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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily reflect those of the United
States Government or any agency thereof.
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Abstract

The Southwest Partnership on Carbon Sequestration completed its Phase | program in
December 2005. The main objective of the Southwest Partnership Phase | project was to
evaluate and demonstrate the means for achieving an 18% reduction in carbon intensity by 2012.
Many other goals were accomplished on the way to this objective, including (1) analysis of CO,
storage options in the region, including characterization of storage capacities and transportation
options, (2) analysis and summary of CO; sources, (3) analysis and summary of CO, separation
and capture technologies employed in the region, (4) evaluation and ranking of the most
appropriate sequestration technologies for capture and storage of CO; in the Southwest Region,
(5) dissemination of existing regulatory/permitting requirements, and (6) assessing and initiating
public knowledge and acceptance of possible sequestration approaches.

Results of the Southwest Partnership’s Phase | evaluation suggested that the most convenient
and practical “first opportunities” for sequestration would lie along existing CO, pipelines in the
region. Action plans for six Phase II validation tests in the region were developed, with a
portfolio that includes four geologic pilot tests distributed among Utah, New Mexico, and Texas.
The Partnership will also conduct a regional terrestrial sequestration pilot program focusing on
improved terrestrial MMV methods and reporting approaches specific for the Southwest region.
The sixth and final validation test consists of a local-scale terrestrial pilot involving restoration of
riparian lands for sequestration purposes. The validation test will use desalinated waters
produced from one of the geologic pilot tests.

The Southwest Regional Partnership comprises a large, diverse group of expert organizations
and individuals specializing in carbon sequestration science and engineering, as well as public
policy and outreach. These partners include 21 state government agencies and universities, five
major electric utility companies, seven oil, gas and coal companies, three federal agencies, the
Navajo Nation, several NGOs, and the Western Governors Association. This group is continuing
its work in the Phase II Validation Program, slated to conclude in 2009.
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Executive Summary

The Southwest Regional Partnership on Carbon Sequestration (SWP) region includes Arizona, Colorado, New
Mexico, Oklahoma, Utah, and contiguous areas from three adjacent states, including western Texas, southern
Wyoming, and western Kansas. This region is a net exporter of electricity, coal, oil and gas, and has some of the
largest growth rates in the nation.

The Partnership characterized the region’s geologic and terrestrial sequestration attributes and options, including
ranges of storage capacities of each option. The Partnership also evaluated and summarized CO2 sources in the
region, and associated separation and capture technologies employed in the region. Measurement, mitigation and
verification (MMV) options were evaluated, and a suite of most appropriate MMV options for Phase 1l validation
testing was assembled. Outreach and education of the public was initiated, using a range of communication
approaches, including websites, townhall meetings and conferences. The resulting data from all SWP analyses were
compiled and published in comprehensive databases, with public online access; these data were also propagated to
NATCARB.

The southwest region possesses an extensive CO, pipeline network that transports over 30 Mt of naturally-
sourced CO, per year from the central Rockies to the Permian basin for EOR operations. In the Partnership’s Phase |
project, we concluded that the most convenient and practical opportunities for sequestration would be to supplant the
natural CO; in these pipelines with power-plant-sourced CO,. We maintain this idea and suggest that “first options”
for the nation may lie along existing pipelines. Furthermore, the SWP’s Phase | ranking of sequestration
opportunities considered proximity to sources and/or pipeline infrastructure in addition to economic, safety, risk
mitigation potential, and other factors. The result of the Phase I ranking process produced plans for a technology
validation program that includes four geologic pilot tests located among Utah, New Mexico, and Texas, in addition
to a region-wide terrestrial analysis and a local-scale terrestrial pilot test. The Phase I project recommended
geologic sequestration test sites to inject a minimum of ~75,000 tons/year CO,, with a minimum injection duration
of one year. Such pilots represent medium-scale validation tests in sinks that may host capacity for possible larger-
scale sequestration operations in the future. These validation tests will also demonstrate a broad variety of carbon
sink targets and multiple value-added benefits, including testing of deep saline sequestration, enhanced oil recovery
and sequestration, enhanced coalbed methane production and a geologic sequestration test combined with a local
terrestrial sequestration pilot. The local terrestrial pilot involves restoration of riparian lands for sequestration
purposes, using desalinated waters produced from our scheduled enhanced coalbed methane / CO, sequestration
pilot project. The Partnership’s regional terrestrial sequestration pilot program will focus on improved terrestrial
MMV methods and reporting approaches specific for the Southwest region. In sum, the SWP’s Phase | project
produced a field validation testing program that will seek to maximize specific performance, economic, and
environmental goals of the DOE Carbon Sequestration Roadmap. This validation-testing will demonstrate efficacy
of sequestration technologies to reduce or offset greenhouse gas emissions in the region. Risk mitigation,
optimization of MMV protocols, and effective outreach and communication are additional critical goals of these
field validation tests.

The SWP comprises a diverse group of expert organizations specializing in carbon sequestration science and
engineering, as well as economics, public policy and outreach. These partner organizations are drawn from: 1)
industry, 2) State governmental agencies and universities, 3) U.S. Federal government entities, and 4) other
specialized partners, including the Western Governors Association. The Southwest Partnership continues a close
alliance with the other Regional Partnerships, and the Western Governors’ Association has facilitated
communication and collaboration. For Phase |1, the Southwest Partnership is collaborating with Big Sky Partnership
and WESTCARB on two different pilot tests in the region.

This report outlines the general results of the Phase 1 SWP program, which focused on characterization of the
region and its sequestration options. Also included is a series of appendices, which are intended as stand-alone
documents; these appendices include descriptions of the general regulatory frameworks in the Southwest region (by
state), a summary of carbon sources in the region, a summary of the SWP risk factors assessment, a summary of
monitoring technologies and gaps in coverage, a summary of activities conducted by the Western Governors
Association on behalf of the SWP, and the action plans for the SWP Phase 2 sequestration validation program.



Experimental
No special experimental methods are being employed in this project. Materials and equipment

used include only standard communication means and data management tools, including
computerized databases, internet websites, etc.

Results and Discussion

Geologic Sinks

Arizona Geologic Sinks

The total carbon dioxide (CO,) sequestration capacity of geologic sinks in Arizona, excluding
mineralization, is estimated to be in excess of 27,520 million metric tons (Table 1). Saline
reservoirs on the Colorado Plateau in northern Arizona and the intermountain basins in southern
Arizona account for essentially all of this capacity even though they have the greatest uncertainty
as to effective reservoir and trap development (Fig. 1). Oil and gas fields on the Navajo Nation in
northeastern Arizona account for only 14.1 million metric tons of the total. No CO, sequestration
capacity was estimated for coal because none of the coal deposits meet the minimum depth
requirement for maintaining CO, in a critical state. The deepest coal deposits are less than 2,000
ft deep whereas the CO; critical state requirements are based on temperature and pressure levels
below a minimum depth of 2,600 ft. There is no coalbed methane production in Arizona.

The six major utility point sources in Arizona discharged 41 million metric tons of CO; in
2002. The Navajo Generating Station near Page discharged 18 million metric tons of CO; in
2002. The Navajo Generating Station is the largest point source of CO, emissions in Arizona. All
six major utility point sources are located over potential saline reservoirs. None of the major
utility point sources are located near oil and gas fields.

Oil and Gas Fields

There are 14 relatively small oil and gas fields in northeastern Arizona (Fig. 1). The total CO,
sequestration capacity for all of the fields together is estimated to be about 14.1 million metric
tons. The oil and gas fields include the (1) Dineh-bi-Keyah, (2) East Boundary Butte, (3) Black
Rock, (4) Dry Mesa, (5) Teec Nos Pos, (6) Tohache Wash, (7) Bita Peak, (8) Twin Falls Creek,
(9) North Toh Atin, (10) Toh Atin, and (11) Walker Creek fields on the Navajo Nation and the
(12) Pinta Dome, (13) Navajo Springs, and (14) East Navajo Springs helium fields in the
Holbrook Basin. All have been abandoned except for the Dineh-Bi-Keyah, East Boundary Butte,
Black Rock and Dry Mesa fields. All production has come from geologic units of Paleozoic age
except for Dineh-bi-Keyah. Dineh-bi-Keyah is unique because the producing reservoir is igneous
rock of Tertiary (Oligocene) age that was intruded into carbonate and organic-rich, black shale of
Pennsylvanian age.




Field Location
Dineh-bi-Keyah 35-36n/29-30¢

East Boundary Butte 41n/28-29¢
Black Rock 40n/29¢
Dry Mesa 40n/28e
Teec Nos Pos 41n/30e
Tohache Wash 41n/30e
Bita Peak 41n/31e
Twin Falls Creek 41n/30e
North Toh Atin 41n/28e
Toh Atin 40n/28¢e
Walker Creek 41n/25¢
Pinta Dome 19-20n/26¢
Navajo Springs 19-20n/27-28e

East Navajo Springs 19-20n/27-28e

Productive horizon

Tertiary Igneous in Penn. Hermosa Fm
Penn. Paradox Fm

Miss. Leadville Ls / Penn. Paradox Fm
Miss. Leadville Ls / Penn. Paradox Fm
Penn. Paradox Fm

Devonian Aneth Fim/ Miss. Leadville Ls
Penn. Paradox Fm

Penn. Paradox Fm

Penn. Paradox Fm

Penn. Paradox Fm

Devonian McCracken Ss

Permian Coconino Ss

Permian Coconino Ss

Permian Coconino Ss

Only two oil and gas fields in Arizona exceed the cumulative production values of 1 million
barrels of oil or 10 billion cubic feet of gas used by the Southwest Partnership to identify
preferable geologic sink candidates. These include the Dineh-bi-Keyah field with a cumulative
oil production of 18.5 million barrels and the East Boundary Butte field with a cumulative gas
production of 10 billion cubic feet. The total estimated sequestration capacity of Dineh-bi-Keyah
and East Boundary Butte is 11 million metric tons. None of the fields in Arizona are in close
proximity to a major point source of CO,. The closest point sources are about 45 miles to the east

in northwest New Mexico.

Dineh-bi-Keyah Field (AZ-000F02)

Why the site looks good:

e Demonstrated reservoir with effective seal
e Cumulative production of 18.3 million barrels oil, 6.6 million barrels water, and 4.7

billion cubic feet gas

o Existing well bores plus added value from a potential CO, flood
¢ Injection targets range from 2,800 to 3,800 ft
e Potential CO, sequestration capacity of 9 million metric tons

Issues needing further evaluation:

e Approximately 45 miles to nearest point sources in northwestern New Mexico
e Located on Navajo Nation and may require special permits and fees

East Boundary Butte Field (AZ-000F01)

Why the site looks good:

e Demonstrated reservoir with effective seal
e Cumulative production of 10 billion cubic feet gas, 5.2 million barrels water, and 0.9

million barrels oil

e Existing well bores plus added value from a potential CO, flood
e Injection targets range from 4,700 to 5,000 ft
¢ Potential CO, sequestration capacity of 2 million metric tons

Issues needing further evaluation:



e Approximately 45 miles to nearest point sources in northwestern New Mexico
e [ocated on Navajo Nation and may require special permits and fees

Deep Saline Reservoirs

The total maximum CO, sequestration capacity for the ten deep saline reservoirs identified in
Table 1 is estimated to be about 27,500 million metric tons. Three of the saline reservoirs are
Paleozoic units located near Page, Holbrook, and St. Johns in northern Arizona. The remaining
seven are basin-fill sediments located in the intermountain Tertiary basins in southern Arizona.
Six of the saline reservoirs underlie major utility point sources of CO; including the Navajo,
Cholla, Coronado, and Springerville power plants in northern Arizona and the Apache and
Irvington power plants near Willcox and Tucson in southern Arizona (Fig. 1).

Greater uncertainty exists in terms of reservoir extent and trap efficiency in the deep saline
reservoirs as opposed to the oil and gas fields. There is very little direct reservoir and trap
information such as porosity, permeability, depth, and thickness available for the saline
reservoirs, especially in the Tertiary basins, because there are so few deep drill holes and the
information that is available from the few deep drill holes is in most cases very sparse and
sketchy. As a result, porosity, depth and thickness are based mostly on driller’s descriptions and
old electrical logs. Reservoir pressures are estimates based mostly on a pressure gradient of
0.433 psi per ft of depth. The estimated area of the saline reservoirs in the Tertiary basins is
based on the 3,000 ft depth-to-bedrock contours, which in turn are based on gravity.

Focus Site: Navajo Generating Station

The Navajo Generating Station (NGS) is the largest stationary point source of CO, emissions
in Arizona. It discharged about 18 million metric tons of CO; in 2002. The 2,400 MW coal-fired
NGS is approximately five miles southeast of Page on property leased from the Navajo Nation.
The Salt River Project (SRP) operates the NGS.

The youngest to oldest potential CO, sequestration reservoirs underlying the NGS include the
Kaibab Limestone, Coconino Sandstone, and Cedar Mesa Sandstone of Permian age; Redwall
Limestone of Mississippian age; and Tapeats Sandstone of Cambrian age. Potential reservoir
seals include the Muav Limestone, Bright Angel Shale, Organ Rock Shale, Chinle and Moenkopi
Formations. The estimated reservoir and seal depths and thicknesses underlying the NGS are
tabulated in Table 2.

There are no deep exploratory wells in the immediate vicinity of the NGS. Formation depths
and thickness estimates underlying the NGS are based on projections of formation tops in the
Shell Soda Unit #1 in Utah (2-40s-7e) and the Sinclair Oil Navajo Tribal #1 in Arizona (28-37n-
14e). The Shell Soda Unit #1 and Sinclair Oil Navajo Tribal #1 are approximately 39 miles
northeast and 38 miles southeast of the NGS, respectively. Figure 2 illustrates the relative
location of the NGS, wells, orientation of A-A’ profile, NGS projection point onto A-A’, and a
cross section along A-A’.

The NGS is within the Kaibito Plateau physiographic province, which is part of the
Kaiparowits Basin. The Kaibab Uplift, White Mesa, and Navajo Mountain bound the basin on
the west, south, and east, respectively. The basin extends north into Utah and covers
approximately 3,000 square miles in Arizona.

Land surface elevation near the NGS is approximately 4,350 ft above mean sea level and
located within a grassland-shrub vegetation zone. Average annual temperature is approximately
58°F. Mean annual precipitation is less than eight inches. Range in annual snowfall exceeds 40




inches. Municipal and industrial water demands in the area are provided from Lake Powell
surface-water withdrawals.

Groundwater is present at approximately 1,050 ft below land surface and occurs primarily in
the Glen Canyon Group, which is known as the N-aquifer system. The early Jurassic to upper
Triassic (180 to 210 Ma) N-aquifer system consists of the Navajo Sandstone, Kayenta
Formation, and Wingate Sandstone. The deeper C-aquifer includes the Kaibab Limestone and
Coconino Sandstone. The C-aquifer is not a water supply formation in the northern Arizona
Colorado Plateau region. Indications are that the Kaibab Limestone and the Coconino Sandstone
are dry west of the north-south trending Wahweap syncline, located approximately three miles
east of Page. Groundwater in the vicinity of the NGS flows north toward Lake Powell.

Cambrian Tapeats Sandstone

The Grand Canyon Tonto Group of Cambrian age has been differentiated into the Tapeats
Sandstone, Bright Angle Shale, and Muav Limestone. The Tapeats Sandstone is the deepest
saline reservoir under consideration for CO, sequestration with approximately 6,500 ft of
overburden. Thickness estimates range between 200 to 350 ft near the confluence of the Little
Colorado and Colorado Rivers. It is not considered an aquifer due to its depth and salinity. The
Tapeats is very fine to very coarse, subrounded to subangular and is poorly sorted with clear,
white, and pink quartz grains. The sandstone is thin- to thick-bedded with planar-tabular cross-
bedding that is medium to low angle and medium to large scale. It may contain lenses of
conglomerate near the basal contact and is generally well cemented by siliceous quartzite
material. Thus, the Tapeats does not readily transmit water rapidly unless fractured. The Hopi
have used the seeps near the mouth of the Little Colorado River as a source of salt. The Sinclair
Oil Navajo Tribal #1 did not fully penetrate the Tapeats (only 30 ft) so the projected thickness is
unknown. The Tapeats thickness in the Shell Soda Unit #1 is 215 ft. The thickness estimate
underlying NGS is 330 ft.

Mississippian Redwall
The Mississippian Redwall Limestone in Grand Canyon is equivalent to the Leadville
Limestone in the Four Corners region. The Redwall is approximately 500 ft thick in Grand
Canyon where it has been differentiated into four members:
e Member-A, the basal Whitmore Wash Member, is a thick-bedded unit 70 to 130 ft thick.
Limestone predominates in the western part of the area and dolomite in the eastern part.
e Member-B, Thunder Springs Member, is approximately 65 to 105 ft thick and consists of
alternating beds of chert and carbonate rock approximately 1 to 5 inches thick and forms
a conspicuous banded cliff.
e Member-C, Mooney Falls Member, is a thick bedded, massive, cliff-forming unit that
ranges from 200 to 400 ft thick.
e Member-D, the uppermost Horseshoe Mesa Member, is a 40 to 100 ft thick thin bedded,
mostly aphanitic limestone.

The Mississippian rocks thin progressively to the southeast and are no longer present east of
Holbrook. The Redwall Limestone appears massive but close inspection indicates it contains
numerous solution channels and cavities developed along bedding planes, faults, and joints.
Previous thickness estimates near Page are between 600 and 700 ft.



Pennsylvanian and Permian Rocks

The Aubrey Group, named after the Aubrey Cliffs near Seligman, consists of the following
units from top to bottom: Kaibab Limestone, Coconino Sandstone, Hermit Shale, and the Supai
Formation. The Coconino and the Kaibab are the chief water-bearing units in the southern part of
the Colorado Plateau. These units are connected hydraulically and form the C-multiple aquifer
system. The Kaibab Limestone is not present in the Sinclair Oil Navajo Tribal #1 and, assuming
the unit pinches out at the well, is of negligible thickness beneath the NGS (15 ft). The projected
Coconino Sandstone thickness is approximately 550 ft beneath the NGS.

Discussion

The Kaibab Limestone and Coconino Sandstone are above a depth of 2,600 ft in the vicinity
of the NGS (Table 2, Fig. 2). Geological sequestration of CO, below a depth of 2,600 ft is
preferred because formation temperature and pressure conditions below 2,600 ft will maintain
CO» in a critical state.

The 1,315 ft thick Cedar Mesa Sandstone, which lies deeper than the preferred depth of 2,600
ft, underlies approximately 455 ft of Organ Rock Shale, a potential seal formation. The deeper-
lying Redwall Limestone and Tapeats Sandstone merit further evaluation. Exploratory drilling
near the NGS is needed to obtain direct and critical information regarding the potential for CO,
sequestration near the NGS.

Tapeats-Redwall-Cedar Mesa (AZ-000R01)
Why the site looks good:
e Location beneath major point source (Navajo Generating Station)
¢ Thick sandstone and carbonate rocks with good porosity provide potential reservoirs
e Thick shale units with few mapped faults provide effective seals
e Injection targets range from 5,000 to 10,000 ft
Issues needing further evaluation:
¢ Insufficient number of boreholes to demonstrate storage capacity of reservoirs
e Environmental concern of potential reservoir rocks beneath national recreation area
e [ ocated on Navajo Nation and may require special permits and fees

Naco Limestone (AZ-000R02)

Why the site looks good:
e Location beneath major point source (Cholla Power Plant)
e Extensive salt deposits to provide effective seal
e Possible permeability and porosity development in carbonate or clastic reservoirs
¢ Injection targets range from 2,500 to 3,500 ft
Issues needing further evaluation:

¢ Insufficient number of boreholes to demonstrate storage capacity of reservoirs
¢ Insufficient number of boreholes to delineate structural and stratigraphic traps

Tertiary Basin Fill (AZ-000R04)

Why the site looks good:
¢ [ ocation beneath major point source (Apache Power Plant)
¢ Thick clastic basin-fill deposits as potential injection reservoirs
¢ Injection targets range from 2,500 to 6,000 ft
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Issues needing further evaluation:
¢ Insufficient number of boreholes to demonstrate the presence of effective seals
¢ Insufficient number of boreholes to demonstrate storage capacity of reservoirs
¢ Insufficient number of boreholes to delineate structural and stratigraphic traps

St. Johns — Springerville (AZ-000R03)

Why the site looks good:

¢ [ ocation beneath major point source (Springerville Power Plant)

e Operator press releases report up to several trillion cubic feet of gas in place
Issues needing further evaluation:
Relatively shallow injection targets range from 1,500 to 3,000 ft
Insufficient number of boreholes to demonstrate storage capacity of reservoirs
Insufficient capacity resulting from the recent start and low volume of production
Low hydrostatic gradients and reservoir pressures
Relationship between numerous springs, travertine domes, and effectiveness of seals

Coal

Unminable coal seams were evaluated as potential CO, sequestration sinks but none of the
coal deposits met the minimum depth requirement for maintaining CO; in a critical state. Carbon
dioxide critical state requirements are based on temperature and pressure levels below 2,600 ft
minimum depth. There is no coal-bed methane production in Arizona.

Coal Deposits in the Black Mesa Basin

Why the site looks good:

e Large reserve containing an estimated 20 billion tons of unminable coal

e Added value from potential enhanced recovery of coal-bed methane from CO, flood
Issues needing further evaluation:

e Approximately 65 miles to nearest point source at Page, Arizona

¢ Very shallow injection targets between 300 and 1,700 ft

¢ Insufficient number of boreholes to demonstrate storage capacity of reservoirs

e Located on Navajo and Hopi lands and may require special permits and fees




Table 1. Potential Carbon Sequestration Capacity for Arizona
(in Million Metric Tons)

CO, Emissions in Oil & eote Saline . .Mmerahzsltrl(;)crlluced Tota_l

2002 Gas CBM Aquifers Silicates Waters Capacity
Navajo 18 0 0 24,094 | Not studied | Not studied 24,094
Cholla 8 0 0 401 | Not studied | Not studied 401
Springerville 6 0 0 18 | Not studied | Not studied 18
Coronado 5 0 0 18 | Not studied | Not studied 18
Apache 3 0 0 629 | Not studied | Not studied 629
Irvington 1 0 0 186 | Not studied | Not studied 186
Red Rock 0 0 0 366 | Not studied | Not studied 366
Higley 0 0 0 469 | Not studied | Not studied 469
Luke 0 0 0 386 | Not studied | Not studied 386
Mohawk 0 0 0 688 | Not studied | Not studied 688
San Cristobal 0 0 0 252 | Not studied | Not studied 252
On S ol 141 o0 0 | Not studied | Not studied 14.1

ields
Total | 41 14.1 0 27,507 | Not studied | Not studied 27,521
Table 2. Stratigraphic Units beneath Navajo Generating Station
Formation Elevation (ft) Depth (ft) Thickness (ft)

Chinle-Moenkopi 3825 525 1155
Kaibab Limestone 2670 1680 15%
Coconino Sandstone 2655 1695 555
Organ Rock Shale 2100 2250 455
Cedar Mesa Sandstone 1645 2705 1315
Redwall Limestone -235 4585 545
Muav Limestone- -1525 5875 615
Bright Angel Shale
Tapeats Sandstone -2140 6490 330%**
* Assumes Kaibab pinches out at the Sinclair Oil Navajo Tribal #1well
** Estimate from R. Allis, Utah Geological Survey
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Colorado Geologic Sinks

The Colorado Geological Survey (CGS) participated in Phase I of the Southwestern
Regional Partnership for Carbon Sequestration Project where the primary objective was to
characterize the CO, environment throughout the southwestern region of the United States. For
the State of Colorado, this task consisted of the following three subtasks: (1) assemble CO;
source data, (2) assemble CO; sink data, and (3) estimate carbon storage capacity. These results
were incorporated into a geographical information system for public access and region-based
analysis. The summary that follows briefly discusses the methodology, data sources, and
findings for each of these subtasks.

CO2 Source Data

In 2000, CO; emissions were more than 68 million metric tonnes (MMt) in Colorado and
are projected to increase by 1.5 % per year from 2002 to 2025 (U.S. Environmental Protection
Agency, 2004; Energy Information Administration, 2004). Nearly 75 % of these emissions
result from activities in the utility and transportation sectors (Fig. 3, Table 3). Power generation
in the state relies primarily on coal and as a result, 42% of the total CO, emissions
in Colorado are emitted from power plants in the utility sector (U.S. Environmental Protection
Agency, 2004). These stationary point sources afford the possibility of capture and separation of
CO; for transport and storage at nearby “sinks”. The primary source of the CO, emission data
for this project was the most comprehensive public database that includes CO, data, Emissions &
Generation Resource Integrated Database (eGRID), which is maintained by the Office of
Atmospheric Programs at the U.S. Environmental Protection Agency.

CO?2 Sink Potential

Although CO; sink potential is widely distributed across the state, data collection focused
on seven primary Pilot Study Regions (Fig.3). These study regions were defined based on the
maximum diversity in potential sequestration options within close proximity to CO, sources; that
is, within a 30 to 40 mile radial distance of one or more power plants. The sequestration options
evaluated for Colorado included oil and gas reservoirs, underground gas storage facilities, natural
CO; fields, coalbed reservoirs, deep saline aquifers, and advanced mineralization processes.

Table 4 summarizes the potential CO, sequestration capacity for each of the sequestration
options in each of the pilot study regions.

Utilizing both geologic and mineralization options, the preliminary forecast for CO,
sequestration within the seven pilot study regions is nearly 157 billion metric tonnes (Gt). These
areas have the potential for several hundred years of carbon dioxide storage based on 1999
emission levels. The highest CO, sequestration capacity potential for Colorado lies within the
Denver Basin and Canyon City Embayment east of the Rocky Mountains, and within the
Piceance and Sand Wash basins in northwestern Colorado.

The Denver and Rangely regions provide the greatest potential for carbon dioxide storage in

oil and gas reservoirs; their combined carbon dioxide storage is estimated at 1.2 Gt or 70 % of

the total oil and gas sink potential for Colorado. The Craig study region is estimated to provide

more than 10 Gt of carbon dioxide storage due to the vast coal resources in the area. When combined
with the coal resources of the Ignacio and Palisade study regions, the carbon storage potential for
these three regions exceeds 14 Gt or nearly 85 % of the total coalbed methane storage potential

for Colorado. The Cafion City, Denver, and Palisade study regions have very similar carbon dioxide
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storage capacities estimated for the deep saline aquifers that occur in these areas. With more

than 20 Gt each, the carbon dioxide storage for these three regions represents more than half of the
saline aquifer potential for Colorado. The Craig study region provides the greatest mineralization
potential through carbonation of silicate minerals. Preliminary estimates are almost 27 Gt if
mineralization engineering technology were commercially available.

Oil and Gas Reservoirs

There are approximately 1,400 oil and gas fields in Colorado; about 223 of these fields
constitute large-volume producers; that is, cumulative production exceeds 1 million barrels
(MMBBDbls) of oil and / or 10 billion cubic feet (Bcf) of gas. More than half of these large-volume
producing fields (122) are located within 30 miles of a large CO, point source consisting of one
or more coal-burning power plants. All of these 122 large-volume fields produce from oil and
gas reservoirs that are deep enough to maintain CO, at supercritical conditions; that is, average
reservoir depth exceeds 3,000 ft, which is sufficient to maintain CO, at a pressure and
temperature of 1,000 psi and 90°F, respectively.

A minimum level of data has been compiled on all oil and gas fields in Colorado,
consisting primarily of location, geologic age, production, discovery date, and depth. Where
data are available in the public domain, additional reservoir properties such as porosity,
permeability, gas and oil composition and fluid properties were compiled, particularly for those
reservoirs within the seven pilot study regions. Data sources consisted of the Colorado Oil and
Gas Conservation Commission, PI/Dwights, U.S. Department of Energy, and state geological
survey publications.

The estimate of CO; sequestration capacity for oil and gas reservoirs in the seven source
areas is 1,710 MMt with nearly 70 % of that capacity contained in the Denver and Rangely
source areas (Table 4.). This estimate is based on cumulative production through December
2003. Estimating CO, storage capacity for oil and gas reservoirs was accomplished by
calculating the equivalent mass of CO; that is required to replace the reservoir volume voided by
production. This CO, capacity calculation for Colorado should be considered conservatively low
due to the significant underestimation of water production for the state.

CO; sequestration capacity for oil and gas reservoirs in the seven pilot study regions is
estimated at nearly 1,710 MMt with about 70 % of that capacity potential associated with the
Denver and Rangely regions (Table 4). Recent work by Advanced Resources suggests that 510
to 580 MMBBDbls of oil may be economically recoverable from potential future enhanced oil
recovery projects using CO, flooding (CO,-EOR) in 12 of Colorado’s major oil reservoirs
(Advanced Resources, 2006). These EOR projects would not only provide suitable longer-term
sequestration opportunities but would also result in increased production to offset costs.

Craig Region

The Craig Pilot Study Region is comprised primarily of the eastern two-thirds of the Sand
Wash Basin, the extreme northern part of the Piceance Basin, and the Axial Basin Uplift
separating the two (Fig. 4). There are 39 oil and gas reservoirs in 12 fields that screened as
candidates for CO, sequestration. The total carbon dioxide capacity calculated for this region is 112
MMt with an average capacity of 2.9 MMt per field (Table 5). The largest capacity is estimated
at 65 MMt for the Wilson Creek field in the northernmost Piceance Basin; nearly all of this
capacity is associated with production from the Morrison and Entrada reservoirs. Screened
reservoir depth varies 2,300 to 9,400 ft, averaging in excess of 5,000 ft.

The principal reservoirs in the Sand Wash Basin are those within the Upper Cretaceous
stratigraphic interval, including the Niobrara Member of the Mancos Shale; Mesaverde Group,
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Lewis Shale, and Lance Formation (Fig. 5). For these reservoirs, porosity ranges from 10 to 30
% and permeability ranges from 0.1 to 500 millidarcies. Reservoir thickness is highly variable,
ranging from 10 to 40 f.t. Cretaceous reservoirs in the deeper part of the basin are low-
permeability reservoirs. The trapping mechanism for nearly all accumulations is structural.
Existing fields are anticlinal folds that are commonly faulted. Impermeable shales and / or faults
provide the seals (U.S. Geological Survey, 2005).

The principal reservoirs in the Axial Basin Uplift and northern Piceance Basin include
the Pennsylvanian Minturn Formation; Pennsylvanian-Permian Weber Sandstone; Permian
Phosphoria Formation; Triassic Moenkopi Formation and Shinarump Sandstone; Jurassic
Entrada Sandstone, Curtis and Morrison Formations; Lower Cretaceous Dakota Group; and
Upper Cretaceous Niobrara Formation, and Marapos Sandstone Member of the Mancos Shale
(Fig. 5). Porosity ranges from 12 to 20 % and permeability ranges from 0.1 to 300 millidarcies.
Reservoir thickness ranges 8 to 65 ft. Most hydrocarbon accumulations are in structural traps
although reservoirs such as the Weber, Entrada, Shinarump, Dakota and Frontier have
stratigraphic aspects (U.S. Geological Survey, 2005). Seals are provided by shales within the
section.

Reservoir lithologies in the Craig Pilot Study Region are primarily sandstones
interbedded with shales and reflect deposition in eolian, fluvial deltaic, strand plain, and shallow
margin environments. Horizontal and vertical reservoir heterogeneity varies widely due to facies
variations, diagenetic effects, and faulting.

Denver Region

The Denver Pilot Study Region coincides with the western third of the Denver Basin and
includes the heavily-populated metropolitan areas concentrated along the eastern edge of the
Front Range (Fig. 4). There are 82 oil and gas reservoirs in 31 fields that screened as candidates
for CO, sequestration. The total carbon dioxide capacity calculated for this region is 505 MMt with
an average capacity of 6.2 MMt per field (Table 6). The largest capacity is estimated at 352 MMt
for the Wattenberg field in the west-central part of the Denver Basin; all of this capacity is
associated with production from multiple reservoirs with the Cretaceous stratigraphic interval.
Screened reservoir depth varies from 1,800 to 9,200 ft, averaging in excess of 6,400 ft.

The principal reservoirs in the Denver region include the Lower Cretaceous Lytle
Formation (Lakota) and Dakota Group (Muddy J Sandstone); the Upper Cretaceous Benton
Group (Greenhorn Limestone and Codell Sandstone Member of the Carlile Shale), Fort Hays
(Timpas) Member of the Niobrara Formation, and the Pierre Shale (Shannon, Sussex, and
Parkman Sandstone Members of the Pierre Shale) (Fig. 5). There is also some production from
the Lower Permian Lyons Sandstone. For these reservoirs, porosity ranges from 2 to 26 % and
permeability ranges from a very tight 0.05 to 100 millidarcies. Reservoir thickness is highly
variable, ranging from 5 to 165 ft. The Cretaceous producing interval is characterized primarily
by low-permeability reservoirs. The trapping mechanism for most of the accumulations is
stratigraphic; although combination structural / stratigraphic traps are common.

The lithology of most the reservoirs in this region are sandstones and siltstones with some
carbonaceous shales and limestones that reflect deposition in shallow shelf, fluvial deltaic, and
strand plain environments. Horizontal and vertical reservoir heterogeneity is consistently very
high due to depositional and diagenetic effects.

Fort Morgan Region

The Fort Morgan Pilot Study Region is immediately adjacent to the Denver Pilot Study
Region and is approximately half its size (Fig. 4). There are 51 oil and gas reservoirs in 48 fields
that screened as candidates for CO, sequestration. The total carbon capacity calculated for this
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region is 149 MMt with an average capacity of 2.9 MMt per field (Table 7). The largest capacity
is estimated at 37 MMt for the Adena field near the center of the region, where all of this
capacity is associated with the Dakota reservoir, which is currently undergoing waterflood
operations. Screened reservoir depth varies from 4,400 to 6,500 ft, averaging about 5,300 ft.

The principal reservoirs in the Fort Morgan region include the Lower Cretaceous Dakota
Group (Muddy J Sandstone), the Upper Cretaceous Benton Group (D Sandstone, Greenhorn
Limestone and Codell Sandstone Member of the Carlile Shale), and the Niobrara Formation (Fig.
5). For these reservoirs, porosity ranges from 7 to 27 % and permeability ranges from 1 to 1,200
millidarcies. Reservoir thickness is highly variable, ranging from 3 to 72 ft. The trapping
mechanism for most of the accumulations is stratigraphic; although combination structural /
stratigraphic traps are also common.

Reservoir lithology is consistently sandstone with the exception of the Greenhorn
Limestone. Depositional environments include fluvial deltaic, shallow shelf, and strand plain
environments. Horizontal and vertical reservoir heterogeneity is consistently very high due to
abrupt facies variations and post-depositional diagenetic effects.

Ignacio Region

The Ignacio Pilot Study Region is located in the southwestern part of Colorado and
includes most of the northern portion of the San Juan Basin and the southeastern part of the
Paradox Basin (Fig. 1.4). There are 10 oil and gas reservoirs in four fields that screened as
candidates for CO, sequestration. The total carbon dioxide capacity calculated for this region is 169
MMt with an average capacity of 17 MMt per field (Table 8). The largest capacity is estimated
at 155 MMt for the Ignacio Blanco field in the northern San Juan Basin, where most of this
capacity is associated with Cretaceous-age reservoirs. Screened reservoir depth varies from
3,100 to 9,800 ft, averaging about 5,800 ft.

The principal reservoirs in the Paradox Basin are the Pennsylvanian Molas Formation and
Hermosa Group; Jurassic Morrison Formation; and the Lower Cretaceous Dakota Sandstone
(Fig. 5). For these reservoirs, reported porosity data is consistently very low at less than one %
and permeability ranges from 10 to 20 millidarcies. Reservoir thickness is highly variable,
ranging from 15 to 100 ft. The trapping mechanism is typically stratigraphic for most
accumulations.

Reservoir lithology is dominated by limestones and dolomites in the Paleozoic part of the
section where deposition was associated with large reef complexes. Alternatively, reservoir
lithology is dominated by sandstones in the Mesozoic part of the section where deposition was
associated with fluvial deltaic and non-marine environments. Horizontal and vertical reservoir
heterogeneity is very high particularly for carbonate reservoirs that have experienced significant
post-depositional diagenetic effects.

The principal reservoirs in the San Juan Basin include the Upper Jurassic Morrison
Formation; Lower Cretaceous Dakota Sandstone; and Upper Cretaceous Mesaverde Group (Fig.
5). For these reservoirs, porosity ranges from 5 to 10 % and permeability is generally less than
10 millidarcies. Total reservoir thickness ranges from 100 to 150 ft. The trapping mechanism is
usually structural anticlines for most accumulations.

Reservoir lithology is dominated by sandstones and siltstones where deposition was
associated with fluvial deltaic and strand plane environments. Horizontal and vertical reservoir
heterogeneity is related to depositional effects and is considered moderate for this basin.
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Palisade Region

The Palisade Pilot Study Region is located in the southern half of the Piceance Basin,
approximately south of Interstate Highway 70 (Fig. 4). There are 26 oil and gas reservoirs in 12
fields that screened as candidates for CO, sequestration. The total carbon dioxide capacity calculated
for this region is 105 MMt with an average capacity of 4 MMt per field (Table 1.7). The largest
capacity is estimated at 29 MMt for the Rulison field in the east-central part of the Piceance
Basin; all of this capacity is associated with Mesaverde Group production interval. Screened
reservoir depth varies from 400 to 8,000 feet, averaging in excess of 3,700 ft.

The principal reservoirs in the Palisade region include the Middle Jurassic Entrada
(Sundance) Sandstone; Upper Jurassic Morrison Formation; Lower Cretaceous Cedar Mountain
Formation of the Dakota Group; Upper Cretaceous Frontier Sandstone Member of the Mancos
Shale and the Mesaverde Group (Iles and Williams Fork Formations, and Ohio Creek Member);
and the Paleocene Wasatch Formation (Fig. 5. For these reservoirs, porosity ranges from 2 to 23
% and permeability ranges from a very tight 0.05 to 0.15 millidarcies. Total reservoir thickness
is highly variable, ranging from 10 to 1,500 ft. The Cretaceous producing interval is
characterized primarily by low-permeability reservoirs. The trapping mechanisms for most of
the accumulations are a combination of structural and stratigraphic; specific types include lateral
variations in facies and post-depositional porosity development, anticlinal features and structural
noses; fracturing and faulting are common.

The lithologies of most the reservoirs in this region are sandstones and siltstones with
interbedded shales. Environments of deposition include shallow shelf, fluvial deltaic, and strand
plain environments. Horizontal and vertical reservoir heterogeneity is extremely high due to
depositional and diagenetic effects as well as the presence of extensive fracturing and faulting.

Rangely Region

The Rangely Pilot Study Region is located in the northern half of the Piceance Basin,
approximately north of Interstate Highway 70 (Fig. 4). There are 39 oil and gas reservoirs in 10
fields that screened as candidates for CO, sequestration. The total carbon dioxide capacity calculated
for this region is 671 MMt with an average capacity of 1.6 MMt per field when the Rangely field is
excluded from the computation (Table 1.8). The largest capacity is estimated at 617 MMt for the
Rangely field in the northwestern part of the Piceance Basin; all of this capacity is associated
with Weber Sandstone, which is currently undergoing a CO, miscible flood. Screened reservoir
depth varies from 2,400 to 14,400 ft, averaging nearly 5,600 ft.

The principal reservoirs in the Rangely region include the Pennsylvanian-Lower Permian
Weber (Maroon) Sandstone; Upper Triassic Shinarump Sandstone Member of the Chinle
Formation; Middle Jurassic Entrada (Sundance) Sandstone; Upper Jurassic Morrison Formation;
Lower Cretaceous Cedar Mountain Formation of the Dakota Group; Upper Cretaceous Emery
(Mancos B) Sandstone of the Mancos Shale and the Mesaverde Group (Williams Fork Formation
and Ohio Creek Member); Paleocene Wasatch Formation; and Eocene Douglas Creek Member
of the Green River Formation (Fig. 5). For these reservoirs, porosity ranges from 8 to 17 % and
permeability ranges from a low of 0.1 to 25 millidarcies. Total reservoir thickness ranges from
200 to 300 ft. The trapping mechanisms for most of the accumulations are a combination of
structural and stratigraphic; specific types include lateral variations in facies and post-
depositional porosity development, anticlinal features and structural noses; fracturing and
faulting are common.

The lithology of most the reservoirs in this region are sandstones and siltstones with
interbedded shales; limestones and conglomerate are less common. Environments of deposition
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include eolian, lacustrine, and fluvial deltaic environments. Horizontal and vertical reservoir
heterogeneity is extremely high due to depositional and diagenetic effects as well as the presence
of extensive fracturing and faulting.

Underground Gas Storage

In 2004, Colorado had nine underground gas storage (UGS) facilities in operation,
providing a total working gas storage capacity of 45.3 billion cubic feet (Bcf) (American Gas
Association, 2004). Most of these are located in the Denver and Piceance basins (Fig. 6). In
addition to working gas volumes, UGS facilities require base gas that in Colorado ranges from
17 to 163 % of working gas. Thus, the actual total gas injected into Colorado UGS facilities is
nearly 60 Bcf.

Together, gas storage and EOR projects represent the largest industrial experience in gas
injection into geologic formations. With the exception of the Leyden Mine, all of Colorado’s
underground storage facilities are converted from depleted oil and natural gas fields, which is
typical for UGS facilities throughout the world. Reservoir types are all sandstone lithology
except for the Leyden Mine, which is coal. The Leyden Mine was decommissioned for gas
storage in 2005 and is undergoing conversion to water storage for municipal use.

In natural gas storage, the working gas (CHy,) is injected and produced seasonally while a
base (or cushion) gas that is not extracted is used to provide pressure support. In the case of
depleted gas reservoirs being used for gas storage, the base gas is commonly leftover native gas
(CH4). Another approach is to produce most of the methane from the reservoir since it can be
sold for profit, replacing it with a cheaper inert gas for use as the base gas. CO, injection
associated with carbon sequestration via enhanced gas recovery (CSEGR) can be conducted
while simultaneously producing the reservoir’s methane. Particularly advantageous is the
significant density change CO, undergoes near its critical pressure, increasing methane storage
about 30 % relative to a native gas base (Oldenburg, 2003). Furthermore, CO, injection may in
the future be economically favorable through carbon credits or tax advantages offered to
encourage carbon sequestration. Limiting the rate of mixing between methane and carbon
dioxide through careful reservoir selection and operations will be critical to the use of CO; as a
base gas (Oldenburg, 2003).

Current underground gas storage facilities in Colorado have nearly 48 Bcf committed in
base gas, representing a significant portion of total project investment. Some of these facilities
may be suitable to base gas reductions via CO; replacement. Up to 4 MMt of CO, would be
required to offset the current base gas levels in Colorado, assuming complete replacement of
existing base gas volumes. If this replacement is linked with a 30 % increase working gas, the
current 45.3 Bef could potentially be increased to 58.9 Bcf.

Natural CO, Fields

Large naturally occurring geologic deposits of carbon dioxide are found in three of
Colorado’s sedimentary basins — the Paradox, Raton, and North Park (Fig. 7). The resources of
the Paradox and Raton basins provide low-cost sources of high-pressure CO,, primarily for EOR
projects in the Permian Basin of New Mexico and Texas. In this basin alone, approximately 50
projects produce an incremental 145 MMBbls of oil per day, more than 80 % of the North
American enhanced oil produced from CO, floods in 2004 (Cappa and others, 2005).

An extensive CO; pipeline and re-injection infrastructure system exists throughout the
Permian Basin, making it attractive for expanding or starting new projects. High-pressure
pipelines supply CO; from natural source fields at Bravo Dome in northern New Mexico, and
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McEImo Dome and Sheep Mountain in southern Colorado. Shell’s completion of the pipeline
out of McElmo Dome in 1983 significantly increased the value of the naturally occurring CO,
reserves in Colorado. In addition to EOR applications, CO, is used in welding, the manufacture
of dry ice, and the food and beverage industry.

Colorado has some of the largest natural CO, reserves in the Rocky Mountain region
(Table 11). McElmo Dome field is the largest deposit in Colorado, contains over 17 Tcf of 98
%-pure CO, that does not require processing or compression prior to injection (New Mexico
Bureau of Geology and Mineral Resources, 2006). Natural CO, fields are useful analogs for
evaluating the safety and costs of geologic sequestration, both in terms of the long-term physical
and chemical interactions of CO, with reservoir rocks and fluids, but also in terms of industry’s
field operational experience in handling and transporting large volumes of CO; (Stevens and
others, 2001).

Use of CO,-EOR has resulted in CO, becoming a valuable commodity. The total value
of carbon dioxide production in Colorado was nearly $130 million in 2004, an increase of nearly
32 % over the value $98 million in 2003 (Cappa and others, 2005). Carbon capture and storage
technology is key to extending the availability this valuable natural resource.

Colorado’s production of natural CO, has averaged 300 Bcf per year since the mid-1980s
primarily for use in Permian Basin CO,-EOR projects. Representing an annual equivalent of 16
MMLt, economic sources of anthropogenic CO, would have considerable commodity value and
would have the potential to offset depletion of existing natural deposits.

Coalbed Reservoirs

Deep unmineable coal for Colorado is defined as coal-bearing formations occurring
between 2,000 and 7,500 ft deep. Coal parameters such as rank, gas content, ash and moisture
content were compiled from U.S. Bureau of Mines data, Gas Research Institute reports, and state
geological survey publications. The vast majority of coals in the state are bituminous in rank,
which makes them suitable for enhanced coalbed methane recovery and carbon sequestration.
The estimate of CO, sequestration capacity for coalbed methane reservoirs in the seven pilot
study regions is nearly 17 Gt with nearly 80 % of that capacity associated with the Iles-Williams
Fork-Fort Union coals of the Sand Wash Basin and the Fruitland coals of the San Juan Basin
(Table 4.). This estimate of capacity was made by applying a carbon dioxide/methane
(CO,/CHy) replacement ratio based on coal rank and a replacement efficiency of 65 %. In
reality, the physics are far more complicated than this and require a reservoir simulator to
calculate more accurately.

Cafion City and Denver Regions

The Laramie coalbeds straddle the boundary between the Cafion City and Denver Pilot
Study Regions, covering an area in the subsurface in excess of 500,000 acres (Fig. 8). These
coals are Upper Cretaceous in age and subbituminous in rank. With an average thickness of 10 ft
and gas content approaching 300 standard cubic feet of gas per ton of coal (scf/ton), the coalbed
methane in-place is estimated to be 2.7 trillion cubic feet (Tcf). Assuming a CO,/CH4
replacement ratio of 10, the CO, capacity is estimated at 1.4 Gt. Although there is considerable
variability in recovery estimates, recent work by Advanced Resources suggests that the
replacement of CH4 by CO, may average 65 % overall (Reeves, 2003). A replacement
efficiency of 65 % would reduce the carbon dioxide storage estimate to just under 1 Gt with the
potential of about 1.5 Tcf in enhanced coalbed methane recovery (Table 12.). This recovery factor
assumes 1.7 Tcf of produced CH4 per Gt of sequestered CO, (Reeves, 2003)
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Craig Region
The Craig Pilot Study region has three stratigraphic intervals characterized by coalbed

reservoirs: the Upper Cretaceous Iles and Williams Fork Formations of the Mesaverde Group,
and the Upper Cretaceous — Lower Tertiary Fort Union Formation (Figure 1.3). These coal
“packages” differ in their subsurface areal extent from approximately 500,000 acres for the Iles
to 750,000 acres for the Williams Fork; the Fort Union covers about 700,000 acres (Fig. 8.).
Coal rank varies from high-volatile A bituminous (HVA) to high-volatile bituminous (HV).
With a total average thickness in excess of 160 ft and gas content approaching 350 scf/ton, the
coalbed methane in-place is estimated to be 62 Tcf. Assuming a CO,/CHy replacement ratio of 3
for HV-ranked coals and 6 for HV A-ranked coals, the CO, capacity is estimated at 15.4 Gt. A
replacement efficiency of 65 % would reduce the carbon storage estimate to 10 Gt with the
potential of about 17 Tcf in enhanced coalbed methane recovery (Table 12.).

Ignacio Region

The Ignacio Pilot Study region has active coalbed methane development ongoing in both
the Upper Cretaceous Menefee and Fruitland Formations (Fig. 5). These two coal intervals both
extend over approximately 550,000 acres each in the subsurface of the northern San Juan Basin
(Fig. 1.8). The Menefee coal rank is HVA and the Fruitland coals vary from HVA to medium-
volatile bituminous (MV). More than 50 % of the Fruitland coal volume is estimated to be the
higher MV coal rank. With a total average thickness of 70 ft and gas content approaching 300
scf/ton, the coalbed methane in-place is estimated to be 23 Tcf. Assuming a CO,/CHy4
replacement ratio of 1.5 for MV-ranked coals, 3 for HV-ranked coals, and 6 for HV A-ranked
coals, the CO, capacity is estimated at 4 Gt. A replacement efficiency of 65 % would reduce the
carbon storage estimate to 2.5 Gt with the potential of about 4.3 Tcf in enhanced coalbed
methane recovery (Table 12).

Palisade and Rangely Regions

The Cameo-Fairfield Coal Group in the Piceance Basin straddles the boundary between
the Palisade and Rangely Pilot Study Regions and covers a subsurface area of nearly 1.5 million
acres (Fig. 8). This coal group lies within the Upper Cretaceous Iles and Williams Fork
Formations of the Mesaverde Group. The Piceance Basin is the only area in Colorado where
coal depths actually exceed 7,500 ft. Coal rank ranges from HV to MV with more than 75 % of
the coals being MV in rank. With a total average thickness of almost 55 ft and gas content
exceeding 200 scf/ton, the coalbed methane in-place is estimated to be 34 Tcf. Assuming a
CO,/CHy replacement ratio of 1.5 for MV-ranked coals, 3 for HV-ranked coals, and 6 for HVA-
ranked coals, the CO; capacity is estimated at 4 Gt. A replacement efficiency of 65 % would
reduce the carbon storage estimate to 2.6 Gt with the potential of about 4.4 Tcf in enhanced
coalbed methane recovery (Table 12.).

Trinidad Region

Although there is minimal anthropogenic CO, available in the Raton Basin, the Trinidad
Pilot Study Region was defined only for the purpose of including a carbon storage estimate for
the Upper Cretaceous Raton and Vermejo coals (Fig. 5). These HV- to MV-ranked coals cover a
subsurface area of nearly 600,000 acres (Fig. 8). The Raton and Vermejo coals are under active
coalbed methane development, where gas is produced from very shallow depths particularly
adjacent to the Purgatoire River. As such, for this basin only, the depth cutoff was limited to a
depth of 500 ft (instead of the 2,000 ft used elsewhere). With a total average thickness of about
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60 ft and gas content exceeding 300 scf/ton, the coalbed methane in-place is estimated to be
nearly 13 Tcf. Assuming a CO,/CH4 replacement ratio of 1.5 for MV-ranked coals and 3 for
HV-ranked coals, the CO, capacity is estimated at 1 Gt. A replacement efficiency of 65 %
would reduce the carbon storage estimate to less than 700 MMt with the potential of about 1 Tcf
in enhanced coalbed methane recovery (Table 1.10).

Deep Saline Aquifers

The criteria used to select deep saline aquifers suitable for CO, sequestration included
lithology consisting primarily of sandstone or other rock types with sufficient porosity and
permeability, depth exceeding 3,000 ft (to maintain supercritical conditions for CO; and to
minimize the possibility that the formation would be developed for future water resources),
salinity exceeding 1,000 ppm (again, to minimize the possibility that the formation would be
developed for potable water sometime in the future), and the presence of an overlying formation
that would function as a top seal to prevent vertical migration of injected CO,. Most of the
formations evaluated have had some associated oil or gas production. This implies the existence
of a long-term structural or stratigraphic trapping mechanism that may decrease the possibility of
migration of injected CO; to the surface. Data sources consisted of Colorado Oil and Gas
Conservation Commission, Colorado Division of Water Resources, and publications from the
Rocky Mountain Association of Geologists, Texas Bureau of Economic Geology, U.S.
Geological Survey, and state geological surveys.

The amount of carbon that a given formation may sequester was calculated using the
sequestration calculator available on the Midcontinent Interactive Digital Carbon Atlas and
Relational dataBase (MIDCARB) website (Carr and White, 2003). The calculation is based on
empirical data for the solution of CO; in water under various temperature, pressure, and salinity
conditions. The part of the calculator used for this study is that related to CO, dissolution only;
no consideration was given to the volume of water that may be displaced by injected CO,. The
estimate of CO, sequestration capacity for deep saline aquifers in the seven pilot study regions is
109,520 MMt with about 56 % of the capacity contained in the Cafion City, Denver, and Palisade
regions (Table 1.11). This capacity estimate is limited to only that portion of these areally
extensive aquifers that lie within a 30 mile radius of the primary CO; sources. The carbon
storage capacity of these vast deep saline aquifers may be greater when not screened for distance.
However, further study is required to develop a better understanding of the distribution of trap
mechanisms needed to contain injected CO,. Aquifer characterization data are provided in Table
14 and distribution is shown in Fig. 9.

Caion City Region

The Jurassic Morrison Formation is one of the most widespread geologic units in the
U.S., underlying portions of 13 states, and all of the Denver Basin except for a small area in
northwestern Nebraska (Curtis, 1963). The unit is composed mainly of variegated mudstone,
claystone, siltstone, and marlstone, but includes dominantly lenticular beds of sandstone,
limestone, and conglomerate. The Morrison Formation ranges in thickness from 200 to 400 ft
along the east flanks of the Front Range and Sangre de Cristo Mountains and thins irregularly to
the east. The Morrison only underlies part of the eastern half of the region, so formation volume
is limited, and geologic well logs (Denver Earth Resources Library, 2004) indicate that the unit
becomes too shallow for sequestration in its southern parts.

The Lyons Formation is fairly homogeneous, massive, medium-grained sandstone
cemented with silica and minor amounts of lime (Shaw, 1956; Mitchell and others, 1956).
Locally thin beds of red shale and arkosic sandstone are present within the normally

20




homogeneous sandstone. In the northern part of the Raton Basin, the Lyons thins from the east to
the west and pinches out directly east of the Sangre de Cristo Mountains (Shaw, 1956). Shaw
(1956) reports that the formation averages 150 ft in thickness, but Mitchell and others (1956)
report a thickness of 300-500 ft. The Lyons Formation in the Dome gas field was one of the few
producing formations in the area (Clair and Bradish, 1956), and at this site well logs report the
thickness of the unit at 270 ft. Geologic well logs (Denver Earth Resources Library, 2004)
indicate that the Lyons Formation becomes too shallow for sequestration toward the south side of
the region.

The Fountain Formation is correlative with the Maroon Formation of western Colorado
and the Sangre de Cristo Formation of southern Colorado (Pearl, 1977), and the names are used
interchangeably in some reports. The formation is divided into two members, and research
suggests that it may be the thickest sedimentary formation in the area. The strata of the lower
member of the formation vary from 2,000 to 4,500 ft of medium- to coarse-grained, micaceous,
arkosic sandstones and conglomerates, to up to 6,000 ft of fine-grained, arkosic sandstones,
siltstones, shales, and few lenticular limestone and gypsum beds and minor coal (De Voto,
1980). The lower member generally is comprised of large-scale (up to 700 ft thick) cycles of
sediment, each cycle grading upward from conglomerates and conglomeratic sandstone to fine-
grained sandstones, siltstones, and shales (De Voto, 1980). Thin, occasionally stromatolitic, lime
mudstones occur in some localities near the top of some of the cycle units. The lower member
strata are overlain unconformably by up to 9,000 ft of coarse-grained, arkosic sandstones and
boulder conglomerates of the Permian age upper member (Crestone Conglomerate Member) of
the Sangre de Cristo Formation. No oil or gas production records were found for the Fountain
Formation in this region. Geologic well logs (Denver Earth Resources Library, 2004) indicate
that the Fountain Formation becomes too shallow for sequestration toward the south side of the
region.

Craig Region

The Entrada Sandstone in the Sand Wash Basin grades from cross-bedded eolian
sandstone in the east to marginal marine, muddy sandstone and siltstone westward (Freethey and
Cordy, 1991). The Slick Rock Member, which comprises 50 to 80 % of the total unit thickness,
consists of very fine- to fine-grained, cross-bedded and massive, flat-bedded, eolian sandstone.
The sandstone is moderately well sorted and generally weakly cemented. The grains are 95 %
frosted quartz with siliceous cement with glauconite present in the matrix (Grace and Nelson,
1963). The Entrada is the second largest oil producing formation in northwest Colorado after the
Weber Formation (Haun, 1962; Piro, 1962), accounting for 40 % of total production. The unit
also produced gas (Brainerd and Carpen, 1962). The Entrada differs from the other units in the
area in that it is the only true blanket sandstone, and therefore there is little variation in
lithological parameters, which allows uniform completion practices (Polumbus, 1963). On this
basis the Entrada would appear to be a highly favorable formation for sequestration. Geologic
well logs (Denver Earth Resources Library, 2004) indicate that the Entrada thickens from east to
west, locally attaining thicknesses greater than 400 feet on the western edge of the basin.
However, the logs indicate that the formation becomes too shallow for sequestration at some
locations on the western edge of the basin.

The Weber Formation in the Sand Wash Basin is composed of over a thousand feet of
massive white cross-bedded, sandstones that outcrop along the Uinta Mountains and along the
Utah-Colorado border (Daniels, 1982). At the type section in Weber Canyon, Utah, the age of
this sandstone is Pennsylvanian, but in the Danforth Hills area of Colorado the upper portion is
Permian, as determined by fossils in the overlying Park City Formation (Daniels, 1982).
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Additional details regarding the characteristics of the Weber Formation can be found in the
section devoted to the Palisade and Rangely Pilot Study Regions.

The Weber produces both oil and gas in the Sand Wash Basin, and was one of the largest
producers in the basin (Cummings and Pott, 1962), though not nearly to the magnitude as in the
Piceance Basin. Geologic well logs (Denver Earth Resources Library, 2004) indicate that the
Weber pinches out toward the eastern edge of the area, and becomes too shallow for
sequestration at some locations on the west and south sides of the area.

Denver and Fort Morgan Regions

The Denver Basin is a structural basin that contains a large aquifer system in Tertiary and
Cretaceous age formations. Underlying the aquifers is up to 7,000 ft of nearly impermeable
Pierre Shale, which should function well as a top seal if the deeper formations are developed as
sinks for carbon sequestration.

The lithology of the Morrison Formation in eastern Colorado is highly variable (Curtis, 1963),
but is very similar to the Brushy Basin Member of the Morrison Formation of southwestern
Colorado, consisting of variegated claystones, siltstones, sandstones, and dense limestones
characterized by Chara algae and stromatolitic fresh-water algal limestones with some
conglomerates (Curtis, 1963; Berman and others, 1980). These sequences have been interpreted
as representing lacustrine, lacustrine-deltaic, distributary-channel and floodplain depositional
environments (Jackson, 1979). Thickness ranges from 100 to 300 ft beneath the Denver Basin
(Curtis, 1963). No record of hydrocarbon production from the Morrison Formation in the Denver
Basin was found, although noncommercial shows are reported (Clark and Rold, 1961).

The Morrison in Colorado becomes too shallow for sequestration on the west side of the basin
where it outcrops.

The Dockum Group consists mainly of fine- to medium-grained, usually massive sandstone,
although locally it can be interbedded with siltstone and shale with rare interbeds of carbonate
and anhydrite (Robson and Banta, 1987). Intergranular cement is commonly silica but locally
consists of anhydrite, calcite, or clay (Robson and Banta, 1987). The Entrada Sandstone overlies
the Dockum Group and consists of cross-bedded, eolian sandstone and planar-bedded, water-lain
sandstone (Berman and others, 1980; Robson and Banta, 1987). Toward the central and
northeastern parts of the study area, the unit grades into siltstone and shale (Berman and others,
1980; Robson and Banta, 1987). The aggregate sandstone thickness of the group is about 50 ft in
the area surrounding the largest carbon dioxide producers in the Denver area, but exceeds 500 ft in
the southeastern part of the state (Robson and Banta, 1987). The steepening dip of the formation on
the west side of the basin renders it too shallow for sequestration locally. No record of
hydrocarbon production from the Entrada-Dockum Group in the Denver Basin was found,
although non-commercial shows are reported (Hofstra, 1961; Lavington, 1961).

The Lyons Formation in the Denver Basin consists of fine- to medium-grained, well-
sorted, cross-bedded quartzose sandstone with minor siltstone and conglomeratic sandstone
(Fenneman, 1905; Maughan and Wilson, 1960; Walker and Harms, 1972). It has been interpreted
by at least two workers as an eolian and littoral deposit (Thompson, 1949; Maughan, 1980). The
top of the Lyons is generally capped by 2- to 3-ft thick, parallel-bedded to massive, brown
sandstone deposited subaqueously above the cross-bedded sequence. Locally, arkosic sandstone
intertongues with the Lyons, but this is not common except in the vicinity of the town of Lyons
and to the south. The Lyons in the vicinity of Morrison has been shown to include stream-
channel and shallow-water deposits as well as eolian sandstones (Weimer and Erickson, 1976).
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The Lyons Formation underlies most of the area of Colorado east of the Front Range,
although it pinches out in eastern Colorado. Silica, carbonates, and anhydrite are the primary
cementing materials in the Lyons Sandstone (Levandowski and others, 1973). The thickness of
the Lyons ranges from zero in the northeastern and southwestern parts of the eastern plains to
370 ft at its type locality near the town of Lyons (Thompson, 1949). Limited well log data for the
Lyons Formation (Denver Earth Resources Library, 2004) suggest that the unit might be too
shallow for sequestration locally on the western edge of the Denver Basin.

The Fountain Formation in the Denver region is dominantly a continental deposit of arkoses,
conglomerates, sandstone, siltstones and shales (Hoyt, 1963), consisting primarily of unsorted to
poorly sorted arkose and arkosic conglomerate, with an average porosity of about 7 % (Robson
and Banta, 1987). Distal from the Front Range uplift, in the eastern parts of the Denver Basin,
the lithology grades from sandstone to predominantly shale and carbonates. The Front Range
uplift to the west was the source of the arkosic clastic rocks comprising the Fountain Formation
(Rascoe, 1978). Eastward from the Front Range, the Fountain Formation interfingers with
Permo-Pennsylvanian marine sediments (Hoyt, 1963). The Fountain produced oil from several
fields in eastern Colorado, including the Bent’s Fort (Brown, 1961), the Colt (Adams, 1961), and
the McClave (Carpen, 1961). One of the highly favorable aspects of the Fountain is its great
thickness, up to 4,500 ft in the Colorado Springs area (Lovering and Goddard, 1950). In the
Denver area, the formation is closer to 2,000 ft thick (Robson and Banta, 1987). The Fountain is
exposed along the east flank of the Front Range in northern Colorado (Maughanz and Wilson,
1963), so it is likely too shallow for sequestration in some locations in this area.

Ignacio Region

The Mesaverde Group consists of the Cliff House Sandstone, the Menefee Formation, and the
Point Lookout Sandstone. The Cliff House consists of calcareous marine sandstone, very fine- to
fine-grained, locally cross-bedded and massive shaly sandstone with local silt and shale beds
(Topper and others, 2003; Brogden and Giles, 1976). The maximum thickness of the Cliff House
is about 350 ft. The Menefee Formation contains varying proportions of sandstone, siltstones,
and shale with interbedded coal seams (Brogden and Giles, 1976), and attains a maximum
thickness of 350 ft. The Point Lookout Sandstone is a fine- to very fine-grained well-cemented
marine sandstone with laminations of carbonaceous shale (Pritchard, 1973; Fassett, 1983). The
unit is generally massive and cliff-forming and has a maximum thickness of 400 ft (Brogden and
Giles, 1976). The Mesaverde was the largest gas-producing Cretaceous unit in the San Juan
Basin (Irwin, 1983; Thomaidis, 1978). Geologic well logs (Denver Earth Resources Library,
2004) indicate that the Mesaverde becomes too shallow for sequestration along the northern edge
of its extent.

The Dakota Sandstone is the basal Cretaceous unit in the basin, and can be divided into
continental and marine lithologic sequences (Dane and Bachman, 1957; Grant and Owen, 1974;
Ridgley, 1977). The basal sequence generally consists of fluvial sandstone and conglomeratic
sandstone, carbonaceous shale and siltstone, and thin coal beds. The upper sequence is primarily
medium- to fine-grained sandstone, locally cross-bedded, and represents deposition in coastal
and near-shore marine distributary channel environments (Ridgely and others, 1978). Within the
central basin, the basal Dakota Sandstone is often conglomeratic and rests unconformably on the
Jurassic Morrison Formation (Deischl, 1973). The thickness of the Dakota generally ranges
from 200 to 300 ft with a maximum observed thickness of 350 ft (Stone and others, 1983).
Geologic well logs (Denver Earth Resources Library, 2004) indicate that the Dakota is too
shallow for sequestration on the north and west edges of the area.
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The Morrison Formation is a heavily studied unit in the San Juan Basin, where it is the
uppermost Jurassic stratum. The Morrison is present throughout the San Juan structural basin
(Green and Pierson, 1977), and is unconformably overlain in most of the basin by the Cretaceous
Dakota Sandstone (Dam and others, 1990). In the San Juan Basin, the Morrison is generally
composed of coarse-grained, arkosic to subarkosic sandstone, with locally conglomeratic
sandstone and claystone, representing deposition in a variety of alluvial, fluvial and lacustrine
environments (Ridgely and others, 1978; Dam and others, 1990; Condon, 1992; Craig and
others, 1955; Turner-Peterson, 1985; Peterson and Turner-Peterson, 1987; Green and Pierson,
1977). Minor limestone beds also appear in the unit (Stone and others, 1983; Green and Pierson,
1977; Woodward and Schumacher, 1973). Thickness of the Morrison ranges from zero at its
erosional edge to about 1,100 ft in the northwest part of the basin (Dam and others, 1990;
Condon and Peterson, 1986). The low-permeability Brushy Basin Member, a mudstone (Trevifo,
2003), could function effectively as a top seal. The lower part of the formation has been mined
for uranium in the Four Corners area (Condon, 1992), and is a significant source of both uranium
and water in the Grants uranium region of New Mexico (Stone and others, 1983). Oil and gas
production data were commingled with the overlying Dakota Sandstone (Irwin, 1983) and
reservoir data are sparse. Geologic well logs (Denver Earth Resources Library, 2004) indicate
that the Morrison is too shallow for sequestration along the north and west edges of the basin.

The Middle Jurassic Entrada Sandstone is a sugary, friable, cross-bedded sandstone that
underlies the entire basin except for the southern margin (Ridgely and others, 1978) across the
border in New Mexico. The formation attains a maximum thickness of nearly 400 ft in the center
of the basin (Ridgely and others, 1978). It consists of the basal Dewey Bridge Member, which is
a very fine-grained, argillaceous sandstone and siltstone, and the overlying Slick Rock Member,
which is a very fine-grained to fine-grained, locally medium-grained, sandstone (Wright and
others, 1962). The Entrada is a minor oil and gas producer in the San Juan Basin (Halpenny and
Harshbarger, 1950; Matheny and Ulrich, 1983). The evaporite minerals in the overlying Todilto
Limestone may contribute to the salinity of the Entrada (Lyford, 1979). Geologic well logs
(Denver Earth Resources Library, 2004) indicate that the Entrada becomes too shallow for
sequestration along the north edge of its extent in the region.

The Hermosa Group consists of, from oldest to youngest, the Pinkerton Trail, Paradox,
and Honaker Trail Formations (Huffman and Condon, 1993). The group includes four distinct
interbedded facies consisting of poorly sorted conglomeratic arkose, siltstone, fine-grained
sandstone, cyclic deposits of dolomite, limestone, and carbonaceous shale, and an evaporite
sequence consisting of cyclic deposits of halite and minor shale, dolomite, limestone, and
anhydrite (Peterson and Hite, 1969). The evaporite sequence contains as many as 33 separate
beds of halite divided by interbeds of limestone, dolomite, anhydrite, and black shale (Hite,
1960; Hite and Buckner, 1981). The Hermosa Group has produced both oil and gas (Thomaidis,
1978), and is an attractive sequestration target due to its great thickness, over 3,000 ft at
maximum (Ridgely and others, 1978; Huffman and Condon, 1993).

The Pinkerton Trail and Honaker Trail Formations have lesser amounts of chemical
precipitates and greater amounts of clastic rocks (Huffman and Condon, 1993) than the Paradox.
The Pinkerton Trail Formation consists of finely to coarsely crystalline, argillaceous to silicified
limestone and minor carbonaceous shale (Huffman and Condon, 1993). Amounts of coarse
clastic detritus increase north of Durango (Fetzner, 1960). The Pinkerton Trail is thin relative to
the other Hermosa units, attaining a maximum thickness of only 225 ft across the border in Utah
(Huffman and Condon, 1993). Fassett (1983) reports no fields producing oil or gas from the
Pinkerton Trail Formation.
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The Paradox Formation consists primarily of thick chemical precipitates (carbonate,
anhydrite, halite, or potash) with relatively minor interbedded clastic rocks, but coarser grained
clastic rocks are more common on the edges of the basin (Huffman and Condon, 1993). The
Desert Creek and Ismay Zones are the primary oil and gas producers of the Paradox Formation.

The Honaker Trail Formation consists of a variable sequence of finely crystalline
limestone and dolomite, micaceous siltstone, and arkosic sandstone (Huffman and Condon,
1993). The percentage of carbonate is higher at the base of the unit and at the center of the basin.
Clastic rocks increase along the northern margin of the basin and in the upper part of the unit
(Wengerd, 1957). The Honaker Trail is at least 1,390 feet thick in the San Juan Trough, and the
thickness combined with the favorable lithology suggests it may be the most attractive
sequestration target in the group.

Because of the variety of lithologies in the Hermosa Group, reported porosities range
from 4 to 22 %, and permeabilities from 0.01 to 114 millidarcies (Bevacqua, 1983; Brown, 1978;
Ghazal, 1978; Halverson and Roe, 1978; Hart and Mickel, 1983; Krivanek, 1978; Latch, 1978;
Lehman, 1983; Lister, 1983; Mecham, 1978, Mickel, 1978a, 1978b; Miesner, 1978; Roth, 1983a,
1983b, 1983c; Riggs, 1978; Spencer, 1978; Squires, 1978; Wold, 1978; Young, 1978). The
average porosities reported for 11 fields producing from the Paradox Formation and an equal
number of fields producing from the Honaker Trail are nearly the same at around 11 %, but the
average permeability of the Paradox is roughly twice that of the Honaker Tail (27 versus 14
millidarcies).

The Hermosa Group is sufficiently deep for sequestration throughout its extent in the San
Juan Basin.

The Leadville Limestone is composed of a thin basal dolomite and a thick, massive upper
limestone (Ridgely and others, 1978; Condon, 1992). The lower unit is commonly a sucrosic
dolomite to micritic limestone and correlates with the Redwall Limestone of the Grand Canyon
(Parker and Roberts, 1963; Stevenson, 1983). The upper unit is predominantly limestone that is
commonly oolitic and crinoidal (Stevenson, 1983; Baars, 1966). The unit thickens toward the
northern part of the basin (Ridgely and others, 1978: Stevenson, 1983), where it attains a
thickness locally of at least 300 ft (Denver Earth Resources Library, 2004). The Leadville
Limestone produced both oil and gas (Condon, 1992; Thomaidis, 1978) and has been an
important producer of carbon dioxide and helium in the region (Gerling, 1983; Casey, 1983).
Geologic well logs (Denver Earth Resources Library, 2004) indicate that the Leadville
Limestone is sufficiently deep for sequestration throughout its extent in the San Juan Basin.

Palisade and Rangely Regions

The Dakota Aquifer includes the Dakota Sandstone, the Burro Canyon, Cedar Mountain,
and Cloverly Formations, the Gannett Group, and the Bear River, Smith, Thomas Fork, and
Cokeville Formations (Freethey and Cordy, 1991). Sandstone and mudstone are the dominant
rock types in the Burro Canyon and Cedar Mountain Formations. The Dakota Sandstone consists
of a lower conglomeratic sandstone, a middle unit consisting of carbonaceous shale and coal, and
an upper massive, fine- to medium-grained sandstone. The Gannett Group consists of a variety of
well-cemented fluvial and lacustrine sediments. The Cloverly Formation consists of a lower
conglomeratic sandstone and an upper bentonitic shale with siliceous and calcareous zones
(Freethey and Cordy, 1991). The thickness of the Dakota ranges from 100 to 300 ft within the
Piceance Basin with an average of 130 ft. Geologic well logs (Denver Earth Resources Library,
2004) indicate that the Dakota Formation becomes too shallow for sequestration around the
edges of the Piceance basin, but depths exceed 13,000 ft in the center of the basin.
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The Morrison Formation in the Piceance Basin includes the Tidwell, Bluff Sandstone,
Salt Wash, Recapture, and Westwater Canyon Members. The Cow Springs Sandstone and
Junction Creek Sandstone are also considered part of the Morrison Aquifer (Freethey and Cordy,
1991). The lithology of the Morrison in this region consists predominantly of siltstone (Tidwell
Member), interbedded fine- to medium-grained sandstone and claystone (Salt Wash, Recapture,
and Westwater Canyon Members), and conglomeratic sandstone and sandstone (Bluff Sandstone
Member and Junction Creek and Cow Springs Sandstones) (Freethey and Cordy, 1991). The
Morrison Formation is thicker on the west sides of both the Palisade and Rangely areas. In the
Palisade area, the unit ranges from 100 to 1,055 ft thick, and in Rangely from 100 to over 1,400
ft thick, with an average thickness over both areas of 680 ft (Denver Earth Resources Library,
2004). The Morrison directly underlies the Dakota Sandstone, and in similar fashion becomes
too shallow for sequestration around the edges of the Piceance basin (Denver Earth Resources
Library, 2004).

The Weber Formation in the Piceance Basin is a clean, fine- to very-fine-grained, well
sorted, cross bedded, quartzose sandstone up to 1,300 ft thick, with local, thin carbonate
interbeds and varying but generally low permeability (Grace and Nelson, 1963; McMinn and
Patton, 1963; Curtis, 1962). Variations in permeability are due to partially compressed and
interlocking grains, secondary silica, micro-cross-laminations, and cement (McMinn and Patton,
1963). The unit interfingers to the east and south with conglomeratic and arkosic upper Maroon
Formation beds (Haun, 1962; Curtis, 1962). The Weber correlates with the Tensleep Formation
of Wyoming and the Wells Formation of Idaho (Grace and Nelson, 1963). There is a large
variation of porosity and permeability throughout the entire section of the Weber, and fractures
are thought to be of major importance in the reservoir capabilities of these sands (Grace and
Nelson, 1963).

Geologic well logs indicate that the Weber becomes too shallow for sequestration on the
north edge of the Rangely area and on the east edge of the Palisade area (Denver Earth
Resources Library, 2004).
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Mineralization

The primary goal of the mineral carbonation process is to sequester large amounts of CO,
through carbonation of silicate minerals. Although there are numerous naturally occurring
silicate minerals in the earth’s crust, research for mineral CO, sequestration has focused
primarily on olivine, serpentine, and wollastonite; silicate minerals that are rich in magnesium or
calcium. In Colorado, these minerals are prevalent in mafic and ultramafic rocks such as
serpentinite, peridotite, dunite, gabbro, and to a lesser extent, basalt and alkalic igneous rocks. In
the industrial sector, waste materials such as coal fly ash or municipal solid waste incinerator
bottom ash, asbestos waste, and metal slag are potential alternative feedstocks. Mineral silicates
are a promising option for CO, sequestration in Colorado. Given current technology, silicate ore
contained within the Cafion City, Craig, and Palisade source areas could sequester a total of
28,808 MMt of CO; assuming 15 to 20 % efficiency and subtracting CO, emitted during the
sequestration process (Table 4.). Continued research and technological advances are needed
before this process becomes a cost-effective and leading contender in the pool of technologies
available for CO, sequestration.

Waters produced in association with oil and gas extraction are also a potential source of
cations, particularly calcium, for mineral carbonation. However, preliminary calculations
indicate that the water needed to sequester CO, emissions in a given region far exceeds current
produced water volumes, and sequestration via this method is not likely to be practical. Even
assuming 100 % efficiency, the volume of water produced in Colorado could only sequester
about 23,000 metric tonnes of CO, (Table 4).

Three of Colorado’s pilot study regions offer mineral carbonation via silicate rocks:
Cafion City, Craig, and Palisade. Waters produced coincident with oil and gas extraction are
potential candidates for the mineral carbonation process in all but the Cafion City region.

Silicate Rocks

In Colorado, feedstock options for the mineralization process include basalt, gabbro,
syenite, and minor pyroxenite, diabase, dunite, and diorite. Although these resources are quite
small relative to those in other parts of the country, they may prove adequate to handle local CO,
emissions. Basalt is the most abundant of the potential feedstocks in Colorado. Outcrops are
found primarily throughout the central part of the state along a northwest trend (Fig. 10). There
are also basalt flows east of the Front Range in the southern part of the state. The vast majority of
these flows are Miocene in age, although some were extruded during Pleistocene time. The
combined MgO, CaO, and FeO content for these rocks averages 15 to 20 wt %. This is
significantly lower than in the high purity experimental feedstocks (such as olivine), which can
have as much as 49 wt % MgO (O’Connor and others, 2004). This does not automatically
eliminate basalt as a potential mineralization candidate. Rather, it merely indicates that a greater
tonnage of ore must be utilized to sequester the same amount of CO, as would be assimilated by
a more pure feedstock. Depending on which mineralization process is deemed optimal by future
research, this may or may not be economical.

Mafic and ultramafic rocks are of higher quality for CO, sequestration than basalt, but in
Colorado, are much less widespread (Fig. 10). They crop out as small stocks, plugs, and dikes
that are Precambrian or Cambrian in age. Of the larger mafic bodies, gabbro is the dominant
rock type, and has a combined MgO, CaO, and FeO content that averages 25 to 30 wt %. While
still of lower quality than the experimental feedstocks, gabbro has a greater capacity for CO,
storage than does basalt. Similarly, syenite has lower Na,O and K,O concentrations than do
source materials used for the mineralization process in which soda ash (Na,COs) is formed, but
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still may be practical for local sequestration projects. Syenite crops out at only a handful of
locations in south-central Colorado. It should be noted that carbonation with the sodium and
potassium ions results in a highly soluble material, such as soda ash, that will require immediate
industrial use or ensured long-term dry storage. The mineralization reaction is reversed with the
addition of water, and thus, CO, will be released back into the atmosphere if the product is not
kept dry.

Three Colorado pilot study regions have potential for mineral carbonation using silicate
rocks as feedstock (Table 15). Total sequestration potential was calculated for each region on
the basis of the following factors and assumptions:

e Ore resources within about 40 miles of the CO, point source(s) as shown on 1:250,000-

scale geologic maps (Fig. 10)

e Mining depth of 200 ft for basalt; 500 ft for all other rocks

e Average specific gravity of 2.8 for syenite; 3.0 for all other rocks

e Geochemistry extracted from the U.S. Geological Survey PLUTO database (U.S.
Geological Survey, 2004a) and averaged for similar rock types

Cafion City Region: Silicate rocks crop out primarily in the western half of the pilot study
region and are predominantly gabbro and syenite in composition, although minor basalt and
pyroxenite are also present. Mafic and ultramafic rocks represent more than 32 Gt of potential
feedstock for the mineralization process. Similarly, syenite bodies in the area could provide
about 28 Gt of feedstock. Basaltic rocks would provide a mere 1.6 Gt of material. Ore tonnage
requirements per metric tonne of CO, sequestered would be 3.7 metric tonnes for mafic and
ultramafic rocks, 4.3 metric tonnes for syenite, and 5.9 metric tonnes for basalt. Total theoretical
CO; sequestration potential for the area is over 13.1 Gt, assuming 100 % efficiency (Table 15).
Experiments conducted by O’Connor and others (2004) suggest that the reaction
efficiencies for basalt and gabbro are far below 100 % using current technology. In fact, they are
probably as low as 15 to 20 %, respectively, significantly lower than pure olivine feedstock,
which yields 60 to 80 % efficiency. Actual CO; sequestration potential is therefore greatly
reduced. In addition, an energy penalty must be added to account for the CO, produced during
the mineralization process. Carbon dioxide avoided is the difference between total CO,
sequestered and CO, that is produced during mineralization, which averages about 75 % of total
CO; sequestered for several mineral feedstocks investigated. This translates to actual
sequestration potential of about 2.0 Gt of CO, for the Cafion City region (Table 15). The large
gap between theoretical potential and potential based on current technology clearly indicates
there is a great deal of room for technological advancement.
Craig Region: Bimodal basalt is prevalent in the southern part of the region and represents
1,323 Gt of potential feedstock. To the northeast, mafic and ultramafic rocks (primarily gabbro)
could provide 55.2 Gt of material. Assuming 100 % efficiency, these rocks could sequester more
than 232 Gt of CO,. At 15 to 20 % reaction efficiency, estimated sequestration potential would
be closer to 26.7 Gt (Table 15). Basalt and (ultra)mafic rocks would be consumed at a rate of 5.4
and 3.7 metric tonnes per metric tonne of CO, sequestered, respectively.
Palisade Region: Basalt is the only feedstock option in the Palisade region. Total ore available
is estimated at 8.9 Gt, which indicates a maximum sequestration potential of 1.5 Gt of CO,.
Actual sequestration potential is closer to 165 MMt when current reaction efficiencies and CO,
emissions are taken into account (Table 1.13).
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Produced Waters

The majority of produced waters in Colorado are associated with the principal oil and gas
producing basins: Denver, Raton, San Juan, and Piceance (Fig. 11). Statewide production of
water amounted to nearly 294 million barrels in 2003 (Colorado Oil and Gas Conservation
Commission, 2004), more than half of which was from the Purgatoire River, Rangely, and
Ignacio Blanco oil and gas fields. An evaluation of all produced water in the state reveals that
calcium concentrations are highly variable, ranging from trace amounts to as much as 62,000
ppm. Magnesium is similarly variable and may reach over 7,000 ppm. Nearly all of the
produced waters contain more than 1,000 ppm total dissolved solids (TDS). Maximum TDS is
over 340,000 ppm; mean TDS for 2,001 samples is 25,319. Average geochemistry may be
calculated for various fields or basins, but the high degree of variability, even within a single
well, suggests that other factors will need to be considered. If all the water produced from all the
various formations in a given region is combined for use at a single mineralization plant, then a
simple average, weighted by volume per producing horizon, may suffice. If, however, it is
deemed more practical to collect high-calcium water only from selected horizons then several
permutations may be necessary and acceptable collection methods will need to be developed.

Six Colorado pilot study regions have potential for mineral carbonation using produced
waters as a cation source (Table 16). Total sequestration potential was calculated for each region
on the basis of the following factors and assumptions:

e Includes water resources from all fields within about 40 miles of the region’s CO, point

source(s) (Fig. 11)

e Assumes 100 % mineralization with the Ca and Mg cations, energy requirements are not
considered
e Water geochemistry extracted from the U.S. Geological Survey produced waters database

(U.S. Geological Survey, 2004b) and averaged by principal producing formations and by

pilot study region
Craig Region: About 50 fields produce oil and gas from the Sand Wash Basin located in this
region. Three fields also produce coalbed methane. Cumulative water production for the past
five years is well over 111 million barrels. Two of Colorado’s 2003 top 10 water-producing
fields are located in the Craig region: Iles and Maudlin Gulch fields. Waters with the highest
calcium content originate from the Cretaceous Mancos Shale, Triassic Chinle Formation, and
Pennsylvanian-Permian Weber Formation (Fig. 5).

Denver Region: Wattenberg field is the largest in the region and is a source of oil, natural gas,
and CO; gas. Nearly all other fields in the area produce only oil and natural gas. Production of
water is predominantly from the Cretaceous Dakota and Pierre Formations and the Permian
Lyons and Ingleside Formations (Fig. 5). Total water production in the region amounted to 44.2
million barrels from 1999 to 2003. Calcium content in waters from the Denver region is
relatively low, averaging 264 ppm, regardless of producing formation.

Fort Morgan Region: There are several hundred small oil and gas fields in this region, which is
situated in the central part of the Denver Basin in northeastern Colorado. Nearly all production
is from the D Sand and the Muddy J Sand of the Cretaceous Dakota Group (Fig. 5). Cumulative
water production since 1999 is over 70.2 million barrels, but average calcium concentration in
these waters is very low, which renders this region lowest on the list of proposed pilot study
areas for produced water mineralization.

Ignacio Region: The largest Colorado field in the area is Ignacio Blanco, which has produced
significant volumes of oil, gas, and coalbed methane from several different stratigraphic
horizons. Water has been produced from many of these same horizons, but has been most
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prolific from the Cretaceous Dakota, Mancos, and Mesaverde Formations and the Pennsylvanian
Hermosa Group (Fig. 5). Colorado water production in this region has totaled 122.5 million
barrels from 1999 through 2003. Water chemistry indicates that the Hermosa Formation tends to
have the highest calcium content, whereas the Mancos Shale is relatively low in calcium.
Palisade Region: The majority of the 50-plus fields in this region produce oil and/or natural
gas. Roughly a dozen of these fields also produce coalbed methane. Water production from
1999 through 2003 exceeded 7.4 million barrels. Geochemical analyses indicate that the
Cretaceous Dakota and Mesaverde Formations and the Jurassic San Rafael Formation produce
waters high in calcium (Fig. 5).

Rangely Region: There are over 50 oil and gas fields in this region; four of the fields also
produce coalbed methane. The Rangely field is the top water producer and is also an important
oil and gas reservoir. There are numerous producing horizons in the Piceance Basin and water
chemistry is highly variable. The Jurassic San Rafael Group and the Pennsylvanian-Permian
Weber Sandstone have the highest calcium concentrations (Fig. 5). The Mancos Shale, as in the
Ignacio region, tends to produce waters that are very low in calcium. Produced waters have
exceeded 400 million barrels over the course of the last five years.
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Table 3. Annual CO, Emissions for Colorado in 2000

Facility Name

Annual CO, Emissions (Metric Tonnes)

PILOT STUDY REGION

o |Four Corners (New Mexico) 15,367,449
g San Juan (New Mexico) 13,165,444
Z |lgnacio Gasoline Plant 21,624
Q Region Total 28,554,517
O (Craig 9,495,198
< |Hayden 3,562,043
O |Region Total 13,057,241
Arapahoe 1,773,354
Arapahoe Combustion Turbine Project 17,510
Cherokee 4,921,185
Fort Lupton 49,472
Fort St Vrain 1,238,994
Rawhide 2,205,279
TCP 122 263,690

& [tcp 150 330,694
§ Thermo Greeley Inc 67,932
L IThermo Power Electric Inc 258,211
Valmont 1,237,033
VValmont Combustion Turbine Project 17,080
Zuni 60,628
Trigen Colorado Energy Corp 250,546
Johnstown Cogeneration 1,081
University of Colorado 105,295
Region Total 12,797,986
Comanche 4,438,134

¢~ |George Birdsall 84,817
O |Martin Drake 1,980,499
(Z) Pueblo 38,197
Z<Zt Ray D Nixon 1,627,135
O |W N Clark 339,238
Region Total 8,508,019

<ZE Manchief Electric Generating Station 1,679
ED: Brush Cogen Project Phase 2 BCP 104,445
O |Brush Iv 37,871
E Brush Power Project Phase 1 CPP 47,106
x |Pawnee 4,256,150
8 Region Total 4,447,253
1l |Bonanza (Utah) 3,059,113
£ >Dragon Trail Gas Processing Plant 0
< |[Region Total 3,059,113
Ll |Cameo 633,994
(<,E) American Atlas 1 Cogeneration Plant 75,450
2 |Fruita 3,729
& |Region Total 713,172




Table 4. CO, Sequestration Capacities Estimated for Colorado (in Million Metric Tonnes)

Geologic Mineralization
Pilot Study Regions Oil & Saline . Produced Total €O,
Gas CBM Aquifers Silicates Waters Capacity
Cafion City 0 447 20,300 1,950 22,697
Craig 112 10,033 8,350 26,693 0.001 45,188
Denver 505 546 20,500 <0.001 21,551
Fort Morgan 149 0 7,900 <0.001 8,049
Ignacio 169 2,548 14,270 0.008 16,987
Palisade 105 1,631 20,700 165 <0.001 22,601
Rangely 671 941 17,500 0.014 19,112
Trinidad 0 674 NA 674
Total Capacity 1,710 16,820 | 109,520 28,808 0.023 156,858
Number of sink types 247 19 25 291
Average per sink type 7 885 4,381 539
Maximum capacity per
sink type 616 4,485 17,400 22,501
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e 5. CO, Sequestration Capacities for Oil and Gas Fields in the Craig Pilot Study Region, Northwestern Colorado

i Number of 1 . Average | Total CO, Cgpacity Avg C_Oz Max C_Oz
N Field Name ReServoirs Play Code Reservoir Name Depth (M'Mt) ' Capacgy Capacgy
(Feet) Reservoir Field (MMt) (MMt)
Bear River 1 RMKU-3 Niobrara 4,302 0.9 0.9 0.9 0.9
RMKU-3 Mancos Shale 3,288 0.9
Buck Peak 3 RMKU-3 Niobrara 6,822 2.6 3.5 1.2 2.6
RMFS-4 Shinarump 9,402 0.0
Craig North 2 RMKU-2 / Lewis Shale, Mesaverde 2,821 3.0 3.0 15 3.0
RMKU-3 ' '
Grassy Creek 1 RMKU-3 Niobrara 5,134 0.7 0.7 0.7 0.7
RMFS-4 Morrison 2,953 0.7
lles 3 RMFS-4 Entrada (Sundance) 3,243 17.0 17.7 5.9 17.0
RMFS-4 Curtis 3,310 0.0
RMFS-4 Dakota 2,301 0.6
Thornburg 4 RMFS-4 Entrada Sandstone 2,902 0.7 3.1 0.8 1.7
RMFS-4 Shinarump, Weber 3,485 1.7
Tow Creek 1 RMKU-3 Niobrara 3,201 1.7 1.7 1.7 1.7
. RMKU-1 Lance 2,709 0.3
W‘ésat n?lde 3 RMKU-2 Lewis Shale 3,769 34| 38 13 3.4
RMKU-3 Mesaverde 5,830 0.1
RMPC-4 Dakota, Morrison 5,659 0.8
Danforth Hills 7 RMPC-5 Entrada (Sundance) 6,525 1.0 2.6 0.4 1
RMPC-6 Shinarump, Moenkopi, Minturn, Weber 7,175 0.8
_ Smggg/ Dakota, Morrison, Entrada (Sundance) 6,012 6.2
Maudilin Guilch 8 Shinarump, Moenkopi, Phosphoria 9.4 1.2 6.2
RMPC-6 C ' ' 7,476 3.3
Weber, Minturn
Nine Mile 1 RMPC-4 Dakota 7,215 0.6 0.6 0.6 0.6
RMPC-3 Niobrara 4,163 0.1
) RMPC-4 Morrison 6,486 41.9
Wilson Creek > RMPC-5 Entrada (Sundance) 6,731 21.6 64.5 129 41.9
RMPC-6 Shinarump, Minturn 8,025 1.0
TOTALS 39 5,036 111.6 | 1116 2.9 80.7

DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993). > MMt = Million Metric Tonnes
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Table 6. CO, Sequestration Capacities for Oil and Gas Fields in the Denver Pilot Study Region, Northeastern

Colorado
Average Total CO, Capacity (MMt)? Avg CO, Max CO;
Basin Field Name Igl:sn:a?\%icr); Play Code’ Reservoir Name Depth 2_ - Capacity Capacity
(Feet) Reservoir Field (MMt)? (MMt)>?
RMDB-1 / Niobrara, Codell Ss,
Aristocrat 5 RMDB-2 / Sussex, Shannon, 4,436 3.2 3.23 0.6 0.6
RMDB-5 Dakota
Banner RMDB-4 /
Lakes 1 RMDB-5 Dakota 7,666 15 1.46 15 15
RMDB-2 Codell Sandstone 7,026 0.0
Base Line 2 RMDB-4 / 1.00 0.5 1.0
RMDB-5 Dakota 7,429 1.0
Black Hollow 1 RMEC-2 Lyons Sandstone 8,965 7.0 7.05 7.0 7.0
RMDB-1 Sussex, Shannon 4,344 0.0
Bracewell 5 RMDB-2 / Niobrara, Codell 6.845 36 3.60 0.7 3.6
RMDB-5 Sandstone, Dakota ' ’
N RMDB-4 /
Chieftain 1 RMDB-5 Dakota 7,492 2.2 2.21 2.2 2.2
RMDB-4 /
Clarks Lake 1 RMDB-5 Dakota 6,162 1.6 1.56 1.6 1.6
5 Eaton 2 RMDB-2 Niobrara, Codell 6,910 25 250 13 25
P Sandstone
a RMDB-2 Niobrara 3,892 0.0
Fort Collins 3 RMDB-5 Dakota 4,969 4.7 4.90 1.6 4.7
RMEC-2 Lyons Sandstone 6,190 0.2
Greasewood 1 RMDB-4 Dakota 6,714 0.8 0.80 0.8 0.8
RMDB-1 Parkman 3,607 0.1
Greele 4 i 2.60 0.7 2.5
Y RMDB-2 Niobrara, Fort Hays, 6,728 25
Codell Sandstone
RMDB-1 Sussex 4,389 6.0
Hambert 3 Niobrara, Codell 6.20 2.1 6.0
RMDB-2 Sandstone 6,822 0.2
RMDB-4 /
Irondale 1 RMDB-5 Dakota 7,045 1.7 1.70 1.7 1.7
RMDB-4 /
Jamboree 1 RMDB-5 Dakota 7,781 2.9 2.87 2.9 2.9
Niobrara, Fort Hays,
Kersey 3 RMDB-2 Codell Sandstone 6,512 3.0 2.98 1.0 3.0
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Table 6.

CO; Sequestration Capacities for Oil and Gas Fields in the Denver Pilot Study Region (Cont'd.)

Total CO, Capacity Avg CO; Max CO,
Basin Field Name gg&?\%i?; Play Code' | Reservoir Name DeA‘{ﬁ'f‘geeet) (MMb)* Capacigy Capaci;y
P Reservoir Field (MMt) (MMt)
rvDB2 | o0l 6,467 0.0
Lanyard 2 2.60 1.3 2.6
RMDB-4 /
RMDB-5 Dakota 6,920 2.6
Longbranch 1 RMDS 2/ | Dakota 7,043 3.0 3.00 3.0 3.0
RMDB-2 Niobrara 6,093 0.0
Lost Creek 2 RMDB-4 / 2.00 1.0 2.0
RMDB-5 Dakota 6,778 2.0
RMDB-1 Sussex, 1,804 0.0
Shannon
RMDB-2 / Niobrara, Codell
Loveland 8 RMDB-4 / Ss, Timpas, 4,734 3.3 3.30 0.4 3.3
RMDB-5 Dakota, Lakota
RMEC-2 Lyons 6,896 0.0
Sandstone
RMDB-2 Niobrara 7,794 0.0
Lowry 2 RMDB-4 / 1.30 0.7 1.3
_ RMDB-5 Dakota 8,493 1.3
z RMDB-1 | Sussex 4,254 0.2
8 rRvpB-2 | Codel 6,877 0.0
New Windsor 3 - Sandstone ’ : 0.70 0.2 0.5
RMEC-2 Lyons 8,993 0.5
Sandstone
Pierce 1 RMEC2 | Lyons 9,221 7.3 7.31 7.3 7.3
Sandstone
RMDB-4 /
Radar 1 RMDB-5 Dakota 7,850 1.4 1.43 1.4 1.4
RMDB-2 Niobrara 6,260 0.0
Roggen 2 RMDB-4 / 3.90 2.0 3.9
RMDB-5 Dakota 6,970 3.9
. RMDB-4 /
Space City 1 RMDB-5 Dakota 7,907 2.2 2.20 2.2 2.2
RMDB-1/ | SUSSeX.
. RMDB-2/ | Shannon,
Spindle 7 Niobrara, Fort 4,695 64.1 64.05 9.2 64.1
RMDB-4 /
RMDB-5 Hays, Codell Ss,
Timpas, Dakota
Third Creek 1 RMDB-5 Dakota 8,303 5.5 5.55 5.5 5.5
RMDB-4 /
Trapper 1 RMDB-5 Dakota 7,890 2.3 2.28 2.3 2.3
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Table 6.

CO; Sequestration Capacities for Oil and Gas Fields in the Denver Pilot Study Region (Cont'd.)

. 2
Basin Field Name Number of Play Reservoir Average Total CO, Capacity (MM) CA:;ga%%/ gl:r))(a%ict);
Reservoirs Code Name Depth (Feet) Reservoir Field (MMt)? (MMt)?
RMDB-2 Niobrara 5,865 0.0
Codell
Waite Lake 4 RMDB-2 | gindstone 6,152 0.0 1.70 0.4 17
RMDB-2 | Greenhomn 6,179 0.0
Limestone
RMDB-4 /
. RMDB-5 Dakota 6,525 1.7
2 RMDB-1 Parkman 3,651 0.0
] Sussex,
Shannon,
Niobrara, Fort
Wattenberg 11 RMDB-2 /| \-vs Codell Ss 352.00 32.0 352.0
RMDB-4 / ’ ! 4,367 352.0
Greenhorn,
RMDB-5
Graneros,
Dakota, Lakota,
Timpas
Wellington 1 RvDB-5 | Muddy () 4,494 7.3 7.32 7.3 7.3
Sandstone
TOTALS 82 6,355 505.4 505.4 6.2 502.1

! U.S. DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993).

2 MMt = Million Metric Tonnes
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Table 7. CO, Sequestration Capacities for Oil and Gas Fields in the Fort Morgan Pilot Study Region, Northeastern

Colorado
Average i 2 Avg CO Max CO
Basin Field Name Sgsn:e?\%icr); Play Code’ Reservoir Name Deptg Tc:al COZICapacny (_MMt) Cagacit; Capacit;
(Feet) eservoir Field (MMt)>? (MMt)>?
Adena 1 RMDB-4/RMDB-5 Dakota 5,561 36.5 36.5 36.5 36.5
Akron East 1 RMDB-4 D Sandstone 4,580 1.6 1.6 1.6 1.6
Arroyo 1 RMDB-4/RMDB-5 Dakota 5,977 0.9 0.9 0.9 0.9
Atwood East 1 RMDB-4/RMDB-5 Dakota 4,412 1.8 1.8 1.8 1.8
Badger Creek 1 RMDB-4/RMDB-5 Dakota 5,296 3.0 3.0 3.0 3.0
Beacon 1 RMDB-4/RMDB-5 Dakota 5,767 1.2 1.2 1.2 1.2
Belle 1 RMDB-5 Dakota 4,841 0.6 0.6 0.6 0.6
Big Beaver 1 RMDB-5 Muddy (J) Sandstone 5,015 7.9 7.9 7.9 7.9
Bijou 2 Greenhorn Limestone 5,819 0.0 15 08 15
RMDB-4 D Sandstone 6,095 15
Bijou West 1 RMDB-4 D Sandstone 6,158 1.0 1.0 1.0 1.0
Bobcat 1 RMDB-4/RMDB-5 Dakota 5,142 5.0 5.0 5.0 5.0
Boxer 1 RMDB-4/RMDB-5 Dakota 5,839 34 3.4 34 34
Deer Trail 1 RMDB-4/RMDB-5 Dakota 6,220 1.3 1.3 1.3 1.3
5 Dune Ridge 1 RMDB-4/RMDB-5 Dakota 4,443 1.2 1.2 1.2 1.2
% Elm Grove 1 RMDB-4/RMDB-5 Dakota 4,604 1.6 1.6 1.6 1.6
&) Frasco 1 RMDB-4/RMDB-5 Dakota 5,410 1.0 1.0 1.0 1.0
Ng‘rrtmgst 1 RMDB-4/RMDB-5 | Dakota 4,910 8.5 8.5 8.5 8.5
Hardway 1 RMDB-4 D Sandstone 4,438 0.6 0.6 0.6 0.6
Jackpot 1 RMDB-4 D Sandstone 6,461 11 1.1 11 11
Kejr 1 RMDB-4/RMDB-5 Dakota 4,986 1.9 1.9 1.9 1.9
Lill 9 RMDB-2 Codell Sandstone 5,930 0.0 48 24 48
RMDB-4 D Sandstone 6,381 4.8
Little Beaver 1 RMDB-4/RMDB-5 Dakota 5,201 12.1 12.1 12.1 12.1
"itt'eEg;"“’er 1 RMDB-4/RMDB-5 | Dakota 5,064 2.6 2.6 2.6 2.6
Luft 1 RMDB-4/RMDB-5 Dakota 4,868 1.8 1.8 1.8 1.8
McRea 1 RMDB-5 Muddy (J) Sandstone 4,933 0.8 0.8 0.8 0.8
Merino 1 RMDB-5 Muddy (J) Sandstone 4,980 2.9 2.9 2.9 2.9
Middlemist 1 RMDB-5 Muddy (J) Sandstone 5,508 1.3 1.3 1.3 1.3
Moccasin 1 RMDB-5 Muddy (J) Sandstone 5,417 0.7 0.7 0.7 0.7
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Table 7. CO, Sequestration Capacities for Oil and Gas Fields in the Fort Morgan Pilot Study Region (Cont'd.)

. _ Number of . . Average | Total CO, Capacity (MMt)* | Avg CO, Max CO,
Basin Field Name ReServoirs Play Code Reservoir Name Depth R - - Capacgy Capacgy
(Feet) eservoir Field (MMt) (MMt)
Nile 1 RMDB-4/RMDB-5 Dakota 6,360 2.4 2.4 2.4 2.4
Nugget 1 RMDB-4 D Sandstone 5,216 1.5 15 15 15
Park 2 RMDB-2 Niobrara 5,232 0.0 0.9 05 0.9
RMDB-4/RMDB-5 Dakota 6,098 0.9
Pawnee Creek 1 RMDB-5 Muddy (J) Sandstone 5,035 1.4 1.4 1.4 1.4
Peterson 1 RMDB-4 D Sandstone 5,173 0.8 0.8 0.8 0.8
Phegley 1 RMDB-4 D Sandstone 4,856 1.4 14 14 14
Plumb Bush Crk 1 RMDB-5 Muddy (J) Sandstone 4,969 10.3 10.3 10.3 10.3
Rago North 1 RMDB-4/RMDB-5 Dakota 4,876 3.1 3.1 31 31
§ Ramp 1 RMDB-5 Muddy (J) Sandstone 4,915 0.6 0.6 0.6 0.6
o Ranchero 1 RMDB-4/RMDB-5 Dakota 4,746 0.9 0.9 0.9 0.9
e Redwing 1 RMDB-4 D Sandstone 4,555 1.3 1.3 1.3 1.3
Sand River 1 RMDB-4 D Sandstone 5,124 2.9 2.9 2.9 2.9
Shield 1 RMDB-4/RMDB-5 Dakota 4,845 0.9 0.9 0.9 0.9
Sooner 1 RMDB-4/RMDB-5 Dakota 6,279 2.2 2.2 2.2 2.2
Swan 1 RMDB-4/RMDB-5 Dakota 5,036 1.9 1.9 1.9 1.9
Vallery 1 RMDB-4/RMDB-5 Dakota 5,904 1.2 1.2 1.2 1.2
Vortex 1 RMDB-5 Muddy (J) Sandstone 4,936 0.7 0.7 0.7 0.7
Westfork 1 RMDB-5 Muddy (J) Sandstone 4,924 2.1 2.1 21 21
Xenia West 1 RMDB-4/RMDB-5 Dakota 4,710 1.9 19 1.9 1.9
Zorichak 1 RMDB-4/RMDB-5 Dakota 4,945 1.6 1.6 1.6 1.6
TOTALS 51 5,274 148.5 148.5 2.9 148.4

! U.S. DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993).
2 MMt = Million Metric Tonnes
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Table 8. CO, Sequestration Capacities for Oil and Gas Fields in the Ignacio Pilot Study Region, Southwestern Colorado

Number of s Average Total CO, Capacity (MMt)? Avg CO, Max CO,
Basin Field Name Reservoirs Play Code Reservoir Name Depth - - Capacity Capacity
(Feet) Reservoir Field (MMt)>? (MMt)?
RMSJ-6 Dakota 3,074 0.0
Alkali Gulch 3 RMSJ-6 Hermosa Group 8,192 2.0 2.6 0.9 2.0
RMSJ-6 Molas 9,752 0.6
X
S RMSJ5 Dakota 3178 0.0
5 Barker Dome 2 9.9 5.0 9.9
e RMSJ-6 Hermosa Group 7,683 9.9
RMSJ-3/RMSJ-5/
Red Mesa 2 Dakota, Morrison 3,396 14 1.4 0.7 14
RMSJ-6
San RMSJ-1/RMSJ-2/ | Mesaverde Group,
Ignacio Blanco 3 4,963 154.6 154.6 51.5 154.6
Juan RMSJ-3 / RMSJ-5 Dakota, Morrison
TOTALS 10 5,748 168.5 168.5 16.8 167.9

' U.S. DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993).
2 MMt = Million Metric Tonnes
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Table 9. CO, Sequestration Capacities for Oil and Gas Fields in the Palisade Pilot Study Region, West-Central Colorado

. . Number of ) _ Average Total CO, Cgpacity Avg CQZ Max C_Oz
Basin | Field Name RESErVoirs Play Code Reservoir Name Depth (MMt) Capacgy Capaugy
(Feet) Reservoir Field (MMt) (MMt)
RMPC-4 Dakota, Morrison 2,496 0.8
Bar X 3 RMPC-5 Entrada 3,035 08 1.6 0.5 0.8
Sandstone
RMPC-4 Dakota, Morrison 3,118 2.4
Bridle 3 RMPC-5 Entrada 3.700 0.0 2.4 0.8 2.4
Sandstone
Buzzard > RMPC-1 Wasatch 396 0.0 15 0.8 15
Creek RMPC-2 Mesaverde Group 4,503 15 ' ' '
Divide 1 RMPC-2 Mesaverde Group 3,009 7.3 7.3 7.3 7.3
Creek
Grand
1 RMPC-2 Mesaverde Group 3,619 24.2 24.2 24.2 24.2
o Valley
= g“”ters 2 RMPC-4 Dakota, Morrison 6,161 0.4 0.4 0.2 0.4
o anyon
= Mamm
Creek 1 RMPC-2 Mesaverde Group 3,845 23.7 23.7 23.7 23.7
Parachute 1 RMPC-2 Mesaverde Group 3,810 9.6 9.6 9.6 9.6
RMPC-2 Mesaverde Group 3,734 0.7
Plateau 3 RMPC-4 Dakota, Morrison 7,360 0.2 0.9 03 0.7
. RMPC-2 Mesaverde Group 4,153 29.2
Rulison 2 RMPC-3 Mancos Shale 8,004 0.0 293 147 29.2
Mesaverde
RMPC- Group, Dakota,
Shire Gulch 6 2/IRMPC-3/ Frontier, Cedar 775 2.9 2.9 0.5 2.9
RMPC-4 Mtn, Mancos,
Morrison
Wolf Creek 1 RMPC-2 Mesaverde Group 1,643 1.3 1.3 1.3 1.3
TOTALS 26 3,727 105.1 105.1 4.0 104.1

' U.s. DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993).
2 MMt = Million Metric Tonnes
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Table 10. CO;, Sequestration Capacities for Oil and Gas Fields in the Rangely Pilot Study Region, West-Central

Colorado
. Average Total CO, Capacity Avg CO, Max CO,
Basin hﬁ;?‘:]de ggsrg?\%i?; Play Code' | Reservoir Name | Depth (MMt)? Capacity | Capacity
(Feet) Reservoir Field (MMt) (MMt)
Alkali RMSJ-6 Dakota 3,074 0.0
Gulch 3 RMSJ-6 Hermosa Group 8,192 2.0 2.6 0.9 2.0
X RMSJ-6 Molas 9,752 0.6
S Barker 2 RMSJ-5 Dakota 3,178 0.0 99 50 99
5 Dome RMSJ-6 Hermosa Group 7,683 9.9 ' ' '
o RMSJ-3/
Red Mesa 2 RMSJ-5/ Dakota, Morrison 3,396 1.4 1.4 0.7 1.4
RMSJ-6
S | . Emgj% ; Mesaverde
Juirr‘] glgi‘zg 3 EMS1 | fﬂ;c;trjigbrl?akota, 4,963 154.6 | 154.6 51.5 154.6
RMSJ-5
TOTALS 10 5,748 168.5 168.5 16.8 167.9

' U.s. DOE assigns a play code to a group of reservoirs in a geographic area that have similar geologic parameters (Whitehead and others, 1993).
2 MMt = Million Metric Tonnes

Table 11. Natural CO; Reserves in the Rocky Mountain Region

State Basin Field RF;(;Z?\\//(SSM(?I;)
Wyoming Greater Green River LaBarge-Big Piney 55
New Mexico Northeastern NM Bravo Dome 16
Colorado Paradox McEImo Dome 17
Colorado Raton Sheep Mountain 2.5
Colorado North Park North and South McCallum <0.1

Source: New Mexico Bureau of Geology and Mineral Resources, 2006; De Bruin, 2001; Carpen, 1957
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Table 12. CO, Sequestration Capacities for Coalbed Reservoirs in Colorado

Pilot Average Total CO, Capacity Avg CO, | Max CO,
. . Coal (MMt) ) )
Study Basin Formation Rank: Depth Pilot Capaugy Capaugy
Region (Feet) Coal Rank ; (MMt) (MMt)
Region
Cafion | Cafion Laramie Sub 1,703 446.8 446.8 446.8 446.8
City City
Fort Union HV 4,545 468.6
HVA 3,828 1,159.3
Craig \f/aagf] Williams Fork m A g:igg izigg:g 10,032.7 | 16721 4,485.0
lles HV 3,839 594.2
HVA 6,134 1,760.0
Denver Denver Laramie Sub 1,703 546.0 546.0 546.0 546.0
HV 2,246 110.5
. San Fruitland HVA 2,676 1,287.3
Ignacio Juan MV 2.845 663.4 2,548.1 637.0 1,287.3
Menefee HVA 5,495 486.9
. . Cameo-Fairfield Hv 3,090 121.8
Palisade | Piceance Coal Group HVA 3,777 514.1 1,631.3 543.8 995.4
MV 4,057 995.4
. Cameo-Fairfield HVA 3,777 514.1
Rangely | Piceance Coal Group MV 4.057 226.6 940.7 313.6 514.1
- . HV 2,339 53.8
Trinidad Raton Raton - Vermejo MV 1.767 6206 674.4 337.2 620.6
TOTALS 1,991 16,820.0 | 16,820.0 885.3 8,895.2

! Coal Rank: Sub-Bituminous (Sub); High-Volatile Bituminous (HV); High-Volatile A Bituminous (HVA); Medium-Volatile
Bituminous (MV)
2 MMt = Million Metric Tonnes
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Table 13

. CO; Sequestration Capacities for Deep Saline Aquifers in Colorado

Pilot Average Total CI\(.A)IZ\A??pamty Avg CO, | Max CO,
Stu_dy Basin Formation Depth ( ) Pilot Capaci}y Capaci}y
Region (Feet) Formation Region (MMt) (MMt)
Cafion Cafion Morrison 2,884 2,200

City City Lyons _ 2,922 700 20,300 6,767 17,400

Fountain 3,068 17,400
. Sand Entrada 2,560 3,950
Craig Wash Weber Sandstone 2,512 4,400 8,350 4175 4,400
Morrison 2,353 6,500
Entrada-Dockum Ss 2,290 2,000
Denver _ Lyons 3.106 2.300 20,500 5,125 9,700
° Fountain 4,083 9,700
8 Morrizon - 2,353 3,900
Fort Entrada-Dockum Ss 2,290 1,200
Morgan Lyons 3,106 1,400 7,900 1,975 3,900
Fountain 4,083 1,400
Mesaverde Group 2,866 1,800
= Dakota 2,700 700
. 3 Morrison 3,016 4,900
Ignacio c Entrada 2737 500 14,270 2,378 5,900
n Hermosa Group 3,866 5,900
Leadville Limestone 6,756 770
Dakota 2,530 1,600
Palisade o Morrison 2,483 9,600 20,700 6,900 9,600
S Weber Sandstone 3,008 9,500
8 Dakota 2,530 1,400
Rangely o Morrison 2,483 7,600 17,500 5,833 8,500
Weber Sandstone 3,008 8,500
TOTALS 3,024 109,520 | 109,520 4,381 59,400

T MMt = Million Metric Tonnes
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Table 14. Reservoir Properties for Deep Saline Aquifers in Colorado

Pilot l\lgierg?;\utr: Average Reservoir Reservoir | Reservoir Potential
Study Formation Top of Fo_rmation Porosity Pe‘rmeabi_lity Salinity (ppm) | Temperature | Pressure Area Seal
Region Formation Th|c(|f<tr)1ess (%) (millidarcies) C°F) (psig) (sg mi) Formation

(ft)
Morrison 2,353 250 15.7 31 2,300 - 96,000 199 3,156 5,400 Graneros
Denver Entrada-Dockum 2,290 60 15.7 31 4,800 - 18,000 199 3,039 5,445 Graneros
Lyons 3,106 100 12 88 32,000 187 3,525 5,500 Lynkis
Fountain 4,083 1,220 10-12 1-15 180,000 241 4,130 5,200 Sundance
Morrison 2,353 250 15.7 31 2,300 - 96,000 199 3,156 3,300 Graneros
Fort Entrada-Dockum 2,290 60 15.7 31 4,800 - 18,000 199 3,039 3,269 Graneros
Morgan | Lyons 3,106 100 12 88 32,000 187 3,625 3,300 Lynkis
Fountain 4,083 1,220 10-12 1-15 180,000 241 4,130 757 Sundance
Dakota 2,530 130 14 0-1,500 35,000 158 2,216 2,900 Mowry
Palisade | Morrison 2,483 680 16 21 2,300 - 96,000 156 2,360 3,200 Mowry
Weber 3,008 880 12.5 10 109,000 152 4,311 2,700 Moenkopi
Dakota 2,530 130 14 0-1,500 35,000 158 1,987 2,600 Mowry
Rangely | Morrison 2,483 680 16 21 2,300 - 96,000 156 2,204 2,600 Mowry
Weber 3,008 880 12.5 10 109,000 152 2,919 2,600 Moenkopi
Mesaverde 2,866 560 11-13 0.02-0.5 26,000 116 2,286 755 Lewis
Dakota 2,700 190 7.5 0.02-0.7 1,170 - 24,616 203 2,769 1,300 Mancos
Ignacio Morrison 3,016 660 13.5 10-20 0 - 4,000 195 2,750 1,400 Brushy Basin
Entrada 2,737 150 22 -26 150 - 450 >10,000 186 2,423 1,500 Wanakah
Hermosa 3,866 1,880 8 10 76,000-149,000 178 3,475 1,600 Rico
Leadville 6,756 180 8 10 72,000 159 3,996 1,600 Molas
Craig Entrada 2,560 170 20 400 1,513 - 15,483 133 2,362 2,900 Curtis
Weber 2,512 330 11 2 29,430 139 2,844 3,400 Moenkopi
. Morrison 2,884 320 15.7 31 56,500 144 2,691 1,300 Graneros
CSRS” Lyons 2,922 240 4.4 0.9 6,293 123 2,644 1,600 Lynkis
Fountain 3,068 3,460 16 2 22,000 102 3,984 1,600 Sundance
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Table 15.

CO, Sequestration Capacities for Silicate Rocks in Colorado

Pilot Ore Ore CO, Capacity at CO, Capacity at
Study Feedstock | Available | Demand/Year®| 100% Efficiency | 15-20% Efficiency®
Region (MMt)? (MMt)? (MMt)? (MMt)®
Mafics* 32,078 302 7,757 1,164
Carfon Basalt 1,610 634 248 28
City .
Alkalic 28,043 406 5,053 758
Igneous
Cra Mafics® 55,235 247 13,444 2,017
rai
J Basalt 1,323,421 484 219,347 24,676
Palisade | Basalt 8,869 20 1,470 165
TOTALS 84 247,319 28,809

! Primarily gabbro, also diabase, pyroxenite, diorite, and dunite

? Primarily syenite
® MMt = Million Metric Tonnes
* Ore required to sequester total 2003 CO, emissions

® Estimated potential assuming 15% efficiency for basalt, 20% efficiency for mafics, and accounting for
CO; produced during mineralization
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Table 16. CO, Sequestration Potential Utilizing Produced Waters as Cation Source for
Mineral Carbonation

_ CO; Sequestration

Rank | PIOUSWAY | iGiucion | Av9Cal Avg Mg Teotential
(Mbbls) (metric tonnes)

1. Rangely 80.2 979 199 13,689
2. | Ignacio 24.5 1,752 488 8,182
3. | Craig 22.2 246 41 910
4, Denver 8.8 264 70 438
5. | Palisade 1.5 1,295 352 364
6. Fort Morgan 14.0 36 13 106
TOTAL 23,689

! Average annual production calculated using production from 1999 through 2003; Mbbls

= Thousand Barrels.

2 Theoretical potential assuming 100 percent efficiency.
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New Mexico Geologic Sinks

The total carbon dioxide (CO, ) sequestration capacity of geologic sinks in New Mexico,
excluding mineralization, is estimated to be in excess of 278,000 million metric tons (Table 17).
This total sequestration capacity is so large that it requires knowledge of the output from the two
largest power plants in New Mexico to be put in perspective. The San Juan and Four Corners
power plants, located about 10 mi apart and about 15 mi west of Farmington, NM, released about
31 mmt of CO; into the atmosphere during 2001 (Allis et al., 2003). The 278,000 mmt of
estimated sequestration capacity is equivalent to about 9,000 years of storage for 100% of the
CO; released from those two power plants in 2001.

The total sequestration capacity is spread unequally across New Mexico in three basins
and three sink types (Fig. 12). The San Juan Basin in northwest quarter of the state has about
65% of the estimated total; the Raton Basin in the northeast, has less than 1%; and the Permian
Basin in the southeast, has about 35% of the total capacity. Oil and gas pools account for 3% of
the total, coal-bed-methane sinks for about 4%; and deep saline aquifers for about 93%.

Oil and gas pools and coal-bed-methane sinks have approximately the same total
capacity, but there are only two coal-bed-methane sinks in contrast to the 468 oil and gas pools.
The average sequestration capacity for an oil and gas pool is 19 mmt, that for a coal-bed-
methane sink is 5,500 mmt, and that of a deep saline aquifer is 36,897 mmt (Table 17).

However, averages do not tell the whole sequestration story. Oil and gas pools are much
better characterized geologically than either of the other two sink types, although there is overlap
among the sink types in that hydrocarbon production occurs in the same stratigraphic units that
serve as both the coal-bed-methane and deep-saline-aquifer sinks. The Southwest Partnership’s
interactive database reflects this economic reality and contains much more geologic and
engineering data on oil and gas pools.

In addition, saline aquifers and coal-bed-methane sinks tend to be basin size in area. Oil
and gas pools are structure to trap size in area and are generally more than an order of magnitude
smaller than a basin. Note, however, that the largest of the oil and gas pools has an estimated
capacity of 867 mmt, more than 20 times the average capacity and equal to approximately 29
years of the annual CO, emissions from the two large San Juan Basin power plants in 2001
(Table 17).

Each of the three sink types will be discussed in detail in the sections of this report that
follow. The information presented below is designed to give the interested user enough detail to
be able to select particular sinks for further evaluation using the Southwest Partnership’s
interactive, online database. Many of the figures illustrating these sections came directly from
the Partnership’s database and were prepared by the Utah Automated Geolographic Reference
Center (AGRC), the Partnership’s database manager.

The three sink types will be discussed in descending order of geological characterization,
beginning with oil and gas pools and finishing with deep saline aquifers. An in-depth discussion
will be presented of the Southwest Partnership’s San Juan Basin Enhanced Coal Bed Methane
(ECBM) Pilot Test that was selected for Phase 2 work.

Oil and Gas Pools

The New Mexico Oil Conservation Division (OCD) uses the term “pool” in the same
sense that the other states in the Partnership use the term “reservoir.” A pool is single, discrete
hydrocarbon accumulation within a single trap.” Pools are areally continuous and can lie in
vertical succession or side by side, or overlap laterally. The pool name has two parts: 1) a field
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name, usually a geographic location, and 2) a stratigraphic name based on the producing
(reservoir) unit. An example of a pool is the Blanco Mesaverde. This pool of the Blanco Field
produces hydrocarbons from the Upper Cretaceous Mesaverde Group. See Broadhead (1993a)
for details.

The OCD assigns a unique number of three to five digits to each pool. For example, the
Blanco Mesaverde pool has been assigned the number 72319; the stratigraphically higher pool,
the Blanco Pictured Cliffs pool, has been assigned the number 72400. In the Southwest
Partnership’s database these pools have been assigned the unique codes of NM-072319 and NM-
072400, respectively, so that the attributes in different databases or data tables can be assigned to
the proper, legally defined pool.

Hydrocarbon production in New Mexico is reported by pool, not by field, providing an
accurate record of the volume of hydrocarbons that have come from each reservoir. This fact is
extremely important in estimating the sequestration capacity of a reservoir. If production
statistics from two or more reservoirs in the same field were commingled, there would be no way
to get an accurate estimate of how much came from each reservoir, nor how much carbon
dioxide could be injected into a reservoir to replace the volume of produced hydrocarbons.

Of the more than 3,000 recognized hydrocarbon pools in New Mexico, only 468 are
included in the Southwest Partnership’s database because they had cumulative productions of
more than 1 million barrels of oil (mmbo) and/or 10 billion cubic feet of gas (BCF). These 468
pools have an estimated sequestration capacity of almost 9 billion tons (Table 17). There are 66
pools (14% of the total) in the San Juan Basin that account for 2,742 mmt (31%) of the estimated
sequestration capacity (Table 2) and 402 pools (86%) in the Permian Basin with 6,162 mmt
(69%) of the estimated sequestration capacity (Table 3).

Figure 13 shows the areal distribution of the 468 largest pools by cumulative production
in New Mexico. A circle whose diameter is proportional to the pool’s sequestration capacity is
shown at the centroid of each pool’s area. Estimated capacities range from less than 1 mmt to
more than 800 mmt. Most of the pools in both basins are in close proximity to the Cortez
Pipeline, the major CO; pipeline that transports CO, from Colorado to west Texas for enhanced
oil recovery projects. A few pools with small to mid-size capacities are closer to the Sheep
Mountain Pipeline, which also transports CO, from Colorado to west Texas for enhanced oil
recovery projects.

Table 17 indicates that the Permian Basin oil and gas pools possess more than twice the
total estimated sequestration capacity of those in the San Juan Basin (6,162 mmt to 2,740 mmt),
but have that capacity spread over six times as many pools (402 pools to 66 pools). As a result,
the average sequestration capacity per pool in the San Juan Basin is about three times that in the
Permian Basin (42 mmt to 15 mmt).

There is also a greater percentage of large capacity pools in the San Juan Basin.
However, the largest pools, those with capacities greater than 400 mmt, are equally distributed
between the two basins. Of the six pools in New Mexico with estimated sequestration capacities
greater than 400 mmt, three are in the San Juan Basin—Blanco Mesaverde (867 mmt), Basin
Fruitland Coal (739 mmt), and Basin Dakota (484 mmt)—and three are in the Permian Basin—
Hobbs Grayburg—San Andres (533 mmt), Eunice Monument Grayburg—San Andres (484 mmt),
and Vacuum Grayburg—San Andres (413 mmt). Although these large capacity pools could
provide many more years of storage capacity than their smaller counterparts, the smaller pools
could provide additional injection opportunities in the same injector well or leak-protection for a
deeper target. In addition the smaller capacity pools may be attractive pilot sites.
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The major assumptions made in calculating the CO, sequestration capacities for oil and
gas pools (and that are built into the Partnership’s interactive sequestration capacity calculator)
are 1) that the storage capacity volume is created in the reservoir by the production of oil and gas
and 2) that CO; at reservoir temperature and pressure will fill 100% of the volume originally
occupied by the hydrocarbons. Minor amounts of CO, will also be dissolved completely in the
oil and water remaining in the trap.

The San Juan Basin

The San Juan Basin is a 26,000 square mile, bowl-shaped depression primarily in
northwest New Mexico, but also in southwest Colorado. This structural basin, formed during the
early Tertiary Laramide Orogeny, contains more than 14,000 feet of sedimentary rocks ranging
in age from Paleozoic to Recent. It is a major producer of gas in the United States, with
cumulative production of more than 17 trillion cubic feet from 21,000+ wells. The first
commercial oil well in New Mexico was drilled in the San Juan Basin near Farmington in 1922.
Most of the hydrocarbon production is from fluvial, deltaic, and shallow-marine and near-shore
rocks and coals associated with the Late Cretaceous Seaway. Hydrocarbons are also produced
from carbonate buildups in the Pennsylvanian Paradox Formation. (See Allis et al. (2003) and
Brister and Hoffman (2002) for recent summaries.)

For ease of comparison, the hydrocarbon pools in the San Juan Basin have been grouped into
seven “plays” based on the stratigraphic unit that produces the hydrocarbons (Table 18). They
have been arranged stratigraphically and numbered one through seven. Each has been given the
prefix SJ on Table 2 and in the Partnership’s database. These play numbers are similar to those
assigned to the San Juan Basin Gas Plays by Whitehead (1993, p.118) in the Atlas of Major
Rocky Mountain Gas Reservoirs. The Entrada Sandstone Play (SJ-6), an oil play, has been
inserted into the original Atlas list to complete the plays in the San Juan Basin.

Table 20 is a simplified stratigraphic column of Pennsylvanian through Cretaceous rocks
in the San Juan Basin showing where the seven plays fit relative to the overall stratigraphic
framework. Fig.14 is a simplified cross section across the San Juan Basin.

The greatest oil and gas sequestration capacity in the San Juan Basin, and in New
Mexico, lies within the rocks of the Mesaverde Group Play (SJ-3), where four pools have a total
capacity of 889 mmt and an average capacity of 222 mmt (Table 18). This play contains the
Blanco Mesaverde pool, which has the largest estimated sequestration capacity of any oil and gas
sink in New Mexico. This pool will be discussed in detail below. The average depth for these
Mesaverde Group pools is 3,788 ft, which puts them below the depth threshold of ~3,000 ft for
supercritical CO; injection.

Seven hundred feet above the Mesaverde Group is another 339 mmt of total sequestration
capacity in the Pictured Cliffs Formation (SJ-2), still below the supercritical depth-threshold.
Above that, the Fruitland Formation (SJ-1) provides another 751 mmt of total capacity primarily
in coals that are often above the depth threshold. The possibility of utilizing a single injector
well that penetrates two or more horizons with high sequestration capacities at relatively shallow
depths (less than 5,000 ft) is high in the San Juan Basin because of favorable geological
conditions. This possibility can be investigated using the Partnership’s interactive database.

The search engine in the Southwest Partnership’s Database can be used to find pools that
meet or exceed 50 key criteria; e.g. specified distance from power plants to the pool’s centroid,
thickness, porosity, cumulative production, estimated sequestration capacity, and depth. The
following discussion illustrates the kind of data that can be found in the interactive database,
using the Blanco Mesaverde pool as an example (Fig. 15). This pool was chosen because it has
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the largest estimated sequestration of any oil and gas sink in New Mexico and it extends into
Colorado, where it is known as the Ignacio Blanco Mesaverde field, and, thus, involves two
state-regulatory agencies.

Blanco Mesaverde Pool (NM-072319)
Advantages as a CO; sequestration target:

e Majority of production (>90%) is from the regressive Point Lookout Sandstone, a
continuous marine sandstone reservoir.

e Several hundred feet of shale and coal seal the main reservoir.

e Cumulative production through Dec. 31, 2003 of more than 41million barrels of oil,
12 million barrels of water, and 10 trillion cubic feet of gas.

e Reservoir is at an average depth of more than 4,500 ft, well below the supercritical
depth threshold.

e The discovery well was drilled in 1927. Since then, more than 2,400 wells have been
drilled in the pool.

e Average reservoir is thickness is 140 ft; porosity range is 10—16%.

¢ Calculated storage capacity of CO; is more than 867 mmt.

e The Blanco Pictured Cliffs pool, which has produced 728 bcfg, is 1,700 feet above. If
CO, were to leak out of the Mesaverde reservoirs, it could be trapped here
(calculated storage capacity of about 113 mmt).

e The region is sparsely populated with few nearby population centers (e.g.,
Farmington, Bloomfield, and Aztec).

e Large areal extent (more than 1 million acres) means that sequestered CO, could be
injected at wide spacing.

Issues needing further evaluation:

e The Pictured Cliffs pool (NM-072400), which is 1700 feet above, is near the depth
cutoff for supercritical CO, (800 m = ~ 3,000 ft) and could possibility provide
additional CO; storage from the same injector well.

e There will be regulatory issues related to pool’s extension in two states.

e The pool is located on private, state, BLM, and tribal lands.

e The location, age, and status of every one of the 2,400+ wells in the pool need to be
determined.

Figure 15 illustrates how some of the stored data on the Blanco Mesaverde pool can be
visualized along with putting various aspects of that data into spatial context. Farmington, the
largest city in the area, and Broomfield lie west of the pool’s boundary. Aztec, on the other
hand, lies just inside the western boundary of the pool. Surface ownership within the Blanco
Mesaverde pool is a complex checkerboard of private, state, federal, and tribal lands. Negotiating
the right of way for a CO; pipeline, for example, could involve many parties.

The centroid of the Blanco Mesaverde pool, which is the point location stored for the
pool in the database, is shown with respect to its boundary to help put the capacity illustrations
(Fig. 13) into perspective. The surface areas of the pools often overlap, creating possibilities for
multiple targets from a single injector well. Pipeline distances for the Partnership’s Integrated
Assessment Model were measured from a power plant to the centroid of a pool. In some cases
the power plant lies within the boundary of a pool; in other cases the power plant is closer to the
edge of a pool than it is to the centroid, which is the case for the Blanco Mesaverde pool and
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either the San Juan or Four Corners power plants (Fig. 15). In either case, pipeline costs will be
less than modeled.

Two other very large pools in the San Juan Basin are also appealing CO, sequestration
targets: the Basin Dakota pool (NM-071599) with 484 mmt of estimated sequestration capacity,
and the Basin Fruitland Coal (NM-071629) with 739 mmt of estimated sequestration capacity.
Both pools cover almost the entire San Juan Basin, hence the field name, and are the result of
OCD orders combining several smaller pools producing from either the Dakota Sandstone or the
Fruitland Formation coals. The Dakota Sandstone is a more or less continuous near-shore
marine sandstone body containing discrete traps; the Fruitland consists of a series of
discontinuous, often vertically separated coal beds. The Southwest Partnership has chosen an
Enhanced Coalbed Methane (ECBM) project in a Fruitland coal reservoir as one of the its three
pilot tests for Phase 2. This project will be discussed in the section on coal-bed-methane sinks.

Data Sources
The following major sources of data were used to obtain the information on the San Juan Basin
Oil and Gas pools in the Southwest Partnership’s Database:

e The Four Corners Geological Society Oil and Gas Fields of the Four Corners Area
(Fasset, J. E. (ed.), 1978a, 1978b, and 1983);

e The Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A. (ed.), 1993);

e State of New Mexico, Energy, Minerals, and Natural Resources Department, Oil
Conservation Division Orders;

e New Mexico Oil and Gas Engineering Committee, 2003, Annual report of the New
Mexico Oil and Gas Engineering Committee: v. 1A , Southeast New Mexico and v. 2A,
Northwest New Mexico; and

e The detailed well and pool data housed at the New Mexico Bureau of Geology and
Mineral Resource’s Petroleum Records Section in Socorro, NM.

The Permian Basin

The Permian Basin of southeastern New Mexico is part of a larger, petroleum basin that
extends into west Texas (Figs. 16 and 17). The greater Permian Basin is the third largest
petroleum-producing area in the United States, accounting for 17% of the total United States oil
production in 2002 (Dutton et al., 2005). It is primarily an oil-producing region, as opposed to
the San Juan Basin, which is primarily a gas—producing region. The Permian Basin produces
primarily from Paleozoic carbonate rocks; the San Juan Basin produces primarily from Mesozoic
clastic rocks and coal.

Dutton et al. (2004 and 2005)) developed a new oil-play portfolio of the Permian Basin as
part of the U.S. Department of Energy’s Preferred Upstream Management Practices Program
(PUMP) that defines 32 oil plays, numbered from 101 to 132, from oldest to youngest producing
reservoir. Seventeen of those plays contain pools in the New Mexico portion of the basin that
met the production cutoffs (Table 19). Dutton et al.’s (2004) play numbers have been assigned
the prefix “PB” on Table 19. Their Mississippian Platform Carbonate oil-play (108) was
expanded to include the primarily gas prone Lower Pennsylvanian Atoka—Morrow sequence on
Table 19 so as not to change the play-number sequence that was provided prior to publication by
R. F. Broadhead, NMBGMR, (personal communication, 2004).

Table 19 shows these 17 New Mexico plays arranged numerically, with the oldest
reservoirs on the bottom and the youngest on the top. The largest number of qualifying pools
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(100) occurs in the Lower Pennsylvanian Atoka-Morrow gas play (PB-108). However, the
greatest capacities occur higher in the section in three plays in the Upper Permian that include
the San Andres-Grayburg and Artesia Platform Sandstone reservoirs (PB-124, 125, and 132).
The San Andres-Grayburg plays include three of the top six largest sequestration capacity pools
in New Mexico: Hobbs Grayburg-San Andres (533 mmt), Eunice Monument Grayburg-San
Andres (484 mmt), and Vacuum Grayburg-San Andres (413 mmt).

Unlike the San Juan Basin plays (Table 18), which, when arranged numerically by play
code, deepen progressively downward, the depths of the Permian Basin plays show no
systematic trend. This depth-trend loss is because of a more complex structural geology in the
older Permian Basin and because the Permian Basin is subdivided into several sub-basins or
bathymetric elements, each with a different geologic history and stratigraphic sequence (Figs. 16
and 17).

The New Mexico portion of the Permian Basin has been divided into the Northwest Shelf
and the Delaware Basin (Figs. 16 and 17). The Delaware Basin is one of the deepest basins in
North America with more than 24,000 ft of sedimentary rocks. A thinner section extends
northwest of the basin margin across the Northwest Shelf. Rocks dip southeast from the
Northwest Shelf into the deeper Delaware Basin. The Permian Capitan Reef Trend separates the
Northwest Shelf from the Delaware Basin (Fig. 17).

The PUMP play names and numbers were applied in stratigraphic order, beginning with
the oldest producing reservoirs in the Delaware Basin, then proceeding to same age reservoirs
the Northwest Shelf. If the producing units were the same in both sub-basins, they received the
same Play Code (number); if not, they received different, but sequential numbers. Then it was
back to the Delaware Basin for the next youngest reservoir, and so forth. Thus, the play code
numbers jump back and forth by age and depth from one sub-basin to the other (Tables 21 and
22).

Dutton et al. (2005, p. 568-570) note that four of these play reservoirs in the Texas
portion of the basin have been subjected to CO, flooding, essentially being used to sequester CO,
while enhancing oil production. The four reservoirs that have been flooded in Texas are
equivalent to: PB-132 (Artesia Platform Sandstone); PB-130 (Delaware Mountain Group Basinal
Sandstone); and PB-125 and PB-125 (Upper San Andres and Grayburg Platform). The CO,
pipelines shown crossing New Mexico are carrying CO; to west Texas fields for enhanced
recovery, not to southeast New Mexico pools.

The Partnership’s database contains the same kinds of information on Permian Basin
pools that it does for San Juan Basin pools. Thus, searches for and analyses of Permian Basin
pools will be similar to those of the Blanco Mesaverde pool from the San Juan Basin that were
discussed above. In addition, the database also contains data on the West Pearl Queen pool (PB-
132), that was the subject of a CO; pilot test (Zhang et al., 2003).

Data Sources
The following major sources of data were used to obtain the detailed information on the Permian
Basin Oil and Gas pools in the Southwest Partnership’s Database:

e Roswell Geological Society (1956, 1960, 1967, 1977, and 1988) Symposia of oil and gas
fields of southeastern New Mexico;

e The Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A. (ed.), 1993);

e State of New Mexico, Energy, Minerals, and Natural Resources Department, Oil
Conservation Division Orders; and
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e The detailed well and pool data housed at the New Mexico Bureau of Geology and
Mineral Resource’s Petroleum Records Section in Socorro, NM.

Natural CO, Accumulations

There are four fields in New Mexico that produce or have produced CO, from naturally
occurring sources (Fig. 18). Two of these fields are abandoned; one is under development; and
one supplies CO; to the Permian Basin for enhanced oil recovery. Two of the fields are in
northeast New Mexico, one is in west-central New Mexico, and one is in western New Mexico
on the Arizona border. All of the fields are located outside the major hydrocarbon-producing or
coal-bearing basins.

The Bravo Dome Carbon Dioxide Gas Field (NM-096010 and NM-096387) is a naturally
occurring CO; accumulation in Union and Harding County of northeast New Mexico. The field
was discovered in 1916 by a petroleum exploration well that encountered CO, in the Permian
Tubb Sandstone member of the Yeso Formation (see Table 21 for equivalent stratigraphic
position in the Permian Basin) at a depth of 2,506 ft. The CO; is sealed in the Tubb sandstones
by the stratigraphically higher Permian Cimarron anhydrite. The CO; is thought to be derived
from a magmatic source in the mantle (Broadhead, 1993, p.7).

At Bravo Dome the Tubb sits on Precambrian basement, is up to 400 feet thick, and has
an average porosity of 20%. It has produced more than 873 BCF of CO, from an average depth
of 1,900 ft. Estimated reserves are in excess of 10 TCF. CO, from the field was used entirely for
making dry ice and carbonation of soft drinks until the mid-1980s, when production was
increased because of demand for CO, in enhanced oil recovery. The CO, is compressed into
liquid form and fed into a pipeline that transports it to west Texas for enhanced oil recovery
projects. See Broadhead (1993b) for details.

The two abandoned fields are the Des Moines CO; field in Union County and the
Estancia CO, fields, Torrance County. The Des Moines field, discovered in 1935, was
abandoned in 1966. The Estancia fields, discovered in 1928, were abandoned in 1942. Both
fields were primarily involved in making dry ice.

The fourth accumulation, the Springerville-St. Johns CO; field, was discovered in 1959
and is presently under development. In 1998 by Ridgeway Arizona Oil Corporation leased
400,000 acres around Springerville, AZ, in connection with its CO, project. A small portion of
the field is in Catron County, New Mexico. The gas-producing intervals are sealed by anhydrite
and occur as discontinuous zones in the Permian Supai Formation, which sits on Precambrian
granite. Drilling depths for Ridgeway’s six New Mexico wells, which are shut-in, range from
2,540 ftto 3,211 ft. Rauzi (1999, p. 12) suggests a primarily juvenile source for the CO,. This
non-producing field could provide insight into the effects of CO, leakage into groundwater and
the atmosphere from relatively shallow reservoirs. See Rauzi (1999) and Moore et al. (2005) for
details. WESTCARB is considering the Springerville-St. Johns CO; field as a Phase 2 project.

Data Sources
The following major sources of data were used to obtain the information on the naturally
occurring CO;:

e Rauzi’s (1999) open file report on the Springerville-St. Johns CO; field;

e Broadhead’s (1993b) paper on carbon dioxide in northeast New Mexico; and

e Moore et al.’s (2005) paper on the consequences of the long-term presence of CO, in
natural reservoirs.
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Lesson Learned

The data used for this report took more than one person-year to compile, with most of the
compilation effort focused on oil and gas pools. Data were entered into a Partnership modified
GASIS (U.S. Department of Energy, 1999) database, which contained 321 datafields for each
site. Not all of these datafields pertained to every pool.

The GASIS database was designed for gas, not oil, pools. Unfortunately, most of the
information required to populate these 321 datafields turned out to be unimportant for the
purposes of regional characterization of oil and gas pools for CO, sequestration. The Partnership
selected the 50 most important datafields for its online, interactive database. Not every pool has a
complete set of data because certain information was not available in the published literature.

However, the Partnership’s oil and gas database, coupled with its GIS database, is the
only publicly available, digital source of key information on the 468 largest producing oil and
gas pools in New Mexico. (The same is undoubtedly true for the other states in the Partnership.)
Otherwise, these data are scattered primarily in published (paper) reports of the Four Corners
Geological Society, the Roswell Geological Society, and the American Association of Petroleum
Geologists and in the Atlas of Major Rocky Mountain Gas Reservoirs. As such, the Partnership’s
complete databases could be invaluable resources for the oil and gas industry or for subsurface
work associated with academic research.

The key lesson learned from Phase 1 is to design the database from the ground up for the
problem at hand and not to rely on an already established model that can be made to work, but at
a cost of decreased productivity.

Coalbed Methane Sinks

The total CO, sequestration capacity for coalbed methane sinks in New Mexico has been
estimated by Reeves (2003) to be about 11 billion tonnes (Table 17), with about 95% of that
capacity residing in the San Juan Basin and about 5%, in the Raton Basin (Fig. 19). The coalbed
methane reservoirs are in the Upper Cretaceous Fruitland Formation in the San Juan Basin (Fig.
15) and in the Upper Cretaceous Vermejo Formation in the Raton Basin. Figure 19 shows all the
coal-bearing areas of New Mexico; only the San Juan Basin and Raton Basin had sufficient
methane content to warrant CO; capacity calculations.

The first CO,-enhanced coalbed methane production occurred in the San Juan Basin in
1995. At Burlington Resources’ Allison Unit near the New Mexico-Colorado border more than
100,000 tons of CO, were injected into the Upper Cretaceous Fruitland Formation over a three-
year period to enhance production of coal-bed methane (Reeves, 2002). The CO, was injected by
four injector wells and is now sequestered in the coal at depths in excess of 3,000 ft. Critical
factors for sequestration include coal seam continuity, cleat permeability, coal
shrinkage/swelling, gas adsorption/desorption, and seal integrity.

The San Juan Basin is one of the top ranked basins in the world for CO, coalbed
sequestration because it has: 1) advantageous geology including coal beds with high methane
contents; 2) abundant anthropogenic CO, from nearby power plants; 3) low capital and operating
costs; 4) well developed natural gas and CO; pipeline systems; and 4) local companies with coal-
bed methane (CBM) and enhanced coal-bed-methane (ECBM) expertise. Selection of a potential
coal-bed methane CO, sequestration site in the San Juan Basin requires the more detailed
reservoir studies of local operators than those that are available in the literature because: 1) the
coal seams on a regional scale are discontinuous and 2) all coalbed methane production from the
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Fruitland Formation in the San Juan Basin is now reported together, making it difficult to know
how much methane has been produced from a single coalbed reservoir.

The Partnership’s Phase I ranking of sequestration opportunities factored proximity to
sources and/or pipeline infrastructure in addition to economic, safety, and risk mitigation
potential. The result of the Phase I ranking process resulted in the selection of three geologic
pilot tests within the Southwest Partnership that are located on the CO; pipeline infrastructure.
One of those selections is an enhanced coalbed methane test with Burlington Resources as the
operator in the San Juan Basin that will be discussed in detail in the next section.

San Juan Basin Enhanced Coal Bed Methane (ECBM) Pilot Test

The San Juan Basin ECBM/CO, sequestration field test site is located in San Juan County,
New Mexico, in the heart of the San Juan Basin coalbed methane (CBM) fairway. This location
is favorable for an ECBM/sequestration demonstration for several reasons. For example, the San
Juan Basin has been assessed previously by Advanced Resources International (ARI) under the
DOE-sponsored Coal-Seq project as one of the nation’s top coal basins for sequestration
(Reeves, 2003). The San Juan Basin has a potential storage capacity of 12 Gt of CO, (12% of
the U.S. total), an ECBM potential of 16 TCF (10% of the U.S. total), and potential cost of
storage at a predicted net profit of $4—8/ton of CO,. The results of the Southwest Partnership’s
demonstration will be scalable directly to a large portion of the San Juan Basin.

The San Juan Basin is a mature CBM play, and thus much of the infrastructure and services
required to implement large-scale sequestration are already in place (e.g., wellbores, gathering
and distribution systems, and processing facilities). In addition, a well-established, reasonably
priced service capability to maintain and expand that infrastructure exists. Finally, and perhaps
most importantly, the infrastructure to deliver CO; to the region exists—the Cortez pipeline that
delivers (natural) CO; from McElmo Dome to west Texas passes directly through the San Juan
Basin (Fig. 20). If/when that pipeline begins transporting anthropogenic CO,, the San Juan Basin
will become a premier national sequestration site.

The coals in the San Juan Basin fairway area have exceptionally high permeabilities of 100s
of millidarcies. Due to the tendency of coal to swell when in contact with CO», high initial coal-
permeability is required to maintain high CO; injection rates over time. Maintaining high
injectivity is an important requirement for large-scale, low-cost CO, sequestration in coal, and
demonstrating this is an important DOE carbon sequestration program goal (as stated in DOE’s
2004 Technology Roadmap and Program Plan). This demonstration represents an ideal
opportunity to achieve that goal.

The San Juan Basin ECBM pilot site lies entirely on BLM land (Fig. 20), just west of the
BLM’s Simon Canyon Area of Critical Environmental Concern (ACEC). This 4,000 acre ACEC,
which is managed for semi-primitive forms of recreation including fishing, hiking, and
backpacking, was established in 1950 and is the oldest ACEC in New Mexico. The Partnership
will be working closely with the BLM’s Farmington Office to ensure that the entire project is
done in an environmentally friendly manner and that all federal regulations concerning safety
and environment are strictly followed. As part of a terrestrial sequestration pilot, we are
proposing to desalinate produced water so that it can be used in nearby riparian areas within the
ACEC.

The exact pilot site location is Section 33, T. 31 N., R. 8 W. in northeastern San Juan County,
New Mexico (Fig. 20). The site will consist of four CBM producing wells drilled on 80-acre
spacing and a CO; injector well to be drilled by Burlington Resources for the Partnership. The
primary gas-producing horizons in this area are coal beds in the Upper Cretaceous Fruitland
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Formation. The coals, which occur at depths of approximately 3,000 feet, are about 75 feet thick
and are split among three seams over a 175-foot gross interval. This area of the fairway has
undergone significant CBM production, and reservoir pressures at the test site are less than100
psi. Coal matrix shrinkage is significant at these low pressures, contributing to the high coal
permeabilities that exist here. In addition, CO; injection pressures will be low, eliminating any
potential CO, compression needs for the pilot project. The site is operated by Burlington
Resources, San Juan Division, operator of more than 1,200 CBM wells in the San Juan Basin,
more than any other company, and a pioneer in CO,-ECBM technology. Burlington was the
operator of the Allison Unit CO,-ECBM pilot located in San Juan County, NM, north of the
proposed test site near the New Mexico-Colorado border (Fig. 20). To date, the Allison Pilot is
the largest and longest-running CO; injection project in coal for the purposes of ECBM. That
project, analyzed by ARI as part of the DOE’s Coal-Seq project (Reeves, 2002), has provided
most of industry’s experience and technical foundation regarding CO,-ECBM. Burlington is the
single most experienced and knowledgeable operator in the world regarding CO; injection in
coal.

Data Source
The major data source for coal-bed-methane sinks is Scott’s (2003) report on CO,
sequestration and ECBM potential of U.S. coal beds.

Deep Saline Aquifers

The total maximum CO; sequestration capacity for the seven aquifers listed in Table 17 is
conservatively estimated to be about 258,000 mmt, enough capacity to store more than 8,000
years of the annual 2001 CO, emissions from the San Juan and Four Corners power plants. The
Cortez pipeline crosses all seven of the deep saline aquifers and the Sheep Mountain pipeline
crosses the northeast portion of the San Andres aquifer, making access to these sinks cost
effective should the pipelines ever transport anthropogenic CO, (Fig. 21).

In order to qualify as a deep saline aquifer, a saline-water-bearing rock-unit had to be at
least 3,000 ft deep and have a total dissolved solids (tds) concentration of at least 10,000 ppm.
Ground water with a salinity less than 10,000 ppm is protected by state law (W. J. Ford, OCD,
personal communication, 2005).

Almost two-thirds of the 258 billion tons of sequestration capacity in deep saline aquifers
in New Mexico is in the four deep saline aquifers in the San Juan Basin (Table 23 and Fig. 21).
The remaining one-third is in the four aquifers in the Permian Basin. All seven of the formations
produce hydrocarbons in New Mexico. This means that there is a considerable amount of well
data available at least in the vicinity of the producing traps. In fact, well control was used to
estimate the area within the 3,000 or 10,000 ft contour for each sink. All of the seven deep-
saline-aquifer formations are important hydrocarbon-producers in New Mexico, setting up the
possibility of CO, sequestration along with enhanced hydrocarbon recovery.

The capacity estimate for each sink is conservative estimate because it is based on a
minimum thickness for the aquifer, a minimum area, and reservoir conditions at the top of the
aquifer. Nonetheless, the total estimated sequestration capacity of saline aquifers in New Mexico
dwarfs the combined total capacity for oil and gas pools and coal-bed-methane sinks by more
than an order of magnitude, 258 to 20 billion tons (Table 17.)

Sequestration capacity was estimated using two methods: one assumed that the CO,
would displace completely the saline water; the other, that the CO, would dissolve completely in
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the saline water. The first method relied on the Partnership’s interactive capacity calculator to
compute the density of carbon dioxide at reservoir pressure and temperature. The second method
relied on the MIDCARB calculator to compute the solubility of CO, in the brine at reservoir
pressure and temperature. The capacities shown on Table 1 are from the first method, which
yielded the larger capacity estimates.

The total displacement estimate for saline aquifers in New Mexico is about an order of
magnitude larger than that of the total solubility estimate, 258 to 26 billion metric tons (Table
23). Even so, the solubility estimate is about 40% larger than the combined total capacity for oil
and gas pools and coalbed methane sinks, 26 to 20 billion metric tons. However, the oil and gas
pools and coalbed methane sinks are much better characterized geologically than the deep saline
aquifers. Much of the data used to characterize the deep saline aquifers comes from oil and gas
wells.

The average thickness of the aquifer (Table 23) is the average thickness of the water-
producing interval reported by the USGS in its Produced Waters Database, rather than the
thickness of the potentially porous and permeable interval(s) in the formation. The area of each
saline aquifer is that area within the 3,000 ft or 10,000 ft contour. Those contours were
determined from the well data in the Produced Waters Database, supplemented by well picks
from the literature.

Reservoir pressure and temperature for each aquifer were estimated for the top of each
aquifer, either at the 3,000 ft or 10,000 ft depth. Hydrostatic pressure gradients were assumed for
the both basins to estimate pressure. A geothermal gradient of 1.96 F°/100 ft was used to
determine temperature in the San Juan Basin and a geothermal gradient of 1.00 F°/100 ft was
used to determine temperature in the Permian Basin. These geothermal gradients were derived
from data in the Partnership’s database.

Reservoir pressures were estimated to be 1,410 psi at 3,000 ft and 4,665 psi at 10,000 ft.
Reservoir temperatures were estimated to be 114° F at 3,000 ft in the San Juan Basin and 90°F
and 160°F at 3,000 ft and 10,000 ft, respectively, in the Permian Basin. Porosity data are
averages from the Partnership’s oil and gas database. Salinity data are averages from the
Produced Waters Database.

San Juan Basin

The four deep saline aquifers in the San Juan Basin have a maximum estimated CO,
sequestration capacity of 168,454 mmt about two-thirds of the estimated deep-saline-aquifer
capacity in New Mexico (Table 23 and Fig. 21). The Mesaverde, Dakota, and Entrada have
estimated capacities between 40,000 and 70,000 mmt; the capacity of the Morrison is an order of
magnitude less at approximately 6,000 mmt. All four formations produce hydrocarbons in the
basin and all are Mesozoic in age. They will be discussed in descending stratigraphic order,
youngest to oldest, beginning with the Mesaverde Group. The NE-SW cross section of the San
Juan Basin (Fig. 14) highlights the basin’s major aquifers in blue.

Two of the four aquifers shown in blue on Fig. 14, along with the Dakota Sandstone, are
discussed below. Of the other two aquifers, the Gallup Sandstone is too restricted areally and the
San Andres Limestone/Glorieta Sandstone lacks data. Stone et al. (1981, p 41) remark that
“...Although there has been extensive drilling for petroleum in the San Juan Basin, most of these
wells bottom in the Cretaceous section, and thus little is known of the deeper deposits of the
area. The pre-Jurassic rocks are generally too deep to play a significant part in the energy-
resource development or to be used extensively for water supply.”
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(1) The Upper Cretaceous Mesaverde Group has an estimated maximum sequestration
capacity of 50,194 mmt. It consists of the following three formations listed in descending
stratigraphic order: Cliff House Sandstone, Menefee Formation, and Point Lookout Sandstone.
The Cliff House Sandstone forms the top (eastern) flank of the topographically prominent
Hogback Monocline west of Farmington, but the Point Lookout Sandstone accounts for the
majority of the hydrocarbon and water production and is the aquifer unit generally picked as
“Mesaverde” on well logs.

The Point Lookout Sandstone is a coastal marine sandstone that ranges from 40 to 415 ft
thick, has a maximum depth of 6,400 ft, and is not widely used as a source of potable water
(Stone et al., 1983). The sand is sealed by shales and coals in the overlying Menefee Formation
that can be a few hundred feet thick.

The estimated sequestration capacity for the Mesaverde was determined using a thickness
of 319 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 114°F, a porosity of 14%,
and a salinity of 20,000 ppm (Table 23).

(2) The Upper Cretaceous Dakota Sandstone has an estimated maximum sequestration
capacity of 43,837 mmt. It is generally a marine to marginally non-marine sandstone that ranges
from 200 to 350 ft thick, has a maximum depth of 8,500 ft, and is not widely used as a source of
water although there are a few scattered stock and domestic wells (Stone et al., 1983). The sand
is sealed by shales in the overlying Mancos Shale that can be a several hundred feet thick.

The estimated sequestration capacity for the Dakota Sandstone was determined using a
thickness of 82 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 114°F, a porosity
of 17%, and a salinity of 10,000 ppm (Table 23).

(3) The Upper Jurassic Morrison Formation has an estimated maximum sequestration
capacity of 6,370 mmt, the smallest of the seven aquifers. It consists of a sequence of non-marine
sandstones, mudstones, and minor limestone that ranges from 330 to 915 ft thick, has a
maximum depth of 9,000 ft, and is a major source of ground water, including being the sole
source of the public drinking water for Crownpoint and a major source for Gallup (Stone et al.,
1983). The Morrison ground water has “some of the lowest specific conductances in the San
Juan Basin...Values of less than 1,000 umhos [approximately equal to 1,000 ppm] occur in the
Crownpoint-Church Rock area.” (Stone et al., 1983, p.39-40) The Morrison Formation, as a
result, may not meet the salinity requirement to be a viable CO, deep-saline-aquifer-sink.

The Morrison consists of the following four members in descending order: Bushy Basin
Shale Member, Westwater Canyon Sandstone Member, Recapture Shale Member, and Salt Wash
Sandstone Member. The Westwater Canyon Sandstone Member is the principal aquifer. Shales
in the Bushy Basin Shale Member seal the unit.

The estimated sequestration capacity for the Morrison Formation was determined using a
thickness of 28 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 114°F, a porosity
of 8%, and a salinity of 10,000 ppm (Table 23).

(4) The Upper Jurassic Entrada Sandstone is an aeolian unit that has an estimated
maximum sequestration capacity of 68,052 mmt, the greatest capacity of any aquifer in New
Mexico. It consists of three informal members (an upper sandstone, a middle siltstone, and a
lower sandstone) that range from 175 to 600 ft thick, has a maximum depth of 9,310 ft, and is the
source of domestic and stock water between Smith Lake and Mariano Lake, although generally
Entrada water is not suitable for drinking Stone et al., 1983). The Entrada is sealed by the
overlying Summerville Formation and Todilto Limestone, which contains evaporites.
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The estimated sequestration capacity for the Entrada Sandstone was determined using a
thickness of 131 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 114°F, a porosity
of 24%, and a salinity of 10,000 ppm (Table 23).

Permian Basin

The three deep saline aquifers in the Permian Basin have a total maximum estimated CO,
sequestration capacity of 89,828 mmt (Table 23), about one-third of the estimated deep-saline-
aquifer capacity in New Mexico. The San Andres Limestone, Glorieta Sandstone, and the
Devonian have estimated capacities between 19,000 and 39,000 mmt with the estimated capacity
increasing stratigraphically upward. All three formations produce hydrocarbons in the basin and
all are Paleozoic in age. The average dissolved solids of these three aquifers are considerably
greater than their younger counterparts in the San Juan Basin, increasing stratigraphically
downward from 70,000 to 100,000 ppm. These aquifers will be discussed in descending
stratigraphic order, youngest to oldest, beginning with the San Andres Limestone.

(1) The Upper Permian San Andres Limestone has an estimated maximum sequestration
capacity of 38,676 mmt, the greatest estimated capacity of any aquifer in Permian Basin. The
outcrop area of the San Andres extends for hundreds of square miles across eastern New Mexico,
dominating the southeast quarter of the Geologic Map of New Mexico (Scholle, 2003).

Stratigraphic nomenclature problems make it difficult to pin down basic facts about the
San Andres, such as its thickness and lithologies. In the older literature, the unit is referred to as
the San Andres Formation and contains a sandstone member at its base that was later raised to
formation status as the Glorieta Sandstone. Kelly (1971), using the older concept, measured
sections that indicate that the thickness range of the (restricted) San Andres Limestone is 250 ft
to more than 1,000 ft. He included three members in the San Andres Formation. The upper
member includes dolomite and gypsum and is up to 700 ft thick. The middle member is dolomite
and limestone and is up to 300 ft thick. The lower member includes limestone, dolomite, and
sandstone (the Glorieta). The aquifer unit is probably in Kelley’s middle member, which is
sealed by gypsum in the upper member. Two facts about the San Andres are not in dispute: it is
“...the major aquifer in the Roswell artesian basin and a major oil producer in the Northwest
Shelf” (Johnson et al., 2003, p. 148).

The estimated sequestration capacity for the San Andres Limestone was determined using
a thickness of 89 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 90°F, a porosity
of 9%, and a salinity of 70,000 ppm (Table 23).

2) The Upper Permian Glorieta Sandstone has an estimated maximum sequestration
capacity of 32,094 mmt, the second greatest estimated capacity of the three aquifers in Permian
Basin. It ranges in thickness from 100 to 220 ft (Kelly, 1971). The Glorieta Sandstone underlies
the San Andres Limestone and is sealed by tight carbonate beds at the base of the San Andres.

The estimated sequestration capacity for the San Andres Limestone was determined using
a thickness of 75 ft, a depth of 3,000 ft, a pressure of 1410 psi, a temperature of 90°F, a porosity
of 12%, and a salinity of 80,000 ppm (Table 23).

3) The Devonian aquifer has an estimated maximum sequestration capacity of 19,059
mmt, the smallest estimated capacity of any aquifer in Permian Basin, and its deepest aquifer at
10,000 ft. The extreme depth of this aquifer may make it economically unfavorable, although it
is a major salt-water disposal unit (W. J. Ford, OCD, personal communication, 2005).

Davidson (2003, p. 116) noted that the Silurian and Devonian formations are often
impossible to separate or distinguish on geophysical logs. The use of the generic assignment
“Devonian” in the Produced Water’s Database is probably to the Lower Devonian Thirtyone

75



Formation, which often infills an erosion surface on the Silurian Wristen Group (Dutton et al.,
2005). The Thirtyone Formation is a deepwater, cherty carbonate that can be up to 1,000 ft thick.
The Devonian aquifer is sealed by mudstones in the overlying Woodford Shale, which is also
Devonian in age.

The estimated sequestration capacity for the Devonian aquifer was determined using a
thickness of 100 ft, a depth of 10,000 ft, a pressure of 4,665 psi, a temperature of 160°F, a
porosity of 6%, and a salinity of 100,000 ppm (Table 23).

Data Sources
Publicly available information on deep saline aquifers in New Mexico is scattered in the
geologic and hydrologic literature. The Texas Bureau of Economic Geology (BEG) compiled
most of the data in the Southwest Partnership’s database on the Morrison Formation of the San
Juan Basin (Hovorka et al., 2003). Data for the other six deep saline aquifers came from a variety
of sources:
e The USGS’s Produced Waters database;
e Stone et al.’s (1983) study of the hydrogeology of the San Juan Basin;
e Davidson’s (2003) study of the water quality in the Permian Basin of southeast New
Mexico;
o Kelly’s (1971) study of the geology of the Pecos Country; and
e Statistics compiled in the Partnership’s oil and gas database.
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Table 17. Estimated CO, Sequestration Capacities for New Mexico's Geologic Sinks in
Millions of Metric Tons (mmt)

Sink Type
468 Two Mineralization
Oil Coal Seven
& Bed Deep
Gas | Methane | Saline Produced | TOTAL
New Mexico Basins Pools | Sinks | Aquifers | Silicates | Waters | CAPACITY
San Juan 2,742 | 10,400 | 168,454 na na 181,596
Permian 6,162 0 89,828 na na 95,990
Raton 0 600 0 na na 600
TOTAL CAPACITY 8,904 | 11,000 | 258,282 na na 278,186
Average per sink type 19 5,500 36,897 na na 580
Maximum capacity per sink
type 867 10,400 | 68,052 na na na

Table 18. Estimated CO, Sequestration Capacities for San Juan Basin Oil and Gas Pools
in millions of metric tons (mmt).

Av. Total Av. Max.

Play No. of Depth | Capacity | Capacity | Capacity
Code Play Name Pools (ft) (mmt) (mmt) (mmt)
SJ-1 Fruitland Fm. 8 1,912 751 94 739

Pictured
SJ-2 Cliffs Fm. 12 3,057 339 28 113

Mesaverde
SJ-3 Gp. 4 3,788 889 222 867
Gallup,
Tocito, and

SJ-4 Mancos Fms. 29 4,896 174 6 33

Dakota,

Dakota-

Morrison
SJ-5 Fms. 7 4,930 541 77 484

Entrada
SJ-6 Sandstone 3 5,368 15 5 7

Pennsylvanian
Four Corners
SJ-7 Platform 3 7,587 31 10 11
TOTALS 66 4,505 2,740 42 322
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Table 19. Estimated CO, Sequestration Capacities for Permian Basin Oil and Gas Pools in
millions of metric tons (mmt).

NW Shelf
Upper
Pennsylvanian
PB-110 Carbonate 29 9,243 555 19 178

NW Shelf
Strawn Patch
PB-109 Reef 17 10,583 63 4 13

Atoka-
PB-108 Morrow 100 11,382 381 4 18

Wristen
Buildups and
Platform
PB-105 Carbonate 30 11,942 367 12 90

Fusselman
Shallow
PB-104 Carbonate 10 8,390 73 7 27

Simpson
Cratonic
PB-103 Sandstone 4 9,025 26 7 17

Ellenberger
Karst-
Modified
Restricted
Ramp
PB-102 Carbonate 8 9913 27 3 9

TOTALS 402 7,874 6,162 15 113
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Table 20. Simplified stratigraphy for Pennsylvania through Cretaceous rocks in the San
Juan Basin showing the distribution of hydrocarbon plays in the basin. (Modified from
Whitehead, 1993.)

Play
Age Strata code Play name

Kirkland Shale
Fruitland Formation SJ-1 Fruitland Fm.

Pictured Cliffs Sandstone SJ-2 Pictured Cliffs Fm.
Lewis Shale
Mesaverde Group SJ-3 Mesaverde Gp.
Mancos Shale

Crevasse Canyon SJ-4
Formation

Gallup Sandstone
Mancos Shale
Dakota Sandstone sSJ-5

Cretacous

Gallup, Tocito, and Mancos Fms.

Dakota, Dakota-Morrison Fms.

Morrison Formation
Bluff Sandstone
Jurassic Summerville Shale
Todilto Limestone
Entrada Sandstone SJ-6 Entrada Sandstone

Triassic Chinle Group

San Andres Limestone
Glorieta Sandstone

Permian

SJ-7 Pennsylvanian Four Corners
Pennsylvanian | Paradox Formation Platform
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Table 21. Simplified Stratigraphy for Ordovician through Triassic Rocks in the Permian
Basin Showing the Distribution of Hydrocarbon Plays in the Northwest Shelf. (Modified
from original provided by R F. Broadhead, NMBGMR, 2004.)

. Play
Age Rock Unit code Play name
Triassic Chinle
Santa Rosa
Dewey Lake
Ochoan Rustler
Salado
Castile
a Bell canyon
=}
. = h
Guadalupian 5 Cherry Canyon _
S s c PB-130 Delaware Mountain Group
= 5 'g ) Basinal Sandstone
IS [
5 oS Brushy canyon
o o
=
Leonardian Bone Spring Basinal
Sandstone and Carbonate
BoneSpring PB-118
Wolfcampian
Hueco("Wolfcamp") PB-115 WoI_fcamp/Leonard slope and
basinal carbonate
S Virgilian Cisco
% c Missourian Canyon
= g Des Moinesian Strawn
a
& Atokan Atoka PB-108 | Atoka-Morrow
Morrowan Morrow
: Barnett
Miss
Undivided limestones
Upper Woodford
Dev. wede D ian Thirt D t
Lower Thirtyone PB-106 evoman thirtyohe Deepwater
Chert
Upper Wristen PB-105 \C/:Vailritg:al?:lldups and Platform
Sil. -
Middle
Lower
Fusselman PB-104 Fusselman Shallow Platform
Carbonate
Upper Montoya
Ord. Simpson PB-103 | Simpson Cratonic Sandstone
Middle
Ellenburger Karst-Modified
Lower Ellenburger PB-102 Restricted Ramp Carbonate
Bliss
Cambrian

Igneous, Metarmorphic,

Precambrian .
Volcanics
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Table 22. Simplified Stratigraphy for Ordovician through Triassic Rocks in the Permian
Basin: Distribution of Hydrocarbon Plays in the Northwest Shelf. (after Broadhead, 2004.)

Age Rock Unit CP(I)z)é Play name
. . Chinle
Triassic
Santa Rosa
Dewey Lake
Ochoan Rustler
Salado
Tansil
o s Yates PB-132 | Artesia Platform Sandstone
2 even Rivers
o Queen
]
o
) PB-125 Upper San Andres and Grayburg
Guadalupian Z Grayburg Platform-Central Basin Platform Trend
PB-124 Upper San Andres and Grayburg
- Platform-Artesia Vaccum Trend
@
£
()
San And
o an Andres pR-120 | NW Shelf San Andres Platform
Carbonate
Glorieta
Paddock . .
Leonardian 9 Blinebry PB-117 I(_:eotr;ardltem Restricted Platform
3 Tubb arbonate
>_
Drinkard
Abo PB-116 | Abo Platform Carbonate
Wolfcampian
Hueco ("Wolfcamp") | PB-114 | Wolfcamp Platform Carbonate
— Virgilian Cisco PB-110 Northwest Shelf Upper Pennsylvanian
a5 Missourian Canyon Carbonate
< < Des Moinesian Strawn PB-109 | Northwest Shelf Strawn Patch Reef
g > Atokan Atoka PB-108 | Atoka-Morrow
Morrowan Morrow
Miss Undivided
Upper Woodford
Dev. Middle
Lower Thirtyone PB-106 | Devonian Thirtyone Deepwater Chert
_ Upper Wristen PB-105 | Wristen Buildups and Platform Carbonate
Sil. Middle
Lower
Fusselman PB-104 | Fusselman Shallow Platform Carbonate
Upper Montoya
Ord. Simpson PB-103 | Simpson Cratonic Sandstone
Middle
Ellenburger Karst-Modified Restricted
Lower Ellenburger PB-102 Ramp Carbonate
Bliss
Cambrian
Igneous,
Precambrian Metarmorphic,
Volcanics

83




Table 23. Estimated CO; Sequestration Capacity for New Mexico's Deep Saline Aquifers in
Millions of Metric Tons (mmt)

Area Thickness Salinity | Solubility | Displacement
Aquifer Basin (acres) (ft) Porosity (TDS) (mmt) (mmt)
Mesaverde Formation | San Juan | 2,463,660 319 0.14 20,000 6,089 50,194
Dakota Sandstone San Juan | 6,897,975 82 0.17 10,000 5,654 43,837
Morrison Formation San Juan | 6,237,580 28 0.08 20,000 773 6,370
Entrada Sandstone San Juan | 4,747,864 131 0.24 10,000 8,777 68,052
Subtotal 21,293 168,454
San Andres Formation | Permian | 5,182,069 89 0.09 70,000 2,213 38,676
Glorieta Sandstone Permian | 3,813,896 75 0.12 80,000 1,809 32,094
Devonian strata Permian | 3,171,985 100 0.06 100,000 969 19,059
Subtotal 4,991 89,828
TOTAL 26,283 258,282
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CO, Capacities of Geologic Sinks by Basin in New Mexico

Qil and Gas Pools

2,742 MMT
Coal Bed Methane
10,400 MMT
Deep Saline Aquifers
168,454 MMT
Raton
Coal Bed Methane!
600 MMT
Statewide Capacity Totals
Qil and Gas Pools
8,904 MMT
Coal Bed Methane
11,000 MMT 2 a:,?sgar:: ;""3
Deep Saline Aquifers
258,282 MMT
Deep Saline Aquifers
89,828 MMT

Fig. 12. Map of New Mexico summarizing the estimated CO, sequestration capacities of
geologic sinks on a state-wide and basin-wide basis. Capacities are in millions of metric
tons (mmt). Illustration provided by Utah AGRC.
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CO, Capacities of Oil and Gas Pools in New Mexico
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Fig. 13. Map of New Mexico showing the distribution and size of oil and gas sinks and

summarizing the total estimated CO; sequestration capacity per basin. Capacities are in
millions of metric tons (mmt). lllustration provided by Utah AGRC.
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Fig. 14. Northeast-southwest schematic cross section of the San Juan Basin showing the
major Mesozoic formations in the basin. (Figure from Stone, 2002.)
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Blanco Mesaverde Pool Detail

A Power plants
[ cit Pool outiine
[ Tribal Land

Bureau of Land Management
B 5ureau of Reclamation
I Forest Service
- Mational Park Service
I:I State and Private Lands

Fig. 15. Map of the northwest portion of the San Juan Basin showing the areal extent of

and land ownership within the Blanco Mesaverde pool. lllustration provided by Utah
AGRC.
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Fig. 16. Map of southeast New Mexico and adjacent west Texas showing the
paleogeographic elements of the Permian Basin. (Figure from Land, 2003.)
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North South
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arginl Basin

Fig. 17. North-south schematic cross section of the Permian Basin showing the relationship
of middle Permian strata of the Delaware Basin to those of the Northwest shelf. The section
extends roughly from Roswell, NM to Orla, TX. (Figure from Land, 2003.)
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Fig. 18. Map of New Mexico showing the distribution of naturally occurring CO; fields.
Illustration provided by Utah AGRC.
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CO, Capacities of Coal Beds in New Mexico

it
San Juap Basin

10,400\MMT Bravo Dome
Total Capacity

L- ! Pipelines

@R Populated Places
Power plants (CO2 Emissions in tons/yr)

4 0-500,000
A 500,000 - 2,000,000

A 2000000 - 10,000,000
A 10000000 16,939,714

& CoalBeds

Fig. 19. Map of New Mexico showing the distribution of coal-bearing rocks and the
estimated CO; sequestration capacity of the coal-bed-methane sinks in the San Juan and
Raton Basins. Capacities are in millions of metric tons (mmt). Ilustration provided by
Utah AGRC.
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Fig. 20. Topographic map showing the locations of injector and monitoring wells in the
area around the Southwest Partnership’s Pump Canyon enhanced coal-bed-methane test.
Each side of section 33 is one mile long.
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CO, Capacities of Saline Aquifers in New Mexico

San Juap Basin
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Fig. 21. Map of New Mexico showing the distribution of the seven potential saline aquifer
sinks and a summary of the total estimated CO, sequestration capacities of saline aquifers
by basin. Capacities are in millions of metric tons (mmt). Illustration provided by Utah

AGRC.
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Oklahoma Geologic Sinks

The total carbon dioxide (CO; ) sequestration capacity of geologic sinks in Oklahoma,
excluding mineralization, is very conservatively estimated to be in excess of 340,000 million
metric tons (340 gigatonnes or 340 Gt — see Table 24). Since the total CO, emissions from power
plants in the State is approximately 47 million tonnes (year 2000 data from the EPA EGRID
database), the capacity of the State is about 7200 years worth of storage. The Upper
Cambrian/Lower Ordovician age Arbuckle formation is the most far-reaching saline aquifer in
the State and is the bulk of the sequestrable capacity (roughly 97%) with one smaller saline
formation and the oil and gas reservoirs in the State accounting for the remaining 3%. Oil and
gas systems form the bulk of the effort by the Oklahoma contingent and account for some 9 Gt of
capacity or 191 years worth of storage.

Because of the Arbuckle aquifer and due to the widespread oil and gas production
throughout the State, the total sequestration capacity is spread relatively evenly across Oklahoma
with the exception of the eastern portion of the state where the depths to formations that would
be suitable for sequestration are too shallow or the formations of interest have little oil and gas
productive capacity and are therefore more poorly characterized. For the eastern portions of the
State, other relatively thin saline formations may be the only option for sequestration.

Oil and Gas Systems

The total sequestrable capacity overwhelms the amount of anthropogenic CO; emitted in
the State as it does in other states in the Partnership, The difference between Oklahoma and the
other Partnership states is that there are some 500,000 holes that have been drilled exploring for
oil and gas. This number is an estimate based on the wells that have been reported to the
Oklahoma Corporation Commission since regulation of oil and gas wells began in 1914 and
estimates of the number of wells completed between 1897 and 1914. Approximately 85,000
wells are currently producing in the State (Boyd, 2002a). It is fairly safe to say that not all of the
500,000 holes have been properly abandoned and are potential leak points for sequestration.
Fortunately, a large percentage of the unregulated wells are in the eastern portions of the State
where sequestration options are limited. In addition, a significant portion of the sequestration
capacity is likely to be uneconomic for sequestration because of the current natural gas prices
and/or geologic considerations. Several of the largest capacity sites in the State are the major gas
fields (fields with greater 1 Tcf production). These are the Guymon-Hugoton, Mocane-Laverne,
Watonga-Chickasha Trend, Putnam, Kinta, Wilburton and Red Oak-Norris gas reservoirs which
are still producing significant quantities of natural gas. The Guymon-Hugoton and Mocane-
Laverne areas are part of a much larger sequence of gas reservoirs in the southeastern part of
Kansas and panhandles of both Oklahoma and Texas that are known as the Guymon-Hugoton-
Panhandle gas fields and are some of the largest accumulations of natural gas in the world. If
current natural gas prices continue, these reservoirs are likely to be economic for a considerable
length of time and are not likely to be true sequestration candidates despite their size and ability
to trap light hydrocarbons.

The majority of oil produced in the State is in the central portion along a geologic trend
(Fig. 22) called the Cherokee Platform or Shelf along what is called the Nemaha Uplift.
Additional significant accumulations are adjacent to the Cherokee Platform in an area called the
Northern Shelf (sometimes called the Anadarko Shelf) and in the shallow portions of the
Anadarko Basin prior to the basin dropping off to more of a gas province. The Anadarko Basin
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runs roughly from just northwest of the city of Ardmore in a northwesterly direction towards the
Texas Panhandle. There are three other smaller basins in the State. The Arkoma Basin is in the
eastern part of the state running from near an area called the Arbuckle Mountain Uplift
eastwardly to the Arkansas state line. The Marietta Basin and the Ardmore Basin are south of
Ardmore and often get lumped into one designation, typically called the Ardmore Basin. The
Marietta Basin includes the supergiant (fields that have produced in excess of 100 million
barrels) Healdton and Hewitt fields while the Ardmore Basin includes the supergiant Eola-
Robberson field. The Anadarko Shelf region includes the Oklahoma City, Sooner Trend,
Edmond West, Crescent-Lovell, Ringwood and Postle supergiant fields. The remaining
supergiants are on the Cherokee Platform and include the Tonkawa, Burbank, Cushing, Avant,
Bartlesville-Dewey, Glenn Pool, Stroud, Earlsboro, Seminole, St. Louis, Bowlegs, Holdenville,
Little River, Fitts and Allen fields.

The primary focus for the evaluation of sequestration capacity in Oklahoma was to obtain
data related to the oil and gas formations in the State. Very little public digital data exists for
wells and fields in Oklahoma. The GASIS and TORIS database systems available from the
Department of Energy formed the starting point for much of the collection with the GASIS
system providing data on 725 fields in the State and the TORIS system providing data on 72
fields. This data was supplemented by searching through reports and field descriptions from the
United States Geological Survey, the Oklahoma Geological Survey, the International Oil Scouts,
the National Oil Scouts and Landmen's Association and a variety of Master’s theses and PhD
Dissertations in the University of Oklahoma library system. Production data in the State is
reported to the Oklahoma Corporation Commission (OCC) and to the Oklahoma Tax
commission by lease. On-line data by lease is available from the OCC from 1998 on and is also
available commercially from IHS Energy and Oil/Law Records (which markets the Natural
Resource Information System (NRIS) database). Both the IHS Energy and the NRIS system
allow searching and aggregation on designations other than lease. Utilizing these data systems
would require a license and a fee to be paid to either IHS Energy or to Oil/Law Records. One of
the predecessor companies acquired by IHS Energy was Dwights EnergyData and the
Youngblood Library at the University of Oklahoma has the annual production report published
by Dwights for 1999. It was this report that was used for most of the production data in the
Partnership database for Oklahoma.

Data was collected on more than 5,500 hydrocarbon pools in Oklahoma. These 5500 pools were
then aggregated by a field designation which provided 700 that had cumulative production
amounts greater than 1 million barrels of oil (mmbo) and/or 10 billion cubic feet of gas (BCF).
The number is further limited to pools that were at depths greater than 3000 feet. Taking the
3000 foot depth limitation into account reduced the number of fields to 590 which were included
in the sequestration capacity calculation. These 590 fields have an estimated sequestration
capacity of approximately 9 Gt. The distribution of the capacity is fairly ubiquitous across the
State with at least one field that meets the criteria in 74% of the counties in the State. Figure 23
shows the counties in the State, while Table 25 lists the counties which have more than 50 mmt
of sequestration capacity. Limiting the depth to 3000 feet also excluded from consideration seven
of the 26 supergiant oil fields in the state (Bartlesville-Dewey, Burbank, Cushing, Glenn Pool,
Allen, Fitts and Avant fields).

Table 25 shows that two of the top three most prolific counties are in the panhandle
region of the State. This is primarily due to the two huge gas fields — the Guymon-Hugoton
(Texas County) and Mocane-Laverne fields (Beaver County). Texas County also includes the
Postle field and Beaver County includes the Camrick field. These two fields have both been
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highly responsive CO, floods. Much of the remaining capacity for both counties is tied up in gas
fields. Carter County has three supergiant oil fields (Sho-Vel-Tum, Healdton and Hewitt) and
Seminole has four (Seminole, Bowlegs, Earlsboro and Holdenville) which explains part of why
those two counties are listed second and fourth respectively. The Oklahoma City field dominates
the capacity in Oklahoma County and Garvin County includes both the Golden Trend field and
the Eola-Roberrson field.

From Table 25 you can also see that there are essentially five counties listed that are
considered to be in the eastern part of the State. Osage and Creek Counties are at the edge of the
Cherokee Platform. Osage County has several other potential large targets if the 3000 foot depth
limit for supercritical CO, were not strictly adhered to. Two supergiant fields, Burbank and
Cushing are excluded due to this restriction. The Burbank field probably should be included as
the average depth for that field is 2931 feet while the Cushing field would be a stretch to include
as the depth there is around 2600 feet. These areas may still be highly prospective targets for
immiscible, subcritical CO; flooding, but that possibility was not investigated in this study.

Latimer, Haskell and Pittsburg Counties are the other eastern counties in this list. All
three are on the list due to gas fields. Latimer County has the Wilburton and Red Oak-Norris gas
fields, Haskell County is on the list almost exclusively due to the Kinta gas field and Pittsburg
County is a gas region with a number of moderately large gas fields.

To develop the estimates for the oil and gas fields shown in Table 25, a temperature
gradient of 1.2°F per 100 feet of depth with a 60°F surface condition was used. In addition, an
estimate for the pressure in the reservoirs used a 0.4 psi/ft gradient. The oil formation volume
factor was assumed to be a constant 1.2 reservoir volumes to stock tank volumes for all
reservoirs. The CO, density varied with the calculated temperature and pressure and used a
correlation developed for this project at New Mexico Tech.

The oil recovery factor was assumed to be a constant value of 25% for all reservoirs.
Actual recovery factors are sparsely available. Many of the larger reservoirs in the State have
undergone waterflooding and hence have somewhat higher recovery factors. This is offset by
two things for the calculation of sequestration capacity. First, the Oklahoma database has no
water production values. Consequently any additional sequestration capacity that might be
attributable to water production has been neglected. Secondly, most of the larger reservoirs in the
State were discovered prior to the establishment of solid reservoir engineering practices.
Conservation of reservoir energy was not a practice in place during the discovery of the early
fields and as a result, excessive gas flaring caused the depletion of reservoir pressure and the lost
of production.

In addition, waterflooding many of the larger reservoirs began very early in the
development of the waterflooding process. Many of the fields have fairly complex reservoir
architecture and, flood efficiencies are generally poor.

The 25% recovery factor was felt to be a reasonable compromise to prevent the time-
consuming effort of evaluating the recovery factor of individual reservoirs. The 25% value was
also used by Advanced Resources International in their recent study on the evaluation of
“stranded o0il” in Oklahoma (Advanced Resources International, Inc.). Variations in the recovery
factors were evaluated. Using a 20% value rather than the 25% resulted in an increase in the
sequestration capacity of about 8% while a similar increase in recovery factor to 30% resulted in
a decrease in the estimated capacity of just less than 6%. Increasing the estimated recovery factor
to 50% (an unreasonably high value) still resulted in a sequestrable capacity of more than 7 Gt. A
more significant change in the sequestration capacity in the State occurs when you exclude the
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large gas reservoirs. Eliminating the largest 14 gas fields (2.3% of the total number of fields in
the data set) reduces the capacity by about 40% (from 9 Gt to 5.5 Gt).

Evaluating areas of the State where sequestration and enhanced oil recovery would be
most prospective shows that there are several areas with high potential. The area around Carter
and Stephens Counties in south-central Oklahoma where there is current CO; flood activity is
dominated by the Sho-Vel-Tum, Healdton and Hewitt fields. But as the existing CO; flood in the
West Velma field shows, fields with 10 to 20 mmstb production are highly prospective as well
both for enhanced oil recovery and for sequestration potential. If Garvin County is included, then
the Golden Trend and Eola-Robberson fields could be included and 6 other fields that have
recovered between 10 and 30 mmstb would come into play as well. Many of these fields are
currently undergoing waterflooding and would be viable candidates for carbon dioxide flooding.
Expansion of the floods in the Sho-Vel-Tum and the Golden Trend fields would provide the
highest potential for sequestration and may also be economically viable as these fields are still
producing at reasonable rates. This area is currently served by a CO; line from an ammonium
nitrate (fertilizer) plant in Enid, OK and any expansion of CO; utilization would require
additional (likely) anthropogenic sources. Any expansion of this pipeline to other fields in the
area will depend primarily on the delivered cost of the CO,. Flow rates in most of the States oil
fields are generally low so project economics are going to be dominated by delivered CO; costs
either through pipeline costs or through transportation costs in addition to the capital costs
associated with CO, recycle facilities. At the time of the writing of this report, it is believed that
the ammonium nitrate plant has suspended operations. This plant depends on natural gas and
shuts down when natural gas prices reach a certain level. Thus, the operators of the pipeline as
well as the CO, floods are currently investigating other opportunities to develop more stable
supplies of COs.

Another interesting area would be Seminole, Pottawatomie, Oklahoma and possibly
Lincoln Counties in central Oklahoma. Oklahoma County is dominated by the Oklahoma City
field but there are other smaller fields in the area that are candidates for CO; flooding. Flooding
of the Oklahoma City field will likely be limited to the southern and eastern portions of the field
to avoid significant population centers. The southern portion of the field is near the open area
around the Will Rogers Oklahoma City International Airport which is currently an active
waterflood and shifting to a CO; flood in that area probably would not be too difficult. The
possibility of injecting CO; in the northern portions of the field would seem fairly remote as
those are under more populated areas and the potential risks would be significantly higher.

Pottawatomie and Seminole Counties are characterized by having supergiant oil fields
providing a smaller percentage of the sequestrable capacity than many other counties in the
State. In Seminole County, Seminole, Earlsboro, Bowlegs and Holdenville fields account for
about 63% of the capacity in the county, leaving 37% in 18 other oil fields and one 22 Bcef gas
field. In Pottawatomie County, the supergiant St. Louis field accounts for around 66% of the
capacity in the county. There are 30 other oil fields and one 98 Bcf gas field that accounts for the
remaining 34%. Oklahoma, Seminole and Pottawatomie Counties are primarily oil provinces
while Lincoln County has both oil and gas accumulations. The reservoir depths and the light oils
in these areas would make high quality candidates for CO, floods. The large numbers of high
quality potential sites make this an interesting area for development of an infrastructure for
enhanced recovery with CO,. Again, an anthropogenic source would be the most likely source
for the CO,.

Another prospective area is based mainly on proximity to the Oklahoma Gas and Electric
Sooner Power Plant in Noble County. This area would be Noble, Garfield, Kingfisher and
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possibly Major, Payne and/or Logan Counties. Kingfisher County is dominated by the Sooner
Trend set of fields and Major County includes the Ringwood supergiant field. Garfield, Noble,
Payne and Logan Counties again have a fairly large number of modest sized fields. Situating
enhanced oil recovery infrastructure close to the power plant would be conducive to both the
existing power grid as well as being near the CO, pipeline and ammonium nitrate plant, as well
as being near the Sooner, Ringwood and Oakdale fields.

Extending the pipeline running from Enid to the Sho-Vel-Tum field to some of the oil
fields that are on the shelf of the Anadarko Basin would also appear to be prospective. A number
of these fields have high cumulative recoveries with secondary recovery and would likely be
solid candidates for CO, recovery and storage. These fields include the Cement and Apache
fields. Establishing an anthropogenic CO; source to service all of these areas is necessary.

As previously mentioned, the Panhandle region has a number of possible targets that
depend on how serious the nation gets at developing sequestration as a business. However, if
these gas fields did become serious sequestration targets, then note that the Sheep Mountain
pipeline that terminates at the Postle field runs basically right over the Guymon-Hugoton field.
There would be a fairly short extension that could be built to get to the Mocane-Laverne Gas
Area. In addition, the pipeline from Borger, TX to the Camrick field could also supply the
Camrick gas area should that be an opportunity. Thus, a reasonable infrastructure exists in this
area to allow access to these sites.

Data Sources
The following major sources of data were used to obtain the information for the Oklahoma Oil
and Gas pools in the Southwest Partnership’s Database:

e Boyd’s Oklahoma Oil: Past, Present and Future, Oklahoma Geology Notes, v. 62, no. 3,
Fall 2002

¢ Boyd’s Oklahoma Natural Gas: Past, Present and Future, Oklahoma Geology Notes, V.

62, no. 4, Winter 2002

Oil and Gas Fields of Oklahoma Volume-I, 1963;

Anadarko Basin, Arkoma Basin Supplement 1 - 1974, Oil and Gas Fields of Oklahoma;

Oil and Gas Fields of Oklahoma Supplement-II, 1980;

Oil and Gas Fields of Oklahoma Volume-II, 1994;

PI/Dwights Production Reports. Crude and Casinghead Quarterly — Annual Report

through December, 1999;

International Oil and Gas Development, Intern. Oil Scouts Assoc. Yearbook-1978;

e DOE GASIS database — modified version obtained from the Utah Geological Survey;

e National Petroleum Council Public Database (TORIS) — available from
http://www.netl.doe.gov/technologies/oil-gas/Software/database.html;

e National Oil Scouts and Landmen's Association Yearbook 1946, and

e OGS Special Publication 1981 - Reservoir and Fluid Characteristics of Selected Oil
Fields in Oklahoma.

Natural CO, Accumulations

There are no natural CO, accumulations in Oklahoma.
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Coalbed Methane Sinks

Coal seams in the State are in the eastern third of the State and are both thin-bedded coal
seams and shallow. There is currently active development of the coalbed methane in these coal
seams. However due to their low net thickness and shallow depth to the coal seam, sequestration
in Oklahoma coal seams was not considered in this study. Further evidence of lack of
sequestration potential in Eastern Oklahoma coal seams is the fact that of the nearly 4000 wells
completed in the coal seams in the State, approximately 100 of the wells have depths greater than
the Partnership mandated 3000 feet (2.5%). The deepest coalbed methane well in the State is at
4400 feet. There has been a bit more exploration recently for deeper targets, but evaluation of the
coal seams was deemed less important that the evaluation of oil and gas systems and saline
aquifers.

Deep Saline Aquifers

The primary saline aquifer in the State is the Arbuckle group of formations that are
carbonate sequences that reside just above basement rocks nearly everywhere in Oklahoma. The
Arbuckle group is absent in the southeastern part of the State where the Ouachita Mountain
Uplift pushes the basement rocks to the surface. The zone is also missing in the southwestern
part of the State where the Wichita Mountain Uplift also pushes basement rocks to the surface.
The Arbuckle on the southwest side of the Wichita Mountain Uplift is a groundwater source for
Cotton and Tillman Counties. In the Arbuckle Mountain Uplift, the zone outcrops along the
Arbuckle Anticline, the Tishomingo Anticline and the Hunton Anticline. Mineral springs around
Davis and Sulphur have their origins in the Arbuckle formation. It is this area that has generated
the most interest and study in the State on the Arbuckle formation as there are ongoing studies of
the Arbuckle-Simpson Aquifer with support from the United States Geological Survey and the
Oklahoma Water Resources Board.

To develop the estimate for the sequestrable capacity for the Arbuckle Formation, maps
from the Texas Bureau of Economic Geology were utilized to find areas in Oklahoma where the
formation was below 3000 feet (about 1000 m), well away from the formation outcrops. It was
also assumed that where the formation drops in the Anadarko Basin, the porosity and
permeability of the formation would be too tight to be of interest. These assumptions leave a
region that roughly parallels the line on Fig. 22 for the northeastern edge of the Anadarko Basin
slightly inside the basin and extending on to the Northern Shelf area. This area was estimated to
be roughly 100 km by 275 km and had an average thickness of about 750 m. The area actually
could have been opened up slightly to include more of the Cherokee Platform area and some of
the deep Anadarko Basin may be prospective as well. However, to develop a conservative
estimate of the capacity, these areas were excluded. Salt water disposal wells completed in the
Arbuckle formation in the State have an average thickness of 572 feet based on data from the
Oklahoma Corporation Commission (Daneshfar, 2006). Using an average 150,000 ppm salinity
value, an average depth to the formation of 6562 feet (2000 m), an estimated temperature of the
formation of 139°F, an average pressure of 2640 psi and an average porosity of 10%, the
capacity of this area was calculated to be 344,277 mmt. The Arbuckle group projects north from
the Oklahoma state line and runs almost completely throughout Kansas as well. The Kansas
Geological Survey (KGS) has estimated the Kansas portion of the Arbuckle to have a capacity of
894,000 mmt. Thus, the value estimated for Oklahoma is within the order of magnitude of the
value computed by KGS and is felt to be a very conservative estimate given the uncertainty in
the data.
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Other formations in the State also have potential for sequestration. Unfortunately, there
are few public regional maps of the formations in question which makes estimating capacity
almost impossible. Based on the data from the Oklahoma Corporation Commission (Table 26),
the Arbuckle is certainly the largest disposal zone in the State. However, there are a number of
other formations that are accepting significant amounts of salt water. The top 20 formations are
shown in Table 26. Somewhat hidden in this table is that there again are few sites available in the
eastern portions of Oklahoma and even fewer that would be suitable for sequestration. The
depths to most of the saline formations are above the 3000 foot Partnership cutoff. Disposal sites
that are below the cutoff include the Tonkawa and Osage in Lincoln County, the Cromwell and
Booch zones in Hughes County, the Spiro formation in LeFlore County, the Cromwell, Hunton
and Wilcox zones in Okfuskee County and the Arbuckle and Wilcox zones in Okmulgee County.
Data from the Corporation Commission for disposal sites in the other counties are above the
3000 foot cutoff. Unfortunately, the eastern portion of Oklahoma is also home to most of the
larger coal-fired power plants in the State.

In addition to the analysis of the Arbuckle, one additional area of interest was developed
through this program. During the program an operator of four wells near Freedom, OK (Fig. 24)
approached the Partnership to see whether there was interest in using the wells for a test site. The
wells were originally drilled to extract iodine from the salt water. The wells are in a formation
called the Woodward Trench which is a 1-2 mile wide by 70 mile incised valley fill of sand and
shale of Pennsylvanian (Morrow) age. The channel is isolated from the surrounding (much
tighter) Chester limestone with an approximate depth of 6,700 feet. The four wells have been
cemented to surface and could likely receive EPA Class I status if tested, and it was proposed
that they could be used to inject CO; into the trench. The wells have good porosity (published
reports put the porosity values for the trench at approximately 14%) and permeability (published
values are around 20-40 mD) in the zone of interest. Rates for both production and injection
were in excess of 2000 barrels per day so reasonable rates of CO; injection should be expected.
This site was withdrawn from consideration for a Phase II pilot by the operator about the time
that proposals were being generated due to the high cost of CO, that would be necessary to
obtain for the pilot. The operator sold to a consortium that is trying to redevelop the iodine
extraction, but at least one of the consortium members is familiar with sequestration through
some work he does with terrestrial sequestration at the US Department of Agriculture test sites
near Woodward.

Assuming a 2 mile by 52.5 mile areal extent of the trench, a net thickness of the Morrow of
150 feet, a depth of 8000 feet, a pressure of 3735 psi, a temperature of 212°F, a porosity of 14%
and a salinity of 16,000 ppm, this area has a sequestrable capacity of 1,022 mmt (nearly 22
years).

Data Sources

e Daneshfar, J., Oklahoma Corporation Commission, personal communication (2006)

e Johnson, K.S. and Gerber, W.R.: “lodine Geology and Extraction in Northwestern
Oklahoma”, Oklahoma Geological Survey Circular 102, 1999.

e Kansas Geological Survey Open-file Report 2003-33

e Kansas Geological Survey Midcarb Calculators, Solubility of CO2 and Volumetrics

e Texas Bureau of Economic Geology, Carbon Dioxide Disposal in Brine Formations,
Arbuckle Group, Oklahoma
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Table 24. Estimated CO; Sequestration Capacity for Oklahoma's Geologic Sinks (mmt)

Sink Type
590 Oil | Coal Bed | 2 Deep Mincralization
& Gas | Methane Saline Produced TOTAL
Fields Sinks Aquifers | Silicates Waters CAPACITY
TOTAL CAPACITY 9,035 na 331,568 na na 340,603
Average per sink type 15 na 165,784 na na 710
Maximum capacity per sink type 1,294 na 330,546 na na na

Table 25. Sequestration Capacity by County

0O&G Sequestrable Number of Avg
County Capacity (mm tonnes) Sites Capacity/site

Texas 1558 14 111.3
Carter 1013 18 56.3
Beaver 760 14 54.3
Seminole 531 23 23.1
Oklahoma 521 16 32.6
Garvin 457 19 24.0
Canadian 449 9 49.9
Latimer 325 5 65.0
Kingfisher 299 5 59.9
Roger Mills 227 10 22.7
Pottawatomie 212 32 6.6
Lincoln 206 31 6.7
Dewey 188 10 18.8
Haskell 182 2 90.8
Caddo 159 14 11.3
Major 153 8 19.1
Beckham 146 5 29.2
McClain 113 14 8.1
Custer 110 19 5.8
Kay 99 17 5.9
Garfield 95 10 9.5
Pittsburg 92 11 8.4
Cimarron 90 5 17.9
Grady 72 14 5.1
Logan 69 17 4.1
Noble 67 18 3.7
Osage 62 24 2.6
Cleveland 61 14 4.4
Creek 60 19 3.2
Woods 58 6 9.7
Woodward 56 10 5.6
Stephens 54 17 3.2
Grant 51 14 3.6
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Table 26. UIC Disposal Data by Formation (data from Daneshfar, 2006)

2005 volume
Formation (stb)
Arbuckle 3078446
Brown Dolomite 2483167
Pennsylvanian 2270164
Cottage Grove 2049203
Missississippian 1607474
Pontotoc 1547551
Wilcox 1356185
Booch 1314023
Tonkawa 1275647
Hunton 1237457
Wolfcamp 1013287
Cisco 996847
Layton 996274
Permian 900349
Simpson 855000
Hoover 846973
Endicott 754180
Hox bar 689000
Cromwell 500009
Hartshorne 497756
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Utah Geologic Sinks

The total carbon dioxide (CO;,) sequestration capacity of geologic sinks in Utah,
excluding mineralization, is estimated to be in excess of 2,100 million metric tons (mmt; see
Table 27). To put this total sequestration capacity in perspective, we can compare to Utah’s
annual greenhouse gas emissions from fossil fuels for 2002, which totaled about 17.6 mmt of
CO; (Allis et al., 2003). The 2,100 mmt of estimated sequestration capacity is equivalent to
about 119 years of storage for the CO; released from fossil fuels burned in Utah in 2002.

The total sequestration capacity is spread unequally across Utah in four basins and three
sink types. Figure 25 shows the distribution of the various oil and gas and coal-bed-methane
reservoirs studied in Utah. The Uinta Basin in northeast quarter of the state has about 85% of the
estimated total; the Paradox Basin in the southeast, has less than 9%; the Northern Thrust Belt in
north central Utah has about 5% of the total capacity, and the Utah’s small portion of the Green
River Basin has less than 1% of the total capacity. Coal-bed-methane sinks, which only occur in
the Uinta Basin, are the largest sink and account for about 42% of the total, while oil and gas
reservoirs account for 30% of the total, and deep saline aquifers for the remaining 28%. Within
Utah, four potential deep-saline-aquifer sinks have been identified in the Uinta Basin, and one in
the Paradox Basin. Thus, the majority of the identified geologic sinks occur in the Uinta Basin.

In this study, 90 oil and gas reservoirs, 5 saline aquifers, and 3 coal-bed-methane sinks
have been studied (Table 27). The oil and gas reservoirs and saline aquifers have approximately
the same total capacity, but the coal-bed-methane sinks, while fewest in number have the greatest
CO, storage capacity. Within Utah, the average sequestration capacity for a coal-bed-methane
sink is 297 mmt, 107 mmt for a deep saline aquifer, and 7 mmt for an oil and gas reservoir
(Table 27).

However, averages do not tell the whole sequestration story. Oil and gas reservoirs are
much better characterized geologically than either of the other two sink types, although there is
overlap among the sink types in that hydrocarbon production occurs in some of the same
stratigraphic units that serve as both the coal-bed-methane and deep-saline-aquifer sinks. The
Southwest Partnership’s interactive database reflects this economic reality and contains much
more geologic and engineering data on oil and gas reservoirs. Data on the average reservoir
depth, temperature, and pressure for oil and gas, as well as coal-bed-methane sinks are
archived in the SWP's geologic sinks database.

In addition, deep-saline-aquifer and coal-bed-methane sinks tend to be larger in area than
oil and gas reservoirs. Oil and gas reservoirs are generally a size that is more than an order of
magnitude smaller than the other two sink types. It is noteworthy that Utah’s largest coal-bed-
methane sink has an estimated sequestration capacity of 339 mmt, equal to approximately 19
years of the State’s annual fossil-fuel based CO, emissions for the year 2002.

Each of the three sink types will be discussed in detail in the sections of this report that
follow. The information presented below is designed to give the interested user enough detail to
be able to select particular sinks for further evaluation using the Southwest Partnership’s
interactive, online database. The Partnership’s database is managed and maintained by the Utah
Automated Geological Reference Center (AGRC).

The three sink types will be discussed in descending order of geological characterization,
beginning with oil and gas reservoirs and finishing with deep saline aquifers. A brief discussion
is also included for the Southwest Partnership’s Paradox Basin Enhanced Oil Recovery (EOR)
Pilot Test at the Aneth unit that has been selected for Phase 2 field demonstration work.
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Oil and Gas Reservoirs

The Utah Geological Survey (UGS) uses the term “reservoir” in the same sense that the New
Mexico Oil Conservation Division uses the term “pool.” A reservoir is a single discrete
hydrocarbon accumulation within a single stratigraphic trap horizon. Reservoirs are areally
continuous and can lie in vertical succession or side by side, or overlap laterally. The reservoir
name in the Southwest Partnership’s database has two parts: 1) a field name, usually a
geographic location, and 2) a stratigraphic name based on the producing (reservoir) unit. An
example of a reservoir is the Anschutz Ranch Twin Creek. This reservoir of the Anschutz Ranch
field produces hydrocarbons from the Middle Jurassic Twin Creek Limestone. See Sprinkel and
Chidsey (1993, Gas Atlas) for details.

The Utah Division of Oil, Gas and Mining (DOGM) assigns a unique number of three
digits to each Utah field, regardless of whether it produces from one or more reservoirs. For
example, while DOGM has assigned a single number, 500, for the Anschutz Ranch field, the
Southwest Partnership’s database recognizes the stratigraphically higher Twin Creek reservoir as
the number 500A, while the deeper Nugget Sandstone reservoir has the number 500B. In the
Southwest Partnership’s database these reservoirs have been assigned the unique codes of UT-
00500A and UT-00500B, respectively, so that the attributes in different databases or data tables
can be assigned to the proper, legally defined field.

The DOGM reports some hydrocarbon production in Utah by reservoir, but those records
only extend back as far as 1984. Also, since DOGM’s records of Utah commercial hydrocarbon
production only began to be compiled in 1948, we lack accurate pre-1948 production data for
each individual reservoir for a number of the older fields in the state. In addition, some operators
co-mingle production from several reservoir intervals and this also complicates anyone’s ability
to obtain an accurate record of the volume of hydrocarbons that have come from each individual
reservoir. These factors are extremely important in estimating the sequestration capacity of a
reservoir. Where possible, we used our best geologic judgment to divide co-mingled or older
production statistics from two or more reservoirs in the same field in order to try to get an
estimate of how much came from each reservoir, and thus, an estimate of how much carbon
dioxide could be injected into each reservoir to replace the volume of produced hydrocarbons.
However, such divisions of co-mingled production to each individual reservoir was not always
possible, and in such instances all production from multiple reservoirs was simply assigned to
the predominant producing reservoir.

Of the approximately 150 recognized hydrocarbon fields in Utah, only 66 are included in
the Southwest Partnership’s database because they had cumulative production of more than 1
million barrels of oil (mmbo) and/or 10 billion cubic feet of gas (BCF). These 66 fields have an
estimated sequestration capacity of 629 mmt (Table 27). The 66 oil and gas fields can be further
broken down into 90 reservoirs where some fields produce from more than one reservoir. There
are 51 reservoirs in the Uinta Basin that account for 372 mmt (59%) of the estimated oil and gas
field sequestration capacity, 26 reservoirs in the Paradox Basin that account for 138 mmt of
capacity (22%), 10 reservoirs in the Northern Thrust Belt that account for 110 mmt of capacity
(18%) and 3 reservoirs in the Green River Basin that account for 8 mmt of capacity (1%) in Utah
(Table 27).

Figure 25 shows the areal distribution of the 66 largest conventional oil and gas fields in
Utah (also included coal-bed-methane fields). Estimated individual field sequestration capacities
range from less than 0.1 mmt to more than 170 mmt. Only the pools in the Paradox Basin are
located near the ExxonMobil pipeline, an 8-inch pipeline that transports CO, from McElmo field
in southwest Colorado to southeast Utah for EOR projects in the Aneth field. Table 27 indicates
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that the Uinta Basin oil and gas reservoirs possess more than twice the total estimated
sequestration capacity of those in the Paradox Basin and Northern Thrust Belt (372 mmt
compared to 138 and 110 mmt), and over 45 times the sequestration capacity of the reservoirs in
the Green River Basin. However, the Uinta Basin also has the greatest number of reservoirs of
all the areas characterized in Utah. As a result, the average sequestration capacity per reservoir
in Utah is fairly consistent in magnitude for all areas studied, ranging from a low of 2.8 mmt in
the Green River Basin to a high of 11.0 mmt in the Northern Thrust Belt, with an overall average
of 7 mmt.

The percentage of large capacity reservoirs is greatest in the Paradox Basin at 15%.
However, the percentage of the largest reservoirs, those with capacities greater than 10 mmt, is
consistent at 10% in both the Uinta Basin and Northern Thrust Belt. The Green River Basin,
with only three reservoirs, probably has no large reservoirs because there are too few reservoirs
in the Utah portion of the basin to have encountered a large reservoir. Of the 10 Utah reservoirs
with estimated sequestration capacities greater than 10 mmt, five are in the Uinta Basin, Ashley
Valley Weber (172.0 mmt), Altamont Green River-Wasatch (84.4 mmt), Red Wash Green River
(35.5 mmt), Bluebell Green River-Wasatch (22.6 mmt), and Wonsits Valley Green River (22.2
mmt); four are in the Paradox Basin, Greater Aneth Desert Creek (51.7 mmt), Upper Valley
Kaibab (29.8 mmt), Lisbon Mississippian (29.1 mmt), and Greater Aneth Paradox (10.1 mmt);
and one is in the Northern Thrust Belt, Anschutz Ranch East Nugget (96.7 mmt). Although
these 10 large-capacity reservoirs provide 88% of the oil and gas field CO; storage capacity, the
other 80 smaller reservoirs provide additional injection opportunities in the same injector well or
up-section leak-protection for deeper reservoir targets.

The major assumptions made in calculating the CO, sequestration capacities for oil and
gas reservoirs (and that are built into the Partnership’s interactive sequestration capacity
calculator) are 1) that the storage capacity volume is created in the reservoir by the production of
oil and gas and 2) that CO; at reservoir temperature and pressure will fill 100% of the volume
originally occupied by the hydrocarbons. Minor amounts of CO, will also be dissolved
completely in the oil and water remaining in the trap.

The Uinta Basin

The Uinta Basin is a 26,000 square mile, bowl-shaped depression primarily in northeast
Utah, but also extending slightly into northwest Colorado. This structural basin, formed during
the early Tertiary Laramide Orogeny, contains more than 24,000 feet of sedimentary rocks
ranging in age from Cambrian to Recent. It is a major oil- and gas-producing region in the
United States, and through 2000 had cumulative production of more than 486 million barrels of
oil and 1.9 trillion cubic feet from 10,000+ wells. The first commercial petroleum well in the
Uinta Basin was a gas well drilled in the Ashley Valley field near Vernal in 1925. Most of the
past hydrocarbon production has been from fluvial, deltaic, and lacustrine rocks of the Tertiary
Wasatch and Green River Formations, but increasingly drilling has been testing deeper Mesozoic
and Paleozoic reservoirs, and the U.S. Geological Survey’s Uinta-Piceance Assessment Team
(2002) identified substantial undiscovered resources in these deeper reservoirs.

For comparison purposes with reservoirs in other basins in Utah and other states, the
hydrocarbon reservoirs in the Uinta Basin have been grouped into six “plays” based on the
reservoir stratigraphic unit(s) that produces the hydrocarbons. They have been arranged
stratigraphically from top to bottom and numbered one through six. These first three plays are
similar to the Uinta Basin Gas Plays discussed in the Atlas of Major Rocky Mountain Gas
Reservoirs (Chidsey, 1993, p.83). In addition, three deeper plays, the Ferron Sandstone Member
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of the Mancos Shale, the Dakota - Morrison Formations, and the Weber Sandstone plays have
been added to the original Gas Atlas list to complete the plays in the Uinta Basin.

The oil and gas reservoir with the greatest sequestration capacity in the Uinta Basin is the
Green River-Wasatch Formations Play (UN-2), where 21 reservoirs have a total capacity of
185.6 mmt and an average capacity of 8.8 mmt. This play includes the Altamont
Green River-Wasatch reservoir, which alone has an estimated sequestration capacity of 84.4
mmt.

Seven thousand feet below the Green River-Wasatch Formations Play (UN-2) is the
Weber Sandstone Play (UN-6), another major sink with 172.5 mmt of total sequestration
capacity. Together these two play account for 96% of the oil and gas sink sequestration capacity
in the Uinta Basin. Other small sinks in the Uinta Basin are found in the Uinta Formation (UN-
1), the Wasatch-Mesaverde Formations (UN-3), the Ferron Sandstone Member of the Mancos
Shale (UN-4), and the Dakota-Morrison Formations (UN-5). The possibility of utilizing a single
injector well that penetrates two or more horizons with high sequestration capacity at relatively
shallow depths (less than 5,000 ft) is slim in the Uinta Basin because the shallow portion of each
reservoir occurs in ring-shaped areas that extend progressively farther from the center of the
basin. The areas where these rings may overlap can be investigated using the Southwest
Partnership’s interactive database.

The Southwest Partnership’s database can be used to find reservoirs that meet key
criteria; e.g. specified distance from power plants to the pool’s centroid, thickness, porosity,
cumulative production, estimated sequestration capacity, and depth. The following discussion
illustrates the kind of data that can be found in the interactive database, using the Red Wash
Green River reservoir (UT-00665A) as an example. This reservoir was chosen because it is one
of the largest estimated sequestration sinks in the Green River-Wasatch Formations Play in Utah.

Red Wash Green River Reservoir (UT-00665A)

Advantages as a CO, sequestration target:
e Majority of production is from the fluvial-deltaic sandstones of the Douglas Creek
Member of the lower Green River Formation, a more continuous sandstone
reservoir.

Several hundred feet of shale and marlstone of the Parachute Creek Member of the
Green River Formation seal the reservoir.

Cumulative production through 12/31/2003 of more than 81million barrels of oil, 313
million barrels of water, and 343 billion cubic feet of gas.

e Reservoir is at an average depth of more than 5,100 feet, well below the supercritical
depth threshold.

The discovery well was drilled in 1951. Since then, more than 195 wells have been
drilled in the pool.

Average reservoir is thickness is 170 feet; porosity ranges from 10-22%.

Calculated storage capacity of CO; is more than 35.5 mmt.

The shallower Uinta Formation reservoir lies about 1,000 feet above the primary
Green River reservoir. If CO, were to leak out of the Green River reservoir, it could
be trapped here (uncalculated storage capacity).
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e The region is sparsely populated with few nearby population centers (e.g., Myton,
Roosevelt, Vernal).

e Reasonably large areal extent (more than 30 thousand acres) means that sequestered
CO; could be injected at wide spacing.

Issues needing further evaluation:

e The shallower Uinta Formation reservoir, which is about 1,000 feet above, has not
produced and is not well understood in this area. It could possibly provide backup
protection for any CO; leakage from the primary Green River reservoir below.

e The pool is located on private, state, and BLM lands.

e The location, condition, and status of every one of the 195+ wells in the pool need to
be investigated and verified.

Four other large reservoirs in the Uinta Basin are also appealing CO, sequestration
targets: the Ashley Valley Weber (UT-00545C) with 172.0 mmt, the Altamont Green River-
Wasatch (UT-00055B) with 84.4 mmt, the Bluebell Green River-Wasatch (UT-00065B) with
22.6 mmt, and the Wonsits Valley Green River (UT-00710A) with 22.2 mmt of estimated
sequestration capacity. All of these reservoirs, except for the Ashley Valley Weber, cover at
least 12,000 acres within the Uinta Basin, and some reservoirs are the result of DOGM orders
combining several smaller reservoirs together. Various Green River Formation fields produce
from a fairly continuous alluvial and near-shore marine sandstone trend containing discrete traps.
The Southwest Partnership has not chosen a CO, sequestration demonstration project in the
Uinta Basin as one of its pilot tests for Phase 2.

Data Sources
The following major sources of data were used to obtain the information on the Uinta Basin Oil
and Gas pools in the Southwest Partnership’s database:
e Four Corners Geological Society Oil and Gas Fields of the Four Corners Area (Fassett, J.
E., editor, 1978a, 1978b, and 1983);
e Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A., editor, 1993);
e 1995 National Assessment of United States Oil and Gas Resources
(Gautier, D. L. et al., DDS-30, 1996, Beeman, W. R. et al., DDS-35,
1996: Charpentier, R. R. et al., DDS-36, 1996);
e Petroleum Systems and Geologic Assessment of Oil and Gas in the
Uinta-Piceance Province, Utah and Colorado (USGS Uinta-Piceance
Assessment Team, DDS-69-B, 2003);
U.S. Geological Survey Produced Waters Database, provisional release (Breit, G. N.,
compiler, 2002) available at Web site: http://energy.cr.usgs.gov/prov/prodwat/uses.htm;
 State of Utah Division of Oil, Gas and Mining, Oil and Gas Program Web site at:
http://www.ogm.utah.gov/oilgas/default. HTM;
« Utah Geological Association Publication 22, Oil and Gas fields of Utah (Hill, B. G., and
Bereskin, S. R., editors, 1993, 1996); and
* U.S. Department of Energy GASIS — Gas Information System release 2 (NETL version,
1999), CD or at Web site: www.netl.doe.gov/scng
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The Paradox Basin

The Paradox Basin of southeastern Utah is part of a larger, petroleum basin that extends
into western Colorado and a small part of northern Arizona. The Paradox Basin is one of the
largest petroleum-producing areas in Utah, accounting for 30% of the total Utah oil and 6% of
the gas production in 2004 (DOGM, 2005). It is primarily an oil-producing region, as opposed
to the Uinta Basin, which is primarily a gas—producing region. The Paradox Basin produces
primarily from Mississippian and Pennsylvanian carbonate rocks; the Uinta Basin produces
primarily from Cretaceous and Tertiary clastic rocks and coal.

Morgan (1993) developed a portfolio of three Paradox Basin plays as part of the Atlas of
Major Rocky Mountain Gas Reservoirs (Hjellming, 1993), numbered from PX-1 through PX-3,
from oldest to youngest producing reservoir. Two of those plays, the Leadville and Paradox
Formations, contain reservoirs in the Utah portion of the basin that met the production cutoffs.
In addition, two other plays, the Aneth and Kaibab Formations, have sufficiently large sinks to
meet the Southwest Partnership guidelines and have been added to the current study.

The Aneth Formation play (PX-4) covers the oldest producing unit in the Utah portion of the
Paradox Basin, and oil has been produced from a few deeper wells in the Greater Aneth field.

The Mississippian Leadville Formation play (PX-3) includes four reservoirs that produce
from buried-fault-block, carbonate reservoirs in the Paradox fold and fault belt of the northern
Paradox Basin. Although most of these reservoirs comprise small sinks, one of the four fields in
this play, Lisbon (UT-00385A), is among the ten largest CO; sinks in Utah at 29.1 mmt.

The next younger Paradox Formation play (PX-2) is primarily oil prone, and produces
from 20 discrete porous carbonate buildup reservoirs from 18 fields in the southern part of the
Paradox Basin. Two fields, Bluff and Greater Aneth, produce from two different zones of the
Paradox Formation. At the Greater Aneth field, both the Desert Creek (UT-00365A) and
Paradox (UT-00365C) reservoirs are included among the top ten largest CO, sinks in Utah at
51.7 mmt and 10.1 mmt, respectively. The giant Greater Aneth field, discovered in 1956,
includes four production units that cover about 47,000 acres.

The youngest reservoir in the Paradox Basin is the Kaibab reservoir (PX-1), which
produces mainly oil from a structural and combination trap found in association with the Permo-
Triassic unconformity in the Kaiparowits sub-basin outside of the main Paradox Basin. Only
one reservoir is productive in this play at Upper Valley field (UT-00155A), but this field is one
of the top ten largest CO; sinks in Utah at 29.8 mmt. The largest number of qualifying
reservoirs are in the Pennsylvanian Paradox Formation, and the greatest sequestration
capacities also occur in this play. Only the Aneth and Paradox plays occur together
in the same area at Greater Aneth field; each of the other plays occurs in separate geographic
areas of the Paradox Basin.

The reservoirs of the Paradox Basin have the narrowest range of depths for all the Utah
basins, and have the second shallowest average depths after the Uinta Basin plays.

Since the Paradox Basin plays area occur mostly in separate areas and are not superimposed on
each other, when arranged numerically by play code, they do not deepen progressively
downward in a systematic trend. This lack of a depth-trend for older reservoirs is the result of a
greater structural complexity for the geologic history of the Paradox Basin.

The Greater Aneth field production unit run by ExxonMobil has already been subjected
to CO; flooding, essentially being used to sequester CO, while enhancing oil production. The
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CO; used in this enhanced oil recovery project is transported via an 8-inch pipeline from
McEImo Dome in southwest Colorado. The Southwest Partnership has selected another
production unit of the Greater Aneth field for a Phase 2 sequestration demonstration project. The
lack of previous CO; injection in this area of the field allows the partnership to collect baseline
information before CO, injection begins and provides a better opportunity to accurately monitor
and verify the Paradox reservoir sequestration capability and capacity. In addition to the pipeline
that transports CO, from Colorado to Utah, another natural source of CO; occurs in the Bluff
field several miles to the northwest of the Greater Aneth field (Chidsey et al., 2005).

The Partnership’s database contains the same kinds of information on Paradox Basin
reservoirs that it does for Uinta Basin reservoirs. Thus, searches for and analyses of Paradox
Basin reservoirs will be similar to those of the Red Wash Green River reservoir from the Uinta
Basin that were discussed above. In addition, the database also contains data on the Greater
Aneth Desert Creek reservoir (PB-132), that is the subject of ExxonMobil’s enhanced oil
recovery project in the northeastern part of the field.

Data Sources
The following major sources of data were used to obtain the detailed information on the Paradox
Basin Oil and Gas pools in the Southwest Partnership’s Database:
e Four Corners Geological Society Oil and Gas Fields of the Four Corners Area (Fassett, J.
E., editor, 1978a, 1978b, and 1983);
e Utah Geological Association Publication 22, Oil and Gas fields of Utah (Hill, B. G., and
Bereskin, S. R., editors, 1993, 1996);
e Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A., editor, 1993);
e 1995 National Assessment of United States Oil and Gas Resources
(Gautier, D. L. et al., DDS-30, 1996, Beeman, W. R. et al., DDS-35,
1996: Charpentier, R. R. et al., DDS-36, 1996);
¢ Qil and Gas Fields Map of Utah (Chidsey and others, 2005);
e U.S. Department of Energy GASIS — Gas Information System release 2 (NETL version,
1999), CD or at Web site: www.netl.doe.gov/scng
e State of Utah Department of Natural Resources, Division of Oil, Gas and Mining
completion files, Division Orders and well data Web site
(http://www.ogm.utah.gov/oilgas/DATA SEARCH/well data search.htm); and
e The well and reservoir data housed at the Utah Geological Survey’s Petroleum Section in
Salt Lake City, UT.

The Northern Thrust Belt

The Northern Thrust Belt of northeastern Utah is part of a larger, petroleum basin that
extends into southwestern Wyoming (Figure 25). The Northern Thrust Belt is a smaller but
significant producing area in Utah, accounting for nearly 4% of the total Utah oil and 8% of the
gas production in 2004 (DOGM, 2005). It is primarily a gas-producing region, like the Uinta
Basin. The Northern Thrust Belt produces primarily from Triassic and Jurassic clastic and
carbonate rocks; the Uinta Basin produces primarily from Cretaceous and Tertiary clastic rocks
and coal.

Doelger et al. (1993a) developed a portfolio of seven Thrust Basin plays as part of the
Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, 1993), numbered from TB-1
through TB-7, from youngest to oldest producing reservoir. The youngest two of those plays, the
Jurassic Twin Creek Limestone and Nugget Sandstone, contain reservoirs in the Utah portion of
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the Thrust Belt province that met the production cutoffs. A third play, the Triassic Phosphoria
Formation, was included in the TB-5 (Weber Sandstone play) of Doelger et al (1993a), and has a
sufficiently large sink to meet the Southwest Partnership guidelines. This play has been
renumbered TB-3 for this study and is included in the current study.

The Jurassic Twin Creek Limestone play (TB-1) includes five reservoirs that produce
from thrusted anticlinal carbonate reservoirs in the thrust belt of northeastern Utah. All of these
reservoirs comprise small sinks, and none of the five fields in this play are among the ten largest
CO, sinks in Utah.

The next older Nugget Sandstone play (TB-2) is primarily gas prone, and produces from
eolian sandstone reservoirs in thrusted anticlinal traps from four fields in this play. Two fields,
Lodgepole and Pineview, produce from both the Twin Creek and Nugget plays. At the Anschutz
Ranch East field, the Nugget (UT-00505A) reservoir is included among the top ten largest CO,
sinks in Utah at 96.7 mmt. The Anschutz Ranch East field was discovered in 1979, and covers
between 1,900 and 5,000 acres.

The oldest reservoir in the Northern Thrust Belt is the Phosphoria Formation (TB-3),
which produces mainly gas from interbedded shallow water clastics, carbonates, and
phosphorites. The sour gas in this reservoir is trapped in thrusted anticlinal structures, and has
been productive from only the Cave Creek field (UT-00515B) of the Northern Thrust Belt.

The Jurassic Twin Creek play (TB-1) has the most qualifying reservoirs, and the greatest
capacity is in the Jurassic Nugget Sandstone play (TB-2). The Phosphoria and Twin Creek plays
are both productive at Cave Creek field, while the Nugget and Twin Creek plays are productive
at Lodgepole and Pineview fields. The Nugget play is productive by itself at Anschutz Ranch
East and Pineview North fields, and the Twin Creek play is productive by itself in Anschutz
Ranch and Elkhorn fields.

The reservoirs of the Northern Thrust Belt have the deepest average and minimum depths
of all the Utah basins, and also the highest reservoir temperatures. Since the Northern
Thrust Belt plays occur mostly in the same area and are generally superimposed on each other,
when arranged numerically by play code they deepen progressively downward in a systematic
trend. This super-position of younger over older reservoirs provides additional injection
opportunities in the same injector well or up-section leak-protection for deeper reservoir targets
in the Northern Thrust Belt.

The Southwest Partnership has not selected a field from the Northern Thrust Belt for a
Phase 2 sequestration demonstration project. However, the Partnership’s database contains the
same kinds of information on Northern Thrust Belt reservoirs that it does for the other Utah basin
reservoirs. Thus, searches for and analyses of Northern Thrust Belt reservoirs will be similar to
those of the Red Wash Green River reservoir from the Uinta Basin that were discussed above.

Data Sources
The following major sources of data were used to obtain the detailed information on the
Northern Thrust Belt oil and gas reservoirs in the Southwest Partnership’s Database:
e Utah Geological Association Publication 22, Oil and Gas fields of Utah (Hill, B. G., and
Bereskin, S. R., editors, 1993, 1996);
e Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A., editor, 1993);
¢ Qil and Gas Fields Map of Utah (Chidsey and others, 2005);
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e 1995 National Assessment of United States Oil and Gas Resources
(Gautier, D. L. et al., DDS-30, 1996; Beeman, W. R. et al., DDS-35,
1996: Charpentier, R. R. et al., DDS-36, 1996);

e U. S. Department of Energy GASIS — Gas Information System release 2 (NETL version,
1999), CD or at Web site: www.netl.doe.gov/scng

e State of Utah Department of Natural Resources, Division of Oil, Gas and Mining
completion files, Division Orders and well data Web site
(http://www.ogm.utah.gov/oilgas/DATA SEARCH/well data search.htm); and

e The well and reservoir data housed at the Utah Geological Survey’s Petroleum Section in
Salt Lake City, UT.

The Green River Basin

The Green River Basin of northeastern Utah is part of a larger, petroleum basin that
extends into southwestern Wyoming (Figure 25). The Green River Basin is a very small
producing area in Utah, accounting for less than 1% of the total Utah oil and gas production in
2004 (DOGM, 2005). It is primarily a gas-producing region, like the Uinta Basin. The Green
River Basin also produces primarily from Cretaceous clastic rocks like the Uinta Basin.

Doelger et al. (1993b and c) developed two plays found in the Utah portion of the Green
River Basin, an Upper Cretaceous play and a Lower Cretaceous play, as part of the Atlas of
Major Rocky Mountain Gas Reservoirs (Hjellming, 1993). The Upper Cretaceous play (GB-1 in
this study) covers the Frontier Formation reservoir, while the Lower Cretaceous play (GB-2 in
this study) covers the Dakota Sandstone reservoir of the Green River Basin. The Frontier
Formation play contains one reservoir in the Utah portion of the Green River Basin that
met the production cutoffs. The Dakota Sandstone play contains two reservoirs that had
production sufficiently large to meet the Southwest Partnership guidelines. This play has been
renumbered TB-3 for this study and is included in the current study.

The Frontier Formation play (GB-1) includes one reservoir that produces from fluvial and
near-shore marine sandstone reservoirs in anticlinal traps to the north of the Uinta Mountains in
Utah. This play contains one small sink, and is not among the ten largest CO, sinks in Utah.

The older Dakota Sandstone play (GB-2) is primarily gas prone, and produces from near-
shore deltaic sandstone reservoirs in anticlinal traps from two fields in this play. Again, these
reservoirs are small sinks, and are not among the ten largest CO, sinks in Utah. The largest
number of qualifying reservoirs (2) occurs in the Dakota Sandstone play, which also has
the greatest sequestration capacity in this basin.

The reservoirs of the Green River Basin have the second deepest average reservoir depth
among all the Utah basins, and have the highest average reservoir pressure. Since the
Green River Basin plays occur mostly in the same area and are generally superimposed on each
other, when arranged numerically by play code they deepen progressively downward in a
systematic trend. This super-position of younger over older reservoirs provides additional
injection opportunities in the same injector well or up-section leak-protection for deeper
reservoir targets in the Green River Basin.

The Southwest Partnership has not selected a field from the Green River Basin for a
Phase 2 sequestration demonstration project. However, the Partnership’s database contains the
same kinds of information on Green River Basin reservoirs that it does for the other Utah basin
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reservoirs. Thus, searches for and analyses of Green River Basin reservoirs will be similar to
those of the Red Wash Green River reservoir from the Uinta Basin that were discussed above.

Data Sources
The following major sources of data were used to obtain the detailed information on the Green
River Basin oil and gas reservoirs in the Southwest Partnership’s Database:
e Utah Geological Association Publication 22, Oil and Gas fields of Utah (Hill, B. G., and
Bereskin, S. R., editors, 1993, 1996);
e Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A., editor, 1993);
e Oil and Gas Fields Map of Utah (Chidsey and others, 2005);
e 1995 National Assessment of United States Oil and Gas Resources (Gautier, D. L. et al.,
DDS-30, 1996; Beeman, W. R. et al., DDS-35, 1996: Charpentier, R. R. et al., DDS-36,
1996);
e U.S. Department of Energy GASIS — Gas Information System release 2 (NETL version,
1999), CD or at Web site: www.netl.doe.gov/scng
e State of Utah Department of Natural Resources, Division of Oil, Gas and Mining
completion files, Division Orders and well data Web site
(http://www.ogm.utah.gov/oilgas/DATA SEARCH/well data search.htm); and
e The well and reservoir data housed at the Utah Geological Survey’s Petroleum Section in
Salt Lake City, UT.

Natural CO, Accumulations

Chidsey and Morgan (1993) describe seven reservoirs in the Utah portion of the Paradox
Basin that produce, or have produced, CO,-rich (greater than 57 mol%) gas from naturally
occurring sources. Three of these reservoirs are older Mississippian and Devonian units that
occur below the currently producing Pennsylvanian reservoirs the Bluff, Boundary Butte, and
Desert Creek fields. The presence of these deeper naturally occurring CO; reservoirs indicates
there is relatively good integrity to the seals in the Paradox Basin for sequestration or enhanced
oil recovery purposes. Chidsey and Morgan (1993) also discuss the Farnham Dome field, in
central Utah near the southwestern margin of the Uinta Basin, which contains substantial
resources of COs-rich gas (greater than 97 mol %) in the eolian Jurassic Navajo Sandstone. This
field, which produced CO; from 1931 through 1979 according to Chidsey and Morgan (1991), is
located within 50 miles of some of the major oil-producing fields in the southwestern Uinta
Basin Green River reservoir play.

Data Sources
The following major sources of data were used to obtain the information on the naturally
occurring CO;:
e Moore and Sigler’s (1987) compilation of analyses of natural gas for the U.S. Bureau of
Mines;
e Morgan and Chidsey’s (1991) paper on Farnham Dome field in the Utah Geological
Association’s Guidebook 19 on the Geology of east-central Utah; and
e Chidsey and Morgan’s (1993) paper on low-Btu gas in Utah.
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Coalbed Methane Sinks

The total CO, sequestration capacity for coal-bed-methane sinks in Utah was estimated
by Reeves (2003) to be about 1.9 billion tonnes, with all of that capacity residing in the Uinta
Basin. Subsequent more detailed work in Utah for this study using a sequestration calculator
developed for the Southwest Partnership by Advanced Resources International (Reeves,
unpublished data) found that Utah coal-bed-gas reservoirs in the Uinta Basin could more
conservatively sequester 0.9 billion tonnes of CO,. The coal-bed-gas reservoirs are
found in the Upper Cretaceous Ferron Sandstone Member of the Mancos Shale, the Blackhawk
Formation, and the Neslen Formation in the Uinta Basin.

No CO;-enhanced coal-bed-methane production has occurred in Utah. The closest such
project is Burlington Resources’ Allison Unit test near the New Mexico-Colorado border, where
more than 100,000 tons of CO, were injected into the Upper Cretaceous Fruitland Formation
over a three-year period to enhance production of coal-bed methane (Reeves, 2002). Four
injector wells were used to sequester CO; in the coal at depths in excess of 3,000 ft. Critical
factors controlling sequestration in coal beds include coal bed continuity, cleat permeability, coal
shrinkage/swelling, gas adsorption/desorption capacity, and seal integrity.

The Uinta Basin is not one of the top ranked basins in the United States for CO, coal-bed
sequestration. However, factors favoring sequestration of CO, in Utah coal beds are: 1)
advantageous geology including coal beds with high methane contents; 2) abundant
anthropogenic CO,; from nearby power plants; 3) well developed natural gas and CO; pipeline
systems; 4) potentially low capital and operating costs; and 4) local companies with coal-bed
methane (CBM) experience. Selection of a potential coal-bed methane CO, sequestration site in
the Uinta Basin requires more detailed reservoir studies of local operations than those that are
available in the literature because: 1) the coal seams on a regional scale are lenticular
discontinuous and 2) all coal-bed methane production from the Uinta Basin is now reported by
well, which provides little information about the characteristics of the various individual coal-
bed reservoirs.

The Southwest Partnership’s Phase I ranked sequestration opportunities based on
proximity to sources and/or pipeline infrastructure, as well as economic, safety, and risk
mitigation potential. The result of the Phase I ranking process resulted in the selection of three
geologic pilot tests within the Southwest Partnership that are located on the CO; pipeline
infrastructure. No Utah site was selected as an enhanced coal-bed-methane test; such a site was
selected in the San Juan Basin with Burlington Resources as the operator (see New Mexico
section for detailed discussion).

Data Sources

e Utah Geological Association Publication 22, Oil and Gas fields of Utah (Hill, B. G., and
Bereskin, S. R., editors, 1993, 1996);

e 1995 National Assessment of United States Oil and Gas Resources (Gautier, D. L. et al.,
DDS-30, 1996; Beeman, W. R. et al., DDS-35, 1996: Charpentier, R. R. et al., DDS-36,
1996);

e Petroleum Systems and Geologic Assessment of Oil and Gas in the Uinta-Piceance
Province, Utah and Colorado (USGS Uinta-Piceance Assessment Team, DDS-69-B, 2003);
e Atlas of Major Rocky Mountain Gas Reservoirs (Hjellming, C. A., editor, 1993);

¢ Oil and Gas Fields Map of Utah (Chidsey and others, 2005); and
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e An Assessment of CO, Sequestration and ECBM Potential of U.S. Coalbeds (Reeves,
2003).

Deep Saline Aquifers

The total maximum CO; sequestration capacity for the five aquifers listed on Table 27 is
conservatively estimated to be about 587 mmt, enough capacity to store more than 28 years of
the annual 2002 CO, emissions from all of Utah’s power plants. An 8-inch pipeline from
McElmo Dome in southwest Colorado crosses only one of the deep saline aquifers, the Paradox
Formation aquifer in the Paradox Basin of southeast Utah. None of the other four deep saline
aquifers in Utah is served by an existing CO, pipeline, however the Uinta Basin deep saline
aquifers are situated near existing power plants making access to these sinks cost effective
should the pipelines ever transport anthropogenic CO; (Figure 25).

In order to qualify as a deep saline aquifer, a saline-water-bearing rock-unit had to be at
least 3,000 ft deep. The aquifer also had to contain water with a total dissolved solids (TDS)
concentration of at least 10,000 ppm since state laws generally protect groundwater with salinity
less than 10,000 ppm.

Over 90% of the 587 million tons of sequestration capacity in deep saline aquifers in
Utah is in the four deep saline aquifers in the Uinta Basin. The remaining 8% is in the
one aquifer in the Paradox Basin. All five of the formations produce hydrocarbons in Utah and
analyses of the water produced with the hydrocarbons were the source of available water
chemistry data. This means that there is a considerable amount of well data available at least in
the vicinity of the producing traps. In fact, petroleum play information was used to estimate the
area underlain by each Utah aquifer sink. All of the five deep-saline-aquifer formations are
important hydrocarbon-producers in Utah Mexico, setting up the possibility of CO, sequestration
along with enhanced hydrocarbon recovery.

The capacity estimate for each sink is conservative estimate because it is based on a
minimum thickness for the aquifer, a minimum area, and reservoir conditions noted for the
associated petroleum reservoirs. Nonetheless, the total estimated sequestration capacity of saline
aquifers in Utah provides a significant additional CO, sequestration capacity that is about the
same order of magnitude for the total capacity for oil and gas reservoirs (Table 27).

Sequestration capacity in Utah was estimated using the MIDCARB calculator (Kansas
Geological Survey, 2004) to compute the solubility of CO, in the brine at reservoir pressure and
temperature, and the capacities shown in Table 27 rely on this method. This method assumed that
the CO, would dissolve completely in the saline water. Another method, not calculated for
Utah’s aquifers, assumed that the CO, would displace completely the saline water; this second
method could be calculated using the Partnership’s interactive capacity calculator to compute the
density of carbon dioxide at reservoir pressure and temperature (Zhang et al., 2003). The
MIDCARB-based capacities are smaller than the capacities that could be estimated from the
Partnership’s interactive capacity calculator, which yields capacity estimates about an order of
magnitude larger than the MIDCARB calculator (Kansas Geological Survey, 2004). Even so,
the solubility estimate is about the same order of magnitude as the total capacity for either the oil
and gas reservoirs or the coal-bed-methane sinks, several hundred million metric tons. However,
the areas underlain by deep saline aquifers are typically not as well characterized geologically as
the full areas of oil and gas pools and coal-bed-methane sinks. Much of the data used to
characterize the deep saline aquifers comes from a fraction of the oil and gas wells in the two
basins.
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The average thickness of the five Utah aquifers ranges from 25 to 70 feet as reported by
the USGS in its Produced Waters Database (Breit, 2002), and this thickness may not reflect the
total thickness of the potentially porous and permeable intervals in the formations. The area of
each saline aquifer is generally between the 3,000 ft and 10,000 ft depth contours, although the
Dakota aquifer capacity was calculated to a depth of 20,000 ft. Those contours were determined
from the well data in the U.S. Geological Survey’s Produced Waters Database (Breit, 2002) or
the USGS National Assessment of Oil and Gas projects (Beeman et al., 1996; Charpentier et al.,
1996; Gautier et al., 1996; and USGS Uinta-Piceance assessment team, 2003)

Reservoir pressure for each aquifer was estimated for the top of each aquifer, assuming
that normal hydrostatic conditions existed in both basins. Reservoir pressures were estimated to
be 1,410 psi at 3,000 ft and 4,665 psi at 10,000 ft. Reservoir temperature data was gleaned from
the bottom hole temperature data collected for the oil and gas reservoirs in the same formations
in the Partnership’s database. Average reservoir temperatures were estimated to range from be
123° to 180°F in the Uinta Basin and averaged 125°F in the Paradox Basin. Porosity
data are averages from the Partnership’s oil and gas database showed the five aquifers ranged
from 6 to 12% porosity. Salinity data are averages from the U.S. Geological Survey’s Produced
Waters Database (Breit, 2002).

Uinta Basin

The four deep saline aquifers in the Uinta Basin have a combined estimated CO,
sequestration capacity of about 537 mmt, over 90% of the estimated deep-saline-aquifer capacity
in Utah (Table 27). The Green River, Wasatch, Mesaverde, and Dakota formation aquifers have
estimated capacities between 16 and 312 mmt. All four formations produce
hydrocarbons in the basin and the first two are Tertiary in age, while the second two are
Mesozoic in age. They will be discussed in descending stratigraphic order, youngest to oldest,
beginning with the Green River Formation.

The Green River Formation has an estimated sequestration capacity of 128.2 mmt. This
formation consists marginal to open lacustrine sediments deposited in the center of a paleo-lake
basin, and it overlies, and intertongues with the upper part of the fluvial to alluvial fan deposits
of the Wasatch/Colton Formations that were deposited farther from the lake. Within the Uinta
Basin, the total Green River Formation ranges in thickness from 2,000 to 6,000 feet, while the
porous saline aquifer was estimated to comprise an interval only 25 feet thick because of the
overall fine grained nature of the unit. While the Green River is thickest in the center of the
basin, the best aquifer is likely to occur closer to the margins of the basin where there was a
greater amount of coarser clastic deposition. The aquifer was estimated to lie between 3,000 and
8,500 feet deep, contain 12% porosity, and could potentially sequester 128.2 MMt of carbon
dioxide.

The Wasatch (Colton) Formation was deposited as alluvial fans around the margins of
paleo-Lake Uinta. This unit is up to 3,000 feet thick near the margin of the basin and thins to 300
feet thick, or less, near the center of the basin. The average thickness of the saline aquifer within
this unit was estimated at 40 feet. The Wasatch aquifer was estimated to exist at depths from
3,000 to 11,000 feet, have an average porosity of 6%, an average salinity of 10,000 TDS, and
could potentially sequester 16.4 mmt of CO,.

The sequestration capacity of a 70-foot-thick Mesaverde Formation aquifer was estimated
at 80.5 mmt. It was calculated for a unit at depths from 5,000 to 11,500 feet, containing 8%
porosity, an average salinity of 30,000 TDS, and an average temperature of 180°F.

The Mesaverde Formation consist of non-marine shoreline, coastal plain, and palludal deposits
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ranging in thickness from 3,000 to 1,200 feet that tend to thin to the east across the Uinta Basin.
It consists of the following three formations listed in descending stratigraphic order: Price River
Formation (equivalent to the Farrer and Neslen Formations and Sego Sandstone of the eastern
Uinta Basin), Castlegate Sandstone, and Blackhawk Formation. The majority of the
hydrocarbon and water production in the Uinta Basin comes from the Price River Formation and
equivalent units.

The Upper Cretaceous Dakota Sandstone aquifer includes the Cedar Mountain
Formation, and they have a combined estimated maximum sequestration capacity of 311.8 mmit.
These units are generally non-marine to marginally marine sandstone that ranges from 200 to
500 feet thick, occur at depths from 3,000 to 20,000 feet, have an average temperature of 123° F,
and have an average porosity of 12%. The 40-foot-thick Dakota aquifer unit is sealed
by several thousand feet of the overlying Mancos Shale.

Paradox Basin

The single deep saline aquifers in the Paradox Basin has a total maximum estimated CO,
sequestration capacity of 49.6 mmt (Table 27), less than 10% of the estimated deep-saline-aquifer
capacity in Utah. The Pennsylvanian Paradox Formation has the highest average total dissolved
solids (TDS) content of all the aquifers in Utah at 100,000 TDS. This is no doubt a fact because
this unit consists of interbedded evaporites, black shale, and carbonates mounds formed in a
shallow sea. The total thickness of the Paradox Formation ranges from 500 to 3,500 feet thick,
and it generally thickens to the north in the Paradox Basin. The 30-foot-thick deep saline aquifer
is confined to the Ismay and Desert Creek carbonate zones of the Paradox Formation, and is
likely to be somewhat discontinuous. The aquifer occurs at depths from 4,000 to 6,500 feet, has
an average temperature of 125°F, and has an average porosity of 12%.

Data Sources
Publicly available information on the five deep saline aquifers in Utah came from a
variety of sources:
e The USGS’s Produced Waters database;
o The Texas Bureau of Economic Geology’s study of sequestration in brine (Hovorka et
al., 2003)
e  Gwynn’s (1992; 1995; 1996) studies of the oil-well saline waters of the Utah; and
e Statistics compiled in the Partnership’s oil and gas database.

Lessons Learned

The data used for this report took more than one person-year to compile, with most of the
compilation effort focused on oil and gas reservoirs. Data were entered into a Partnership
modified GASIS (U.S. Department of Energy, 1999) database, which contained 321 data fields
for each site. Not all of these data fields pertained to every reservoir/sink type.

The GASIS database was originally designed for gas reservoirs, not oil. Unfortunately,
while information in many of the 321 data fields may be useful in detailed sequestration pilot
projects, a more restricted data set turned out to be all that was necessary for the purposes of
regional characterization of oil and gas reservoir’s CO; sequestration potential. The Southwest
Partnership eventually selected 50 of the 321 data fields that were found to be most important to
a regional screening effort for its online, interactive database. Not every pool has a complete set
of data because certain information was not always available in the published literature.
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However, the Partnership’s oil and gas database, coupled with its GIS database, provide the only
publicly available, digital source of key regional information on the 90 largest producing oil and
gas reservoirs in Utah. As such, the Partnership’s complete database could be invaluable
resources for the oil and gas industry or for subsurface work associated with pilot project
modeling and academic research.

The Partnership members learned from Phase 1 that the more comprehensive data set
thought to be necessary for sequestration modeling turned out to be more data than was
necessary for a regional screening effort to select Phase 2 pilot sequestration project sites.
Extensive detailed reservoir data is only required to model and design site-specific sequestration
projects, and the expanded Partnership database will be useful for the few pilot project selected
from the region.
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Table 27. Utah Saline Aquifers’ Carbon Dioxide Sequestration Capacities

_ _ _ Average Avera_ge Ave_ra_lge Tota_l
Aquifer | Formation | Basin Depth (ft) Porosity Salinity | Temperature | Capacity
(%) (TDS) (degrees F) (mmt)
Green
1 River Fm. | Uinta 5,750 12 9,880 138 128.2
Wasatch
2 Fm. Uinta 7,000 6 14,060 139 16.4
Mesaverde
3 Fm. Uinta 8,200 8 35,134 180 80.5
Dakota Ss.
4 - Cedar Uinta 11,500 12 23,007 123 311.8
Mtn. Fm.
Paradox
5 Fm. Paradox 5,250 12 135,598 125 49.6
ALL POOLS 7,540 10 43,536 141 586.5
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Terrestrial Sinks

Terrestrial carbon sequestration is an important component of a comprehensive greenhouse
gas (GHG) management strategy in the southwest. The ability to transfer and store atmospheric
C in soils and vegetation by manipulating the rate and magnitude of naturally occurring
processes, such as photosynthesis, humification and aggregation by changing land management
is an attractive alternative to reduce GHG levels because 1) results can be achieved quickly 2)
technologies for enhanced sequestration can be implemented without major economic impact
and are generally associated with improved management of resources and more efficient
production systems and 3) delivery infrastructure (land management programs in extension and
federal agencies) is in place, proven and relatively well-funded. However, the design and
implementation of policies and programs to accelerate and realize the potential of terrestrial
sequestration requires analyses that examine regional land use patterns, human activity systems
and economic development objectives and how they affect ecological processes.

Within the Southwest Regional Partnership area, the range in ownership and land
management patterns require that outreach and education activities must be broad-based, flexible
and integrated with a wide variety of federal, state and local programs. Land cover varies
considerably within the partnership region, ranging from deciduous forests at the easternmost
extreme to desert shrublands in the lower elevation west and coniferous forests in higher
elevations. Each soil/vegetation/land management combination has a unique potential to capture
and store carbon that can only be assessed within an economic and social, as well as biophysical
context.

The complex combination of land use, land management and natural conditions in the Southwest
Regional Partnership area offers an opportunity to examine policy, program and operational
alternatives to optimize terrestrial sequestration against a background of competing land use
objectives. Meeting the challenge of integrating sequestration as another land management
objective into agriculture and forestry production systems will require an analytical approach that
draws upon existing expertise and information as well as a combination of analytical tools.

Methods

The Southwest Regional Partnership encompasses the states of Arizona, Colorado, Oklahoma,
New Mexico, Utah, and portions of Kansas, Nebraska, Texas, and Wyoming (Fig. 26). To assess
the regional sequestration potential of land areas within the partnership, a framework was
developed that had two distinct phases (Fig. 27). The first phase involved the use of climate,
soil, land tenure, land cover, and major land resource area spatial coverages that could be
incorporated into a geographic information system (GIS) in order to define areas having greatest
potential for implementing carbon sequestration programs in the region. Once these areas were
identified, a second phase was initiated that used the COMET VR model to assess the amount of
carbon that would be sequestered under land management and conservation programs available
for the region (Fig. 27).

GIS Phase

For these analyses, the various data layers were acquired from online data sources and the
datasets were classified into categories of potential to allow for spatial indexing. The data layers
acquired included: 1) long-term precipitation, 2) land tenure; 3) soils, 4) land Cover, 5) major
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land resource areas, and 5) administrative boundaries. Long-term precipitation was used to
define climatic potential and was defined as precipitation amounts that would be of sufficient
quantity to allow for suitable plant growth or success in revegetation. To assess climate
potential, the long term average precipitation (1971-2000; Spatial Climate Analysis Service,
Oregon State University, http://www.ocs.oregonstate.edu/prism/) was classified as follows: No
Potential (0 to13 cm), Low Potential (13 to 23 cm), Moderate Potential (23 to 46 cm) and High
Potential (>46 cm) (Fig. 28).

Land tenure was used to delineate private/non-federal, federal, and Indian reservation lands
(Fig. 29). This spatial coverage was acquired from the national atlas website
(www.nationalatlas.gov). This allowed separation of land areas where carbon sequestration
programs could be targeted for private/non-federal land and Indian reservations, since incentive
programs will not be implemented on Federal Lands.

Soils data were classified based on three characteristics that influence soil carbon. These
were Soil Organic Carbon (SOC), Calcium Carbonate (CaCOs), and the Wind Erodibility Index
(WEI). The data layers used were acquired from the Natural Resources Conservation Services
(NRCS) Soil Survey Geographic (SSURGO) and State Soil Geographic (STATSGO) soil
databases. The SSURGO data (higher resolution) were used where available. STATSGO was
used to fill in areas not covered by SSURGO. SOC was classified for indexing as follows: Low
(0 to 0.75%), Moderate (0.75 to 1.75%), High (1.76 to 10%) and Very High (>10%) (Fig. 30).
CaCO3 content was classified as follows: Low (0 to 15%), Moderate (15 to 30%) and High
(>30%) (Fig. 31). The WEI was indexed as follows: Low (0 to 100 t/ha/yr), Moderate (100 to
200 t/ha/yr) and High (> 200 t/ha/yr) (Fig. 32).

The climate, land tenure, and soil data layers were intersected in the GIS to create a coverage
that would allow spatial queries based on these attributes. Boundaries of interest—major land
resource areas (MLRA), and counties—were also included in the GIS to allow aggregation. We
identified sites where management could reliably increase soil carbon by first identifying
locations with high or moderate baseline levels and then focusing on sites that have lost, through
tillage practices or land conversion, a portion of that carbon. It is unlikely that we can increase
soil carbon beyond that identified by soil and climate limitations, but changes in land use or
management can restore soil carbon to baseline levels. The land areas identified through this
query were designated as target areas for carbon sequestration programs/interventions (Fig. 33).
These target areas were then cross indexed with the National Land Cover Data (NLCD,
http://landcover.usgs.gov) to determine land cover. NLCD is a 21-class land cover classification
scheme applied consistently over the US. The data were reclassified into four major classes to
reflect land cover types where government programs could be implemented: Grazinglands, Row
Crops, Small Grains, and Forests. Spatial queries were then conducted to acquire the data
needed by the COMET-VR model. These included acreages of each land cover category, soil
textures, county, and MLRA.

COMET VR Phase

COMET-VR, an on-line interface to the Century model, was used to assess baseline carbon
and management induced carbon changes in areas identified as having high to moderate potential
for carbon sequestration. The COMET-VR interface allows a user to select a location (state and
county), soil texture, landuse history, and a proposed 10-year future management alternative.
Based on these choices, COMET-VR accesses information on climate and landuse from database
sources and runs the Century model. The results are calculated and presented as ten year annual
averages of soil carbon sequestration or emissions with associated statistical uncertainty values.
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Areas identified during the GIS Phase that had sufficient acreage in either grazinglands, small
grains, or row crops were modeled. For grazinglands, three practices were compared: continuous
grazing (heavy or moderate), seasonal reduced grazing, and CRP (Conservation Reserve
Program; a cropland retirement program)-grass-legume mixture (no grazing). For row crops and
small grains five practices were compared: intensive tillage, reduced tillage, no-till tillage, CRP-
100% grass, and CRP-grass-legume mixture. Weighted averages for carbon capture were
calculated for each MLRA in order to identify MLRAs with higher sequestration potentials that
could be targeted for government incentive programs.

Results

The results will be presented on a state by state basis and are aggregations of Major Land
Resource Area (MLRA) and County level information. MLRAs are geographic associations of
land based on climate, topography, land use, water, soils and potential natural vegetation
(http://soils.usda.gov/survey/geography/milra/mlira_definitions.html).

Because of the unique nature of many land management decisions and their interactions with
government programs, activities at the county level may restrict the amount of incentive funding
that can be used influence land owners decisions. Whenever county level limits on land use
change or management are important in determining the potential for state level carbon
sequestration activities, it will be noted.

Arizona

There were 2, 197, 869 hectares subjected to analysis for the potential to increase carbon storage.
No county level constraints on land use change under federal programs were identified, so results
will be presented at the MLRA level. The spatial distribution of MLRA is shown in Fig. 34.

MLRA 30, Sonoran Basin and Range (15559 ha)

The primary limitation on the potential to sequester carbon in this area is low rainfall. The
dominant land use is livestock grazing at light stocking rates, and maintaining that land use will
result in stable carbon fluxes within the area. Improving species composition and net primary
productivity by adding legumes to existing rangeland offers the potential to increase soil carbon
storage by about 0.10 T C/ha/y over a 10 year period. However, the uncertainty associated with
the model applications of this land management practice is extremely high.

MLRA 35, Colorado and Green River Plateaus (965, 035 ha)

Adding a legume to existing rangeland has the potential to increase carbon storage from 0.10 to
0.25 T C/haly. Sandy loam soils were identified as the soils with highest potential (0.17 to 0.25)
while heavier textured soils (clays) were typically below 0.10 T C/ha/y. Silty soils and clay loam
soils were intermediate.

MLRA 36, New Mexico and Arizona Plateaus and Mesas (21, 093 ha)

Legume addition to existing rangelands can increase carbon storage between 0.15 and 0.24 T
C/ha/y depending on soil texture. Sandy loam soils have greater potential than heavier textured
clay soils. The uncertainty associated with these potential gains is extremely high.

MLRA 38, Arizona Interior Chaparral (356, 987 ha)
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Legume addition to existing rangeland has the potential to increase carbon storage between 0.10
and 0.65 T C/ha/y depending on soil texture. The range in potential is similar to other MLRAs
(sandy loam>loam>clay>silt). The uncertainty associated with these estimates is extremely
high.

MLRA 39, Arizona and New Mexico Mountains (171, 151 ha)

Legume addition to existing good condition or degraded rangeland should increase carbon
storage from 0.13 to 0.64 T C/ha/y depending on soil texture (clay loam>loam>sandy loam).
However, the uncertainty associated with model outputs for this practice in these areas is
extremely high.

MLRA 40, Central Arizona Basin and Range (105, 417 ha)

Potential for increased carbon sequestration in soils ranged from negligible on arid loam soils to
0.60 T C/haly on sandy loam soils in more mesic areas. These areas are spatially limited in
extent (< 9000 ha). The model results were associated with very high uncertainty.

MLRA 41 Southeastern Arizona Basin and Range (521, 091 ha)

Adding a legume to heavily and moderately grazed rangeland would result in an increase in soil
carbon storage of up to 0.34 T C/ha/y in loamy textured soils in the wetter portions this area
(Cochise and Graham Counties). Again, model results had a high level of uncertainty associated
with this practice.

There are very limited possibilities for increasing carbon sequestration in Arizona soils. This
analysis identified only those rangelands having a favorable climate, soils and land use change,
yet the vast majority of these areas were estimated to have the potential to sequester less than
0.10 T C/haly. Although there were some areas with relatively fertile soils and favorable
rainfall, the practices required to achieve these estimates are unreliable and not yet proven. In
addition, the uncertainty associated with the model estimates that exceeded 0.2 T C/ha/y were
very high.

Colorado
There were 3, 871, 478 ha subjected to the analysis described in the methods to identify areas
with high potential for carbon sequestration. The results are reported by MLRA (Fig. 35).

MLRA 34 Central Desertic Basins, Mountains and Plateaus (152, 250 ha)

In general, the potential for sequestration is low throughout MLRA 34. Loamy soils in Rio
Blanco and Moffat counties (108, 513 ha) have potential to sequester between 0.16 and 0.48 T
C/ha/y when legumes are added to existing grazed rangelands.

MLRA 39 Arizona and New Mexico Mountains (15, 748 ha)
Sequestration potential is limited in this MLRA. Addition of legumes to existing rangelands has
the potential to increase soil carbon storage 0.29 T C/ha/y on loam soils.

MLRA 48A Southern Rocky Mountains (498, 927 ha)

Rangelands on loam soils in San Miguel (23, 127 ha) and Rio Blanco (11, 112 ha) counties have
the potential to increase carbon storage by 0.16 to 0.24 T C/ha/y with the addition of legumes to

128



existing grazed rangelands. However, the uncertainty associated with these estimates is
extremely high.

MLRA 48B Southern Rocky Mountain Parks (225, 868 ha)

Sequestration potential is very limited in this MLRA, typically less than 0.10 T C/ha/y. Sandy
loam soils with rangeland cover in Jackson county (23843 ha) can increase carbon storage by up
to 0.24 T C/ha/y with the addition of legumes to existing plant communities. This estimate of
sequestration potential is highly uncertain.

MLRA 49 Southern Rocky Mountain Foothills (629, 804 ha)

There is substantial potential to increase soil carbon sequestration in MLRA 49, primarily due to
the large proportion of the area in small grains. Converting small grain to perennial vegetative
cover in Weld (7599 ha) and Elbert (4036 ha) counties can increase carbon storage between 1.30
and 1.60 T C/haly. Alternatively, adopting no till tillage on those areas currently under
conventional tillage could increase soil carbon between 0.23 and 0.66 T C/ha/y. Adopting
reduced tillage would have little impact on soil carbon levels. The uncertainty associated with
these estimates is relatively low (<15%). Adding legumes to currently grazed rangelands has the
potential to increase soil carbon on much of the area in this MLRA by up to 0.25 T C/ha/y, but
the uncertainty is extremely high.

MLRA 51 High Intermountain Valleys (32, 633 ha)

The potential for carbon sequestration is very limited in this MLRA, primarily due to the high
elevation and short growing season. Addition of legumes to rangelands with loam soils could
increase soil carbon levels by up to 0.14 T C/hal/y, but uncertainty is extremely high.

MLRA 67 Central High Plains (1, 568, 188 ha)

The 437, 110 ha of small grains in the area offer substantial opportunity to increase carbon
storage. Converting cropland to perennial cover (including legumes) in this area will increase
soil carbon storage an average of 1.3 T C/ha/y. Converting to perennial grass cover without a
legume would increase soil carbon uptake an average of 0.6 T C/ha/y. The uncertainty
associated with this practices on these soils is relatively high, especially on silty and clay soils.
Adopting no till tillage on these acres would only slightly increase soil carbon uptake (generally
<0.05 T C/haly). Adopting reduced tillage would not affect the soil carbon levels in this MLRA.
Counties included in this MLRA are Adams, Arapahoe, Baca, Cheyenne, Elber, Kiowa, Kit
Carson, Lincoln, Morgan, Prowers, Washington and Weld.

MLRA 69 Upper Arkansas Valley Rolling Plains (125, 887 ha)

Carbon sequestration potential is very limited in this area because of low annual precipitation.
The greatest opportunity is in converting small grains in Lincoln County (1660 ha) to perennial
cover with legumes (1.3 T C/ha/y). Adopting no till tillage gains very little increase in carbon
storage (<0.05 T C/haly)

MLRA 70 Pecos Canadian Plains and Valleys (19, 562 ha)

This is a relatively small area entirely within Las Animas county. Potential to increase carbon
storage is limited by low annual precipitation and current land use patterns (current use is
rangeland).
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MLRA 72 Central High Tableland (659, 581 ha)

Converting small grain croplands to perennial vegetation cover with legumes offers the greatest
potential to increase carbon storage in this area (1.1 to 1.35 T C/haly). There are currently 248,
149 ha of small grain cropland in Cheyenne, Kiowa, Kit Carson, Logan, Phillips, Sedgewick,
Washington and Yuma counties included in this MLRA. Adopting no till tillage offers only
slight potential (<0.05 T C/ha/y). Adding legumes to existing rangelands (328, 806 ha) can
increase soil carbon storage an average of 0.03 T C/ha/y, but the uncertainty is extremely high.

Many Colorado counties are near or fully subscribed under existing USDA land conversion
programs (Conservation Reserve Program). In the program regulations, 25% of existing
cropland enrolled in CRP was established as an upper limit. Realizing the potential carbon
sequestration associated with cropland conversion to perennial cover in counties that are
currently over the limit would require a change in program rules. Those counties are: Baca,
Bent, Cheyenne, Crowley, Dolores, Kiowa, Las Animas, Lincoln, Moffat, Morgan, Prowers,
Pueblo, Washington and Weld.

Kansas
The procedure described in the Methods section identified 9, 922, 433 ha as having high
potential for carbon sequestration in Kansas. The results are reported by MLRA (Fig. 36).

MRLA 72 Central High Tableland (7, 422, 668 ha)

Throughout this MLRA, there is substantial potential for increasing soil carbon by converting
small grain cropland (2, 913, 518 ha; 1.1 to 1.3 T C/ha/y), continuous cotton cropland (128, 897
ha; 0.9 to 1.1 T C/ha/y) and irrigated corn cropland (1,318,874 ha; 0.9 to 1.1 T C/haly) to
perennial grass cover with a legume. Converting these areas to perennial grass cover without a
legume reduces the potential per ha by approximately one-half. The uncertainty associated with
these practices is relatively low (<15%). Adopting either no till or reduced till tillage offers
minimal opportunity to sequester increased amounts of carbon (<0.05 T C/ha/y).

The remaining area of grazing land (3.06 m ha) can increase carbon uptake an average of
approximately 0.20 T C/ha/y with the addition of legumes to existing grazing lands. However,
the uncertainty associated with this practice is very high.

MLRA 73 Rolling Plains and Breaks (1,726,252 ha)

Converting small grain cropland (679, 744 ha) to perennial cover with legumes has the potential
to increase soil carbon storage from 1.1 T C/ha/y (wheat:milo rotation) to 1.4 T C/haly
(wheat:fallow rotation). Converting these areas to perennial grass cover without legumes will
reduce the potential by approximately one-half. Converting irrigated corn cropland (284, 990
ha) to perennial vegetation cover has the potential to increase soil carbon by an average of 1.1 T
C/haly throughout the region. Adopting no till tillage on this corn cropland could increase the
soil carbon storage an average of 0.45 T C/ha/y. There is little advantage to adopting reduced
tillage on irrigated corn cropland. Similarly, adopting no till or reduced till tillage on small grain
offers little potential to increase soil carbon.

Adding legumes to existing rangelands has the potential to increase soil carbon storage an
average of 0.15 T C/ha/y, but the uncertainty associated with this practice is very high.
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Improved management of grazing on existing rangelands also offered very little potential to
increase soil carbon (<0.05 T C/haly).

MLRA 77 Southern High Plains (249, 689 ha)

Converting winter wheat:milo rotations (90,504 ha) to perennial vegetation with legumes has the
potential to increase soil carbon an average of 1.0 T C/ha/y. Adopting no till tillage on these lands
will increase soil carbon by 0.13 T C/ha/y. Reduced till tillage will not increase soil carbon
significantly. Converting continuous cotton cropland (33, 645 ha) to perennial vegetation with
legumes has the potential to increase soil carbon by an average of 1.0 T C/ha/y. Adopting no till
tillage on these lands offer little improvement to soil carbon levels.

Changes to species composition (adding legumes) on rangelands (125, 240 ha) offer limited
potential to increase soil carbon (<0.15 T C/ha/y), although the uncertainty associated with this
practice is very high. There is little potential to increase soil carbon by improving grazing
management.

MLRA 78 Central Rolling Red Plains (459, 764 ha)

Converting small grain cropland (118, 543 ha; wheat:milo rotation) to perennial vegetation cover
with legumes in this area has the potential to increase soil carbon by an average of 1.1 T C/haly.
Conversion to perennial vegetation without legumes has the potential to increase soil carbon an
average of 0.5 T C/ha/y. Adopting no till tillage on these areas will increase soil carbon storage
an average of 0.10 T C/ha/y. There is no carbon benefit to adopting reduced till tillage.

Adding legumes to existing rangelands (341, 221 ha) will only slightly increase soil carbon
levels (<0.10 T C/ha/y). Improved grazing management offers no opportunity to increase soil
carbon levels.

MLRA 79 Great Bend Sand Plains (48172 ha)

This MLRA is dominated by sandy soils under perennial vegetation cover and used primarily for
livestock grazing. There is little opportunity to improve soil carbon by altering species
composition or managing livestock.

Clark, Comanche, Hamilton, Hodgeman, Kiowa, Morton, Ness, Stanton and Wallace counties
are at or near the limit for Conservation Reserve Program participation. All are in MLRA 72.

Nebraska
There were 637, 932 ha subjected to analysis in MLRAs 71, 72 and 73 (Fig. 37).

MLRA 71 Central Nebraska Loess Hills (13, 211 ha)

Livestock grazing on native rangeland occupies 8778ha within this area. There is little
opportunity to increase soil carbon sequestration through manipulating species composition or
managing grazing. The 4433 ha of irrigated corn for silage also have limited potential to
increase soil carbon storage (no till tillage < 0.03 T C/haly).

MLRA 72 Central High Tableland (532, 948 ha)
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Livestock grazing on native rangeland occupies 208, 238 ha in this area and has some
opportunities to increase soil carbon storage. The addition of a legume to existing native plant
communities can increase sequestration between 0.20 and 0.35 T C/haly, but the uncertainty is
very high. Improved grazing management offers little opportunity to improve soil carbon.

Row crops on 175, 817 ha offer a wide variety of options and substantial potential to increase
soil carbon. Converting to perennial grass cover with or without legume offers the potential to
increase soil carbon levels between 1.0 and 1.2 T C/ha/y on sandy, loamy and clay soils. Silty
textured soils have slightly less potential (0.5 to 0.6 T C/ha/y). Adopting no till tillage on these
lands will increase soil carbon storage between 0.4 and 0.5 T C/ha/y. About 35, 700 ha of this
land category are currently in corn silage:alfalfa rotations and would not benefit from reduced
tillage practices.

Small grain cropland (148, 893 ha) in this area is typically farmed as a small grain:fallow
rotation. Converting these croplands to perennial grass cover could increase soil carbon between
1.3 and 1.5 T C/ha/y if legumes are added. Conversion without legumes would increase soil
carbon by about half that amount. There is little soil carbon benefit to adopting any form of
reduced tillage in these wheat:fallow rotations.

MLRA 73 Rolling Plains and Breaks (91, 803 ha)

Livestock grazing is the dominant land use in the area and has limited potential to increase soil
carbon through species additions or grazing management. Converting row crops (8536 ha) or
small grains (2712 ha) to perennial cover could increase soil carbon between 1.0 and 1.4 T

C/haly.

New Mexico

In New Mexico, 3, 120, 965 ha were subjected to the analysis described in the Methods section.
The land was located in MLRAs 36, 39, 70 and 77D (Fig. 38). Curry, Harding, Lee, Quay and
Roosevelt counties are near the limit

MLRA 36 New Mexico and Arizona Plateaus and Mesas (182, 799 ha)
Land use in this area is dominated by grazing on native rangeland. The opportunities for
increasing soil carbon storage are limited. Adding legumes to existing rangeland plant

communities may increase net primary productivity and soil carbon, but uncertainty is extremely
high.

MLRA 39 Arizona and New Mexico Mountains (24, 140 ha)
Rangeland grazing is the dominant land use in this area and there is little potential to increase
soil carbon because of the low annual precipitation.

MLRA 70 Pecos Canadian Plains and Valleys (2, 250, 308 ha)

Livestock grazing on native rangeland is the dominant land use in this area (2, 238, 157 ha) and
there is little potential for increasing soil carbon due to low precipitation. Cropland with row
crops, primarily irrigated corn (8677 ha) offers some potential to increase soil carbon by
converting to perennial cover, but the majority of this land use is currently in corn:alfalfa
rotations and only moderate increases in soil carbon (0.6 T C/ha/y) could be expected from the
conversion. In addition, the majority of this land is in Quay county, which is already exceeding
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program limits within the Conservation Reserve Program. Adoption of reduced tillage offers
little opportunity for increasing soil carbon.

Cropland with dryland small grains (3474 ha) also offers moderate potential to increase soil
carbon. Converting to perennial grass cover with a legume would increase soil carbon 1.1 T
C/haly; without legumes about half that. However, this option is currently limited because all of
this land category is within Quay country, which is currently over the program limit for CRP.
Because the crop rotation is primarily wheat:fallow, there is little opportunity to increase soil
carbon by adoption of no till tillage.

MLRA 77D Southern High Plains (663,718 ha)

Livestock grazing on rangeland is the dominant land use in this MLRA (599, 877 ha). The only
land management option that consistently exceeded 0.10 T C/ha/y, although with very high
uncertainty, was the addition of legumes to existing rangeland plant communities. Grazing
management offered little opportunity to increase soil carbon storage.

Row crops (42, 019 ha) offer some opportunity to increase soil carbon storage, but will require
changes in land use that is limited under current federal programs. Irrigated corn:alfalfa
rotations (5446 ha) could be converted to perennial grass cover and increase soil carbon between
0.4 and 0.65 T C/ha/y depending on the use of legumes. Dryland cotton makes up the remainder
of the row crop category (36, 573 ha). Increasing soil carbon on this land use can be achieved by
conversion to perennial grass with or without legume (0.65 vs 0.4 T C/ha/y). The adoption of
reduced tillage offers little opportunity to increase soil carbon on row crops in this area.

Small grain cropland (21, 823 ha), either wheat:fallow or wheat:grain sorghum rotations, have
substantial potential to increase soil carbon, either through land use change or changes in tillage
practices. Converting wheat:fallow rotations (10, 636 ha) to perennial grass cover with legumes
could increase soil carbon by 1.1 T C/ha/y. Converting wheat:milo rotations would sequester
about half that amount. Adopting no till tillage on wheat:milo rotations could sequester 0.14 T
C/haly, while no till tillage on wheat:fallow rotations could increase soil carbon by 0.05 T
C/haly.

A substantial barrier exists to achieving high rates of sequestration in the MLRA. All of the row
crop and small grain cropland is located in Lea, Roosevelt and Quay counties. All of these
counties are already at or near participation limits in the Conservation Reserve Program. A more
effective strategy to reduce emissions might be to increase incentives to keep land with expiring
CRP contracts (10 years in length) enrolled in the program. There are currently more than 3500
ha of land enrolled in CRP on which contracts will expire in 2005 or 2006.

Oklahoma

The methodology previously described identified 2, 086, 517 ha in Oklahoma that had high
potential for increasing carbon sequestration. This land was located in MLRAs 70, 77, 78 and 80
(Fig. 39).

MLRA 70 (67, 339 ha)

Land use in this area is dominated by livestock grazing on rangeland within Cimarron county.
Adding legumes to existing rangeland plant communities has the potential to increase soil carbon
between 0.16 and 0.23 T C/ha/y depending on soil texture (loamy sand>sandy loam>loam).
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MLRA 77 (796, 597 ha)

In this area, livestock grazing on rangeland dominates land use (540, 140 ha). The only practice
identified to consistently increase soil carbon was the addition of legumes to existing rangeland
plant communities (0.10 to 0.20 T C/ha/y). However, the uncertainty associated with this
practice is extremely high.

Converting row crops, primarily continuous cotton (26, 392 ha), to perennial grass cover with
legumes could increase soil carbon storage by 1.0 to 1.2 T C/ha/y. However, all of this land use
in this MLRA is within Cimarron county and that county currently exceeds the level of
participation allowed for federal program incentives to convert cropland to perennial cover.

There are 231, 920 ha of small grains in this MLRA, dominated primarily by wheat:grain
sorghum rotations. Conversion to perennial grass cover with legumes could increase soil carbon
by an average of 1.0 T C/ha/y, about half that without legumes. However, the uncertainty
associated with these practices is very high. Also, all of these lands are located in Beaver,
Cimarron, Ellis, Harmon, Harper and Texas counties, which already exceed program limits for
incentives to convert cropland to perennial cover. A more viable option might be the adoption of
no till tillage, which could increase soil carbon levels from 0.10 to 0.15 T C/haly.

MLRA 80 Central Rolling Red Prairies (54, 545 ha)

There were no options identified to increase soil carbon on rangelands (18914 ha) in this area.
The conversion of small grain cropland (35631 ha) to perennial cover could increase soil carbon
by 1.1 to 1.2 T C/ha/y with legumes; about half that without legumes. Adopting no till tillage on
these lands could increase soil carbon by 0.10 T C/ha/y.

Texas
Within MLRAs 42, 77, 78 and 81 there were 4, 889, 184 ha identified as having high potential
for carbon sequestration (Fig. 40).

MLRA 42 Southern Desertic Basin, Plains and Mountains (34, 927 ha)

The dominant land use in this area is livestock grazing on rangeland. The area is entirely within
Brewster County. Very low annual precipitation limits the impact of any land use or
management change to increase soil carbon levels. There were no practices identified that could
consistently increase soil carbon.

MLRA 77 Southern High Plains (2, 840, 164 ha)

A widespread land use in the area is livestock grazing on rangelands (635, 522 ha). Restoring
heavily grazed rangelands with grazing management and the addition of legumes could increase
soil carbon storage by an average of 0.10 T C/ha/y. However, the uncertainty associated with
this practice is very high.

The dominant land use in the area is cropland with row crops, primarily continuous cotton (1,
338, 038 ha). Converting this land to perennial grass cover with legume could increase soil
carbon by 1.0 T C/ha/y throughout the area; without legumes, conversion could increase soil
carbon by 0.50 to 0.60 T C/ha/y. However, many of the counties in this area currently exceed or
are near the program limits for Conservation Reserve Program participation (Armstrong,
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Briscoe, Deaf Smith, Floyd, Garza, Hockley, Howard, Lamb, Randall, Sherman and Swisher).
Together the amount of land in these counties within this analysis total 222, 315 ha. Other
counties within the MLRA are not restricted by program limits. Adopting no till tillage offers
little opportunity to increase soil carbon (<0.05 T C/haly).

Converting small grain cropland (866, 605 ha), primarily wheat:milo rotation, offers substantial
opportunity to increase soil carbon. Establishing perennial vegetation with legume can increase
soil carbon by an average of 1.0 T C/ha/y; half that without legumes. Again, participation in
federal land retirement programs, such as CRP is high in this area and there is limited potential to
increase participation. Armstrong (15, 918 ha), Briscoe (7937 ha), Deaf Smith (41, 366 ha),
Floyd (13, 872 ha), Oldham (10, 731 ha), Randall (17, 112 ha), Sherman (14, 160 ha) and
Swisher (30, 262 ha) counties currently exceed or are near limits on program participation,
limiting the impact of land conversion as a means to increase soil carbon in this area. Adopting
no till tillage offers the potential to increase soil carbon storage an average of 0.12 T C/haly
across the area.

MLRA 81 Edwards Plateau (336, 900 ha)

Grazing is the only land use in this MLRA that was extensive enough to be analyzed for carbon
sequestration potential. There is very limited potential to increase soil carbon on grazed
rangelands in this area. Only clay loam soils (51, 563 ha)within the area would respond to
additions of legumes with an increase of more than 0.10 T C/ha/y. The uncertainty associated
with this practice is very high.

Utah
Major Land Resource Areas within Utah (Fig. 41) that were identified has having land with high
carbon sequestration potential were:

25  Owyhee High Plateau (84, 123 ha)

28  Great Salt Lake Area (982, 805 ha)

34 Central Desertic Mountains, Basins and Plateaus (119, 357 ha)

35 Colorado and Green River Plateaus (28, 135 ha)

39  Arizona and New Mexico Mountains (64, 887 ha)

47 Wasatch and Uinta Mountians (423, 406 ha)

48 Southern Rocky Mountains (43, 609 ha).

Regardless of soil and land form classification, the low annual precipitation was the overriding
factor limiting response to management in all of the MLRAs. Only the addition of legumes to
existing rangeland livestock grazing systems were identified has having a positive effect on soil
carbon storage (generally 0.10 to 0.20 T C/ha/y). However, this practice is associated with very
high uncertainty.
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Fig. 26. Study area for assessing carbon sequestration potential in the Southwest Carbon
Sequestration Partnership region.
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Fig. 27. General framework for assessing carbon sequestration potential in the Southwest

Carbon Sequestration Partnership region.
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Fig. 28. An example of precipitation potential classification for New Mexico. Potential
classes were based on the long term average precipitation (Spatial Climate Analysis
Service, Oregon State University, http://www.ocs.oregonstate.edu/prism/) and was
classified as follows: No Potential (0 to13 cm), Low Potential (13 to 23 cm), Moderate
Potential (23 to 46 cm) and High Potential (>46 cm).
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Fig. 29. An example of the land tenure classification for New Mexico using the federal and
Indian lands spatial coverage from the National Atlas (www.nationalatlas.gov).
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Fig. 30. Soil organic carbon classification example for New Mexico. Soils were classified
based on data available from the NRCS SSURGO and STATSGO databases.
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Fig. 31. Calcium carbonate (CaCO3 ) classification example for New Mexico. Soils were
classified based on data available from the NRCS SSURGO and STATSGO databases.
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Fig. 32. Wind Erodibility Index (WEI) classification example for New Mexico. Soils were
classified based on data available from the NRCS SSURGO and STATSGO databases.
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Fig. 33. Results of spatial query to identify target areas for assessing carbon sequestration
potential for regional carbon seqestration programs/interventions.
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Fig. 35. Colorado—MLRA distribution.
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Fig. 36. Kansas —MLRA (Southern Plains Range Research Station)
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Fig. 37. Nebraska—MLRA distribution.
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Fig. 38. New Mexico—MLRA distribution.
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Fig. 39. Oklahoma—MLRA distribution.

Fig. 40. Texas—MLRA distribution.
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Fig. 41. Utah—spatial distribution of MLRA.
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Regulatory Summary

The objective of Phase 1 regulatory activities was to determine the regulatory frameworks of
each state, specifically as they relate to carbon sequestration. This information serves both as a
tool for future sequestration projects, including the Pilot Tests of Phase II, and to identify
regulatory gaps that may be obstacles to such projects. The Southwest Partnership began
developing regulatory and permitting action plans during Phase I for possible Pilot Tests, and
this effort is being continued and integrated seamlessly with Phase II activities.

Researchers in Arizona, Colorado, New Mexico, Oklahoma, Texas, and Utah reviewed the
relevant State statutes and rules, and consulted with respective State regulators to assess current
regulatory framework for carbon sequestration. The general consensus is that because most of
the partnership States have oil production, often handling CO; injection for Enhanced Oil
Recovery (EOR), the existing regulatory framework is sufficient to handle the Pilot Test scale
projects. As discussed below, however, it is possible that these test projects will reveal gaps that
must be closed through regulatory action.

A significant start in assessing the current regulatory framework has been made by the
IOGCC Geological Sequestration Task Force, who during the time period of Phase I assembled a
regulatory framework for carbon capture and geological storage at the request of the Department
of Energy Its report summarizes the current regulatory regime for CO, on a state-by-state basis.
One of our partnership researchers also participated in the Interstate Oil and Gas Compact
Commission (IOGCC) Geological Sequestration Task Force (detailed below), assisting by
providing information and guidance.

Our expectation is that as carbon sequestration activities intensify the current regulatory
environment will shift to accommodate emerging technologies and realities. An area where this
is particularly important is the realm of measurement, monitoring, and verification (MMV). The
development of MMV protocols is an evolutionary process, and activities in Phase II will likely
involve new regulatory requirements. During Phase I we were able to develop close working
relationships with several State regulators, keeping them informed of our progress and new
developments. These relationships should enable effective technology transfer.

A product of the Phase I project was identification of three geological and one terrestrial
sequestration validation project: (1) Aneth Field, Paradox basin; (2) San Juan basin Coal
fairway; (3) SACROC-Claytonville fields, Permian basin; (4) San Juan basin terrestrial project.
Fortunately, Utah, New Mexico, and Texas already have existing regulatory regimes handling
CO2 injection for EOR projects, which should streamline the permitting process for the
geological sequestration projects. The terrestrial project would be permitted in accordance with
USDA regulations.

Aneth Field, Paradox basin — In Utah, wells that are used for the enhanced recovery of oil and
gas are considered Class II wells under the Underground Injection Control (UIC) program, and
normally regulated by the Utah Division of Oil, Gas, and Mining of the State’s Department of
Natural Resources. However, the regulation of Class II injection on Native American tribal
lands is retained by the federal government through the U.S. Environmental Protection Agency,
specifically the Region 8 office in Denver, Colorado. The proposed Aneth Field project is in the
Navajo Nation, and therefore falls under EPA jurisdiction.

San Juan Basin Coal fairway — New Mexico already has an existing regulatory construct for
CO; injection, and classifies EOR and EGR injection activity as Class II under UIC. The State
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has also adopted specific rules and regulations governing long-term CO, storage through the Oil
Conservation Division. Thus, the enhanced coalbed methane project in the San Juan Basin will
be permitted under rules and regulations developed and administered by the New Mexico Oil
Conservation Division (IOGCC, 2005)

SACROC-Claytonville fields, Permian basin — In Texas CO, is currently being injected for
EOR, and such activity is classified as Class II injection under UIC. Furthermore, the industry
partner for this project, Kinder Morgan, has extensive experience transporting and injecting CO,,
and is familiar with the permitting requirements.

Attached to the end of this report are a series of Appendices A through F that summarize the
current regulatory framework applicable to the oil and gas industry and geologic sequestration of
carbon:

Appendix A — Arizona

Appendix B — Colorado

Appendix C — New Mexico

Appendix D — Oklahoma

Appendix E — Texas

Appendix F — Utah

A S

CO; Sources in the Southwest Region

The Gas Technology Institute ( GTI) prepared an extensive report, for this project, “Source
Location Data for SW Regional Carbon Sequestration Partnership — Phase I,” comprises a
summary of various databases assembled to help locate and quantify the CO, emissions in the
Southwest Region. These point sources in the southwest region are mainly coal-fired power
plants. Other sources include natural gas processing plants, refineries, ammonia/fertilizer
production, ethylene and ethanol plants, and cement plants. Because of its size (more than 300
pages) and scope, GTI’s report will be presented in full at the end of the Final Report, as
Appendix G.

Separation and Capture Technologies in the Southwest Region

The Regional Partnerships for Carbon Sequestration programs were required to identify the
best carbon sequestration options in their respective regions, consisting of a CO, source,
applicable CO, capture technology, transportation logistics (if applicable) and destination
formation for non-terrestial sequestration approaches. In most cases the carbon capture step is
the most costly, and selecting the appropriate least-cost options will be of particular importance.
GTI was selected to provide advice and consultation on capture technologies for the Southwest
Partnership.

This report consists of a summary of commercial technology and costs applicable to point
sources in the southwest region, which are mainly coal-fired power plants. Other sources include
natural gas processing plants, refineries, ethanol plants, and cement plants. Research in progress
to develop new technologies for carbon dioxide capture will also be briefly summarized.

This information will assist in identifying candidate projects for Phase II.
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The objective of this section is to delineate technologies applicable to capturing carbon dioxide
from point sources and to provide estimates from various sources of the specific costs of such
technologies. Research and Development on new technologies will be reviewed and a listing of
those that appear promising and are sufficiently in the development cycle will be presented.

Background Information about CO, Capture

The capture of CO, must occur before CO; can be sequestered. Several excellent reviews of the
subject have been published (see particularly Curt M. White et al., 2003 Critical Review:
Separation and Capture of CO, from Large Stationary Sources and Sequestration in Geological
Formations—Coalbeds and Saline Aquifers, presented at A&WMA’s 96th Annual Conference &
Exhibition in San Diego, CA, June 2004.)

The approach to capture has been delineated into three major approaches: post-combustion,
oxycombustion, and precombustion (or decarbonization). Figure 42 (courtesy Carbon Capture
Project) illustrates these approaches in a simplistic way.

Post Combustion Decarbonisation

Post-combustion approaches refer to the application of various technologies to removing the
carbon dioxide from the flue gases resulting from combustion. As will be discussed in more
detail in the following sections, amine (a weak base) absorption processes are commercially
available to effect this removal. Drawbacks are residual oxygen in the flue gas, which degrades
the amine, low concentration of oxygen, low working pressures resulting in large equipment, and
low concentration of CO, to be removed (<15%) also resulting in large equipment sizes and high
solvent circulation rates. This approach is generally the only one available to remove CO, from
already existing power plants and other large “point sources”. Both Fluor and ABB offer
commercial embodiments of this technology based on the amine MEA; monoethanolamine.
Mitsubishi offers a newer solvent KS-1, but the basic process is the same. Relatively limited
experience exists with coal fired flue gases in “PC” or pulverized combustion power stations.

Precombustion Decarbonisation

Precombustion decarbonisation refers to various processes which convert the fuel at high-
pressure into a synthesis gas, mainly CO, CO, and H,. The non-hydrogen species can be more
readily and inexpensively removed at the high pressure, high concentration, oxygen-free
conditions that result. Typically this approach is coal gasification followed by CO, removal
using a physical solvent and possibly chemical reactors conducting water gas shift to produce
additional hydrogen from the H,O and CO in the syngas. Reforming, where natural gas and
certain liquid hydrocarbon fuels, e.g., naphtha, are heated over a catalyst at moderate pressures
of several hundred pounds is currently widely employed to make synthesis gas for fertilizer
manufacture or hydrogen for chemical and refinery operations, is another prominent example of
precombustion decarbonisation. Integrated Gasification Combined Cycle (IGCC) is an advanced
approach along these lines to produce electricity at large central stations, replacing the
conventional approach of PC-fired boilers. EPRI was instrumental in developing this technology
by funding the first commercial demonstration plant, Cool Water, in California, a few decades
ago. Seven early adopter plants of this type have been built worldwide but further adoption has
been hampered by a perception of risk unacceptable to the utility industry and higher costs (in
the absence of a current requirement to remove CO, and other trace substances). AEP has
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nonetheless announced it will build an IGCC plant in the near future. A photograph of a Selexol
installation at a new IGCC plant in Italy is shown in Fig. 43.

Removal of naturally occurring CO; from natural gas in the course of preparing natural gas
for pipeline transport is another example of precombustion decarbonisation, although the carbon
inherent in the fuel molecular structure is not affected. Ultimately, an end user fuel of pure
hydrogen could be produced. The product of combustion of hydrogen is water only. Provided
the CO; capture and sequestration was carried out at the hydrogen production plant, there would
not be any net carbon emissions from the combustion of fuels processed in this manner.

Oxycombustion

The third major approach is oxyfiring or oxycombustion. Since all fuels are hydrocarbons,
the products of complete combustion are H,O and CO,. If oxygen is used instead of air in the
combustion process, then no nitrogen, N», will be present in the combustion offgas or flue gas,
which will increase the concentration of CO; in the flue gas and simplify and make less
expensive the process to remove or capture CO, from the flue gas. In order to avoid the
excessive temperatures that will occur in the complete combustion of a fuel in oxygen, recycle of
cooled flue gas or injection of water to the inlet of the system is required. This technology is in
trials in California being conducted by Clean Energy Systems at the nominal 5 Mwe scale.

MEA for CO; Capture from Post-combustion

Since the major sources of CO; in the southwest region are coal-fired power plants, any
approach to lowering the emissions significantly must ultimately deal with these sources. At
present the only technology which is near enough to commercialization is the Mitsubishi offers
an advanced solvent, KS-1, that has a number of advantages over MEA, but this is in early
commercialization at this point. Fluor and ABB both market a technology based on MEA. Fluor
has the larger installed capacity of the two. They refer to their process as the Econamine FG
process, which was developed by DOW and was previously available as the GAS/SPEC FT-1
process. Sixteen commercial plants were built of which seven are still operating. None of the
large plants are operating on coal-fired systems, but several pilot units were tested with coal.
Applications of this process to cement plants should be straightforward. A flow diagram of this
process is shown in Fig. 44.

MEA (a solution of 30% MEA in water) is circulated to the top of the absorber tower where it
contacts upflowing flue gas. This flue gas needs to have been cooled to approximately 50°C, so
in plants without wet FGD units a direct contact cooler will need to be added. Also a blower is
required to provide the “head,” or to overcome the pressure drop that flowing through the
absorber tower entails. It reacts with the CO,, which is then carried out of the absorber along to
a regenerator or stripper. Steam is used to heat the solution, which boils off some of the solution
water and “strips” out the CO, which is then captured, polished, dried and compressed, usually
to 2000 psi, for transport. The stripped or lean MEA solution is then pumped back to the
absorber for reuse. The process needs steam for the stripping operations and this steam will
come from steam that would otherwise be available in the power plant steam circuit; thus, there
is a “parasitic” power loss. The compressor, blower and solvent circulation pumps also introduce
parasitic power losses. The total loss of power due to addition of CO; capture is on the order of
20%.

Drawbacks of this process are high corrosion potential, large MEA losses due to vaporization
and degradation, inefficiency, and parasitic power loss.
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Estimation of Costs of CO, Capture

It is to be understood that CO, capture from large stationary sources has been very sparsely
applied and usually in unique situations, for example where there was a particularly robust
market for the CO,, such as for food grade use, or for EOR in a particularly amenable reservoir.
Since capture from electric power stations will be the largest source in most regions, we need
mainly to be concerned with those costs including the costs from near-term power generation
technology such as IGCC and possibly natural gas-fired turbine plants. Costs for such
applications can be presently estimated with accuracy probably on the order of £25% and no
better, and not considering site specifics which will further broaden the range of estimation
accuracy. Estimating the costs of CO; capture and related metrics (see below) for hypothetical
processes and processes in early stages, R&D cannot be done within a range of even 200%.
Rand Corporation studied the accuracy of cost estimation of pioneer plants in DOE funded
studies in the 1980s (E.W. Merrow, K.E. Phillips, and C.W. Myers, Understanding Cost Growth
and Performance Shortfalls in Pioneer Process Plants (Santa Monica, CA: The RAND
Corporation, 1981). Even with technology that is proven and well understood, cost estimates can
differ widely based on assumptions of fuel costs, inflation, financing costs, capacity factors,
reliability, sparing philosophy, location, site specifics, design philosophy, tax basis, depreciation
approach, tax credits and other factors.

In order to bring some sense of order to this a transparent, common basis needs to be
established setting down the assumptions and values of as many parameters as possible. NETL,
recognizing this, commissioned the Carnegie Mellon University Center for Energy and
Environmental Studies to produce a computer software to produce consistent estimates for major
power generation approaches with a variety of fuels (natural gas, various coals). Using this
program apple-to-apple comparisons can be made and the necessary comparison metrics for
different processes, such as cost of CO; avoidance (see below) can be generated relatively easily.
The model, IECM or Integrated Environmental Control Model, is publicly available from the
CMU Center for Energy and Environmental Studies website http://www.iecm-
online.com/cees_download.htm and is currently in version 4.0.4.1, released in September 2004.
The program is not complete; for example, at present the only IGCC scheme is Texaco cold
quench, but despite these limitations, representative costs can currently be generated. GTI has
developed similar information for the cost of CO, removal from natural gas using various
processes and at various plant capacities.

Metrics for Evaluation of CO, Capture

Important metrics for evaluation of CO, capture are the “cost of CO, removal” and the “cost
of CO; avoidance”. The former metric is simply the cost of removal of CO, per unit mass
removed. Since there are efficiency penalties associated with removing CO,, the net power
from any plant fitted with CO, capture will be lowered, so the cost per net kWh delivered will be
higher than the cost of CO, removal. Thus, additional investment may be required to bring the
plant back up to the rated capacity or alternatively, add incremental power by some other
acceptable approach without adding to the CO, emissions. The cost of CO; avoidance can also
be interpreted as the value of the carbon tax (fixed and proportional to C emissions) at which the
“power plant” is indifferent, at a fixed level of CO, capture, to paying the carbon tax or the cost
of CO, mitigation. The plant would therefore prefer the CO, mitigation costs at any higher level
of carbon taxes.
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Other metrics are the cost of electricity (COE) with and w/o carbon capture and the total plant
annualized investment.

Costs for CO; Capture from Power Plants

Results from applying the IECM model (see above) to a number of scenarios were presented
by Rubin at the Third International Conference on Carbon Sequestration held in May 2004 in
Alexandria, VA USA. Figures 45 through 47 are significant slides excerpted from his paper
“Comparative Assessments of PC, NGCC, and IGCC Power Plants with and without CO,
Capture and Storage”.

The comparison is based on 2% S bituminous coal and assumes a capacity factor of 75% for
all of the plants. PC plants are supercritical (but not ultra supercritical) design and the IGCC is
based on Texaco cold quench and the Selexol process for CO, removal. The NGCC uses two
GE frame 7 turbines. All reference power plants are 560 MW. Since current natural gas prices
are so high, the COE form NGCC is also high and actual capacity factors for NGCC plants has
been below 35% in the past year or two. Therefore the calculations and charts are unrealistic for
current natural gas prices. NGCC would not be the preferred option for least cost electricity and
actual reductions of CO, emissions would not be realized at the low capacity factors.

Figure 45 plots CO, emission rates as kg/MWh for the three plant types. As can be easily
seen, PC and IGCC have similar emission rates, mainly because of using the same fuel, coal.
The NGCC plant has an emission rate less than half of the coal-fired units. The values for
emission rates are of course less when capture is added at the nominal 90% capture level but the
advantage of NGCC at less than half the emission rate for the coal-fired units is maintained.

Figure 46 illustrates the cost of electricity from the three power plant types as well as the
respective contributions of the reference plant, capture and transport+storage, showing that the
differences in the three plant types is not pronounced when there is no CO; capture. IGCC is
slightly more expensive but by less than 10% of the COE for the PC plant and less than 15% of
the COE of the NGCC plant. The COE with capture is significantly higher than w/o capture,
more than 50% higher for the PC plant and if transportation and storage is taken into account,
75% higher. We see the increase due to capture and due to capture plus storage for the IGCC
plant is much less and in fact the COE of the IGCC plant with capture and storage is less than the
PC plant with capture and storage and is therefore preferred. NGCC is still the preferred option
on the COE metric. If EOR utilization of the CO, is a possibility, all of the COEs are reduced
but the IGCC produces more CO, than the NGCC and receives a larger offsetting credit with the
result that it now becomes the preferred option. The cost of CO; capture in this case for IGCC
represents only a 10% increase over the cost without capture. The avoided cost of CO, for these
cases is shown in Fig. 47. For the prevalent PC-fired plants we are looking at $50 per ton,
nominally. The avoided cost for IGCC plants is approximately 50% of that for PC plants.
NGCC plants have the highest avoided cost. The absolute values of these costs are reduced
significantly for the EOR case, but the trends remain and IGCC is still the lowest cost option in
this instance.

It should be recognized that these charts are merely an example and depending on
assumptions taken, particularly for fuel costs, we can get different absolute values and draw
different conclusions. For this set of assumptions, we can fairly well conclude that IGCC is a
preferred option provided the relatively minor increase in electricity cost (COE) over the cost of
electricity from NGCC would be acceptable to PUCs and the public in exchange for the societal
benefits of reduced CO, emissions. Barring any legislation or other requirement to capture CO,,
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it should be clear that capturing CO; is still an expensive proposition with high costs to the
economy and society and results in 40% more expensive electricity.

This confirms the need to develop advanced technologies to lower the incremental cost of
CO; capture. The approaches currently being pursued worldwide are listed in the next section.

Ongoing Research

DOE has an aggressive R&D Program with the objective of reducing the costs of CO,
capture. Table 28, with links to more detailed information (from DOE’s website) summarizes
the research program.

The IEA Greenhouse Gas Programme has developed a website of Carbon Capture and
Sequestration Projects (http://script3.ftech.net/~ieagreen/co2sequestration.htm). The Carbon
Capture R&D listing from their database as of 10/30/04 is shown in Table 29. (links in the title
column are to more detailed information) and includes many of the DOE projects listed in
Table 28. Additionally, the IEA database lists 11 “commercial-scale” projects (shown in Table
30).

The Carbon Capture Project has devoted considerable effort to optimizing the process
schemes used for CO; capture. They selected three cases to evaluate: North European Refining
and Petrochemical Complex, Alaska Open Cycle Gas Turbines, and a Norwegian 400MW
NGCC power plant. Their study confirmed the ballpark figures for CO, capture cost — their
reference case was set at $60/tonne of CO, avoided. Through a series of value engineering and
design integrations, estimated avoidance costs were reduced ultimately to $28/tonne.

Conclusions

Technology exists to remove CO, from major stationary sources such as power plants,
refineries, gas plants and chemical plants. CO; is already being removed from natural gas if it is
present in the raw gas (about 30% of natural gas contains significant amounts of CO,), but this
CO; is vented to the atmosphere except in a few instances where the gas is needed for EOR.
Power plants are the most significant source of CO, emissions in the southwest region. The
estimated cost with current technology would result in a nominal $50 per tonne CO, avoided
cost. Unless a CO, emissions tax of this magnitude (or in the alternative an available trading
credit) is imposed, utilities will not implement CO, capture.

New technology under development from numerous parties worldwide will likely lower the
cost of CO, capture. Most such technology is many years away and some may never be realized
for a variety of reasons.

IGCC electricity generation is, in many situations, a relatively inexpensive approach to
effective CO, capture in the near-term. Although the cost is slightly higher (and the risk higher)
than standard PC power plants, utilities are now beginning to include these in their generation
forward planning since they provide a hedge against future emissions regulations more stringent
than today’s (whether including CO, emissions requirements or not). Additional
implementations of IGCC in several utility territories will increase the broad acceptance of this
approach and should be encouraged by government incentives.

Many of the new, advanced technologies which can potentially offer lower-cost capture will
require field experiment testing and demonstrations. These technologies will be screened in the
southwest region in conjunction with the region’s source/sink database to identify a suitable
candidates for Phase II projects. The baseline information described above is essential to
identify current opportunities for CO, capture in the region and to determine, when coupled with
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cost information or estimates for the new technology, the most promising options compared to
current state-of-the-art technology.

Table 28. Summary of U.S. DOE’s CO, Capture R & D Program

CO; Capture

PRE-COMBUSTION DE-CARBONIZATION There are currently 10 oxygen-fired gasifiers in
operation in the U.S. today. Syngas from an oxygen-fired gasifier can be shifted to provide a stream
of primarily H, and CO, at 400-800 psi. Glycol solvents can capture CO, and be regenerated via
flash (no steam use) to produce pure CO, at 15-25 psi.

Supporting Program R&D Projects:
e CO, Selective Ceramic Membrane: Develop a high temperature CO,-selective membrane to
enhance the water-gas-shift reaction efficiency, while recovering CO, for sequestration. The
improved membrane is suited to integrated gasification combined-cycle power generation systems.
[Media and Process Technology Inc (MPT) University of Southern California]

e Fact Sheet: CO, Selective Ceramic Membrane for Water-Gas-Shift Reaction with
Simultaneous Recovery of CO, [PDF-61KB]

e CO, Hydrate Capture Process: Develop a process that captures CO, by combining it with water
at low temperature and high pressure, thus forming CO,/water hydrates, ice-like macromolecular
structures of CO, and water. Laboratory experiments seek to determine the level of CO, removal
achievable, measure energy requirements, and assess any negative effects attributable to
hydrogen sulfide and methane gases. [Los Alamos National Laboratory, Nexant, Inc. (A Bechtel
Technology and Consulting Firm), Simteche]

e Fact Sheet: CO, Hydrate Process for Gas Separation from a Shifted Synthesis Gas
Stream [PDF-239KB]

e High Temperature Polymer Membrane: Manufacture a thermally optimized membrane with
better separation capabilities than current polymer membranes. The project focuses on the
separation of CO,, methane, and nitrogen gases in the range of 100 to 400°C. [Los Alamos
National Laboratory, University of Colorado, Idaho National Energy and Environmental Laboratory,
Pall Corporation, and Shell Oil]

e Fact Sheet: CO, Separation Using a Thermally Optimized Membrane [PDF-197KB]

e Evaluation of CO, Capture/Utilization/Disposal Options: Develop engineering evaluations of
technologies for the capture, use, and disposal of CO,. This project emphasizes CO,-capture
technologies combined with integrated gasification combined-cycle (IGCC) power systems that
produce both merchant hydrogen and electricity. [Argonne National Lab]
e Fact Sheet : CO, Capture for PC-Boiler Using Flue-Gas Recirculation: Evaluation of CO,
Capture/Utilization/Disposal Options [PDF-81KB]

OXYGEN-FIRED COMBUSTION No oxygen-fired PC plants in commercial operation. Current
minimum CO, recycle is 5 Ibs CO, per Ib coal feed. 90% pure CO, is produced from the boiler at
10-15 psi. Oxygen combustion requires roughly three times more oxygen per kWh of electricity
generation than gasification.

Supporting Program R&D Projects:

Advanced Oxy-fuel Boilers and Process Heaters: Design a novel “oxy-fuel” boiler that
incorporates a membrane to separate oxygen from the air which is then used for combustion.
[Praxair]

o Fact sheet: Advanced Oxyfuel Boilers and Process Heaters for Cost Effective CO2 Capture

156



and Sequestration [PDF-147KB]

Oxygen Firing in Circulating Fluidized Bed Boilers: Build on international work in advanced
combustion in mixtures of oxygen and recycled flue gas. [Alstom Power]

o Fact sheet: Greenhouse Gas Emissions Control by Oxygen Firing in Circulating Fluidized
Bed Boilers [PDF-563KB]

Oxygen-enriched Combustion: Conduct pilot-scale tests of oxygen enhanced coal combustion
with the objective of lowering the cost of retrofit systems. [CanMet Energy Technology Center, and
a consortia of industrial companies including McDermott Technology, Trans Alta Corp.,
Saskatchewan Power, Air Liquide Canada, Nova Scotia Power, Ontario Power Generation, and
Edmonton Power]

POST-COMBUSTION CAPTURE 300 GW of PC boiler capacity in the United States. Flue gas from
a PC boiler is exhausted at 10-15 psi and contains 12-18 volume percent CO,. Amine scrubbing
with CO, compression to 1200 psi costs roughly 2000 $/kW and reduces the net power plant output
by 12.5%.

Supporting Program R&D Projects:

Dry Regenerable CO, Sorbents: Develop a CO, separation technology that uses a regenerable,
sodium-based sorbent to capture CO, from flue gas. Thermodynamic analysis and preliminary
laboratory tests indicate that the technology is viable. Process data will be collected to assess the
technical and economic feasibility of various process configurations. This retrofit process is
amenable to all conventional steam-generating power plants. [Research Triangle Institute, Church
and Dwight, Inc.]

0 Fact sheet: Carbon Dioxide Capture from Flue Gas Using Dry Regenerable Sorbents [PDF-
112KB]

Electrochemical Devices for Separating CO2 from Flue Gas:

Develop cost effective electrochemical devices for the separation (electrochemical pumps) and
detection (sensors) of CO,. Tasks include separation of CO, from a simulated flue gas, comparison
of electrode and electrolyte performance, and a mechanism of CO, transport/ development of new
solid electrolyte separators and sensors. [Carbon Sequestration Science Focus Area, CSSFA]

Integrated R&D: Integrated collaborative technology development project aimed at proving the
feasibility of advanced CO, separation and capture technologies. [BP Amoco Corporation,
Anchorage, AK, CCP]

o Fact Sheet: CO, Capture Project: Collaborative Technology Development Project for Next
Generation CO, Separation, Capture and Geologic Storage [PDF-206KB]

Amine Enriched Adsorbents: These sorbents will be prepared by chemical treatment of high
surface oxide surface materials with various amine compounds. Tasks include modification of
oxidized solid surfaces, chemical characterization of the amine-enriched sorbents, determination of
CO, capture capacity, and examination of the performance durability of amine-enriched adsorbents.
Optimize chemical scrubbing processes for CO, separation. Develop improved gas-liquid mass
transfer; develop improved amine absorbent systems which require less thermal energy for
regeneration; increase the loading of the absorbent within the aqueous amine solution, and reduce
the content of water in the amine solution. [CSSFA]

0 Fact sheet: Sorbent and Catalyst Preparation Facilities [PDF-659KB]

Carbonate-based CO, Capture: Simultaneous removal of CO, and SO, by ammonia solution,
recover pure CO, by converting ammonium carbonate to ammonium bicarbonate solution.
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Ammonia is recycled for CO, capture. This allows simultaneous capture of CO,, SO,, and NOx.
[CSSFA]

0 Fact sheet: Small Scale Facilities for Air Pollution Research [PDF-987KB]

CO, capture by absorption with potassium carbonate: Predict performance of
absorption/stripping of CO, with aqueous K,CO, promoted by piperazine [University of Texas at
Austin]

An Integrated Modeling Framework for Carbon Management Technologies: Develop an
integrated modeling framework for evaluating alternative carbon sequestration technologies for
electric power plants [Carnegie Mellon]

Zero Emissions Power Plants Using SOFCs and Oxygen Transport Membranes: Modify the
design of the tubular solid oxide fuel cell (SOFC) module to incorporate an afterburner stack of
tubular oxygen transport membranes, oxidizing the SOFC depleted fuel in the anode exhaust to
CO2 that can then be easily separated [Siemens Westinghouse Power Corp.-Pittsburgh]

Conceptual Design of Optimized Fossil Energy Systems with Capture and Sequestration of
CO,: The project aims to develop viable technological solutions for the safe and economic capture
and storage of CO, underground. [Princeton University]

Sorbent Development for CO, Separation and Removal: Pressure and/or Temperature Swing
Adsorption: Modification of surface area and pore structure of the sorbents, modification of the
chemical properties of the sorbents, and characterization and solid/surface reactions. [CSSFA]

o Fact sheet: Sorbent Development for Carbon Dioxide Separation and Removal - Pressure
Swing Adsorption & Temperature Swing Adsorption [PDF-50KB]

0 Fact sheet: Modular Carbon Dioxide Capture Facility [PDF-113KB]

0 Fact sheet: Carbon Sequestration Science Focus Area [PDF-57KB]

o Fact sheet: Advanced Analytical Instrumentation and Facilities for In-Situ Reaction Studies
[PDF-529KB]

ADVANCED CONVERSION There are a limited number of promising ideas in this area. None of
them are at the commercial or demonstration phase.

Supporting Program R&D Projects:

Electricity Generation Using a Metal Oxide Reducing Agent: Develop a method to use gasified
coal or natural gas to reduce a metal-oxide sorbent, thereby producing steam and high pressure
CO,. The steam condenses in a heat-recovery steam generator, and the CO, is sequestered using
compressed energy. The metal oxide sorbent is treated in a secondary reactor, where the reduced
metal is oxidized in air and recycled. Sorbent materials with desirable properties will be developed
and tested, and the economics and emissions performance of integrated electricity generation
systems based on the various sorbents will be estimated. [TDA Research, Inc. Louisiana State
University]
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Table 29. IEA Greenhouse Gas Programme Carbon Capture and Sequestration Projects

Project Title

The Capture and
Storage of Carbon
Emissions

CO2 Capture Project
(CCP)

NorCap Project

Power Generation
with CO2 Capture

Future Enerqgy Plants

Separation of CO2
Using Membrane
Gas/Liquid Contactors

Advanced Zero

Emissions Power Plant

(AZEP)

Project Overview

The project is examining

improvements to the chemical
absorption process (using a variety of
solvents) as well as developing new
technology and carrying out
technology screening studies

The project is a joint initiative

carrying out a development

programme leading to the reduction
in the cost of CO, capture from
combustion sources, followed by its
safe, economical underground storage

The project is developing and testing
promising technologies for reducing
the costs of separating and capturing
CO2 from fossil fuel combustion
sources, plus its transport and storage

The project aims to improve the
energy conversion of natural gas in
power cycles that significantly reduce

CO, emissions.

The project is developing and testing
a concept for co-production of power
and hydrogen from natural gas with

integrated CO2 capture.

N/A

This multi-partner project is
developing an advanced, gas turbine-
based power generation system that
will produce no emissions to
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Boundary Dam Power Plant
University of Regina

Various Locations

Europe

Europe

Europe

Europe

Europe



Advanced CO2
Separation and
Geologic Storage
Technologies

CO2 Separation Using
Thermally Optimized
Membranes

Dry Regenerable CO2
Sorbents

CO2 Dioxide Process
for Gas Separation
from Shifted Synqgas

A Novel CO2
Separation System

Vortex Tube Design
and Demonstration for
the Removal of
Carbon Dioxide from
Natural and Flue Gas

Carbon Dioxide
Capture by Absorption
with Potassium
Carbonate

atmosphere

The project will demonstrate the
feasibility of capturing CO; from a
variety of fuel types and combustion
sources and storing it in unminable
coal seams and saline aquifers

Los Alamos National Laboratory and
Idaho National Engineering and
Environmental Laboratory are
collaborating with the University of
Colorado, Pall Corp. and Shell Oil
Co, in a 3-year project to develop an
improved high-temperature polymer
membrane for separating carbon
dioxide from methane and nitrogen
gas streams.

The project will investigate and
develop a separation technology that
uses a regenerable, sodium-based
sorbent to capture CO; from flue gas

The project will develop a process
that captures CO, by combining it
with water at low temperature and
high pressure, thus forming
COs/water hydrates

The project aims to develop a novel
electricity generation and CO;
separation system based on the
reduction of a metal oxide

The project is studying CO,-liquid
absorption kinetics, solvent
generation requirements, and scaleup
parameters for Vortex Tube
contactors

The project will develop an
alternative solvent that captures more
CO; whilst using 25-50% less energy
than conventional, state-of-the-art
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Los Alamos

North America

North America

North America

North America

Austin, Texas



Development of oxy-
fuel boiler concept

Development of
inorganic palladium-
based membranes

Development of a
computer model for
the evaluation of
different CO2 capture
from power plant

options

Detailed cost analysis
of three options for
CO2 capture from an
existing coal-fired

power plant

Research on Physical
Adsorption Method for

CO2 Recovery

Development of the
HiOx Technology

FutureGen

MEA (monoethanol amine) scrubbing

The project will develop a novel oxy- Tonowanda, New York
fuel boiler - a new design that

incorporates a membrane to separate

oxygen from the air which is then

used for combustion

The project is developing an North America
advanced palladium-based membrane

for the reforming of hydrocarbon

fuels

The project is developing a model for Pittsburgh
the systematic evaluation and

comparison of different technological

options for CO, capture from power

plant

The project is examining several North America
technological options for the capture
of CO; from coal-fired power plants

The present project forms part of an  Yokosuka, Japan
on-going programme examining the

Pressure Temperature Swing

Adsorption technique for CO, capture

The project is developing a power Norway
generation technology whereby

oxygen if firstly separated from the

air, followed by the combustion of

natural gas and concentrated oxygen

in an atmosphere of recirculated

exhaust gases. A concentrated CO,

stream is produced

A USS$1 billion, 10 year research U.S.A.
project to build the world’s first coal-

fuelled plant to produce electricity

and hydrogen with zero emissions.

The FutureGen plant will establish

the technical and economic feasibility
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of producing electricity and hydrogen
from coal while capturing and
sequestering CO, generated in the

process.
Grangemouth Cost effective environmental UK and Europe
Advanced CO2 abatement technologies for power

Capture Project production.

(GRACE)

Cooperative Research |, pecember 2002, the Australian Australia
Centre for Minister for Science announced the

Greenhouse Gas approval of a new Cooperative

Technologies Research Centre for Greenhouse Gas

(CO2CRC) Technologies (CO2CRC). CO2CRC

will undertake research into existing
and new capture technologies to
reduce the cost of capture and to
assess and enhance their suitability
for Australian industrial and power
generation activities.

CO2 Capture, Several institutions in the Netherlands Netherlands
Transport and Storage haye worked on a number of aspects

in the Netherlands or components of Clean Fossil Fuel
CATO (CFF) systems. Often these

institutions have very different
perspectives but CATO aims to
streamline the objectives and
perspectives of these activities and
integrate them into a comprehensive
programme and network, closely
connected to international networks in
which the partners of CATO
participate.

CASTOR, "CO2 from Ty, project's objective is to make Europe

Capture to Storage”  possible the capture and geological
storage of 10% of European CO,
emissions, or 30% of the emissions of
large industrial facilities (mainly
conventional power stations). To
accomplish this, two types of
approach must be validated and
developed: new technologies for the
capture and separation of CO, from
flue gases and its geological storage,
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and tools and methods to quantify and
minimize the uncertainties and risks
linked to the storage of CO5. In this
context, the Castor project program is
aimed more specifically at reducing
the costs of capture and separation of
CO; (from 40-60€/ton CO; to 20-
30€/ton), improving the performance,
safety, and environmental impact of
geological storage concepts, and,
finally, validating the concept at
actual sites.

Clean Energy Systeéms (gs js a privately funded company ~ CES Base at Rancho

(CES). Kimberlina based in California that is develop-ing Cordova CA, USA.

demonstration plant  an oxy-combustion process based on  Demonstration facility at
rocket propulsion technology. The Kimberlina Power Plant,
company is conducting a series of near Bakersfield, CA, USA

developments aimed at demon-
strating a complete oxy-combustion,
zero-emissions power generation
system. The first step involved the
development of a high-pressure gas
generator (burner) that burns natural
gas with pure oxygen in the pres-ence
of a large water recycle to control
flame temperature. The gas generator
produces a mixture of high-pressure
steam and CO, that drives an
expansion turbine to generate power.
The second part of the development is
to demonstrate the complete power
cycle by adding the turbine,
condensing the steam, recycling the
condensate, and capturing the CO..
The final stages of development will
involve developing tur-bines capable
of operating at higher temperatures
and pressures in order to maximise
the efficiency of the power cycle.
Successful tests of up to three
minutes duration have been achieved
on a gas generator of 20 MW thermal
capacity.

Enhanced Capture of  The ENCAP project is a research Europe
CO2 (ENCAP)
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project for the development of Pre-
combustion technologies for
Enhanced Capture of CO; in large
power plants.

Table 30. Commercial-Scale Projects Listed by IEA.

Project Title

Shady Point Power
Plant

Sleipner Project

Warrior Run Power
Plant

Bellingham
Cogeneration Facility

Sumitomo Chemicals
Plant, Chiba,
Japan/Kokusai Carbon

Dioxide

Prosint Methanol
Production Plant

Project Overview

The plant generates electricity and
produces food-grade CO, from flue
gases

The storage in underground

geological formations is an attractive

option for the removal, essentially
permanently, of very large quantities
of CO, generated from a variety of
industrial operations. One promising
technological option is that of
capturing CO; and injecting it into
deep underground saline aquifers,
found in many parts of the world.
One such formation is located above
the Sleipner field, one of the larger
natural gas producers in the North
Sea.

The plant generates electricity and
produces food-grade CO; from flue
gases

The plant generates electricity and
produces food-grade CO; from flue
gases

The plant generates electricity and
produces food-grade CO, from flue
gases

The plant uses an MEA-based
scrubber to capture CO; from boiler
flue gas for use in beverage
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Oklahoma

Europe

Cumberland, Maryland

Bellingham, Massachusetts

Chiba, Japan

Rio de Janeiro, Brazil



IMC Global Inc. Soda
Ash plant, Trona

The Indo Gulf
Fertilizer Company
Plant, India

Luzhou Natural Gas
Chemicals (Group)

Petronas Fertilizer Co,

Malaysia

Great Plains Synfuels
Plant (GPSP) CO2
Capture and
Compression

production

Part of this large soda ash production Trona, California
plant comprises a coal-fired power

generation plant featuring CO,

capture from the flue gas. The CO; is

used for the carbonisation of brine

The fertiliser plant incorporates a CO, Jagdishpur, Uttar Pradesh
capture facility that feeds a urea
manufacturing unit

The plant produces urea and ammonia Luzhou City
for the fertiliser industry in China.

Part of the plant features a scrubber

system that captures CO, from the

process for urea production

The plant features an amine-based
scrubbing system, operating with a
novel solvent, as part of its operations
producing ammonia and urea for the
fertiliser market

Malaysia

Five miles northwest of
Beulah, North Dakota

The GPSP is the only commercial-
scale coal gasification plant in the
United States that manufactures
natural gas. Located five miles
northwest of Beulah, North Dakota,
the GPSP has been owned and
operated by Dakota Gasification
Company (DGC), a subsidiary of
Basin Electric Power Cooperative,
Bismarck, North Dakota, since 1988.
This $2.1-billion plant began
operating in 1984. Using the Lurgi
process, the GPSP gasifies lignite
coal to produce valuable gases,
liquids, and byproducts (including
CQOy). Delivers CO; to the Weyburn
Unit in Canada
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Fig. 42. CO; capture approaches (Carbon Capture Project).

Fig. 43. Selexol unit at Sarlux plant, Sardinia.
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Fig. 44. Process flow diagram for MEA-based solvent capture technology.
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Fig. 45 CO; Emission Rates (kg/MWh) (Rubin, 2004).
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Outreach and Education

The goal of the outreach component of the Southwest Regional Partnership for Carbon
Sequestration was to identify current public opinion and knowledge, and enable the public to
more effectively evaluate costs and benefits associated with carbon sequestration.

We subdivided that goal into the following objectives:

(1) identify and respond to constituent needs, fears, and desires;

(2) inform constituents about carbon sequestration strategies;

(3) involve constituents in a joint discovery of opportunities associated with carbon
sequestration;

(4) enable constituents to negotiate opportunities for mutual benefit among the diverse parties
with an interest in carbon sequestration.

As is the case with many public policy processes, the Southwest Regional Partnership on Carbon
Sequestration is a complex situation involving multiple stakeholders. The interests of these
stakeholders must be recognized if the Southwest Partnership is to successfully integrate best
science and practice (Daniels & Walker, 2001). Each stakeholder group has varying levels of
and interests for participation in the process. The negotiation among their interests is thoroughly
integrated into the outreach plan for participation. Furthermore, these various interests groups
enter the carbon sequestration process with differing degrees of scientific background, which
impacts their ability to participate (Kinsella, 2004). This presents a challenge to public
participation for the integration of science and practice to be both feasible and desirable (Daniels
& Walker, 2001).

Our constituents constituted multiple audiences, all of which have different motivations
for their responses (or non-responses) to carbon sequestration. These audiences include (1)
private industry, (2) environmental groups, (3) the general public, and (4) governments. We did
not designate nongovernmental organizations (NGOs) as a distinct category, because we found
that the motivational base of NGOs representing private industry (for example coal) is quite
different from the motivational base of NGOs representing environmental groups (for example
the Sierra Club). These multiple audiences come to the table with vastly different knowledge
levels and skills, and they care about carbon sequestration for different reasons. We attempted to
design, and begin implementation of, an outreach program that responds directly to them.

Communication

We define communication not as a psychological task of putting two minds together, but
as a political challenge of establishing conditions under which mutual recognition of self-
conscious individuals is possible (Peters). This shifts the crux of communication from fidelity to
responsibility. Rather than using communication primarily for the purpose of sharing absolute
truth with our constituents, we focused on how our words and deeds might play before them—
what our activities would mean to our audience. This seemed an essential move given the
scientific and technological uncertainties involved with carbon sequestration itself, and the
inherent uncertainties associated with attempts to forecast the future of anything (including, but
not limited to climate change).
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Dissemination and dialogue are the fundamental communication strategies employed to
achieve our objectives. By dissemination, we refer to the transmission, or broadcasting of
information. This information is available to everyone, without prejudice. The risk associated
with dissemination is that information may fall into the wrong hands, or that people might
interpret it differently than we would like them to. If we really want broad public involvement,
we have to be willing to take that risk. Dialogue, on the other hand, refers to personal interaction
and direct connection among people. To engage in dialogue with someone requires that we spend
considerable effort getting to know that person. The advantages are that we can design
information to specifically respond to that person’s needs, and we are able to learn from that
person. The disadvantage is that we reach only a very small audience through this mode.

The communication techniques we identified to achieve our goals were formal
presentations, learning activities, and process training. Formal presentations allowed us to share
information about infrastructure requirements, different technical possibilities, and opportunities
for both specific industries and location-based communities to become involved. The learning
activities focused on mediated modeling, which enables participants to share their learning with
each other. The process training was built into the modeling activities, and was designed to help
participants become more effective communicators.

The tools, or media, through which we implemented these techniques included a web
page, mediated modeling workshops, and an information packet disseminated for virtual town
hall meetings and for various face-to-face presentations.

The web page provides an opportunity to disseminate information about our partnership
activities, the regional partnership program, carbon sequestration, and its relationship to global
climate change. It allows us to disseminate information to a broad range of potential constituents,
even reaching those who have never heard of carbon sequestration. Secondarily, it generated
possibilities for dialogue with audiences we might fail to identify. For the benefit of anyone who
chooses to initiate a dialogue, the web site provides information on how to contact the
partnership. The information packet fulfills similar functions, but, because it is print based, both
its spatial and temporal boundaries are more rigid. We took advantage of the relative stability of
this platform to disseminate information that focuses on operational possibilities suggested by
scientific and technical research. Our target audience for this medium was industry. The two
media are most effective when used together. For example, the information packet directs
readers to specific parts of the database, which can be accessed through the web page. Although
people do not have to possess the information packet to access these data, the interpretive
information in the information packet will make the data much more useful.

Our second communication medium is a variant on the town hall meeting. We conducted
two virtual town hall meetings in several sites throughout the area covered by the Southwest
Partnership. These meetings incorporated both face-to-face and electronic interaction. Meetings
were electronically facilitated through a central source, which ensured consistency among all
informational presentations. Each meeting, on the other hand, encouraged participants to
introduce perspectives unique to their communities (whether spatial or interest-based) as they
engaged each other in embodied interaction. Participants had an opportunity to interact others in
the same physical setting, at the same time they interacted (electronically) with participants from
other communities throughout the region. This medium facilitated both information
dissemination and group dialogue.

Our third communication medium was the mediated modeling workshop. Mediating
modeling is designed to facilitate additional group learning (Vennix). This venue for face-to-face
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interaction provides opportunities for embodied relationship building, open discussion, and
information sharing. Thus, although dialogue is the primary strategy here, some dissemination
also occurs. Using this tool, we involved the participants in active learning exercises to identify
key issues, concerns, and interrelationships within the system. Participants worked together to
develop a conceptual model, and then reframed it as a quantitative model. This involved
translating the conceptual model into a series of mathematical equations that collectively form
the quantitative model. Ultimately, the model evolved into a communication interface between
project scientists, regional decision makers, and industry partners, as constituents developed a
sense of joint ownership, thus making the modeling process more important than the model itself
(Peterson, Kenimer, and Grant).

The outreach system built through integrating these media facilitated a substantive
interaction between all constituents, enabling them to more effectively evaluate costs and
benefits associated with alternative carbon sequestration strategies, both as an economically
viable technology and as a useful component in a national greenhouse gas reduction portfolio.

These processes have occurred as distinct efforts to contact and serve sometimes similar and
sometimes different publics; taken together they substantiate a broad-based approach to public
outreach and education.

Summary: The public participation process developed opportunities for various interest-groups
(industry, utility, environmental advocates, and environmental policy decision-makers, and
scientists) to learn fundamental information about carbon capture and sequestration, and then to
collaborate in deciding how best to manage the implementation of this technology in the
Southwest Region.

Below we report the objectives, process, and results of these programs beginning with the

website.

Website Development and Implementation
http://www.southwestcarbonpartnership.org/

The goal of the Southwest Regional Partnership on Carbon Sequestration website was to utilize
the World Wide Web as a medium to communicate information on the issue of carbon
sequestration to internal and external project stakeholders. The website,
http://www.southwestcarbonpartnership.org/, was a part of the larger public participation
initiative to engage stakeholders.

Objective: The objective of the website design phase was to create a website that
communicates scientific information in an accessible manner and to design the website in a way
that allows the user to easily get the information they need.

Process: The development of the Southwest Regional Partnership on Carbon Sequestration
website was informed by a review of existing websites on the topic of carbon sequestration, and
similar topics such as energy. The existing websites provided information on what works and
what does not work in terms of communicating information on carbon sequestration. The
information from this website review was communicated to the principle stakeholders to assist
them in understanding some of the design implications for the Southwest Regional Partnership
on Carbon Sequestration website. The term principle stakeholders is used here to describe those
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individuals and agencies that are responsible for meeting the objectives and milestones outlined
in the Department of Energy grant application.

Meetings were set up with the principle stakeholders to go over their interests and
concerns regarding the website. If a principle stakeholder was unable to attend a meeting, he or
she received updates via email regarding what was discussed. The initial meetings were an
opportunity to understand some of the users of the website. These meetings occurred prior to
writing content for the site and its web pages. Communication occurred with the host of the
website, the state of Utah, Information Technology Services (ITS) data center regarding the
requirements for the web layout and content. The ITS department is responsible for maintaining
the website on their server.

Once there was an understanding of the scope and overall goal of the website, categories
were developed for the website. These categories were approved by the principle stakeholders
prior to writing text for the website. The categories were consistent with the goals of the project
overall and with the principles of the public participation plan for the project. Writing text for the
website was the next step, and this process was informed by the review of the existing websites,
the views and messages of the funding agency, and the goals of the principle stakeholders. The
overall goal of the website, category construction, and the content were combined in the
development stage of the website. The development and implementation of these elements were
consistent with the principles of human-computer interface design and usability. Changes and
modifications will be made to the website based upon the users’ experiences.

Results: The website design and implementation went well. The design and writing of
copy occurred January through March 2004, and the website was functional by April 2004.
Feedback from project partners was very positive about the website and its functionality. There
were a few technical difficulties with implementing the “Partners Only” web page but these issues
were resolved by June 2004.

The website was advertised to both the internal and external audiences through email,
meetings, and the workshops. The website was reviewed on a weekly basis, and updates are
posted as needed. The website was used to disseminate information about the workshops.
Agendas and presentations were posted under the “Workshops/Get Involved” page. News stories
and other current information were posted on the homepage and also on the “Carbon in the News”
page. This page represented our effort to maintain interest in the issue of carbon sequestration in
relationship to climate change. Project partners were also encouraged to contribute to the website
and suggest updates.

Background

The next section provides background on the theories and principles of web design that
were used in the development of the SW Partnership website.

Computer Mediated Communication

The Internet has become an important medium for communication and the dissemination
of information. With so many websites available to people, it is important to assess a website in
terms of usability and good web design. Good web design includes elements that draw the
audience into the web and break down barriers for the user to access the information. This
compliments the public participation goals to inform and involve the public. Good design was
important to allow the user to learn about the project from the SW Partnership project partners.
In the area of website development the research areas of hypertext, usability, and human-
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computer interface provide answers to some of those questions. Hypertext theory creates an
understanding of how users manage the huge amount of information that is available on the
Internet and manage information within a website. Human-computer interface relies upon
cognitive psychology in order to better understand how people use computers and websites.
Each of these areas will be touched upon, with an additional focus on usability. The user is the
focus of web design and by maintaining this perspective it is possible to create websites that
inform and interest users.

General information on who uses the web and for what purpose is readily available,
but as an agency thinks about how it will interface with the public through the web some basic
questions may include “who will be using the website?”” This is similar to the development of a
public participation plan; target audiences are the primary focus when deciding on the
development of the plan. All aspects of the web design (including content, style and text) are
influenced by the intended audience. The area of public relations and mass communication provides
techniques to identify, segment, and target audiences in order to better develop messages. The
categories of the audiences that should be captured include age, gender, ethnicity, income and
financial information, educational background and area of the country in which they live. These
variables will have different levels of importance depending on the type of site being constructed
(Thompson, 1996).

By segmenting the audience, it is possible to offer different links for each type of

audience that may visit the website (Farkas & Farkas, 2001). Segmenting can be useful for the
look and usability of the website.

Hypertext theory

Hypertext theory is the basis for the World Wide Web and web design. The web can
easily confuse and disorient users; users may lose their place and become unsure of their direction
and navigation (Landow, 1997). Hypertext, the term for interactive content, provides a mechanism
for the user to move throughout a website; it provides the means for the user to navigate. The
concept of hypertext was conceptualized by Vannevar Bush in the 1940s as he described a need
to manage and organize massive amounts of information. His idea for the device called the
“memex” enabled users to access a lot of information with a few keystrokes (Bush, 2003). But it
was not until 1965 that Ted Nelson coined the term Aypertext. Hypertext theory describes how
text nodes, or words, graphics, and sounds are linked to other relevant pieces of information.
Hypertext links the text nodes to one or more other text nodes and holds websites together and
supports user navigation (Neilsen, 2003). The nodes and links can be arranged into both
hierarchical and non-hierarchical structures and information structures (Farkas & Farkas, 2001,
Nielsen, 2000). Most people who work with web design draw upon hypertext theory. Hypertext
works by association rather than indexing and is nonlinear and dynamic (Nielson, 2000).
Nielsen believed that computers will continue to have a presence in people’s lives and they
should learn as much as they can about them; computers should be embraced as a personal
device. Nelson advocated for making computers as easily understood as a camera (Nielsn,
2000).
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Usability

In addition to hypertext, usability is an important area for consideration. Jakob Nielsen is
a prominent proponent of ensuring that websites are as usable as possible. Nielsen suggests that
appropriate design ideas comes from watching users and seeing what they like, what they find
easy, and where they have difficulties. This will help in the design phase (Nielsen, 2000).

Site design is important because the reason users are using the web page is to access
information. Once they leave the homepage and start navigating, it is important that they are
able to find what they are looking for. The home page is the first page and should include a
directory of the main areas and news. Navigation is an essential element of site design.
“Navigation interfaces need to help users answer the three fundamental questions of navigation:
Where am [? Where have I been? Where can I go?” (Nielsen, 2000, p. 188). Some
considerations for web design and usability include allowing the user to freely navigate the site,
the technological limitations of the user, speed of web page loading, and writing for the web.

Users have little tolerance for slow loading web pages, and web pages should be designed
with speed in mind. Research has shown that the audience wants response times of less than one
second when moving among pages. The response time goal when building web pages should be
that it should take no more than ten seconds for users to get to other pages (Farkas & Farkas,
2002; Nielsen, 2000). Slow response times can lead to feelings of dissatisfaction with the site,
people will go elsewhere for the information believing the site does not provide a good service.

Writing for the web is as important, if not more important, than some of the previously
mentioned usability recommendations. The first rule is to be succinct: “Research has shown that
reading from computer screens is about 25 % slower than reading from paper” (Nielsen & Tahir,
2002, p. 101). Because people do not want to scroll through pages, all the information should fit
without having to scroll to see the end. When people read on the web, they scan and look for
keywords. Consequently, designers should use short paragraphs with subheadings and bulleted
lists. It is a good idea to structure articles with two or even three levels of headlines, with one
idea per paragraph. Again, hypertext can be useful for splitting up long information into
multiple pages. Although each page may be brief, with hypertext links a lot of information can
be made available (Nielsen, 2002).

Linking is another function of usability; it allows users to go to other pages and sites on
the Web. The use of link titles offers a short explanation that helps the user understand where he
or she will be directed. By reading what they will be linked to prior to using the link, the user
can understand the content of the destination pages (Nielsen, 2000). Hypertext is useful for
splitting up long information into multiple pages, each page can be brief, but with hypertext links
a lot of information can be available and users can scan the information quickly (Nielsen, 2000;
Thompson, 1996).

Human-computer interface

The focus of human-computer interface is on the user and the design of technologies with
the user in mind. In the case of websites, the focus is to make websites more responsive to the
users’ needs within the website. Human-computer interface has been applied in the areas of
computers, virtual realities, video games, and websites. Where hypertext provides a mechanism
for the user to navigate the website, human-computer interface design focuses on the users’
needs and cognitive abilities during the design phase. One researcher suggests that “Users
should set the pace of an interaction” (Raskin, 2000, p. 8).

It is important for computer users and, consequently web users, to be able to find the
information they need to conduct their work. As technology has evolved people’s patience for
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slow, non-user friendly computers has dramatically decreased. Computer technology needs to be
hassle-free and fast; this is also true for websites. Human-computer interface has many
implications for the study of web design.

As people interact with computers and the web, everything the user reads and sees will affect
how the user will interact with the system. Consequently, it becomes important to prevent as
many barriers as possible to enhance the users’ experience. The role of the interface is to find
and display information and support the user as they navigate the website (Farkas & Farkas,
2001). Buttons and text links are examples of user interface. Some criteria for interface design
include usability, functionality, visual communication, and aesthetics (Laurel, 1990).

Computers and websites should be sensitive to the needs of the users. The emotional and
cognitive needs of the user should be incorporated into computer and web design: “Such
disciplines as cognitive psychology, ergonomics, and optics have been drawn in to support
computer scientists in the task of designing interfaces for their application” (Laurel, 1992,
p.xvii). Part of this challenge is to identify the users and define them in order to build a product
to suit their needs-a website cannot be built in isolation. Some of the questions that should be
posed include: what does the user need the website for, what is the information they are seeking,
and what tools would be useful for people to do their work (Laurel, 1990)?

Communication Goals and Obijectives of the SW Partnership Website

Three communication goals for the website were developed: use the website as a
communication medium for outreach and other communication, use the website as a public
participation tool, and use the website to communicate scientific information in an accessible
way to a variety of stakeholders. Within the three communication goals, there were two planned
outcomes for the Southwest Regional Partnership on Carbon Sequestration website (SW
Partnership website): develop the overall design of the website, including color scheme, content
categories and layout, and create a usable website.

The SW Partnership wanted a website in order to communicate with both the internal and
external stakeholders. External stakeholders, including Clean Air Coalition and Sierra Club,
needed information about the issue, upcoming meetings, and the project partners. Internal
stakeholders, including New Mexico Tech at Socorro and University of Utah, needed a tool that
had enough information that they could direct external stakeholders and project partners to for
additional information. The website was created to disseminate information and create dialogue
by getting feedback from the participants.

Website Development

The website was developed using hypertext theory (Farkas & Farkas, 2001; Nielson,
2000), usability (Nielson, 2000), and the principles of human-computer interface (Farkas &
Farkas, 2001; Laurel, 1990). A review of carbon sequestration and energy related websites was
performed (Global Energy Technology Strategy Program, 2005; National Energy Technology
Laboratory, 2005; U.S. Department of Energy, 2005). The websites were evaluated in terms of
their visual appeal, ease of navigation, ability to understand the content, and type of information
provided. The existing websites provided information on what works and what does not work
when communicating information regarding energy related issues. The information from the
website review was communicated to the principle stakeholders to assist them in understanding
some of the design implications for the SW Partnership website.
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The overall goal of the website was to create a communication medium for outreach and
education for primary and secondary audiences (see Table 1). Categories or themes were
developed for the website. These categories were approved by the principle stakeholders prior to
writing the website text. The categories were consistent will the goals of the project and with the
principles of the public participation plan for the project. A conceptual map was generated in a
stakeholder meeting, and was used to guide the development of the website and communicate
information about the website to the project partners and stakeholders. Figure 48 shows this SW
Partnership website conceptual map.

Stakeholder involvement

Meetings with the principle stakeholders of the SW Partnership were established in order
to communicate information about the website development. The term principle stakeholders is
used here to describe those individuals and agencies that were responsible for meeting the
objectives and milestones outlined in the DOE grant application. The initial meetings created a
better understanding of the scope of the SW Partnership and the project’s goals and objectives.
The meetings provided an opportunity to go over interests and concerns regarding the website. If
a principle stakeholder was unable to attend a meeting, he or she received updates via email
regarding what was discussed. The initial meetings were an opportunity to understand some of
the users of the website as discussed in human-computer interface design (Laurel, 1990, 1993;
Raskin, 2000).

Evaluation

The website was evaluated and tested using the principles outlined by Farkas and Farkas
(2001) and Nielsen (2000). The evaluation occurred once the majority of the website was posted
for at least three months. Evaluation included querying the stakeholders regarding their user
experience by asking the questions: are you able to find information regarding the workshop,
what is confusing about the website, and what is most interesting? People who were similar to
the eventual users were asked these questions. The number of people was four and they
represented a variety of education and web experience levels. This is consistent with Neilson’s
(2000) observation that most usability errors can be noticed by four to six users. Most used the
web for basic tasks such as Google searches and email; others used the web more frequently for
purchasing products, research, and news information. The people had varying degrees of
knowledge of the issue of carbon sequestration, some had no knowledge at all and others were
familiar with issue from conversations I had had with them. They were also asked to perform
tasks such as finding the names of the project stakeholders, workshop dates and locations, and
the main issues related to carbon sequestration.

Development Process

The content and text of the website was written after the website’s conceptual map was
approved by the stakeholders. This process was informed by the review of existing websites, the
views and messages of the funding agency, and the goals of the principle stakeholders as defined
in the DOE grant proposal (McPherson, 2003; U.S. Department of Energy, 2005). Once a draft
of the content for the website was available, the principle stakeholders and the funding agency
had ample opportunity to review it and make suggestions. The suggestions were incorporated in
the draft document. Communication occurred with the host of the website, the state of Utah,
Information Technology Services (ITS) data center regarding the requirements for the web
layout and content, and loading the data on to the website. ITS was responsible for maintaining
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the website on their server. Once the website was populated with the content, the stakeholders
had opportunity to view the content and make additional suggestions based upon their user
experience.

The website was advertised to both the internal and external audience. I reviewed the website
on a weekly basis and made updates as needed. Updates were collected from the stakeholders
and posted to the website.

Evaluation

Evaluation occurred in the planning phase and throughout the project. Similar to getting
feedback in the pre-design phase to identify the audiences, it was a good idea to get the input of
the people who would use the system or a least a representative sample of the typical user.
Formal evaluation included testing the site against other well-designed and published guidelines
(Farkas & Farkas, 2001). It was also possible to have the users test the prototype of the site and
observe what interested them and caused difficulties. It was possible to ask the users to guess
what different buttons and links would do. Tasks were designed for the user to work through the
website and try to locate an item (Farkas & Farkas, 2001).

Mediated Modeling

The objective of these modeling efforts is to develop a working model of sources, capture,
storage, and sequestration issues in the Southwest Region. Given this applied focus, the model
needs to be useful to industry participants, policy makers, and other decision makers regarding
carbon sequestration. The modeling, then, is an integration of best science and best practice. To
this end, the outreach committee formed a series of workshops and on-line meetings to
collaborate between multiple stakeholder and interest groups. The mediated modeling process
began at the January 2004 workshop in Salt Lake City, and reconvened at the June 2004
workshop in Albuquerque. At that time, participants were invited to meet virtually for a series of
on-line meetings. After participating in two on-line meetings, participants met for a final
workshop in Albuquerque in January 2005. At this time the participants refined the model, and
then presented it to the larger partnership team.

Workshop 1
Objective: The objective of the first workshop was to join scientific and various publics

(industry and local stakeholders) in an effort to conceptualize sequestration issues in the
Southwest Region.

Process: Consistent with mediated modeling processes, the first session included
information presentations given by experts in various fields, including carbon sources and
capture technology; sinks and sequestration, including various terrestrial and geological options;
and data needs and availability, including GIS and modeling processes.

With these presentations as information sources, participants were then divided into
groups and discussed the key aspects of implementing sequestration in the Southwest Region.
After thoroughly discussing their respective and similar vantage points, groups developed
conceptual models of these issues. This initial step encourages cross-disciplinary
communication as the groups are comprised of people from different sectors—e.g., a team is
likely to contain a geologist, various industry experts, and an environmental advocate.

After coming to agreement on this group model, each group presented their model to the
entire group. The large group then discussed similarities and differences between the various
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models. This secondary step encourages a better understanding of the desirability and feasibility
of various aspects of sequestration.

Results: The models developed at this workshop were transferred into Stella© modeling
software and presented again to the participants at the June workshop in Albuquerque, New
Mexico. This provided continuity to the modeling process and served as a starting point for
workshop 2.

Workshop 2
Objective: The objective of workshop 2 in Albuquerque was to move from conceptual

modeling to more substantive and specific modeling of sequestration issues. Working in
conjunction with the modeling committee from Sandia Laboratories in New Mexico, our purpose
was to get participants to begin modeling sequestration using computer modeling software—
PowerSim®©.

Process: The two-day workshop was a collaborative effort between the modeling and
outreach committees with the outreach committee providing the tutorials on systems modeling
and facilitating the workshop and the modeling committee overseeing specific modeling issues
and helping participants move toward a better understanding of how to model.

The beginning of the first day was spent on modeling tutorials. Modeling software is
useful but only after participants develop an understanding what the icons of the software
represent.

After the tutorials were complete, the outreach team made available the conceptual
models developed in Salt Lake City. Participants then formed groups and spent the remainder of
the first day and the beginning of the second day developing models using PowerSim.

In the last portion of the second day, Leonard Malczynski—the modeler with whom the
outreach committee organized this workshop—took all four group models and connected them to
create a single model. Consistent with mediated modeling processes, this was done with
significant feedback from and discussion among participants. For example, one discussion
brought about by an industry participant focused on the difference between modeling energy
consumption and energy production. This discussion ensured greater legitimacy to issues the
model focused on and, in turn, the likelihood it would serve as a useful decision tool as the
Southwest Partnership for Carbon Sequestration completes Phase I and begins Phase 1, as well as
other decision makers examining the prospects of sequestration in this region.

Results: This workshop was of significant import as it provided a bridge between the
conceptual modeling of workshop 1 and the continued development of the model in preparation
for workshop 3. Specifically, two things were gained from this workshop: First, a model was
developed which a broad-range of participants (e.g., environmental policy experts, coal, and
energy/utility company representatives) agreed traced the key aspects of capture, transfer,
sequestration, and storage. Second, participants were engaged and committed enough to the
process that they volunteered to continue working on the model between workshops 2 and 3.

Online Workshops

The model which emerged from workshop 2 was qualitative in nature and needed
considerable data before it would be of substantive value. The modeling was scheduled to be
completed for workshop 3, January 2005 in Albuquerque. Additional interaction was needed
prior to this final meeting.

178



Objective: The objective of the online workshops was to facilitate communication
between participants and partners (specifically the participants from workshop 2 and the
technical modeling team at Sandia Laboratories in New Mexico) to continue building the Carbon
Sequestration model. The difficult aspect of this need was that participants and partners were
dispersed throughout the Southwest Region.

Process: Working in conjunction with New Mexico State University and Tom Freelove
of WERC—a consortium for environmental education and technology development—we utilized
WERC’s on-line webcast software Centra. Centra has been useful both from a public
participation and a modeling standpoint because (a) it allows the modeler to present the model,
(b) engages all in a discussion of the model’s parameters and data, (c) enhances participants’
ability to make alterations to the model while in session (using application share, the modeler
and participants can alter the model on-line), and (d) permits participants and modelers to view
the Centra meeting after it has ended as the sessions are recorded.

Results: We conducted three Centra meetings, with the final one held on November 15,
2004. These meetings have been particularly useful because they provide an opportunity for
participants to give feedback to the modeling committee very quickly after they make alterations
to the model. In turn, it allows the modeling committee to respond quickly to participants’
questions and suggestions. At the close of the October 4 meeting, for example, one participant
sent the modeler some suggestions regarding the GIS data that would be needed to connect
geological issues to economic concerns in an effort to discriminate between sequestration
options. Members of the technical team took this suggestion under consideration, and used it to
revise the version that was presented in the November 1 meeting. All participants understood
and supported the changes.

Workshop 3
Objective: The objective of workshop 3 was to finalize a model that participants could

use as an educational tool, and that regional partners could use as a basis for moving from phase
2 into phase 3 of the project.

Process: Most of this one-day workshop was held in a computer lab, so that each
participant was able to manipulate the model as desired. The workshop was facilitated by
Leonard Malczynski, with assistance from other Sandia colleagues, as well as members of the
outreach committee. By this point all participants were familiar with modeling software, and
everyone worked on the model individually. Participants spent the morning and early afternoon
refining the model that had emerged from the three Centra meetings, and then prepared to
present it to other members of the partnership.

Results: In the late afternoon, the model was presented to the full partnership at the final
review meeting. It then became the basis for negotiation over appropriate activities and sites to
be considered for phase 2. Workshop participants became teachers for other partnership
members during this phase.

Background
There is a growing tendency to shift environmental management away from individual

planning tools for separate economic sectors or management for single issues and towards an
ecosystem management approach where a range of different stakeholders are included. To
improve decision-making for sustainable development, new tools to facilitate common goal
development and to test alternative scenarios are needed. These tools have to be able to
communicate the complexity and uncertainties of the decisions and allow for broad stakeholder
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participation, while integrating different aspects (economic and ecological) of the situation

involved. Integrated assessments use tools and inputs from multi-disciplinary, multi-scale and

multi-social backgrounds to support decision making processes. (van Asselt, 2000). Rather than
the equilibrium-based view of decision and policy making, adaptive environmental management

(Holling, 1987) adds the emphasis on the ever evolving cyclic goal for societal organization

structures centered on the behavior of ecological systems. Collaborative Learning emphasizes a

process oriented approach from a team learning perspective (Daniels & Walker, 1996).

Addressing today’s complex environmental challenges deals with finding balance
between different sides of an issue. There is constant tension between the opposite sides of the
same coin and the game is played with a variety of coins with varying values and even varying
currencies. For example, should decisions be made by one person or should all stakeholders be
involved? Should we strive for a single answer to a problem or instead should we not commit to
any answers in the face of overwhelming uncertainty? Should we rely on answers generated
within the borders of individual disciplines or do we need to move beyond disciplinary analysis?

Many different forces are at work at the same time. Most likely there is no black or white choice

involved, but rather the need to choose an appropriate position along many different continua.

For example, rather than having decisions made by one or by all, we can examine the trade offs

and chose a position where relevant stakeholders can participate in designing an answer. Rather

than assuming one compartmentalized answer that fits the static legislative structure or becoming
overwhelmed by uncertainty, a complex dynamic situation can be acknowledged and managed in
an adaptive manner. Rather than relying on a single discipline or doing away with deep analysis,
we can chose a format where relevant disciplines can constructively contribute toward synthesis
and practical problem solving. This does require some looking outside the usual boxes, revising
the roles of the stakeholders, original thinking and learning and effective communication. In
order to make the different forces at work more tangible, they need to be labeled. Only when
they are identified will these tensions enter the conscious domain, where they can be faced and
incorporated into our communications with others. Left in the unconscious domain they will
remain out of balance, driven by habit, fear or hope.

Mediated modeling is an experimental process that is useful in such complex situations.

It is best initiated at the scoping level, when a problem arises or as a way to support an ongoing

research program. In the case of the Southwest Partnership, we used it as a means for supporting

and gaining additional participation in an ongoing research program.

Potential results for the participating groups or communities include the following.

o Team learning. The industry partners who chose to participate in these sessions developed a
higher level of understanding.

o Consensus. A successful process generates a workable level of consensus. Ideally, every
participant is equally enthusiastic about the resulting recommendations. However, a situation
where everyone can “live with” the recommendations can still be considered a success, and is
much more common. While our participants all were enthusiastic about the model that
resulted from their efforts, that enthusiasm differed between individuals.

o Communication tool. Every participant should be able to operate the final model. The
resulting model can be used as a basis for discussion with stakeholder groups and as an
educational and communication tool. Although every participant in our workshops was able
to operate the model with guidance, the timing (conclusion of phase 2), mitigated against
additional training sessions that would have enabled them to independently use the model as
a communication tool. We intend to continue this activity in the next phase.
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e Decision aid for policy and management. A basis for more equitable, resilient and
sustainable policies and management options is established because stakeholders have
effectively been involved. The model was used by the larger partnership group as a basis for
negotiating activities and sites for Phase Il of the project.

e Adaptive management. The resulting model was flexible and can be updated and changed as
new information is available due to monitoring and assessment of the implemented
recommendations. Again, this flexibility will be used as we begin Phase 1.

Virtual Town Meetings

Personnel from WERC, a Consortium for Environmental Education and Technology
Development at New Mexico State University, developed the materials for, and facilitated 2
virtual town hall meetings, using CENTRA (see description of online modeling above).
Members of the Southwest Partnership’s technical team made oral presentations that were
telecast to various sites in Colorado, New Mexico, and Utah. Participants in the meetings came
from every state in our partnership. Written informational materials were provided to all
audience members. All participants also had opportunities to ask questions of all presenters.
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Recommendations and Summary

We began by attempting to design and disseminate appropriate outreach materials for
external stakeholders. Our efforts evolved to include an examination of the process of
communicating information within an interdisciplinary and cross-sector team. The literature
related to public participation, computer mediated communication, and organizational
communication is revisited here in terms of recommendations.

The primary communication goals were achieved. Based upon these positive experiences
three recommendations can be made to anyone attempting to design and implement outreach
programs for governmental agencies:

(1) Meet regularly with stakeholders to ensure everyone is informed about the progress of the
project;

(2) Spend more time than you think necessary in the beginning, to understand the overall scope
of the project; and

(3) Review potentially relevant theoretical and applied literature to understand what works and
what does not work.

The first recommendation, meet regularly with stakeholders to ensure everyone is informed
about the progress of the project, is important because as elements of the project progressed, the
concerns of individuals were quickly addressed. Regular meetings also helped establish rapport
which led to a better working relationship.

The completion of the outreach materials also depended on spending a significant amount
of time understanding the overall scope of the project, before beginning to develop materials.
The preliminary meetings not only established rapport, but provided a framework for what
different stakeholders were responsible for in order to accomplish the project objectives. As
issues relating to organizational communication became apparent, |1 was able to put those issues
in context of the overall project scope. General readings on energy, climate change/global
warming, US energy policy, and environmental controversy were critical to increasing
understanding and enabling us to design appropriate outreach materials (Gellici, 2003; Kojimaa,
1998; LVC, 2003; McPherson, 2003; NETL, n.d.; NRDC, n.d.a). The time spent up front was
also consistent with public participation recommendations of understanding stakeholders and the
issues (Daniels & Walker, 2001).

It was important to review existing literature and similar projects to gain an
understanding of what works and does not work. The review was particularly helpful because it
provided background on how other agencies communicated information regarding energy policy
and carbon sequestration via the web, and helped us better understand the multiple aspects of the
carbon sequestration issue. This understanding led to better informed web content. This review
was also consistent with web design and web usability literature (Farkas & Farkas, 2002;
Nielsen, 2000).

More generally speaking, by utilizing basic organizational communication theory as a
guide, outreach personnel can help develop positive and supportive working relationships within
a team, thus enabling team members to devote more energy to their own tasks (such as
developing educational materials). The fact that all major participants (including, but not limited
to, the DOE, industry partners, university partners, etc.) have generically bureaucratic structures
suggests several recommendations that can be consistently applied across a variety of outreach
efforts that involve large and complex stakeholders, such as the U.S. federal government
(Hamilton, 1991; Perrow, 1990; Weber, 1903-1904/1958). Note that we do not intend the word
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“bureaucratic” as a pejorative term. Rather, it describes the most commonly occurring and most
thoroughly researched form taken by complex organizations. Many researchers have concluded
that bureaucracy evolved because it was the most efficient organizational form (Perrow, Weber).
The contemporary political and socio-economic scene, however, is increasingly chaotic, and may
pose challenges to traditional (bureaucratic) forms of organizing, which do not cope well with
rapid and erratic changes in their environments.

It makes sense to apply what we know of organizational theory to increase the efficiency
of teams such as the regional partnerships. An organization’s structure occurs as a result of
communication and, at the same time shape the organization’s communication processes. All
organizations have structures, which creates efficiency by minimizing the need for organizations
to reinvent themselves. Bureaucracy is a specific organizational structure that incorporates
elements of hierarchy, specialization, and formalization. Understanding bureaucracy is helpful
for understanding how decisions are made in organizations.

All organizations need to communicate within themselves and with other organizations in
order to get work accomplished. In a bureaucracy the process necessary for that transmission of
information is defined and constrained by certain elements. Individuals with specialized
expertise divide up the work and operate within a defined hierarchy (Cheney, et al. 2004). Max
Weber (1903-1904/1958) showed that information in organizations was controlled by a small
number of people at the top of the organization, where the power was located. Bureaucracies
legitimize power and authority within institutions, especially large institutions (Hamilton, 1991;
Weber, 1903-1904/1958). Weber also suggested that control was especially important in the
area of scientific research and political administration.

Weick (1990) notes that “there is ambivalence within organizations toward being open
and closed, . . . suspicious and trusting” (p.132). . Weik further suggests, than when working
with large bureaucratic organizations it is important to provide constant communication, even to
the point of redundancy, because, “there can be enormous differences among organizations and
industries with respect to the level of clarity that they regard as sufficient for action. Members of
organizations spend considerable time negotiating among themselves an acceptable version of
what is going on (p.127). These differences can be recognized and mitigated with planning. It
does take a lot of time and that should be anticipated.

We offer the following additional recommendations as relevant to similar projects:

(1) Understand how organizational structures within each stakeholder organization work and
keep abreast of any changes;

(2) Send information and requests to the funding agency early in the project development phase,
request input and suggestions, and repeatedly provide feedback;

(3) Include a funding agency representative in all communications regarding opportunities to
review material

(4) Review all project deliverables with all the stakeholders prior to beginning work on the
project; and frequently throughout the project;

(5) Provide project management opportunities to participate in all discussions with other
contractors, and ensure that they take advantage of this opportunity for any discussions directly
related to key decisions. .

This project demonstrates that, beyond producing outreach materials, communication
research can bring greater understanding of both internal and external relationships relevant to
complex projects such as this one. Areas of communication theory had were directly relevant for
this project included public participation (Craig, 2003; Daniels & Walker, 2001; Hawkins, 2001;
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Susskind, Moomaw, & Gallagher, 2002), computer mediated communication (Farkas & Farkas,
2002; Nielsen, 2000), and organizational communication (Cheney, et al., 2004; Corman, et al.,
1990; Weitz, 1990). Interdisciplinary and cross-sector partnerships are becoming increasingly
common as we seek the best ways to manage large and complex issues such as climate change.
Despite the fact that we have much to learn, these partnerships hold great promise.
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Integrated Assessment of Sequestration Options

A team of collaborators within the Southwest Regional Partnership for Carbon Sequestration
developed an interactive software tool to help facilitate discussions involving the science,
engineering, economics and policy analyzed throughout the larger Partnership community. The
integrated assessment team, largely based at Sandia National Laboratories, developed a dynamic
simulation computer model to help interested parties understand the potential screening criteria
necessary to develop a carbon sequestration project. The screening criteria include geologic
considerations for underground storage of carbon dioxide (CO,), the relative size of the CO,
flow from the source to the sink, and the associated economics with the system.

With these screening criteria, the test case model has successfully been used to bring together
participants across the Southwest Regional Partnership (SRP). Workshops with the collective
participation of the SRP provided feedback regarding the model’s framework, and allowed for
the multidisciplinary team to begin thinking about where the important aspects of such a project
may lie (e.g., the geological science, the industry collaboration, the public involvement) and how
the SRP could address these aspects in subsequent analytical efforts. In the earlier workshops of
the SRP, the Integrated Assessment team discussed a companion model of the economy of the
Southwestern United States. Based on the SRP community’s feedback regarding how the
software tool could be used to highlight the overarching issues within the region (e.g., high level
costs, distance between the sources and sinks for CO,) it was decided to focus the modeling
effort. The focus efforts developed into a “String of Pearls”-based model that allows the SRP to
explore multiple source and sink combinations for potential pilot projects.

The methodological framework developed for the integrated assessment was first applied to
four power plants in New Mexico and several geologic sinks in the San Juan Basin as a test case
for the framework. Using this framework, the Integrated Assessment team then developed a path
forward towards characterizing the whole state of New Mexico, and laying the groundwork to
cover additional regions both within the Partnership, and beyond where appropriate. The initial
findings suggest that the capture costs of CO, at the power plant may comprise a large
component of the systems costs, but Measurement, Monitoring and Verification (MMV) costs
could change the overall system’s cost balance depending upon the length of time the sinks are to
be monitored.

Timeline of the Integrated Assessment and Modeling Efforts

The purpose of the integrated assessment in Phase I was to bring together the large amounts
of quantitative data and qualitative issues from the SRP. To achieve this goal, several workshops
were held by the SRP to solicit ideas, insights and general knowledge from the larger body of
collaborators as to what, why and how the partnership should include. It was collectively
decided the analysis should help ‘tell the story’ involving the multitude of science, economic and
policy issues involved with the educational outreach aspects of the partnership. A user-friendly
dynamic simulation model was developed to help facilitate these discussions. The model was
developed through an interactive process which included several interactive web-based sessions
and annual workshops as a basis from which to work. As the partnership’s collaborators
developed additional information and questions regarding the project’s overall scope and level of
detail, the modelers built, modified and developed the integrated assessment around this
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information. Table 31 shows a timeline of the major events used to develop the Integrated
Assessment’s analysis.

The Integrated Assessment Model

The Southwest Regional Partnership on Carbon Sequestration Integrated Assessment
Model is a high level, dynamic simulation model that is meant as a learning tool for policy
makers and members of the public who would like to understand some of the implications for
future energy demand and the potential corresponding stationary CO, sequestration options.
Figure 49 illustrates that the majority of the stationary CO, emissions from a few states within
the SRP were from utility (electricity generation) sources, while smaller amounts were from
other non-utility sources.

The modeling team decided to focus on electricity production by utilities from coal and
gas fired power plants as a point source for CO, emissions for the initial test case model
framework. The test case region focused on the San Juan Basin in Northwestern New Mexico
and Southeastern Colorado.

The Integrated Assessment model team worked closely with the geologic sinks, physical
infrastructure, and sources teams to characterize the power plants and geologic sinks, and the
costs associated with sequestration options in the test case. Sources were characterized by
accounting for their annual CO, emissions and other select attributes. Sink characterization
included location, depth, volume, relative risk of leaks (based on geologic features), and other
select features. The distances between sources and sinks were calculated using a great circle
distance (GCD) formulation.

The model structure allows the user broad flexibility in changing key assumptions, and
the base case assumptions were developed from the topical experts of the SRP and information
drawn from the literature. The test case cost equations for CO; separation and capture at the
source were developed using historical power plant data from the 2002 version of the Emissions
and Generation Resource Integrated Database (eGRID), and the Integrated Environmental
Control Model (IECM) (EPA, 2005; CMU, 2004). The Integrated Assessment model employs
transport and injection equations for storage based on the relevant literature, and they were
assessed by members of the physical infrastructure and sources team (Ogden, 2002, Williams,
2002, Hirl, 2004). The model develops prototype cost algorithms for the Integrated Assessment
model from this information. Figure 50 depicts the overall structure of the modeling effort, and
Fig. 51 illustrates the stages of the test case model.

The basic framework allows interested parties to assess different regional sequestration
options for CO, emissions sources, and to evaluate the total CO, emissions in the region. The
model has an additional role to help the public gain insight to the tradeoffs between different
sequestration strategies by providing opportunities to perform ‘what if” analyses of different
approaches to CO, sequestration.

Four workshops/meetings and several web-based conferences have been held, involving
individuals from the electric power industry and state regulatory agencies. Members of the
Integrated Assessment team presented aspects of the test case model at the third and fourth
annual Carbon Capture and Sequestration conferences, and attended the MIT Carbon
Sequestration Forum VI to further expose the analysis for additional vetting and professional
feedback (Paananen, 2004; Kobos et al., 2005a). The model’s analytical capabilities and
interface development process incorporated the feedback from the workshops and conferences to
help guide the ongoing development of the Integrated Assessment model.
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First Results: Applying the Integrated Assessment Model Framework

Four CO; emissions sources — all electric power plants — were selected from the
Emissions and Generation Resource Integrated Database (eGRID) for the initial test case. Power
plant capacity ranges from approximately 13 megawatts (MW) to 2300 MW. Seven geologic
sinks have been identified in the test area by the geologic sinks team. The variable inputs to this
dynamic simulation model (largely an illustrative tool) include the percentage of CO, captured
from the four power plants. The Integrated Assessment aligns the CO; emissions from the four
power plants with the seven sinks to calculate sink lifetime given these conditions. The criteria
for test case sink selection included those that are > 3000 feet deep, have desirable geological
characteristics (e.g., low chance of CO, escaping into surrounding strata or the surface), and are
within varying distances from the power plant(s) used in the test case analysis.

The CO; sources and sinks selected for the model test case result in many combinations
of potential sequestration actions, with associated sequestration rates and capital, operation and
maintenance costs. These combinations provided the initial high-level ‘what if> analysis
opportunities for sequestration in the test case area. Figure 52 shows the locations of the power
plants and the geologic sinks in the test case area.

Figure 53 illustrates the summary screen model interface for the test case’s base case
results. The summary screen offers the base case scenario results that include the lowest total
capture, pipeline transport and well-associated costs (upper left-hand graph), the kilometers (km)
to the sink used for the base case within the test case region (upper right-hand graph), the overall
lifetime of the sink selected (lower left-hand graph), and the annual amount of CO, captured at
each plant (lower right-hand graph).

The capture costs for CO; at the Animas, Raton, Four Corners and San Juan power plant
sites represents 94, 91, 93 and 95 % of the total capture, transport and injection cost total for
each of the base case systems, respectively. The model calculates all of the illustrative cost and
CO, flow combinations between the four power plants, and the seven geological sequestration
sites, and ranks them from lowest to highest. At the 90% level of capture for CO,, the Animas,
Raton, Four Corner and San Juan working results indicate the cost of electricity could roughly
double. This, however, is related to the plant’s size, derating of capacity, and other salient
variables.

The model’s framework has also been extended to include future cost and CO, flow
calculations for the Escalante, Carlsbad, Cunningham, Maddox, Reeves, and Rio Grande power
plants as of December, 2005. Combined with the initial four power plants, these plants represent
the coal and gas-fired power plants in New Mexico.

Discussion
This section discusses the test case model’s sensitivities and provides several examples of
additional work both underway and to be completed as appropriate for the larger analysis. The

initial observations are listed below.

Model Results are Sensitive to Carbon Capture Percentage

The model results are sensitive to the percentage of CO, captured from the power plants.
Based on the results of the IEGM model, several levels of percent CO, captured illustrate the
affects on the dollars per tonne of CO; ($/tCO,) and annual amount of CO, captured. The cost to
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capture additional CO, increases as the percentage captured at the plant decreases. The costs for
the overall systems, driven largely by the capture costs under the current working results, are
high because the test case uses existing plants to calculate capture costs from the IECM. A
recent study reports carbon capture costs may range from approximately 15 $/tCO, for integrated
gas combined cycle plants to 30 $/tCO, for pulverized coal facilities (DOE/EPRI, 2000).

Amount of CO, Accounted for in the Test Case is Small Relative to the Total for the Region

To add perspective to the regional aspects of the project, Fig. 54 illustrates the total CO,
stationary source emissions for the Southwestern Region of the U.S., the state of New Mexico,
and the four initial test case power plants. The four power plant-based test case analysis
represents only 11% of the region’s total, and 69% of that from New Mexico (EPA, 2005).

Additionally, several states within the SRP have net exports of electricity. The states of
Arizona, New Mexico, Oklahoma and Utah, for example, exported approximately 26, 41, 3 and
30 % of their electricity outside of the state’s borders in 2000, respectively (EIA, 2005). This
poses both a modeling, and more importantly policy challenge as to how and who will be held
responsible for CO, emissions in a carbon-constrained world; the electricity producers or the
users. Figures 55 and 56 illustrate the installed megawatts and the corresponding CO, emissions
within the selected Southwestern states.

The “String of Pearls” pipeline network tool in the Integrated Assessment Model

The Integrated Assessment team expanded the initial test case model to include all New
Mexico sinks and sources in a new, revised prototype model in the latter half of 2005. The
Integrated Assessment team developed the “String of Pearls” in response to feedback from the
Final Project Review in January of 2005. The model calculates the distance to transport CO;
from the source to the closest sink to be utilized. An algorithm was developed to calculate a
route of pipelines from the source of CO; (e.g., power plant) to each of the geologic sinks and
then can calculate the total (Great Circle) distance (and eventually cost) of the pipelines
(Stephens, 1998).

The sinks are used in such a way that as each one fills to capacity the transportation
network extends to the next viable sink, and then to the next to eventually develop a pipeline
network system. This allocation mechanism or “String of Pearls” concept is also known as a
minimal spanning tree approach. The links between all combinations of the particular source
selected to various sinks are the potential pipeline routes. This technique serves as a linear proxy
for pipeline length, and lays the groundwork for future, additional “String of Pearls” analysis
throughout both the Southwestern Regional Partnership area in the United States, and other
regions interested in carbon capture and sequestration analysis. With this technique, the model
could address additional metrics (e.g. lowest overall cost, largest sink volume, etc.) for systems
insight. Figure 57 illustrates a prototype pipeline route within the Integrated Assessment model.

The “String of Pearls” model builds on the original test case model that involved four power
plants and seven geological sinks in New Mexico. The larger “String of Pearls” model now
includes four coal fired power plants, six gas fired power plants, and twenty nine geological
sinks in New Mexico. The prototype “String of Pearls” model now can determine the source to
sink distances and associated economics (various components remain to be refined) for any of
the source sink combinations between these ten power plants, and the twenty nine geological

192



sinks. The prototype model as of December 2005 can illustrate up to the top ten closest sinks to
any of the ten power plants. Additionally, the model now includes high-level MMV costs based
on Benson et al. (2004) of approximately $0.16 to $0.31 per tonne of CO, to begin assessing how
these costs will affect the overall system’s economics. Figure 58 illustrates the source and sink
input options on the left and right of the graphic, respectively for the coal-fired power plants in
New Mexico.

The prototype, illustrative results of Fig. 58 indicate that using the coal-fired San Juan
power plant, the “String of Pearls” algorithm determined that the sink categorized as number 5 is
the closest to the power plant. The next closest sink to sink number 5 among all the remaining
28 sinks is sink number 26, and so on. The user may also select sinks that are within a certain
distance from the source, sinks that are of at least a certain capacity, or the specific sinks the
“String of Pearls” algorithm should consider. The cost metrics will likely change as more site-
specific installation and technology scenarios develop. For example, the carbon capture
community is looking to reduce the uncertainty regarding overall carbon capture systems’ cost
and performance parameters. Recent work suggests the cost to capture carbon dioxide using an
amine (MEA)-based system holds substantial potential to reduce the cost to half or less of their
current costs (Rao, 2002; Rao and Rubin, in press).

The model can also be used to determine the closest sinks to any given gas-fired power
plant in New Mexico. Figure 59 illustrates the results of a gas-fired power plant, the Maddox
plant, and the combinations with carbon sequestration sinks.

Finally, the user is able to select a ‘custom’ location for a power plant by specifying the
latitude and longitude coordinates of the power plant. With this ability, the interested model user
can determine where to cite a new power plant when considering carbon sequestration
infrastructure (existing CO, pipelines are to be added to the “String of Pearls” in Phase II) and
geological sinks. Figure 60 illustrates a map of the CO, sources and sinks considered in the
“String of Pearls” prototype model for New Mexico.

Regional Energy and Economic Issues: Addressing Carbon Intensity

In 2002, the current U.S. administration announced the ‘Global Climate Change Initiative’
to help achieve a reduction in greenhouse gas intensity throughout the U.S. economy (Bush,
2002). The goal is to reduce greenhouse gas intensity, a ratio of the amount of greenhouse gases
emitted divided by the gross economic output of the economy in the same time period (e.g.,
emissions for 2002 divided by the economic output from 2002), by 18% between 2002 and 2012
(EIA, 2003). Carbon dioxide emissions from power plants are one of the several greenhouse
gases included in the initiative. Addressing these emissions, through carbon sequestration, clean
coal technologies, and other potential greenhouse gas reduction emissions, will help the U.S. to
achieve this goal.

In the United States, the amount of energy consumed throughout the economy has been
increasing over the last several decades. Additionally, the amount of energy consumed to
generate electricity has also been increasing. Figure 61 illustrates total energy consumption for
the U.S., and the total energy consumed by fuel type to generate electricity, respectively.

Regionally, the Southwestern United States represents one of the fastest growing areas of the
country. With this economic and population growth comes a growing demand for energy,
including electricity. Figure 62 highlights both the increasing levels of energy required for the
state of New Mexico, as well as the relatively large share that coal-fired power plants represent
of the electricity generation base.
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Combined, coal and natural gas-fired power plants represented 99.9% of the electricity
generation in New Mexico in 2000 (EPA, 2000). These plants represent opportunities to
sequester the carbon dioxide from the existing infrastructure (e.g., retrofit) or potential future
technological options (e.g., replace the existing electricity generation infrastructure as it reaches
retirement with advanced coal, gas or other electricity generation technologies).

Ultimately, opportunities exist to address the 18% greenhouse gas intensity target by both
increasing the economic output from the economy, and also by reducing the amount of carbon
dioxide from sources throughout both the regional partnership, and the country.

Ongoing Modeling Efforts and Applications in Phase 11

The Integrated Assessment Team will address the larger region covered by the Southwest
Regional Partnership beyond the initial “String of Pearls” model for New Mexico. As the data
develops for both the sources and the sinks from the Southwest Partnership’s several thematic
committees, the Integrated Assessment team will include it in the “String of Pearls” model. The
model will also address additional developing Measurement, Monitoring and Verification
(MMV) cost metrics, evolving system economics, and suggestions from the larger Southwest
Partnership body of participants.

Additionally, the Southwest Regional Partnership on Carbon Sequestration has proposed
a Phase 2 program that would carry out several field pilot tests to validate the most promising
sequestration technologies and infrastructure concepts in the region. The Integrated Assessment
Model may include metrics and information for these pilots as appropriate to continue to develop
a ‘systems view’ of Southwest Regional Partnership’s full analytical scope. The Integrated
Assessment model will continue to play an important role in the Southwest Regional Partnership
outreach and education plans in Phase 2, with a focus on mediated modeling. Potential future
meetings or web-based meetings were discussed at the December 15 and 16, 2005 Phase 11
project kickoff meeting in Socorro, NM to demonstrate the working “String of Pearls” model to
members of the Southwest Partnership who were unable to attend the kickoff meeting. This
would allow additional participants to provide suggestions for model improvements and
extensions, based on their interests and concerns about CO; sequestration, leading to an
integrated model that is constructed collaboratively with the broader SRP.

The Integrated Assessment will also address risk issues as they relate to costs, MMV, and
related topics. Specifically, the analysis will address levels of economic risk (e.g., what are the
price thresholds for projects to move forwards and/or continue), performance risk (e.g., how
might the plant (CO; source) life affect the CO, volumes captured and sequestered), and address
what leak rates might be to integrate this information with MMV issues where appropriate. The
Integrated Assessment team will continue to include work from the MMV team, with leading
contributions from Julianna Fessenden of Los Alamos National Laboratories and David Borns of
Sandia National Laboratories. Several broader issues will be explored as they relate to the types
of technologies used for MMV, when their use is more appropriate, and what the potential costs
might be. Figure 63 illustrates how the integrated assessment may characterize technologies and
the central issues involving MMV. Additionally, questions the MMV cost modeling activities
might consider include; Can the MMV costs be linked to the current model parameters (e.g.,
number of wells, costs, and their depth, sink capacity, length of the pipeline, power plant or other
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CO; source capacity / technology); Could the MMV costs relate to the sinks (e.g., geology,
depth, surface area)?

Several tasks and ideas remain to be fully developed as part of the Integrated Assessment as
appropriate to meet the Southwest Regional Partnership’s goals. These ideas include the
following:

¢ Plan for and extend the model where appropriate to additional datasets to allow for
increased model flexibility (e.g., potentially utilize the underlying framework for other
CO; source and sink combinations/regions).

e Within the Integrated Assessment Model, allow users to implement a ‘search space’
option where they can determine where a potential power plant (or other carbon dioxide
source) should be developed within the region given the distribution of the sinks.

e Potentially break down the region into grids to allow for a higher resolution model to be
developed

e More fully integrate the existing CO, pipeline infrastructure into the model’s
calculations, thereby effectively treating the infrastructure like a CO, sink when planning
connections and routing of CO; for sequestration and other purposes

e Explore additional cost reduction potential for amine-based carbon capture systems — this
will add perspective on where the most efficient use of Research and Development
spending may decrease the overall carbon capture and sequestration system’s cost. A
relatively small reduction in capture costs will translate into a relatively large percentage
decrease in the overall system’s costs. (Rao, in press; Rao, 2002).

e Look to other existing CO, capture and sequestration projects for geologic and economic
lessons learned that could be applied to the Southwest Regional Partnership (Gunter et
al., 1996; Thambimuthu, 2002; Bachu and Shaw, 2004; Dahowski et al., 2004; Wilson et
al., 2004;).

e Explore how a carbon credit system would affect the overall economic attractiveness of
select carbon sequestration system planning scenarios

¢ Include additional metrics on the altered performance (derating of the power plants) and
electricity costs often characteristic of power plants with carbon capture systems when
compared to their base case (no capture) counterparts. O’Dowd (2005), for example,
explained that interested individuals would like to understand more fully how carbon
capture technologies on power plants might affect electricity prices.

Final Remarks

The Integrated Assessment team solicited and addressed questions regarding the overall
Southwest Regional Partnership’s initial tasks in Phase I regarding geological constraints, spatial
distribution of CO; sinks and sources, and the associated economics of scenario-based planning.
The initial results indicate the capture costs represent by far the largest component of the overall
carbon capture, transportation and sequestration system’s cost. It was important for the
Integrated Assessment team to calculate and demonstrate this result, similar to that found in
other studies (Rao and Rubin, 2002), for a potential carbon sequestration system in New Mexico
as a lead-in toward characterizing the larger Southwestern United States.

The modeling framework developed in Phase I through the multi-stakeholder process serves
as the basis for more specific pilot projects in Phase II. In addition to refining the “String of
Pearls” modeling technique and capabilities, the Integrated Assessment team strives to bring
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together the science, engineering and economics developed for the greater body of collaborators
within the Southwest Regional Partnership for Carbon Sequestration.

This summary of the integrated assessment effort draws from the following select SAND
documents and meetings as part of the Southwest Regional Partnership for Carbon Sequestration
Integrated Assessment efforts, and serves as the basis for future Integrated Assessment:

e Peter H. Kobos, David J. Borns, Len A. Malczynski and Orman H. Paananen. (2005).
Southwest Regional Partnership on Carbon Sequestration: A Test Case Model in the San
Juan Basin Sandia National Laboratories, Poster Presentation at the Fourth Annual
Conference On Carbon Capture & Sequestration May 2 — 5, 2005 Alexandria, Virginia.
SAND2005-2481C.

e Peter H. Kobos, David J. Borns, Leonard A. Malczynski, and Orman H. Paananen.
(2005). The Southwest Regional Partnership on Carbon Sequestration: Employing the
Integrated Assessment Model for Systems Insight. SAND2005-4902C and Proceedings
of the 25thAnnual North American Conference of the USAEE/IAEE, September 19 — 21,
2005, Denver, CO.

e MIT Carbon Sequestration Forum VI: Taking Stock of CO, Capture & Storage. Royal
Sonesta Hotel, Cambridge, MA, November 3 — 4, 2005.

e Coupling MMV to models and risk assessment: Developing the Integrated Assessment
Model Based on the Input From Experts. (2005). Discussions at MMV Workshop for
SW Partnership, November 17, 2005, NMT Building, Albuquerque, NM.

e Peter H. Kobos, Leonard A. Malczynski and David J. Borns. (2005). The Integrated
Assessment Overview. Southwest Regional Partnership on Carbon Sequestration Project

Kick-off Meeting, New Mexico Institute of Mining and Technology Socorro, NM,
December 15 —16, 2005. SAND2005-7906P.

e Paananen, O. (2004). A Framework for Assessing Carbon Storage in the Southwestern
United States. Presentation at the Third Annual Conference on Carbon Sequestration,
Alexandria, VA, May 3 — 6, SAND2004-1744C.
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Table 31. Integrated Assessment Modeling, Analysis and Presentation Timeline

Date

Event

Purpose

March 25 - 26, 2004

First Partnership Workshop

Assess Carbon Options

April 20 - 21, 2004

CO2 Sequestration Integrated
Model Workshop, Albuquerque,
NM

Assess CO; capture,
transportation and storage
costs from the literature

May 5, 2004

Third Annual Conference on
Carbon Capture and
Sequestration, NETL,
Alexandria, Virginia

Presented on the SW
Partnership Integrated
Assessment’s (IA) Goals

June 7 -8, 2004

Southwest Regional Partnership
on Carbon Sequestration
Workshop, Albuquerque, NM

Introduced the methods the
Integrated Assessment team
use for interactive modeling

November 1, 2004;
December 6, 2004

Web-based mediated modeling
sessions through New Mexico
State University (Centra, Web-
based meetings)

Interact with the Partnership
to establish and refine
requirements for the [A
model

January 11 —12, 2005

Final Project Review,
Albuquerque, NM

Demonstrate the IA model,
additional group feedback

May 4, 2005

Fourth Annual Conference on
Carbon Capture and
Sequestration, NETL,
Alexandria, VA

Poster Presentation on the
SW Partnership’s IA model

November 17, 2005

MMV Workshop, Albuquerque,
NM

Coordinating Phase I and 11
MMV assessment activities

December 15 — 16,
2005

Southwest Regional Partnership
on Carbon Sequestration: Phase
II Kickoff meeting

Demonstrate the IA model
to date, highlight the “String
of Pearls” capabilities,
discuss future IA activities

200




60

m Utility 0 Non-Utility
45 -
30
15
0 ‘ ‘ ‘

Arizona Colorado New Mexico Oklahoma Utah

Million Metric tonnes of
CO2 / year

Figure 49. Most of the carbon dioxide emissions in 2000 that occurred in the states shown
were from electricity generation (EPA, 2005).
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Fig. 50. Schematic of the Integrated Assessment Model’s overall structure.
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Fig. 51. Schematic of the CO; pathway in the Southwest Regional Partnership on Carbon
Sequestration Integrated Assessment Model.
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Fig. 52. Test case region for the Southwest Regional Partnership on Carbon
Sequestration Integrated Assessment Model.
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# Southwest Regional Partnership on Carbon Sequestration Integrated Assessment Model: Test Case
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Fig. 54. Electricity generating-based CO, emissions in 2000 for the Southwest Region,
New Mexico, and the Base Case of the Integrated Assessment Test Case Model. (Note:
“Southwest Region” is the sum of Arizona, Colorado, New Mexico, Oklahoma and Utah,
(EPA, 2005)).
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