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Disclaimer

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

Injection of carbon dioxide (CO,) into oil fields containing high-viscosity crude is one of the more
successful enhanced oil recovery (EOR) techniques recently applied. CO, is injected into an oil field under
high pressure to form a miscible bank of gases that decreases the viscosity of the oil. The process uses a
concurrent, alternating, or subsequent injection of water to sweep the oil toward producing wells.

Active CO, miscible EOR projects have increased from just 17 in 1980 to 54 currently. Over the same
period, EOR production from these projects has increased fivefold, from 21,532 to 161,486 barrels per day.
Because of the existing infrastructure in the West Texas area, the number of miscible CO, enhanced oil
recovery projects is expected to grow. The existing infrastructure makes the expansion of CO, into other
nearby fields economically feasible. '

Accompanying the rapid acceptance of the miscible CO, method by major oil and gas companies, a number
of papers have been published in recent years that describe the properties exhibited by oil fields and
reservoirs that make them amenable to the application of this technique. In 1992, Rivas et al., presented a
paper at the Society of Petroleum Engineers (SPE) Latin-American Conference which proposed a method
to rank reservoirs for the application of the CO, miscible EOR technique.' The ranking was based purely
on technical merit and compared specific oil/reservoir systems to a set of optimum parameters. The
parameters include API Gravity, oil saturation, reservoir pressure, temperature, the net oil column, reservoir
dip, and porosity and permeability.

Under contract to the Department of Energy, Texaco commissioned the analysis described herein to
determine the usefulness of CO, miscible flooding to oil fields in Texas. The analysis uses a methodology
adapted by Louisiana State University from the paper published by Rivas et al., that automates the reservoir
ranking process and adds an economic component. The report is intended to assist engineers with identifying
candidate projects and to plan advanced recovery programs accordingly.

Many large oil companies have already developed their own screening criteria for evaluating and ranking
producing properties. However, smaller companies do not have the resources or expertise to undertake such
an evaluation and ranking. A major objective of this report is to generate interest among smaller and
intermediate sized companies for using this EOR technique in their own fields. To this end, the report
identifies fields that have a high probability of technical and economic success by applying a technical
screen based on parameters from the Rivas paper and an economic screen based on a discounted cash flow
analysis of each project. The report should also assist DOE staff to plan a proactive and targeted technology
transfer campaign.

The technical screen developed by Rivas et al., showed that, on average the best reservoirs for carbon
dioxide flooding should contain 36° API oil. The reservoir should also exhibit the following properties:

+ atemperature of 150° F;

« apermeability of 300 md;

 an oil saturation of 60 percent;

+ a reservoir pressure at the initiation of CO, injection about 200 psi greater than the minimum
miscibility pressure; '
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» aporosity of 20 percent;
« anet sand thickness of 40 feet; and
« areservoir dip of 20 degrees.

The technical screen was applied to the Texas reservoirs using the best and worst case parameter values
specified in the paper by Rivas et al. An economic screen was then applied to the reservoirs remaining after
the technical screen to identify projects that are economically as well as technically viable. The economic
screen was based on a simple benefit/cost ratio computed using published field development costs and
production potential for each project that passed the technical screen.

Of the 431 Texas reservoirs screened, 211 were found to be potentially profitable, with projected revenues
exceeding costs. Only the top 154 reservoirs, however, showed a rate of return greater than 30 percent, while
the top ten reservoirs predicted rates of return of at least 80 percent. Six of the top ten were Gulf Coast
sandstone reservoirs.

1.1 Technical Approach

The ranking of the Texas oil reservoirs used an approach that was presented at the SPE Latin American
Conference by Rivas et al., to screen Venezuelan heavy oil fields for the application of miscible CO,-EOR
techniques. This approach for ranking reservoirs was automated by Diaz at Louisiana State University and
is the method used for this study.’

For this study, data on individual reservoirs were acquired for more than 400 large oil fields that currently
account for more than 70 percent of annual Texas oil production. Almost half of the screened reservoirs are
located in the Gulf of Mexico coastal region, in Texas Railroad Commission Districts one, two, three, and
four. Reservoirs included in the study have produced on average about 10 million barrels each and have
adequate geologic data available to perform the screening.

Piercement salt dome fields were excluded from the study because their complex structure, limited size, low
well count, and high number make them significantly different from the reservoirs targeted for this study.
Despite being beyond the scope of this study, it is recognized that these reservoirs also lend themselves to
the application of the CO, enhanced recovery process.

Most of the physical data used in the technical screen are available for reservoirs in common units of
measure. The minimum miscibility pressure (MMP), i.e., the lowest pressure at which about 95 percent of
the contacted oil is recovered at a given temperature, is the exception. Oil and carbon dioxide are not
generally directly miscible, but become so through the leaching of light hydrocarbons from the crude
mixture. In other words the light hydrocarbons become gaseous. Reservoir temperature, oil composition,
and carbon dioxide composition are all factors that determine MMP. Observable factors that can be used to
determine MMP include:

MMP vs. temperature;

MMP vs. temperature and the molecular welght of Cs, (Pentanes and higher);
MMP vs. temperature and API gravity;

MMP vs. carbon dioxide density and C,, composition;

U
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5. MMP vs. detailed distribution of molecular size and structure;
6. MMP vs. API gravity, oil composition, and carbon dioxide purity.

Temperature and hydrocarbon distribution generally provide the most satisfactory predictions of MMP and
are the most useful for initial estimates.

The remainder of the document is organized into the following sections:

Part 2.0 Field Application Review. Approximately 54 field/pilot projects are reviewed with major
conclusions listed.

Part 3.0 Texas Reservoir Database. This data base was derived primarily from the hearings files
of the Railroad Commission of Texas and is the one to which the technical and economic
screens are applied.

Part 4.0 Screening Criteria. The technical screening model is described, sources of carbon dioxide
by Texas County are presented, major assumptions are listed, and the results of the

economic screen are discussed.

Part 5.0 Conclusions.
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2.0 Field Applications Review

The Oil and Gas Journal reports that there are 54 active miscible carbon dioxide projects active in the United
States, and this number is expected to grow.” Encouraging field results together with knowledge gained from
ongoing projects have contributed to this growth. Recent innovations in miscible CO, recovery implemented
by the oil industry are summarized by Diaz.* They describe intensive investment in infrastructure to develop
and transport carbon dioxide to the main producing regions. The main region of CO,-EOR application is
currently the Permian Basin of New Mexico and West Texas, using carbon dioxide transported via pipeline
from the McElmo Dome and Sheep Mountain Reservoirs in the Rockies and Bravo Dome in Mississippi.
CO,-EOR projects are also in progress in Mississippi and Louisiana, with CO , transported from the Jackson
Dome (Mississippi). Oklahoma CO,-EOR projects use CO, obtained from a fertilizer plant located in Enid,
OK, while in the Texas Panhandle, CO, is supplied by the Labarge Gas Processing Facility operated by
Exxon.

2.1 Miscible Field and Pilot Projects

A good compilation of information about projects involving displacement with carbon dioxide in sandstone
reservoirs is provided in Hadlow, R.E., “Update of Industry Experience with CO, Injection” (1992);
Goodrich, J. H., “Review and Analysis of Past and Ongoing Carbon Dioxide Injection Field Tests," (1980);
Brock, W. R. and Bryan, L. A., "Summary Results of CO,-EOR Field Tests, 1972-1987," (1989); and
Mungan, N., "An Evaluation of Carbon Dioxide Flooding," (1991). To facilitate the analysis a comparison
of several projects with all the information obtained from published sources is summarized in Table 2.1.1.
The following conclusions were drawn from a close analysis of the information presented in Table 2.1.1.

« Miscible CO, injection is a reliable enhanced oil recovery method because numerous field tests
have yielded considerable knowledge about the process. Process design parameters have been
established and prediction techniques have been improved. Cost estimates are more reliable and
CO, is more easily accessible than in the early years of the process. In addition, specialized

~ equipment and techniques are now commercially available.

» Recovery results are encouraging, even though it is difficult to precisely quantify the expected
final recovery due to the fact that many projects are still under development.

« Miscible CO,-EOR has worked well in waterflooded and primary depleted reservoirs, and in

reservoirs with wide ranges of original oil-in-place (OOIP). However, the remaining oil saturation
in a reservoir must be high enough to justify the miscible displacement technique.
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Recovery efficiencies range from 2 to 19 percent of OOIP, and the net amount of CO, required
to recover an incremental barrel of oil varies from 3 to 13 thousand standard cubic feet (Mscf).
The average recovery for documented cases is 10.8 percent of OOIP and the average CO,
utilization ratio is 7.2 Mscf of carbon dioxide per incremental barrel of oil. These values agree
fairly well with ones reported by Martin for application of CO, miscible displacement in different
types of reservoir rock.’

- The most common well spacing is 40 acres per well, even though some applications--especially
the pilot tests--had spacing of 10 acres per well. The preferred configuration was the 3-spot,
sometimes combined with a line drive. The predominant injection mechanism was a 1:1 water
alternating with CO,, with innovations such as hybrid and tapered injection sometimes used.
Injected CO, volumes varied between 19 and 60 percent of hydrocarbon pore volume (HCPV),
with an average injection rate of 36 percent HCPV.

Even though it was not possible to find complete information about the depositional environment
of the reservoir rock, available data indicate reservoirs of diverse depositional environments, but
all with relatively good continuity.

Reported reservoir dips varied between 4 and 30 degrees, with a clear predominance of reservoirs
with a low dip angle. Several of the reservoirs also had initial gas caps.

The most common problems encountered during a project were surface and downhole equipment
corrosion which was reported in 58 percent of the cases reviewed, followed by low vertical
efficiency (50 percent of the cases), and asphaltene or paraffin precipitation (30 percent of the
cases). It is also evident that the industry has gained a lot of experience dealing with these
problems and had found ways to prevent or minimize them.

Project profitability was not always reported, but about half of the reported cases were profitable.
Obtaining CO, was usually responsible for a good portion of the project cost. Most of the
reported sources of CO, were nearby industrial plants, which allowed for relatively easy
transportation.

Using the average estimated carbon dioxide utilization rate and an assumed cost of $0.70 per
Mscf, the average recovery cost is about $5 per incremental barrel of oil.

It is evident that in many of these projects, CO, injection rates were adjusted to maximize process
efficiency. To do this, it was necessary to have good monitoring and maintenance programs so that
the process performance could be assessed during the project life.

More research is needed into methods for improving vertical sweep efficiency. Efficient vertical
sweep requires a knowledge of reservoir geometry, and vertical and lateral geo-continuity and
characteristics.

From the point of view of field operations, many factors can be improved to reduce costs and

therefore enhance project economics. These include: the optimized use of existing wells; injecting
gels or polymers to improve areal sweep efficiency; injection of fluids at selected vertical intervals
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in the well bore; reutilization of existing facilities; optimization of pressure build up in the
reservoir; CO, recycling; and finally, application of technologies like horizontal drilling.
Improvement in these factors could significantly increase the volumes of oil recovered and
decrease the volume of CO, injected, therefore improving project profitability.

2.2 Texaco's Port Neches Field Test

In 1992, DOE and Texaco entered into a cooperative agreement to establish the viability of using miscible
CO,-EOR technology on Fluvial Dominated Deltaic (FDD) reservoirs, a large number of which are located
along the Gulf Coast. This work was undertaken, in part, because primary and secondary recovery usually
leaves more than 50 percent of the original oil in place behind. Texaco's project demonstrated the viability
of the process in the Marginulina reservoir in the Port Neches field, Orange County, Texas. A by-product
CO, source was used in the project and transported via pipeline from a nearby gas processing plant.

2.2.1 Relevance of the Technical Demonstrgtion

The results of the demonstration project are expected to validate the use of a miscible CO, flood in other
FDD reservoirs, particularly those reservoirs that have previously been waterflooded or that have a weak
waterdrive, and provide a basis on which the decision to use the process in similar reservoirs can be made.
Other petroleum operators will be able to predict the amount of incremental oil recovery that can be
expected based on the experiences and results gained from this project. The project will demonstrate the
impact of reservoir heterogeneities and the importance of reservoir characterization. The project will also
provide a basis for estimating the applicability of the technology to highly heterogeneous clastic reservoirs
other than FDD reservoirs. The project also demonstrated the effectiveness of a horizontal CO, injection
well, noting the improvements in sweep efficiency of the residual oil column.

2.2.2 Encouraging Private Sector Implementation

The results in the Port Neches field will enable other oil and gas companies to assess the practicability and
appropriateness of using CO,-EOR in other reservoirs of this category. This technology is expected to have
widespread applicability among other FDD reservoirs because it is common for these reservoirs to have
relatively weak primary drive mechanisms and high remaining oil saturations after secondary recovery
techniques, such as waterflooding, have been applied. Factors that could affect a company's decision to use
this technology may include:

1. The incremental oil recovery expected by applying this process.

N

The availability and cost of CO,, including transportation costs.

. The costs of facilities, well workovers, drilling additional injection and/or producing wells, and
incremental operating costs associated with the project.

LI

4. The CO, recycle compression cost.
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5. The overall project economics.

Based on the degree of success and profitability of the project, other petroleum operators that have similar
reservoirs will be able to make intelligent decisions concerning the merit of using the CO,-EOR.
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3.0 Texas Reservoir Database

Appendix A provides a full description of the data elements in the Texas Reservoir Database developed for
this project. Much of the information contained in the data base was derived from the hearings files of the
Texas Railroad Commission. Commission data that proved particularly informative include unitization,
injection, maximum efficient recovery, field rules, and date of discovery files. Additional sources of
numerical and descriptive data include:

1. Oil and gas reservoir files compiled by the U.S. Department of Energy, Energy Information
Agency, Dallas Field Office.

39

Compilations of field studies published by various regional geological societies, the American
Association of Petroleum Geologists, and the Society of Petroleum Engineers.

Publications of the Texas'Railroad Commission, including the 1981 Annual Report and a survey
of secondary and enhanced recovery operations.

[VS)]

4. Publications by the Rand Corporation and the U.S. Department of Energy on major oil and gas
fields in the United States and evaluations of fields targeted for enhanced recovery.

Data were supplemented with information provided by individual operating companies. All of the above
sources are documented in the Bibliography at the end of this report.

The accuracy of publicly available quantitative reservoir data varies greatly. Different sources commonly
gave different values for the same type of data. Where great discrepancies exist, data values were selected
on the basis of known geologic criteria and within the context of the overall information available on a
reservoir. Data were weighted in favor of records that reflected greater geological and engineering research
efforts. '
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4.0 Screening Criteria

This section provides a description of the technical criteria used for the technical screen performed on the
Texas Reservoir Database. It is followed by a section outlining the calculation of the cost of obtaining CO,
and its likely sources. The economic screen is then described and assumptions and limitations of the study
are discussed. Finally, the results of the technical and economic screen are presented.

4.1 Technical Criteria (Calculation of Technical Ranking Factor)

The Rivas study defined the optimum reservoir characteristics by performing numerical simulation on a base
case to determine the value of a selected set of parameters which maximized oil recovery from the simulated
CO, flood. The base case was assumed to be a 10-year injection program in a five-spot well configuration
with 40 acre spacing. The optimum values for the parameters were determined by varying parameter values
slightly around starting-values provided by Rivas. Few, if any, reservoirs would exactly match the parameter
values of this ideal. The numerical simulation was performed using three off the shelf reservoir simulation
models -- a fully compositional simulator, a black oil model, and a semi-analytical predictive model.

In ranking a set of randomly selected oil reservoirs, Rivas determined reservoir parameter values that
represent the most extreme, but realistic departures from the optimum. These extreme parameters are
combined to define the worst case reservoir. This worst case reservoir, in most cases, would not be one of
the actual reservoirs being ranked, but rather would be a hypothetical reservoir and provides a boundary
for parameter values. Reservoirs with parameter values which are "outside" the worst case were either
eliminated from the analysis or their outlier parameters were assigned the worst case value.

As parameters were varied around their optimum, Rivas noted their effect on the variation in oil recovery.
The shape of parameter performance curves suggested that some of the parameters may have more of an
effect on performance than others. Parameters that produced a more acute effect on production were
considered to be more important than those that have little effect. Rivas assigned wei ghts to the parameters
based on their relative effect on production. The most influential parameters were found to be API gravity,
oil saturation, and reservoir pressure.

Table 4.1.1 presents the parameters which optimized process performance as given by the numerical
simulations discussed above. It also provides the upper limit on the value of a parameter and shows the
weight assigned by Rivas based on the relative influence of each parameter on production. Results from the
three simulations for the most influential parameters are shown in Figures 4.1.1, 4.1.2, and 4.1.3 taken from
Rivas.

Rivas assigned one technical ranking factor for each reservoir by calculating the weighted sum of all the

reservoir property parameters. The technical ranking factor was then normalized so that the best reservoir
has a factor of 100, and the worst reservoir has a factor of 0.
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Table 4.1.1. Optimum Reservoir Parameters, Upper Limit, and Weighting Factors.®?

Parameter Optimum Upper Limit Weight
API Gravity, °API 37 54 0.24
Oil Saturation, % 60 83.1 0.20
Pressure/MMP 1.3 1.3 0.19
Temperature, °F 160 250 0.14
Net Oil Column, ft 50 300 0.11
- Permeability, md 300 2500 0.07
Dip, degrees 20 20 . 0.03
Porosity, % 20 35 0.02

Source: Rivas, O., Embid, S., and Boliver, F. "Ranking Reservoirs for.CO2 Flooding Processes,"” SPE paper 23641 presented
at the 1992 SPE Latin American Petroleum Engineering Conference, Caracas, March 8-11.

This method of ranking reservoirs was used to rank the reservoirs in the Texas Reservoir Database. Several
reservoirs were first eliminated from the database because important data, e.g. API gravity, were either
missing or questionable. The remaining reservoirs were then ranked using the technical screen procedure
described above. Then, the economic screen was applied as described in Section 4.3. The economic screen
is heavily dependent on sources and costs of obtaining CO, which are described in the next section (4.2).

Figure 4.1.1  Average Oil Production as a Percent of Oil Saturation
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Figure 4.1.2 Average Oil Production as a Function of Pressure Ratio
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4.2 Sources of Carbon Dioxide and Cost

Sources of CO, were derived primarily from studies performed by Science Applications International
Corporation (SAIC) for the Department of Energy, Morgantown Energy Technology Center (METC). It
was assumed that only Permian Basin CO, demand would be supplied by naturally occurring CO,. All other
promising reservoirs, particularly those in the Gulf Coast region, have access to highly pure CO, produced
- as a by-product of local industry and natural gas processing plants (Figure 4.2. 1).

Miscible CO,-EOR technology has a history of success in the vast West Texas oil fields. However, recent
efforts by Texaco, Shell, and others to emulate the West Texas successes on the Gulf Coast have so far
proved inconclusive. There are three reasons for the inconclusive results:

1. There are significant differences between the reservoirs in West Texas and those along the Gulf

Coast. West Texas CO,-EOR projects are located primarily in carbonate reservoirs with limited
faulting, whereas Gulf Coast reservoirs tend to be primarily clastic and highly faulted,;

o

the Gulf Coast lacks such a network; and

(US]

disposal options and costs. These effects are shown in Table 4.2.1

Table 4.2.1 Comparative Features Affecting CO,-EOR Design

A plentiful CO, source and transportation network brings CO, to the West Texas fields, whereas

. The contrast in the surface environment affects transportation, emission containment, and water

West Texas
Features

Gulf Coast
Features

Net Effect on Gulf
Coast CO,-EOR

Reservoir Type

Carbonate reservoirs
with limited faulting.

Clastic and highly
faulted.

Poor pattern design, limited success in
forecasting oil recovery, CO, channeling,
and higher recycle costs.

CO, Source

Large number of
developed natural
supply sources and
integrated network.

One natural supply, a
number of smaller by-
product supplies, limited
pipeline network.

May require developing the CO, source
and building a pipeline network.

Surface Features

Minimally populated
prairies with low annual
rainfall.

Wetlands, timber-lands,
and farm-land
intermixed with high
density areas with
considerable rain-fall.

Pipelines more expensive in sensitive
areas, water disposal requires
consideration, air pollution may be a
factor.

Ranking Texas Reservoirs for CO, Recovery
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Impurities, such as nitrogen (N, ) hydrogen sulfide (H,S), or methane (CH,) are common in natural sources
of CO,, while nitrogen and carbon monoxide (CO) are common in manmade sources, such as flue gas. The
presence of these impurities produces variations in CO, miscibility pressure and creates safety and
production problems. Contamination by N,, CO, and CH increases miscibility pressure and therefore
requires higher operating pressures. Although contamination by H,S decreases miscibility pressure, this
positive effect is more than offset by the additional fail-safe metering and more expensive and corrosion
resistant higher carbon steel required to manage the H,S. Project economics are substantially improved
when a source of CO, with greater than 95 percent purity is used.

The pressure of CO, at its source is a critical factor in CO, transportation and injection costs. At pressures
above 1,000 psi, CO, is a liquid and can be transported relatively cheaply using pumps or a natural pressure
drop. Either option is cheaper than the alternative method of purchasing and operating gas compressors. In
addition, to get CO, to the reservoir at a pressure above miscibility pressure generally requires injecting CO 5
above 1,000 psi. Raising the pressure from atmospheric pressure to 1,000 psi can cost $0.10 to $0.25 per
Mscf, depending on capital equipment and energy costs. :

The only industrial by-product sources that can potentially provide CO, for a delivered cost less than $2 per
Msct are power plants and highly pure sources from ammonia plants and catalytic cracking units. Sources
of CO, in Texas, by county, are listed in Tables 4.2.2, 4.2.3, and 4.2.4. It is assumed that by-product sources
of CO, will on average cost more than natural sources. Because CO, is a unique input variable, a miscible
CO,-EOR project which relies on an industrial by-product source is penalized with a 20 percent cost
premium.

Pipelines are the most economical form of transport for large volumes of CO, over short and long distances
(one to 20 miles and more than 150 miles). Truck transport is competitive with pipelines for small volumes
(one to 10 MMscf per day) over medium distances. For pilot projects, either truck or rail may be the best
method of transport, depending on the availability of transport system equipment, rail facilities, and the
volumes of CO, required.
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Table 4.2.2 Power Plants by County

Type of Fuel CO, Quality (% Vol)
Coal ® Approx.
Company, Capacity Qil (0) co,
County | Plant, Unit MW Gas (G) mmscep | ©O 0 N, No, SO, | NO
Houston Lighting & Power
Fort Bend Parish 660 C 167 13.6 2.3 71.8 .39 .069 11.9
Unit 6
Unit 7 600 c 152 13.6 23 71.8 .39 .069 11.9
Unit 8 600 c 152 13.6 2.3 71.8 .39 .069 11.9
Limestone 750 c 190 13.6 2.3 71.8 .39 .069 11.9
Unit 1
Unit 8 750 Cc 190 13.6 2.3 71.8 .39 .069 11.9
Texas Power & Light
Rusk Merlin Lake 750 Cc 190 13.5 1.9 71.4 42 .26 12.5
Unit 3
Sandow 545 C 138 13.5 1.9 71.4 .42 .26 12.5
Forest 750 Cc 189 13.5 1.9 71.4 42 .26 12.5
Grove
Unit 1
Twin Oak 750 o 189 13.5 1.9 714 42 26 12.5
Unit 1
Unit 2 750 C 189 13.5 1.9 71.4 .42 .26 12.5
Unsited 750 c 189 13.5 1.9 71.4 42 .26 12.5
Unit 1
Unit 2 750 C 189 13.5 1.9 71.4 .41 .26 12.5
Unit 3 750 c 189 13.5 1.9 71.4 41 .26 12.5
Lower Colgrado
River Authority
Baylor Seymour 550 C 140 13.5 1.9 71.4 .41 .26 12.5
Unit 1
Unit 2 550 C 101 13.5 1.9 71.4 41 .26 12.5
Unit 3 400 C 101 13.5 1.9 71.4 .41 .26 12.5
Southwestern Public
Service
Celanese 29 c 8 13.5 1.9 71.4 41 .26 12.5
Unit 2
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Table 4.2.2 Power Plants by County (Continued)

3

€O, Quality (% Vol)

Type of Fuel
Coal © Approx.
County Company, Capacity Oil (0) Cco, )
Plant, Unit MW Gas (G) MMSCF//D €0, 0. N, NO, S0, H0
Brazos Electric
Power Coop
San Miguel 400 c 101 13.5 1.9 71.4 41 .26 12.5
Unit 1
Unit 2 400 Cc 101 13.5 1.9 71.4 41 .26 12.5
Texas Power Pool
Gibbons 400 Cc 101 13.5 1.9 71.4 41 .26 12.5
Creek
Unit 1
Unsited 400 Cc 101 13.5 1.9 71.4 .41 .26 12.5
Unit 1
Unit 2 400 c 101 13.5 1.9 71.4 41 .26 12.5
San Antonio
Public Serv. Brd.
Unsited 500 C 127 13.5 2.3 71.8 .39 .069 11.9
Unit 1
Harris Wharton 322 c 56.5 9.1 1.7 721 - - 17.0
Lower Colorado
River Auth.
Llano Ferguson Cc 45.9 9.1 1.7 721 - - 17.0
Harris Clarke 210 G 15.3 9.1 1.7 72.1 - - 17.0
Harris Clarke 210 G 15.3 9.1 1.7 72.1 - - 17.0
Harris Deepwater 353 G 45.9 9.1 1.7 721 - - 17.0
Harris Green 821 G 115.3 9.1 1.7 721 - - 17.0
Bayou
Fort Bend Parish 2723 G 347.2 9.1 1.7 721 - - 17.0
0.0
89.6
Galveston Robinson 2314 G 432.0 9.1 1.7 72.1 - - 17.0
Harris Webster 614 G 96.5 9.1 1.7 721 - - 17.0
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Table 4.2.3 Ammonia Plants - by County
Ammonia CC;Z
Production CO, Generation Recovered
County Capacity Capacity Tons/Stream CO, Availability
City Company Tons/Stream Tons/Stream Day Tons/Stream MMSCF/D
TEXAS Dow Chemicals 129 165 No Information Available
Brazoria
Freeport
Castro Goodpasture, 189 205 96 109 ° 1.9
Dunnutt Inc.
Ector El Paso 330 392 4 388 6.6
Odessa Products Co.
Galveston Amoco (Sub. Of 2,140 2,600 1,950 650 11.0
Texas City Standard Oil of Ind.)
Hale Hooker Chem. Co. 181 230 No Information Availabie
Plainview ’
Harris Rohn & Haas Co. 123 156 No Information. Available
Deer Park
Hutchinson Camex, Inc. 1,191 1,625 1,460 165 2.8
Borger
Jefferson E.l. DuPont de 1,034 1,400 350 50 18.0
Beaumont Nemours & Co.
Moore Diamond 400 510 26 74 8.1
Dumas Shamrock Corp.
Victoria E.l. DuPont 274 375 0 75 6.4
Victoria De Nemours & Co.
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Table 4.2.4 List of Fluid Catalytic Cracking Units CO, Generation Capacity

Capacity MBBLS/ Stream CO, Generated
County/City Company " Day MMSCF/D
Brazoria/Sweeney Phillips Petroleum Co 42.2 8.7
Ector/Odessa Shell Oil Co. 16.0 33
El Paso/El Paso Chevron USA, Inc. 28.6 5.9
El Paso/El Paso Texaco, Inc. 9.1 1.9
Galveston/Texas City Amoco Qil Co. 217.0 445
Galveston/Texas City Marathon Qil Co. 39.0 8.0
Galveston/Texas City Texas City Refining inc. 40.0 8.2
Harris/Baytown Exxon Co. USA 185.0 37.9
Harris/Deer Park Shell Qil Co. 91.0 10.7
Harris/Houston Atlantic Richfield 83.0 17.5
Harris/Houston Charter International Co. 62.4 10.0
Harris/Houston Crown Central Petroleum Corp. 50.0 10.0
Howard/Borger Phillips Petroleum Co. 62.4 12.0
Jefferson/Beaumont Mobit Oif Corp. 123.0 25.0
Jefferson/Beaumont Union Qil Co. Of California 42.0 8.0
Jefferson/Port Arthur American Petro-Inc. 36.0 7.4
Jefferson/Port Arthur Gulf Oil Co. 126.0 25.8
Jefferson/Port Arthur Texaco, Inc. 175.5 36.0
Moore/Sunray Diamond Shamrock Corp. 32.5 6.7
Nueces/Corpus Christi Champlin Petroleum Co. 89.7 18.4
Nueces/Corpus Christi Coastal States Petrochemical Co. 10.6 2.2
Nueces/Corpus Christi Southwestern Refining Cl. 12.7 2.6
Nueces/Corpus Christi Sun Cl. 31.5 6.5
Potter & Randall/Amarillo Texaco, Inc. 10.4 2.1
Smith/Tyler La Gloria Oit & Gas Co. 10.5 2.2
Tarrant/Fort Worth Winston Refining Co. 6.0 1.2
Titus/Mt. Pleasant Dorchester Refining Co. 12.0 2.5
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4.3 Economic Screening Criteria

The economic screen is a simple discounted cash flow comparison of most of the reservoirs remaining after
the technical screening. Economic screening and prioritization are based on the ratio of net revenue (profit)
to cost. It was assumed, for the purpose of economic ranking that the technical ranking factor calculated with

the technical screen provides a reasonable approximation of a potential oil recovery factor.

The potential oil recovery used in the economic screen is defined as the product of the original oil-in-place,
the expected recovery factor for CO, flooding, and the technical ranking factor. Other parameters used in
the economic screen are reservoir area, number of existing wells, depth, and distance to a CO, source. All
capital and operating costs are calculated using equations shown in Table 4.3.1. Major assumptions for the

screen are CO, price, oil price, well spacing, and expected recovery (fraction of OOIP).

Table 4.3.1 Economic Calculation Equations

Parameter

Definition

Gross Revenue

Gross Revenue = Recoverable oil * oil price.
where,
Recoverable oil = OOIP * Technical ranking factor * Recovery factor.

Capital cost

o Drilling®

o Equipment®

o CO, Pipeline!'®

o Separation(!*!?

New well cost = $30,340 * # wells * g(0:00035 " depth)
Equipment = 8.3125 * depth * # wells
Pipeline = [$100,000 + (pipeline capacity®*")] * distance
where,
pipeline capacity = 6 * (Recoverable oil)

Separation = Recoverable oil * 4 (Mscf/B) * $0.25

Operating Costs

CO7 COSt(M,lS,lB,)

Well Operations = (1,040 + 0.1462 * depth) * 12 * # wells
CO, Costs = Recoverable oil * 6 (Mscf/B) * price ($/B) |

Net Revenue

Net Re\}enue = (Gross Revenue - Total costs) * (1.0 - tax rate)

Profit/Cost Ratio

Profit/Costs = Net revenue/ Total Costs

Source: Equation sources are in parentheses and were extracted from papers listed in the references.
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4.4 Assumptions and Limitations of the Screening

In order to rank the reservoirs, it is necessary to have a parameter that can be easily used for comparison of
all of the possible reservoirs. Several assumptions based on engineering judgement supported by data and
literature review, were made to maintain the manageability of the analysis.

« The maximum expected recovery from the miscible CO,-EOR process is 10 percent of original
oil in place. The review of the field and pilot applications suggests that this value is technically
sound, if not on the conservative side. In this assumption, the kind of processes used for the
displacement are not differentiated, and the same annual production profile is used for all
reservoirs used in the discounted cash flow.

» The reservoirs possessing better properties for the process are assumed to perform better
* economically. The technical ranking factor obtained from the technical screening is used to
determine the potential recovery factor (PR) that is used to predict reservoir performance.

o Parameter values used in the equations are from published investigations. If any of the parameter
values are biased, they are applied to all reservoirs equally and should therefore not introduce bias
to any specific reservoir.

« Dip was unknown in most cases and in fact is probably not constant for the largest reservoirs. The
reservoirs for which dip was known averaged about 10 degrees, albeit with some extreme
variation. For this analysis the dip was set at a constant 20 degrees for all reservoirs.

»  Well spacing was assumed to be uniform and constant. Although the areal extent of each reservoir
was generally not known, for the screen each reservoir was normalized to equal one five spot on
a 40-acre spacing. It was further assumed that all five wells were already equipped and
operational. The original oil in place in this normalized reservoir is calculated as the product of
net pay, porosity, and oil saturation. Most reservoirs in this study are many times larger than this
assumption and most wells would probably not be fully developed or would need to be drilled.

» Operating costs and CO, costs are reported on an annual basis and are assumed to be constant over
the life of a project. The expected life of a project is assumed to be twenty years.

» The cost of using CO, from non-natural sources is assumed to be 20 percent more expensive than
using naturally occurring CO,,

Ranking Texas Reservoirs for CO, Recovery 23



4.5 Results of Technical and Economic Screening

The screening methods described above were used to screen the largest, most productive reservoirs in the
State of Texas. Initially the database contained over 500 reservoirs. Over 100 reservoirs were initially

eliminated due to a lack of geologic information, leaving 378 reservoirs with sufficient data for the technical
screen.

Table 4.5.1 presents the ranking of the 211 reservoirs left after the economic screen was performed. There
are two columns with rank numbers. The first column shows the results of the technical screen. The second
column shows the result of the economic screen, ranked in order. The economic parameters used in the
screen were: recovery factor - 10 percent; oil price - $17/bbl; taxes - 15 percent; CO, costs - $0.60 per Mscf.

The screens provide a very fast method of ranking many reservoirs, making sensitivity analysis on key
parameters practical. The economic ranking, although simple, appeared to give valid results as most of the
current CO, field applications that were contained in the database placed high in the rankings. That is, the

| projects that ranked high after the survey are already considered profitable by their operators.
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5.0 Conclusions

Of the 431 reservoirs screened, 211 projected revenue that exceeded cost, i.e., were profitable. Only the top
154 reservoirs, however, showed a profit greater than 30 percent. The top ten reservoirs predicted a profit
of at least 80 percent. Six of the top ten were Gulf Coast sandstones.

The reservoirs are representative of the most productive discoveries in Texas. They account for
approximately 72 percent of the recorded 52 billion barrels of oil production in the State. The preliminary
evaluation of the reservoirs performed in this study implied that potential production from CO,-EOR could
be as much as 4 billion barrels.

In order to enhance the chances of achieving this increase in production, the Department of Energy should
consider a concerted effort to follow up this analysis with a targeted outreach program to the specific
independent operators controlling the leases applicable to these reservoirs/resources. Development of
ownership/technical potential maps and an outreach program should be initiated to aid this identification.
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Appendix B

API County Codes

County Code County County Code County
42001 Anderson 42247 Jim Hogg
42003 Andrews 42249 Jim Wells
42007 Aransas 42253 Jones
42009 Archer 42255 Karnes
42013 Atascosa 42263 Kent
42015 Austin 42273 Kleberg
42025 Bee 42275 Knox
42033 Borden 42279 Lamb
42039 | Brazoria 42287 Lee
42041 Brazos 42291 Liberty
42055 Caldwell 42293 Limestone
42057 Calhoun 42301 Loving
42063 Camp 42315 Marion
42065 Carson 42317 Martin
42087 Cass 42321 Matagorda
42071 Chambers 42323 Maverick
42077 Clay 42329 Midland
42079 Cochran 42335 Mitchell
42081 Coke 42337 Montague
42097 Cooke 42339 Montgomery
42103 Crane 42349 Navarro
42105 Crockett 42353 Nolan
42115 Dawson 42355 Nueces
42123 Dewitt 42357 Ochiltree
42127 Dimmit 42365 Panola
42131 Duval 42371 Pecos
42133 Eastland 42373 Polk
42135 Ector 42383 Reagan
42151 Fisher 42389 Reeves
42155 Foard 42391 Refugio
42157 Fort Bend 42399 Runnels
42159 Franklin 42401 Rusk
42161 Freestone 42407 San Jacinto
42163 Frio 42409 San Patricio
42165 Gaines 42413 Schleicher
42167 Galveston 42415 Scurry
42169 Garza 42417 Shackelford
42175 Goliad 42423 Smith
42181 Grayson 42427 Starr
42187 Guadalupe 42429 Stephens
42199 Hardin 42431 Sterling
42201 Harris 42433 Stonewall
42207 Haskell 42445 Terry
42219 Hockley 42449 Titus
42223 Hopkins 42451 Tom Green
42227 Howard 42459 Upshur
42237 Jack 42461 Upton
42239 Jackson 42467 Van Zandt
42245 42469 Victoria

Jefferson
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B-2

County Code County County Code County
42473 Waller 42489 Wilfacy
42475 Ward 42495 Winkler
42479 Webb 42499 Wood
42481 Wharton 42501 Yoakum
42485 Wichita 42505 Zapata
42487 Wilbarger
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Appendix C

FORTRAN Code Used for Screening

$DEBUG

* PROGRAM TO RANK RESERVOIRS FOR CO?2 MISCIBLE DISPLACEMENT

DIMENSION RES(550,13)
INTEGER I,J,M,N1,K.N2

* "REMEMBER PUT RESERVOIR NUMBER
PARAMETER (M = 8, N2 = 377)

(including optimum)(N1) PLUS ONE IN N2"

REAL OPTM(M),WRTL (M), WRTR (m), WFAC(m), WORST(m),
& WT(m,n2),A(n2,m),X(n2,m),SUM3(n2),R (n2), NWELL(N2),
& W(n2,m),V(n2,n2), TEMP,0PRIC,SPAC,SPACENW(N2),
& COSNW,COSEQP,PIPCAP,COSPIP,SPRC,0PCOS,CO2COS,
& TOTCOS,NREV,RATRC(n2),SMALL,PERCENT(15),CO2.RF,

& IRATE, YEAR, BTNPV, PCOST, YREV
N1=N2-1
OPEN (5,FILE=TNPUTdb.DAT')
READ (5,*) (OPTM(J),J=1,3)
READ (5,*) (WRTR(J),J=1,8)
READ (5,*) (WFAC(J),J=1,8)
READ (5,*) (PERCENT()),J=1,15)
READ (5,%) (RES(LJ),J=1,13),I=1,N1)
CLOSE (5)
OPEN (6,FILE='OUTPUTdb.DAT')

* CALCULATION OF WRTL & WORST FICTICIOUS RESERVOIR

DO 7 J=1,8
SMALL=1E20
DO 8 I=2,N1
SMALL=MIN(SMALL,RES(LJ))
8 CONTINUE
WRTL({J)=SMALL
RES(N2,J)=SMALL
7  CONTINUE
* SELECTION OF WORST PARAMETER
DO 5,I=1,N2
DO 10,J=1,8
IF(RES(L,J) .GT. WRTR(J)) THEN
RES(I,T)=WRTR(J)
ELSE
~ ENDIF
IF(RES(LJ) .LE. OPTM(J)) THEN
WORST(J)=WRTL(J)
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ELSE
WORST(J)=WRTR())
ENDIF
* CALCULATION OF NORMALIZED PARAMETER
TEMP=ABS(WORST(J)-OPTM(J))
X(IT)=(ABS(RES(IJ)-OPTM(J))/ABS(WORST(T)-OPTM(J)))
* CALCULATION OF EXPONENTIAL FUNCTION
A(LD)=100*EXP(-4.6*(X(L,])**2))
* CALCULATION OF THE WEIGTHED MATRIX
W(LD)=A®I)*WFAC()
10 CONTINUE
5 CONTINUE
* CALCULATION OF THE TRANSPOSED WEIGTHED MATRIX
DO15,I=1,N2
D020,J=1,8.
WTJ,D=W(,J)
20 CONTINUE
15 CONTINUE
* CALCULATION OF THE PRODUCT MATRIX
D025,1=1,N2
DO30,K=1,N2
SUM1=0
D040,J=1,8
SUMI=SUMI+W(L,I)*WT(J,K)
40 CONTINUE
V(LK)=SUMI
30 CONTINUE
25 CONTINUE
* CALCULATION OF OPTIMUM CHARACTERISTIC PARAMETER
I=1
SUM2=0
D080,J=1,N2
SUM2=SUM2+V(L,J)
80 CONTINUE
RO=SUM2
* CALCULATION OF THE CHARACTERISTIC PARAMETERS
D090,I=1,N2
SUM3(I)=0
DO100,J=1,N2
SUM3(I)=SUM3(D)+V(LJ)
100 CONTINUE |
R(D)=(100*SUM3(I))/RO
90 CONTINUE
* END OF TECHNICAL RANKING - BEGINNING ECONOMIC RANKING
PRINT *,'TECHNICAL SCREENING READY" .
PRINT */'CONTINUE WITH ECONOMICAL SCREENING? YES=1, NO=0'
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READ *EE
IF (EE.EQ.0) THEN.
PRINT 1010,(R(D),]=1,N2)
WRITE (6,1010)(R(1),I=1,N2)
GO TO 120
ELSE
CONTINUE
ENDIF
* ECONOMICAL EVALUATION
105 PRINT *,DISCOUNT RATE (fraction)=?'
READ *,JRATE
PRINT *,'OIL PRICE ($/Bbl)=?'
READ *,OPRIC 4
PRINT *,RECOVERY FACTOR (fraction)=?"
READ *,RF ‘
PRINT *,'SPACE (acres/well)=?'
READ *,SPACE
PRINT *,/CO2 COST ($/MSCF)=?'
READ *,CO2
* CAPITAL COSTS
* 1.DRILLING
DO 110,I=2,N1
IF (RES(I,11).NE.0) SPAC = RES([,10)/RES(1,11)
IF (RES(1,11).EQ.0) NW(I)=RES(I,10)/SPACE
IF (SPAC.LE.SPACE) NW()=0
IF (SPAC.GT.SPACE) NW(I) = (RES(1,10)/SPACE)-RES(I,11)
IF (RES(I,10).LE.60) NW({) =2
NWELL(I) = NINT(NW(I))
COSNW=30430*EXP(0.00035*RES(1,12))*NWELL(I)
* 2. EQUIPMENT
COSEQP=8.3125*RES(I,12)*(RES(L,1 1)+NWELL(I))
* 3.PIPELINE
PIPCAP=(RES(L,9)*R(I)*RF/100)*2
COSPIP=(100000+2008*((PIPCAP)**0.834))*RES(],13)
* 4 TIME DEPENDENT ECONOMICS
PCOST=0
YEAR=0
SUMS =0
DO 125 J=1,15
YEAR =YEAR+1
* 4.1 YEARLY OIL RECOVERY
YREC= RES(I,9)*R(I)*1.0E04*PERCENT(J)
* 4.2 CO2 SEPARATION/RECYCLE PLANT
SPRC=YREC
* 4.3 OPERATION COSTS
OPCOS=(1040+0.1462*RES(1,12))*12*(RES(I,1 D+NWELL(D)
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* 4.4 CO2 PURCHASE COSTS
CO2COS=YREC*6*CO2

* 4.5 YEARLY GROSS REVENUE
YREV=(YREC*OPRIC)/(1+IRATE)**YEAR)

* 4.6 NPV OF TIME DEPENDENT COSTS
SUM4=(CO2COS+SPRC+OPCOS)/((I+IRATE)**YEAR)

* 4.7 BEFORE TAXES NPV OF NET INCOME
SUM5=YREV+SUMS5
PCOST=PCOST+SUM4

125 CONTINUE
BTNPV=SUMS5-PCOST

* 5 TOTAL COSTS
TOTCOS=COSNW+COSEQP--COSPIP+PCOST

* 6 NET REVENUE
NREV=BTNPV-COSNW-COSEQP-COSPIP

* 7 BENEFIT/COST RATIO
RATRC(I)=NREV/TOTCOS

110 CONTINUE
PRINT 1000,(R(I), RATRC(I),NWELL(I),I=1,N2)
WRITE (6,1000)(R(I),RATRC(I),NWELL(I),I=1,N2)
PRINT *,CHANGE ECONOMICAL PARAMETERS? YES=1, NO=0'
READ * EC
IF (EC.EQ.1) THEN
GO TO 105
ELSE
CONTINUE
ENDIF

1000 FORMAT (1X,F6.2,2X,F6.3,2X,F4.0)

1010 FORMAT (1X,F6.2)

120 END
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