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Foreword

The Lyndon B. Johnson School of Public Affairs has established interdisciplinary
research on policy problems as the core of its educational program. A major part of this
program is the nine-month policy research project (PRP), in the course of which two or
more faculty members from different disciplines direct the research of graduate students
of diverse backgrounds on a policy issue of concern to a government or nonprofit agency.
This “client orientation” brings the students face to face with administrators, legislators,
and other officials active in the policy process and demonstrates that research in a policy
environment demands special talents. It also illuminates the occasional difficulties of
relating research findings to the world of political realities.

This policy research project is concerned with actions Texas can take to remove carbon
dioxide (CO,), a greenhouse gas, from the atmosphere through capture and storage
underground. This project examines the potential barriers to a solution to the problem of
global warming by capturing CO, from the smokestacks of stationary sources and piping
it to oil fields where it can be used to enhance oil recovery as a prelude to long-term
sequestration. This report examines the science, engineering, law, economics, and policy
of carbon capture and storage. It concludes that carbon capture and storage industries are
feasible but face barriers that can be overcome through government policies. The PRP
report closes with a detailed case study of removing CO; from an oil refinery near
Houston, Texas, and piping it 25 miles to be injected to enhance oil production.

The curriculum of the LBJ School is intended not only to develop effective public
servants but also to produce research that will enlighten and inform those already
engaged in the policy process. The project that resulted in this report has helped to
accomplish the first task; it is our hope that the report itself will contribute to the second.
Neither the LBJ School nor The University of Texas at Austin necessarily endorses the
views or findings of this report.

James Steinberg
Dean

xiii



X1V



Acknowledgments and Disclaimer

This project would not have been possible without the support of five key people and the
PRP is thankful for their involvement: Charles Christopher, Jay Banner, Bob Inman, Bill
Fisher, and John Butler. Charles Christopher, Ph.D., Director of the BP Climate Group in
Texas, first suggested this study and facilitated the initial support through the Gulf Coast
Carbon Center. Jay Banner, Ph.D., Director of the Environmental Science Institute at
The University of Texas at Austin (UT/Austin), convened faculty throughout UT/Austin
to discuss a response to Dr. Christopher’s challenge; Dr. Duncan and Dr. Eaton co-
developed this course as a result. Admiral Bob Inman, Lyndon B. Johnson Centennial
Chair in National Policy and Interim Dean of the LBJ School, was willing to initiate this
project with the largest single contribution of financial support. Bill Fisher, Ph.D., Dean
of the John A. and Katherine G. Jackson School of Geosciences, supported the project
with a key contribution of matching funds through lan Duncan, Ph.D. of the Bureau of
Economic Geology and he contributed personally when he spoke to the class about the
future of fossil fuels. John Butler, Ph.D., Director of the Institute of Creativity and
Capital (IC*) at UT/Austin contributed the final piece of funding that allowed the project
to proceed.

This report was drafted as a group effort by students in the PRP class, including Spencer
Bytheway, John Thomas Coleman, Clifton Cottrell, Michael James Hoffman, Kate M.
Larsen, Charles V. Stern, and Cyrus Tashakkori. David Eaton and Ian Duncan provided
guidance and supervision to the class and David Eaton edited the report.

The PRP research benefited from advice and guidance from a number of faculty and
research staff at UT/Austin. Sue Hovorca, Ph.D., Research Scientist at the Bureau of
Economic Geology, encouraged the faculty and students to stay practical and focus on
how to move a Texas carbon capture and storage industry forward. Larry Lake, Ph.D.,
W. A. “Monty” Moncrief Centennial Chair in Petroleum Engineering at the Department
of Petroleum and Geoscience Engineering, gave generously of his time to help the class
understand enhanced oil recovery and contributed useful comments that improved the
draft report. Mark Holtz, Ph.D., from the Bureau of Economic Geology and Steve
Bryant Assistant Professor of Petroleum and Geoscience Engineering helped explain the
scientific and technical details related to the case study. Bob Loucks and Romulo
Briceno of the Bureau of Economic Geology provided information on oil leases and
royalties. Gary Rochelle, Ph.D., Carol and Henry Groppe Professor in Chemical
Engineering, discussed methods for separating CO; from stationary source flue gas with
the class. Chandler Stolp, Ph.D., Associate Professor at the LBJ School of Public Affairs,
contributed insights to class members on economic modeling and IMPLAN. Giircan
Giilen, Ph.D., Senior Energy Economist at the Bureau of Economic Geology, provided
the class with important background on the Texas electricity regulatory system.

Speakers from private business and organizations conveyed important background
information on energy policy and the energy industry to the PRP class. The class would

XV



like to thank Jim Marston, Director of the Austin Office of Environmental Defense;
Bertrand Collomb, Chairman of Lafarge; and David Burns, Manager of Business
Development at Praxair, Inc.

Professionals in private organizations and business contributed to the study through their
expertise and advice. We acknowledge Jon Hockenyos and Travis James of TxP
Consulting and Michael Bomba of Bomba Associates for their help on IMPLAN
input/output analyses and taxation questions. The class appreciated Bill Townsend of
BlueSource, LLC, for his help with carbon emission credits.

Civil servants from a number of Texas state agencies provided helpful guidance and
comments on many key study topics. For example, the class recognizes Fernando de
Leon and Doug Johnson from the Texas Railroad Commission for their help with
regulatory issues and Miguel Pavon of the staff of the Border Information Center of the
Texas Water Development Board for help with geographic information systems.

The class is thankful to Lucy Neighbors and Lori O’Neal of UT/Austin staff who
supported the development of this project and this report. This report was edited while
the editor resided in Ferienhof Mdller, Germany and the project is thankful to Anette and
Hans Moller for the peace and quiet of their farm.

None of the sponsoring units, including the LBJ School of Public Affairs, the John. A.
and Katherine G. Jackson School of Geosciences, the Institute for Creativity and Capital
— IC? Institute, the Gulf Coast Carbon Center or The University of Texas at Austin
endorses the views or findings of this report. Any omissions or errors are the sole
responsibility of the authors and editors of this report.

XVvi



Executive Summary

Carbon dioxide (CO,), a product of burning fossil fuels, is considered by many of the
world’s climatologists to be a greenhouse gas that contributes to the warming of the
earth. Increasing levels of CO; in the atmosphere have prompted many nations to adopt
limits on emissions to inhibit increases in CO, levels. Emissions limits are just one
strategy for controlling CO,. Another approach is to remove CO, from the atmosphere
and store it underground. This so-called “geologic sequestration” is a viable option that
can both reduce greenhouse gas accumulation in the atmosphere and use CO, to enhance
oil recovery (EOR). This report examines how to enhance oil recovery in the Gulf Coast
region through geologic sequestration of COx.

Since the early 1970s oil producers in the Texas Permian Basin have used CO, enhanced
oil recovery to extract oil from reservoirs. After primary pumping and water flooding as
a secondary treatment, enhanced oil recovery involves injecting pressurized CO; into a
reservoir to move more oil to the surface for recovery. The addition of CO; to an oil
reservoir during enhanced oil recovery increases the volume of recoverable oil. Using
this process in the Gulf Coast, oil producers could recover billions of barrels of oil that
otherwise would not be produced, increasing domestic oil production and revenue.
Potential Gulf Coast reservoirs are in close proximity to CO, emitting sources such as
power plants, refineries, and other stationary sources. CO,, now a waste residual of
sources in the region, could instead be captured and transported for enhanced oil recovery
to become a valuable resource for Texas.

Two characteristics make the Gulf Coast a prime site for geologic sequestration: sources
for CO, emissions and a substantial capacity to store CO; in underground oil reservoirs
and geological formations. Geologic sequestration involves injecting and trapping
captured CO; in underground reservoirs for storage. The technology used for capturing
CO, at emitting sources is a mature technology; projects worldwide have explored the
various techniques and costs associated with carbon capture. Given the substantial costs
associated with CO; capture and transmission, Texas may want to consider research, tax
or royalty subsidies, loan programs, or other public sector initiatives to facilitate carbon
capture and storage.

This study includes a case study that illustrates how such a Texas carbon capture and
storage industry could work to benefit the companies that invest in it, the citizens of the
State of Texas, and the world. The process starts with CO, capture from a Texas City
refinery, transport to a nearby oil reservoir, and injection for enhanced oil recovery. The
case documents how even a small project can produce significant volumes of new oil,
substantial profits for oil producers, significant tax revenues for the State of Texas and
local governments, create new employment, and reduce CO; in the atmosphere. The case
study concludes that the oil produced from the reservoir can produce a profit after paying
for CO; capture, transmission, and injection infrastructure. Such a system also has the



potential to remove CO, from the atmosphere by sequestering large volumes
underground.

The combination of energy-related profits driving CO, sequestration represents a target of
opportunity for Texas. Despite the decline of domestic oil production, Texas remains in
the forefront of the world’s energy industry, with a high concentration of successful
corporations, advanced research facilities, and experienced workers. With a developed
carbon capture and storage industry in position, Texas can remain a source of innovation
in the oil industry while creating thousands of jobs, expanding private sector benefits, and
providing state revenues, while serving the public’s interest in preventing the venting of
greenhouse gases into the atmosphere.



Introduction

Texas leads the nation in energy production and consumption, which puts it as a state in
first place in the production of carbon dioxide (CO,)."! As greenhouse gas limits are
developed across the world as part of the Kyoto Agreement, emissions trading
mechanisms in place in Europe and the Northeastern United States may cause money to
flow to areas where carbon can be effectively sequestered. Texas has the potential to
develop systems to capture industrial CO, emissions to enhance oil recovery (EOR) and
store large volumes underground.

For decades, Texas oil companies have used naturally occurring CO, piped from sources
in Colorado to inject into existing oil wells in West Texas to recover deep stores of oil.
Due to the maturity of Texas oil reserves, oil production in other areas of Texas has
begun to decline, whereas states like Mississippi have increased production through
investment in CO,; EOR. CO; from natural deposits is in limited supply and is known to
be insufficient to satisfy demand in West Texas. If Texas wants to tap the more than 5.7
billion barrels of oil recoverable by CO, EOR outside of West Texas, corporations could
develop projects to capture man-made CO, and build the infrastructure necessary to
perform EOR.> Such EOR projects could enhance significantly Texas’ economic
performance.

There is broad scientific consensus among the world’s climatologists that anthropocentric
greenhouse gas (GHG) emissions are leading to a warming of the earth.” Climate models
indicate that increased global surface and ocean temperatures could contribute to
increased storm activity and severity, higher sea elevations, flooding of coastal areas,
droughts, and displaced agriculture, among other effects.* The potential threats presented
by global warming have fueled interest in mitigating GHG emissions, particularly CO2.’

Since the early 1800s, CO2 concentrations in the atmosphere have increased more than 33
percent, and the rate is accelerating steadily.’ In 2003, across the world 6.8 billion tons
of fossil fuel-based carbon was burned, producing approximately 25 billion metric tons
(Bmt) of CO,.” The U.S. share amounted to 5.8 Bmt CO, just under a quarter of the
world total.* Texas contributed roughly 0.7 Bmt CO,, or 12 percent of the U.S. total.”

While CO; is considered a residual of burning carbon, markets for the gas can turn a
waste stream into a valuable production input for petroleum extraction.'® The process of
enhanced oil recovery takes excess CO,, compresses it and floods it through wells into
mature oil fields, saturating the field and oil and facilitating new production. The
expected incremental oil production is on the order of an additional 10 percent of the
original oil from the field; in some cases the increased production yield has been as much
as 20 percent.''

Most CO; currently being used in EOR in Texas’ Permian Basin is harvested from high-
purity, naturally-occurring deposits and pumped via pipeline into oil production wells. A
smaller number of oil fields use waste-stream CO; from industrial sources such as
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fertilizer plants and natural gas processing facilities. These existing projects provide data
on CO, EOR costs and regulations.'> CO, from point sources in the Texas’ Gulf Coast
could provide a reliable, steady stream of CO, for use in EOR. Any enhanced oil
recovery project could provide billions of gallons of oil to American markets, profits to
the firms that produce the oil, new employment, and hundreds of millions of dollars in
tax revenue for the State of Texas. With the development of pipelines to transport CO,
from point sources for use in EOR, the same infrastructure needed to capture and
transport CO2 for EOR would allow for permanent sequestration of CO; in geological
formations. Such CO, mitigation could become valuable to Texas when international
CO, trading links to Texas, or in the event that state or national carbon trading programs
are created.

The science and engineering aspects of CO; sequestration and enhanced oil recovery are
well understood. Texas has all the elements needed for development of a successful
integrated EOR and CO; sequestration industry. Texas is in a unique position as the
largest state producer of CO,, with the largest state potential for CO,-based EOR
production in the country and an enormous capacity for geologic sequestration with the
co-benefit of enhanced oil recovery. This report outlines a Texas-specific plan to help
focus private investment in profitable options as well as help identify and overcome
potential barriers to private investment and ensure Texas remains the leader in this field.
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Chapter 1. Enhanced Oil Recovery

Since the discovery of oil at Spindletop in 1901, oil production has played an important
role in the economy of Texas as an engine for economic development and a source of tax
revenues garnered from production.! As technology improved and additional fields were
discovered, Texas oil production increased for almost three-quarters of a century, peaking
in 1972 at 1.26 billion barrels a year.2 Since 1972, however, oil production has declined
steadily due to gradual exhaustion of oil recovered through traditional primary and
secondary methods (see Figure 1.1).> By 2004, oil production had slipped 72 percent to
349 million barrels.* Declining oil production translates to declining oil industry
contributions to the Texas economy and represents a lost revenue stream to the state.
While a significant discovery of new Texas reservoirs is unlikely, the declining
production trend could be slowed by technological improvements, such as the adoption of
enhanced oil recovery (EOR) methods in the Gulf Coast region and in East Texas.

Figure 1.1
Annual Oil Production in Texas (in Millions of Barrels)
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Adapted from: Railroad Commission of Texas, Oil Production and Well Counts (1935-2003). Online.
Available: http://www.rrc.state.tx.us/divisions/og/information-data/stats/ogisopwe.html. Accessed:
November 26, 2005.



Carbon dioxide can be used as a liquid solvent to enhance oil recovery. During the initial
or primary stage of recovery, the natural pressure in an oil reservoir, aided by pumps,
allows the removal of about 10 percent of the oil in place.” When primary recovery is
exhausted, secondary recovery techniques assist in the extraction of additional oil. The
secondary phase consists of injecting pressurized water into the reservoir to displace oil
and force it to the surface. Secondary techniques allow for total oil in-place recovery of
between 20 and 40 percent.® During a tertiary stage of recovery, pressurized CO, can be
injected into the reservoir to displace and extract additional oil, a method known as CO,
enhanced oil recovery. EOR techniques can further boost total recovery to about 30 to 60
percent.” The marginal incremental production from CO, EOR can vary between 1 and
29 percent of oil in place (OIP), with a median estimate on the order of 10 percent OIP.*

EOR is a well-developed technology and has been used worldwide. CO, has been
injected into depleted oilfields to enhance oil recovery in the Permian Basin in West
Texas since 1972, where oil companies have paid to pipe CO; from natural reservoirs in
the surrounding region.” Nationwide in 1998, 43 million metric tons of CO, were used
for EOR at 67 sites.'” Using these same techniques, CO; can be piped from
anthropogenic (human origin) sources in the Gulf Coast region and East Texas to
neighboring oilfields. If there were ever to be sufficiently high oil prices and sufficiently
low CO; costs, revenues from EOR ventures could pay for the costs of carbon capture,
creating additional revenue streams for oil extraction companies, carbon capturing
entities, and even the State of Texas through taxation and royalties.

Enhanced Oil Recovery in Texas

The Gulf Coast contains a combination of factors that provide opportunities for effective
EOR. Oil reservoirs that could benefit from CO; injection are located near potential CO,
sources. There are an abundance of CO; emitting sources in the region, such as
electricity generation stations, refineries, and industrial sites. For example, in one seven-
county area in the Texas Gulf Coast region, 32 million tons of CO, were emitted in 1996
from power plants alone. More than 100 chemical plants and refineries emit additional
CO, in the area.'" Other anthropogenic CO, sources, such as natural gas-fired power
plants and chemical plants, could provide CO; to augment oil production from other
IeServoirs.

EOR using CO; can increase the potential for oil production in Texas, as an estimated 80
percent of all oilfields could benefit from EOR.'? The US Department of Energy (DOE)
identified 16 billion barrels of onshore stranded oil in the Gulf Coast region (including
parts of Texas, Louisiana, and Mississippi) that could be recovered by CO, EOR." Such
a resource represents almost nine times the total U.S. oil production in 2005."* An
estimated 1,700 such reservoirs are found in Texas within 90 miles of major coal-fired
power plants, and from these reservoirs an estimated 8 billion barrels of oil could be
extracted via CO, EOR." The Bureau of Economic Geology (BEG), a research facility
at The University of Texas at Austin, estimates that EOR could increase oil production in
the Texas Gulf Coast alone by at least 5.7 billion barrels.'® Extensive enhanced oil
recovery possibilities also exist in East Texas.'’



Enhanced oil recovery represents a step towards CO; sequestration because the EOR
provides a rationale for injecting CO; into old wells to aid in harvesting oil that could not
be obtained by traditional methods. After recovering the available oil from a site, much
of the same infrastructure can be used for carbon storage. Using EOR as an initial
approach to geologic sequestration would create three types of infrastructure for
sequestration: carbon removal and concentration technologies, CO; pipelines and
compressors, and CO; injection methods. If and when national carbon emission policies
tighten or sufficient capture or trading incentives make non-EOR sequestration profitable,
Texas could sustain an industry that stores CO, underground. When a depleted oil field is
filled to capacity with CO,, deeper injection wells can be drilled in the same area,
allowing the continued use of the carbon capture and pipeline structure already in place to
store carbon in greater quantities in the vast sandstone and brine formations below the
ground.

Economic Considerations

The incremental installation costs of EOR itself (once the CO; is captured and
transported to the site) are limited to the well-drilling costs. Drilling costs for injection
wells have been estimated at $840 per meter, or about $1,536,000 for a well of 6,000
feet.'"® The operating costs of EOR include pumping, separating the oil from the CO»,
and then recompressing and recycling the CO,. These costs, along with basic monitoring
costs, have been estimated on a per barrel basis. The costs differ in accordance to well
depth as follows: for wells 800-1,500 meters deep, costs are estimated to be around $3.89
per barrel. Wells 1,500-2,500 meters deep are estimated to cost about $4.87 per barrel,
and wells deeper than 2,500 meters are estimated to cost $5.83 per barrel."” Costs of CO,
capture and transport vary by source and distance. One source estimates the cost of
capturing CO, from electricity generating plants in Texas and transporting it through 100
miles of pipeline to a reservoir at $23 to $60 per ton of CO,.** The costs and methods of
CO; capture and transport are discussed in greater detail elsewhere in this report.

One analyst has estimated that EOR using anthropogenic CO, would be profitable if oil
prices were over $20 per barrel and CO, prices were less than $34 per ton.”' Estimated
average costs of capture and transportation lie between $22 and $28 per ton.** Oil prices
have climbed significantly above the $20 range. The most recent contracted oil price
average for the U.S. as of this writing was $58.82.> Oil prices have demonstrated
volatile tendencies, but they seem unlikely to drop below $20 in the foreseeable future.
The cost of CO; in areas distant from natural CO; reservoirs will depend on capture and
transport prices, discussed elsewhere in this report.

Using an economic model employed by the Texas Comptroller, the Railroad Commission
of Texas estimated the potential profits from producing the $5.7 billion barrels of oil
projected by BEG as recoverable in Texas outside the Permian Basin. At $30 per barrel,
5.7 billion barrels would have a wellhead value of $171 billion. The model predicts that
this production would generate $26 billion in taxes, $498 billion in economic activity,
and 3.3 million jobs.** If National Energy Technology Laboratory estimates that a
comprehensive Gulf Coast EOR project would have a lifetime of about 25 years are



accurate,” this production would generate an average of $1.04 billion in state taxes,
132,000 jobs, and $19.92 billion in economic activity per year.>® These figures may be
perceived as unreasonably high because they are based on such a large quantity of oil.

By way of comparison, total U.S. crude production in 2004 was less than 3.9 billion
barrels.”” The case study in Chapter 7 documents the costs and benefits from one specific
project to capture CO; from a refinery waste stream and inject in an oil reservoir for EOR
25 miles away.

In addition to immediate economic benefits, extensive EOR would create an
infrastructure that could be used to sequester CO, underground permanently, thus
offering a partial solution to the challenge of greenhouse gas accumulation in the
atmosphere. Some of the policy elements needed to assure the sustainability of
sequestration are discussed in the case study as well.
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Chapter 2. Sequestration

A series of scientific reports have identified carbon dioxide (CO,) as a greenhouse gas
associated with increasing global temperatures."” The international community has
responded by planning reductions of CO; releases by developed nations and the capture
of CO, to remove it from the atmosphere.” This chapter describes and explores one of
the methods for sequestering CO, from the atmosphere, by pumping and storing it deep
underground.

CO; emissions from human, or anthropogenic, sources have increased during the period
following the industrial revolution, as illustrated by atmospheric CO, measured from ice
core samples and direct atmospheric observation. Atmospheric CO, in the mid-1800s has
been estimated at 287 parts per million (ppm). The current concentration is about 382
ppm. If emissions continue at the current rate, CO, concentrations in the atmosphere are
predicted to reach 573 ppm by the year 2100.*

Various scientific reports identify CO, as a greenhouse gas that tends to trap heat in the
atmosphere that otherwise would escape, thus contributing to global warming trends.’
Anthropogenic CO; has been identified as one of the major contributing agents to this
warming, accounting for 60 percent of the known causes of global warming, according to
one report.® Another report claims that the global rate of climate change during the next
century is expected to be greater than at any time during the last ten millennia.” A third
report cites current CO; induced climate changes, including increased flooding, glacial
and permafrost melt and sea level rise.® With an atmospheric lifetime of 50-200 years,
CO, emissions could have a long-term warming effect; CO, emitted today may contribute
to greenhouse warming for the next 50-200 years.’

International organizations have proposed a number of policy alternatives to slow
greenhouse gas accumulation and subsequent global warming, such as alternative energy
sources, more efficient fossil fuel technologies, and carbon sequestration. This chapter
focuses on underground carbon storage methods and the possibilities for sequestration in
Texas.

Sequestration Methods

There are three main methods of sequestering carbon from the atmosphere: terrestrial,
ocean, and geologic sequestration. Terrestrial sequestration absorbs CO; in soils and
biomass. Ocean sequestration involves injecting CO, deep into the ocean. Geologic
sequestration involves storing CO, in sedimentary structures underground. Although this
section provides a brief overview of terrestrial and ocean options, the focus is geologic
sequestration.

Terrestrial sequestration seeks to take CO, out of the atmosphere by fixing it in plants.
Plants absorb atmospheric carbon through photosynthesis and lock it in the soil.
Researchers have provided many suggestions for increasing agricultural plants’ rate of
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conversion of atmospheric CO; to soil carbon, such as low-impact tilling techniques that
reduce the amount of organic material removed from the soil.'"” Much of the carbon
captured by agricultural plants is consumed in the resulting food products. One study
documented that maize sequesters carbon in soil at a rate of 184 grams per square meter
per year when cultivated with low impact tilling methods, even assuming full
consumption.'' Another study suggests, however, that nearly all CO, captured by
agricultural sequestration will eventually escape to the atmosphere.'?

Because forest vegetation effectively fixes carbon, expansion of forested land is another
sequestration alternative. Recent research has improved the techniques used to measure
terrestrial sequestration.”” A recent study cautions that estimates of the capacity of
forests to store carbon may be overly optimistic because forests tend to occupy areas with
low soil nutrients and moisture, which hinder their ability to fix carbon.'* Another study
indicates that forest sequestration efforts may offset carbon released by land use and
biomass extraction, but is unlikely to reduce atmospheric CO, levels."

The world’s oceans act as a natural sink, absorbing atmospheric CO, and potentially
converting it to a carbonate form that would remove it from atmospheric circulation. One
sequestration option is to inject liquefied CO; deep into the ocean either by ship or via
pipelines along the ocean floor. This option faces technical challenges as well as
potential environmental impacts. The injection of CO; could change the acid-base
balance in the area near the injection source, and many marine organisms are sensitive to
such changes.'® Questions have also been raised about the permanence of ocean
sequestration. One study estimated that on the order of 85 percent of the CO, pumped
underwater would remain permanently sequestered.!” A less optimistic study suggests
that all COI% injected into the ocean may leak back into the atmosphere over a period of
300 years.

Geologic sequestration involves the transport of CO; from point sources and injection
underground in oil and gas fields, coal beds, sandstone sediments, or saline formations.
All four formations are abundant in Texas. This study focuses on oilfields and saline
formations, which often are present at the same location at different depths. Vast brine
formations underlie many of the partially depleted oilfields of the Gulf Coast region."

Geologic Sequestration in Texas

The Gulf Coast contains potential CO, sources and storage sites located close to one
another, a combination of factors that provide opportunities for effective CO,
sequestration. Appropriate potential storage sites are plentiful along the Gulf, such as the
Frio and Jasper brine formations, which extend along the entire Texas Gulf Coast at
depths between 800 and 2,400 meters. In addition, the porous sediment is thick, more
than 500 meters,”” so CO, pumped underground may stay there. An estimated 8 billion
barrels of oil could be recovered in Texas via CO, EOR.?' There are an abundance of
CO, emitting sources in the region, such as electricity generation stations, refineries, and
industrial sites. For example, in one seven-county area in the Texas Gulf Coast region,
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32 million tons of CO; were emitted in 1996 from power plants alone. More than 100
chemical plants and refineries emit additional CO, in the area.”

Enhanced oil recovery projects using captured CO, would provide the technical
experience and infrastructure needed to engage in long-term carbon sequestration. After
recovering the available oil from a site, much of the same infrastructure can be used for
larger scale carbon storage. When the depleted oil field is filled to capacity with CO», a
deeper injection well can be drilled in the same area, allowing the continued use of the
carbon capture and pipeline structure already in place. Carbon can then be stored in
greater quantities in the vast sandstone and brine formations below. The Frio and Jasper
brine formations in the Gulf Coast region may be suited for large scale sequestration as
advocated by the Gulf Coast Carbon Center (GCCC) Frio Brine Project that has tested
sequestration in the Frio formation. The experiment demonstrated that CO, can be stored
securely and predictably in the region.”

Safety issues related to carbon sequestration are well understood and sequestered CO,
poses only limited risks. Carbon should be stored in secure formations below the water
table to prevent the contamination of water resources. Care should be taken in the
selection and maintenance of injection sites, so as to limit the dangers of sudden leakage.
Carbon dioxide is not toxic unless levels exceed 10,000 parts per million or 1 percent of
the total air volume; breathing lower concentrations causes no harm to humans.** A
sudden, massive leak in an inhabited area could pose risks because CO; is heavier than
air, so it would tend to accumulate near ground level, placing persons in the immediate
vicinity in danger of suffocation.”> This concern is relatively minor because injection
wells (which comprise the most likely leakage points) are rarely sited in residential areas.

Of practical concern is the issue of permanence: will injected CO, stay underground? For
carbon capture and sequestration to be effective, CO, must remain underground. The
Bureau of Economic Geology (BEG) at The University of Texas at Austin has conducted
modeling to simulate the flow of CO, over time. Given a 30 percent porosity level for
the sediment in which the carbon is injected, BEG predicted that the CO, would migrate
about 200 meters from the injection well and remain there, assuming no change in
geologic conditions.”® As oil and gas reservoirs have demonstrated an ability to contain
pressurized fluids over long periods of geologic time, it is reasonable to test whether
pressurized liquid CO, can be sequestered in underground structures. Care must be
taken, however, to secure old wells that were drilled into the reservoir, the locations of
which are not always well-documented. Some formations will require detailed geologic
analysis. The porous sedimentary layer into which the CO; is injected should be overlaid
by an impermeable rock layer. The presence of faults or other potential breeches could
compromise permanence. Because CO; is buoyant in brine, it may migrate from the
injection point if the overlying layer is not level. As noted above, CO, changes the acid-
base (pH) balance of saltwater, making it more acidic, so well seals should be made
resistant to this increased acidity to ensure permanent sequestration.

Depending on the salinity, temperature, and pressure in a saline formation, much of the
injected CO, may dissolve into the brine.”” As the brine becomes saturated with CO,,
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CO; droplets become trapped among water pores through a process called capillary
trapping.”® Geologists have argued that most of the carbon will become embedded in the
rock over time.” Thus, with time, the importance of monitoring and the integrity of the
sealing mechanisms may decline.

Estimates of the capacity of saltwater formations to absorb CO; lie between 300 and
10,000 billion tons worldwide.”® Sequestration efforts in Texas could serve as a model
for projects in similar formations elsewhere.

Economic Considerations

Costs of CO, capture vary by the source. Sequestered CO, from a power plant waste
stream are estimated to be between $30 and $70 per ton. Transport costs are estimated at
$1 to $3 per ton for every 100 km of pipeline. The cost of sequestration without EOR is
estimated at between $1 and $15 per ton.”'

Under some conditions, carbon sequestration can be cost-effective when compared to its
release as a gas. For example, under a sufficiently high carbon emission tax, it would be
cheaper for emitting companies to sequester carbon than to emit and pay the tax.
Norway’s $50 per ton tax on carbon emissions prompted Statoil to sequester carbon
emitted from its facility on the Sleipner field in a geologic formation under the North Sea.
The company spent less to sequester the carbon than it would have paid as a carbon tax,
recovering its investment in one and a half years.’?

Sequestration could also be profitable under some carbon trading systems, such as the
one proposed in the Kyoto Protocol. Under such a system, firms that discharge CO, in
areas that are less suited for sequestration could pay emitters in areas better suited to store
carbon for them, thus reducing the amount of emitted carbon for which they are
responsible. One study has estimated that trading CO, is an economically attractive
alternative to country-specific solutions, reducing the projected costs of Kyoto
compliance from $120 billion to $11-54 billion.” Texas, with abundant potential storage
sites in close proximity to emission sources, would be a plausible beneficiary of such a
trading program, especially if the capture and transportation infrastructure were already
in place due to EOR ventures. Using EOR as a first step to geologic sequestration will
ensure that the infrastructure for sequestration is in place if and when national carbon
emission policies tighten or sufficient capture or trading incentives make non-EOR
sequestration profitable.

When evaluating the prospects of sequestration beyond EOR, it is important to consider
public attitudes towards global warming and sequestration, as well as their willingness to
pay for capture and storage. A nationwide survey conducted by MIT and Cambridge
researchers explored the attitudes of Americans towards global warming. Environmental
concerns ranked 13th among the 22 choices given respondents. Global warming ranked
sixth among environmental concerns. The study found that only 4 percent of respondents
had heard of carbon capture and sequestration.”* Participants were asked how much they
would be willing to pay per month to “solve global warming.” The average response was
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about $6.50. These results point to the need for public education to accompany any
publicly funded sequestration agenda.

Economics profoundly affect the feasibility of CO, sequestration. The most costly and
problematic element of the sequestration process is the capture of CO, from power plants
and industry, as explored in the next chapter.
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Chapter 3. Carbon Capture

The cost of CO; separation from air emissions represents a key variable in any business
plan to capture and store CO; for EOR or sequestration. If the capture costs of
anthropogenic CO, are low, a firm can realize a profit using the CO; as an EOR resource.

Most CO; currently being used in EOR in Alaska and Texas’ Permian Basin is harvested
from high-purity naturally-occurring deposits and pumped via pipeline into oil production
wells. A smaller number of oil fields use waste streams of CO, from industrial sources
such as fertilizer plants and natural gas processing facilities. Analysts have proposed the
use of CO, for EOR in the Texas’ Gulf Coast region. Estimated CO, costs for use in
EOR are about $0.65 per million cubic feet (Mcf) from natural domes, $1/Mcf from
natural gas processing, and $3/Mcf from power plant flue gas.” These estimates do not
include the cost of CO, pipeline, transportation, or injections. One available CO; source
is capture from power plants or other point sources. The Texas Gulf Coast region has an
abundance of power plants, refineries, and other industries releasing CO; in close
proximity to mature oil fields (see Figure 3.1).

Figure 3.1
Texas Industrial CO, Emissions, 1960-2001
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Adapted from: U.S. Department of Energy, Energy Information Administration, State Energy Data 2001.
Online. Available: http://www.eia.doe.gov/emeu/states/sep_use/total/csv/use csv.html. Accessed:
October 23, 2005.
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The Bureau of Economic Geology (BEG) at The University of Texas at Austin estimated
that in this region there are 3 billion barrels of oil recoverable within 30 miles of
candidate power plants, 6 billion barrels within 60 miles, and 8 billion within 90 miles.’

CO; from point sources in the Texas’ Gulf Coast could provide a reliable, steady stream
of CO; for use in EOR. Even a single EOR operation could provide millions of gallons
of oil to American markets and hundreds of millions of dollars in tax revenue for the
State of Texas over decades.

If pipelines were to be developed to transport CO, from point sources for use in EOR, the
same infrastructure needed to capture and transport CO; for EOR would allow for
permanent sequestration of CO; in geological formations. Such CO, mitigation could
become valuable to Texas if an international CO, trading market were to develop.

There is an abundance of information on the capture of CO, from industrial flue gas
sources from existing projects and academic analysis. Dozens of projects worldwide
have explored the various techniques of capturing carbon and have estimated costs of
capture.” CO, capture technology is a mature technology. While modest reductions in
capture costs are attainable in the near-term, dramatic cost reductions will only be
achieved through breakthrough technology.” There are two main types of CO, capture
technology: chemical absorption and physical absorption, as discussed below.

Chemical Absorption

Most coal-fired power production facilities burn pulverized coal (PC) and use the
resulting heat to produce electricity. These plants emit a flue gas containing much of the
burned carbon in the source fuel as CO,. On average, flue gas is 15 percent CO, by
volume, largely due to the high concentration of nitrogen in the air used for combustion.’
Plants that burn natural gas as a fuel source emit a flue gas that is around 7 percent CO,
by volume.”

One carbon capturing technology involves chemical absorption or “scrubbing” of CO,
from flue gas. The flue gas is bubbled through a solution of water and amines such as
monoethanol amine (MEA), diethanolamine (DEA), or methyldiethanolamine (MDEA),
and the solution absorbs the CO,. The rich amines are pumped away and heated,
producing regular amines and CO; gas. These techniques (see Table 3.1) have been used
for decades on a small scale, such as in submarines and spacecraft.®
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Table 3.1
Basic Formula for Coal Oxidation (Combustion)
and CO, Capture with MEA

Coal + Air > CO, + Flue gas + Heat"

C135H9609NS (Coal)a + 6602 > 135C02 + 2H20 + N02 + SOQ + Heat
Flue gas + Amine 2 CO,-Rich Amine + other products

135CO; + 135(CH,),OHNH,; + 2H,0 + NO, + SO,~>
135(CH,),OHNH,-CO,; + 2H, + 2H,0 + NO, + S0,

CO,-Rich Amine + Heat > CO, + Amine®

135(CH,),OHNH,-CO, + Heat = 135(CH,),OHNH, + 135CO,

Adapted from: Formula for coal from Chemical Land 21, Chemical Land 21. Online. Available:

http://www.chemicalland21.com. Accessed: November 7, 2005. Formula for ethanolamine from
Opentopia, Encyclopedia. Online. Available: http://encycl.opentopia.com/E/ET/ETH. Accessed:
December 1, 2005.

 Basic formula for combustion.

® This formula describes the process by which the CO,-rich amine is heated, releasing pure CO,.

Post-combustion chemical absorption of CO, is usually considered for existing boilers
using natural gas, which has a relatively low nitrogen oxides (NOy) and sulfur dioxide
(SO,) content in the flue gas, or in coal fired boilers that have NO and SO, removal
systems. Current water-based amine solvent-capture systems are energy intensive due to
the large volume of water needed in these systems to offset the corrosion and air flow
problems created by the use of amines. The large steam requirements of the amine
stripper used to recycle the amines and release the CO,, combined with the energy
required to compress the CO; in order to deliver it by pipeline, can lead to an estimated
increase of 25 to 30 percent in the energy requirements compared with similar plants
without capture.”

Water-based amine solvent-capture systems also can scrub CO; from refinery flue gases.
Scrubbing CO; from the flue gas of a natural gas refinery requires roughly 20 percent
increase in capital costs resulting from the need to scrub a larger volume of gas with a 7
percle(:)nt concentration of CO, versus the 15 percent concentration of CO; in the PC flue
gas.

Some analysts believe that there is a high likelihood of improved CO, capture technology
and solvents with a corresponding reduction in capture cost.'' For example, pilot studies
have tested new solvent and heat recovery technologies that can reduce the energy
requirement of CO; capture from PC by around 20 percent, and from natural gas by
around 10 percent.'

CO; capture with current technology costs roughly $49 per ton of CO,, though price can
fluctuate due to location specific factors, such as the cost of the fuel that is being used to
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produce heat needed for water-based amine solvent-capture systems.'>'* Near-term

improvements could reduce the incremental cost of chemical absorption carbon capture
to $34 to $42 per ton of CO,."

Physical Absorption

Pre-combustion physical absorption of CO; is an alternative to chemical absorption from
post-combustion flue gas. Gasification systems can use coal, petrol coke, biomass, or
even trash as a fuel source. Such so-called Integrated Gasification Combined Cycle
(IGCC) systems gasify coal under high temperatures and limited oxygen to produce a
synthesis gas. Natural Gas Combined Cycle systems (NGCC) can use similar
gasification processes, with natural gas as the feedstock. The resulting synthesis gas, or
syngas, consists of carbon monoxide (CO) and hydrogen (H,). Catalysts and steam are
then used to form a mixture of H, and CO,. Later, various solvents can be used under
high pressure and low temperature to bond with the CO,, separating it from the H (see
equation below).

Ci135HosO9NS (Coal) + 650, + Heat = 135CO + 48H, (Syngas) + NO; + SO, + Heat

Some analysts believe that gasification systems represent the most cost-effective and
sustainable fossil-fuel power production technology for the coming decades.'® The
technology has operated successfully in dozens of sites worldwide, including five plants
between 250 and 350 Megawatts (MW).!” The Energy Policy Act of 2005 created
incentives for IGCC plant production.'® As the technology has the backing of a wide
array of supporters, including environmental groups, coal producers, and electric
utilities,"” pre-combustion techniques for carbon-capture may become more prevalent in
coming decades. The current incremental cost of capturing carbon through IGCC is
around $26 per ton CO,, with costs of $18 per ton CO, expected within a decade.”

Another form of physical capture of CO, involves combusting fossil fuels in pure oxygen
instead of air, which is mostly nitrogen by volume. Without the nitrogen, the
concentration of CO; in the flue gas would be much higher, making capture much more
efficient. However, new materials must be developed in order to develop gasifiers that
can withzsltand the extremely high temperatures at which combustion occurs in pure
oxygen.

Carbon capture technology has yet to be tested on a large scale, as there remain barriers
to implementation at this stage. For example, the capital cost of IGCC or oxygen
combustion technology and the high cost of pure oxygen provides a significant economic
barrier, as discussed below.

Cost Comparison of Capture: IGCC, NGCC, versus PC

Key cost factors of CO; capture are heat rate, energy required for capture, and capital
costs of the capture technology. Due to the energy requirements of carbon capture, more
CO; s produced in generating the same amount of electricity than without carbon
capture.””> Current technology can capture 90 percent of CO, from industrial flue gas or
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syngas.”> A comparison of the relative costs of CO, capture from PC, IGCC, and NGCC
illustrates the relevant cost considerations of carbon capture (see Table 3.2).

Table 3.2
Cost Comparison for Capture Plants, 2000

Enerlg\);]l;/erlglgroe::lent, Capture Cost, $/T CO,"
Pulverized Coal 317 49
Integrated Gasification Combined Cycle 194 26
Natural Gas Combined Cycle 354 49

Adapted from: Jeremy David and Howard Herzog, Cost of Carbon Capture (Cambridge, Mass.:
Massachusetts Institute of Technology, 2000). Online. Available: http://www.netl.doe.gov. Accessed:
September 23, 2005.

* Calculations are based on plants operating 18 hours per day, a discount rate of 15 percent per year, fuel
cost of $1.24/MMBHtu for coal and $2.93/MMBtu for natural gas, and CO, capture efficiency of 90

percent. Unit represents the energy required in kilowatt hours per ton of CO, captured.

® Unit represents the cost of capture for one ton of CO,.

Capital costs associated with PC or IGCC plants fitted with carbon capturing technology
are more than double the cost of a NGCC plant with carbon capture. The cost of carbon
capture with PC plants are the highest of the three, while capture costs for IGCC and
NGCC are similar (see Table 3.1). There can be a large degree of variation in capture

cost due to the type of fuel, cost of electricity, and other factors that affect capture costs.**

Capturing CO; with NGCC requires the greatest amount of energy of the three
technologies. This is partly due to the low CO; content in the flue gas, which is about 3
percent CO; by volume. PC requires slightly less energy due to the high content of CO,
in the post-combustion flue gas. IGCC has the lowest percent CO; energy requirement.
This is due to the relatively small volume of concentrated CO, under high pressure, which
lends itself to more economic carbon capture.*

Carbon capture at electric power plants increases the cost of electricity (see Table 3.3).%
One study estimated that electricity production prices would increase from 5.0 cents per
kWh without capture to 6.7 cents per kWh with capture at IGCC plants and from 3.3 to
4.9 cents per kWh at NGCC plants. Pulverized coal plants would increase costs by
greater than 3 cent per kWh increase, from 4.4 to 7.7 cents per kWh.?’
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Table 3.3
Cost of Electricity Production with Carbon Capture

Cost of Electricity Production | Cost of Electricity Production
without Carbon Capture with Carbon Capture
(cents per KWh) (cents per KkWh)
Pulverized Coal 4.4 7.7
Integrated Gasification Combined 5.0 6.7
Cycle
Natural Gas Combined Cycle 33 4.9

Adapted from: Jeremy David and Howard Herzog, Cost of Carbon Capture (Cambridge, Mass.:
Massachusetts Institute of Technology, 2000). Online. Available: http://www.netl.doe.gov. Accessed:
September 23, 2005.

CO, capture cost calculations sometimes reflect peak-time electricity prices.”® However,
CO; scrubbing could be restricted to off-peak hours, when electricity prices are lower.
Thus, actual incremental costs for capturing CO; could be lower than the projections
cited above.” Also, integrating CO, capture into an existing plant will not be as efficient
as building a new plant with CO, capture, as existing steam sources would need to be
diverted or a new turbine installed to generate steam, options that are less than optimal.*

Conclusion

Implementing CO, capture in the Texas Gulf Coast region is a feasible and attractive
approach to enhancing oil production in the state. Building new IGCC plants or
retrofitting existing plants with IGCC requires considerable capital investment but will
offer relatively low capture costs, energy requirements, and fuel flexibility. CO; capture
with PC is more expensive, though most of the capital costs have already been sunk on
existing PC plants. NGCC offers the lowest capital costs and the high capture costs and
energy requirements due to the relatively low volume of CO, in the flue gas. Thus it
seems that chemical absorption of CO; from PC flue gases may be a reasonable choice
for near-term carbon capture in the Texas Gulf Coast. In the long term, improving
technologies and shifting to IGCC systems would make more economical and efficient
carbon capture possible.
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Chapter 4. Transport

Once CO is captured at a source, the next step is to move it to an oil field for use in EOR
or geological sequestration. The design and construction of a regional pipeline system
would be a challenge for any industry seeking to use CO, for EOR in East Texas and the
Gulf Coast. Such a pipeline system could bring CO; from a stationary point source of
capture to the well head site for injection. One design issue would be how to assure the
pipeline is as accessible as possible to many large point sources of CO; and to many
mature fields appropriate for EOR. A pipeline design also might take into account
potential CO; sources and sinks for future use in carbon sequestration.

Any regional pipeline system should provide access to major CO, producers and
consumers. Its design should also facilitate a future transition from medium-term EOR
(30-year life) to long-term sequestration of CO,. Pipeline use for EOR will likely involve
capture of CO; at major refineries, power plants, or other point sources and transport of
the pressurized gas to depleted oil fields where it can be utilized in the EOR process.
Several existing projects throughout the world utilize both natural and captured
anthropogenic CO, for EOR activities. Long-term use of the regional pipeline system
will include CO; transportation to potential sites that qualify for use in long-term carbon
sequestration. It may include an expanded number of sources participating in CO,
capture, such as coal-fired power plants, oil refineries, ammonia or other chemical plants,
metal processing facilities, or cement manufacturers.

Given the inherent uncertainty regarding the geographic location of potential future
active sources and sinks, a regional system that acts as a “mother-line” to local-level
connections could provide maximum coverage and efficiency, while minimizing the costs
associated with incorporating the line. East Texas and the Gulf Coast region are well-
suited for a pipeline, given the relative proximity of CO; producers to both potential EOR
oil fields and potential carbon sequestration sites.

Existing CO, Transportation Systems

Millions of tons of CO; are transported every year onshore by long-distance, high-
pressure pipelines in the U.S. The West Texas petroleum industry uses this type of
pipeline for EOR activities and has demonstrated the effectiveness of this technology.
Transport of CO, by pipeline is a proven technology that has been utilized in 72 CO,-
based EOR projects in the United States.' Other means of CO, transportation, used
mainly by the food and beverage industries, include rail transport, motorized transport
and sea transport. The advantage of pipeline transportation of CO; is that it can deliver a
constant and steady flow of gas without the need for intermediate storage along a
distribution route. Pipeline transportation of CO; can be “cost-effective and reliable
when large quantities of CO, are to be transported.”

One recently constructed pipeline system connecting an anthropogenic CO; source to an
EOR project is the Weyburn Enhanced Oil Recovery Project between North Dakota in
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the U.S. and Saskatchewan in Canada. This project utilizes a 205-mile pipeline to
transport more than 5,000 tons of CO; per day from the Dakota Gasification Company
Synfuels Plant in North Dakota to the Weyburn Oil Field in Saskatchewan, Canada. The
pipeline was constructed at a cost of $100 million and includes segments of both 12-inch
and 14-inch diameter pipes. It has two existing compression stations, with an additional
compression station planned to provide CO, for another buyer in Canada interested in
connecting to the pipeline system and using the CO, for EOR.” The difficulties
encountered during the design and implementation of the Weyburn Project pipeline
infrastructure could be comparable to those of a regional pipeline system in East Texas
and the Gulf Coast. A Gulf Coast CO; transportation system would be used both for
EOR projects and geologic CO; sequestration.

The International Energy Agency (IEA), along with a consortium of international
corporations, government sponsors, and research partners, hopes to demonstrate the
economic and technical feasibility of CO, sequestration for both EOR activities and long-
term storage by studying the effectiveness of the Weyburn Project.* The project began in
1997 when EnCana Energy announced plans to utilize CO; transported by pipeline from
a coal gasification facility in North Dakota to begin EOR activities at the Weyburn oil
field.” The pipeline transports over 5,000 tons CO, per day to the Weyburn facilities in
order to recover an estimated 130 million additional barrels of oil from the reservoir.°
The injection and storage of CO, is monitored continually to verify the movement of the
underground gas and to ensure permanent storage. The project will provide valuable
insight into the behavior of CO; in underground formations, the effectiveness of new
technologies, and the cost-effectiveness of using CO; for EOR.

Pipeline Design Considerations

For CO; to be transported in a pipeline it must be in a “supercritical” phase, which occurs
at temperatures greater than -60° Celsius (C) and at a pressure higher than 7.38
Megapascals (Mpa).” This pressure is roughly equivalent to 1070 pounds per square inch
(psi), or about 73 times the standard atmospheric pressure at sea level of 14.7 psi. In a
supercritical phase the CO; has density and flow properties comparable to a liquid. The
pipeline system must maintain the CO, within the appropriate temperature and pressure
range to sustain the supercritical phase. Given the ambient temperatures of East Texas
and the Gulf Coast region, a potential to dip below -60° C is unlikely. Unless CO; is
repressurized in compression stations along the pipeline, the pressure of the CO, within
the pipeline could decrease over long distances, relative to the distance traveled and the
diameter of the pipeline. Under normal conditions, the supercritical CO, may need to be
recompressed in any pipelines longer than 90 miles, depending on the diameter of the
pipe and the initial pressure.® As a rule of thumb, the narrower the pipe, the more
frequently the supercritical CO, must be recompressed.” A CO, pipeline should be
constructed to handle pressures of between 7.5-12 MPa, and it should be able to
withstand pressures of up to 14 MPa.

Pipelines that transport carbon dioxide must conform to three sets of U.S. and Texas
regulations, as listed in Table 4.1. A CO; pipeline would be regulated as a medium for
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transport of both a hazardous liquid and a gas, and so would be subject to two separate
U.S. Department of Transportation sets of rules. The parallel Texas pipeline regulations
are managed by the Texas Railroad Commission. "

Table 4.1
Potential Pipeline Regulations for CO, Transmission
in Texas’ Gulf Coast

Description Regulation
Transportation of Hazardous Liquids by Pipeline | U.S. Department of Transportation (DOT) Code 49
CFR195
Transportation of Natural and Other Gas by U.S. DOT Code 49 CFR 192
Pipeline: Minimum Federal Safety Standards
Pipeline Safety Regulations Texas Administrative Code Title 16, Part 1, Chapter 8

Adapted from: U.S. Office of Pipeline Safety, Code of Federal Regulations, Title 49, Volume 3, Part 192.
Online. Available: http://ops.dot.gov/regs/1999/part192.htm. Accessed: November 26, 2005; U.S.
Office of Pipeline Safety, Code of Federal Regulations, Title 49, Volume 3, Part 195. Online.
Available: http://ops.dot.gov/regs/1999/part195.htm. Accessed: November 26, 2005; and Office of the
Texas Secretary of State, Texas Administrative Code, Title 16, Part 1, Chapter 8. Online. Available:
http://info.sos.state.tx.us/pls/pub/readtac$ext. ViewTAC?tac_view=4&ti=16&pt=1&ch=8. Accessed:
November 26, 2005.

Any regional pipeline system in East Texas and the Gulf Coast region would be subject
to diverse local, state and federal regulatory oversight in the process of its design and
construction. Although pipeline transport of CO; is not a new activity in Texas, certain
aspects of the capture, transport and injection/sequestration process may tread on new
regulatory territory. The Weyburn pipeline adhered to the regulatory structure of at least
three different bodies, so coordination among those agencies and the Dakota Gasification
Company was vital to the timely progression of the project. A CO; pipeline system used
for EOR and sequestration in Texas must comply with all applicable regulations and
monitoring requirements of the Texas Railroad Commission, the Texas Commission of
Environmental Quality, and the U.S. Department of Transportation (USDOT).

USDOT regulation entitled “Transportation of Natural and Other Gas by Pipeline:
Minimum Federal Safety Standards” (U.S. DOT Code 49 CFR 192) regulates the
minimum wall thickness, corrosion control systems, and other physical design factors of
CO; pipelines. It also establishes safety standards for compressor stations including
emergency shutdown and pressure-limiting devices.'' The “Transportation of Hazardous
Liquids by Pipeline” regulations (U.S. DOT Code 49, CFR 195) establish requirements
for incident reporting, pipeline location, welding specifications, valve specifications,
pipeline pressure testing requirements, maintenance requirements, and public education
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requirements.'> CO, pipeline regulations in Texas, established in the Texas
Administrative Code (TAC) Title 16, Part 1, Chapter 8 titled “Pipeline Safety
Regulations,” require Pipeline Integrity Assessments and Management Plans for all CO;
pipelines. The TAC also mandates corrosion control specifications, public education
programs, and prohibits the location of CO, or other hazardous liquids pipelines within
1,000 feet of a public school.”® If the pipeline were to connect to a similar project in
Louisiana, a partnership between the Texas state agencies and the Louisiana Department
of Natural Resources, which regulates pipelines in the state, would need to be formed to
facilitate the establishment of a new regulatory structure.'*

Once a design has been developed for a regional pipeline system, the question of who
will pay to construct and operate the pipeline system becomes a key subject. The
potential revenue generated by the EOR activities throughout the region may be an
incentive for investment into such a system. For example, in the Gulf Coast region, large
and medium-sized petroleum companies that maintain onshore operations in East Texas
and the Gulf Coast stand to gain from a regional CO; pipeline system in the form of
increased yields from previously depleted oil fields that can benefit from EOR
technologies.” In this case, either the oil producers or the large point sources of CO,
(such as refineries, power plants, or other industrial facilities) could invest in a CO,
pipeline infrastructure. An economic incentive may not yet exist for any of these markets
to develop a CO; pipeline due to the high cost of carbon capture at the source. The
transportation costs of CO, and the investment in necessary infrastructure are a small part
of the total cost of the capture, transport, and injection/storage process.'®

There has yet to be a published industry study of any specific pipelines used for the East
Texas or Gulf Coast oil fields estimating the specific costs of constructing and operating
a CO; pipeline. There does exist in the literature a wealth of information on the costs of
natural gas pipelines, which some analysts consider to be similar.'” Specific equations
have been developed for calculating expected pipeline costs (materials, labor, right-of-
way, and miscellaneous costs) based on a pipeline’s length and diameter.'® The
appropriate pipeline diameter would be chosen based upon the flow rate of CO, passing
through the pipeline and the physical attributes (density, viscosity, temperature, pressure)
of the gas during transport. Costs of pipeline construction can range between $0.5 and $1
million per mile, depending upon proximity to large metropolitan areas, contour of the
land to be traversed, costly river or other barrier crossings, and type of soil."* For
example, the Weyburn Project pipeline, with 205 miles of 12-inch and 14-inch pipeline,
cost $100 million, or roughly $0.5 million per mile.*

Safety Concerns and Public Reaction to CO, Pipelines

The development of any CO; pipeline may face public resistance due to the prospect of
long-term, long-distance transport of a gas which has health risks associated with high
concentrations of the gas in a confined area. Carbon dioxide is not flammable or
poisonous, but at concentrations higher than 10 percent it can cause severe injury or death
due to asphyxiation. As a result, strict regulatory and monitoring measures exist to
reduce the risks of technical failures along the pipeline. The overall safety record of CO,
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pipelines in the EOR industry indicates that the rate of leakage is lower than that of
natural gas or other hazardous pipelines.”’ According to the Office of Pipeline Safety,
over an 11-year period (1990-2001) there were ten reported incidents for CO, pipelines.*
The Canyon Reef Carriers pipeline, one of the first major CO, pipelines used for EOR in
West Texas, recorded only five malfunctions between 1972 and 1984, none of them
involving injuries.”

Safety technologies including odor additives, line-monitoring systems, and emergency
response mechanisms can reduce the risk of a major CO, leak.”* Dissemination of
relevant information regarding existing CO; pipeline systems and their respective safety
records could help a project with community cooperation. Weyburn Project officials
conducted a public relations campaign before pipeline construction to inform affected
community members of the potential impacts of the pipeline and to coordinate
reclamation efforts. According to published reports, the project’s pre-emptive public
involvement allowed the right-of-way process to proceed with little resistance from
affected property owners, and no condemnation of land was necessary.>> The Weyburn
example of an active public information campaign to address the health and safety
concerns of nearby residents can help a project limit costly construction delays.

Several policy measures could be adopted at the state level that would facilitate the
construction of a CO; pipeline. The use of existing pipeline right-of-ways could be
granted to projects that propose the construction of new CO, pipelines for use in EOR or
sequestration. The cost of new equipment associated with anthropogenic CO,-based
EOR could be given state tax breaks to offset the initial capital-intensive investment. The
state regulations concerning CO, capture, transport, and injection could be re-evaluated
given the special circumstances of EOR and sequestration. The permitting process
associated with each step of the EOR process could also be streamlined to minimize costs
and delays.

The costs and potential benefits of a CO,-based EOR project in the Texas Gulf Coast
could be demonstrated by evaluating a specific case study. The capture of CO,, the
transport of CO; to an oil field, and the injection of CO, for EOR would each have a
range of costs for both capital and operating expenses. The potential revenues from the
increased oil production using EOR could be estimated using a conservative price per
barrel of oil. The difference between overall costs and revenues for the case study could
be used in a more in-depth analysis of the economic feasibility of implementing a CO,-
based EOR project in the Texas Gulf Coast. Such a case study is developed in Chapter 7.
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Chapter 5. Monitoring and Verification

Monitoring and verification are essential mechanisms for enhanced oil recovery and
carbon sequestration. Although a potential exists to store CO; in a number of mediums
(including terrestrial ecosystems, ocean ecosystems, geologic formations, and coal
formations), this chapter focuses on issues pertaining to the monitoring and verification
of CO; in geologic formations.

A firm that seeks to store CO, underground has three reasons to monitor. It is useful to
monitor the CO; injected underground to measure the quantity and ensure the integrity of
the injection well. A second purpose of monitoring concerns the process of long-term
CO; storage, or injecting CO; into the deep geologic formations in which it is to be stored
permanently, to reduce the effects of climate change. The sequestered CO; could then
potentially be used for carbon credits and trading in a carbon market. In order for
sequestration to be legitimate, the CO, will need to be monitored while it is being injected
to determine the volume of CO, that remains stored. A third type of monitoring examines
the CO, plume, so as to assure the reservoir integrity over an extended period of time.
Any stored CO; has the potential for future release through leakage or migration.
Therefore monitoring should examine cap rock integrity and plume movement to ensure
that there are no negative effects on public health, safety, or the environment.

“Verification” is useful for carbon sequestration because even after CO, has been
injected, its stability in situ is a requirement for any potential CO; storage credits
regulated by a governing body, such as the Chicago Climate Exchange. Verification
would determine officially the amount of CO; sequestered so as to allow credits to be
recognized and traded in a market. Although some nations already permit CO; credit
registration, internationally accepted standard protocols do not exist for verification.
Monitoring and verification are necessary components for ensuring the accurate
measurement and integrity of carbon dioxide storage.

Current Requirements

Monitoring CO; injection for EOR is currently required by the State of Texas. These
requirements evolved out of the Environmental Protection Agency’s (EPA) Underground
Injection Control (UIC) requirements. An injection authorization, a Class II permit, is
obtained by submitting an application to the Texas Railroad Commission’s (TRC)
Environmental Services Section and paying the proper fee.! The application requires
documentation showing the injection well will not pollute any freshwater sources or
endanger existing oil, gas, or geothermal resources. To do this the applicant must
provide adequate geologic information, specifications for casing and cementing, and an
evaluation of the performance of CO; injection on all wells within one-fourth of a mile of
the well in question.” The review requires mechanical integrity testing of each well by
equalizing casing and tubing pressure and then testing the tubing to ensure the pressure is
stabilized.” After the applicant submits a permit request the TRC has a minimum of 45
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days to review it, a process that can be extended if the appropriate information is not
included or if the application is protested.* Monthly surface injection pressure
monitoring is also required after the permit is filed, which is then compiled into an annual
report and sent to both the TRC’s Austin headquarters and the TRC district office closest
to the well. The TRC district office is also expected to perform periodic field inspections
of the well to ensure compliance.’

As of 2006 there are no existing federal, state, or international requirements for
monitoring the movement of fluids within geologic formations for the purposes of carbon
sequestration. There are no federal requirements for monitoring in overlying zones to
detect leakage, with the exception of specific Class I Hazardous wells.® Although the
Intergovernmental Panel on Climate Change (IPCC) has identified specific technologies
for monitoring and verification, international CO, sequestration regulations do not exist.’
Some individual countries have developed their own requirements for sequestration. For
example, Norway may be the most advanced nation in the field of CO; monitoring.
Every year Norway publishes information on captured and stored amounts of CO,, based
on seismic methods, monitoring reservoirs, and the amounts of CO, that escapes to the
atmosphere during the injection process. No physical leakage has been detected from
carbon storage underground, although projects continuously monitor to reduce
uncertainties.

Monitoring CO; Underground

Much of the existing monitoring technology was developed in the oil and gas industry
and can be applied when monitoring geologic formations (see Table 5.1). For example,
standard methods exist for measuring injection rates and pressures, subsurface
distribution of CO,, injection well integrity and local environmental effects. These
practices are being tested at many pilot projects around the world including, the Frio
project in Texas,® the Weyburn project in Canada,’ the Sleipner project in the North
Sea,'’ and the Salah project in Algeria.'' These studies have allowed the comparison of
diverse monitoring and verification technologies and a better understanding of CO,
behavior.
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Table 5.1

Summary of Direct and Indirect Techniques that can be used to
Monitor CO, Storage Projects

Measurement
Technique

Measurement
Parameters

Example
Applications

Introduced and natural
tracers

Travel time

Partitioning of CO, into brine or oil

Identification sources of CO,

Tracing movement of CO; in the
storage formation
Quantifying solubility trapping

Tracing Leakage
Water Composition CO; Trace elements Quantifying CO, -water-rock
Salinity interactions

Detecting leakage into shallow
groundwater aquifers

Subsurface pressure

Formation pressure
Annulus pressure
Groundwater aquifer pressure

Control of formation pressure below
fracture gradient
Leakage out of the storage formation

Well logs

Brine salinity
Sonic velocity
CO, saturation

Tracking CO, movement in and above
storage formation

Time-lapse 3D seismic
imaging

Seismic amplitude attenuation
P and S wave velocity
Reflection horizons

Tracking CO, movement in and above
storage formation

Vertical seismic profiling and
crosswell seismic imaging

Seismic amplitude attenuation
P and S wave velocity
Reflection horizons

Detecting detailed distribution of CO,
in the storage formation

Detection leakage through faults and
fractures

Passive seismic
monitoring

Location, magnitude and source
characteristics of seismic events

Development of microfractures in
formation or cap rock CO, migration

Electrical and
electromagnetic techniques

Formation conductivity
Electromagnetic induction

Tracking movement of CO, in and
above the storage formation

Time-lapse gravity
measurements

Density changes caused by fluid
displacement

Detect CO, movement in or above
storage formation
CO, mass balance in the subsurface

Land surface deformation

Tilt

Vertical and horizontal displacement

using interferometry and GPS

Detect geomechanical effects on
storage formation and cap rock
Locate CO, migration pathways

Visible and infrared imaging
from satellite or planes

Hyperspectral imaging of land
surface

Detect vegetative stress

CO: land surface flux
monitoring using flux
chambers or eddycovariance

CO; fluxes between the land
surface and atmosphere

Detect, locate, and quantify CO,
releases

Soil gas sampling

Soil gas composition
Isotopic analysis of CO,

Detect elevated levels of CO,
Identify source of elevated soil gas CO,
Evaluate ecosystem impacts

Source: Intergovernmental Panel on Climate Change, Carbon Dioxide Capture and Storage (September
2005, p. 236). Online. Available: http://arch.rivm.nl/env/int/ipcc/pages_media/SRCCS-final/SRCCS_
WholeReport.pdf. Accessed: October 23, 2005.
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These field tests helped the IPCC develop two monitoring “packages,” which are
associated with four distinct phases that make up the life cycle of a carbon sequestration
project (see Tables 5.2 and 5.3)."> The two monitoring packages are designated as basic
and enhanced. The basic package includes seismic tests, microseismicity, wellhead
pressure, and injection rate monitoring. The enhanced package adds periodic well
logging and surface CO, flux monitoring."”” The duration of testing assumes 30 years of
injection and 20 years of long-term monitoring when used for EOR sites.'* The four
phases consist of pre-operation, operation, closure, and post-closure.'> The primary
characteristic of the pre-operation phase is establishing the monitoring baseline. This
baseline is determined by evaluating the existing characteristics of the chosen site, so
changes can be identified once the CO; injection begins. The operation phase is defined
by the injection of the CO, and plume monitoring. The closure phase occurs once CO,
injection has stopped and the wells are closed and abandoned. The post-closure phase
includes the completion of all records pertaining to the site and the transition to the
regulatory agency that will be responsible for the verification of the injected CO,.

Table 5.2
Life Cycle of a Storage Project

Phase Characteristics Time Line
Pre-Operation | Site Characterization
Risk Assessment 0-5 Years
Establish monitoring baseline
Operation Verify injection rates
Track location of plume
Ensure safe operations
Detect and prevent environmental impacts
Closure CO; injection stops
Surface facilities removed; wells abandoned 35-55 Years
Confirm long-term security of storage project
Post-Closure Completed records given to regulatory authorities
Monitoring needed only if long-term storage 85- o Years
security not established

5-35 Years

Adapted from: Presentation by Sally Benson, Deputy Director, Lawrence Berkley National Lab, “Carbon
Dioxide Capture and Storage in Deep Geological Formations: A Solution to Global Warming?” at the
13th Annual David S. Snypes/Clemson Hydrogeology Symposium, Clemson University, Clemson,
S.C., April 14, 2005.
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Table 5.3

Components of Monitoring Packages

Monitoring Basic Package Enhanced Package
Pre-Operational Well logs Gravity survey
Wellhead pressure Electromagnetic survey

Formation pressure

Injection and production rate testing
Seismic survey

Atmosphere CO, monitoring

CO; flux monitoring
Pressure and water quality above the
storage formation

Operational Wellhead pressure Well logs
Injection and production rates Gravity survey
Wellhead atmospheric CO, monitoring | Electromagnetic survey
Microseismicity Continuous CO, flux monitoring at 10
Seismic surveys stations
Pressure and water quality above the
storage formation
Closure Seismic survey Gravity survey

Electromagnetic survey

Continuous CO, flux monitoring at 10
stations

Pressure and water quality above the
storage formation

Wellhead pressure monitoring for five
years, after which time the wells will be
abandoned

Adapted from: Presentation by Sally Benson, Deputy Director, Lawrence Berkley National Lab, “Carbon

Dioxide Capture and Storage in Deep Geological Formations: A Solution to Global Warming?” at the

13th Annual David S. Snypes/Clemson Hydrogeology Symposium, Clemson University, Clemson,
S.C., April 14, 2005.

Monitoring and Verification Uncertainties

The primary uncertainties for CO, disposal in geologic formations relate to the rate at
which CO; can be buried underground, the available storage capacity, the utilization of
subsurface space and available storage capacity, the presence of a cap rock of low
permeability, and the potential for CO, leakage through imperfect confinement, which
may be natural or induced.'® The uncertainties vary depending on the type and
characteristics of the projects. The probabilities of physical leakage are estimated to be
small and risks are mainly associated with leakage from casings of abandoned wells.
CO; injected into a formation can escape through abandoned well bores, faults, and
fractures. The possibility of failure exists due to incomplete knowledge of subsurface
conditions or corrosion resistance of materials used in injection wells. The limited
industry experience regarding the rate of physical leakage from different storages media
means that accidental releases could occur over decades or even centuries. The
uncertainties are the reason why the verification process is so essential to the integrity of
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carbon capture and storage and why so much research focuses in this area. Standard
protocols and regulatory oversight are a prerequisite to legitimacy and safety in the
carbon capture and storage industry.

Conclusions

According to a study performed for the International Energy Agency Greenhouse Gas
R&D Program, Texas could play a major role in carbon sequestration because its Gulf
Coast region has been identified as an ideal location for CO; storage and Texas has
experience with CO, sequestration projects. '’ However, neither Texas nor U.S.
monitoring regulations have been formalized, nor is there sufficient experience with
monitoring to allow conclusions regarding physical leakage rates. It will be a challenge
for proponents of carbon capture and storage to develop a sequestration industry that
simultaneously develops testing, monitoring, and verification systems providing quality
assurance. Some of the regulatory implications are discussed in the next chapter.
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Chapter 6. Legal and Regulatory Issues

Regulatory issues will play an important role in developing any carbon capture and
storage initiative in Texas. Currently there are federal and state guidelines that regulate
the use of CO; in enhanced oil recovery, but carbon sequestration per se is largely
unregulated. Developing standards that allow for the capture and safe storage of high
concentrations of CO; along with effective storage monitoring would facilitate the
implementation of sequestration.

Many countries in the world already allocate money to research and development of
greenhouse gas management technologies, including CO; capture and storage. Scientific
panels, such as the Intergovernmental Panel on Climate Change (IPCC), continue to
study and explain the effects of greenhouse gases.' A number of governments have
established incentives to encourage oil companies and others in the petrochemical
industry to combine EOR with CO, mitigation.” This combination could play a
significant role in future U.S. oil production, considering that 88 percent of the additions
to the U.S. proved reserves of crude oil over the last 30 years are due to reserve growth.
This means that 88 percent of new domestic crude oil was actually produced from old
reservoirs instead of coming about through new discoveries.’

The U.S. government has recognized the benefits of limiting greenhouse gas emissions
and is encouraging voluntary reductions, but has not developed sequestration regulations.
In Texas there is ample experience with EOR such as the projects in the Permian Basin of
west Texas. Policies for CO; injection pertaining to EOR exist, but Texas has yet to
develop procedures to manage CO; storage in geologic formations. This section
discusses existing regulations concerning EOR and those aspects of the CO, storage
process that will require regulatory oversight.

International Activity

Although some countries have promulgated financial incentives for research and
development to improve the cost-effectiveness of deploying CO, capture and storage
technology, few have developed a strategy that includes CO, capture and storage policies
for national energy or climate change. However, the issues of CO; capture and storage
are garnering a significant level of attention around the world. In its Electricity Act of
2003, the Netherlands established a tax exemption worth US$31-50 million in the first
year (increasing every year by between US$31 and 37 million) to support renewable
energy, energy efficiency and climate-neutral electricity, including CO, capture and
storage.” The Norwegian government has adopted a strategy to increase natural gas-fired
power production, which includes potential participation by the government in the
development and operation of an infrastructure for CO; storage, including preparations
for use of CO, for EOR and for geologic sequestration.’

The IPCC includes experts from many groups in the area of CO; capture and storage,
including academia and industry, and has released numerous reports related to climate
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change, such as the IPCC Special Report on CO, Capture and Storage issued in
September 2005.° The report assesses current information related to climate change, and
how CO, storage in geologic formations can help to mitigate that change.” In 2003 the
U.S. government and IPCC began a forum for information exchange and potential
collaboration on CO, capture and storage projects among nations. Sixteen nations have
signed the charter and expect to participate in developing legal, regulatory, and financial
information from surveys of such developments among the members.”®

CO; Regulations and Activity in the United States

The U.S. is encouraging industries to commit to voluntary levels of greenhouse gas
emission reductions by reforming section 1605(b) of the federal Energy Policy Act to
create a voluntary registry program.” The proposed revisions to the program would allow
companies and organizations to report and register emissions reductions. The U.S.
Department of Energy plans to publish guidelines to encourage and guide industry in
establishing monitoring and verification processes for CO; injections and geologic
storage.'’ The U.S. could encourage federal research activities involving CO, indirectly
through Underground Injection Control (UIC) for CO; injection."’

Any project that receives federal funding or uses federal resources that could affect the
environment significantly is required to undergo a National Environmental Policy Act
(NEPA) review.'> NEPA requires that any federal actions be based on the understanding
of environmental consequences and encourages agencies to take actions that protect,
restore, and enhance the environment.”> Review requirements can also be written into
regulations for a specific project. For example, NEPA requires that environmental
information be available before federal decisions are made on carbon sequestration.'*

A NEPA review can trigger requirements for a Programmatic Environmental Impact
Statement (PEIS), which can have a national or regional focus in an area such as the Gulf
Coast.”” Currently the National Energy Technology Laboratory (NETL) is developing a
PEIS for the DOE’s Carbon Sequestration Program. This study, which includes the
Weyburn Project in North Dakota and Saskatchewan, Canada, will assist in the
development of environmental regulations for capture and storage programs within the
Uniteﬁl6 States. It will also help to identify environmental impacts on a program-wide
basis.

In 1974 Congress gave the EPA the authority, through the Safe Drinking Water Act
(SDWA), to control underground injection as a means of protecting underground
drinking water sources.'” The EPA then created the underground injection control
program (UIC) to guide states in developing safeguards so that injection wells do not
endanger current and future underground sources of drinking water.'® States have the
authority to accept the EPA’s definitions or submit their own definition for EPA
approval."” The main purposes of the EPA regulations are to:

¢ Identify underground sources of drinking water;

* Define what constitutes endangerment of these sources;
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* Direct the states to set up UIC programs to protect these sources;
*  Describe the requirements of such programs and permit systems;

* Establish procedures to ensure enforcement of these requirements by the states
or by the federal government if the states fail to do so; and

* List construction, permit, operating, monitoring and reporting requirements for
specific types of wells.”

The EPA groups underground injection into five classes for regulatory control purposes.
Each class includes wells with similar functions and construction and operating features
so that technical requirements can be applied consistently. Class I wells permit the
placement of hazardous and non-hazardous fluids (industrial and municipal wastes) into
isolated formations beneath the lowermost underground sources of drinking water.*'
Class I wells are strictly regulated by the federal Resource, Conservation and Recovery
Act and the Safe Drinking Water Act because they may inject hazardous waste.”* Class
IT wells permit injection of brines and other fluids associated with oil and gas
production. Class III wells accept the injection of fluids associated with solution
mining of minerals.** Class IV wells, for injection of hazardous or radioactive wastes
into or above underground sources of drinking water, are banned unless authorized under
other statutes for ground water remediation.”> Class V includes all underground injection
not included in Classes I-IV.*® Class V wells can include injection wells for non-
hazardous fluids into or above underground sources of drinking water.”’ They typically
include shallow, on-site disposal systems, such as floor and sink drains which discharge
directly or indirectly to ground water, dry wells, leach fields, and similar types of
drainage wells.*®

Regulations and Activity in Texas

At the state level, the Texas Railroad Commission (TRC) and the Texas Commission on
Environmental Quality (TCEQ) share oversight responsibility for all injection wells.*
Each organization’s responsibility varies depending on the characterization of a specific
well.>® The TRC’s authority over oil and gas exploration and production is derived from
the Texas Natural Resources Code (TNRC)’! and the Texas Water Code (TWC).** In
1980 the Texas Legislature created the Environmental Services Section within TRC to
administer the EPA’s UIC program.” The Environmental Services Section is responsible
for regulation of Class II, IIT and V wells associated with waste injection, underground
storage of hydrocarbons, brine, in-situ combustion of fossil fuels, geothermal resources,
heating and agriculture, and EOR.>* The TCEQ is responsible for regulation of injection
wells dealing with deep injection, mineral extraction other than oil and gas, and
environmental cleanup in Class I, I1I, IV, and V wells.*®> In 1982 the EPA approved the
TRC definition for Class II injection wells in Texas, which includes injection wells used
to dispose of “oil and gas waste,” a term that means:

Waste arising out of or incidental to drilling for or producing of oil, gas, or
geothermal resources, waste arising out of or incidental to the underground
storage of hydrocarbons other than storage in artificial tanks or containers, or

49



waste arising out of or incidental the operation of gasoline plants, natural gas

processing plants, or pressure maintenance or repressurizing plants. The term
includes but is not limited to salt water, brine, sludge, drilling mud, and other
liquid or semi-liquid waste material.*®

Within this Class II designation there are two important distinctions pertaining to CO,
injection wells. The first is Rule 9, which allows for the disposal of oil and gas wastes by
injection into formations that are not productive of 0il.’’ The second is Rule 46, which
permits the injection of oil and gas wastes into those formations that are productive of
0il.*® According to the TRC’s Compliance Manager, Fernando de Leon, these rules can
regulate CO, injection.>

The use of CO, for EOR is regulated by a Class II designation.”” A Class II permit is
obtained by submitting the appropriate application to the Environmental Services Section
and paying the proper fee.*' The permit requires that the applicant provide
documentation that the injection well will not pollute any freshwater source or endanger
existing oil, gas, or geothermal resources, based on adequate geologic information,
specifications for casing and cementing, and an area review of all wells within one
quarter of a mile of the well in question.** After the permit is submitted the TRC has a
minimum of 45 days for review, " a process that can be extended if the appropriate
information is not included or if the application is protested.”* Monthly surface injection
pressure monitoring is also required, after a permit is granted; these records must then be
compiled into an annual report and sent to the TRC headquarters in Austin and the TRC
district office closest to the well’s location.*” The district office is also required to
perform periodic field inspections of the well to ensure compliance.*

It is not yet clear how CO; injection wells pertaining to sequestration will be classified.
Some analysts argue for a Class II designation, with the rationale that CO; injection for
EOR is a standard practice and the cost of a more stringent Class I permit would
discourage CO, storage.”’ Class I designation advocates argue that the assurance that the
injected CO, will not migrate outside the injection reservoir is worth the cost.*®
According to the TRC’s Permitting Manager, Doug Johnson, the primary argument
pertaining to CO; injection is whether it is intended for storage and reuse or intended for
disposal.”® If storage were the main purpose, the well would be Class II. A disposal well
would fall under the Class I category, which would then shift the permitting
responsibility to TCEQ.” Currently, acid gas wells (for nitrogen oxides and sulfur
oxides) intended for disposal fall under Class II;’' CO, sequestration wells could be
placed in this category. The first CO, sequestration well in the U.S. for research funded
by The National Energy and Technology Laboratory with the Bureau of Economic
Geology rg:zceived a permit for a Class V research well and fell under TCEQ regulatory
oversight.

Forthcoming Regulations

Even though Texas has experience with EOR and carbon sequestration, many regulations
have yet to be formalized. The Gulf Coast region has been cited as a potential location
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for CO, sequestration because of the large number of CO;-emitting industries, combined
with a high concentration of oil resources found within in its thick impermeable
underground layer. However, there are a number of obstacles, such as the absence of a
dedicated pipeline system to deliver CO, from industrial sites to the storage locations.
Land acquisition above the storage locations could be complex.

Site monitoring is another hurdle that will have to be regulated. Monitoring techniques
are being developed to detect leaks, gauge CO, concentration levels in subsurface
chambers, and measure CO, migration. Well-bore integrity and CO, impacts on cement
casing of injection wells are also being studied. Current regulations consider the short-
term effects of CO; use for EOR, but there is still uncertainty as to what effects CO, will
have during a longer storage period. If casing is compromised, leaks and migration could
occur to aquifers or reservoir zones. The following questions remain unanswered: who
will assume ownership and liability of the sequestered CO,? Should governments create
sequestration rights comparable to mineral rights or surface rights? Because of the long-
term nature of sequestration, will a company assume liability for the sequestered CO,?
What happens if the company goes bankrupt or dissolves? Is it more feasible for the
federal or state government or even a specialized institution to assume liability once the
CO; is injected?

There are possible risks associated with the storage of high CO, concentrations. Surface
release of high CO, concentrations in excess of 10 percent can be harmful to the health of
animals.” Some analysts have expressed concerns with ground heaving, induced seismic
activity, groundwater displacement, and damage to hydrocarbon reservoirs.>*

Emission Reduction Credits for Carbon Capture and Storage

As the top CO, emitting region in the number one emitting country in the world, the
Texas Gulf Coast contains large oil fields conducive to the EOR process. It also has
existing geologic formations that could be used for large-scale CO, sequestration. By
establishing the appropriate legal and regulatory framework Texas could position itself as
an international leader in EOR and greenhouse gas mitigation. One key regulatory target
is to develop rules for Texas carbon capture and storage projects to receive credits that
could be used in current or future CO; trading systems. Although the U.S. does not
currently regulate greenhouse gas emissions, companies who undertake emission
reduction projects, or offsets, can receive compensation for doing so. Recent experience
in countries that must meet mandatory or voluntary reduction commitments indicates that
foreign firms are willing to purchase emissions offsets from American industries. For
example, one of the largest greenhouse gas emission credit trades on the CO, market
resulted ghen a Canadian energy company purchased emission offsets from U.S. EOR
projects.

The concept of emissions offsets originated with the U.S. Clean Air Act of 1977 and the
corresponding evolution of the New Source Review (NSR) program to address permitting
of facilities in non-attainment areas (regions out of compliance with the National
Ambient Air Quality Standards).”® Under the NSR program, a new major power plant or
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major modification must offset its air pollutant emissions increases by obtaining credits
originating from other sources. Under NSR, an emission offset is a permanent reduction
in a source’s emissions created by an action taken above and beyond its regulatory
requirements.

Offsets are currently used under various mechanisms to reduce greenhouse gas emissions.
Mitigation actions, ranging from actual emission reductions, carbon sequestration
projects, or avoided emissions, could potentially become offsets under a greenhouse gas
mitigation and reduction framework. The Kyoto Protocol to the UN Framework
Convention on Climate Change provides mechanisms under which countries may count
the purchase of offsets towards their emission reduction commitments.”’ Once an offset
has been verified as meeting the requirements for transaction and use under an existing
emissions trading program, such as the European Union Emissions Trading Scheme
(EUETYS), it becomes an emissions reduction credit (ERC). For an offset to qualify as an
ERC, the emission reduction must meet five requirements: it must be real, surplus,
permanent, verifiable, and enforceable. These basic guidelines create the standard for
verifying.

A greenhouse gas reduction is “real” if it reduces the concentration of greenhouse gases
in the atmosphere. An offset must be the result of a specific and identifiable project net
of leakage that is measurable and directly attributable to the project and may only be used
once. In other words, a reduction cannot be counted as an improvement in the
generator’s emissions and then traded to another entity for re-use in meeting a
compliance obligation.

A reduction must be “surplus,” in that the reductions reflect project activities that would
not have “happened anyway.” A reduction is surplus if it, or the activity that causes it, is
not required by existing federal or state regulations, or is in excess of normal, or baseline,
operations. “Permanence” refers to the lifespan of the emission reduction. Offsets must
remove the claimed emissions in such a way to reduce the reasonable risk that it will be
re-emitted to the atmosphere.

An emission reduction is “verifiable” if the quantification methodology is sound, clear
and replicable. The raw data required to verify the calculation must be available for
validation. An emission reduction is measurable and “enforceable” if the level of
emissions in the baseline and the actual level of emissions with the project in place can be
quantified with an acceptable level of confidence.

The establishment of offsets as an authorized means of mitigating emissions of
greenhouse gases has been a difficult process. The majority of initially planned offset
projects involved terrestrial sequestration, the storage of carbon in agricultural land and
forests. This posed a challenge in meeting the five requirements listed above. Two
potentially serious problems with terrestrial carbon offsets are that there may be carbon
leakage and that the reduction may be hard to verify. Leakage refers to the situation in
which a carbon sequestration activity (e.g., tree planting) triggers an activity which
counteracts the carbon effects of the initial activity (e.g., trees cut in other areas).™
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These problems, however, may be of less concern for geologic carbon sequestration.
Many of the issues with terrestrial sequestration are avoided with the more precise
methods used in the capture of CO; and injection underground. The real and surplus
requirements can be managed with EOR and geologic sequestration. Currently no federal
or state regulations exist in Texas that require emission reduction; therefore, any removal
of CO; for EOR or sequestration purposes is surplus of baseline emissions. Because of
the nature of CO, removal from emissions sources and the existing technology for
monitoring and verifying emissions through transport and injection, carbon storage can
meet the verifiable and enforceable requirements. Permanence in CO, storage in an
underground reservoir is also less problematic than with terrestrial storage. Once the CO,
has been injected, long-term storage (in excess of 1,000 years) is both likely and can be
measured with reasonable certainty. The 2006 IPCC report on carbon capture and
storage reported that the fraction of CO, retained underground with appropriately
selected and managed geological reservoirs is likely to exceed 99 percent over 1,000
years.”

Texas CO; Credit Experience

Texas firms have already received credit for CO; storage that has been traded within
international systems. In 2002, a trade totaling 9 million tons of CO,-equivalent (COze)
became the largest publicly announced purchase of greenhouse gas reduction credits in
the history of the global market.’” The transaction consisted of two trades of CO,e
between Blue Source LLC, the leader in aggregation of greenhouse gas reduction offsets,
and Ontario Power Generation (OPG).

The reductions were generated through EOR projects in Texas, Mississippi, and
Wyoming. Blue Source purchased the rights to these reductions from local projects that
replaced CO, acquired from natural sources with CO, captured from industrial sources.
The volume of CO,e emissions that would have been released to the atmosphere in the
absence of Blue Source clients’ operations is the volume of CO; that is injected into the
EOR projects, less related emissions necessary to support the injection operations.

At OPG, CO; emission reductions are required to meet a corporate absolute target set
voluntarily to stabilize net emissions of greenhouse gases at 1990 levels. OPG annually
reports progress towards its target with Canada’s Climate Change Voluntary Challenge
and Registry. OPG’s strategy for managing greenhouse gases is based on avoiding and
reducing emissions from OPG facilities and removing CO; from the atmosphere. To
meet its stabilization target each year from 2001 to 2007, OPG has contracted for forward
delivery of emission reduction credits.

This trade demonstrates that geologic sequestration of CO, during EOR operations is an
attractive source of emission reductions in the United States and North America. The
cross-border nature of this trade shows international emissions trading to be a viable
reality and an effective environmental solution. Based on the client’s costs to sequester
CO,, the price per ton was advantageous, supporting the notion that initial low-cost
emission reductions are available to early market movers.
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Short and Long-Term Liability

As carbon changes hands from those who produce the emissions to those who capture
and ultimately store them, the responsibility for those emissions must also be
documented. With credit comes liability. How legal liability for leakage of CO, from
reservoirs should be assigned or apportioned has not been fully determined through
practice or in the literature. As an industry of capture and storage evolves, the shape of
the liability system will likely determine the cost-effectiveness of the technology and the
attractiveness for new entrants to the market. If liability significantly increases storage
costs, the viability of carbon storage as a long-term solution to climate change may be
affected.

Liability for certain aspects of the capture and storage process can be handled easily
using procedures developed for managing risk in the oil and gas industry, including acid
gas injection, enhanced oil recovery, natural gas storage, and carbon dioxide transport.®!
Environmental, health, and safety risks associated with the capture and transport of CO,
are well documented and successfully managed under existing frameworks. According to
some analysts, liability associated with these oil industry operating risks, known as
operational liability, should not pose a significant obstacle to carbon capture and storage.

Another source of liability is the risk that CO, leakage from reservoirs will escape into
the atmosphere, removing the climate benefit of storage. While the permanence of
carbon storage is fairly well-documented as indicated above, and the IPCC has found that
a well-managed project can achieve 99 percent retention rates, a probability of leakage
remains. This climate credit liability could be handled under a greenhouse gas emissions
policy.” In the case of Blue Source’s emissions trade with OPG, Blue Source assumed
the long-term climate liability and agreed to replace any potential loss of CO, from
storage with a like-kind emission reduction from another project or from the original
project if it can be shown that the leakage was quantifiable and remedied.”

In situ liability, covering the health and environmental risks associated with leakage or
movement of the CO; once it has been injected into the reservoir, represents the third type
of liability and the biggest challenge. Although CO,is considered a safe, non-toxic gas at
low concentrations, leakage and CO, accumulation to high concentrations can be unsafe
to humans, animals, and plant life. Leakage and spread of CO, underground has the
potential to cause environmental or ecosystem damage, such as soil acidification.®*
Although the likelihood of such an event is low, it is not clear what institutional
mechanism can account for these risks.

Four stakeholders could take responsibility for the in situ liability: the federal
government, a state government, an industry, or a firm.*> While it seems intuitive that
liability should be placed on the firm responsible for storage, this may not be an ideal
solution because many different entities can be involved in the process, from the entity
who owns the land or subsurface rights to the firm who carries out injection and eventual
sealing of the reservoir. As the liability for leakage may exist for as much as 1,000 years,
there is no guarantee that these firms will continue to exist. A state or federal

54



government may need to step in to assume liability in order to assure that someone
retains contingent liability for these risks. For example, the U.S. government has
assumed in situ liability for nuclear power under the Price-Anderson Act of 1957 and for
low-level radioactive waste. The effectiveness and incentives created by such programs
do not provide a clear indication of the appropriateness of federal or state liability for in
situ carbon capture and storage.

There remains much uncertainty about how liability will be addressed for carbon capture
and storage. Analogous cases exist in the natural gas sector (relatively low-cost liability)
and hazardous waste storage (much more costly). Both may play a role in informing the
development of a system for CO,. Which path CO, storage liability follows will depend
on the results of ongoing research into storage and monitoring technology and
observation of the precedent set by projects currently underway.
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Chapter 7. Case Study

The potential for enhanced oil recovery (EOR) to develop into a profitable business
venture along the Texas Gulf Coast can be explored through a case study of a
hypothetical CO,-based EOR project. This chapter attempts such a case based on a real
CO; source (the BP Refinery in Texas City, Texas) and a real sink (the Hastings West
Frio field in Brazoria County, Texas). This assessment begins with the fact that the BP
Refinery produces CO, residuals of on the order of one million tons per year' that can be
captured and pressurized for transport to nearby oil fields. The area within 25 miles of
Texas City contains numerous oil fields that demonstrate a high EOR potential based on
several characteristics that will be discussed later in the chapter. One of the larger and
more accessible fields is the Hastings West Frio Field, which was selected as the CO»-
based EOR site for this study.

The Hastings West Frio Field lies 25 miles to the northeast of the BP Refinery in Texas
City, Texas. Itis an active field with a steadily declining production rate from primary
and secondary recovery.” It is estimated to have contained original oil in place (OOIP) of
1,265,296,000 barrels,’ of which an estimated 50 percent has not been recovered.” Based
upon previous CO,-based EOR projects in similar Gulf Coast locations, on the order of
15 percent of the OOIP at the Hastings West Frio site may be recovered through EOR,
representing 189,794,400 barrels of recoverable oil.”

This chapter is divided into six sections: carbon capture, transport, CO,-based EOR, costs
and benefits of CO; storage and EOR, monitoring and verification, and sequestration.
Appendix A lists costs and benefits.

Carbon Capture

Amine-based scrubbing using monoethanol amine (MEA) is widely believed to be one of
the most cost-effective options for large-scale CO; capture from existing stationary
sources such as power plants and refineries. Due to the large number of existing point
sources of CO; in the Texas Gulf Coast region, chemical absorption of CO; from flue
gases using MEA absorbers represents one choice for near-term carbon capture in this
region, as capture technology can be added to existing plants.

For the purpose of this case study, the capital cost estimates of the CO; capture plant are
interpolations based on a large-scale study of the cost of capturing CO, from a pulverized
coal power plant flue stack. Since the CO, concentration in the PC flue is about twice
that of the flue in a steam-reforming hydrogen plant (15 percent vs. 7 percent), the cost of
the amine absorbers, storage tanks, and the associated costs (facilities, installation, etc.)
are doubled. The project is then scaled down to the 1 million tons per year capture
requirements of the project associated with the BP Texas Refinery and the Hastings oil
field. The use of MEA capture means that the operator must regenerate the MEA
periodically, which requires energy that produces CO,. Total capitol costs associated
with a capture and EOR project of this scale are summarized in Table 7.1.
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Table 7.1
Capital Costs Data: Texas City Enhanced Oil Recovery Case Study

Item Case Study Costs
Capture plant cost $104,000,000
Compressor cost $16,000,000
Well reworking $5,023,567
Recycling plant $24,219,117
CO, pipeline $3,990,000
Total capital costs $153,232,684

Sources and notes: The capture plant cost estimate is based on the reference plant discussed in Tables 7.3
and 7.4. The reference plant is designed to capture 415 tons CO, per hour and requires a capital
expenditure of $233,074,100 (Kevin S. Fisher, Carrie Beitler, Curtis Rueter, Katherin Searcy, Gary
Rochelle, and Majeed Jassim, “Integrating MEA Regeneration with CO, Compression and Peaking to
Reduce CO, Capture Costs” Trimeric Corporation and U.S. Department of Energy: National Energy
Technology Laboratory. Online. Available: http://www.trimeric-corp.com/Report%20060905.pdf.
Accessed: April 20, 2006). The Texas City capture plant will capture 125 tons CO; per hour. The cost
estimates for the Texas City plant were scaled down from those of the reference plant, using a factor
0.432 (233,074,100 x [125/415]%7 = $100,623022, which accounts for the increasing returns to scale of
the larger plant) for CO, capture requirements and a factor of 1.2 ($100,623,022 x 1.2 = $120,747,627)
to scale for flue gas CO, content in a PC plant versus the Texas City natural gas flue. The cost of the
compressor was then separated out. The share of the capital cost attributed to the compressor for the

Texas City plant was estimated by applying the same scaling discussed above.

The well reworking and recycling plant estimates are based upon a per well injection well conversion cost
of $5.00/1t depth plus $35,000 and producer cost of $40,000 for 15 injection wells and 89 production
wells from: Bureau of Economic Geology, The University of Texas at Austin, “Reservoir Candidates
Spreadsheet” (2005), from Mark Holtz (spreadsheet).

Based on interviews with carbon capture professionals, it is assumed that construction of
the CO; capture plant will take two years, and construction of the recycling plant,
pipelines, and well reworking will occur in the second year. The distribution of capital
costs reflects this assumption, with $60 million expended in the first year, and about
$90.5 million in the second year. It is also assumed that the EOR project will require
roughly two years of CO; injection before a marginal increase in oil production is
realized, even though this “delay in production” assumption may be unduly pessimistic.
Thus the revenue stream from the EOR does not start until year five.

The base case assumes that the steam reforming hydrogen plant at BP’s Texas City
refinery would use a new gas fired turbine to produce high pressure steam for generating
electricity and to capture CO,. The CO, capture costs based on such an assumption will
be much higher than realistic costs, which could be based on available steam from other
sources that could be purchased at a reasonable cost most likely below the expense of
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constructing a new turbine. Part of the reason for this construction assumption is that
using a gas fired turbine would produce steam at well over 1,000 pounds per square inch
(psi), while the MEA-based CO, capture process requires steam that is only 30 psi.®
Integrating the capture plant into the existing infrastructure of the steam reforming
hydrogen plant and diverting steam currently used elsewhere would require more
coordination from the refinery than adding a new turbine and producing new steam.
Also, burning natural gas to produce steam is expensive, as natural gas (currently ranging
from $6 to $15/MMBtu)”* is likely to be more expensive than coal, which is priced
around $2/MMBtu.’

Transport

After the CO; is captured at the BP/Praxair refinery, it must be transported to the
Hastings West Frio Oil Field for EOR. This section describes the projected route and the
pipeline system. It then discusses right-of-way issues and the permitting and reporting
requirements. Finally, the risks associated with a CO; pipeline in the Texas City area are
addressed.

In order for the CO; captured at the BP’s Texas City refinery facility to be used in the
Hastings West Frio Field, a pipeline would be required to transport it approximately 19
miles to the northwest to the Webster Field, and then west another 5 miles (see Figure
7.1). The pipeline would travel from BP Chemicals Americas Inc. (at 201 Bay Street
North, Texas, City, Texas, 77590) westward through Texas City along 25th Street to the
intersection of 25th and Galveston Highway 3. It would then follow Highway 3
northwest until reaching the Webster Field. The pipeline would then turn due west,
continuing to the Hastings West Frio Field. This route passes northwest through the
municipalities of Texas City, Dickinson, and League City in Galveston County, entering
Harris County and the city of Webster. After turning west, the pipeline would pass into
Pearland in Brazoria County.
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Figure 7.1
Proposed Project Site
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Adapted from: Bureau of Economic Geology, The University of Texas at Austin, “Reservoir Candidates
Spreadsheet” (2005), from Mark Holtz (spreadsheet).

The pipeline would pass near or through other oilfields along this route. Most notable
among these is Webster Field, which is similar in size and other characteristics to
Hastings West Frio.'"’ Smaller fields along the route include Gillock, Gillock South,
Franks, and Hastings East.'" While this case study focuses specifically on CO, EOR in
the Hastings West Frio field, the pipeline could service any of these fields.

Right-of-Way

A series of pipelines are already in place along the route between the refinery and the
target fields. While no single pipeline travels the entire distance, pipeline rights-of-way
have been obtained and used at every point along the route. The pipelines in place
transmit natural gas, crude oil (transmission and gathering), and highly volatile liquid
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(HVL) products in pipe sizes that vary from 8.63 to 36 inches. Pipelines along Galveston
Highway 3 are operated by Kinder Morgan, BP Pipelines, Teppco Crude and Dow
Pipeline. Houston Pipeline operates the natural gas line along 25th Street in Texas City.
Several pipelines have been laid between the two fields as well that do not necessarily
follow public roads. As of 2006, the Railroad Commission of Texas (TRC) lists all of
these pipelines as “in service.”'

The existence of these pipelines alongside public highways suggests that rights-of-way
for a new CO, pipeline should be attainable. To qualify for right-of-way along public
roads, the operator of the CO, pipeline must be considered a “common carrier,” meaning
that it transports CO; “to or for the public for hire,” rather than for internal company
use.” The State of Texas guarantees common carriers the right “to lay, maintain and
operate [pipelines] along, across, or under a public stream or highway,” on condition that:
(a) the pipeline does not hinder traffic; (b) the road is “promptly restored” (at the
common carrier’s expense); (c¢) local authorities supervise any required road restoration;
and (d) express approval of local authorities is obtained for any part of the pipeline
system within 15 feet of improved highway.'*

Written acceptance of the pipeline operator’s responsibilities as a common carrier, filed
with the TRC, enables these rights-of-way.'” Similar rights are guaranteed common
carriers along railways and canals in Texas. Because a railway parallels Galveston
Highway 3, this adds further right-of-way options. Laying a pipeline along 25th Street in
Texas City would require approval of the municipal government, as highway rights-of-
way do not extend to “a public street or alley in an incorporated or unincorporated city or
town except with express permission of the governing body.”'® As of March 2006, it is
not known whether the land between the two oilfields is privately owned, but that is a
reasonable assumption. The Texas Natural Resource Code provides common carriers
with eminent domain, as long as the carrier assumes all costs due to property alteration
and restore property “to its former condition as near as reasonably practicable.”'’ Upon
request of a property owner, the pipeline operator must provide material safety data
sheets (MSDS) for the transported commodity (CO; in this case).'® The existence of
pipelines indicates that a company seeking to lay a CO; pipe should be able to obtain the
right-of-way to do so. As a matter of good practice, pipeline operators check with state
agencies overseeing wildlife and historical sites when planning a pipeline project."’
While no environmental or archaeological conflict is known at this time, the operator
should clear the proposed route with the Texas Historical Commission and the Texas
Parks and Wildlife Department.

Pipeline Construction

It is possible to transport CO, in a pipeline designed for CO, or in a pipeline originally
created for other commodities. For example, Denbury purchased a Mississippi natural
gas pipeline in 2005 and modified it for CO, transport. ** Using a line designed for
another commodity would require modifications to counter the corrosive nature of
carbonic acid, which inevitably will form in a pipeline as water comes into contact with
pressurized CO,. One source suggests the use of stainless steel pipe for CO,, especially
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near potential compressors and valves, which are particularly vulnerable to carbonic acid
corrosion.”’ Another option is threading a new pipeline designed for CO, through a
larger abandoned pipe, thus eliminating costs of digging new trenches and providing
additional protection from the elements.

While recognizing these possibilities, this study assumes the laying of a new pipeline for
a number of reasons. First, no single line runs the entire length from the BP facility to the
oilfields, so any use of existing lines could only present a partial solution. Second, all of
the pipelines along the proposed route are described as “in service” in TRC reports. This
may or may not mean that they are moving other liquids or gasses, but it would be
conservative to assume so. Third, cost estimates for retrofitting an existing line or
threading a smaller line through a larger one are not available. Fourth, assessing the
possibility and cost of using an existing pipeline would require negotiations with multiple
current pipeline operators, efforts beyond the scope of this study. Finally, such
arrangements for reuse of an existing pipeline are not likely to be present at other sites
that might rely on this case study as a model. Thus, while such options should be
considered in an actual CO, EOR venture, this study assumes the construction of a new
pipeline system.

This study assumes the capture, compression, and injection of 1 million tons of CO; per
year, or 2,740 tons per day. Such a flow would require an eight-inch pipeline.**
Estimates for CO; pipeline costs vary significantly in the EOR and sequestration
literature. For instance, one source suggests a cost of $700 per meter of pipeline,” which
would yield a total pipeline cost of about $27 million for a 24 mile pipeline based on a
larger diameter pipe than this project will require. Much of the uncertainty arises from
differences in pipeline size and scale. Models often simulate large-scale projects which
require large diameter pipes over long distances. Another source takes pipeline diameter
into account, suggesting a cost of 1,040 Euros (€) ($1,235) per kilometer per millimeter
of pipeline diameter,”* which would yield project cost of about $9.7 million. The cost
estimate used in this study is based on a model developed by the Kinder Morgan pipeline
company specifically to model EOR costs in Texas. Kinder Morgan estimates costs
through a formula of $150,000 plus $20,000 per mile per inch of pipeline diameter; thus
the model predicts a pipeline cost of $4 million.”> Because the model was developed and
used by a company with considerable experience in the pipeline industry in Texas, it
seems to be the most applicable model to the present case.

The Hastings West Frio field could absorb CO, for EOR at a rate of 1 million tons per
year for over 25 years (see below). If more CO, became available from either the BP
facility or other carbon emitting sources in the region, a regional pipeline system could be
designed to link the various sources and oil fields. If this pipeline was envisioned as a
trunk line for a future regional system, a larger pipe might be considered. Such
considerations are beyond the scope of this case study.

The compression and transport of CO, would require energy. Any permanent CO,
storage would have to be net of such energy use and CO, generations, as discussed
below.
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Texas law requires that CO; transport system components have a corrosion-resistant
coating.”® As mentioned above, the transport of 2,740 tons of CO, per day would require
an eight-inch pipe. According to one source, transmission of CO, requires the gas to be
pressurized to 8 Megapascals (1,160 pounds per square inch) for transport. ”” Another
source claims that while CO; reaches a supercritical state at 7.38 MPa, common practice
dictates compression to 10.3 MPa to ensure that the CO, remains supercritical.”® While
booster stations providing additional compression would be required for a pipeline longer
than 100 km, no additional compression would be necessary for a 24-mile CO, pipeline.*’
The compressor would be incorporated into the capture process at the refinery.

Under ideal conditions, pipeline construction could proceed at a rate of as fast as 1.5 km
per day.”® This rate would suggest a minimum construction time allotment of 26 days for
the pipeline, although there is no need for such a compressed construction schedule for
this case study. Construction of the pipeline and carbon capture systems can occur
simultaneously. Because of the much longer construction time requirement of the carbon
capture system, pipeline construction should not affect the timing of the overall project.

Permits

Before construction begins on the pipeline, the operator must apply for a permit (Form T-
4) and file a report with the TRC detailing its design and use (PS-48).*'"* Texas law
requires the pipeline operator to educate local public emergency officials about the
project.’® State law requires that the pipeline operator provide pipeline schematics and
emergency contact information to administrators of any public school within 1,000 feet
of the pipeline.’* In addition to accident reports and a facility response plan, Texas
requires that the pipeline operator file an annual report (Form PS-45) detailing carbon
dioxide transported and accident data.”> Texas law requires that the pipeline be inspected
at least every five years. The electrical components of the transport system must be
inspected six times annually.*

Risks

Recent research has suggested that CO, transport poses greater risks than hydrocarbon
transport due to its odorless quality and its tendency to collect in depressions rather than
dissipate like natural gas. The report suggested that any CO; transport project undertaken
near residential areas be accompanied by significant safety monitoring activities.”’ When
CO; has been transported to the Hastings West Frio field. The intent is to inject it into
the reservoir for enhanced oil recovery (EOR), as discussed below.

Enhanced Oil Recovery at Hastings West Frio Field
Site Selection and Characterization

The role of this section is to describe and evaluate factors that could be used to determine
whether an existing oil field is suitable for EOR by injection of CO,. One key factor is
whether the field has a recovery potential based on previous conventional and secondary
water flooding recovery techniques. A field that has responded well to water flooding
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may also respond well to tertiary recovery through CO, EOR. An existing oil in place
not recoverable through primary and secondary recovery should possess physical
properties that allow for CO, EOR to be effective. Geological properties of the reservoir
should meet existing industry criteria to be considered for CO, EOR based on thorough
geologic and engineering characterization of the reservoir. The necessary properties for
CO; EOR include high miscibility of the oil, appropriate depth and high permeability of
the reservoir, and low reactivity of the geological environment to the injected CO,.

Oil that mixes with CO; under pressure is more mobile and therefore easier to extract.
The physical property of 0il’s miscibility with the CO, molecules upon injection occurs
at a sufficiently high pressure, known as the minimum miscibility pressure (MMP), or
1070 psi, which occurs at an approximate reservoir depth of 2500 feet, although MMP is
a function of more than depth or pressure.”® The MMP is also affected by the density and
viscosity of the oil. Higher densities and viscosities increase the MMP, or increase the
pressure necessary to achieve miscibility.”® Previous injection projects using CO, “have
focused on oil with densities between 29° and 48° API (degrees on the American
Petroleum Institute gravity scale) or about 855-711 kg/m*”*" These lighter density oils,
or the light crude oils, have greater miscibility and therefore higher recovery rates. It is
estimated that CO, displacement in miscible oil environments can recover roughly 22
percent more oil than conventional and secondary techniques, compared to only 10
percent more by immiscible CO, displacement.”’

The geological environment in and around the oil reservoir affects the rate of oil
recovery. Existing CO, EOR projects have targeted oil reservoirs at depths between
2,500 and 12,000 feet.* Although the CO, EOR process can be implemented effectively
“in both sandstone and carbonate formations with a variety of permeabilities and
thicknesses of hydrocarbon bearing zones,”* reservoirs with higher permeabilities, such
as sandstones, generally yield higher tertiary recovery rates. Additional considerations
include the chemical reactivity of minerals within and surrounding the reservoir, the size
of the reservoir and the structure of the reservoir.** Table 7.2 lists some of the physical
characteristics considered prerequisites for CO, EOR.

Table 7.2
Enhanced Oil Recovery Field Selection Criteria

Characteristic Range of Values for CO2 EOR Sites
Reservoir depth 2,500 — 12,000 feet
Oil API 29° - 48° API
Permeability Varies
Chemical reactivity of geological formation to CO, | Low to none

Adapted from: Perry D. Bergman, Edward M. Winter, and Zhong-Ying Chen, “Disposal of Power Plant
CO; in Depleted Oil and Gas Reservoirs in Texas,” Energy Conversion and Management, vol. 38,
supp., (1997), p. S216; and Kristian Jessen, Anthony Kovscek, and Franklin M. Orr, “Increasing CO,
Storage in Oil Recovery,” Energy Conversion and Management, vol. 46 (February 2004), p. 294.
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The field in this case study represents a good candidate for the use of CO, EOR, as
indicated by the data listed in Table 7.3. The existing oil in the Hastings West Frio Field
has an API gravity of 31°.* The Hastings Field has been classified as being in the top 15
of existing oil fields in the Gulf Coast region of Texas for miscibility of existing oil.*
The reservoir lies in the highly permeable sandstone formation of the Frio Deep-Seated
Salt Domes."” The Hastings West Frio reservoir has an average well depth of 6200 feet.**
CO, EOR appears to be a viable option in the field given the existing conditions.

Table 7.3
Oil Field Data: Texas City Enhanced Oil Recovery Case Study

Item Hastings, W. Frio Field
Field number 39603001
County Brazoria
Current operator Texcal Energy LLP
Original Oil in Place (OOIP) (barrels) 1,265,296,000
Average well depth (feet) 6200
API of oil 31°
Estimated recoverable oil with CO, 215,100,320
EOR (barrels)
Operational injection wells 15
Operational production wells 89
Oil production — 1993 (barrels) 1,200,000
Oil production — 2005 (barrels) 637,452
Unitized Yes
Permeability High
Reactivity to CO, No known reactivity

Adapted from: Bureau of Economic Geology, The University of Texas at Austin, “Reservoir Candidates
Spreadsheet” (2005), from Mark Holtz (spreadsheet).

Additional Factors

The small- and medium-sized oil companies that have continued operations on the
diminishing oil fields in Texas may be discouraged from investing in CO, EOR for a
number of reasons. EOR represents a high-risk investment for oil companies, as
illustrated by the high initial discount rate often applied to such projects during economic
analysis, sometimes as high as 25 percent.* There are substantial up-front costs of
technology and infrastructure for EOR. The timeline of EOR production is not conducive
to a rapid payback of the investment, as most EOR projects experience a delay in oil
recovery up to 24 months after initial injection®” and full recovery of the oil may take
several years. The profitability of EOR depends not only on future crude oil prices
(which have been unpredictable at best) but also on future policy changes that may
restrict or prohibit all or part of the activities involved.”!
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Another factor is the negotiation of access to the oil field with the mineral rights owner.
The usual practice in Texas is for the owner of the mineral rights to negotiate a lease
agreement with an operator who extracts the oil.>> Under a typical lease, the operator of a
CO; EOR project would assume all expenses of the operations to extract the oil and in
return would receive a conveyance of 7/8 interest in the sale of the extracted oil. The
leaser or landowner would receive a 1/8 interest with no obligation to cover any of the
operation costs.” Assurance of cooperation between the operation of this CO, EOR
project and the owners of the Hastings West Frio field is beyond the scope of this report.

Permitting Process

In Texas, the injection of CO; is regulated under three separate classifications depending
on the characteristics of the gas being injected and the use of the injected gas. If the CO,
that is being injected contains any of a number of chemical compounds regulated as
pollutants under federal law (including SO,, NOy, trace heavy metals, or other toxics), the
injectant would be classified as hazardous Class 1 material and would fall under the
oversight of the Texas Commission on Environmental Quality (TCEQ).* Under Class 1
regulation it is much more difficult to obtain an underground disposal permit because of
the regulatory burdens of hazardous waste disposal under the Federal Resource
Conservation and Recovery Act (RCRA). If the injectant has no hazardous compounds
in significant quantities, it can be classified as a Class 5 material and is also regulated by
TCEQ.” Class 5 permitting is more lenient than Class 1 permitting because there is no
need to register as a disposal site of hazardous waste under RCRA. If the CO; is used for
EOR, the permitting process can fall under Class 2, easier than Class 5 permitting. Under
Class 2 regulation, the Texas Railroad Commission has jurisdiction, as the recovery of oil
becomes the economic activity involved.”® Since the activities of this case study consist
of using CO, for EOR, the most appropriate assumption is regulation under Class 2 status
established by the TRC.”’

CO2 Injection and Recovery

Existing physical infrastructure at oil fields can be adapted for use in CO, injection.’®
The Hastings West Frio field currently is utilizing water flooding techniques, so it is not
necessary to develop new injection wells. The same well infrastructure and injection
techniques can be used in the CO; injection process that have been used for secondary
production using water flooding. Both the existing injection wells and the existing
production wells must be reworked in order to be used for CO; flooding. To recycle the
CO, that escapes with the oil in the recovery process and depressurize it for reinjection, it
is necessary to construct a recycling plant.

Recycling CO, that escapes from the oil recovery process will require energy and thus the
generation of CO,. Any CO, credits would of course be net of any CO, generated as part
of the capture and storage system, as discussed below.

To adapt the Hastings West Frio field to CO, EOR, the existing pattern of injection and
production wells could be used. The specific wells to be used would be determined by
conducting field tests and surveys. The injection wells currently being used for water

70



flooding at each field may already be adequately spaced for adaptation to CO, EOR.
Given the high permeability of the geologic formation in which the reservoir exists one
injection technique used in West Texas, known as “water alternating gas” (WAG), might
be used to achieve maximum recovery of 0il.”” The WAG technique maintains a constant
pressure differential within the flood zone of the reservoir which is an important factor in
recovering optimal amounts of 0il.®” On the other hand, as the good of this process is to
store CO;, underground, it may be preferable just to flood the reservoir only with CO,.

The recovery process for CO, EOR is an extension of conventional and secondary water-
flood recovery techniques. Once at the surface, the CO; gas that combined with the oil in
the displacement process is separated from the oil, recompressed in the recycling plant,
and reinjected into the reservoir.

The current estimate of original oil in place (OOIP) for the Hastings West Frio field is
1,265,296,000 barrels.®' Based on two existing CO, EOR projects, the Little Creek and
Quarantine Bay projects in Mississippi, which both have similar geologic formations and
utilize comparable recovery techniques, potential recovery would be approximately 15
percent of OOIP.%* A 15-percent recovery of OOIP equates to 189,794,400 barrels of
recoverable oil at the Hastings West Frio field. Based on EOR results from high-
permeability sandstone formations,” a reasonable assumption for the net application rate
of CO, would be 3.89 barrels recovered per ton (4.5 mcf/stb) of CO; injected. For each
barrel of oil recovered, it is necessary to capture, re-pressurize and re-inject 0.114 tons of
CO, (2 mef/stb).** That equates to approximately 443,460 tons of CO, per year recycled
in the Hastings West Frio EOR project. The net application rate of CO, includes the
recycled CO,.

Using these assumptions, an estimate of initial capital costs and annual operations costs
can be made for the hypothetical EOR case. Since the cost estimates are based on the
Kinder Morgan Scoping Model that was last updated in 2001, 2 percent annual increases
in the capital costs (to 2006) and annual costs (through 25-year life of project) have been
added to reflect the rise in costs due to inflation. A complete list of costs for the case
study can be found in the “Costs and Benefits” section below.

Economic Considerations

One question facing a private company making a decision as to whether to invest in CO,
capture and storage is whether it can make a profit in the process. If the company decides
to inject CO; into an oil-bearing strata for EOR, will the revenue from the marginal oil
production exceed the costs of capture, storage, taxes and other expenses? If the
company wants to sequester oil in deep-brined strata, will the credits of CO,
sequestration be more than the cost of CO, capture and storage? Such investment
decisions are made using a multitude of financial measures. The final discounted benefit
in dollar terms must exceed the discounted capital and operating costs. The flow of
revenue must yield a profit quickly enough to justify the risk of investing capital
compared to the alternative oil and gas investment options available to the firm. The
return on invested capital must flow at a rate that exceeds the returns available from those
other oil and gas investments that could compete with this CO, EOR project.
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This process, called capital budgeting, allows a firm to predict the extent to which an
investment will generate economic profits or losses. The firm estimates future cash flows
and expenses of the project and reduces them into a net present value (NPV) of the
investment. The time-horizon of the returns—the number of years before the investment
is repaid—can be identified by calculating the NPV in each year and predicting the
number of years that would be required before the investment is repaid. Firms can
calculate the internal rate of return (IRR) by setting the NPV at the end of the life of the
investment equal to zero and calculating a new discount rate. This rate is then compared
with the potential returns from the alternative oil and gas investment options available to
the firm, so as to assess the relative attractiveness of the project or investment. When all
three of these criteria look favorable, companies may choose to invest in a particular
project.

Monitoring and Verification

Monitoring and verification are essential mechanisms for assuring a safe and healthy
environment and validating the value of stored CO; from carbon sequestration. There are
three necessary components to the process: injection, plume disposal, and leakage. First,
the injection pressure of CO, must be watched closely to ensure the mechanical integrity
of the well casing to make sure that CO, is indeed being infused underground. Second,
the CO, plume has to be monitored so as to understand the location and movement within
the geologic formation. Third, the volume of CO, sequestered needs to be verified in
order to legitimize the process of carbon trading, and to evaluate what amount, if any, of
CO; is leaking from the geologic formation.

Monitoring CO; injection is currently required to perform enhanced oil recovery. A
Class II permit can be obtained by submitting the appropriate application to the TRC’s
Environmental Services Section and paying the proper fee.” The application requires
adequate geologic information, specifications for casing and cementing, and perform an
area review of all wells within one-quarter of a mile of the well in question®® to document
that the injection well will not pollute any freshwater sources or endanger existing oil,
gas, or geothermal resources.®” The review requires mechanical integrity testing of each
well by equalizing casing and tubing pressure and then testing the tubing to insure the
pressure is stabilized.®® After the permit is submitted the TRC has a minimum of 45 days
for review, a process that can be extended if the appropriate information is not included
or if the application is protested.”” Monthly surface injection pressure monitoring is also
required, which is then compiled into an annual report and sent to both the Austin
headquarters of the TRC and the TRC district office closest to the well.”” The TRC
district office is also expected to perform periodic field inspections of the well to ensure
compliance.”' Beyond the costs of these requirements there are also costs associated with
the maintenance and operation of each well.

In order for CO; sequestration to develop as an industry, short and long-term monitoring
techniques will be required in order to verify the amount of CO, being sequestered for

trading, and to monitor environmental effects on groundwater, air, and local ecosystems.
To do this, plume movements will need to be monitored as well as surface measurements
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to detect possible leaks. There are numerous techniques such as tracers, geochemical
processes, infrared spectroscopy, and seismic monitoring. The appropriate model will
reflect site specifications. One recent report suggests the use of two monitoring packages,
basic and enhanced.”” The basic package includes seismic tests, microseismicity,
wellhead pressure, and injection rate monitoring for thirty years of injection, and an
additional twenty years of long-term monitoring” and in extended to cost $0.05 per ton
CO,.” The enhanced package includes all of the basic monitoring techniques as well as
CO; %ux monitoring and other advanced technologies at a cost of $0.069-0.085 per ton
COa.

Baseline Case Study Cost and Revenue Streams

The case study, using CO, captured at BP’s Texas City refinery for EOR at the Hastings
West Frio oil field, will have annual cash flows from the marginal increase in oil
production at the field due to EOR. It will have annual expenses related to the capture
and transportation of the CO,; maintenance and monitoring of EOR activities; and a large
capital investment in pipelines, CO; capture equipment, and EOR site equipment.”® The
case study examines the cost and revenue flows over a 25-year period. The annual cash
flows are a function of the rate of marginal oil production to CO; injection (barrels/ton
COy), the price per barrel of oil, and the amount of CO; captured, which has been set at a
million tons per year for this case study. The base case assumptions are outlined in Table
7.4.

Table 7.4
Base Case Assumptions: Texas City/Hastings Case Study

Item Metric Value

Market price of oil $/Bbl 55
Discount rate % 15

Rate of EOR to CO; injection Bbls/Ton CO, 3.89
Marginal capture and compression cost | $/Ton CO2 39

CO; captured per year Tons 1,000,000
Severance tax rate % 2.3

Ad valorem tax rate % 4.6
Federal tax rate % 35

Lease Royalties % 12.5

Source: Authors’ assumptions.

The annual costs of such a project include the capture, compression, transportation, and
injection of CO,, as well as maintenance and operations of the pipelines, and taxes.
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Table 7.5 outlines the CO; capture cost calculations. Current year 2006 tax rates have
been applied for the base case. The base case discount or amortization rate is set at 15
percent.

Table 7.5
Annual Costs Data: Calculations and Hastings Case Study Results

Item Case Study Costs

Capture costs/ year $30,532,000
Injection costs/year” $2,727,200
Lift costs/year® $429,487

Recycle costs/year $1,711,696
Pipeline maintenance and operations costs/Year® $25,000

General maintenance and operationsf $2,204,629
Severance taxes® $4,920,850
Federal income taxes" $52,084,200

Sources and notes:
* These values are calculated in the CO, Capture Cost Calculation Summary Table 7.4.
® This value assumes $5.41 per bbl. Source: Kay Damen, Andre Faaij, Frank van Bergen, John Gale,
and Erik Lysen., “Identification of Early Opportunities for CO, Sequestration—Worldwide Screening
for CO,-EOR and CO2-ECBM Projects,” Energy, vol. 30, no. 10 (July 2005), p. 1945. Online.
Available: http://www.sciencedirect.com. Accessed: December 19, 2005.
¢ This value uses $0.10/bbl. Source: “Kinder-Morgan CO, Flood Scoping Model Spreadsheet”
(2001), from Mark Holtz, Bureau of Economic Geology, The University of Texas at Austin
(spreadsheet).
4 This value uses $0.20/mcf. Source: Ibid.
¢ Gemma Heddle, Howard Herzog, and Michael Klett, “The Economics of CO, Storage,”
Massachusetts Institute of Technology, August 2003, p. 26. Online. Available:
http://sequestration.mit.edu/pdf/LFEE 2003-003 RP.pdf. Accessed: November 8, 2005.
" This value is calculated using $19,200 per well per year for 15 injection wells and 89 production
wells. Source: “Kinder-Morgan CO, Flood Scoping Model Spreadsheet” (2001), from Mark Holtz,
Bureau of Economic Geology, The University of Texas at Austin (spreadsheet).
¢ Texas Railroad Commission, Oil and Gas Division, Severance Tax Exemptions and Reductions as
Incentives to Increasing Texas Oil and Gas Production. Online. Available: http://www.rrc.state.tx.us/
divisions/og/notices-pubs-swr/notices/ogpn24.html. Accessed: October 23, 2005.
" This value is 35 percent of total production. Source: “Kinder-Morgan CO, Flood Scoping Model
Spreadsheet” (2001), from Mark Holtz, Bureau of Economic Geology, The University of Texas at
Austin ( spreadsheet).
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The capital costs include pipeline construction from the Texas City Refinery to the
Hastings West Frio oil field, a CO; capture plant, a recycling plant at the oil field, and
well reworking at the EOR sites (see Table 7.6). The capital cost estimates of the CO,
capture plant are based on a large scale study of the cost of capturing CO, from a large,
pulverized-coal power plant flue stack.”” Since the CO, concentration in the PC flue is
about twice that of the flue in a steam reforming hydrogen plant (15 percent vs. 7
percent), the cost of the amine absorbers, storage tanks, and the associated costs (such as
facilities and installation) are doubled, resulting in a roughly 20 percent increase in total
capital costs.”® The project is then scaled down to the 1 million tons per year capture
requirements of the BP Texas Refinery/Hastings project. The scaling calculations are
summarized in Table 7.6.

Table 7.6
CO, Capture Cost Calculation Summary

Item Metric Value
Annual energy capture cost MMBtu/year 4,108,433
Hourly energy cost MMBtu/hour 514
Fuel cost $/MMBtu 6
Capture energy cost/Ton CO, $/Ton CO, 25
Annual capture energy cost $/year 24,672,000
Annual capture plant maintenance cost” $/year 3,600,000
MEA reagent and water costs® $/year 2,260,000
Total annual capture cost $/year 30,532,000
Capture cost/Ton CO, $/Ton CO, 30.53

Sources and notes: The CO, capture cost estimate is based on a large-scale simulation of MEA-based CO,
capture at a PC power plant (referred to here as the reference plant) with MEA-based CO, capture
conducted by Gary Rochelle, Ph.D., of The University of Texas at Austin, the Trimeric Corporation,
and the Platte River Power Authority of Colorado. The reference capture plant uses heat at a rate of
1,705 MMBtu per hour to capture 415 tons of CO, per hour. The Texas City capture plant will capture
125 tons CO, per hour. The corresponding heat requirement for the Texas City capture plant is
estimated to be 514 MMBtu per hour (125/415 x 1705 MMBtu). At 8,000 hours per year, the heat
requirement is 4,108,433 MMBtu per year, or 4.108 MMBtu per ton CO,. (Interview by Cyrus
Tashakkori with Gary T. Rochelle, Grobbe Professor of Chemical Engineering, Department of
Chemical Engineering, The University of Texas at Austin, March 20, 2006). The base case assumes
fuel cost for heat production of 6 dollars per MMBtu (Interview by Michael Hoffman with David
Burns, Manager, Business Development, Praxair Inc., Austin, Texas, April 3, 20006).

* Annual plant maintenance cost is estimated at 3 percent of the capital cost of the capture plant and
compressor (Rochelle interview).
" The MEA reagent and water costs were calculated using the $7.5 million annual cost of the reference

plant and scaling down for CO; per hour using the 125/415 factor (Rochelle interview).
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Costs to the EOR Producer

Overall cost can be determined by calculating capital cost and annual cost, and
comparing these amounts to expected revenue under an assumed discount rate. The
previously detailed base case assumptions that lead to capital and operating costs are
detailed in Table 7.3. For the BP refinery and the Hastings-West Frio field case study,
construction of the CO; capture plant will take two years and construction of the pipeline,
the EOR recycling plant, and the reworking of all EOR wells will all take place during
the second year, thus the capital costs are budgeted only for these first two years. Capital
costs, including the capture plant, compressor, well re-working, and pipeline
construction, are estimated to be $60 and $90 million over the first two years, or $138
million in discounted costs.

Annual operating costs make up a significant portion of the total project cost. Because of
the construction projects occurring over the first two years, there is no annual operating
cost included in the cost estimate for the first two years, only capital cost. Excluding
taxes, the annual costs of the project for all other years (including capture, compression,
transportation, and injection of CO,, as well as maintenance and operations of the
pipelines) are estimated to be $35 million per year. Total annual and capital cost over a
25 year discounted horizon are calculated to be $349 million.

Revenues to the EOR Producer

Based on the production assumptions in Table 7.3 and including no government subsidies
for capital and annual project costs, revenues outpace the previously discussed capital
and annual operational expenses after the first two years. Based on previous EOR
projects, this case assumes that 17 percent of the oil recoverable in the given field can be
produced through CO, EOR.” Based on this percentage, at the Hastings-West Frio field
there are 215 million barrels of oil available for EOR recovery, of which it is possible to
recover 97 million barrels over the project’s 25 year horizon. This would create 3.89
million barrels of production per year, resulting in revenue of $213.9 million per year.
Total revenue with the current assumptions comes out to $4.9 billion over 25 years, or
$900 million in present value terms (see Table 7.7).
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Table 7.7
Revenue: Hastings Field Enhanced Oil Recovery Case Study

Item Metric Case Study Value
Total oil in well Bbls 1,265,296,000
Available for recovery” Bbls 189,794,400
Recovered per year Bbls 3,890,000
Total recovered (25 year horizon) | Bbls 97,250,000°
Revenue per year UsS§ 213,950,000
Net Present Value of Revenues Us§$ 900,160,244

Sources and notes:
* This assumes 17 percent of the total oil in the field is available for recovery. Source: Mark Holtz ,
“Gulf Coast CO, Enhanced Oil Recovery Case Studies,” Presentation at the Bureau of Economic
Geology, The University of Texas at Austin, February 10, 2006.
® This value assumes 3.89 bbls/ ton of CO; and 1,000,000 tons of CO, available per year. Source:
Mark Holtz, Vanessa Lopez, Caroline Breton, “Moving Permian Basin Technology to the Gulf Coast:
the Geologic Distribution of CO, EOR Potential in Gulf Coast Reservoirs,” West Texas Geological
Society Publ. #05-115, Fall Symposium, October 25-27, 2005, p. 6.
¢ This value is calculated using 3,890,000 bbls/yr x 25 yrs.
4 Based on base-case assumption of $55/bbl.

¢ Based on base-case assumption of 15% discount rate over 25 years.

Profits to the EOR Producer

Because of issues related to construction and the amount of time it takes to initially
produce oil on an EOR project, profit realized in this case study does not become positive
until the fifth year. Annual profit is estimated to be around $150 million per year, or $3.4
billion over the project horizon. Discounting the profit at 15 percent over the 25-year
horizon and accounting for all federal, state and local taxes on production and land value,
total profit is estimated to be approximately $172 million over the life of the project
before any government subsidies are incorporated. Based on this profit and the initial
capital costs, the EOR project at Has