
Estimates of CO2 Storage Capacity in
Selected Oil Fields of the Northern
Great Plains Region of North America

Steven A. Smith, James A. Sorensen, Edward N. Steadman, and John A. Harju

Energy and Environmental Research Center, University of North Dakota, Grand Forks, North Dakota, U.S.A.

David W. Fischer

Fischer Oil and Gas, Inc., Grand Forks, North Dakota, U.S.A.

ABSTRACT

T
he carbon dioxide (CO2) sequestration capacities of selected oil fields in the

Williston Basin, Powder River Basin, andDenver-Julesberg Basin in thenorthern

Great Plains region of North America were estimated as part of the Plains CO2

Reduction (PCOR) Partnership regional characterization. The estimates were developed

using readily available reservoir characterization data obtained from the petroleum reg-

ulatory agencies and/or geological surveys from the oil-producing states and provinces

of the PCOR Partnership region. Reconnaissance-level sequestration capacities were cal-

culated using two methods depending on the nature of the readily available reservoir

characterization data for each field. Maximum storage capacities were estimated for res-

ervoirs where detailed data on original oil in place, cumulative production, reservoir thick-

ness, porosity, temperature, pressure, and water saturation were available. The initial

reconnaissance-level estimates indicate that more than 1100 oil fields within the three

basins have a capacity to sequester nearly 10 billion tons of CO2, with the potential to

produce more than 2 billion bbl of incremental oil through CO2-flood enhanced oil

recovery activities.

INTRODUCTION

As one of sevenRegional Carbon Sequestration Part-
nerships established by the U.S. Department of Energy,
the Plains CO2 Reduction (PCOR) Partnership was tasked
with identifying cost-effective carbon dioxide (CO2) se-

questration systems for a 1.3 million-mi2 (3.3 million-
km2) region in the northernGreat Plains of North Amer-
ica (Figure 1). In phase I of the project, the PCOR Partner-
ship was focused on characterizing the technical issues,
enhancing the public’s understanding of CO2 seques-
tration, identifying the most promising opportunities
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for sequestration in the region, and detailing an action
plan for the demonstration of regional CO2 sequestra-
tion opportunities.

The sequestration potential of oil fields in theWillis-
ton, Powder River, andDenver-Julesberg basinswas eval-
uated as part of the PCOR Partnership’s phase I activities
(Figure 2). Preliminary calculations, based on readily
available data sources, were made to determine the
quantity of CO2 that could potentially be sequestered
and the amount of incremental oil that could be pro-
duced in pools that are currently undergoing second-
ary recovery or considered to be depleted because they
have reached their economicmaximumproduction lim-
it. In the case of fields that are considered depleted, it is
assumed that a high percentage of the original oil in
place (OOIP) is still remaining as a result of the inability
to effectively sweep the reservoir using primary and
secondary recovery techniques. Because of the physical
size of the region and the number of oil pools it con-

tains, an initial cutoff point had to be assigned to begin
the screening process. Efforts were focused on those
fields with a cumulative oil production history of at
least 800,000 bbl. Although somewhat arbitrary, this
value indicates that a field is productive and may re-
spond well to CO2 flooding and hold significant ca-
pacity for CO2 storage. As enhanced oil recovery (EOR)
and sequestration opportunities arise, fields will be eval-
uated with regard to their proximity to the source and
storage capacity relative to thequantityofCO2available.

The results of this report are primarily based on the
present status of oil production and provide a recon-
naissance-level determination of (1) how much CO2

can potentially be sequestered in geologic reservoirs and
(2) how much incremental oil might be produced from
sequestration activities. Two methods were used to de-
termine the capacity of oil fields throughout the region.
Tables found in this chapterhavebeencompiled fromthe
regional analysis and are generally a reflection of the

FIGURE 1. Plains CO2 Re-
duction (PCOR) Partnership
region. The region includes
nine U.S. states and four
Canadian provinces. Most
of the region is home to
significant oil production.
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pools that are considered to have the greatest potential
to be considered for CO2 sequestration. These tables of-
fer a comparison of selected fields through EOR activ-
ities and CO2 sequestration activities.

SEQUESTRATION THROUGH
ENHANCED OIL RECOVERY

Carbon sequestration through EOR is one of the
first mechanisms to be used as a long-term strategy for
reducing anthropogenic CO2 from greenhouse gas emis-
sions. Over the past decade, anthropogenic CO2 has
been used for EOR at the Salt Creek field in Wyoming
and the Weyburn field in Saskatchewan. The oil and gas
industry has also been involved in EOR through mis-
cible flooding using natural sources of CO2 for more
than 30 yr in Texas (Jarrell et al., 2002). This knowledge
has direct application to CO2 sequestration. Historical-
ly, CO2 EOR schemes have been engineered to reduce
the amount of CO2 needed for injection while maxi-
mizing incremental oil production. Based on rock and
fluid properties, about 80% of the oil reservoirs world-
wide have been estimated to be candidates for CO2-based
EOR (Kovscek, 2002). Given favorable market conditions
and the appropriate regulation of CO2, these reservoirs
will become prime candidates for sequestration.

To estimate the potential for CO2 sequestration
through EOR, performing a reconnaissance-level exam-

ination of the geologic and engineering characteristics
of many of the oil fields within the Williston, Powder
River, and Denver-Julesberg basins first was necessary.
These data were acquired from state agencies that reg-
ulate oil and gas and from state geological organizations,
which have compiled volumes of oil-field characteristics
that are otherwise difficult toobtain. Thedata include the
key variables needed for evaluating the use of CO2 for
EOR and additional rock and fluid properties necessary
for determining geologic sequestration in depleted reser-
voirs. The level of detail within each data set was widely
variable between each of the states and provinces. Some
agencies were able to readily provide detailed geologic
and engineering reports for each pool within every field
in their jurisdiction, whereas other agencies were only
able to provide very basic reservoir data.

METHODOLOGY

Methods Used for CO2 Sequestration
Capacity Through Enhanced Oil Recovery:
The Enhanced Oil Recovery Method

The EOR method employs a two-step approach to
develop estimates of (1) the amount of CO2 that could
theoretically be sequestered and (2) the volume of incre-
mental oil that could be produced as a result of CO2-
flood EOR activities. The following list of reservoir and
fluid properties was suggested by Bachu et al. (2004) and

FIGURE 2. Summary of CO2

enhanced oil recovery (EOR)
and sequestration potential in
the Williston, Powder River,
and Denver-Julesberg basins.
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provides a simple guideline for screening reservoirs for
CO2 EOR:

� Oil gravitybetween278and488 (AmericanPetroleum
Institute)

� Temperature between 32 and 1218C (90 and 2508F)
� Reservoir pressure greater than 77.3 kg/cm2 (1100 psi)
� Pressure greater by at least 14 kg/cm2 (200 psi) than

the minimum miscibility pressure (102–153 kg/cm2

[1450–2175 psi])
� Oil saturation greater than 25%

This study considers these properties as well as the
overall production history of the field, secondary recov-
ery performance, depth to production, rock properties,
and characteristics of the produced fluid.

In evaluating the sequestration capacity for unitized
pools, some assumptions had to bemade. The first major
assumption was to simplify the process for projecting the
oil recovery potential from injection of CO2. Shaw and
Bachu (2002) noted that incremental recovery could be
between 7 and 23% of the OOIP through successful mis-
cible flooding techniques, whereas Nelms and Burke
(2004) suggested a value of 7–11%. The calculations
usedherein assumean average valueof 12% incremental
recovery of the OOIP. Where OOIP was not available,
cumulative production was used to estimate the poten-
tial incremental recovery from CO2 EOR. This was es-
timated by assuming that 25% incremental recovery
from cumulative production is achievable (Petroleum
TechnologyTransferCouncil, 1999).Next, thequantityof
CO2 necessary to recover the incremental oil was needed.
Nelms and Burke (2004) discussed the quantity of CO2

required for EOR. The purchase requirement they used
was 13 mcf per barrel of oil recovered. Of this purchase
quantity, about 3–5mcf per barrel of oil will be recovered
at the surface and reinjected after separation. This eval-
uation uses 8 mcf/bbl incremental oil recovered. The
total quantity of CO2 injected for tertiary recovery should
be the amount left in the reservoir for long-term storage.

The calculation used to estimate CO2 sequestration
capacity through EOR is as follows:

Q ¼ OOIP � 0:12� 8000

where Q is the CO2 remaining in the reservoir after the
flooding process is complete (ft3), OOIP is the original
oil in place (stock tank barrel [stb]), 0.12 is the estimated
recovery of oil from CO2 flood (%), and 8000 is the CO2

purchase requirement to produce 1 bbl of oil from CO2

flooding (ft3).
Storage of CO2 through EOR can be increased

through alternate engineering practices that vary the
injection schemes used, using horizontal wells instead
of vertical, and using completion techniques favorable
for long-term storage while enhancing production (Jessen

et al., 2005). Jessen et al. suggested several additional
methods for increasing storage through EOR, includ-
ing the optimization of water injection rates and water
alternating gas ratios, aquifer injection of recycled gas,
and using CO2 to repressurize fields in postproduction.
Ultimately, market factors, including CO2 availability,
price of oil, price of steel, emplacement of carbon credit
markets, and overall demand, will greatly influence the
implementation of CO2 EOR projects in the future.

Sequestration in Oil Reservoirs Not
Currently Undergoing Enhanced Oil
Recovery: The Volumetric Method

Carbon sequestration through EORmay be econom-
ically feasible in the near future and, in turn, may help
develop the network of infrastructure necessary to trans-
mit CO2 to potential storage sites. The PCOR Partnership
region includes many thousands of pools in thousands
of oil fields, many of which may not be suitable for en-
hanced recovery options. In this case, considering the
potential for CO2 storage in the available pore space is
important. This is the focus of the volumetricmethod for
estimating storage capacity. As in many oil-producing
basins, the basins in this study area have many levels of
producing horizons stacked one atop the next, generally
separated by impermeable strata. If used for storage of
anthropogenic CO2, these stacked reservoirs hold tremen-
dous potential for sequestration. The method of estimat-
ing the capacity is based on the available pore space and
assumes that injected CO2 will replace the existing fluid.

This approach is a starting point for estimating ca-
pacity and will reflect a maximum theoretical value. In
practice, the actual sequestration capacity of these fields
will be much lower. Sweep efficiency, which must be
determined on a field-by-field basis, will be the primary
factor affecting the actual capacity of oil fields.

Using the same production criterion of 800,000 bbl
(cumulative field production) that was used on the EOR
pools, a database of geologic and fluid characteristics was
developed for the region. Data that were compiled for
the EOR study were also used in this part of the eval-
uation. In calculating the sequestration capacity, the
following criteria were used:

� Field surface area
� Average pay thickness
� Average porosity
� Reservoir temperature
� Initial reservoir pressure

Field area, thickness, and porosity were used to de-
termine the pore volume of the producing reservoir.
Reservoir temperature and pressure were used to de-
termine the density of CO2 at reservoir conditions.
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The calculationused toestimate thevolumetricCO2

sequestration capacity of oil fields is as follows:

Q ¼ A� T � j� rCO2
� ð1� SwÞ

where Q is the storage capacity of the oil reservoir (lb
CO2),A is the field area (ft2), T is the producing interval
thickness (ft), w’is the average reservoir porosity (%),
rCO2

is the density of CO2 (lb/ft3), and (1 � Sw) is the
saturation of oil where Sw is the initial reservoir water
saturation (%).

This calculation yields the maximum storage capac-
ity of an oil-bearing reservoir in pounds of CO2, which
in turn has been converted to tons.

The volumetric methodology also considers the fol-
lowing: (1) the estimated capacity represents the sum of
each producing pool within a field; (2) this calculation
yields the maximum storage capacity of an oil-bearing
reservoir; (3) the field area considered represents the
entire boundary of the oil field; (4) the thickness, po-
rosity, and water saturation figures used represent the
reported reservoir thickness; (5) CO2 density has been
estimated based on reported temperature and pressure
values; (6)where temperature andpressurewere not avail-
able, depthwas used to estimate their value; and (7) in the
absence of water saturation data, thewater saturationwas
estimated to be 50%. Although actual sequestration vol-
umes will be significantly less, this means of developing
approximate sequestration volumes has been used in
prior studies (Bradshaw et al., 2004).

WILLISTON BASIN
SEQUESTRATION CAPACITIES

North Dakota

Because many of the largest opportunities for CO2

sequestration in the Williston Basin are located in North
Dakota, and the North Dakota Department of Mineral
Resources Oil and Gas Division maintains relatively de-
tailed reservoir characteristics in user-friendly computer
format, a more comprehensive evaluation was conducted
on North Dakota oil fields. For EOR, only those unit-
ized fields that have gone through or are currently in a
secondary recovery phase were considered. In general,
secondary performance data are necessary to accurate-
ly predict tertiary performance. The specific pools were
selected through a joint meeting between the Energy
and Environmental Research Center and the North
Dakota Department of Mineral Resources Oil and Gas
Division and the North Dakota Geological Survey as
being good candidates for CO2 EOR. Table 1 lists 22
unitized pools in North Dakota and shows the results
of each methodology as applied. Table 1 indicates the

volumetric storage capacity, potential for EOR incre-
mental oil recovery, as well as the volume of CO2 that
can be sequestered through the process. More than 600
pools have currently been evaluated in North Dakota
using these methods.

South Dakota

Although several fields in South Dakota were con-
sidered, only the Buffalo field was selected for this
study. Cumulative production in the state is approach-
ing 40 million bbl of oil from which nearly 30 million
bbl of oil comes from this field. With only the southern
edge of the Williston Basin extending into South Dakota,
production in this state is relatively minor compared
to its neighbors. This does not mean that opportuni-
ties for EOR and sequestration through CO2 flooding
in South Dakota do not exist. The Buffalo field is under-
going a high-pressure air injection flood (fireflood),
which has increased production dramatically. Similar
potential for increased productionmay be possible using
CO2 without the risk of damaging the reservoir. Table 2
shows the potential for CO2 sequestration in the Buf-
falo field.

Montana

One of the greatest opportunities in Montana ex-
ists in the Cedar Creek anticline. This relatively large
structure in the southeast corner of the state has his-
torically been the major oil-producing site in the state.
Additional production is seen to the north of the Cedar
Creek anticline primarily along the North Dakota bor-
der. This provides an ideal situation for a CO2 pipeline
network that delivers CO2 to a central location and dis-
perses it to fields ready for CO2 EOR. With the current
level of production and drilling activity, the Montana
part of the Williston Basin clearly holds significant re-
serves and can clearly benefit from CO2 EOR. This activ-
ity will help to provide insight into the development of
carbon credit-trading markets and, in turn, provide a
system whereby CO2 sequestration into depleted oil
fields becomes economically viable. Table 3 shows the
selected Montana fields and their producing forma-
tions, with their approximate sequestration capacity.

Manitoba

Manitoba’s CO2 sequestration capacity is based on
the OOIP figures for the best-producing unitized pools.
Manitoba will be a prime candidate for CO2 seques-
tration because of the physical size of the fields on pro-
duction. These large fieldswill become ideal candidates
to store large volumes of CO2 once EOR has ceased.
Table 4 shows the selected Manitoba unitized pools
and their EOR and sequestration potentials.
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Saskatchewan

Carbon dioxide sequestration is being conducted
in Saskatchewan by the International Energy Agency
Weyburn CO2 Monitoring and Storage Project. Approx-
imately 22 mmt of CO2 is estimated to be injected into
the Mississippian Midale reservoir of the Weyburn field.
The result of injection will be the net storage of approx-
imately15mmtwhenconsidering the combustionof the
oil produced by the flood and the CO2 produced in com-
pression and transmission of CO2 to the site (Whittaker,

2004).With this inmind, several additional unitized oil
fields that traverse the Saskatchewanpart of theWilliston
Basinwere examined to calculate their CO2 sequestration
potential. Ageneral cross sectionacross the Saskatchewan
part of the Williston Basin was chosen, and the larger
fields were evaluated based onOOIP value. Table 5 shows
the quantities determined from the calculation and is
based on data collected from the 2002 Reservoir Annual
produced by Saskatchewan Energy and Mines (Reser-
voir Annual, 2002).

TABLE 2. South Dakota oil pools evaluated for CO2 sequestration capacity and potential
incremental oil production.

Field
Name

Producing
Formation (s)

Volumetric
Capacity

(million tons)

Enhanced Oil
Recovery Capacity

(million tons)

Incremental Oil
Production
(million stb)

Buffalo Red River 69 3.4 7.6

TABLE 1. North Dakota oil pools evaluated for CO2 sequestration capacity and potential
incremental oil production.

Field Name Producing
Pool (s)

Volumetric
Capacity

(million tons)

Enhanced Oil
Recovery Capacity

(million tons)

Incremental Oil
Production
(million stb)

Beaver Lodge Madison 111 21 44

Devonian

Silurian

Ordovician

Cedar Hills South Red River B 49 21 43

Tioga Madison 39 13 26

Big Stick Madison 31 10 20

Charlson North Madison 30 5 10

Antelope Madison 19 7 14

Devonian

Newburg Spearfish-Charles 18 6 12

Dickinson Heath 15 4 7

North Elkhorn Madison 14 3 7

Charlson South Madison 11 1 1

Rough Rider East Madison 11 2 4

Rival Madison 11 5 9

Clear Creek Madison 10 2 3

Blue Buttes Madison 9 5 11

Fryburg Heath-Madison 9 9 19

Lignite Madison 7 2 4

Wiley Glenburn 5 5 12

Bear Creek Duperow 5 1 2

Medora Heath-Madison 4 3 7

Fryburg South Tyler 3 1 3

Mohall Madison 3 1 2

Tracy Mountain Tyler 2 0.5 1

Total 416 128 261
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POWDER RIVER BASIN
SEQUESTRATION CAPACITIES

Wyoming

Data for Wyoming oil fields were obtained from
the Wyoming Geological Association and the Wyoming
Oil and Gas Conservation Commission. Like the Willis-
ton Basin, the Powder River Basin holds tremendous
potential for EOR through CO2 miscible flooding and,
in turn, CO2 sequestration. De Bruin (2001) summarized
the potential for CO2 EOR in Wyoming and recom-
mended many fields as good candidates. Table 6 shows
these fields and their potential for CO2 EOR and seques-

tration. With the large number of sources and CO2 pipe-
lines in place and more being considered for expan-
sion, Wyoming will certainly be a target for EOR-based
sequestration.

DENVER-JULESBERG BASIN
SEQUESTRATION CAPACITIES

Nebraska

The Nebraska CO2 market will benefit from the
production of ethanol, which produces a relatively pure
stream of CO2. Data for this evaluation were obtained

TABLE 3. Montana oil pools evaluated for CO2 sequestration capacity and potential incremental
oil production.

Field
Name

Producing
Pool (s)

Volumetric
Capacity

(million tons)

Enhanced Oil
Recovery Capacity

(million tons)

Incremental Oil
Production
(million stb)

Pine Interlake 282 133 292

Red River

Cabin Creek Interlake 189 80 174

Red River

Madison

Little Beaver East Red River 118 52 114

Madison

Poplar East Kibbey 90 66 144

Madison

Pennel Interlake 84 37 81

Red River

Madison

Monarch Interlake 34 15 34

Red River

Dwyer Madison 19 7 16

Total 817 391 855

TABLE 4. Manitoba oil pools evaluated for CO2 sequestration capacity and potential incremental
oil production.

Field
Name

Producing
Pool (s)

Volumetric
Capacity

(million tons)

Enhanced Oil
Recovery Capacity

(million tons)

Incremental Oil
Production (stb)

Waskada Lower Amaranth 448 14 30

Daly Lodgepole Bakken 158 7 15

Virden Lodgepole 150 24 53

Lower Amaranth 86 4 9

Pierson Mission Canyon

Tilston Mission Canyon 16 2 3

Total 858 50 110

stb = Stock tank barrel.
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from the Nebraska Oil and Gas Commission. With pro-
duction declining in the state, CO2 EOR can provide
the economic incentive that may boost production.
Table 7 shows the selected Nebraska oil fields and their
potential for EOR and sequestration.

Key Issues to Consider

The volumes of potentially sequestered CO2 deter-
mined here are general reconnaissance values. Actual
sequestration volumes will be significantly smaller. To
calculate a more exact sequestration capacity for a res-
ervoir, a case-by-case systematic analysis, including
detailed geologic characterization, production history,
and modeling efforts, is necessary. The process of oil-
field unitization, prior to water flooding, can be looked
at as a guide for developing specific geological sequestra-
tion targets. Specifically, a detailed production history,
including updated OOIP, projected cumulative primary
and cumulative secondary recovery, injection statistics,
and produced-water chemistry, must be obtained. In ad-
dition, from a regulatory and royalty standpoint, a de-
tailed protocol regarding mineral value will need to be
developed prior to permanent sequestration in aban-
doned fields and units. The protocol will include (1) val-
ue to mineral owners for produced fluid, (2) value to
mineral owners for storage, (3) liability in ownership of
sequestered CO2, and (4) liability for leakage through

preexisting properly and improperly abandoned well-
bores. These risk assessment and economic feasibility
studies will need to be part of a thorough evaluation. Fur-
thermore, CO2 source proximity, availability, and in-
dustry support must be considered as crucial aspects
to geologic sequestration.

CONCLUSION

Screening criteria for field candidates were based
on the cumulative recovery of the oil reservoir. Fields
that have been unitized and have had success in the
secondary phase of recovery are considered good can-
didates for CO2 sequestration through EOR. Estimates
are based in part on the assumption that all of the
injected gas will remain in the reservoir for long-term
storage when tertiary recovery ends. The remaining
nonunitized fields may be excellent candidates for ad-
ditional storage and could potentially have the fluid in
the pore space replaced by CO2, with revenue from any
incremental oil recovery helping to offset the cost of
injection.

Sequestration capacity estimates were developed
for more than 1000 oil fields in north-central North
America as part of the PCOR Partnership’s regional CO2

sequestration characterization activities. The results gen-
erated by the volumetric method indicate that there

TABLE 5. Saskatchewan oil pools evaluated for CO2 sequestration capacity and potential
incremental oil production.

Field
Name

Producing
Pool (s)

Volumetric
Capacity

(million tons)

Enhanced Oil
Recovery Capacity

(million tons)

Incremental Oil
Production
(million stb)

Steelman Frobisher 2101 58 126

Midale

Winnipegosis

Weyburn Frobisher 1597 85 187

Midale

Midale Frobisher 699 49 108

Midale

Red River

Benson Frobisher 270 9 20

Midale

Winnipegosis

Pinto Frobisher 99 8 19

Midale

Workman Frobisher 91 9 19

Midale

Tableland Winnipegosis 13 0 1

Total 4869 219 479
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may be more than 10 billion tons of CO2 storage ca-
pacity in the 1091 fields evaluated (Table 8). The re-
sults of the EOR-based evaluations for 63 fields in the
Williston, Powder River, and Denver-Julesberg basins,
shown in this chapter, suggest thatmore than 950million
tons of CO2 could be sequestered by CO2-flood EOR
operations, possibly resulting in more than 2 billion bbl
of incremental oil production (Figure 2). If these same
fields are used for CO2 sequestration purposes, the total
storage potential could rise as high as 7 billion tons.
These CO2 sequestration capacity estimates are recon-
naissance level only and are based on a theoretical max-
imum, best-case scenario approach to the evaluation
of geologic sinks and are meant to illustrate the poten-
tial value of these types of sinks with respect to their

ultimate storage. The estimates generated during phase I
of the PCOR Partnership provide order-of-magnitude-
level CO2 capacity estimates for more than 1000 geologic
locations in the PCOR Partnership region that were pre-
viously unavailable.
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