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Abstract
Today, energy and environmental questions are often viewed from conflicting perspectives.
However, perhaps there are solutions to some of these problems that can satisfy multiple
objectives. This report explores the technical feasibility and economic potential for capturing
CO2 from coal- or lignite-fired utility boilers and applying the CO2 as an enhanced oil recovery
(EOR) process in the mature oil provinces of Texas. This capture accomplishes twin
goalssequestering a substantial amount of CO2 for an extended period and increasing the
efficiency of oil recovery.
The types of CO2 sources are diverse. To mitigate the impact of these, a number of management
strategies are available, ranging from effluent reduction to capture and sequestration. One
alternative is to utilize mature oil reservoirs to form a set of sequestration reservoirs. From the oil
production side, one challenge for the domestic oil industry during the next millennium will be to
profitably employ advanced technology to increase resources from existing reservoirs. Many
advanced recovery strategies hold potential for accomplishing this goal. One promising area is
enhanced oil recovery through the use of CO2 flooding. The potential incremental oil production
from these methods is significant.
The electricity generation industry is currently a major source of atmospheric CO2 emissions.
One industry challenge in the coming decades may be to profitably employ advanced technology
that reduces CO2 output while maintaining generation availability and reliability. There are likely
to be many different strategies applied to new generation additions. However, the numbers of
viable alternatives for existing facilities are relatively limited. CO2 capture and sequestration in
mature oil reservoirs appear to be one important management alternative for the existing
generating unit.
Original oil in place in existing, discovered Texas reservoirs is estimated at 197 billion stocktank barrels (BSTB), of which 147 BSTB of oil remains in place. Reserves total 7 BSTB, leaving
140 BSTB of remaining mobile and residual oil. This 140 BSTB is the target for additional
reservoir development including CO2 EOR.
Previous research has indicated that a primary target for EOR is estimated at 74 BSTB of residual
oil. This study finds that 8 BSTB of this resource is within a 90-mi (145-km) radius of the
candidate coal- or lignite-fired plants in Texas.
Additional oil resources beyond this 8 BSTB are also available from oil fields located near
natural-gas-fired facilities. However, additional CO2 effluent management issues need to be
addressed with these facilities. Factors influencing the recovery of these resources include CO2
production cost and availability, generation unit characteristics, transportation cost,
environmental regulations, and oil prices.
Modeling conducted in this study indicates that CO2 flooding can produce oil that would not
otherwise be recovered, at an incremental cost between $6.00 and $16.00 per stock-tank barrel
(STB). The upper end of this range exceeds current (December 1998) posted crude oil prices
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($/STB). In addition, it is likely that between 12 and 20 years of CO2 production from the
candidate lignite- or coal-fired boilers can be sequestered from these generation facilities.
Preliminary analyses indicate that CO2 capture for lignite- and coal-fired plants in Texas may be
cost-effective when compared with fuel-switching these same boilers to natural gas. From a
policy standpoint, it may be desirable to encourage CO2 capture retrofit initially, as opposed to
fuel switching, because this results in overall lower levels of CO2 emissions at a comparable
cost.
We conclude that there is substantial potential for using utility plant boiler effluent as a CO2
supply source for flooding and using mature oil reservoirs for CO2 sequestration. Development
of this potential resource base may be facilitated through further research and policy initiatives.
Major unresolved issues remain, however, that include:
•

Total CO2 sequestration potential in Texas and U.S. hydrocarbon reservoirs.

•

Consideration of projected generation capacity additions expected during the next several
decades.

•

Development of a longitudinally consistent supply-and-demand balance.

•

Development of an integrated CO2 supply network that minimizes pipeline costs and
considers CO2 storage costs to determine if CO2 can be made available on a large scale.

•

An engineering and performance audit of the existing CO2 floods in Texas to better
determine oil recovery efficiencies that can be expected by depositional system type.

•

An engineering and performance evaluation of potential CO2 sequestration management
issues that might allow for overpressuring reservoirs (compared with initial pressure).

•

An engineering and economic examination of CO2 capture and transportation and for flue gas
capture and transportation (as a potential lower cost alternative to CO2 capture) for naturalgas-fired plants.

•

An engineering and economic examination of potential CO2 sequestration management
issues that might be associated with variable output plants (peaking facilities and
intermediate load plants). For effective enhanced oil recovery processes, dedicated CO2
storage facilities that can release CO2 to other underground reservoirs following the EOR
process needs may be suggested.

•

Alternatively, partial load (and conceivably full load) operation of generation facilities may
suggest that unprocessed effluent be stored with CO2 separation conducted during off-peak
periods when prices of power are relatively low. During on-peak periods when prices of
power are relatively high, CO2 separation may be deferred through storage of CO2-rich (but
“unrefined”) effluent.

•

Further analysis of the costs of compression, transportation, and the capacity constraints that
these developments may project onto the existing electrical grid.

•

Additional work on developing potential applications for CO2 usage to ensure long-term
sequestration is needed. Topics of concern include metallurgy and corrosion issues, reservoir
seal integrity, and impacts on subterranean ecosystems.
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Introduction
Factors Affecting CO2 Sequestration
Objectives of Study

This study addresses the feasibility of reducing CO2 power plant emissions in Texas by using the
emissions for CO2 enhanced oil recovery. To test this feasibility an understanding of the current
state of CO2 supply and costs is undertaken. The literature is extensively reviewed and evaluated
to determine the key engineering and geologic characteristics influencing CO2 sequestration.
Another objective was to evaluate the characteristics of previous and current gas-displacement
recovery projects, Texas oil and gas reservoirs, and Texas power plants. These characteristics
were then used to determine candidate reservoirs that have the potential and the feasibility to use
power plant CO2 emissions for enhanced oil recovery.
Current CO2 Supply

West Texas CO2 Supply
To understand how CO2 from power plants may be used for enhanced oil recovery an
understanding is needed as to how current supplies are being managed. In the early1970s,
Permian Basin oil reservoirs were maturing to the point that producers became interested in
pursuing tertiary recovery methods to enhance oil recovery. Large quantities of CO2-saturated
natural gas were produced nearby, and large quantities of CO2 were being extracted from natural
gas and vented into the atmosphere. A Chevron affiliate conceived and developed the first CO2
flood in the area (Sacroc), and Canyon Reef Carriers (“CRC”) constructed a 220-mi (354-km)
CO2 pipeline from four CO2 extraction plants (Shell−Terrell, Valero−Grey Ranch,
Northern−Mitchell, and Warren−Puckett) to the field to be flooded (Sacroc).
With the success of Chevron’s flood, high oil prices, and many old oil fields to be flooded, the
demand for CO2 was so high that major oil companies built three long-haul (500-, 403-, and 210mi [804-, 648-, and 338-km]) CO2 pipelines into the Permian Basin in the early to mid-1980s
sustaining a large volume of input into the Permian Basin area (fig. 1). Distribution pipelines
were built in the area, including the 143-mi (230-km) Central Basin Pipe Line (CBPL), which
extends from Denver City, Texas (where the three long-haul pipelines converged), to the Yates
Field. Most of these pipelines were built on the strength of long-term CO2 purchase contracts.
Currently three major pipelines are supplying West Texas with carbon dioxide from natural
sources (fig. 2). Two pipelines transport CO2 from the McElmo Dome. The 502-mi (808-km),
30-in. (76-cm) Cortez Pipeline carries CO2 to the Denver City Hub in West Texas, and the
smaller 40-mi, 8-in. McElmo Creek Pipeline supplies Mobil’s McElmo Creek Unit in Utah.
Cortez has a capacity of 1 billion standard cubic feet per day (Bscf/d) to 4 Bscf/d, currently
delivering up to 1.1 Bscf/d of 98% pure CO2. McElmo Creek can carry approximately 60 million
cubic feet per day (MMcf/d). The McElmo Dome is one of the largest known CO2 supplies in the
United States, containing more than 10 trillion cubic feet (Tscf) of CO2. Primarily owned by
Shell (the operator) and Mobil, the McElmo Dome produces from the Leadville Formation at
8000 ft (2438 m) with 44 wells that produce at individual rates up to 100 MMcf/d. Ironically,
while one industry has spent substantial capital producing CO2, another industry has a disposal
problem.
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Figure 1. Volume of CO2 supplied from four source areas to enhanced oil recovery
operators in southwest United States (from Shell CO2 Company, Ltd, 1998).

Sheep Mountain is located in south-central Colorado (fig. 2). This reservoir provides
97% pure CO2 to West Texas. The Sheep Mountain pipeline runs 184 mi (296 km) southeast to
the Rosebud connection to the Bravo Dome Source Field. This 20-in. (51-cm) line has a capacity
of 330 MMcf/d. A separate 24-in. (61-cm) line with a capacity of 480 MMcf/d runs 224 mi
(360 km) south to the Denver City Hub and onward to the Seminole San Andres Unit. ARCO
and Exxon own the north part of Sheep Mountain, and ARCO, Exxon, and Amerada Hess own
the line south of Bravo Dome. ARCO operates both sections of this pipeline. The Sheep
Mountain Field, owned by ARCO and Exxon, is the smallest CO2 source field serving the
Permian Basin, having published initial reserve estimates of 2 to 3 Tcf. ARCO is the operator of
this field, which produces from 6000 ft (1829 m) in the Dakota and Entrada formations in
Huerfano County, Colorado.
Bravo Dome is located in northeastern New Mexico. This reservoir provides more than
400 MMcf/d of 99% pure CO2 from more than 350 wells. Recent developments include more
than 40 new wells, as well as an upgrade to the compression plant. The CO2 production is
delivered to West Texas via the 20-in. (51-cm), 210-mi (338-km) pipeline. Bravo Pipeline,
owned by Amoco, Shell, and Crosstimbers, runs 218 mi (351 km) to the Denver City Hub and
has a capacity of 382 MMcf/d, delivering CO2 at 1800 to 1900 psi (127 to 134 km/cm2). Major
delivery points along the line include the Slaughter field in Cochran and Hockley Counties,
Texas, and the Wasson field in Yoakum County, Texas. Amoco operates this pipeline. In 1996,
Transpetco began operation of the Transpetco/Bravo pipeline to the Mobil-operated Postle field
near Guymon, Oklahoma. This 120-mi (193-km), 12.75-in. (32-cm) line has a capacity of 175
million standard cubic feet per day (MMscf/d). Initially holding reserves of approximately 8 Tcf,
Bravo Dome covers an area of more than 1400 mi2 (3624 km2). Production here comes from the
Tubb Sandstone at 2300 ft (701 m). The participants are Shell, Amoco, and Amerada Hess.
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Figure 2. Major pipelines supplying CO2 to enhanced oil recovery operations in the
Permian Basin of West Texas (from Shell CO2 Company, Ltd, 1998).
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Additional CO2 is supplied to West Texas from the Val Verde basin gas plants and transported in
the 16-in.- (41-cm-) diameter, 220-mi (354-km) SACROC pipeline at 220 MMscf/d. Denver
City, Texas, is the world’s largest CO2 hub, distributing gas from the Cortez Pipeline and having
a capacity of 1 to 4 Bcf/d and serving the McElmo Dome, the Bravo Pipeline, and the Sheep
Mountain Pipeline (fig. 3). Multiple delivery lines carry the gas from Denver City to the more
than 50 fields currently under CO2 flood in the Permian Basin.
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Figure 3. The pipeline distribution system in the Permian Basin of West Texas is
centered at Denver City, Texas, and currently serves more than 40 fields under CO2
flood in the basin (from Shell CO2 Company, Ltd, 1998).

The Central Basin Pipeline is owned by Shell CO2 Company, Ltd. The line varies in diameter
from 26 in. (66 cm) at Denver City down to 16 in. (41 cm) near McCamey, Texas. The present
capacity of the line is 600 MMcf/d, but if power were added, the capacity could be increased to
1,200 MMcf/d.
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The Este Pipeline is 119 mi (191 km) long and 12 to 14 in. (30 to 36 cm) in diameter, and it is
operated by Mobil. Other major owners in the line include Amoco, Conoco, and Occidental. The
capacity of the line is 250 MMcf/d at Denver City and 150 MMcf/d at the Salt Creek terminus.
Mobil operates the Slaughter Pipeline, which is a 12-in. (30-cm) line with a capacity of
approximately 160 MMcf/d. The line runs 40 mi (64 km) from Denver City to Hockley County,
Texas.
Air Liquide owns and operates the West Texas Pipeline and the Llano lateral. The West Texas
Pipeline extends from the Denver City Hub 127 mi (204 km) south to Reeves County, Texas.
The Llano lateral runs 53 mi (85 km) off the Cortez main line. Both pipelines vary from
8 to 12 in. (20 to 30 cm) in diameter and have capacities of approximately 100 MMcf/d.
The CRC pipeline, constructed in 1972, is the oldest CO2 pipeline in West Texas. The CRC
pipeline extends 140 mi (225 km) from McCamey, Texas, to Pennzoil’s SACROC field. This
pipeline is 16 in. (41 cm) in diameter and has a capacity of approximately 240 MMcf/d.
All of these pipelines transport CO2 at pressures between 1069 and 2500 psig (75 and
176 kg/cm2). This maintains the CO2 above its critical point and results in single-phase flow.
Together, they currently bring more than 1.77 Bscf/d of CO2 into the Permian Basin. This
extensive pipeline network demonstrates a mature technology and the willingness to apply it if
economically feasible.
Additional CO2 Supply in Other Regions of Texas
In the rest of Texas, the established CO2 distribution infrastructure is considerably less well
developed. Consequently, if CO2 is sequestered outside of the areas described in West Texas,
substantial additional pipeline investment is likely to be needed, either through conversion of
existing pipeline facilities, or construction of new facilities. Nevertheless, substantial potential
exists for CO2 sequestration in other parts of the state where existing generation is located, and
where naturally occurring sources of CO2 exist (fig. 4). Naturally occurring sources in Texas are
from hydrocarbon gas reservoirs that contain a high content of CO2.
Fossil-Fired Generation Units as Sources of CO2 Effluent
To assess the technical feasibility for additional cost-effective CO2 supply, various production
and separation processes for power plant emissions were reviewed. Promising separation
technologies and power plants were identified and ranked using multiple criteria. Highconcentration monoethanolamine (MEA) recovery is considered as an attractive technological
approach for coal- or lignite-fired plants. High-concentration MEA and total effluent capture
were noted as promising technological approaches for gas-fired plants.
In 1996, Texas was the single largest producer of electricity in the United States, with an
installed electricity generation base of more than 65,000 megawatts (MW). Of this generation
base, approximately 60% was capable of gas/oil firing, and 28% was coal/lignite capable. By the
year 2000, the installed capacity is expected to grow to more than 66,000 MW. With current
price and tax expectations, the implication is that in 2000 approximately 33% of summer
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electricity supplied to Texas will be obtained from natural-gas- and oil-fired generation, whereas
47% will come from coal and lignite, which generates greater CO2 emissions. Depending upon
the penetration of renewable technologies and demand side management initiatives for electricity
supply, these totals may be altered.
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Figure 4. Location of major CO2 sources in Texas.
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CO2 Effluent from Coal and Lignite Generation Plants
Initially, the focus was on all generating plants in Texas. However, most natural-gas-fired plants
have lower net dependable capacities and relatively low capacity factors (many under
10%). This means that they produce widely varying amounts of CO2, depending on electricity
demand, thereby introducing complications for using the CO2 effluent for EOR processes. Also,
these intermediate and peaking plants are predominantly gas fired, producing substantially lower
CO2 emissions per megawatt hour than base-load coal- and lignite-fired facilities.
For a given megawatt-hour of power generated (a so-called busbar analysis), natural-gas-fired
plants emit perhaps 50 to 60% of the CO2 effluent that a comparable coal-fired plant does. So, in
general, gas-fired plants are smaller, and they do not operate as many hours per year as coal- or
lignite-fired plants. Further, even when they do, they generate substantially lower amounts of
CO2.
In light of these general characteristics, the installed generation base in addition to near-term
expected capacity additions was screened. These sources are described in tables 1 and 2. CO2
emissions from these facilities as reported to the Environmental Protection Agency (EPA) and/or
calculated on the basis of energy production data supplied to the Public Utilities Commission of
Texas (PUCT) are summarized in figure 5.
A group of 37 candidate coal- and lignite-fired plants was determined to represent the best
potential for CO2 capture on the basis of installed capacity, expected annual capacity factors, fuel
sources, and plant characteristics. These traditionally have high capacity factors (average about
75% in the mid 1990s) and are base loaded in the electrical grid. The combined installed net
dependable capacity (NDC) is approximately 18,843 MW. For each of these plants, a CO2
capture and transportation system was considered on the basis of capture of 90% of the CO2
effluent.
Important factors for CO2 supply include the anticipated purity, term of availability, reliability,
and characteristics of supply, transportation mechanisms, and expected production costs. So it
should be noted that some natural-gas-fired plants may also represent candidates for contributing
to greater recovery of Texas oil resources. It is not clear from this study whether CO2 capture or
flue gas capture from these plants represents a better technological and economic approach to
meeting the environmental goal of reducing effluents. Since natural-gas-fired plants are most
likely to be affected first by any major changes in grid electrical load, it may be desirable to
undertake additional operational simulations using system dispatch, revised loads, and alternate
capture technologies in the future.
Factors Controlling the Volume of CO2 Output
To analyze CO2 supply and demand in an integrated fashion, potential production rates were
established on a total cycle basis through historical capacity factors, analysis of actual plant-byplant fuel mixes, and actual emissions as reported to the United States Environmental Protection
Agency. Near-term plant-specific generation additions were considered, and CO2 emissions for
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these plants were estimated on the basis of knowledge of current fuel procurement practices and
information obtained from the Texas Air Control Board, the Texas Public Utility Commission,
the Environmental Protection Agency, and Resource Data International.
Daily production of CO2 from the candidate coal- or lignite-fired power plants in Texas is
estimated to be approximately 10.8 Bscf/d. Existing natural sources of CO2 were found to
represent approximately 16% of the possible CO2 production from Texas coal- or lignite-fired
utility power plants. This provides a good framework for understanding the size of these
generation unit CO2 sources, the impact on the State, and how the sources might be utilized.

Table 1. Total Texas System (with 1% diversity) net system capacity by source (MW) as reported to
the Public Utility Commission of Texas (1995). Data beyond 1993 are projections.
Utility generation

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

Natural
gas/oil
37,797
37,720
38,345
37,159
37,131
38,224
38,182
38,469
38,426
38,453

Coal
7,479
7,423
7,776
7,799
7,918
8,430
8,880
8,861
8,840
9,376

Lignite
6,236
6,316
7,076
7,937
8,678
8,734
8,725
8,874
8,880
9,032

Nuclear
0
0
0
297
300
1,161
2,798
4,431
4,428
4,415

Other
578
605
625
636
636
637
643
651
650
650

Firm
purchases
from
utilities
2,106
1,550
1,986
1,601
1,877
1,749
1,105
742
701
882

1993

38,531

9,468

9,026

4,439

651

951

3,362

1,463

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

38,828
39,103
39,174
39,159
39,317
40,057
40,891
41,662
42,670
44,113
44,319
45,248
45,444
46,492
47,214

9,477
9,476
9,487
9,470
9,468
9,470
9,470
9,470
9,966
9,954
9,952
11,249
11,600
12,209
12,658

9,047
9,045
9,052
9,048
9,044
9,042
9,789
10,539
10,537
10,535
11,194
11,193
11,192
11,190
11,188

5,576
5,584
5,578
5,570
5,594
5,605
5,610
5,611
5,611
5,601
5,601
5,601
5,603
5,602
5,603

650
650
650
650
650
650
650
650
650
659
659
659
659
659
659

1,099
1,204
1,260
1,017
1,074
1,142
1,231
1,189
1,113
1,105
1,152
1,119
1,093
1,138
1,163

2,532
2,033
2,023
2,264
2,838
3,194
2,944
2,594
2,594
2,595
2,595
2,375
2,725
2,725
2,775

1,400
1,335
1,249
1,018
955
863
836
823
739
760
734
730
730
736
762

Purchases
from nonutilities
528
650
2,027
2,972
3,159
3,228
3,526
3,550
3,532
3,332

NOTES:
Data from 1983 through 1993 are actual; data from 1994 through 2008 are projected.
If data were not provided by the utility, the Electric Division staff estimated the data as needed.
SOURCE: Load Forecast 1993 Filing, Request 1.01.
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Firm
off-system
sales
1,410
1,108
1,935
1,534
1,289
1,086
1,274
1,135
1,015
1,322

Table 2. Total Texas System net generation by fuel type (MWH) as reported to the Public Utility
Commission of Texas (1995). Data beyond 1993 are projections.
Alternative
energy
sources
423,908
388,102
433,080
441,060
538,515
539,720
669,022
785,825
800,966
780,495

Total
193,190,262
205,471,194
208,219,275
205,079,132
207,057,786
216,884,827
221,373,049
226,817,450
231,579,529
230,800,280

636,743

827,199

240,327,955

35,703,484
36,187,308
35,561,915
37,017,404
37,608,781
36,477,016
37,540,417
37,329,563
36,460,238
37,471,251
37,352,885
36,262,497
37,965,976
37,627,843
37,059,978

649,923
651,946
657,910
651,757
663,806
678,074
674,950
681,618
681,864
676,784
677,646
667,401
677,314
678,979
678,126

866,028
865,057
871,781
872,019
881,565
883,508
896,116
896,032
897,953
899,824
902,024
902,364
903,473
904,720
906,978

243,971,854
251,880,555
256,837,037
262,021,766
267,284,776
274,754,158
283,068,980
289,981,829
296,916,007
305,213,927
313,388,442
318,830,159
326,563,499
333,477,387
341,580,823

8.3%

0.6%

0.8%

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

Natural
gas/oil
108,472,667
116,750,478
115,169,766
105,354,612
99,915,790
99,005,075
96,447,813
93,018,621
92,187,964
87,317,589

Coal
44,315,291
46,030,355
48,762,812
44,721,955
47,724,889
51,955,633
54,411,637
54,741,953
54,946,407
55,226,951

Lignite
39,557,746
41,889,563
43,340,608
51,325,397
54,008,209
55,703,331
57,178,803
57,455,949
57,973,525
57,775,272

Nuclear
0
0
5,348
2,408,112
3,856,481
9,188,699
12,164,231
20,113,273
24,939,688
28,460,345

Hydro
420,649
412,697
507,663
827,995
1,013,902
492,368
501,542
701,829
730,979
1,239,625

1993

99,680,917

64,036,411

58,249,971

16,896,714

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

88,548,160
93,416,323
97,147,837
99,294,498
104,432,650
112,434,016
111,388,761
114,075,461
119,368,869
124,270,630
127,728,567
129,283,782
131,849,298
136,222,644
140,182,725

63,008,926
62,582,666
64,825,477
65,620,365
65,924,261
68,464,536
73,433,871
76,827,618
81,420,229
84,161,145
87,727,143
92,581,340
92,606,926
98,331,459
104,521,221

55,195,335
58,177,256
57,772,118
58,565,721
57,773,714
55,817,008
59,134,864
60,171,538
58,086,854
57,734,294
59,000,177
59,122,776
62,560,513
59,711,742
58,231,797

(1):

2.2

2.8%

-0.1%

2.4%

NOTES:
Data from 1983 through 1993 are actual; data from 1994 through 2008 are projected.
If data were not provided by the utility, the Electric Division staff estimated the data as needed.
(1) Compound growth rate for 1993−2003 period. The growth rate for nuclear is exceptionally large because of the 1993
extended outage for STP.
SOURCE: Load Forecast 1993 Filing, Request 2.01.

9

2.50

CO2 cost ($/Mscf)

2.00

1.50

1.00

0.50

0.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Individual facilities

QAc4777c

Figure 5. Utility plant CO2 capture and transport costs.

Costs of Carbon Dioxide Removal
Capital investment and variable operating and maintenance costs for the CO2 recovery system
were developed in a bottom-up fashion using cost measurements previously developed by the
Department of Energy, Fluor Daniel, and the Electric Power Research Institute (EPRI). One
initial information source was the EPRI/Fluor-Daniel study issued in June 1991 that developed
detailed cost estimates for a 513-MW pulverized coal plant fired with bituminous Kentucky coal.
The addition of CO2 recovery and transportation substantially increases the total cost of a
reference plant. Figure 5 illustrates the range of estimated costs for multiple power plants in
Texas (table 3).
Table 3 includes costs for direct and indirect material, labor, and overhead for the CO2 extraction
installation; direct and indirect material, labor, and overhead for flue gas desulfurization (if
required); a standardized 100-mi pipeline for comparison purposes; spare-parts allowances;
prepaid royalty allowances; initial catalyst and chemical allowances; start-up expense
allowances; working capital allowances; O&M allowances; consumable operating allowances;
additional electricity costs associated with separation; and a 10% contingency allowance.
The project evaluation used an assumption of 10% for interest rates and 10 bbl/MMscf recovery
factor. These estimates may be high or low depending upon specific retrofit site conditions,
material and labor costs, and specific oil reservoir characteristics.
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Table 3. Estimated break-even costs of CO2 capture including an assumed pipeline
length of 100 mi.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Utility name
Central and South West Services
Central and South West Services
Central and South West Services
Central and South West Services
Central and South West Services
Central and South West Services
City Public Service
City Public Service
City Public Service
Houston Lighting & Power Company
Houston Lighting & Power Company
Houston Lighting & Power Company
Houston Lighting & Power Company
Houston Lighting & Power Company
Houston Lighting & Power Company
Lower Colorado River Authority
Lower Colorado River Authority
Lower Colorado River Authority
San Miguel Electric Cooperative Inc
Southwestern Public Service Co.
Southwestern Public Service Co.
Southwestern Public Service Co.
Southwestern Public Service Co.
Southwestern Public Service Co.
Texas Municipal Power Agency2
Texas-New Mexico Power Co.
Texas-New Mexico Power Co.
TU Electric1
TU Electric1
TU Electric
TU Electric
TU Electric
TU Electric
TU Electric
TU Electric
TU Electric & Alcoa2
Alcoa2

County
Goliad
Harrison
Wilbarger
Titus
Titus
Titus
Bexar
Bexar
Bexar
Limestone
Limestone
Fort Bend
Fort Bend
Fort Bend
Fort Bend
Fayette
Fayette
Fayette
Atascosa
Potter
Potter
Potter
Lamb
Lamb
Grimes
Robertson
Robertson
Freestone
Freestone
Rusk
Rusk
Rusk
Titus
Titus
Titus
Milam
Milam

Total cost per
ton of CO2
10% interest
rate 30 yr

Electricity cost
per ton of CO2
10% interest
rate
30 yr

Cost/Mscf of
CO2 10%
interest rate
30 yr

$41.23
$27.67
$23.86
$32.75
$33.97
$34.74
$28.53
$34.31
$37.35
$23.04
$24.58
$33.65
$31.23
$31.42
$35.81
$35.37
$43.82
$34.78
$29.82
$35.53
$39.41
$37.03
$35.15
$38.11
$38.24
$59.81
$50.96
$41.07
$41.13
$28.13
$27.12
$25.11
$33.59
$35.45
$23.97
$26.08
$24.16

$0.62
$0.36
$0.29
$0.42
$0.44
$0.45
$0.25
$0.28
$0.30
$0.27
$0.29
$0.64
$0.59
$0.56
$0.64
$0.43
$0.53
$0.37
$0.29
$0.48
$0.53
$0.50
$0.60
$0.65
$0.42
$0.53
$0.41
$0.33
$0.33
$0.27
$0.26
$0.24
$0.28
$0.30
$0.25
$0.27
$0.21

$1.61
$1.08
$0.93
$1.28
$1.33
$1.36
$1.12
$1.34
$1.46
$0.90
$0.96
$1.32
$1.22
$1.23
$1.40
$1.38
$1.72
$1.36
$1.17
$1.39
$1.54
$1.45
$1.38
$1.49
$1.50
$2.34
$1.99
$1.61
$1.61
$1.10
$1.06
$0.98
$1.31
$1.39
$0.94
$1.02
$0.95

Minimum
Maximum
Average

$0.9016
$2.3410
$1.3307

1Includes SO scrubber upgrade, but not installation.
2
2TMTA and Alcoa data estimated.

Note: Utilities report plant data, not unit data, to PUCT. Allocation estimate based on EPA MW rating.
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For a typical 513-MW plant, the cost increased from $580 million to approximately
$1.2 billion, assuming a 300-mi (483-km) pipeline. The incremental cost is approximately $620
million, or 107% of the cost of the base plant. Note that these costs varied substantially,
depending primarily upon the size of the generating plant, because economies of scale exist.
Existing infrastructure and available pipeline capacity can also influence cost dramatically.
Electrical Load Requirements

Variable Capture
As electricity demand varies, generation unit output is varied to meet load plus various
transmission criteria. For this project, history was used as a guide to develop an estimate of unit
load factor. The assumptions contained in this data choice may be either conservative or liberal
because a dynamic simulation was not undertaken. Also, if absolute capture is not required
continuously because of generation needs on a real-time basis, compression activities may be
considered to be somewhat flexible. For the 513-MW reference plant, approximately 110 MW is
needed for these compression activities. Therefore, these additional electrical load requirements
are not necessarily trivial. Flexibility and possibly storage of CO2 effluent may hold considerable
potential for meeting EOR needs, meeting overall sequestration targets, and meeting consumer
electricity demand.
CO2 Storage and Disposal Costs
If CO2 storage is assumed, it is possible that compression activities could be modified to follow
electrical load requirements, thus reducing capacity constraints and the potential need for
additional peaking requirements. Dual fuel compression capability, or compression served by
natural gas with storage back-up, could also be a viable approach.
For the purpose of this investigation, no additional CO2 disposal costs were considered. These
are assumed to be represented by the field redevelopment costs included in the EOR field project
costs.
Power Plant Life

In this study, it was necessary to assume an economic life for the power plant supplying effluent
and the capture portion of the project. These assumptions raise a major issue: “What is the proper
definition of the ‘economic life’ of the ‘project’?” Is this to be viewed from an “environmental”
perspective as to how much CO2 can be sequestered, or from an oil “revenue” perspective? From
an environmental perspective, the design life of power plant generation equipment and related
devices is usually 30 years. However, it was also recognized that the history of such a plant and
its equipment has been that it is “repowered” and often used for a much longer period.
Nevertheless, initial simulations were undertaken using this 30-year value.
Subsequent demand/supply balancing efforts indicated that the shortest life that might be
expected for the capture/compression equipment was how long the CO2 was required for
enhanced recovery. Original reservoir pressure was assumed to represent the shortest life for
these reservoirs as CO2 sinks. However, it was also recognized that these reservoirs might be
12

“overpressured” compared with their estimated initial pressures. To simulate this physical
original reservoir pressure criteria, additional sensitivities were undertaken assuming a 10-year
life and a 20-year life for the reservoir (and, therefore, the project).
Sequestration Management

Sequestration management is a concept that applies to improvements that result from the use of
multiple storage reservoirs having multiple CO2 effluent sources. The management process also
includes matching of CO2 source production profiles with the needs of the CO2 reservoirs on a
daily operational basis, reflecting an attempt to balance operational supply and demand
constraints. Finally, the management process also includes a matching of long-term supply and
demand. Once the CO2 capacity of a particular reservoir is fully utilized, an appropriate
management process will have identified the next reservoir to be filled.
The major tools that are utilized in an effective management effort include CO2 pipelines, CO2
storage reservoirs, real-time pricing, variable volume production strategies, separation cycling,
and other tools. Production strategies are closely linked to characteristics of the target reservoir.
Oil and Gas Reservoir Characteristics Influencing CO2 Sequestration
A wide range of oil and gas reservoir characteristics was found to be important in CO2 EOR
miscibility projects and sequestration. General and geologic characteristics describe the setting in
which a reservoir lies. Engineering and rock-fluid characteristics describe dynamics of fluid
movement and the effects of reservoir development on the current and future state of the
reservoir. Characteristics controlling the usage of CO2 delineate how socioeconomic factors
combine with reservoir characteristics.
General Oil and Gas Reservoir Characteristics

Reservoir Depth
Reservoir depth is a very important factor because start-up and field operating costs increase with
depth. Deeper wells result in greater drilling costs and greater operating costs to inject and pump
out fluids. Reservoir temperature increases with depth, resulting in a higher minimum miscibility
pressure. Consequently, a larger volume of CO2 could be required to achieve the same CO2
mobile pore volume slug (Flanders and Shatto, 1993). However, the effectiveness of the EOR
projects depends on pressure, and deeper reservoirs are therefore preferred because minimum
miscibility pressure is more likely to be reached. Miscible CO2 displacement results in
approximately 22% higher recovery, whereas immiscible displacement achieves approximately
10% higher recovery (Haskin and Alston, 1989). Additionally, note that all CO2 miscible
projects in the United States are at depths of greater than 2000 ft (610 m).
Temperature
Reservoir temperature has a direct influence on the physical properties of CO2 and therefore in
the applicability of CO2 floods. The CO2 critical temperature is 88°F (31°C). Because most
reservoirs exhibit temperatures above this point, CO2 behaves as a vapor under these conditions.
13

CO2 density increases with pressure at temperatures above critical conditions (Klins and Bardon,
1991). These properties mean that CO2, from the standpoint of availability, cost, and operational
handling, is the most practical of solvent gases in terms of miscibility. Also, as reservoir
temperature increases under a specific level of pressure, the viscosity of CO2 decreases and its
compressibility increases. That implies that reservoirs with sufficient temperature levels (100 to
170°F [38 to 77°C]) will be adequate for CO2 miscible floods.
Pressure
This is one of the most important factors to determine CO2 miscibility in oil. According to Klins
and Bardon (1991), it is possible to achieve a different level of miscibilities, ranging from
immiscible (low-pressure reservoirs) through intermediate- to high-pressure applications
(miscible displacement). The minimum miscibility pressure has a wide range of values (Holm
and O’Brien, 1970; Pontious and Tham, 1978; Hunter and others, 1982; Winzinger and Patel,
1989; El-Saleh, 1996) depending on depth, temperature, and crude oil composition. A minimum
of 1500 psi is generally regarded as a target reservoir pressure at which to conduct a successful
CO2 flood. This condition imposes an important restriction related to the current level of
reservoir pressure for a miscible CO2 flood. Because a significant number of reservoirs in Texas
fall below this level, the CO2 flood is typically implemented after waterflooding and has
increased the current pressure.
Reservoir Drive Mechanism
The reservoir drive mechanism is the mechanism that supplies the energy for hydrocarbon
production. The reservoir drive mechanism has a direct impact on what is occupying the pore
volume. Solution-gas or pressure-depletion drive usually result in hydrocarbon gas occupying the
pores as well as water and oil. Aquifer drive can result in just oil and water occupying the pore
volume if the water drive mechanism is strong enough to keep the pressure high so that the
hydrocarbon gas stays dissolved in the oil. The pore space occupied by invading water during
production of the reservoir affects CO2 miscibility and increases pressure requirements in order
to achieve adequate injectivity. Gas-cap-expansion drive results in that portion of the reservoir
high on structure containing a high hydrocarbon gas fraction within the pores. Solution gas is the
most typical drive mechanism where CO2 flooding is applied; this applies particularly to the
major carbonate reservoirs of West Texas. Many reservoirs in the Texas Gulf Coast have strong
water drives combined with low residual oil saturations and, therefore, are less unsuitable for
CO2 injection as an EOR mechanism.
Geological Characteristics

Structure and Reservoir Seal
The presence of a good seal determines the integrity of the reservoir for oil recovery and CO2
sequestration. Adequate CO2 floods require, to the greatest extent possible, isolated reservoir
structures where potentially leaking boundaries, such as faults, are not present in order to prevent
the loss of CO2. The absence of leaking boundaries is also important to prevent the possibility of
contamination of adjacent reservoir (or even nonreservoir) intervals. A good understanding of the
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structural geology of the reservoir has to be developed before starting a CO2 sequestration and/or
enhanced oil recovery project. In particular, faults may be sealing or nonsealing, a question that is
often difficult to answer.
Diagenesis/Mineralogy
Diagenesis controls the dynamics of the CO2 flood and the available pore volume and strongly
contributes to the heterogeneity of the reservoir. Porosity reductions and areal changes in
horizontal or vertical permeability are frequent effects of diagenetic processes, the impact of
which can be evaluated through reservoir characterization. Understanding the history of
diagenesis can help predict flow pathways within the reservoir. Diagenesis and mineralogy affect
the rock wettability and effective porosity, which, in turn, influence the EOR recovery.
Wettability refers to whether oil or water is in contact with the rock. Wettability influences the
relative ability of each fluid to flow through the rock.
Engineering and Reservoir Development Characteristics

Well Spacing
Well spacing, the distance between wells and the acreage they cover, shows a range of
distribution from 10 to 40 acres per well (40,470 to 161,880 m2/well) for most oil fields (Beike
and Holtz, 1996). Numerous factors including regulations, economics, reservoir size, API gravity
of the oil crude, structural heterogeneity, depositional system, and the nature of the exploitation
process determine well spacing. In many CO2 flood projects, infill drilling is conducted to reduce
well spacing to improve pattern uniformity. CO2 projects may also require reallocation of water
injector wells to achieve optimal reservoir pressure, improvement in injection profiles, and a
closer monitoring of producing wells. Reduction of well spacing can improve the sweep
efficiency of the CO2 and may improve the economics of the CO2 injection project (Hadlow,
1992). However, additional reservoir engineering work, such as simulation models and workover activities to improve CO2 injection profiles, must frequently be done in order to avoid or
reduce early breakthrough as a consequence of well spacing reductions.
Well-Bore Integrity
Well-bore integrity, the mechanical condition of the well and the quality of the cement jobs
performed when the well was initially completed, depends on the age of the well and how well it
was maintained. A leaking well-bore annulus can be a source for CO2 migration to unexpected
areas in the stratigraphic sequence encountered by the well (aquifers, adjacent reservoir zone, and
other areas). This can contribute to economic loss, reduction of CO2 flood efficiency, and
potential compromise of the field for sequestration. Commonly, a detailed logging program for
checking well-bore integrity is conducted for the operator to protect aquifers and prevent
reservoir cross-flow. In older fields, well-bore integrity must always be evaluated because it can
always compromise any enhanced recovery or sequestration efforts.
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Waterflooding
Waterflooding is the production strategy of injecting water into an oil reservoir to displace and
repressurize the oil. When waterflooding occurs it leaves behind the residual oil that is the target
of CO2 EOR miscibility projects. Water injection is applied in the vast majority of fields in
Texas that do not have a strong natural water-drive mechanism (Pontious and Tham, 1978; SPEEOR, 1986; SPE-EOR, 1989; Winzinger and Patel, 1989; SPE-EOR, 1991; El-Saleh, 1996). The
most important purpose of waterflooding in terms of CO2 EOR miscibility projects is
repressurization of the reservoir after primary depletion. A high level of reservoir pressure will
make the CO2 miscible in oil, thereby increasing the oil recovery efficiency. Normally, CO2
injection starts after an advanced phase of waterflooding.
Reservoir Pressure Depletion
As oil is produced from a reservoir the initial pressure is normally reduced. In order to have
successful implementation of CO2 EOR miscibility projects, one frequently redesigns the project
by changing injection rates or well patterns to increase the reservoir pressure level in mature
reservoirs (SPE-EOR, 1991; Kirkpatrick and others, 1985; Flanders and Shatto, 1993).
Variations in reservoir vertical and areal depleted pressure will potentially affect the sweep
efficiency of the CO2 flood and the amount of CO2 that can ultimately be sequestered. A highly
pressure depleted reservoir may be a poor candidate for CO2 EOR miscibility projects but could
have large potential for sequestration.
Production Voidage
For oil recovery, an excessive production voidage vertically or areally within the reservoir is the
origin of early CO2 breakthrough and a rapid reduction in reservoir pressure. Many CO2 floods
in Texas are based on adequate replacement factors that incorporate balanced productioninjection plans. An additional set of issues may be present for sequestration where excessive
injection is employed. The volumetric balance of any potential sequestration reservoir must be
well understood.
Rock-Fluid Property Characteristics

Oil and Gas Gravity
Oil gravity, a measure of the density of oil and the hydrocarbon component makeup, plays an
important role in CO2 flooding for oil recovery and sequestration because oil character affects
CO2 solubility. Most of the benefits CO2 conveys for oil recovery, such as oil swelling and
viscosity reduction, are highly influenced by the oil’s API gravity (Klins and Bardon, 1991).
There are widely varying screening criteria related to oil API and CO2 flooding (Kirkpatrick and
others, 1985; Haskin and Alston, 1989; Klins and Bardon, 1991; Bradley; Taber et al.). In a
general sense, the API gravity must not be less than 13° API nor greater than 55° API. Very
heavy oils or very volatile oils have historically resulted in poor sweep efficiencies. However,
more study is needed to determine how various oil characteristics will affect CO2 sequestration
characteristics.
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Porosity
Porosity, the void space within rock that can hold oil, gas, or water, is the fundamental
contributor to reservoir storage capacity. Porosity values vary widely for different depositional
systems, but they generally range between 11 and 30% (Beike and Holtz, 1996). The type of
porosity, as well as the amount, is important. Well-connected porosity of similar size is the best
type for both CO2 EOR miscibility projects and sequestration. It is common to compare projects
on the basis of porosity acre-feet per active well. Greater porosity, with all other properties being
equal, increases the viability of sequestration.
Permeability
Permeability, the ease at which fluid flows through a rock, determines the fluid dynamics of the
reservoir. High permeability will allow high volumes of CO2 to be injected into a single well,
thus reducing cost. High permeability will also allow CO2 to move out more quickly into the
reservoir, which is also favorable to sequestration. Though this factor is sometimes not
considered a critical one in CO2 EOR miscibility projects, large permeability variation can be a
potential contributor to unsuccessful CO2 floods and to sequestration, especially in depositional
systems with high vertical and horizontal variability in permeability. Strata with high values of
permeability will induce the CO2 to have early breakthrough, reducing oil sweep efficiency. In
this situation, a program of water-after-gas (WAG), profile injection improvement and
modification may be applied to diminish the effect of permeability variation.
Irreducible Water Saturation
Irreducible water saturation (Swi), the immovable water held in the rock by capillary forces and
interfacial tension, fills part of the pore volume. Low values are thus preferred because more oil
is contained in the rock to be produced by a CO2 EOR miscibility project and more pore volume
is available for sequestering CO2 . The movable oil volume (MOV), or the theoretical amount of
oil that can be removed in a water or gas flood, is a function of Swi and can be expressed as
MOV= PV × (1-Sor-Swi) (Dake, 1978), where PV is pore volume and Sor is residual oil
saturation. Additional studies are needed to determine what CO2 volume may be sequestered in
the irreducible water saturation.
Residual Oil Saturation
Residual oil saturation, that portion of the oil that is not displaceable by water, has high
variability and depends on the heterogeneity of the depositional system, capillary pressure,
wettability, and the connectivity and character of the pore space. Residual oil saturation is a
property of the reservoir rock that is strongly affected by rock wettability. Residual oil saturation
is the main target for a CO2 EOR miscibility project. It will also have an impact on sequestration
volumes. If sequestration alone is applied without prior CO2 EOR miscibility recovery, the
residual oil saturation will occupy a portion of the pore volume, decreasing the total volume that
can be sequestered.
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Relative Permeability
Relative permeability, the permeability of one phase relative to another, determines the mobility
ratio of the CO2 flood displacement. Defined as the ratio of the displacing to the displaced
mobility, the overall efficiency of miscible displacement may be lowered by the effect of an
unfavorable mobility ratio. Relative permeability occurs because the rock porosity contains
multiple phases including oil, water, and gas. Relative permeability affects the injectivity of CO2
and, therefore, is an important factor in the rate at which CO2 will be sequestered.
Injectivity
Injectivity, the ability to pump fluid or gas into a rock, is directly related to effective
transmissibility (permeability - thickness) of the injection zones. In this sense, one of the major
concerns in CO2 flooding is the loss of injectivity. Because a large number of projects are
developed in reservoirs having an average permeability of less than 10 md, loss of injectivity has
a significant impact on the economic viability of the project. However, successful projects in
reservoirs having low values of permeability are frequent in Texas (Holm and O’Brien, 1970;
Hunter and others, 1982; and Flanders and Shatto, 1993). Periodic reservoir stimulation and
changes in injection parameters frequently help to decrease the effect of loss of injectivity.
Table 4 shows effective injectivity in Texas oil reservoirs categorized by depositional systems.
Carbonate projects generally show injectivity levels lower than the sandstone group. Carbonate
injectivity ranges from 25 millidarcy-feet (md-ft) to a maximum of about 1100 md-ft. Open shelf
platform carbonates with extensive diagenesis and restricted platform carbonates with shoaling
cycle reefs show the higher values of injectivity (>600 md-ft). Reef banks, shelf edge carbonate
reefs, and dolomitized restricted platform carbonates are generally characterized by injectivity
levels lower than 300 md-ft.
The sandstone projects generally show injectivities higher than 1100 md-ft. Fluvial-dominated
deltas, sand-rich strandplains, and proximal delta front depositional systems demonstrate
injectivities greater than 9000 md-ft. Wave-dominated deltas and fan deltas have the lowest
sandstone injectivity, having values between 1100 to 1800 md-ft. The greater the injectivity the
fewer wells will be needed, reducing the cost of sequestration.
Characteristics Controlling the Use of CO2 in Enhanced Oil Recovery

In a broad sense, the supply of and demand for CO2 are functions of a number of variables. Some
of these are related to engineering. Others are related to factors and events that occur in the
economy at large (fig. 6a). The future supply of CO2 will largely be a function of utility demand
and emission regulations. The supply of CO2 can continue to increase with more utility demand
and/or stronger regulations regardless of the demand side.
Although these broad factors are important, it is also important to understand how CO2 might
actually be used in a CO2 EOR project. A CO2 EOR project is managed by first purchasing CO2
and then injecting it into the reservoir. Next, the CO2 is produced along with oil and hydrocarbon
gas. The CO2 is stripped from the hydrocarbon gas so that the gas can be sold and the CO2
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Average net pay
thickness (ft)

47.4
35.1
62.2
24.6
56.8
35.4
168.6
36.1
452.4
422.8
385.0
496.4
319.9
808.9
2,699.9

Geometric mean
permeability (md)

Table 4. Effective injectivity in Texas oil reservoirs described by depositional system.

Depositional system
Carbonate group
Open shelves, platforms, and ramps highly fractured
Submarine slope/fan/canyon fill, silty to muddy
Reef bank
Slope/fan/canyon fill (sandy)
Shelf edge carbonate reef
Open shelves, platforms, ramps
Restricted platform, shoaling cycles (dolomitized)
Open shelves, platforms, extensive diag. overprint
Open shelves, platforms
Submarine slope/fan/canyon fill, sandy
Shelf sands, mixed ss & carb
Shelf edge reef system
Deep water siliceous shales/chert
Tidal deposit
Open shelves, platforms, ramps, extensive diagenesis
Open shelves, platforms, ramps, mounds/patch reefs
Restricted platform, shoaling cycles, reefs
Sandstone group
Fan delta
Restricted platform, shoaling cycles, extensive dis.
Unconformity related
Atolls, pinnacle reefs (small and large)
Wave-dominated delta
Shelf edge: reefs, drapes
Wave-modified delta
Karst overprint
Back barrier
Fluvial dominated delta
Barrier shoreface
Sand-rich strandplain
Proximal delta front
Barrier core
Braided stream
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Figure 6. (a) Supply and demand factors controlling CO2 usage, and (b) design
considerations at the reservoir level in CO2 usage for enhanced oil and gas
recovery.
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reinjected (fig. 6b). The amount of CO2 purchased in this process depends on the reservoir pore
volume size, the flood design, and the amount recycled. Thus CO2 usage must be calculated on a
project-by-project basis.
Evaluation of Gas Displacement Recovery
The evaluation of gas displacement recovery was conducted developing and analyzing a database
of present and past projects. An overview of the strategies was undertaken followed by
determining what influenced the implementation of various strategies. Next, both the geologic
and engineering characteristics were analyzed followed by an overview of the EOR project
economics. By understanding the application of previous and current gas displacement projects
the applicability of CO2 recovery from power plant effluent can better be assessed.
Methodology

Data Sources and Project Definition
Five sources were used to collect data on EOR projects in Texas. These sources were (1) selected
biannual EOR surveys by the Oil and Gas Journal (Oil and Gas Journal, Biannual EOR Surveys
1976 through 1998); (2) SPE-EOR field reports (SPE-EOR Field Reports, 1982−1992); (3) an
EOR sourcebook (Cox and Schubert, 1986); (4) a survey of secondary and enhanced recovery
operations in Texas to 1982 (Railroad Commission of Texas, 1984); and (5) a DOE enhanced oil
recovery projects data base (Pautz and others, 1992). These sources often had conflicting
information concerning the data reported. The authors screened the data, removing outliers and
anomalies. A total of 57 projects were determined to be successful. A project was defined by the
authors to be economically successful according to four criteria:
1. the technology applied had to fall into the definition of gas displacement recovery, rather than
just disposal or pressure maintenance,
2. the application went beyond the pilot stage, to filter out of the database purely test
applications
3. a project was confined to the same reservoir, and
4. the same broad process was either applied to the same reservoir or was defined as a separate
project to filter out duplicate entries of data from the same project but from a different
reporting source.
This process definition allowed screening of the numerous data sources so that a data set free of
duplication and inconsistencies could be analyzed.
The distribution of successful start-up projects per year indicates a concentration of successful
start-ups in the years from 1981 through 1985 and in the mid-1990s as technology has matured.
Forty out of fifty-seven successful gas displacement recovery (GDR) projects were started in the
1981−85 period. This coincides with developments in oil prices, which peaked in 1981 and
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collapsed in late 1985. Nine projects during the period from 1971 through 1980 reflect the stage
of increased R&D into minimum miscible pressure (MMP), advances in slim tube testing, and
immiscible CO2 flooding. Figure 7 summarizes much of the current data. It shows the anticipated
additional recovery from existing CO2 enhanced oil recovery projects and indicates that Texas is
the leader in this technology.

Initial production (BOPD)

250,000

Enhanced production (BOPD)
Source: 1998 Oil & Gas Journal EOR Special Report
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150,000
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Canada
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Figure 7. Forcasted additional oil production from existing CO2 EOR projects.

All projects were defined and analyzed within a geologic context. To place the projects into a
geological context the concept of geologic plays was applied (Holtz, 1993). A geologic play is a
set of reservoirs with similar geologic, pertophysical, and engineering characteristics that react
similarity to a given production strategy. The original depositional system along with subsequent
postdepositional diagenesis are fundamental controls on the reservoir’s internal architecture. This
greatly affects how fluids flow within a reservoir and the potential recovery efficiency and
sequestration capacity. Therefore, depositional system and postdepositional diagenesis are the
primary criteria in categorizing reservoirs into geologic plays. All gas displacement EOR
recovery projects were categorized within this play context for analysis.
Overview of Flooding Strategies

Several methods are currently being used for miscible gas displacement. The most common ones
include continuous injection, huff-and-puff, and water-after-gas (WAG). The continuous
injection method injects only the gas solvent or effluent (often CO2) into a candidate reservoir to
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mobilize the residual oil. The injected gas is miscible; it mixes with the oil, giving it more
favorable flow characteristics. This method is most successful in reservoirs where geologic
heterogeneity is the lowest. The huff-and-puff method utilizes intermittent injections of gas to
mobilize the oil. When gas is not being injected, the injector wells are used for production of oil.
Water-after-gas alternates slugs of miscible gas and water injection to mobilize the target oil.
Reservoir Controlling Parameters and Flood Design Controls

For this initial screening study, the sources of reservoir data described previously were used to
develop a set of characteristics for the target reservoirs located close to the existing fossil-fuelfired power plants. Then, on the basis of example reservoirs, a prospective set of parameters was
developed. These parameters included:
•

reservoir heterogeneity

•

reservoir hydrocarbon pore volume (HCPV)

•

fluid properties

•

reservoir temperature and pressure

•

flood type

•

well pattern

•

half-cycle slug size

•

half-cycle gas-water ratio

•

ultimate slug size

Forecasts of CO2 use in the candidate reservoirs were then developed on the basis of the carbon
dioxide requirements of the existing projects in Texas.
Geologic Characteristics of Previous and Current CO2 EOR Projects

To understand the results obtained from existing CO2-based enhanced oil recovery projects, a
review of these projects was undertaken. The expectation was that this review would confirm the
success/failure rate and help detail a classification system that might be useful in categorizing
attractive sequestration project candidates.
Texaco operations at Port Neches are worthy of note. Texaco, as a partner in the Department of
Energy’s oil recovery field demonstration program, is combining an enhanced recovery
technologyCO2 floodingwith horizontal drilling, in order to boost production from the
sandstone oil reservoirs of southeastern Texas.
By injecting CO2 through a horizontal well, operators hope to contact more of the oil left in the
reservoir, moving it to production wells. The demonstration site, the Port Neches Field, contains
reservoirs that today produce mostly water and very little oil. The target reservoir is the
Marginulina sand approximately 6000 ft (1829 m) deep. Two CO2 injection wells were drilled;
one was a horizontal well running through nearly 1500 ft (457 m) of the target reservoir. Twelve
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existing vertical wells will serve as production wells. A 4.5-mi (7.24-km) pipeline will be
installed to transport CO2 to the field. Saltwater will be injected into the field to raise reservoir
pressures to nearly 3400 lb/in.2 (239 kg/cm2), the point where CO2 miscibility begins to occur.
The project began in June 1993 and continued through the end of 1997.
Port Neches belongs to a geologic class called “fluvial-dominated deltaic reservoirs,” which the
Department of Energy’s Office of Fossil Energy designated as its first priority in a program to
demonstrate improved technologies that can prolong the life of these fields. In the project area,
the two production technologies could increase the amount of oil recovered from the target
reservoir by nearly 20%. As much as 2.2 MMbbl of crude oil is anticipated to be produced from
the Marginulina sand reservoir with these processes compared with the 200,000 bbl that would
be expected if only waterflooding continued.
CO2 EOR projects have historically been implemented in reservoirs represented by numerous
geologic depositional systems. More than one-third (21 projects) of all projects were located in
the restricted to open carbonate platform depositional environment. About 20% (11 projects)
were in a fluvial/deltaic depositional environment. Two have been undertaken in karst-modified
systems. Five to eight projects have been conducted in other depositional systems. In addition to
the Permian Basin, these projects exist in the Gulf Coast and East Texas basins
(figs. 8 to 15).
The flooding processes and well patterns were also investigated and summarized for each
depositional environment. This impacts both the recovery efficiency of oil and the potential
sequestration capacity. In fluvial/deltaic reservoirs, enhanced recovery using CO2 was commonly
implemented after primary recovery as a WAG and/or continuous injection with an irregular or
peripheral well pattern. Barrier strandplain reservoirs commonly had CO2 recovery mechanisms
implemented after primary production with a huff-and-puff process. All submarine fan reservoirs
had enhanced recovery implemented after waterflood with a continuous or WAG process with
either a five-spot or line-drive well pattern. All restricted to open platform carbonate reservoirs
had miscible displacement implemented after waterflood with WAG injection and either an
inverted nine-spot or a five-spot well pattern. Projects in reservoirs with reef depositional settings
were implemented mainly after waterflood with both WAG and continuous injection in inverted
nine-spot, crestal, or peripheral well patterns. Deep-water chert reservoirs were implemented
after primary and waterflood normally with continuous injection in inverted nine- or five-spot
well patterns. Generally continuous or WAG injection was the dominating injection strategy and
the majority of projects (40 projects, representing 70%) were waterflooded before gas
displacement recovery was applied.
Engineering Characteristics of Gas Displacement Projects

To augment the geologic categorization of existing GDR projects, engineering characteristics
were also examined. Most of the existing gas displacement projects were initiated following
waterflooding, with the exception of projects in West Texas deep-water chert reservoirs and in
the Gulf Coast deltaic and strandplain sandstone reservoirs. The majority of gas displacement
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projects implemented were CO2. Forty-nine (86%) used CO2 as displacement fluid. Eight
projects used either flue gas, carbonated waterflood, hydrocarbon gas, nitrogen, or
hydrocarbon/N2. Additionally, most gas displacement projects apply a WAG process.
Continuous injection and huff-and-puff processes are less common.
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Figure 8. Enhanced oil recovery projects in deep water chert reservoirs of West
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Figure 9. Enhanced oil recovery projects in San Andres platform carbonate
reservoirs of West Texas.
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Figure 10. Enhanced oil recovery projects in the Horsehoe Atoll trend of West
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Figure 11. Enhanced oil recovery projects in platform carbonate reservoirs in the
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Figure 12. Enhanced oil recovery projects in the Delaware Basin submarine fan
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Figure 14. Enhanced oil recovery projects in the Frio salt dome trend of the
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Figure 15. Enhanced oil recovery projects in the East Texas Basin.
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The outcomes of existing projects have demonstrated that the characteristics of the injected
solvent (CO2 effluent) are critical for success. Typically, injected gas compositions have ranged
from 97 to 99% purity. Other characteristics that may impact oil recovery and sequestration
capability include liquid content of the subsurface effluent (since this can lead to the formation of
acids, which could impact the integrity of the reservoir seals); the mix of water and CO2 used to
increase sweep efficiency (which can lead to early breakthrough of the effluent, reduced
recoveries, and greater need for corrosion-resistant metallurgy, such as stainless steel subsurface
components); the presence of particulates (since this can affect injectivity and near-well-bore
integrity); and the presence of sulfur compounds (which can create both injectivity and integrity
issues).
Petrophysical Properties
A review of the petrophysical properties of existing gas displacement projects was undertaken as
part of the engineering assessment. Average porosity characteristics of sandstone reservoirs in
fluvial/deltaic systems range from low to upper mid-range (10 to 30%), with a higher frequency
on the lower end of the range (fig. 16). Barrier strandplain systems show a porosity distribution
from 20 to 35%, with a higher frequency between 25 and 30%. Submarine fans also cover the 20
to 35% range but are centered more on both ends.
Average porosity for carbonate GDR reservoirs is low (fig. 17). Porosity ranges from 5 to 20%.
The largest group is represented by open to restricted platform, ranging from 5 to 20%, with a
distinct concentration at the 10% level. Reefs concentrate at the 5 to 10% level. Deep-water chert
reservoirs are evenly distributed over a 5 to 20% porosity range, while karst is represented at the
5 to 20% interval.
Another important characteristic governing enhanced oil recovery and CO2 sequestration
capability in sandstone reservoirs is initial water saturation. This parameter ranges from 10 to
45% (fig. 18). Fluvial/deltaic systems are represented over the entire range, with a concentration
in the 25 to 45% range. The submarine fan system category ranges from 20 to 40%, with a
concentration in the upper half of that range. The barrier strandplain systems are concentrated in
the 25 to 35% range.
Initial water saturation for carbonate gas displacement projects ranged from 15 to 40%
(fig. 19). The restricted to open platform system was spread over the entire range, with a clear
concentration in the 15 to 25% range. Reefs are concentrated in the 15 to 25% range. The karstmodified system is represented at the 25 to 40% level. Deep-water cherts are represented from
the 20 to 40% range, with a concentration at the higher end.
Another important characteristic governing enhanced oil recovery and CO2 sequestration
capability in sandstone reservoirs is average residual oil saturation. Average residual oil
saturation values for sandstones range from 15 to 55% (fig. 20). Fluvial/deltaic systems are
represented over the entire range, with a concentration at the 25 to 30% range. Barrier strandplain
projects are relatively evenly distributed between 15 and 35%. Submarine fan projects are
represented at the 35% level.
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Figure 16. Porosity characteristics of sandstone enhanced oil recovery reservoirs.
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Figure 17. Porosity characteristics of carbonate enhanced oil recovery reservoirs.
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Figure 18. Initial water saturation characteristics for sandstone enhanced oil
recovery reservoirs.
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Figure 19. Initial water saturation characteristics for carbonate enhanced oil
recovery reservoirs.
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Figure 20. Residual oil saturation characteristics of sandstone reservoirs from
enhanced oil recovery projects.

Average residual oil saturation for carbonates ranges between 25 and 45% (fig. 21). Restricted to
open platform projects are represented over the entire range, with a concentration between 30 and
40%. Reef projects are represented at the 25, 35, and 45% levels. Karst-modified projects are at
the 25 to 30% range, while deep-water chert projects are represented at the 25% level.
Fluid and Depth Characteristics
Just as petrophysical properties of candidate reservoirs varied widely, fluid and depth
characteristics also vary widely. These variations influence the potential for enhanced oil
recovery and the sequestration capability of the candidate reservoirs. If API gravity is too low,
thermal recovery methods (e.g., steam-flooding) are better suited for EOR and for influencing the
sequestration capability of the reservoir. If the reservoir is too shallow, sufficient CO2 pressure is
more difficult to maintain, potentially resulting in incomplete flooding and suboptimal
sequestration capability.
For sandstone reservoirs in Texas, experience with CO2 flooding on fluvial-deltaic systems has
been carried out where API gravity values have ranged from the lower 20s to 50°, with a
concentration above 35° (fig. 22). These projects have ranged from 2000 to 12,000 ft (610 to
3658 m) in depth. For these projects, as depth increases the API gravity increases. Barrier
strandplain API gravities range from the lower to upper 30s, with a concentration at about 25 to
30. These projects are concentrated in the 4000- to 6000-ft- (1219- to 1829-m-) depth range. For
these projects, API gravity increases little with increasing depth, except in one case where it is
substantially higher at a much lower depth. For submarine fan systems, API gravity is centered
between 35 and 40°. These projects occur in the 2000- to 8000-ft- (610- to 2438-m-) depth range.
In this category, API gravity is relatively independent from depth.
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Figure 21. Residual oil saturation characteristics of carbonate reservoirs from
enhanced oil recovery projects.
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Figure 22. Depth versus oil gravity of sandstone reservoirs from enhanced oil
recovery projects.

Depth and oil gravity characteristics for reservoirs in carbonate depositional systems also vary
widely (fig. 23). API oil gravity for the open to restricted platform carbonate reservoirs ranges
from 30 to 50, with a distinct concentration between 30 and 35°. The dominant depth range for
these projects is between 4000 and 6000 ft (1219 and 1829 m). Reservoirs in reef depositional
settings have API oil gravity that ranges from 40 to 50°, with a trend toward lower gravities.
Depth distribution centers between 6000 and 10,000 ft (1829 and 3048 m). Deep-water chert
reservoirs have an API oil gravity that ranges between 30 and 50° with a concentration near 40°.
Their depths range between 8000 and 10,000 ft (2438 and 3048 m). Reservoirs in karst-modified
geologic settings have API oil gravity at about 30° and lie at a depth lower than 2000 ft (610 m).
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Figure 23. Depth versus oil gravity of carbonate reservoirs from enhanced oil
recovery projects.

Design of Gas Displacement Recovery and Sequestration Projects
Design of gas displacement projects has traditionally focused on the choice of displacement fluid,
injection strategy, and well pattern selection. Displacement fluids that have been applied include
CO2, flue gas, nitrogen, and hydrocarbon gases. The injection strategy has traditionally
concentrated on how the displacement fluid will be put into the reservoir and considers variables
like directional permeability, existence of fractures and their orientation, and stratification. These
are fairly major factors that can significantly affect recovery. Other factors are also important,
including the injection pressure at which formation fracturing occurs, the water-oil mobility ratio,
and the desired oil producing capacity to determine rate of recovery and, thus, net present value
of a project. All of these factors can also be expected to affect sequestration capability of the
reservoir.
Two major parameters that affect gas displacement injection strategies are gas volume utilized
and production response to injection. Together, these measures have historically indicated the
efficiency of the gas displacement strategy. For a project with multiple objectives (such as a
sequestration/EOR project), it is also important to consider how much total injected gas volume
can be accepted. These values typically range from 24 to 40% of the original hydrocarbon pore
volume.
In addition to the total injected gas volume, it is also important to consider the ultimate volume
of injected gas that is produced and recycled. In a traditional gas displacement project, CO2 is an
expensive commodity, so as large an amount as possible is recycled. This recycled amount
typically ranges from 15 to 50% of the volume injected. In the case of the WAG process, gas is
typically injected into a reservoir in a 2:1 or 1:1 (water-gas ratio) slug size. It may be advisable to
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vary the recycled amount and the slug size partly on the basis of effluent disposal requirements
rather than simply of recovery maximization requirements.
Oil recovery response indicates that an average of 3 to 10 Mscf of CO2 gas injected results in a
barrel of oil produced in these projects. Ultimate recovery efficiency ranges from 5 to
25%, with the highest efficiency occurring in West Texas Devonian deep-water chert reservoirs.
The geologic character of a reservoir together with the stage of development guides the
appropriate technology selection and injection quantity.
Historically, these technology applications have varied according to the reservoir type. For
example, the current production strategy for gas displacement in platform carbonate reservoirs
involves carbon dioxide WAG flooding, typically in a 20-ac (80,940-m2) inverted nine-spot
pattern, following a waterflood. In less heterogeneous deep-water chert reservoirs, successful
projects typically involve continuous injection of flue gas, CO2, or impure CO2 directly
following primary production. Gas displacement in barrier/strandplain reservoirs occurs after
primary production involving the CO2 huff-and-puff process, whereas in deltaic reservoirs CO2
and flue gas are injected in a WAG or continuous injection process. These differences in
recovery techniques are influenced by reservoir architecture, initial drive mechanism,
petrophysics, and depth of burial.
Oil Production from Gas Displacement Recovery Projects
Traditionally, the success of an enhanced recovery project has been measured by the amount of
oil estimated as originally in place compared with the amount recovered (or expected to
ultimately be recovered). Similar measures can be developed to measure the ability of a reservoir
to accept CO2 effluent for sequestration.
Reported incremental oil recovery efficiencies for GDR projects in sandstone reservoirs in Texas
have generally ranged from 0 to 18% of the original oil in place (OOIP) (fig. 24). Projects in
submarine fan reservoirs displayed the highest recoveries ranging from 6 to 18% of the OOIP.
Generally, fluvial deltaic projects were reported to have recovery efficiencies below 12%;
however, some higher outliers were reported, with recoveries between 30 and 42%.
Barrier/strandplain projects showed the lowest recovery, ranging below 6%. Overall, 75% of
these projects had low recovery efficiencies.
Incremental recovery efficiency for GDR projects in carbonate reservoirs also generally ranged
from 0 to 18% of the OOIP (fig. 25). Projects in restricted to open platform carbonate reservoirs
report recovery efficiencies evenly over this range. Seven restricted to open platform carbonate
reservoir projects ranged between 12 and 18% recovery. Ten projects were below 12% recovery
efficiency. Projects in reservoirs with a reef depositional system reported recovery efficiencies of
less than 6% (one project) and less than 12% (four projects). Karst-modified projects were
represented once in the below-6% category and once in the below-12% category. Recovery
efficiencies for deep-water cherts were below 6% for one project, below 12% for another project,
and for two projects were between 12 and 18% recovery. Overall, these projects had modestly
higher recovery efficiencies than the sandstone reservoirs. For both geological classification
systems, recovery efficiencies for projects concentrate up to the 18% efficiency level.
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Figure 25. Recovery efficiency of carbonate reservoirs from enhanced oil recovery
projects.

It is important to note that the capability of these reservoir systems for effective EOR
performance varies. Relatively low and relatively moderate capabilities are available. However, it
is not clear that the capability of these systems for total CO2 sequestration is low or low to
moderate. Sequestration will depend more on the nature of the reservoir drive mechanism, total
pore volume, and the seal mechanics, and will be measured in additional volumes able to be
safely stored, not simply on the ability to force oil to the well bore. Consequently, a more
comprehensive set of performance measures may be necessary, including such mundane
considerations as the age of the field and the resulting well-bore integrity.
Project Economics for Carbon Dioxide Miscible Flooding
Initial Capital Expenditures

There are numerous costs associated with equipping existing reservoirs with the necessary
infrastructure to support optimal CO2 flooding. These costs fall into two major categories: capital
costs and operating costs.
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Generally, the largest single operating cost for an existing EOR field operator is the initial cost of
CO2, as well as the cost of recirculating CO2 at the reservoir. Other major capital costs include
(but are not limited to) the following:
•

field operating costs

•

costs of reservoir data gathering (this includes seismic shoots, reprocessing, and well logging)

•

infill injectors and producers (injectors may need corrosion-resistant-alloys)

•

workovers

•

injection header(s)

•

automatic well-test facilities

•

CO2 effluent production costs

•

existing power plant modifications

•

flue gas desulfurization (if not currently employed)

•

CO2 recovery equipment (MEA catalyst process)

•

CO2 transportation pipeline (from power plant to field)

•

power for CO2 separation and compression activities

Field Operating Costs

Recovering and separating CO2 from produced hydrocarbon gas can represent a major portion of
field operating costs. Typically, CO2 cost is broken into initial purchase price and recycling cost.
Under many existing agreements, the initial purchase price for an operator varies as a function of
oil price above a floor price.
Modeling CO2 Flooding Cost

Most of the reservoir and CO2 flooding costs are modeled as a function of oil price. Previous
work (SPE-EOR Field Reports [1982−1992]) has demonstrated that historical annual operating
costs in West Texas for a given year are related to the average oil price in the previous year.
Analyzing this relationship of oil price to operating costs helps build a database of development
and operating costs usable under future oil price scenarios. This is particularly true given the oil
price variability of 1998. Land, lease, royalty, and acquisition costs are highly variable
throughout the state.
Screening Texas for Candidate CO2 EOR Reservoirs
A feasibility study was undertaken to determine the applicability of using CO2 power plant
effluent for CO2 enhanced oil recovery. Texas oil reservoirs were screened to determine if
reservoir characteristics and production status warranted CO2 enhanced oil recovery. The
localities of candidate reservoirs were then integrated with power plant locations to assess the
feasibility and target resource of using CO2 power plant effluent.
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Screening Criteria

To assess the EOR resource base and additional incremental recovery potential, geologic and
engineering characteristics were examined for all significant oil reservoirs (n = 3000) in Texas
defined as those that have produced more than 1 million stock-tank barrels of oil. Screening
criteria include oil characteristics, rock properties, reservoir temperature, reservoir mechanics,
and reservoir pressure (fig. 26) (see Factors Controlling the Use of CO2 in Sequestration and Oil
Recovery). Approximately 1730 reservoirs satisfied the screening criteria. This candidate
reservoir oil resource then becomes the oil resource that could help defray the cost of
sequestering CO2 from existing power generation sources of effluent in Texas. Additionally
power plants were screened on the basis of fuel used and output variability.
Oil Reservoir Screening Constraints
The general reservoir screening constraints were applied to cull out reservoirs that were not yet at
the stage of their production life where CO2 would be the proper option. Reservoirs that are
candidates for CO2 EOR are those that are at an advanced stage of waterflooding or aquifer
encroachment. At this production stage most of the mobile oil has been produced and the
remaining significant volume of oil is residual oil that cannot be produced without EOR. To
identify reservoirs at an advanced stage of production screening constraints that were grounds for
rejection from the candidate set included:
•

reservoirs that were not initially water driven;

•

reservoirs that were at an early stage of waterflooding; and

•

reservoirs that had not yet been waterflooded.

However, previous waterflooding was not applied as a requirement for large deep reservoirs
where vaporizing gas drive miscibility can be achieved (SPE-EOR Field Reports [1982−1992]).
The literature shows that these reservoirs have had gas displacement EOR applied directly after
primary production.
There are three broad reservoir characteristics that can be applied as screening criteria to
determine the feasibility of CO2 EOR. These criteria include minimum miscibility pressure
(MMP), injectivity, and reservoir heterogeneity. The most critical detailed constraint for the
applicability of miscible CO2 EOR is the MMP. Minimum miscibility pressure is a function of
oil properties, reservoir temperature, reservoir pressure, and the purity of the CO2 injected. Other
screening criteria include injectivity, which is an indicator of permeability and storage capacity
(porosity) and control the rate at which CO2 can be put into the reservoir. Geologic heterogeneity
affects both early CO2 breakthrough and thus volume of CO2 recycled. For determining
candidate reservoirs MMP was the only reservoir characteristic applied. No reservoirs were
included as candidates for CO2 EOR unless the MMP was less than the initial reservoir pressure.
Several other reservoir properties are important to consider in the screening and process design
phases. Broadly speaking, oil viscosity, oil API gravity, reservoir depth, reservoir oil saturation,
and reservoir heterogeneity are among the most important. Carcoana (Cox and Schubert, 1986)
suggests oil viscosity values of 1 cp or less and an API gravity of greater than 30°. Stalkup
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Figure 26. Decision tree to determine gas displacement recovery candidate
reservoirs.

(1984) suggests reservoirs should have oil gravities greater than 27° API and should be no
shallower than 2500 ft (762 m). As noted previously, others have suggested that API oil gravity
should range between 11 and 30. Both viscosity and oil gravity are constraints controlled by the
minimum miscibility pressure. Residual oil saturation is primarily an economic screen and values
of 20 to 25% have been suggested by Stalkup and Carcoana.
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General Generation Plant Screening Constraints
Screening constraints that were grounds for rejection from the candidate set included:
•

a plant with a widely varying electrical output that was designed to follow load. These plants
were rejected because the economic benefit to CO2 reduction was expected to be less than
that of a base-load facility.

•

a plant fired by natural gas. These plants were rejected because of the nonsteady flow of CO2
from natural-gas-fired plants, as noted previously.

Location of Utility-Owned Generation Plants and Oil Reservoirs

The locations of the candidate coal- and lignite-fired power plants and the associated oil
reservoirs are shown in figures 27 and 28. These maps were made with the help of an integrated
geographic information system (GIS). Candidate reservoirs are located within a 90-mi (145-km)
radius of the coal/lignite-fired generation plants. The GIS maps also show how potentially
difficult it can be to distribute the CO2 output to all of the reservoirs within the target radius. In a
broad development scenario, the proper design and routing of a pipeline network will most likely
present a major challenge.
Two notable clusters of candidate reservoirs exist: the platform carbonates of West Texas, and
the fluvial deltaic reservoirs of East Texas. The coal and lignite plants in the eastern part of the
State are generally located along the Wilcox and Jackson lignite belts that crop out in a belt
stretching from South Texas well into East Texas and western Louisiana. It is important to note
that some of the largest existing reservoirs in the State are located adjacent to these eastern
plants. However, they are not included in the target candidate reservoir list or plotted on these
maps. This is because they have experienced high recovery efficiencies and have low residual oil
saturations and, hence, are considered to be unlikely candidates for gas displacement recovery. It
may be possible to alter this assumption with further investigation and testing, and certainly they
may possess a large opportunity for sequestration.
Results—Estimated Target Recoverable Oil from CO2 EOR

To determine the target of recoverable oil, reservoir volumetrics were carried out for each
candidate reservoir. Volumetrics include the calculation of the original oil in place, the remaining
mobile oil, and the residual oil. The residual oil is the target volume for the CO2 EOR process.
One of the major costs associated with the capture and transportation alternatives is the cost of
the pipeline for CO2 transportation. Generally, the closer the oil resource is to the existing plants,
the lower the overall cost of the CO2 capture and transportation project. Therefore, the oil
volumetrics were grouped, by applying GIS, into sets of reservoirs dependent on their distance
from a power plant. The volumetrics were then summed to give the following results in terms of
distance from a candidate power plant:
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Figure 27. Locations of utility plants and oil reservoirs, Gulf Coast and East Texas.
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Figure 28. Locations of utility plants and oil reservoirs, Panhandle and West Texas.

Estimated Resource Base within 30 mi (48 km) of the Candidate Power Plants
•

30 billion stock-tank barrels (BSTB) of original oil in place (OOIP)

•

10 BSTB of residual oil remaining

•

3 BSTB of target oil recoverable through CO2 EOR

Estimated Resource Base within 60 mi (97 km) of the Candidate Power Plants
•

60 BSTB of original oil in place (OOIP)

•

21 BSTB of residual oil remaining

•

6 BSTB of target oil recoverable through CO2 EOR
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Estimated Resource Base within 90 mi (145 km) of the Candidate Power Plants
•

80 BSTB of original oil in place (OOIP)

•

31 BSTB of residual oil remaining

•

8 BSTB of target oil recoverable through CO2 EOR

Figures 27 and 28 illustrate the location of the candidate base-load power plants and the
estimated resource base graphically. Note that multiple generation units are sometimes located at
a single site. The target residual oil resource doubles when the search radii was doubled from 30
(48 km) to 60 mi (97 km). Increasing the search radii another 30 mi (48 km) resulted in an
additional 2 BSTB target. Importantly the target resource is not clumped at the longer distance,
making the idea of staged pipeline construction feasible.
In addition to these oil resource totals, a substantial amount of CO2 sequestration capacity exists
within these areas. For purposes of this initial investigation, we have assumed that the capacity
for CO2 sequestration is equal to the estimated amount of CO2 needed for oil recovery from the
candidate reservoirs. Given the nature of the physical controls described previously and the
possibility that overpressuring (compared with initial reservoir pressure) was ignored, it is most
likely that the CO2 use (sequestration) estimate is conservative.
Results—Estimated CO2 Recovery Costs

Recovery costs for CO2 are highly dependent upon the demand requirement for the effluent.
Since a major economic benefit of this approach for CO2 effluent mitigation relates to the
“value” received for the additional oil produced, the larger the resource base to be flooded, the
longer the “economic” life of the CO2 recovery process.
Initial estimates indicate that the candidate reservoirs may require carbon dioxide representing a
12- to 20-year supply of carbon dioxide output from the candidate fossil-fuel-fired plants.
Therefore, costs of CO2 supply may be as follows (see table 3):
Costs of CO2 Capture and Transportation

10-year project life:

$1.12 to $2.71; average $1.62

20-year project life:

$0.94 to $2.41; average $1.39

30-year project life:

$0.90 to $2.34; average $1.33

(Note: Transportation of 100 mi (161 km) assumed for comparison purposes)
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Economic Potential for CO2 Recovery and Transportation
Near-Term Economic Potential

The analysis indicates that several plants are initial candidates for CO2 capture at oil prices close
to current or above. In general, the industry currently considers $0.50/Mscf to be a target price of
interest. Substantial resource could be delivered at prices close to and slightly above this level.
In fairness, simply on the basis of the value of the additional incremental production of oil, the
returns are not especially compelling at oil prices of $15/bbl when one considers the large capital
expenditures and operational uncertainties involved. For the most part, these projects are longterm, capital-intensive ones, requiring significant investment and considerable engineering and
geologic experience to develop efficiently. Since pipeline costs are so substantial, further
network design may be warranted for specific least-cost plants. For the majority, development is
a prospect for the future.
Long-Term Economic Potential

The medium- and long-term perspective for these candidate plants is substantially brighter for
CO2 capture and transportation, however. Since some energy companies are planning with some
consideration for assigning costs to selected environmental externalities, an additional impetus
for abatement is established. Depending upon how these externalities are internalized, CO2
capture and transportation could be a viable compliance strategy. The most discussed operational
strategy is fuel switching from coal (or lignite) to natural gas. In this section, we will also
compare fuel switching to CO2 capture and transportation.
Considering the pros and cons of capture and sequestering, it is important to recognize that
“sequestering” requires a large, stable set of reservoirs. As previously noted, a 12- to 20-year
demand for CO2 exists around the candidate coal- and lignite-fired plants. These demands are
based on CO2 requirements of 6 to 10 Mscf/bbl of oil to be recovered. In addition, this demand
estimate assumes that the reservoirs can accept as much CO2 as the plants can deliver, whenever
the plants wish to deliver it. Clearly, prudent reservoir management practice will require more
control and “service” than this. If implemented, a large-scale effort is likely to require balancing
and storage services.
Without considering the value of the additional oil to be produced, the costs of CO2 capture and
transportation over 100 mi (161 km) for the candidate plants range from approximately $23/t to
$60/t of CO2. These costs do include an estimate for disposal costs, which are essentially the
costs of oil field redevelopment.
If the “value” of the CO2 is taken to be a reference $0.75/Mscf, costs of capture and
transportation are reduced to a range of $8/t to $41/t of CO2, based on a 30-year project life. For
capital recovery only, it may also be appropriate to assume a 10-year project life. In this case, the
costs range from $13 to $50/t of CO2.
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These values form a range of values for CO2 taxes, should those be considered, that might be
necessary to ensure that CO2 capture and transportation takes place. It is easy to see that if a tax
were structured so that it were not imposed except on effluent, this range of break-even costs
forms a target range for policy consideration. Conceivably, a fuel input tax or a tradable permit
program that gave offset credit for effluent mitigation could also successfully encourage CO2
capture and transportation. Previously debated carbon tax levels$15 to $25/t of CO2could
potentially result in substantial subsidy of CO2 for oil recovery, or substantial income for either
CO2 producer or consumer.
What about the costs of the most discussed mitigation optionfuel switching from coal (or
lignite) to natural gas? A first-order approximation of the costs to retrofit and operate a typical
513-MW subbituminous coal-fired boiler in Central Texas was undertaken. The costs were
examined over a 30-year life on a levelized basis with a 10% real discount rate. They indicate
that total costs over a 30-year study period range between $6 and $10/t of CO2. Given the
relatively limited nature of this analysis and the favorable location of the plant (near several
existing gas pipeline options), the costs on a state-wide basis for both of these approaches can
initially be thought of as close to equal. Subsequent analyses are necessary to validate this
observation.
In a qualitative sense, however, we do not believe that the risk profiles of the two approaches are
the same. From a straightforward economic perspective, the overall cost of the fuel-switching
option is primarily determined by the relationship and ratio between gas and coal prices in the
future. Typically, consensus forecasts over the next 30 years (as flawed as these may be) project a
1 to 2% annual increase in real prices (not including inflation). For real gas prices, this range is
typically higher. In addition, gas prices are considerably more volatile than coal prices.
Today, and for the near future, a fairly substantial price advantage exists for coal and lignite on a
busbar evaluation basis (not considering any costs for environmental externalities). In a declining
marginal cost market, such as the one that exists today, continuing to burn coal and lignite has
considerable economic appeal. In addition, substantial lignite resources are available in Texas.
To the extent that these resources are utilized, native natural gas is freed for export to other states
and Mexico. If a resource short market were to reoccur, this “baseload coal and export higher
value products” strategy also has considerable appeal.
Unlike fuel switching, the overall cost of the CO2 capture and transportation option is driven by
real oil prices. The primary project risk develops if oil prices fall below the current range of $15
to $20, as they recently (December 1998) have. In other words, if oil prices decrease in real
terms, or remain depressed at levels of $10 to $12/bbl, the viability of the CO2 capture and
transportation project is at risk. The performance of prices in 1998 illustrates these risks well, in
spite of the fact that many consensus forecasts foresee oil prices escalating in the range of 1 to
4% annually over the next 20 years. However, there is one additional uncertainty associated with
the CO2 capture and transportation optionthe CO2 injected may not recover any additional oil.
This reduces the revenue available to offset project costs.
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So, the costs associated with the two options can be thought of as “close.” Substantial uncertainty
is present with regard to fuel prices and CO2 flood design. An examination of the environmental
issues remains to determine which strategy might be more desirable.
Risk cannot be defined only as price risk, however. For natural gas fuel switching, there are also
issues with system leakage and the radiative forcing effects of methane compared with CO2. In
addition, there are questions of appropriate timeframe evaluation that apply for both switching
and sequestration alternatives. The amount of total mitigation, the reservoir stability of
sequestration mitigation, and the potential emissions under each alternative are appropriate areas
for further investigation.
Some initial examination of the potential emissions under each alternative may be useful. For a
513-MW reference plant, the hourly emission rate is approximately 969,000 lb/hr (439,538
kg/hr) of CO2. Using the capture and transportation option, the amount emitted into the
atmosphere can be reduced by 90% to approximately 107,666 lb/hr (48,837 kg/hr). The fuelswitching option only reduces this amount by approximately 58%, to a level of 562,020 lb/hr
(254,932 kg/hr) of CO2.
Assuming a 75% capacity factor and a 1-year period, the total CO2 emitted for the base coal case
(no capture or fuel switching) is approximately 7.1 billion lb, or 71 billion lb over
10 years. For the fuel-switching option, the total is approximately 4.1 billion lb in 1 year, or
41 billion tons in 10 years. For the coal-fired capture/transportation option, the total CO2 emitted
to atmosphere is approximately 0.7 billion lb in 1 year, or 7.1 billion lb in 10 years. In other
words, the capture and transportation option can be expected to emit approximately 17.3% of the
CO2 that the fuel-switching option will.
Even with this substantial advantage in favor of capture and transportation, it is consistent and
reasonable to note that the demand function for CO2 is potentially limited to the remaining life of
the reservoir, which might range from 5 to 15 years. An argument can be made that capture is
only a viable environmental option as long as the CO2 is sequestered in oil reservoirs. What
happens when gas displacement has recovered all the oil that it can? More importantly, what
happens in the future when all of the economically and technically targetable resource has been
extracted?
In the case where a particular reservoir or group of reservoirs is depleted, it is likely that the
depleted reservoirs may be used to sequester more CO2 for storage. Since CO2 is highly
compressible, substantial additional volumes can be sequestered as fairly small volumes of oil
and water are produced. In the larger context, there are many additional oil reservoirs located
outside of the 90-mi (145-km) radius of the plants noted herein. Since the problem is one of
disposal and additional resource at the margin, it is quite conceivable that pipeline extensions
may be built subsequent to the initial pipeline work to capture these additional resources. On an
incremental basis, these capital investments should be a fraction of the initial ones.
In the worst case, substantial CO2 oversupply may eventually exist at some point in the future.
Or, relative fuel prices may shift such that natural gas becomes less expensive than coal. In either
case, at the future point in time, it may be viable to switch the retrofitted plants from coal to
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natural gas. This would reduce the CO2 emission rate to approximately 56,202 lb/hr (25,493
kg/hr).
This compound option of capture/transportation and fuel switching would be more difficult to
judge if it were carried out completely today. Certainly, it is more capital intensive, and it does
not reinforce an incremental philosophy. From an environmental perspective, this approach
would roughly double CO2 mitigation costs in the present price environment, but it would also
cut CO2 emissions to about 6% of their current level. If a CO2 tax (or tradable emissions permit
program) is in place with a relatively high price level, this approach could make sense. The
political viability of such an approach is not considered here, however.
This compound option has several potential advantages in a tax or permit environment. First of
all, the nature of the price uncertainty the project is exposed to is potentially closer to neutral. If
oil prices and natural gas prices rise, consumers pay more for fuel, but obtain higher return for oil
that is sold. Nationally, oil imports are potentially reduced, and drilling for natural gas may be
increased to locate additional reserves. Major problems could arise, however, if additional oil
resources were not produced and natural gas prices escalated rapidly.
There is an additional argument often advanced in favor of fuel substitution: the “economic
development” argument. It recognizes that in a resource short market, additional incremental
demand for natural gas will cause prices to rise and stimulate exploration and drilling to meet it.
To the extent that this additional exploration and drilling is carried out in Texas, it has the
potential to create jobs, and provide severance taxes and royalties to the State.
The “capture and transportation” option also has the potential to reinforce economic
development. To the extent that additional oil resource is extracted, this would also help create
jobs, and provide severance taxes and royalties to the State. It is beyond the scope of this
preliminary analysis to quantify the differences in economic development.
However, one point should be noted. Current conventional wisdom for natural gas markets
considers them to be in rough equilibrium. For approximately 10 years, a declining marginal cost
market has existed. These factors may tend to delay additional economic development stimulus
(i.e., expanded drilling programs) until more evidence emerges that the market has transitioned
from declining marginal cost to a resource short one. In the industry’s vernacular, if oversupply
(or the threat of oversupply) continues, additional incremental demand will be met from existing
production, reducing the need for (and the economic benefits of) additional drilling.
On the other hand, the compound option is reinforced by encouraging the capture and
transportation first, instead of fuel switching. The compound option (capture/transportation
today, fuel switching tomorrow) is probably best thought of as a financial “option” with a
potential future payoff if the strike price is reached. It minimizes current cost and uncertainty,
and maintains strategic choice and future flexibility. These are desirable features when
encouraging wide-scale adoption of new technology.
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Conclusions
This study investigated the possibilities for CO2 sequestration within oil reservoirs in Texas. The
study screened more than 1700 oil reservoirs, and grouped prospects for sequestration into
geologic plays. Engineering controls on recovery were also identified. In addition, the study
investigated the possibility of targeting certain plays and reservoirs within geographic proximity
to existing base-load coal- and lignite-fired power plants. Order-of-magnitude CO2 capture and
transportation costs were developed for each site to review the feasibility of undertaking such a
development program.
There is technical and economic potential in Texas for capture and sequestering of CO2 emitted
from existing fossil-fuel-fired plants and using the CO2 for enhanced oil recovery. These
methods may be reasonable with oil prices in the $20 to $25/bbl, and prices for CO2 in the $1.00
to $2.00/Mcf range. Given appropriate market prices for oil and CO2, there may be substantial
potential for CO2 abatement through a capture and transportation strategy. With appropriate
incentives, this strategy may be accelerated.
Capture and sequestration was identified as an expensive process. Further analysis of the costs of
compression, transportation, and the electricity capacity constraints that this may project onto the
existing electrical grid might help identify additional measures that could increase the
attractiveness of this alternative. Fortunately, substantive technical experience in handling CO2
processes exists within Texas. This means that certain issues, such as early corrosion of wellbore and transportation materials due to carbonic acid formation, might be addressed easily and
in a straightforward manner.
From an environmental perspective, CO2 capture and transportation has the potential to reduce
effluent levels to perhaps 10% of their current value for some of the largest coal- and lignite-fired
plants in the state. It is estimated conservatively that demand for these CO2 supplies may exist
for a period of 12 to 20 years for selected projects. In general, preliminary analysis demonstrates
that capture and transportation may be preferable to fuel switching, reducing CO2 effluent to
18% of that obtained under a fuel-switching strategy. A compound option of capture plus fuel
switching is considerably more difficult to evaluate given the substantial uncertainties of fuel
markets and reservoir engineering.
How might such a capture and sequestration strategy be operationalized? Where would efforts
most likely begin? How might a project implementation plan look? The future potential for oil
reserve growth from CO2-based enhanced oil recovery in Texas appears large. To come to grips
with some of these issues, an initial screening of significant-sized reservoirs on the basis of
reservoir characteristics was conducted.
This effort demonstrated that approximately 1700 reservoirs are possible candidates for this type
of EOR. These candidate reservoirs represent 80 BSTB of original oil in place, of which
31 BSTB is residual oil. The largest part of this resource lies in platform carbonate and fluvialdeltaic reservoirs. A number of issues remain unresolved with regard to the long-term effects of
CO2 reinjection and repressurization on reservoir seal integrity for different types of depositional
systems. Effects of overpressurization are not clear, so the total capacity of these reservoirs to
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sequester CO2 is yet unknown. Much of the CO2 flood performance information contained in
this report is based on publicly available sources that are not necessarily comprehensive. Detailed
engineering and performance audits of the existing CO2 floods in Texas could help to better
determine oil recovery efficiencies.
A target oil resource of 8 BSTB lies within 90 mi (145 km) of the candidate coal- and lignitefired power plants. Substantial oil resources are also located outside of these areas. Many of these
additional oil resources may be candidates for CO2 capture or direct flue gas injection, especially
if the effluent is from gas-fired power plants. Incremental costs of $6 to $12/bbl are expected
today.
Substantially greater opportunity for CO2 capture and sequestration may exist. The researchers
assumed that certain large water-drive reservoirs were not appropriate for CO2 EOR processes.
These assumptions may be conservative, and if relaxed, they could result in a larger technical
potential for CO2 capture and sequestration in Texas. A better understanding of the oil resource
base might identify additional candidates for enhanced recovery.
The CO2 capture and transportation infrastructure itself may be a candidate for cost reduction.
An engineering and economic examination of CO2 capture and transportation and of flue gas
capture and transportation (as a potential lower cost alternative to CO2 capture) might be useful
for developing the environmental and cost impacts of such an approach, so that it might be
balanced against other alternatives.
Natural gas and electricity network considerations are likely to play a role in the development of
a CO2 storage program. Issues regarding integrating such a system with the advent of real-time
wholesale pricing for electricity are likely to remain. The concepts of peak versus off-peak
electricity pricing in addition to the large blocks of power that can be brought to the grid if
separation and compression activities are temporarily suspended may help reduce network costs.
Development of an integrated CO2 supply network might be another solution to help minimize
pipeline costs as the system is expanded over time. Documentation of some of the existing
infrastructure is made within this report; however, CO2 storage costs may need to be reduced if
CO2 is to be made available on a large scale. CO2 storage issues may be analogous to natural gas
storage issues, with which the industry already has substantial experience.
The potential for these projects depends greatly on a number of economic, technical, and policy
factors. To implement these on a large scale today, oil prices higher than the current (December
1998) $10 to $12/bbl may be needed; however, our initial screening indicates that project costs
are plant specific. The technical and economic potential for capture and sequestration may be
larger if multiple scenarios, including projected generation capacity additions expected in Texas
during the next 10 years, were included. It is a complex undertaking to develop such a
longitudinally consistent supply-and-demand balance. Sequestration and capture for enhanced oil
recovery is only one potential solution for reducing the cost of any mitigation effort; it will be a
combination of different solutions that will most likely result in effective management.
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Phase 2 Objectives and Possible Tasks

The next phase of analyzing Texas CO2 sequestration potential is a second-tier investigation of
using CO2 emissions for gas displacement enhanced oil recovery and sequestering them in the tobe-abandoned reservoirs. More in-depth data should be collected, and greater precision should be
applied in calculations. Such a project would determine the total sequestration potential in Texas
oil reservoirs.
This phase should focus on determining Texas state-wide total sequestration potential in oil
reservoirs by developing and applying a geologic, engineering, and economically based model.
Enhancement of the Texas oil reservoir, Texas gas displacement recovery, and the Texas power
plant databases will result in the greater detail needed for this modeling. A suggested list of tasks
for this next phase includes:
1. Determine current Texas state-wide total sequestration potential in oil reservoirs including
previously abandoned reservoirs.
2. Analyze field abandonment rates and gas displacement recovery potential to abate
abandonment.
3. Upgrade CO2 EOR database with additional detailed information. An engineering and
performance audit of the existing CO2 floods in Texas and adjacent areas is needed to better
determine oil recovery efficiencies that can be expected.
4. Identify and rank reservoirs with CO2 EOR potential outside the power plant search radii
used in phase 1.
5. Conduct literature search and performance audit of hydrocarbon gas storage design and
implementation with respect to sequestration.
6. Model field discoveries and field life to project future sequestration potential.
7. Develop a detailed geologic, economic, and engineering database on oil reservoirs to evaluate
full CO2 EOR and sequestration potential.
8. Construct a Texas sequestration model.
9. Simulate CO2 sequestration in Texas, determining near-, mid-, and long-term sequestration
strategies.
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Glossary of Terms
Barrier strandplain reservoirs

Reservoirs that were originally deposited in an ocean beach
setting. Reservoirs deposited in this depositional setting are
categorized into the same geologic play.

Carbonate platform reservoirs

Reservoirs that were originally deposited in an ocean
depositional environment setting of shallow warm water
where carbonate forms. Reservoirs deposited in this
depositional setting are categorized into the same geologic
play.

Connectivity of pore space

The degree to which pores within a rock are connected by
void space.

Deep water chert reservoirs

A depositional environment in deep ocean water where very
little land-derived sediment falls. Instead, siliceous material
is precipitated. Reservoirs deposited in this depositional
setting are categorized into the same geologic play.

Depositional system

The physical system in which sediment is deposited which in
turn will in time turn into rock.

Diagenesis

The physical and chemical process that causes sediment to
turn into consolidated rock or to change the composition and
character of rock during and after burial.

Exploitation process

The strategy designed by the petroleum engineer to produce
hydrocarbons from a reservoir.

Fluvial-deltaic reservoirs

Reservoirs that are made of rock that were originally
deposited in a setting where rivers spills into a large body of
water such as a lake or ocean. Reservoirs deposited in this
depositional setting are categorized into the same geologic
play.

Geologic play

A set of hydrocarbon reservoirs that have similar geologic
and engineering characteristics.

Heterogeneity

The variability of rock characteristics spatially within a rock
bed and/or formation.

Infill drilling

The drilling of wells between already producing wells.

Infill injectors

Wells that are drilled between wells already producing
hydrocarbons with the propose of using them to inject fluid
or gas.

Injectivity

The ability of gas or fluids to be injected into the rock.

Inverted nine spot

A well pattern of injectors and producers spread across the
reservoir used to sweep oil from injectors to producers.
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Minimum miscibility pressure

The pressure at which CO2 will mix with oil.

Mobility ratio

The ratio of how mobile one fluid is in the rock compared to
another.

Oil gravity

A measure of the density of oil.

Peripheral pattern

A well pattern of injectors distributed around the downdip
structurally low margin of the reservoir with producers
higher on structure.

Production voidage

The volume of fluid or gas taken from a reservoir.

Reef depositional setting

A depositional setting where carbonate organisms build reef
structures in warm shallow water. Reservoirs deposited in
this depositional setting are categorized into the same
geologic play.

Reservoir drive mechanism

The mechanism that supplies energy to the reservoir to cause
the fluid and gas to flow.

Solution gas

Gas that is dissolved in a fluid, such as natural gas dissolved
in oil.

Stratigraphic sequence

A succession of sedimentary rock beds of interregional
extent that was deposited in a similar geologic depositional
setting and arranged chronologically with the older strata
below and the younger strata above.

Submarine fan reservoirs

Reservoirs that were deposited in a deep water setting with
the sediments being deposited by turbidity currents.
Reservoirs deposited in this depositional setting are
categorized into the same geologic play.

Transmissibility

A measure of how easily a fluid moves through the rock.

Ultimate recovery efficiency

A measure of the ultimate volume of hydrocarbons that can
be produced in a reservoir relative to the original volume.

Volumetric balance

The balance between the volume fluids and gas taken out of
a reservoir versus the volume injected back in.
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