the economics of CCS could facilitate acceleration of deploy-
ment of carbon capture projects.

Finally, using CO,-EOR as a means to sequester carbon would likely increase the US domestic oil
production. According to the analysis provided by the white paper presented on behalf of ARl,
EOR has the potential to boost US oil production by as much as three million BOPD by 2030 if
adequate supplies of CO, are available and affordable. Depending on the degree of substitution
between domestic oil production and imported oil, an increase in oil from CO,-EOR would likely
help reduce US oil imports and improve the US trade balance.

Smaller Geologic Footprint: The second advantage of the CO,-EOR model is the superiority
of the known confinement properties in pore volumes. For saline formations, it is conservatively
estimated that only 1% to 4% of the pore volume is utilized for geologic sequestration capacity.
As described more fully in the Geosciences discussion, pressure increase and/or unacceptable
migration of connate saline brine may limit the volume injected.

In contrast, EOR has a higher storage density because production limits pressure buildup. In the
structural closure and area of reduced pressure associated with EOR, up to 40% to 60% of pore
space may be utilized. For example, the CO, plume from a 1-GW plant over 30 years would
occupy an area of 200 square miles of a DSF (using 4% geologic efficiency, 20% porosity, and 200
feet of net pay).*” Using EOR pore space to confine the same CO, plume would require 20 square
miles (40% of the pore volume is used), and with next-generation technology, the area could be
closer to 10 square miles.

Ease of Regulatory and Public Acceptance: CO,-EOR projects could help accelerate regu-
latory acceptance of geologic sequestration as well as establish a technical basis that could
extend to sequestration in DSFs. CO,-EOR already employs significant monitoring practices.

In CO,-EOR, significant data collection and monitoring of prospective CO, floods are done to set
expectations. Once the CO, flooding commences, monitoring of the injected and produced fluids
as well as the reservoir pressure is periodically measured. Since monitoring practices are essential
to the success of a CCS program, existing EOR monitoring practices can be modified according
to regulatory requirements and hence meet the legal requirements of CO, storage.
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It is likely that public acceptance of CCS will be more easily obtained in legacy areas, where local
populations are accustomed to CO, injection as well as the presence of pipelines, trucks, etc.,
from previous oil and natural gas exploration and production activities.

Accelerating the Implementation of CO2-EOR Projects

Several participants noted that CO,-EOR as a CCS option has many favorable features that may
not be realized without incentives. According to the MIT Future of Natural Gas Interim Report,
under a scenario where CO, emissions from developed nations are reduced 50% by mid-century
and from developing nations by 2070, existing coal generating capacity would be driven out of
the US power sector by around 2035 because the cost of CCS retrofits is too expensive relative to
alternatives for electricity such as demand reduction and alternative generation options with low
or no carbon emissions. If full de-carbonization of the electricity sector is a goal, and if CCS were
to play a significant role in this process, incentives need to be put in place to establish affordable
CCS as an option for coal generation, and eventually for natural gas power generation as well.

Table 3 - Proposed DOE Funded CCS Demonstration Projects

Company Location ?n(m)iﬁii:%‘;ort Size Technology Fate
FutureGen Matton, IL 1,000 275 MW IGCC Saline
>1 million MT CO,/yr Formation
Basin Electric Beulah, ND 100 120 MW PCC EOR
1 million MT CO,/yr HTC PurEnergy
Hydrogen Energy | Kern County, CA 308 390 MW IGCC EOR
2 million MT CO,/yr Coal/PetCoke
AEP New Haven, WV 334 235 MW PCC Saline
1.5 million MT CO,/yr | Chilled Ammonia Formation
NRG Energy Parish Plant 167 60 MW PCC EOR
Thompsons, TX 0.4 million MT CO,/yr | Fluor
Summit Energy Midland-Odessa, 350 400 MW IGCC EOR
T 2.7 million MT CO,/yr
Southern Kemper County, 293 524 MW IGCC EOR
Ms 3.4 million MT CO,/yr | Transport Reactor
Leucadia Energy | Lake Charles, LA 260 4.5 million MT CO,/yr | New Methanol Plant | EOR
Air Products & Port Arthur, TX 253 1 million MT CO,/yr Existing Steam EOR
Chemicals Methane Reformers
Archer Daniels Dacatur, IL 99 1 million MT CO,/yr Existing Ethanol Saline
Midland Plant Formation

Source: Howard Herzog presentation.

There are currently 10 CCS projects in various stages of development in the US. Of this total,
seven will utilize EOR-CCS. The three projects using carbon sequestration in DSFs, the AEP
Mountaineer Project in New Haven, WYV, the Archer Daniels Midland ethanol project in Decatur, IL,
and the FutureGen project in Mattoon, IL, are located on top of DSFs and do not currently have
pipeline infrastructure connection to EOR fields. The complete list of current pioneer-phase CCS
projects is shown in Table 3.
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Table 4 - Comparison of Estimates of Anthropogenic CO, Capture under Proposed Cap-and-Trade
Legislation with Potential EOR Uses

“Best Practices”
COLEORORBasn | CUMUINSCOs arket | NEWS docrtyMarket | Cumuttiv olume of O
Onshore) (million MT)
Gulf Coast (AL, FL, MS, LA) | 650 SERC 650
Texas East/Central 1,940 SERC 290
ECAR 540
MACC 400
ERCOT 110
FRCC 70
1,410
Williston (MT, ND, SD) 130 MAPP 130
Illinois/Michigan 130 ECAR 130
Appalachia (WV, OH, KY, PA)| 40 MACC 40
MAPP 100
SPP 120
MAIN 100
Midcontinent 1,420 320
California 1,380 WECC-CA 30
Permian (WTX, NM) 2,140
WECC-RM/SW 20
WECC-NW 10
Rockies (CO, UT, WY) 500 30
Louisiana Offshore 1,370
? NPCC-NY 100
Total 9,700 2,840

Source: Advanced Resource, Inc. March 2010

The “learning by doing” achieved in the pioneering phase would then lead to additional innova-
tion and cost reduction. If successful, the CO,-EOR industry would evolve into a mature, commer-
cially viable enterprise on a national scale.

Ultimate commercial viability will depend on the establishment of a price on carbon. Government
incentives would be required along the way, although the financial viability of the CO,-EOR
business would minimize the magnitude of such incentives. The ARl white paper proposed that
the incremental incentives needed for large-scale commercial deployment of CO,-EOR could be
funded by tapping 5% of the incremental tax revenues generated from the additional oil produced
during the CO,-EOR operations. The first 20 GWs of generating facilities outfitted with CCS would
receive $2.5 billion/GW and the next 52 GWs would receive $2 billion/GW. This would translate
into the deployment of 13 GWs of coal-fired power plants with CCS and an additional 56 GW

by 2030.

Contractual Agreements Needed for CO,-EOR Projects

Contractual arrangements and structures were identified as key elements of successful projects.
Participants discussed three possible types of contractual arrangements between the various
parties involved in a CO,-EOR:

e Arms-length agreements in which the owner of the captured CO, would sell it to the EOR field
operator and, in the process, transfer the costs and the liability for storing the CO,.
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e Joint-venture arrangements between the supplier of the CO, and the EOR field operator. In this
case, both parties share the profits, costs, and risks. The current proposals between KinderMorgan
and several oil field operators move in this direction. However, due to the complexities of
implementing such a contractual agreement, this type of arrangement has been limited.

e “Single integrated party entity” arrangement in which the EOR oil field operator also is the
owner of a CO, source (e.g., gas processing plant). In this case, all of the profits, costs, and
risks accrue to a single entity.

One participant engaged in construction of a gasification plant indicated that the project would
not proceed with capture without a long-term contract for the off-take of CO, as a means for
reducing overall project costs.

Issues Summary

A recurring theme of the symposium was that widespread adoption of CCS as a matter of public
policy would accelerate the implementation of CO,-EOR. Some participants thought that the
potential for sequestration in conjunction with EOR activities was sufficient to meet CO, storage
needs through 2050. Other systematic estimates expressed were much more conservative. Some
noted that the lack of CO, supplies could actually restrict additional CO,-EOR development.

Participants discussed analysis of the economic potential of CO,-EOR in the MPZs, which sug-
gested that there is sufficient capacity in the EOR sector to sequester CO, supplies from 57 1-GW
coal-fired power plants for 30 years. Estimates were even greater when the pore volume in the
ROZs is included, although the understanding of these zones is limited. While the resource potential
is yet to be quantified, an assessment by the DOE/NETL of the ROZs in the Permian Basin deter-
mined that an additional 12 to 18 GT of CO, storage capacity exists in the ROZs, compared to

6.4 GT storage capacity in MPZs.

There is a geographic mismatch between some of the existing anthropogenic CO, sources and
the oil basins. To fully integrate the potential CO, supply from these sources into the EOR projects,
an extensive pipeline network linking the large anthropogenic CO, sources to EOR projects will
be needed.
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Implementation: Key Findings

Finding: There are over 100 active CO,-EOR projects in the US, currently providing 281,000
BOPD, about 5.0% of total domestic crude oil production. Natural sources of CO, account
for over 80% of the total CO, supply to these projects. Current EOR operations can store
around 0.26 to 0.32 MT of CO,/bbl produced.

Finding: It is estimated that there are 38 to 58 BBO of economically recoverable oil from
CO,-EOR, under current assumptions. Recovery of this oil will require a significant expan-
sion of CO, supply.

Finding: The potential for retrofitting carbon capture at existing coal power plants for
retrofit could be as low as 20% of the fleet. The emissions from this subset translate to

a few hundred million MT of CO,, which is a good match to the CO,-EOR potential. This
raises the issue that we might not need brine as primary storage capacity in the near and
intermediate terms.

Finding: While the potential amounts of CO, supply and use in EOR match well, there are
transportation constraints. Additional CO, pipeline capacity will be needed to link regions
of coal generation plants with carbon capture potential to the areas of EOR potential.

Finding: The area of the CO, plume in a DSF created from the injection of CO, from a
1-GW coal power plant over 30 years could reach over 200 square miles. Because of its
greater pore space, the size of the plume from a comparable amount of CO, injection into
an EOR reservoir is estimated at 20 square miles, or one-tenth the size of the plume in the
brine formation.

Finding: CO, sequestration in DSFs can be used as backup storage to deal with opera-
tional EOR issues. Short-term and long-term operational mismatches between anthropo-
genic supplies and EOR demand raise the need for a secondary storage capacity that can
accommodate the CO, supply during periods of high electricity generation and associated
large CO, production. Backup brine storage can serve as a secondary sequestration site, in
case oil production decreases to a point at which CO,-EOR no longer becomes economically
feasible. It is evident that there is substantial overlap between oil reservoirs and DSF;
however, the details for co-deployment mechanisms for EOR and DSF need further
assessment on a basin-by-basin scale.

Finding: There are 10 CO, geologic storage projects in operation or development in the
US. Seven of the 10 projects are employing CO,-EOR as the method of storage. The three
projects using CO, injection into brine are located in areas in proximity to DSF and not
convenient to the CO, transportation infrastructure. The CO,-EOR projects have an advan-
tage in terms of lower technical risk, greater value proposition, and the potential for greater
public acceptance.

Finding: Implementation of CO,-EOR as a major national strategy for carbon sequestration
will likely need to occur in phases, with the initial phase of pioneering projects providing
“learning by doing” and developing the data to support an effective regulatory regime. This
phase needs to be followed by a major effort to reduce cost, in order to ensure that a mature
CO,-EOR industry will be commercially viable. Even under a climate bill, very little CO,-EOR
as a means of CCS will take place without incentives until a significant CO, emissions price
is in place.
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IV. Policy and Regulatory Issues
The discussion of policy and regulatory issues was guided by the following questions:

e What regulatory requirements should be placed on the CO,-EOR activities for carbon
sequestration?

e What verification program would be required to monetize the carbon credits from the
sequestered CO,?

e What effect will these requirements have on the CO,-EOR value proposition?

e How could the CO,-EOR activities inform a regulatory program for carbon sequestration in
brine formations?

e How should policy address and possibly incentivize the integrated system of public and
private interests?

The commissioned white paper was prepared by Scott Anderson of the Environmental Defense
Fund. Following his presentation, additional perspectives were provided by Sean McCoy of
Carnegie Mellon University, Philip Marston of Marston Law, Allyson Anderson of the US Senate
Energy and Natural Resources Committee, and David Hawkins of the Natural Resources Defense
Council. These presentations led to a broader discussion among all participants. What follows is
a topical summary of the key points made during the discussion.

Establishing the Regulatory Framework for EOR Sequestration

In general, participants supported the view that the regulatory framework should seek to achieve
three objectives:

e (Create incentives to sequester carbon;

e Verify that sequestration is actually occurring; and

e Foster public education and acceptance of sequestration.

Specifics of a regulatory framework would incorporate elements to achieve: (1) good site charac-
terization; (2) effective operational requirements; (3) MRV, and (4) long-term maintenance and
custodial issues that might be associated with the CO, that is still in a separate phase, under

pressure, and still buoyant relative to the formation into which it has been injected.

A regulatory regime for sequestration should reflect its unique characteristics compared to other
forms of underground injection. In particular:

1. Injection and sequestration are two different things.
2. Sequestration is not “sequestration” unless it is verified.

3. Verification means more than compliance with Safe Drinking Water Act regulations designed
to prevent contamination of underground drinking water.
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Discussants noted that there are two different types of EOR projects that result in the sequestra-
tion of CO,, potentially requiring different regulatory approaches:

e CO,-EOR projects where the primary purpose is oil extraction for which CO, injection rates
are set to optimize oil recovery. This category of projects can be referred to as EOR-BAU. In
such projects, the goal is to reach miscibility pressure, and in some fields, there may be little
“headroom” between miscibility pressure and the amount of pressure that would damage the
cap rock forming the reservoir seal; and

e CO,-EOR projects which are designed to maximize CO, sequestration, for which oil recovery
is incidental to the sequestration process. To maximize CO, sequestration, these projects
would operate at higher pressures, potentially approaching levels that could damage cap
rock. For purposes of this summary, this category of EOR projects is referred to as EOR-CCS.

The differences between the two types of CO,-EOR projects as they affect regulatory require-
ments were discussed at length. Participants were not in agreement that the experience of
existing EOR-BAU projects would provide the experience for setting standards for EOR-CCS
because of the higher pressures involved in the latter type of projects. Some participants
expressed a concern that EOR-BAU may not meet the MRV requirements sufficient to qualify
for carbon credits under a mandatory CO, emissions reduction program. Other participants
agreed that while current EOR-BAU operations may not produce necessary documentation to
qualify for carbon credits, current activities could be fairly easily augmented to meet verification
requirements.

The EPA’s proposed regulations would establish a new class of underground injection wells,
Class VI sequestration wells, subject to its own set of requirements under the Safe Drinking
Water Act UIC program. Discussants noted that the proposed rules do not address sequestration
through EOR-BAU activities, which are currently regulated as Class Il oil and gas wells. Discussants
noted that the proposed regulatory framework may be drawn too narrowly. The Multi-Stakeholder
Group (MSG), an ad hoc organization of industry and environmental groups, supported the
concept that sequestration in oil fields can occur: (1) in an EOR-BAU scenario as currently prac-
ticed and understood; (2) for projects that may or may not be associated with oil; and (3) when
the oil produced is incidental to the sequestration project, and not the primary purpose of the
CO, injection.

Finally, it was a general view of the participants that safe and effective geologic sequestration in
oil and gas fields would require substantial expansion of the regulatory capacity both at the EPA
and in state agencies, including the development of new expertise among regulatory personnel
and significantly increased agency budgets.
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Siting of EOR Sequestration Projects

Permanent retention of CO, is essential for successful sequestration, which eliminates certain oil
and gas fields as sequestration candidates and requires regulatory reviews for long-term storage
of projected CO, injection volumes. It will also be important to assess whether injecting a given
volume of CO, at a given site can be done without contaminating underground water supplies.
Potential siting concerns include:

e Reservoir seals that are insufficient for retaining CO,;
e Poorly constructed or plugged wells;

e Reservoir seals that have been damaged during secondary or tertiary operations by injecting
fluid at excessive pressure;

e Reservoir seals that are at risk of being damaged due to insufficient “headroom” between the
field’s miscibility pressure and pressure that would result in seal failure;

e Hydrogeologic conditions that pose significant risk of injections causing formation fluids to
migrate into drinking water supplies; and

e Lateral spill points from which CO, could leak if the reservoir is filled beyond capacity.

A key issue in siting EOR-CCS projects is the establishment of baseline data. Such data may not
be available for old oil fields in which historical monitoring and record-keeping were not as robust
as current practice. In such instances, the lack of background data may eliminate EOR sites as
sequestration candidates if, for example, field operators cannot determine with confidence the
location of all of the abandoned or plugged wells in the reservior. If data are missing, oil field
operators may be able to do work-arounds sufficient to qualify certain fields as sequestration
candidates. The same problem does not exist for DSFs in which there has been virtually no
previous activity.

Effective Operation of EOR Sequestration Projects

In addition to issues associated with appropriate siting, projects must be properly operated to be
effective. Key elements of a regulatory program governing operations include:

e Assuring that wells are properly cased, cemented, and plugged;
¢ Periodic testing of wells for internal and external mechanical integrity;

e Assuring that injection pressures do not lead to tensile failure® or shear failure® in the
cap rock forming the reservoir seal;

e Requiring that potential leakage pathways be identified for both injected CO, and natural
formation fluids;

e Requiring a monitoring program to ensure there is no leakage and to otherwise assess the
overall efficiency and effectiveness of reservoir performance;
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e Requiring adjustments in monitoring and/or injection operations in the event of increased
leakage risk or abnormal reservoir behavior relative to initial projections;

e Requiring remediation in the event of leakage; and
e Requiring periodic reports adequate to demonstrate proper project operation.

The requirement for cement bond logs as a means for assuring proper cementing of wells was
highlighted. The EPA proposed rules for Class VI underground injection would require cement bond
logs as the basis for determining cement integrity. It was pointed out that cement bond logs are an
outmoded technology, and thus not reliable as a means of regulation. An alternative compliance
evaluation tool is a relatively new technique that takes a 360-degree picture of the cement column
and is capable of identifying channels.

Another issue that was discussed in some detail was the need for financial assurance requirements
for EOR-CCS operators. Existing financial assurance requirements for EOR-BAU operators appli-
cable during injection, production, and well plugging may not be adequate to address the scale
and time frame of environmental risk. One benchmark for comparison is the list of financial
assurance requirements for Class | Industrial and Municipal Disposal Wells, shown in Table 5.

Table 5 - UIC Financial Assurance Instrument Types and Requirements for Class | Wells

Instrument Type Requirements

1. Surety Bond™ e Treasury-approved surety companies only
e Specify wells covered; new wells require new bonds

e Guarantee payment in the amount of the bond (to standby trust fund) for improperly
plugged wells; standby trust fund must be established (the EPA is the sole beneficiary)

e Provide 120-day notice of cancellation; if owner does not provide substitute assurance
to the EPA within 90 days of such notice, amount of bond’s face value must be paid into
the standby trust fund

e Owner may cancel bond with written consent of Regional Administrator (EPA); such
consent may be given after substitute assurance is provided or guarantee is paid

2. Letter of Credit e Regulated (federal or state) financial institutions only
e Specify wells covered; new wells require new letters

e Funds deposited into standby trust fund if owner fails to properly plug wells; standby
trust fund must be established (EPA is the sole beneficiary)

e Provide 120-day notice of nonrenewal from institution; if owner does not provide
substitute assurance to the EPA within 90 days of such notice, Regional Administrator
(EPA) may draw upon the letter of credit

e Owner may cancel bond with written consent of Regional Administrator (EPA); such
consent may be given after substitute assurance is provided or guarantee is paid

3. Trust Fund" e Regulated (federal or state) financial institutions only

e Contain funds equal to required financial coverage

e Designate the EPA as sole beneficiary

e Specify acceptable ways of investing money in the fund (by the trustee)
e Accompanied by “certificate of acknowledgment”

e Specify conditions under which the EPA may disburse funds for plugging wells or for
returning excess monies to owner

4. Standby Trust Fund' Required for surety bonds and letters of credit (see footnote)
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Apart from these instruments, Class | well operators have the option to:
e Purchase plugging and abandonment insurance;
e Meet financial criteria and obtain a corporate guarantee for plugging and abandonment; or

e Demonstrate financial responsibility using a combination of the trust fund, surety bond, letter
of credit, and insurance options.

Generally, under current UIC regulations, the owner and/or operator of a Class |, Il, or lll well is
required to demonstrate and maintain financial responsibility and resources to close, plug, and
abandon the operation until:

e The well has been plugged and abandoned, and a plugging and abandonment report has
been submitted to the EPA;

e The well has been converted; or

e Inthe event of a transfer, the transferor has demonstrated financial responsibility for the well
in the form of an EPA-approved financial assurance instrument.

For EPA-administered programs, the owner/operator:

¢ Must demonstrate assurance no later than one year after the effective date of the UIC program
in each state;

e May be required by the Regional Administrator to submit revised evidence of financial
responsibility if it is suspected that the original demonstration is no longer adequate to cover
the cost of closing, plugging, and abandoning the well;

e Must comply with Class | rules (see Table 5) for a well injecting hazardous waste;

e Must notify the Regional Administrator by certified mail of the commencement of any bank-
ruptcy proceeding within 10 business days, post-commencement; and

e If subjected to any bankruptcy proceeding, will be deemed to be in violation of financial
assurance requirements until an alternative financial assurance demonstration is provided,
and until such time, injection will be halted.

Participants noted that the EPA Environmental Financial Advisory Board (EFAB) recently issued
a report recommending new financial assurance requirements for owners and operators of
EOR-CCS injection wells.” The principal findings and recommendations include the following:

e Financial test and third-party financial assurance mechanisms should be available to respon-
sible parties.

e Trust funds are “costly measures.” Duplicative and upfront funding of financial responsibili-
ties are not appropriate.

e C(Class | financial instruments should be used over Class Il requirements. Class Il financial
requirements would result in weakness, but Class | requirements include the use of insurance
as well as specific language for other assurance instruments.
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e The EPA should consider adding a new category of financial assurance to the Class VI pro-
gram that provides the EPA “with the flexibility to approve the ‘functional equivalent’ to the
established Resource Conservation and Recovery Act (RCRA) financial assurance tests.”

e The amount and timing of financial assurance should be based on the EPA’s risk evaluation.

e The EPA should consider whether to require financial assurance for monitoring as well as for
plugging wells.

e Financial assurance requirements should be dynamic over the life of a project, taking into
account site-specific changes as well as changes in available technology. Toward this end, the
EPA might consider regular updates of cost estimates. To facilitate such updates, the EPA
should collect various types of data on a rolling basis. The EPA could establish grounds for
making adjustments if its proposal to require regular updates of various plans, e.g., monitor-
ing, corrective action, and closure, were coupled with “robust annual reporting requirements
that document why updated plans have or have not been necessary.”

Closure

The concept of project closure is currently not a formal step in EOR-BAU projects. Individual wells
may be plugged, but the entire field is not “closed.” By comparison, closure is an important ele-
ment of the regulatory framework for EOR-CCS. There appears to be a consensus that any regula-
tory framework for geologic sequestration projects will include a determination by the regulator
of the point (if any) at which a project has been closed. If a policy choice is made to include
formal closure determinations as part of the regulatory regime, standards and procedures will
need to be developed for making such a determination, and it will be necessary to decide what
legal and operational consequences follow from a closure decision.

Questions associated with the development of standards and procedures of making a closure
determination include:

e What is the technical basis for making a closure determination?
e Should closure be said to occur after a fixed number of years following cessation of injection?
e Should closure occur when the injected CO, is “stabilized”?

¢ Should closure occur when an operator convinces regulators that “no additional monitoring
is needed.”

e (Can aconsensus standard be developed?

Should the rigor with which a closure determination is made depend in part on what is at
stake, including what is at stake in terms of legal consequences?

Questions associated with legal and operational consequences that follow from a closure
decision include:

e What should the consequences be if regulators deem a site “closed”?
e (Can the operator stop monitoring?

e Will the operator still need to perform other actions at the site?

52 MIT Energy Initiative and Bureau of Economic Geology at UT Austin Symposium | July 23, 2010



e  Will operating bonds be released?
e Does closure mean carbon credits generated by the project are now secure for all time?

e |f the operator is sued for damages caused by its operations, does closure of the site create
a defense to what otherwise would be a successful lawsuit?

Verification of CO, sequestration credits

Participants recognized that it is critically important that any sequestration credits be completely
fungible, tradable, and equivalent to any other kind of emissions reductions or avoided emissions
in emissions trading programs. This was considered to be an important factor to keep in mind in
the development of the regulatory framework for EOR-CCS. Further, it was recognized that the
verification requirements for EOR-CCS sequestration may differ from those for sequestration in
DSFs.

To obtain credit for sequestration, it is very important to underscore the difference between
physical CO, sequestration and legal recognition of the avoidance of the CO, emissions. The
value proposition for sequestration as a carbon mitigation technique is going to be entirely based
on its legal regulation. Some participants noted that EOR-BAU, “as practiced,” is not sequestra-
tion because it does not include verification plans.

Participants discussed the possibility of establishing different levels of regulatory recognition

of sequestration. One analogy was the difference used in the designation of probable reserves,
proven reserves, and producing reserves. Injection of CO, underground in EOR operations generally
results in sequestration, and if there is a problem with the sequestration, there will be indicators,
such as a drop-off in pressure or some other indicator. But it may not be possible to verify the
amount of sequestration to a degree of certainty sufficient to monetize it. There is a general
understanding that existing EOR-BAU practices will need to be enhanced with additional monitoring
and other requirements in order to reach the level of verifiable CO, sequestration. Participants
recognized the need to develop clearer terms and categories to characterize the regulatory distinc-
tions between different types of sequestration operations. Participants noted, for example, that the
current Class Il rules pertaining to oil and gas wells permitted for current EOR-BAU operations also
address whether a given oil field is suitable for a projected volume of CO, sequestration.
Establishing an acceptable level of sequestration should be a requirement that is incorporated
into any future geologic sequestration regulatory system.

Another key issue in verification of CO, sequestration credits is the determination of potential
leakage into the atmosphere. The EPA’s proposed rules to regulate the geologic sequestration of
CO, under the UIC program, authorized in the Safe Drinking Water Act, do not address verification
issues associated with leakage into the atmosphere. Thus, compliance with neither the proposed
Class VI™ rules governing wells used for geologic sequestration nor the existing rules for Class II'®
oil and gas wells will be sufficient to establish the basis for carbon credits or other legal recogni-
tion of the net amount of carbon sequestration (after consideration of potential losses due to
leakage to the atmosphere).

The EPA GHG MRR issued under the Clean Air Act and guidelines issued by the US Treasury
Department for purposes of qualification of carbon sequestration tax credits under Section 45Q
of the Internal Revenue Code provide guidance for how verification issues in general, including
leakage, will be handled for purposes of qualification under those programs. This guidance,
which draws heavily from IPCC guidelines, also may serve as a model for a future CO, seques-
tration regulation.
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In order to qualify for Section 45Q of the Internal Revenue Code sequestration tax credit, project
sponsors are required to conduct the following procedures at geologic sequestration sites:

1. Conduct a site characterization by evaluating the geology of the storage site and surrounding
strata and identifying the local and regional hydrogeology and leakage pathways such as
deep wells, faults, and fractures.

2. Conduct an assessment of CO, leakage risks by evaluating a combination of site characteriza-
tion and realistic models, e.g., reservoir simulators or numerical modeling techniques, predic-
tive of the movement (timing, location, and flux) of CO, over time.

3. Monitor potential leakage pathways, measure leakage at those pathways as necessary,
monitor the current and future behavior of the CO, and storage system, and use the results
of the monitoring plan to validate and/or update models as appropriate.

The EPA-proposed rules for reporting are consistent with the Treasury guidance, but are more
detailed. Under the proposed rules, a project that injects CO, “to enhance the recovery of oil and
gas” does not count as a geologic sequestration facility unless the CO, is also injected “for long-
term containment” and the operator submits an MRV plan that is explicitly approved by the EPA.
Operators who do not submit an MRV plan must still report certain information about their opera-
tions. The proposed rules include the following documentation provisions, among other elements,
related to verification of secure storage:

e The reporter must report the annual mass of CO, emitted from each leakage pathway identi-
fied in the MRV plan.

e The reporter must follow the procedures in the MRV plan to determine the quantity of emis-
sions from the subsurface geologic formation and the percent of CO, estimated to remain
with the produced oil and gas.

e The MRV plan must include an assessment of CO, leakage risk; a strategy for detecting and
quantifying CO, leakage; a strategy for establishing pre-injection baselines; and a summary
of the calculation of site-specific variables for a mass balance equation.

e Addenda to the MRV plan must be submitted (and presumably approved) if the plan is adjusted
(at the operator’s initiative) due to new information, altered site conditions, or detection of leak-
age. Such addenda must include a description of the leak — with all assumptions, methodology,
and technologies involved in leakage detection and quantification, if a leak were detected — and
a description of how the monitoring strategy was adjusted, if applicable.

e The operator must revise and resubmit the MRV plan if an EPA audit determines revisions
to be necessary.

While the concept of the MRV is recognized by the participants, it also was noted that implemen-
tation of the MRV will require a significant amount of development work. Policy makers should be
sensitive to the fact that MRV plans are novel and will require much “learning by doing” in the
coming years.

Initial application of MRV requirements is under development as part of current CCS R&D and
demonstration projects. Significant work is underway on developing commercial-type MRV plans
for Summit in West Texas, Tenaska in Sweetwater, Texas, and NRG Energy at its Parish Plant in
Texas. Also, the Hydrogen Energy Oxy project for the Elk Hills field in California, was cited as
being at the forefront of developing a commercial-type MRV plan. All four projects, which have
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the most developed sequestration MRV plans, are employing EOR-CCS. EDF and the NRDC are
working cooperatively with Oxy to develop its monitoring plan for Elk Hills; the draft plan was
recently submitted to the California Energy Commission. While additional work on the plan may
be needed, it may be the first commercial-type MRV plan to receive regulatory recognition in
the US.

Cost of Regulatory Requirements

The scope of regulatory requirements for EOR-CCS could be extensive. However, it was pointed
out that the cost of compliance should be small relative to the value proposition.

For US oil businesses, the value proposition of capturing quantities of anthropogenic CO, for
use in oil fields is huge. It has been estimated that under certain circumstances, federal climate
change legislation could lead to an increase of more than three million BOPD of domestic oil
production by 2030."¢

Although regulation increases transaction costs, regulatory compliance is not likely to be a major
component of overall sequestration costs. To put this in perspective: to capture, compress, and
transport CO, will cost tens of dollars per ton; to select, monitor, and otherwise operate sites will
cost dollars per ton; and to take steps required by regulation will cost dimes per ton. Some
participants observed that although regulatory compliance costs are relatively small, they should
be a cause of concern. If the regulatory requirements are not set prudently, regulatory compli-
ance costs could be much higher, to the point at which they could make the difference between
an economically viable project and an uneconomically viable project.

Relationship of Regulation of EOR-CCS to Regulation of Sequestration in DSFs

Participants noted that, in the regulatory framework for CCS, a distinction is made between EOR
sequestration and sequestration in DSFs. While acknowledging that a distinction is developing,
participants believed that this did not imply that EOR-CCS was not going to be recognized as
sequestration. Moreover, there was recognition that some EOR-CCS sequestration projects could
yield significant new knowledge or technology that would be particularly helpful for regulation of
sequestration in brine formations. Areas of potential commonality between EOR-CCS and brine
sequestration include:

e Methods to compensate for shortcomings in baseline monitoring data;

e Methods to determine how much geologic characterization data is needed, including the
degree of specificity with which the nature and location of leakage pathways should be
identified;

e Improved techniques for assessing well integrity;

e Understanding of reservoir seal performance;

e Reservoir simulation and numerical modeling techniques;

e The necessary scope and detail of MRV plans, to the extent the elements of such plans are
relevant in the brine formation context; and

e Above-zone pressure and geochemical monitoring

MIT Energy Initiative and Bureau of Economic Geology at UT Austin Symposium | July 23, 2010 55



R&D and Other Capacity Building

Although the discussants were generally of the view that CCS is ready to begin large-scale
deployment from a technological standpoint, there was discussion of the need for more R&D

to reduce costs. Additional research and educational activities also were needed to develop the
human, financial, and technical resources needed to improve the understanding of risks and risk
management techniques to achieve economies of scale over time. Most CCS R&D is currently
focused on carbon capture and compression since these activities account for most of the cost.
However, sequestration has important R&D and capacity-building needs as well, including:

e Workforce education;

e Helping the insurance and financial sectors to understand sequestration risks, identify and
assess the effectiveness of risk controls, and develop corresponding financial risk management
mechanisms (e.g., insurance, adjustments to the cost of capital, risk-sharing joint ventures, and
benefit-cost modeling);

e Fundamental and applied research on reservoir simulation, containment mechanisms, methods
to predict and assess geologic heterogeneity, ways to distinguish between problematic faults
and innocuous faults, and monitoring technologies and methods;

e Improved methods to estimate geologic capacity, identify and characterize potential leakage
pathways, and make efficient use of storage space;

e Developing new techniques to produce oil in reservoirs that do not currently appear to be
EOR-BAU candidates;

e Developing new techniques for improving oil production in reservoirs in which CO, is injected
in quantities that raise reservoir pressure significantly above miscibility pressure;

e Efforts to reduce various costs, focusing in particular on geologic basins where the costs and
technical challenges of sequestration are expected to be relatively high;

e Methods to quantify leakage;
e Designing MRV plans that are standardized but take site-specific variation into account;
e Regional and basin-scale hydrogeology; and

e Environmental remediation technologies, including methods to deal with the displacement of
excessive amounts of formation water.

Ownership Rights to Pore Space

It is not especially difficult to determine who owns pore space and who has a right to use pore
space. As a general rule, owners of surface estates own pore space and owners of mineral
estates (subsurface) will have the right to use the pore space as reasonably necessary for extracting
minerals. Developers of sequestration projects will generally have to acquire rights from both
surface and mineral estate owners, though EOR-BAU operators who inject no more CO, than
reasonably necessary to product commercial quantities of oil will not need permission.

Participants discussed the question of sequestration in formations in which there were mineral
rights but not explicit storage rights. In the case of EOR-BAU, it would appear that the project
owner would not need to have storage rights, because the CO, would be stored in pore space that
was originally occupied by the oil which was produced pursuant to mineral rights. In other words,
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credit can be provided for sequestration in reservoirs in which the owner has the mineral rights,
but not necessarily the storage rights. For a project designed to maximize storage, the project
owner would need to obtain storage rights.

Any uncertainties in determining ownership rights can be minimized through appropriate legisla-
tion, which should be the responsibility of the states. The states, not the federal government,
have always been in charge of real property rules. Legislation also may be needed to clarify any
uncertainty regarding a government “taking” of pore space property rights. Otherwise, litigation
could be brought against the government on the basis that the government either (a) does not
admit to the taking of private property or (b) does not pay just compensation for the taking of
private property.

For federal lands, the issue of mineral rights versus storage rights could be a major concern.
Currently, a working group in the BLM is examining this question, because there are at least six
EOR sites located on federal lands currently, which could potentially be converted into CO,-EOR
projects in the future. Conversion of a mineral project and mineral rights to a storage project and
storage rights could have a number of ramifications that are currently unresolved.

Unitization of Pore Space

Another aspect of the legal issue surrounding unitization of oil fields for EOR-CCS projects is
certification of the injected volumes for purposes of GHG reporting. In order to monitor and verify
that there is no leakage from an EOR-CCS project, it is essential that the project sponsor have
control of the entire area of the reservoir. Absent full control, the owner/operators of EOR-CCS
projects cannot verify that leakage is not occurring. CO, will permeate the entire reservoir includ-
ing unratified tracts that are not prepared or equipped to handle CO, reinjection. If leakage does
occur from an non-ratified portion of the reservoir, the anthropogenic emitter would be unable to
certify its injected volumes as sequestered and will undoubterly decline to utilize an oil field that
was not fully unitized. This also has implications for the EOR industry as a whole which will need
increasing volumes of new anthropogenic CO, supplies in order to fully re-develop new oil produc-
tion from the large US inventory of depleted candidate fields.

States have addressed this issue through legislation that establishes compulsory unitization
requirements. These statutes provide for a minimum threshold retification requirement from

a supermajority of interest owners to form the unit and serve to prevent “holdout” mineral
estate owners and lessees from inhibiting secondary and tertiary development. These statutes
are an outgrowth of state oil and gas conservation laws that are designed to protect correlative
rights of mineral property owners as well as promote the orderly and efficient development of
underground oil and gas resources that transcend surface ownership boundaries. Every major
oil-producing state, except for Texas, has adopted the necessary enabling legislation to support
compulsory unitization.

Regulation of CO, Transportation

Symposium participants did not have a consensus view as to the need for any additional federal
policy actions for CO, transportation, as it is a mature industry. Notwithstanding, the following con-
siderations were noted in the discussion:

e Pipeline locations should be scrutinized and permitted from a public interest perspective, but
the government should not design and dictate the details of an entire pipeline system.

e Provided the purity of CO, streams captured from power plants and industrial sources is
similar to the purity of CO, in the existing pipeline network, few (if any) changes should be
made to pipeline safety regulations.
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e Thereis no clear need for regulations that limit market entry or govern rates or terms of
service. It may become necessary to regulate rates and supplement antitrust laws with
regulations that assure nondiscriminatory transportation services at some point, but this is a
need in the future. To prematurely impose such regulations could create a disincentive to the
rapid development of a comprehensive CO, distribution system.

One issue that was highlighted was the need for eminent domain authority. Eminent domain
almost certainly will be necessary to develop a more robust CO, pipeline infrastructure.
Currently, CO, pipelines have the authority to invoke eminent domain in some states but not
others. Thus, additional state (and possibly federal) legislation may be needed to make such
authority uniform nationwide.

CO, pipelines could be either common carrier lines or unregulated, private carriers. If they are
common carrier lines, there was concern about a definition of common carriage that encompasses
the proration of capacity to existing customers in order to accommodate new customers, the
definition under the Interstate Commerce Act for oil pipelines before the Federal Dispute
Resolution Conference (FDRC). Under this construct, signing a binding contract with the capture
supplier could be complicated by new plant entries, creating a high degree of uncertainty in the
marketplace.

Some participants also noted that there could be pressure for rate regulation at some point in the
future. The most likely cause for such pressure would be the emergence of market dominance by
pipelines. However, this is difficult to predict, since the future pipeline infrastructure is yet to be
defined and implemented. Market power issues, to the extent they arise, would likely arise when
the contracts expire 20 to 30 years from now.

Liability Protection

Participants discussed whether EOR-CCS projects required special liability protection, which
provoked extensive discussion from many perspectives.

In framing this discussion, the commissioned white paper pointed out that EOR-CCS is currently
liable under the state and federal laws and procedures pursuant to which any industrial operators
may be held liable under certain circumstances for damages caused by their operations. The
existing liability regime applies to numerous industries, including industries that spend significant
sums on projects that entail long-term risks significantly greater than those created by EOR-CCS
activities. Nevertheless, such industries are able to attract capital and make investments.

Some participants believed that the concern about liability protection and calls for indemnification
were being driven by electric power sector executives who were not familiar with liability regimes
in other industries, and thus may be overstating the risk management issues associated with
EOR-CCS. These participants held the view that EOR-CCS project owners should not receive any
liability protection that is not provided to steel mills or other industrial operations. Further, the
electric sector’s calls for indemnification were viewed as being potentially counterproductive as
they could raise public concern that EOR-CCS was unnecessarily risky and should not be permitted.

Another view expressed by some participants was that the public purpose served by EOR-CCS
justified public risk sharing. Current CO,-EOR operators are engaged in a business with a certain
risk profile, undertaken under a set of known rules. But EOR-CCS activities could have a signifi-
cantly higher risk profile associated with the permanent sequestration of CO, needed to realize
public policy benefits (i.e., GHG emissions reductions). If this is the rationale, it seems appro-
priate for the beneficiaries of reduced GHG emissions, i.e., the general public, to share a portion
of the incremental risk associated with geologic sequestration.
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Other participants pointed out that, unlike the air emissions standards faced by power generation
facilities, there is no mandate that CO, be managed through geologic sequestration. There are

a range of alternatives to CCS, such as energy efficiency, demand side management, production
efficiency, renewable energy technologies, nuclear, natural gas, etc. If generators actually

choose CCS, it is assumed to be the most economic choice which presumably includes risk
management costs.

The general discussion of the need for liability protection focused on the specific areas where
liability protection might be appropriate:

1. Stewardship at “orphan” sites, i.e., sites for which responsible parties with financial resources
cannot be found. In this instance, the suggestion was made that the issue of “orphan” sites
should be addressed through an industry-financed trust fund, the structure of which is
designed to make it difficult for Congress to reallocate its monies to other purposes.

2. Possible government assistance (perhaps through a newly created institution) for project
developers in performing certain “post-closure” activities for which the developers might
otherwise be responsible. In this instance, it was suggested that the issue of limited assistance
with long-term stewardship of site infrastructure is worth pursuing, if industry-financed, but
should be addressed with caution. Socialized stewardship functions should be few, with
government not relieving companies of large amounts of liability but instead handling rela-
tively routine, inexpensive tasks that benefit from standardization or economies of scale if
performed for many sites by a single organization.

3. Protection during the initial period when the marketplace is developing risk management tools
sufficient to enable other industries to make billion-dollar investments in the face of prolonged
risk. It was suggested that initial EOR-CCS deployment projects (perhaps up to the first
40 GW or so of CCS projects) could be addressed through a graded program of risk sharing.
For example, these initial projects could be grouped into tranches, with each tranche eligible
for a set of layered protection. The first layer would be a significant amount of “first dollar”
responsibility in the event of damage awards, which would increase with each tranche. The
second layer would consist of “second dollar” responsibility funded from an industry pool,
with a fixed dollar cap for each tranche. The “third layer” would be provided through govern-
ment indemnification, with lower caps for each tranche. The program would be capped in
terms of a number of eligible projects and total amount of liability protection, with a phase-
down in each succeeding tranche. It is assumed that by the end of the program, sufficient
experience would be gained to enable the development of commercial risk management tools.

One of the concerns with any liability protection program is the potential to create a “moral
hazard,” i.e., providing project developers with an incentive to manage their affairs in ways that
run counter to public interest and, thus, harm third parties. Some discussants believed that
proper design of the program would minimize the potential for “/moral hazard.” This includes
precise determination of the requirements at the point of liability transfer or relief. If the regula-
tions are developed properly and thoughtfully, it would go a long way to assure assignments of
responsibility and an accountability structure for future generations.

Another concern that was discussed by the participants was the scope of activity that might be
eligible for liability protections. For example, there may be liability associated with a breach of
warranty as to not meeting contract specifications either by the producer and supplier of the CO,
stream or by the pipeline that transported it to the sequestration site. Alternatively, liability may
arise not from the CO, stream itself but from the possibility of impurities, such as mercury or arsenic.
Thus, the scope of activities that qualify for any liability protection needs to be appropriately defined.
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Over time, there are a variety of commercial risk management measures that could be employed
to address liability risk in EOR-CCS projects. Insurance is an obvious risk management mechanism.
And while insurance exists for EOR-BAU projects (a project owner can insure a project for up to
$100 million during the operational phase), it is not yet sufficiently robust for CCS. Risk-adjusted
cost of capital is another such tool. Capital markets for other billion-dollar industries have experience
in pricing the cost of capital based on the assessed level of risk. This does not yet exist for
EOR-CCS. Joint ventures offer another risk management option. Under this model, liability would
be allocated in direct proportion to each party’s respective view of the project’s financial risk;
thus, overall liability would be equitably borne by the parties to the joint venture. Lastly, there is
simply accepting risk, which is what many industries that perform similar activities do, including:
EOR; natural gas storage; underground injection of industrial waste; and underground injection of
hazardous waste (even though hazardous waste injection rules require that operators prove lack
of migration for 10,000 years). These activities receive no liability protection, which has not
impeded their ability to raise capital.

The participants discussed whether trust funds represented a policy mechanism to address
future liability. Trust funds, which are designed to effectively prefund future liability, are viewed
by many as an effective vehicle for addressing future liability in a manner that avoids imposing
future costs on taxpayers. A contrasting view was portrayed by the EPA EFAB, which pointed out
that trust funds are not an efficient use of capital, because they gather large sums that then sit
idle and collect money market-type interest (assuming Congress does not siphon the money off
for other projects in the meantime).

As an alternative to trust funds, the MSG has been developing a proposal for industry-funded
pools to provide a cushion for early mover EOR-CCS project sponsors. It is a form of protection
that can be targeted to the early EOR-CCS deployment projects as the risk management business
takes shape. As with any proposal for liability protection, there is a concern that opponents of
CCS could attempt to characterize this concept as a negative public perception.

Another issue raised by the participants was the timing of any legislative action on liability
protection. In the wake of the Deepwater Horizon accident, it would be very difficult for Congress
to consider any form of liability protection. While the relative risks are well understood by scien-
tists, the public may not understand, and so liability protection proposals could be met with
opposition.

Legislative Issues and Outlook
The participants discussed a number of policy and regulatory issues that could be considered

by Congress. In recent years, Congress has enacted several important incentives for EOR-CCS.

e The Energy Independence and Security Act of 2007 authorized funding for a broad-scale CCS
R&D program.

e The Troubled Assets Recovery Program (TARP) legislation in 2008 also established the
current Internal Revenue Code Section 45Q carbon sequestration tax credit; and

e The American Recovery and Reinvestment Tax Act of 2009 which provided a one-time surge
of $3.4 billion of funding for industrial CCS technology demonstration projects, as well as
other initiatives such as advanced site characterization.

In 2009, the House passed the ACES, which would have established a comprehensive GHG
emissions reduction program. In the Senate, there was no final action on climate legislation.
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The 111th Congress considered possible legislative changes to modify and expand the sequestra-
tion tax credit. The current credit was designed with the best of intentions to induce companies to
implement sequestration projects in which operators can actually apply and qualify for the tax
credit. However, no one has applied yet, because the threshold cannot be met and there is no
guarantee that applicants will receive the credit. Potential changes include increasing the size of
the credit, and increasing the certainty of accessing the credit. A specific proposal under consid-
eration would increase the non-EOR tax credit from $20 to $35 per ton of CO, sequestered,
although this does not alleviate problems associated with the current economy-wide cap of about
75 million MT eligible for credit. This limitation creates significant uncertainty between projects,
as the ability to access the credit could be a matter of simple timing and position in the applicant
queue. This problem could be alleviated by a simple pre-certification process. Another approach
would be to increase the 75 million MT cap.

There also were proposals for Congress to establish an “early-mover” liability protection pro-
gram that would provide indemnification for 10 early mover projects that meet certain criteria.
The federal government would assume future liability on the closure of a facility.

Participants noted that there appears to be broad political support for promoting CCS as an
option, and the use of EOR as a method of sequestration does not appear to raise significant
political problems. This raised the question as to what the legislative priorities for CCS should be,
and in particular, what actions should be advocated for EOR-CCS option.

Several participants from the environmental community recommended advocating legislative
provisions for CCS as part of comprehensive climate legislation. There would be no reason to
pursue CCS absent a climate policy. However, there appears to be relatively little interest in
promoting CCS as a means to achieve incremental domestic oil production from EOR. So the
environmental community in particular will continue to press for comprehensive climate policy
legislation. In that context, there will continue to be a push for a package of policies that includes
performance standards for the power sector for CO, emissions and subsidies for the first movers
on CCS in order to build out the type of business models discussed in this symposium.

It was also noted there is no need for any special legislative provisions for EOR-CCS. The EPA has
regulatory authority to write the regulations for both protection of ground water and for preven-
tion of leaks into the atmosphere. The EPA has not yet grappled with the issue of regulating
leakage to the atmosphere, but there was a view that this can be accomplished without the need
for additional legislation.

Some participants were wary of policy interventions in EOR markets, noting the government’s
poor track record in deciding how much of what should be delivered to whom, when, and

at what price. Thus, any proposal for government policy intervention should have a clear public
interest and a well-defined scope. Certain incentives could be valuable, such as special allow-
ances for CCS or the continuation of Section 45Q of the Internal Revenue Code sequestration tax
credit. Participants also suggested that an existing tax deduction for injection costs for EOR
(injection costs represent about half of total costs for most EOR projects) be limited to apply only
to EOR utilizing anthropogenic CO,. There also may be options for pursuing legislative incentives
in state legislatures.

The view that CCS will not be implemented at any significant scale absent climate legislation was
echoed by other participants, who thought that absent such a driver, EOR-CCS projects would be
niche activities. A certain inevitability of climate change policy was expressed, because of the
underlying realities of climate change, but the timing of any policy response is uncertain. As such,
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businesses will face increasing investment uncertainty. There was a general view among partici-
pants that it was prudent to proceed with the policy and regulatory development needed for
CO,-EOR, although rapid deployment will be impeded without a climate policy that sets a price on
carbon.

Other participants stated that they did not see the need for additional legislation or any special
treatment for CO,-EOR. There does not appear to be a need for financial incentives for CO,-EOR,
as it could largely pay for itself from the EOR revenue. As part of a broader package of regulation
incentives for geologic sequestration, there may be some special issues that need to be
addressed so EOR-CCS can be a viable option, such as having verified credits or verified emissions
reductions. It would be a good idea to address the question of liability protection, potentially
through federal legislation, sooner rather than later. The issues surrounding the legal status of
pore space and accessing pore space in DSFs should be addressed at the state level, or poten-
tially, at the federal level.

Finally, several participants noted the need for action at the state level. In particular, state action
to allow unitization of pore space was noted as the most important priority. Participants also
indicated that initial action by the states on other incentives for EOR-CCS could facilitate first-
mover CO,-EOR projects while awaiting follow-on action at the federal level.

Issues Summary: Participants focused on policy and regulatory frameworks that would enable
CO,-EOR activities to qualify as a viable and effective carbon sequestration strategy. Much of the
discussion centered on questions related to the permanency of carbon sequestration in hydrocarbon
pore space and whether current EOR field practices were adequate to prevent leakage. The
availability of baseline data from existing EOR fields was identified as an important factor that
would facilitate regulatory determinations. Public acceptance also was noted as an important
consideration.

Participants discussed whether there should be a distinction, for regulatory purposes, between
EOR-BAU, i.e., EOR activities designed to maximize oil production with incidental carbon seques-
tration, and EOR-CCS, i.e., EOR activities designed to maximize carbon sequestration with inci-
dental oil production.

The major elements for an effective regulatory regime were also discussed. These include criteria
for siting, operations, closure, and MRV. This discussion centered on the requirements applicable
for new CO,-EOR projects planned for the purpose of carbon sequestration (EOR-CCS).

Participants were also concerned about appropriate requirements for existing CO,-EOR opera-
tions, i.e., EOR-BAU. The current EPA UIC program, established under the Safe Drinking Water Act,
is an imperfect framework for achieving comprehensive regulation. Aspects of EOR-CCS activities
fall within both the Class Il and Class VI wells established in the EPA UIC regulations."”

In addition, the Safe Drinking Water Act currently does not have explicit authority to authorize
standards for CO, emissions leakage to the atmosphere that may result from underground
injection activities.

Participants discussed the importance of legal issues, such as ownership of pore space. Current
leasing regulations were designed to convey mineral rights, including the use of pore space as
reasonably necessary for extracting minerals. However, current leasing regimes did not anticipate
the use of pore space for permanent storage of CO,. This may require changes in regulations to
recognize the distinctions between mineral extraction rights and storage rights. This issue is
currently under review for federal lands leased by the BLM.
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Another important legal issue for EOR fields is “unitization” — legal agreements that enable oil
reservoirs to be operated as a single system in order to increase oil recovery. Such agreements
typically involve the equitable sharing of royalties between landowners who are likely affected

by the drilling, production, or injection activities on the unitized properties. Failure to achieve full
“unitization” of EOR fields planned for CO, storage could present major obstacles to compliance
with MRV requirements needed for verification of carbon sequestration credits. Participants
recognized that “unitization” was an issue under the jurisdiction of the states. Many state legis-
latures have enacted compulsory unitization requirements for oil and gas extraction. Texas, which
has by far the largest extent of current CO,-EOR activity and future EOR potential, does not
currently have a state law on compulsory “unitization.”

The issue of liability protection received a great deal of attention at the symposium. Many
participants felt that CO,-EOR operations should not receive any form of liability protection from
the migration of sequestered CO, into the groundwater or atmosphere under the theory that
these operations are no more risky than other industries that do not receive such protections.

Others noted at least two areas in which inadequate information or market failures may justify
a governmental role in liability protection. Early movers of pioneer EOR-CCS projects have
inadequate information about the marketplace to appropriately price risk and provide risk man-
agement tools. Also, “orphan” sites, which may require remedial action, may also require some
kind of government-supported liability protection or coverage.

Participants also heard about and discussed possible “pooling” arrangements among CO,-EOR
project sponsors. These arrangements would enable private sector entities to achieve standard-
ization and economies of scale in long-term MRV activities, and possible risk sharing, without the
need for a governmental role in providing financial protection or subsidies.

Finally, participants discussed legislative scenarios for a national EOR-CCS program and there
was general agreement that such a program could only advance in the context of a national
requirement for CO, emissions reductions. Participants generally agreed that comprehensive
climate change legislation would provide the necessary incentives to spur a national EOR-CCS
program. Participants also noted that pending legislation provided special incentives for
EOR-CCS in the form of bonus allowances under the proposed cap and trade regulatory regime.

At the time of the symposium, some participants were unwilling to preclude the possibility that
the 111th Congress might take action on comprehensive climate change legislation, although the
general feeling was that this was highly unlikely. Consequently, there was less focus on policy
and legislative options for CO,-EOR / CCS separate from comprehensive climate change legislation.
Absent comprehensive climate change legislation, there was a view that CO,-EOR / CCS would
evolve slowly as a niche activity providing an opportunity for “learning by doing” to inform future
discussions of policy and regulation.
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Policy and Regulation: Key Findings

Finding: Regulation of EOR-CCS activities requires a comprehensive framework that
should address siting, operations, closure, and long-term monitoring of EOR sequestration
projects.

Finding: EOR-BAU activities, enhanced EOR-CCS, and carbon sequestration in brine
formations have different operational characteristics, such as injection rates and pressures.
These differences will require different regulatory standards.

Finding: There will be challenges in adapting existing CO,-EOR projects to a new CCS
regulatory regime. While carbon sequestration is clearly taking place, current projects may
lack sufficient data on baseline conditions, migration patterns, and leakage points needed to
make a regulatory determination of long-term sequestration and verifiable carbon credits.

Finding: Extensive planning is currently underway to establish MRV plans for EOR-CCS
demonstration projects. The MRV plans are intended to support compliance with antici-
pated regulatory requirements. However, they have not yet been fully demonstrated.
Consequently the emerging regulatory framework for EOR-CCS will need to have some
flexibility to allow for “learning by doing.”

Finding: The process of development of the regulatory framework for EOR-CCS has
involved extensive dialogue among stakeholder groups. This process appears to have
contributed significantly to early identification and discussions of key issues. While there is
not necessarily a consensus on a number of issues, the process of dialogue has appeared
to significantly advance regulatory development efforts.

Finding: Ownership rights to pore space in EOR reservoirs, as well as unitization of EOR
fields, pose potential barriers to EOR-CCS projects. Resolution of the legal questions
surrounding these issues is generally the responsibility of the states, except for federal
lands which are administered by the DOI BLM.

Finding: Liability protection for post-closure CCS projects remains a contentious issue.
While the risk profile associated with EOR-CCS operations may not be significantly higher
than certain other types of industrial activities, there are significant uncertainties asso-
ciated with pioneer projects and there may be challenges associated with the longtime
scales for post-closure monitoring, including the possibility of “orphan” sites. There is a
broad range of potential options to address the liability issue, including possible liability-
sharing or “pooling” arrangements among EOR-CCS operators, as well as limited
government intervention.
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EDF
EFAB
EIA
EOR
EOR-BAU
EOR-CCS
EPA
EPAA
ERCOT
FRDC
GHG
GT

GW
GWe
IEA
IPCC
Mcf
MITEI
MSG
MPZ
MRR
MRV
MT

MW
NEMS
NRDC
R&D
RD&D
RCRA
ROz
RPSEA
TARP
uic
UT-BEG

American Clean Energy and Security Act
American Petroleum Institute
Advanced Resources International
Area of Review

Barrels of Qil

Billion Barrels of Qil

Barrel of Oil per Ton

Bureau of Land Management
Barrels of Qil per Day

Carbon Capture and Sequestration
Carbon Dioxide

Process by which CO, is injected into depleted oil fields for the purpose of recovering oil

from the primary and secondary products
Department of Energy

Department of Energy/National Energy Technology Laboratory
Department of Interior

Deep saline formation

East Central Area Reliability Coordination Agreement
Environmental Defense Fund

Environmental Financial Advisory Board

Energy Information Administration

Enhanced Oil Recovery

Enhanced Oil Recovery-Business as Usual
Enhanced Qil Recovery as a means of carbon sequestration
Environmental Protection Agency

Emergency Petroleum Allocations Act

Electricity Reliability Council of Texas

Federal Dispute Resolution Conference
Greenhouse Gas

gigaTon

gigaWatt

gigaWatt Electric

International Energy Agency

Intergovernmental Panel on Climate Change
Thousand Cubic Feet

MIT Energy Initiative

Multi-Stakeholder Group

Main Pay Zone

Mandatory Reporting Rule

Monitoring, Reporting, and Verification

Metric Ton

Megawatt

National Energy Modeling System

Natural Resources Defense Council

Research and Development

Research, Development, and Demonstration
Resource Conservation and Recovery Act

Residual Oil Zone

Research Partnership to Secure Energy for America
Troubled Assets Recovery Program

Underground Injection Control

University of Texas Bureau of Economic Geology
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8:30-8:45 Welcome
Ernest J. Moniz, Director, MIT Energy Initiative
Scott Tinker, Director, Bureau of Economic Geology, UT Austin

8:45-9:45 Framing the Issue: Accelerating CCS through EOR?
White Paper Authors: C. Michael Ming, Research Partnership to Secure
Energy for America (RPSEA) and Stephen L. Melzer,
Melzer Consulting

White Paper Author: James Dooley, Joint Global Change Research Institute,
Pacific Northwest National Laboratory
Discussant: Tracy Evans, Denbury Resources Inc.

9:45-10:15 Break

10:15-11:30  Panel
Geoscience
What is the CO, sequestration potential of EOR in the US? What is the “cost curve”
in terms of amounts of CO, useful for EOR at various prices? How are issues of
“permanence” to be addressed? What is the value of EOR for informing a longer-
term large-scale sequestration program, especially in deep saline aquifers?

White Paper Author: Susan Hovorka, Bureau of Economic Geology, UT Austin
Discussant #1: John Tombari, Schlumberger

Discussant #2: Ruben Juanes, MIT

Discussant #3: Daniel Schrag, Harvard University

11:30-12:30 Lunch

12:30-1:45 Panel
Implementation
What are the prospects and challenges for implementing a large near-term EOR
program with anthropogenic sources? What are the infrastructure needs for
connecting sources to EOR sites? What are the economics: value of oil produced?
Value of CO, sequestered? Impact on the CO, generator? What are the technical
risks? How will costs and risks be shared?

White Paper Author: Vello Kuuskraa, Advanced Resources International, Inc.

Discussant #1: lan Duncan, Bureau of Economic Geology, UT Austin

Discussant #2: Howard Herzog, MIT

Discussant #3: John Thompson, Coal Transition Project, Clean Air
Task Force
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1:45-3:00 Panel
Policy and Regulation
What regulatory requirements should be placed on the EOR activities? What
verification program would be required for monetizing the sequestered CO,? What
effect will these requirements have on the EOR value proposition? How would the
EOR activity inform a longer-term larger-scale sequestration regulatory program
for deep aquifers? How should policy address and possibly incentivize the inte-
grated system of public and private interests?
White Paper Author: Scott Anderson, Environmental Defense Fund
Discussant #1: Sean McCoy, Carnegie Mellon University
Discussant #2: Philip Marston, Marston Law
Discussant #3: David Hawkins, Natural Resources Defense Council
3:00-3:30 Break
3:30-4:15 Discussion/Wrap-Up
Co-Chairs
Ernest J. Moniz, MIT
Scott Tinker, UT Austin
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CO, EOR: A MODEL FOR SIGNIFICANT CARBON REDUCTIONS
The Oilfield Opportunity

One of the multiple future technology options required to mitigate carbon emissions from
traditional fossil fuel power generation and other industrial processes is to capture and
sequester (CCS) those emissions. Yet, at present, CCS at any meaningful scale relative to the
extraordinary volumes of CO, emissions being produced is still years and possibly decades
away. Capture costs appear to be unacceptably high, the “energy penalty” for capture on
conventional existing coal fired power is far too high, the distribution network to move the CO, to
repositories is mostly not in place, and the determination of safe and acceptable permanent
repositories is not ready for accepting CO, for a multitude of reasons. Yet at the same time
there is actually high demand and higher potential for CO, in existing oilfield tertiary enhanced
oil recovery (EOR) operations where there exists both amenable pore volume and established
CO; related infrastructure and expertise.

This paper will present two themes. The first theme is that hydrocarbon pore volume in current
or potential EOR operations is readily available, accessible and more relevant than has been
recognized, but also that new research and field trials of a new class of hydrocarbon pore
volume is expanding known usable hydrocarbon pore volume by orders of magnitude. The
second theme is that transforming EOR operations from merely commercial oil production
operations to carbon storage operations requires a strategically planned and commercially
incentivized research program. This program will necessarily be at large scale on both sources
and sinks (critically enabled by a yet to be completed distribution system) to provide the
necessary framework and risk mitigation to certify the EOR operations as acceptable permanent
storage volumes. Without adequate research today at large scale, this paper will present why
existing EOR operations are the logical place to begin if CCS is to be proven viable and
developed as a mitigation option more broadly.

Too Much or Too Little CO,?

There is an abundance of combustion-derived anthropogenic CO, yet there is virtually no
mechanism to utilize it to meet existing or potential EOR demand. What policies, technologies,
and science are required to address this mismatch? And with the greenhouse gas effect
“cumulative present value” of an emitted molecule today being much higher than that of an
equal molecule emitted 10 or 20 years away, there is urgency to both reduce CO, emissions
short term and accelerate the development of the CCS option to keep the molecule out of the
atmosphere in the first place. Perfecting this CCS option for full-scale implementation in 10 or
20 years, while a prudent and necessary component to have in a toolkit where not all the
requirements have yet to be defined, is not an acceptable timeframe. And since the CCS option
may not be as relevant or applicable to an unknown future energy portfolio in 10 or 20 years, it
is imperative to develop and enable some components of the CCS option in a time frame of
years, not tens of years.



A Paradigm Shift in Thinking

In order to foster this accelerated CCS development, there are several key attributes that must
be acknowledged to meet the desired timing and scale objectives. These are:

1. The critical importance of a commercial driver to create wealth and incentivize the “all-in”
participation of the private sector

2. The relevancy and potential of hydrocarbon pore volumes, depleted or not
3. The necessity of an extensive pipeline distribution network
4. A program designed for near term scale

5. A program designed to address the “chicken and egg” problem of science and research
to lower capture technology costs multifold versus establishing the repositories for the
CO; if it can be captured economically

6. The program must be more than a “clean coal” program
Creating Wealth

Acknowledging these attributes can move the needle off of near zero to begin putting
meaningful amounts of CO, in the ground, and also moves the issue from merely a conference
conversation to a reality. In addition the model proposed by this paper meets important parallel
goals of creating jobs, minimizing costs to the public, and enhancing national security through
the creation of a real and viable industry that can attract market capital and increase domestic
oil production. Increasing domestic oil production not only creates wealth and royalties, and
improves the balance of trade, but also provides important supply diversity to mitigate the risk of
geopolitical oil supply disruptions caused by the combination of an overreliance on imported oil,
especially in the vulnerable transportation sector which is virtually totally dependent on
petroleum.

Debunking Myths

In order to accept the commercially driven oilfield pore volume option, there are a number of
“myths” that must be debunked, including for example the myth that oilfield pore volumes and
EOR operations are insufficient in volume to make a difference. Not only are the depleted or
partially depleted pore volumes extensive in existing “brown field” tertiary oil developments
(Kuuskraa), but there also exist partially oil saturated intervals below the existing oil main pay
zones (MPZ), which provide “quaternary” oil development opportunities. These relatively new
guaternary opportunities are commonly referred to as residual oil zones (ROZ). These ROZs,
which will be discussed in more detail later, are far more extensive in both thickness and areal
extent than the significant MPZs which could alone, if effectively exploited, store significant
volumes of CO,. In addition, ROZs are believed to exist outside of the traditional oil provinces
and can also provide an important scientific and technical proxy for the future development of
pure saline aquifers for CCS.



Getting Started and Managing Risk

So what is the key to unlock this CCS option? Clearly effective policies to address and protect
the public interest while incentivizing the private sector are required, and these policies must be
science based. Funding a relevant monitoring overlay on existing CO, EOR operations at
meaningful scale is a public interest and is a must. Also managing long term risk for an
endeavor of this magnitude is critical in order to allow the private capital markets to function
effectively. An incremental approach is an efficient and effective risk management tool as it
allows the exploitation of existing system assets by first enabling the most promising
opportunities then providing a build out option at the margin for smaller opportunities. As the
cost of both capture and sequestration is reduced with time, the opportunities at the margin
grow and the system continues to expand. The incremental approach allows the application of
classic tranche based risk management.

Using History to Model a New Public Private Opportunity

An intermediary “agent” between the requisite public R&D and the private sector application for
both sources and sinks could be a pseudo public opportunity for the creation of the pipeline
distribution network that connects the sources and sinks. Such endeavors have been
successful in history including the example of the U.S. transcontinental railroad after the Civil
War. Translating the need for a transcontinental railroad into reality required not only policy and
capital but also more importantly leadership and vision. It has been said by some that the
development of the transcontinental railroad was one of the most important events in American,
if not global, history. It opened up economic development in North America and subsequently
the entire world. In a period of less than a decade it reduced the transit time from New York to
San Francisco from six months to six days, probably more important than the reduction over
ensuing decades of six days to six hours from trains to airplanes.

The transcontinental railroad was created by the unique confluence of existing skills. First it
required the leadership and endorsement by one of the greatest presidents in U.S. history,
Abraham Lincoln. It also had to have the vision of those who understood its profound and
immense potential. Due to its unprecedented logistical complexity it required the expertise that
could only be provided by the experienced military leaders from the Civil War to actually pull it
off. And it required the deal making, and risk taking, financiers to find the capital for it all,
incentivized by a unigue structure of bonds authorized based on miles of line actually laid. It
required new routing, but it also incrementally built and expanded upon existing railroad routes
from the Midwest. At its completion it may have been successful because it wasn't perfect,
which in some odd ways probably mitigated some of its enormous risk. There were several
“routes” that could have been taken, but multiple routes probably would not have garnered the
necessary public traction, and certainly would have taxed the available resources, maybe even
have killed the whole idea. The project was, in the end, effective although not exactly efficient,
and was in fact actually very messy both in financial and human terms. But it happened, and in
many respects was instrumental in the establishment of United States as the global superpower
it is today. There was a vision, an urgent need, and the national will and perseverance to make
it happen.



Leveraging Existing Policy/Infrastructure

While the transcontinental railroad, at least past its Midwestern origin, was built entirely from
scratch across mostly uninhabited territory, another example of a game changing development
in the U.S. has been the development of unconventional natural gas resources. In contrast
to the transcontinental railroad, unconventional gas developed from anything but scratch. In
fact unconventional gas was in many ways a serendipitous development resulting from the
infrastructure put in place for the development of conventional oil and natural gas resources.
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Geologists had for decades searched for impermeable barriers that “trapped” hydrocarbons in
permeable rocks that resulted from the migration of hydrocarbons (or leaks) from the original
source rocks. The source rocks, although once thought to be unproduceable, were well
documented and mapped. At some point geologists and engineers realized that with the right
tools and technology the source rocks may actually be the ultimate prize due to their immense
scale. With the infrastructure, regulatory, and legal framework all in place from years of
conventional hydrocarbon development, the same framework could be easily utilized for the
exploitation of unconventional natural gas resources even though the technical hurdles were
formidable and required extraordinary research efforts, iterations, and perseverance to
overcome. In hindsight unconventional gas might never have become a reality should it have
required complete system development from scratch; that had already been provided by its
predecessor - conventional oil and natural gas development. Full system development
combined with the technical uncertainties of establishing economical production in meaningful
guantities from basically impermeable rocks, rocks once thought only to be unproduceable
geologic marker beds, may well have been more risk than the capital markets would be willing
to finance.

In the course of developing conventional oil and natural gas reservoirs in a multitude of geologic
basins, a service infrastructure and pipeline network developed incrementally, and markets



logically developed for this valuable and convenient natural gas energy source. Mineral
ownership issues were resolved by legislation and within court rooms over time, and effective
regulatory policies were developed to protect the public interest and the environment. All of this
provided the requisite economic incentives for the capital markets to work efficiently, all
protected by a judicial system, which although not perfect is transparent and effective in
providing the requisite legal certainty for the capital markets to function confidently.

Creating a New Hybrid Model

So from the example of the transcontinental railroad developed from scratch to the example of
unconventional gas development built on the back of a similar and existing resource, where
does this leave the development of CCS? A national CCS implementation could easily be a
hybrid of the two different models. Clearly there are components that must be developed either
from scratch or pushed out of their infancy of development. Measurement, verification, and
permanency are all processes that need refinement and emphasis. Long term stewardship
issues have to be resolved, and pore volume usage and ownership must be established. New
pipelines and distribution networks need to be financed and built, but could be done so with a
pseudo public variation of the transcontinental railroad, for example climate change bonds sold
to the public via a quasi governmental agency.

But there are also clearly many existing system components of the hydrocarbon pore volume
model that provide a significant and indispensible jump start to accelerate CCS to meet an
urgent need and provide the tools to promote the national will to accomplish it. The oil and
natural gas industry is where the subsurface fluid flow and storage expertise resides, versus, for
instance, the clean coal program which is driven by the surface capture side of the equation due
to the volumetric challenges of the emissions from coal fired power generation. Existing tertiary
EOR operations are also well along the learning curve of transporting, injecting, processing, and
operating with CO,. There is a well-established CO, industry that can be exploited and
leveraged. And importantly there are significant CO, pipeline segments that could form the
critical foundation for a nationally interconnected CO, pipeline distribution network from the
Midwest through the Gulf Coast to West Texas, up through the Rockies to the Canadian border,
with opportunities for spur developments at the margin all along the way (see Fig. 2). And these
existing building block pieces of pipe connect to well-characterized geological settings and
available pore volume that is ripe for exploitation, both in MPZs and, for the future, ROZs.

Rethinking the Value of Depleted Oil Reservoirs

Once thought to be only a plugging liability at abandonment, depleted pore volume, with its
remaining residual oil saturation and partially depleted pressure regime, provides both an
economic driver and unexploited storage “vault space.” Existing EOR operations are generally
being conducted in legacy operational areas where the public is accustomed to and generally
supportive of an extractive industry footprint. Breathing new life into aged fields will generally be
welcomed by the public. This public acceptance mitigates many of the risks of costly startup
delays such as establishing access, subsurface unitization, and the establishment of effective
regulatory oversight and permitting.



The “Horseshoe Pipeline”

The aforementioned foundational CO; pipeline building blocks that currently exist could, with a
strategic blueprint, provide an efficient and effective grid to interconnect existing EOR basins
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domes as
permanent repositories. The critical but small number of natural source CO, domes are
shrinking and most will find their historical competitive advantage diminished as their pressures
deplete. This potential pipeline system “build out,” financed by a quasi-governmental effort,
could become a wealth creating public asset to mitigate climate change risk caused by carbon
emissions while at the same time creating new sources of revenue to finance future
transformative R&D efforts in energy.

Accelerating the Value with Effective Energy Policy

The hydrocarbon pore volume provides a quick start opportunity at scale. While studies such as
Kuuskraa et al have documented the significant volumetric potential for EOR of up to 67 one
gigawatt coal fired power stations, the new ROZ potential cold increase that potential by orders
of magnitude (Fig. 3). Yet just using the existing potential documented by Kuuskraa could be
leveraged even further by effective public policy that could significantly reduce carbon emissions
from a much more optimal and integrated energy system.

Efficiency leverages all forms of supply. Deploying an optimal electric power portfolio that
incorporates natural gas, efficiency, and renewable power could alone reduce carbon intensity
by 10 to 20 fold in certain applications over a current antiquated coal fired system with
conventional distribution and end use components (See Fig. 4). MIT and others have estimated



that just the replacement
of the bottom third of
antiquated and worst
performing pulverized
coal plants could alone
reduce carbon emissions
by almost 10%.

Reducing carbon
emissions is the logical
and most economical first
step to leveraging the
potential of CCS, as the
CO, units that are
ultimately sequestered
then become a larger
percentage of total
emissions. Making the
emission problem more
manageable makes CCS
more practical, otherwise
the sheer scale of the
problem may prove
unsolvable. Continuing
to unnecessarily combust
fossil fuels in inefficient
process produces
unnecessary CO,
emissions. It has been
estimated by Lawrence
Livermore National
Laboratory that the U.S.
wastes 60% of its
primary energy, the
energy equivalent of 30
million barrels of oil per
day (MMBOPD), mostly
in waste heat. Capturing

Fig. 3 - lllustration of "Next Generation” Integration of CO2 Storage and EOR
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just 10% of that waste, certainly easily technically achievable, with effective public policy would
amount to 3 MMBOPD. And that is then 3 MMBOPD that is no longer emitting CO, from its
combustion. Increasing U.S. domestic oil production by another 3 MMBOPD (by 2030) through
state of the art EOR either in MPZs or ROZs (Kuuskraa NRDC), for a total of 6 MMBOPD,
would then equal one half of the energy equivalent of the total level of current oil imports of 12

MMBOPD.




The Chicken and Egg Dilemma

So how does this proposal address the previously mentioned chicken and egg problem for
R&D? Matching large scale readily available sinks with anthropogenic sources incentivizes the
development of economic capture technology which is all enabled by the ability to get the CO,
from the source to the sink. The private sector provides the sources and the sinks, possibly a
guasi governmental agency finances the connection of the sources and the sinks, and effective
public R&D provides the funding for the relevant scientific overlay on existing operations to
transform those operations from purely commercial EOR to ultimately CCS in the public interest.
And in the process an existing industry transforms itself into a larger industry, creating real
wealth and real jobs while addressing an urgent risk for future generations. But it is ultimately
the certain availability of the large sinks that provides the assurance that is required to develop
economical capture technology.

An Integrated Approach

While this proposed model is a logical approach to accelerate CCS at nearer term scale, it still
requires an integrated approach, just as the transcontinental railroad required vision, leadership,
and a well planned route so that the simultaneous efforts being built from the east and the west
would meet at the right point. In addition the railroad required logistical support and expertise
and financing. The proposed EOR model requires many of these same attributes but can also
significantly leverage a partially yet well developed infrastructure just as unconventional natural
gas has done. And the science for CCS is just as formidable as was the development of
unconventional gas. It is not without its risks, but it is also achievable with the appropriate
engagement of the research community. The analogy to substantiate the value of the
integrated approach could be taken one step further to compare the potential of conventional
traps to the much larger volume of source rocks for unconventional development — in this case
the pore volume potential of MPZs is a small fraction of the larger ROZ volumes, just as
unconventional resources have been estimated to be as much as nine times the potential of
conventional resources in a given basin by Holdtich et al.

Vision and Leadership

The vision and leadership for CCS has yet to fully emerge, and the public debate seems bogged
down in waste disposal type proposals which ignore the difficult issues with waste handling, the
valuable potential contribution of the oil and natural gas industry, and the invaluable commercial
driver incentive that the oil revenue provides. And finally the continued avoidance of the issue
of scale remains problematic in anything energy related, be it production, consumption, waste,
or emissions. Utilizing ‘bird-in-the-hand’ pore volume and managing emissions have unique
synergies to deal with the scale issues in the near term. The point is CCS is best addressed in
the context of effective and integrated national energy policy.

Americans in the 1800's were no longer willing to continue to sail around South America and
risk shipwreck, trek across the Isthmus of Panama and risk malaria, or wagon train across the
west and risk attacks from those not happy with them intruding. Each travel option took about
six months, and the passenger had the option to choose their risk. So in looking for alternatives



such as developing better ships, a cure for malaria, or the complete extermination of native
Americans, Americans instead chose to build the railroad. They greatly reduced the travel risks,
decreased the travel time ten-fold, created a new industry and global economy, and possibly
established a new tourism industry. Today America can step up to the global leadership role
the world expects, enhance its national security and the security of the world, and mitigate the
risk of filling the atmosphere with carbon. The choice is before us now.

So where and how should this to begin? While there are many hydrocarbon pore volume
opportunities where CCS is and will be applicable, certainly one of the largest and most
promising areas in the world is the Permian Basin (PB) in West Texas. It is here where
groundbreaking ROZ R&D is underway, and it is here where the largest tertiary CO, EOR
operations in the world are occurring.

The Permian Basin as an EOR Sink

Two very recent discoveries in the PB have converged with higher oil prices to create a new
excitement. The enormity of the prize is just beginning to be understood and is challenging the
long held myths that on-shore oil production is scheduled for the ash heap of history and that
CO; EOR is insignificant in the grand scheme of volumetric requirements for carbon
sequestration.

Discovery Number 1: ROZ Science: Zones Below the Oil/Water Contact are
Widespread and Rich in Residual Oil Saturation

Work originally sponsored by the U.S. Department of Energy and accelerated by the Research
Partnership to Secure Energy for America (RPSEA) has demonstrated both the origin and now
the distribution of what have come to be known as Residual Oil Zones (ROZs). For many years,
the intervals were believed to owe their existence solely due to capillary forces between the oil,
water and rock and called transition zones. Although these forces, including surface tension,
are crucial to the oil saturation profile, they do not explain the massive thicknesses observed
under existing field’s main pay zones (MPZ) nor their presence in places where no MPZs are
present. Beyond capillarity, what is additionally at work are two or more stages of tectonics
wherein the entrapment phase was followed by a subsequent one that 1) tilted the original
entrapment, or partially flushed it by 2) a seal breach that reformed in time and reentrapped
hydrocarbons {a vertical flush} or 3) lateral sweep by hydrodynamics (Fig. 5). This third type
creates a tilted oil/water contact and offer ROZs with thicknesses of 300 feet or more in the San
Andres Formation of West Texas. These reservoirs and the associated phenomena of sulfur
generation, pervasive dolomitization and oil wetting are being more fully characterized in the
Permian Basin by the RPSEA work conducted by The University of Texas of the Permian Basin
(UTPB) .
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Discovery Number 2: Demonstration of Project Commerciality of CO, EOR Below
the Oil/Water Contact

The on-going science and resource characterization is accompanied by commercial
demonstration projects. The nine CO, and one chemical EOR projects are shown in Fig. 6.

10



Two operators of
these
demonstrations
have been open
about sharing
results: Hess
Corporation and
Legado Resources.
Hess operates the
Seminole San
Andres Unit (SSAU)
in Gaines County
about 60 miles
north of Midland.
Fig. 7 illustrates the
idealized west to
east crossection in
the south part of the
field. Note the 250’
thickness of the
ROZ and the in-
place oil
comparisons in the
MPZ and ROZ.

Hess has been
operating the SSAU
CO, project in the
MPZ since 1983. It
is one of the most
successful CO,
EOR projects in the
world and has
produced 65% of
the billion barrels of
original oil in place
to date with 20%
coming from the
CO, EOR
operations. They
had long observed
the residual oll
saturation targets
below the oil/water
contact and began
their commercial
tests of the ROZ in
1997 with a
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commingled MPZ + ROZ ten-pattern pilot. The encouraging results led to the implementation of
a dedicated ROZ 9-pattern project in 2002. Results of the second demonstration were even
better, leading to a full-field implementation that they began in 2007. They recently provided the
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SPE Reservoir Study Group in Houston an update of the progress on Stage 1 of the full field
deployment program. The UTPB team has just completed their own analysis and made a
forecast for the future given the hypothetical ability of the SSAU project to gain access to
unlimited volumes of market based costs of CO,. The forecast has been termed the
“quaternary” phase of oil production at SSAU (Fig. 8).

The data support for the upslope forecast is now present; however, almost no information is

available for
establishing the
actual peak or the
decline slope
except for the
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This fourth phase of activity of reservoirs in the PB is what will be expounded upon in the
following paragraphs. This on-going resource assessment is still in its first phase but, what is
becoming very clear, the current levels of oil prices could support a very robust future for PB
CO; EOR in the ROZ for the coming 30-50 years. What is currently missing, however, are the
very large volumes of CO, that will be necessary.

Brownfields and Greenfields

The lateral hydrodynamic sweep of the paleo San Andres entrapments left a San Andres oil
target in the MPZs of approximately 40 billion barrels. It swept an original oil entrapment more
than twice as thick as SSAU MPZ. But Seminole was somewhat unique in leaving a 200’ thick
M PZ. Many areas have just a few feet or even no MPZ with 300+ feet of ROZ. Since the oil is
immobile, those areas had no primary or secondary oil production from the San Andres
Formation. We have dubbed these “greenfields” as a developer will not have MPZ wells to
deepen into the ROZ and they will be required to drill the pattern injectors and producers. No
greenfield examples have been implemented as yet although new wells are currently being
drilled as a lateral extension from a new CO, EOR brownfield project planned for injection start
this fall.

Demand Drivers/Resource Estimations

Breaking the myth of CO, EOR as small targets has been difficult. However, the idea of huge
new targets below the oil water contact (OWC) has not been considered in most resource
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assessments of the past. While it is true that these resources will be regional and volumetrically
case-by-case specific, at least one area of the country has moved out of the theoretical to
proven category

All of the detailed knowledge and the above work is currently concentrated in the PB San
Andres Formation. Preliminary work has been done to look at other formations including the
Grayburg, Glorieta, Clearfork and Abo/Wichita Albany. Privately sponsored work is also
underway to examine other areas of the U.S. and Europe. It could be true that the uniqueness
of the ROZ oil resource in the PB San Andres will overwhelm these other formations and
regions but they are still quite worthy of assessment studies of their own.

Through work sponsored by the U.S. DOE, Advanced Resources International and Melzer
Consulting have conducted a brownfield ROZ resource assessment. The existing fields in the
data base were examined and the magnitude of the oil in-place resource in the reports (Refs 2-
4) was 30.7 billion in the Permian Basin (with 11.9 billion technically recoverable) and 4.4 billion
of in-place oil in the Big Horn and Southern Williston Basins combined. Based upon the
greenfield concepts described above, the report dramatically underestimates the total resource.
But it is worthy to stop and put the 11.9 billion barrel technically recoverable resource in
perspective with the current cumulative oil produced to date from the Permian Basin MPZs. The
number commonly given the PB is 32 billion barrels that has been produced through its 80-year
life span. If the U.S. can get the 11.9 billion barrels from just these sampled brownfield ROZs,
they would add almost 1/3" as much oil to the Permian Basin (PB) as has been produced to
date.

Finally, the process of
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opportunities but CO, supply dependent. The immense opportunity for growing reserves is very
dependent on the availability of ample supplies of affordable CO,. The magnitude of the in-situ
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resource could realize a 1.5 mmbopd production level by 2040 but if, and only if, the CO, is
available.

CCS Monetary Implications

Finally, it is also important to think about the opportunity to store CO, from anthropogenic
sources while producing this quaternary oil. Concurrent EOR and CCS should easily get 1.5-
2.0 barrels of oil for each ton of CO, sequestered. Using the 11.9 billion barrel, technically
recoverable PB (brownfield only) resource and assuming all of that is recoverable, that equates
to 11.9 BBO of new oil. This will require (and sequester) 6-8 billion tons of CO,. If the value of
the stored carbon is say $10/ton, one can easily see the magnitude of this business. Then, if
the value of oil is included at say at $70/bbl, it adds another $900 billion for a total of nearly one
trillion dollars.

Conclusion

CO, EOR not only provides meaningful storage volumes, but importantly it provides the
pragmatic path to move CCS from a conversation to a reality in a way that effectively and
efficiently merges the public interest in carbon emission reductions with the real capability of the
commercial sector for timely implementation. A purely waste-driven model, without a
commercial driver, faces a much longer and more difficult path considering the magnitude of the
investment which will be required. Getting started can be the most difficult task of all. With the
necessary leadership and vision, CO, EOR provides that opportunity today.
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ABSTRACT: This paper draws heavily on the authors’ previously published research to explore the
extent to which near term carbon dioxide-driven enhanced oil recovery (CO,-EOR) can be “a stepping
stone to a long term sequestration program of a scale to be material in climate change risk mitigation.”
The paper examines the historical evolution of CO,-EOR in the United States and concludes that
estimates of the cost of CO,-EOR production or the extent of CO, pipeline networks based upon this
energy security-driven promotion of CO,-EOR do not provide a robust platform for spurring the
commercial deployment of carbon dioxide capture and storage technologies (CCS) as a means of reducing
greenhouse gas emissions. The paper notes that the evolving regulatory framework for CCS makes a
clear distinction between CO,-EOR and CCS and the authors examine arguments in the technical
literature about the ability for CO,-EOR to generate offsetting revenue to accelerate the commercial
deployment of CCS systems in the electric power and industrial sectors of the economy. The authors
conclude that the past 35 years of CO,-EOR in the U.S. have been important for boosting domestic oil
production and delivering proven system components for future CCS systems. However, though there is
no reason to suggest that CO,-EOR will cease to deliver these benefits, there is also little to suggest that
CO,-EOR is a necessary or significantly beneficial step towards the commercial deployment of CCS as a

means of addressing climate change.

KEY WORDS: carbon dioxide capture and storage; geologic CO, storage; CO,-driven enhanced oil
recovery; climate change; greenhouse gas emissions mitigation
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1. Introduction
This paper explores the extent to which near term carbon dioxide-driven enhanced oil recovery (CO,-

EOR) can be *“a stepping stone to a long term sequestration program of a scale to be material in climate
change risk mitigation.”* This paper will draw heavily upon our previously published research and our
conclusion that, “The greatest impact associated with CO, storage in value-added reservoirs may be
derived from their ability to produce more domestic oil and gas, rather than their limited ability to
fundamentally lower the cost of employing CCS [carbon dioxide capture and storage] as a means of
addressing climate change (Dooley et al., 2007).” CO,-EOR indeed offers benefits to the body of
knowledge needed to implement CCS, including useful experience in handling and injecting CO,, but
CO,-EOR, as commonly practiced today, does not constitute CCS and it does not necessarily represent a
fundamental step towards the development of a long-term, commercial scale geologic sequestration
industry. This appraisal stands in stark contrast to statements encountered in the literature regarding the
singular importance of CO,-EOR in stimulating the early market for CCS technologies, including:
e Enhancing U.S. energy security (ARI, 2010; SSEB, 2006; Steelman and Tonachel 2010)
e Stimulating economic development and employment growth (Task Force on Strategic
Unconventional Fuels, 2007; ARI, 2010; SSEB, 2006; Steelman and Tonachel 2010)
e Delivering non-climate environmental protection benefits (ARI, 2010; Steelman and Tonachel
2010)
e Lowering the cost of deploying CCS for large stationary point sources like fossil fired power
plants (ARI, 2010; CCAP, 2004; Fernando et al., 2008); and
e Accelerating the deployment of the “essential” backbone for a national CO, pipeline network that
would be used by later CCS adopters (ARI, 2010; ICF, 2009; Kelliher, 2008).

Though it runs contrary to conventional wisdom regarding the foundational nature of CO,-EOR for
commercial scale CCS deployment, our research suggests that CO,-EOR is dissimilar enough from true
commercial-scale CCS — in the vast majority of configurations likely to deploy — that it is unlikely to
significantly accelerate large scale adoption of the technology. Additionally, past experience with CO,-
EOR operations and the incentives that have driven the development of the industry over the past four
decades do not directly translate to form a robust basis for informing public policy or investment in a
world defined by stringent and mandatory greenhouse gas (GHG) emissions reduction intended to
stabilize atmospheric concentrations of these gases and avert the worst aspects of anthropogenic climatic

change. This paper presents what the authors believe to be some of the critical, though seldom discussed,

! Quote taken from the scoping document sent out by MIT to participants of this July 2010 conference, for which
this paper was invited.
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complexities surrounding many of the purported benefits of expanded CO,-EOR, as well as a discussion
of why CO,-EOR may not be the stepping stone to full-scale CCS deployment that many assume (or
hope) it will be.

2. CO,-EOR and CCS

Before embarking on analyses of the purported cost savings potential, energy security, and environmental
benefits of CO,-EOR, it is important to briefly clarify the distinction between CO,-EOR and CCS. CO,-
EOR represents the process by which CO; is injected into depleting oil fields for the purpose of
enhancing the recovery fraction of the oil that remains in the field following primary and secondary
production methods (Meyer, 2007). According to recent survey data by Koottungal (2010), there are 129
CO,-EOR projects operating around the world, with 114 of those in the U.S. Given the lack of binding
GHG constraints in the countries where these CO,-EOR operations are taking place, one must assume that
each of these projects is focused on optimizing oil recovery. The vast majority of CO,-EOR projects
inject CO, produced from natural underground accumulations; in the U.S. and Canada, naturally-sourced
CO; provides an estimated 83% of the CO, injected for EOR, with anthropogenic sources providing the
rest (Moritis, 2010).

Though it shares some technical characteristics and methods with CO,-EOR, CCS represents technologies
focused on a different objective: the long-term isolation of CO, in the deep subsurface as a means of
mitigating the risks of global climate change. There are a number of potential target geologic formations
being examined for sequestering CO, deep in the subsurface including depleted oil and gas fields, as well
as deep saline-filled reservoirs (IPCC, 2005). Depleted oil and gas fields are attractive options given their
proven capability of securely trapping fluids and gas over geologic timescales, but carry with them
additional concerns and risks because of the number of wellbore penetrations. A number of studies have
examined the candidate CO, storage resources available around the world, and deep saline formations
(DSFs) consistently provide the bulk of the CO, storage potential, orders of magnitude higher than the
volumes likely to be found in depleted oil and gas fields (Dahowski et al., 2005; Dahowski et al., 2010;
IPCC, 2005; NETL, 2007; Takahashi et al., 2009). For CCS to truly make a difference in the global
challenge to reduce emissions, storage in DSFs has been shown repeatedly to be the primary reservoir
application for CCS (Edmonds et al., 2007; IPCC, 2005; MIT, 2007; Wise et al., 2007). Still, CCS
coupled with CO,-EOR could be attractive in locations with significant available capacity and where
conditions are amenable to both long-term CO, storage and EOR (see for example Ambrose et al., 2008;
ARI, 2010).
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However, CO,-EOR as commonly practiced today does not meet the emerging regulatory thresholds for
CO, sequestration, and considerable effort and costs may be required to bring current practice up to this
level. Of the four large complete end-to-end commercial CCS facilities on the planet today, only one
employs CO,-EOR: the Dakota Gasification - Weyburn CCS project. Given that the world today lacks
the kind of long term commitment to progressively tighter greenhouse gas constraints (a requirement to
stabilize atmospheric CO, concentrations, see Wigley, et al., (1996)) that would be needed to motivate
large scale CCS deployment, the fact that only the Dakota Gasification - Weyburn CCS project makes use
of its CO, for EOR suggests that CO,-EOR represents one of a larger set of possible CCS configuration
rather than a critical stepping stone for component CCS technologies. The In Salah, Sleipner, Sngvit and
(in the near future) Gorgon CCS projects all dispose of their CO; into “non-value-added” DSFs and
therefore do not generate revenue via recovered hydrocarbons. If the rents associated with selling CO,
for use in CO,-EOR were so compelling and necessary for CCS projects then it seems counterintuitive

that the majority of these early CCS facilities fail to make use of this valuable revenue stream.

There are likely a number of reasons for this, including the complexity of CO,-EOR projects and their
need for additional injection and production infrastructures that are often overlooked in discussions that
equate CO,-EOR to CCS. Figure 1 for example shows the extensive infrastructures for oil, water and
CO, required to make CO,-EOR economically viable at the Weyburn field. Koottungal (2010) states that
there are 170 CO; injector wells and 320 oil production wells at Weyburn. This large infrastructure
should be compared to the much smaller infrastructures required to store CO; in deep geologic structures
at Sleipner and Sngvit where, due to the high permeability at these sites, both projects are able to inject
more than 1MtCO,/year via a single injector well (Michael et al., 2010). Even at In Salah where the
average permeability of the storage formation is up to three orders of magnitude lower than the conditions
at Sleipner and Sngvit, CO, storage on the order of 1MtCO,/year is accomplished through only three
directional injector wells (Michael et al., 2010). The Gorgon CO; storage facility in Australia will be
injecting close to 5SMtCO,/year into a relatively low permeability deep saline formation (average
permeability of 25 mD) through 9 injector wells along with four water production wells which will be

used to manage reservoir pressure (Michael et al., 2010).
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Figure 1: Areal View of Weyburn CO,-EOR Field and Key Oil, Water, and CO, Well Infrastructures (for
a description of the data and methods use to prepare this figure please see Dooley, 2009)

Even with nearly 40 years of operational experience, and even with a growing number of projects
utilizing anthropogenic CO,, it is only the Dakota Gasification - Weyburn CCS project that represents a
complete end-to-end CO,-EOR based CCS deployment. No other CO,-EOR projects are viewed as CCS
projects due to missing operational and CO, monitoring elements that are critical to demonstrating the
effectiveness of the process for safely isolating CO, away from the atmosphere for the purpose of
addressing climate change. The Weyburn project has incorporated significant risk assessment and
extensive monitoring programs to verify the secure storage of the injected CO, (IEAGHG, 2005) which
are critical aspects of the regulatory concept of a “complete end-to-end CCS project” which lies at the
core of the distinction between CO,-EOR and CCS.
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3. The Threshold for Generating Tradable GHG Emission Reduction Credits

It is important to note that deploying GHG emissions reduction strategies is not simply an altruistic
enterprise. The purpose of implementing any GHG emissions reduction strategy or technology is to
obtain certified documentation that an entity’s GHG emissions have been reduced by a specific verifiable
quantity. This is especially true when it comes to capital-intensive single purpose technological systems
like CCS. One employs these GHG emission reduction technologies to ensure compliance with some
form of binding regulation in order to avoid penalties that would be levied for noncompliance.
Certification processes are certain to demand rigor beyond simply establishing that CO, has been injected
into the deep subsurface in order to issue certified GHG emissions reductions credits for CCS projects.
Moreover, the degree of regulatory rigor applied is heightened by the need to foster economic efficiency
and credibility in the implementation of the GHG emissions reduction policy by requiring that each ton of
verified emissions reduction from any certified emissions mitigation activity be equivalent to and

interchangeable with any other ton of verified reduced emissions.

Thus, as noted by Jaramillo et al., (2009) in terms of climate mitigation, the test for CO,-EOR is not as
simplistic as establishing that the use of CO, from anthropogenic CO, sources for CO,-EOR results in
lower overall GHG emissions than CO,-EOR using CO,; sourced from natural domes. The issuance of
certified and fungible GHG emissions credits for any mitigation / offset project will likely be based upon
net avoided emissions within a defined system boundary such that additional emissions created in the
process of the mitigation opportunity are subtracted from the gross offset generated. In simple terms, CCS
derived GHG emission reduction credits will be based on the net volume of CO; injected less the
emissions associated with running the CCS project. Lifecycle analysis tools will likely be needed to
understand the net avoided emissions for a CO,-EOR project — accounting for both the net CO, stored in
the reservoir as well as the additional emissions resulting from the CO,-EOR processes, including the
energy required to separate and reinject the more than 50-67% of injected CO, that is produced along
with the oil after breakthrough (IPCC, 2005).

In reviewing the evolving body of proposed and enacted rules that would govern how CO, storage will be
regulated in practice, it seems clear that a distinction is being drawn between the regulation of CO, stored
in a geologic structure like a DSF versus CO, used for CO,-EOR. For example, the U.S. Environmental
Protection Agency (USEPA) Proposed Mandatory Reporting Rule (MRR) makes it clear that different
levels of reporting will be required for conventional CO,-EOR than will be required of what the USEPA
calls geosequestration. The MRR would require the calculation of CO, entrained in the produced oil as

well as different (albeit lesser) reporting of fugitive CO, emissions for CO,-EOR based projects (USEPA,
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2010). still, the reporting threshold for geosequestration projects would be significantly higher. This was
likely done to limit interference with current CO,-EOR practices but could also present a barrier to entry
for those wishing to convert CO,-EOR projects to certified geosequestration projects if one cannot

produce the appropriate baseline and historical fugitive emissions data.

The recently enacted Tax Credit for Carbon Dioxide Sequestration under Section 45Q also explicitly
differentiates between injection of CO, into a DSF for CCS and CO,-EOR (IRS, 2009). Further, the
proposed USEPA Underground Injection Control Program Class VI CO, Well regulation makes it clear
that abandoned wells intersecting the proposed storage reservoir that are within the area of review would
need to be identified, located, and plugged prior to using the field for storage (USEPA, 2008). As noted
by the IPCC (2005), this requirement reflects the fact that *“storage security in mature oil and gas
provinces may be compromised if a large number of wells penetrate the caprocks.” Again from the
perspective of a regulator being asked to award certified, fungible GHG emission reduction credits, it is
imperative that additional risks such as previously drilled wells in depleted oil and gas fields — often
dozens (and sometimes hundreds) of wells per square mile — be taken into account (see Figure 2, after
USGS, 1996).
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Figure 2: Well density for hydrocarbon exploration and production wells, based on data from the 1995
National Oil and Gas Assessment (USGS, 1996).

An additional factor that speaks to this regulatory distinction between CCS with CO,-EOR is in regards to
mineral ownership rights. Marston and Moore (2008) note that even after CO,-EOR is complete and a
depleted oil field is used "purely for CO, storage™ there will still be a significant quantity of oil remaining
in the reservoir. All of this stored CO, could eventually help mobilize some of the remaining oil and
there could be future technological progress with respect to oil production techniques that could enable
production of additional oil from the field. Thus according to Marston and Moore (2008), “pore space
available for CO, storage” in a depleted oil field should only be construed as those pores that have been
liberated of their formation fluids (oil, water and gas); while the pores that contain residual hydrocarbons
after production could still be considered a valuable mineral right. Thus there is potentially an added level
of complexity for those selecting to store CO; in depleted hydrocarbon formations in that who "owns" the
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reservoir (whether the mineral, water, or surface rights owner) is based in part upon the presence or

absences of valuable minerals in the formation.

The emerging differentiated regulatory treatment of CO,-EOR is clear, though whether it is problematic
or burdensome remains to be seen. These regulations recognize that the gap between simply injecting
CO; to increase oil recovery and injecting it to ensure that it will never enter the atmosphere is not trivial
and cannot be simply addressed by simple mass balance of the volumes of CO, injected and produced in a
given CO,-EOR flood. At its core, this “gap” represents a set of activities that would not be undertaken
on a business-as-usual EOR project, and may incur significant cost. As noted by the IPCC (2005) “current
monitoring for EOR is designed to assess the sweep efficiency of the solvent flood and to deal with health
and safety issues.” For the purposes of climate mitigation, there would also be requirements for pre-
injection activities such as field characterization and mitigation of leakage pathways (including
abandoned wells); co-injection activities such as groundwater monitoring, injectate monitoring by
multiple methods, iterative reservoir modeling, and efforts to optimize for CO; storage and security,
rather than oil recovery alone; and post-injection activities such as continued monitoring, modeling and
site closeout. Thus, the implication in much of the technical literature that CO,-EOR is essentially
identical to geologic CO; storage — except that one “gets paid” for CO; injected into the oil field — is
simply not true. The requirements necessary to qualify CO,-EOR as a geosequestration project are not

trivial and involve significant work and cost throughout each stage of the project.

4. On the Wisdom of Extrapolating from 40 years of CO,-EOR in West Texas

While we are all generally comfortable extrapolating from past experiences in our day-to-day lives,
significant alterations to the paradigm under which past decisions were made may well result in very
different outcomes for future decisions. Nevertheless, much of the technical, legislative, and public
policy dialogue about the prospective role of CO,-EOR is based on a largely implicit extrapolation of the
growth of CO,-EOR in the United States and in particular in West Texas over the past four decades.
However, there is relatively little attention paid to the underlying drivers for this significant expansion of
CO,-EOR in the U.S. during this period.

Expansion of CO,-EOR in the United States was not exclusively driven by some combination of specific
gravity of the oil, remaining original oil in place, depth to the oil bearing formation, temperature of the oil
bearing formation, the permeability of the formation, the degree of heterogeneity within the oil bearing

formation or the many other technical factors which are often used to compute the theoretical potential of
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EOR fields to store anthropogenic CO, (Gozalpour et al., 2005; IPCC, 2005; Meyer, 2007). Instead, the

principal drivers were economic and political. For example:

Mandelker (1992) makes it clear that federal efforts to explicitly support CO,-EOR go back to the
early 1970s: “Since the oil shocks of the late 1970s whenever the political climate has been right,

steps to encourage domestic EOR have been taken [by the federal government].”

While OTA (1978) makes it clear that direct federal support for enhanced oil recovery --
specifically including CO,-driven EOR — can be traced back to at least 1976 when the Emergency
Petroleum Allocation Act was amended to provide price incentives for “bona fide tertiary
enhanced recovery (EOR) techniques.” The report goes on to note that the President’s 1977
National Energy Plan called for decontrolling the price of domestic oil produced via EOR which
would provide a significant monetary incentive to begin seriously exploring ways to deploy

nascent EOR production technologies on a large scale.

As detailed by (Dooley et al., 2009a), there were substantial federal subsidies that funded a
significant portion of the existing large CO, pipeline network supporting current CO,-EOR in the
United States. As documented in that paper, U.S. oil companies paid $88.5 billion (in constant
2005 US$) between 1980-1985 in Windfall Profits Taxes (WPT) which provided a strong
incentive to produce more oil from existing fields rather than bringing new fields into production.
Norman (1994) states unequivocally that, “There is no question that for crude oil produced from
Permian basin oil fields, this [substantially lower] WPT rate differential favored CO, flood

development.”

During the period 1994-2005, the Internal Revenue Service paid out an estimated $1.3 to $1.9
billion (in constant 2005 US$) under the Section 43 Enhanced Oil Recovery Tax Credit, which
directly subsidized the creation of new CO,-EOR floods, the expansion of existing CO,-EOR
projects, and associated purchases of CO, (Dooley, et al., (2009a).

While there was clearly a lag between the application of these federal subsidies? and the production of oil

from CO,-EOR floods and while there was certainly significant private funding invested into these fields

and their associated infrastructure, there can be no doubt that federal subsidies in the name of energy

%It is also worth noting that there were and in many cases still are significant state level subsidies for CO,-EOR
based domestic oil production in the name of domestic energy security or regional economic growth (Martin, 1992).
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security played a decisive role in establishing the existing CO,-pipeline network. As can be seen from
Figure 3, more than 60% of the existing 3900 miles of CO, pipeline in the United States was built in the
1980s with the vast majority of these CO, pipeline built in and around West Texas (Dooley et al., 2009a).
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Figure 3: Additions to the US CO, Pipeline Infrastructure by decade and by region (taken from Dooley et
al., 2009a)

These existing CO, pipelines are important “sticky” pieces of capital; they are unlikely to be relocated
and their O&M costs are small compared to their construction costs (McCollum and Ogden, 2006;
Norman, 1994; Smith, 2009). These existing CO, pipelines represent an implicit subsidy for any given
CO,-EOR flood that accesses these existing lines as the new CO, flood does not need to pay the entire
cost of producing CO, from a dome and delivering it to a given field. Thus, it is not clear to the extent to
which it is appropriate to extrapolate field level CO,-EOR production cost data in areas that are served by
these existing CO, pipelines to regions of the U.S. where there is CO,-EOR potential but no extant

pipeline infrastructure.

5. Is There a Need to Build Out a National CO; Pipeline Network before CCS Can Deploy?
The largely overlooked role of the federal government’s past subsidization of the existing CO,-pipeline
network in the name of energy security is germane to discussions of the future role of CO,-EOR as a

means of reducing greenhouse gas emissions as there are numerous analyses that suggest there is a need
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to build out a large CO; pipeline network like what exists in West Texas in order for CCS technologies to

deploy.

Figure 4 shows three recently published estimates of large continental CO, pipeline networks that the
authors of these studies say would be needed before 2030 and whose existence would facilitate the
commercial deployment of CCS. It is difficult to understand the rationale for a CO, pipeline network on
this scale. In our bottom-up modeling of CCS deployment in the U.S., we employ an assumption that
individual CCS facilities will construct and operate their own dedicated CO, pipeline system (Dahowski
et al., 2005; Dahowski et al., 2010; Dooley et al., 2006). This assumption of dedicated source-to-sink
CO; pipeline networks has been criticized as too simplistic in that it overestimates the amount of CO,
pipeline needed by forgoing the purported cost savings associated with networked CO, pipeline systems.
However when we employ this assumption in our modeling (see Table 1 for an example of the results of
this bottom-up modeling), we see a national CO, pipeline system that would plateau at perhaps 30,000
miles which would deploy over the course of many decades. This 30,000 miles would be enough to
decarbonize the vast majority of existing large CO, point sources in the U.S., including fossil fuel fired
baseload power plants and large swaths of industry (Dahowski and Dooley, 2004; Dooley et al., 2009a;
Dooley et al., 2005; Wise et al., 2010a). Assuming that future CO, sources will largely be built on
brownfield sites and/or use proximity to CO, storage reservoirs as a siting criterion, the 30,000 miles of
one-to-one pipelines we have estimated in our previous work could potentially represent an upper limit on
total CO, pipeline that needs to be built. In light of this, estimates of 66,000 miles (ICF, 2009) or 73,000
miles (Kelliher, 2008) seem to overestimate the deployment of CO, transport infrastructure by a factor of

two or more.
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Figure 4: Three views of the need for a large national CO, pipeline network by 2030 (top figure, major
CO, pipeline corridors for CO, EOR by 2030 (ARI, 2010), figure in the lower left projection of 66,000
miles of CO, pipeline need by 2030 (ICF, 2009); figure in the lower right projection of 73,000 miles of
CO, pipeline needed by 2030 (Kelliher, 2008)

Others have based their estimates of the need for a large national CO, pipeline network upon simple
volumetric calculations that compare the volume of oil moved around the world today and its associated
infrastructure to the volume of CO, that would need to be stored in the future and then state that it would
require roughly the same pipeline infrastructure (see for example MIT, 2007; Smil, 2008). Unfortunately,
these volumetric comparison-based estimates fail to appreciate the distinction between high and low
value-added commodities; oil and natural gas consumers in New York City, Boston, Chicago and Peoria
are willing to pay to have these high value-added commodities shipped over large distances so that they

can use them to create further value-added products and services. The same cannot be said about pipeline
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quality CO,, especially when CCS systems deploy to the extent that there are billions of tons of CO,
needing to be stored annually. At these scales, CO, becomes a waste product that has zero (or as will be
discussed below more than likely a negative) value associated with it. Economic analysis suggests that
one will likely seek to dispose of the CO, as close to the point of generation as feasible, subject to site

suitability factors and non-transport cost variables.

Table 1: Rates of CCS Adoption and the Build Out of CO, Pipeline Infrastructure under WRE450 and
WRES50 Atmospheric CO, Stabilization Policies (data taken from (Dooley et al., 2009a)

WRE 550 WRE 450
Stabilization Stabilization
Average annual number of 1-3 per year ~ dozen per year
power plants adopting CCS
2010-2030
CCS Adoption by high purity | (relatively) slower adoption of CCS (nearly) all high purity CO, point
CO, point sources 2010-2030 by high purity CO, point sources sources decarbonized within a decade
Average growth in CO, ~ 300 miles/year <900 miles/year
pipelines 2010-2030
Average source-sink pipeline Tens of miles Tens of miles
length
CO, Pipelines in Operation <10,000 miles (i.e., doubling ~22,000 miles
2030 existing CO, pipeline system)
CO, Pipelines in Operation ~16,000 miles ~28,000 miles
2050

Our detailed modeling of CCS adoption across the United States in response to an economic-based
climate policy (e.g., a carbon tax or a cap and trade) suggests a temporally and spatially heterogeneous
pattern of CCS adoption in response to the climate policy (see for example, Dooley et al., 2005; Wise et
al., 2007). This is important and suggests that it is highly likely that the “optimal” placement of a CO,
pipeline network might only be apparent in hindsight many decades from now. In fact, a recent study by
Johnson and Ogden (2010) indicates that only in later phases of CCS deployment for climate mitigation
purposes do networked pipelines begin to make economic sense and that for the early to middle stages of
deployment, direct pipelines between each source and sink are more cost effective. Further, it particularly
does not make a lot of sense from a climate mitigation perspective to develop a long-term transportation

backbone to deliver CO, to a currently attractive promising area of CO,-EOR production without
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