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ESTIMATES OF INCREMENTAL OIL RECOVERABLE BY CARBON DIOXIDE
FLOODING AND RELATED CARBON DIOXIDE SUPPLY REQUIREMENTS
FOR FLOODING MAJOR CARBONATE RESERVOIRS IN THE
PERMIAN, WILLISTON, AND OTHER ROCKY MOUNTAIN BASINS

EXECUTIVE SUMMARY

This report was prepared to fulfill the work requirements of the United
States Department of Energy (DOE) Contract Numbers DE-AC21-82MC19393 and
DE-AC21-79MC08341. The objective of the work was ". . . to build a solid
engineering foundation (in) . . . carbonate reservoirs for the purpose of
extending the technology base in carbon dioxide miscible flooding." This
report presents estimates of incremental oil recovery and related carbon
dioxide supply requirements for selected carbonate reservoirs in the
Permian, Williston, and Rocky Mountain Basins.

The estimates presented here are based on calculations using a
volumetric model derived and described in this report. The calculations
utilized data developed in previous work (1,2,3)* performed in fulfillment
of Contract No. DE-AC21-79MC08341.

Calculations were made for a total of 279 reservoirs in the Permian,
Williston, and several smaller Rocky Mountain Basins. In summary, these
results show estimated incremental oil and carbon dioxide supply require-
ments as follows:

Inc. 0Oil Avg. COy/

ISTOIP From COqg CO9 Req. Oil Ratio

Basin No. Res. MMBbls MMBbls BCF Mcf/Bbl
Permian 188 56,526 10,557 57,157 5.4
Williston 68 3,336 767 4,415 5.7
Rocky Mountain 23 2,279 498 2,328 4.7
Totals 279 62,141 11,822 63,900 5.4

It is obvious that the carbonate reservoirs of the Permian Basin constitute
an order of magnitude larger target for carbon dioxide flooding than do all
the carbonate reservoirs of the Williston and Rocky Mountain intermontane
basins combined.

*References (including those referenced in Appendices) are listed, following
the text of the report, on page 54.



It should be noted that the calculation procedure assumed 100-percent
recycling of produced carbon dioxide and that the carbon dioxide volumes and
ratios listed above refer to supply volumes only. Estimated total injection
volumes, including recycle, would approximately double the figures given
above to some 128 trillion cubic feet of carbon dioxide for a carbon dioxide
to incremental oil ratio of approximately 11 Msef/Bbl.

Review of the calculated data in comparison with information from
earlier work (1) indicates that the figures given here are probably opti-
mistic in that incremental oil volumes may be biased toward the high side
while carbon dioxide supply requirements may be biased toward the low side.
However, the information available would not permit further practical
refinement of the calculations.

Use of the incremental oil figures given for individual reservoirs as
an "official estimate" is not recommended because of various uncertainties
in individual field data. Further study and compilation of data for field
projects as they develop appears warranted to better calibrate the calcula-
tion procedures and thus to develop more refined estimates of incremental
oil potential and carbon dioxide supply requirements.



INTRODUCTION

Enhanced oil recovery is a term coined in recent years to encompass
various techniques for recovering oil left underground as residual from
application of more conventional practices such as displacement by gas or
water. Injection of a fluid miscible with the residual oil is one such
enhanced recovery technique.

BACKGROUND

The use of carbon dioxide as a miscible fluid for enhanced oil recovery
has been the subject of research and field trials by many investigators and
operators for more than 20 years. Work continues on both fundamental re-
search levels and on more pragmatic field application levels of effort.
Work accomplished to date, as reported and summarized elsewhere (1), has
shown that carbon dioxide is technically capable of displacing otherwise
unrecoverable oil from reservoir rocks over a wide range of geological and
physical conditions. Hence, it presently appears that the limitations on
widespread application of carbon dioxide flooding are more economic than
technical.

PURPOSE AND SCOPE OF THIS REPORT

This report is part of the work required to fulfill Contracts No.
DE-AC21-82MC19393 and No. DE-AC21-79MC08341. The latter contract was
awarded to Gruy Federal, Inc. by the United States Department of Energy
(DOE) on February 12, 1979 and administered by DOE's Morgantown Energy
Technology Center, Morgantown, West Virginia. The requirements of the
original contract are summarized on Enclosure One. It may be noted that
Gruy's efforts were directed (Scope of Work, 2.2) toward studies of
"ecarbonate reservoirs located in west Texas, southeast New Mexico, and the
Rocky Mountain states. . ." as target reservoirs for carbon dioxide miscible
flooding.

Specifically, this report is directed toward the requirements of Task
Three (Scope of Work, 2.3). To accomplish this, basic information about the
carbon dioxide flooding process compiled in Gruy's Task One work (1) and
geologic and reservoir data compiled in work accomplished under Task Two
(2,3) were used to calculate incremental oil and carbon dioxide requirements
on a site-specific reservoir-by-reservoir basis using a volumetric model the
derivation of which is discussed in this repor;t.



1.0

1.1

2.0

2.1

2.2

ENCLOSURE ONE

"TARGET RESERVOIRS FOR
CARBON DIOXIDE MISCIBLE FLOODING"

Contract No. DE-AC21-79MCO08341

APPENDIX A
STATEMENT OF WORK

OBJECTIVE
The objective is to build a solid engineering foundation upon which
field mini- and pilot tests may be conducted in both high and low oil

saturation carbonate reservoirs for the purpose of extending the tech-
nology base in carbon dioxide miscible flooding.

SCOPE OF WORK

Summary of Available CO9 field Test Data

Data will be collected, categorized and interpreted from all signifi-
cant past and on-going COjy field operations in order to evaluate the
relative success of each test. This information will include oil
gravity, reservoir pressure, depth, temperature, porosity, permeabil-
ity, and net/gross pay. Also, these data must include pattern size,
estimated incremental oil production due to COg injection, COg
concentration and slug size, CO9 injection rates and sequencing,
COg9 breakthrough and production rates, and any indications of forma-
tion damage or corrosion.

Summary of Existing Reservoir and Geological Data

The following reservoir geology will be determined on carbonate reser-
voirs located in west Texas, southeast New Mexico, and the Rocky Moun-
tain states: stratigraphy, structure, mineralogy, porosity, permea-
bility, gross and net thickness, and any other geological properties
deemed significant regarding COg9 injection. Reservoir data will be
collected on hydrocarbon content, composition and distribution; con-
nate water content and composition; pressure and production data from
primary and/or secondary recovery operations; PVT analysis; and well
test data and analysis. Guidelines for selecting reservoirs to be
included are as follows:

Average formation permeability - 2 5 md
Average current oil saturation - 2 38%

Oil gravity -—------—-----————-— 2 36 deg API
Oil viscosity ==-=-=-===~==o-—uu 2 10 cp

In addition, no extremely high-permeability, stratigraphic, thief
zones should exist. However, no consideration should be given to the
proximity of CO9 sources at this point. The objective here is to
"characterize the resource" for possible future COg injection.



2.3

2.4

2.5

2.6

Selection of Target Reservoirs

By analyzing available reservoir and geological data, and comparing
the results of various CO9 field tests, a priority list will be
developed based primarily on potential incremental oil recovery and
the projected CO9 requirements and availability. COg requirements
can be based on estimates from data collecteds in Task 1 and COq
supply data can be obtained from existing public documents on the sub-
ject (e.g. "The Supply of Carbon Dioxide for Enhanced Oil Recovery:
by Pullman Kellogg, September, 1977).

Selection of Specific Reservoirs for CO9 Injection Tests

A selection will be made from the priority list based on demonstrating
the technology in those reservoirs with the greatest potential
influence toward stimulating new projects capable of meeting the 1985
incremental oil production of 124,000 barrels per day stated in the
Technical Implementation Plan for reservoirs in these target areas.
For the reservoirs selected, the owners and operators will be identi-
fied. Also, company officials who have the authority or influence to
bring about commercialization of COg9 recovery processes will be con-
tacted. This is absolutely necessary since it is these companies
which must eventually initiate and carry out commerical demonstrations
of COg injection if the full potential of the target reservoirs is
realized.

Selection of Specific Sites for Test Wells (Carbonate Reservoirs)

Using all useful available knowledge from previous COg field tests,
reservoir and geological compilations, conventional production data,
PVT analysis, log analysis, core analysis and well test analysis,
specific sites will be selected for drilling test wells for further
delineation and substantiation of the reservoir properties prior to
conducting COsg injection tests. These sites must be in the Rocky
Mountain and west Texas-southeast New Mexico areas. A minimum of
eight and a maximum of twelve sites are to be selected.

Drilling and Coring Activities

Depending on the availability of data at each site selected, test
wells will be drilled, cored, logged, tested and analyzed to confirm
initial oil saturation parameters and to design mini-test COg injec-
tion programs. It is expected that one test well will be drilled at
each site selected. However, the exact number and location of wells
to be drilled will be negotiated to be consistent with the amount of
additional engineering and geological information required, drilling
costs in the area at the time of execution, and any other economic and
engineering factors that may arise.



METHODOLOGY - TECHNICAL CONCEPTS OF CARBON DIOXIDE FLOODING

Potential incremental oil recovery and projected carbon dioxide
requirements for carbon dioxide injection projects in various reservoirs
are site-specific and should be expected to vary from reservoir to reser-
voir as a function of such factors as geologic stratification, porosity
magnitude and distribution, remaining oil saturation, etc. Hence, a method
by which calculations can be made on a reservoir-by-reservoir basis is
needed.

A simple volumetric model can be used both to illustrate the key
concepts involved in carbon dioxide flooding and to calculate expected
incremental oil recovery and carbon dioxide requirements utilizing
reservoir-specific data. The mathematical and physical reasoning necessary
to develop a volumetric model is presented in detail in Appendix A. The
following section summarizes the rationale that guided development of the
model.

VOLUMETRIC EQUATIONS

The key concepts for developing a volumetric balance equation involve
a swept zone or volume invaded by injection fluid, a resaturated zone or
oil bank volume, and an undisturbed volume not (as yet) invaded by either
oil bank or injection fluid. Fractional resaturation (f,g) is defined
as the ratio of the volume of the oil bank to the volume of the entire
unswept zone. These concepts apply to any displacement project in which an
injected fluid banks and moves oil. However, the nomenclature and develop-
ment given here are specifically directed toward a carbon dioxide
displacement.

Saturation distributions are based on the concepts that:
(1) Carbon dioxide displaces oil in the swept zone from an in-place
beginning saturation (S;) to a residual oil saturation
(2) The oil displaced forms an oil bank of higher oil saturation
Sgp = l'Swr‘Sgr) by displacing mobile gas and water
as it encroaches into the undisturbed zone.
The carbon dioxide bank contains the only free carbon dioxide saturation.
However, residual oil, oil-bank oil, and residual water are all assumed to
be saturated with carbon dioxide by the displacement process.

A volumetric balance applicable at any given point in time can be
constructed from the concepts:

Oil Recovered = Original oil in place - Oil left in swept volume

- Oil left in unswept volume



The oil leit in the unswept volume is the sum of the oil left in the
resaturated zone and the oil left in the undisturbed zone. On this basis,
an equation can be written: »

Np = 7758Ahé | Eg(S /B ,-8,,/B,.) - (1 - EQf, (S, /B, -8 /B )|. (1)

This equation utilizes volumetric notation* coupled with the concepts of
sweep efficiency (Es) and fractional resaturation (fpg) - It is impor-
tant to note that negative incremental production can result from a com-
bination of low sweep efficiency and large fractional resaturation.

Fractional resaturation is an important factor in displacement pro-
jects that use small volumes of injectant. At any given sweep efficiency,
the fraction of the unswept area that is invaded by oil bank or resaturated
(frg) is related to the relative growth of the oil bank with respect to
the growth of the carbon dioxide bank. The ratio of relative oil bank
growth, termed the displacement factor (9), is obtained by comparing the
volume of oil displaced from a given bulk volume invaded by carbon dioxide
to the bulk volume of displaceable space into which the oil bank can
accumulate.

Based on the same volumetric concepts, a companion equation for esti-
mating carbon dioxide requirements can be developed. Volumetric balance
requires that:

COg required = free COq in swept zone + solution COg in

swept zone + solution COg in resaturated zone

+ p'roduced COq.

In the equivalent symbols and notations as those used above, this
relationship can be expressed as

CO4 required (Mcf) =

Icog = 43.560Ahé/Bcoy Eg(l - S, - S_ )

or

+ TT58Ah6 |Eg(Ry So /By +Roy S0 /BL) + (1-EQf, R (S, /Bo)| (@)

Equation (2) thus allows calculation of the carbon dioxide required to
displace the oil calculated by Equation (1).

Where the basic data contain uncertainties, these relationships can be

used with a Monte Carlo computer program model to calculate a range of
values for expected incremental oil and carbon dioxide requirements.

*See Symbols List in Appendix A - page A-13 for Nomenclature and Units.



APPLICATION

Illustrative calculations utilizing equations (1) and (2) are
presented in detail in Appendix B. These calculations were designed to
demonstrate that the model can quantify differences in performance that
might be expected between two reservoirs that (superficially) might be
considered similar in that they each contained the same oil content per
acre foot and the same "target" oil in place.

Calculations were performed for a high porosity, low residual oil
saturation reservoir typical of a Gulf Coast water-driven reservoir and for
a lower porosity, higher residual oil saturation reservoir more typical of
a West Texas depletion reservoir, each containing 450 barrels per acre foot
with a total target oil content of 3 million barrels. For the same sweep
efficiencies, comparative results were:

High Porosity Reservoir Low Porosity Reservoir
Eg Oil Recovery CO9/0il Ratio Oil Recovery CO3/0il Ratio
M Bbls Mcf/Bbl M Bbls Mcf/Bbl
0.40 659 11.5 1,609 3.1
0.60 1,186 9.4 2,012 2.8

These comparative calculations, admittedly idealized, indicate the capa-
bility of the model in distinguishing between better and poorer candidate
reservoirs.

Calculations utilizing equations (1) and (2) were performed on a
reservoir-by-reservoir basis for most of the reservoirs listed in refer-
ences two and three. Details of the methods used to set up these calcula-
tions and of the results are presented in the following sections.



PERMIAN BASIN CALCULATIONS AND ESTIMATES

Geological and reservoir data compiled and reported earlier (2) for
gelected carbonate reservoirs in the Permian Basin were used to calculate
estimates of incremental oil recoverable and related carbon dioxide re-
quirements. The basic data used are summarized for reference in Table C-1
of Appendix C. '

DATA AND ASSUMPTIONS USED IN CALCULATIONS

It was assumed in all calculations that pure carbon dioxide would be
the injection fluid. Volumetric properties (i.e., Bgogy) of this
fluid as a function of pressure and temperature were obtained from data
contained in an earlier (Task One) report (1). It was further assumed that
injection would be performed at minimum miscibility pressure, determined as
a function of reservoir temperature from the correlation on Yellig and
Metcalfe (10), shown for reference on Figure 1. Carbon dioxide solubility
in the reservoir oil was estimated from data previously reported (1).
Carbon dioxide solubility in reservoir water was considered negligible as
compared to other required quantities and, thus, was not included in the
calculations. Complete (100-percent) recycling of produced carbon dioxide
was also assumed (i.e., RSp = O in Equation 2).

In performing the calculations, it was assumed that sufficient carbon
dioxide would be injected to achieve 50-percent lateral sweep of the most
permeable layer and that vertical sweep would be a function of formation
thickness. Overall sweep efficiency is considered the product of lateral
times vertical sweep. An estimated vertical sweep function for the Permian
Basin is shown on Figure 2. This empirical curve is based on a very
limited amount of proprietary field data and may be the weakest element of
the calculation procedure. Use of this curve has the obvious effect of
assigning higher vertical sweep efficiencies to thinner reservoirs. This
makes physical sense on a qualitative basis. The effect, however, is
extremely difficult to quantify from the limited data available.

In an effort to focus better on the proper value for oil saturation at
the beginning of carbon dioxide flooding, a series of calculations were
performed on 25 Permian Guadalupe reservoirs using cumulative production
through 1979 as a measure of remaining oil saturation, calculated as

follows:

(3)

5, = (N-Np) By / 7758 Ahé

in which N, is the cumulative production reported through 1979, N is
Gruy's calculated value for original oil in place (Table C-1) and B, is



the original formation volume factor. Other assumptions were:

Residua! oil saturation (Sy.): 5%

Oil bank saturation (Sg): (1-S =405

The results of these calculations are shown on Table 1.

It is evident that this procedure generated optimistic forecasts of
carbon dioxide flooding potential and related COgq/oil ratios, because:

(1) oil recoverable in the future by continuation of present methods
is included as carbon dioxide floodable incremental oil;

(2) carbon dioxide is. injected at minimum miscibility pressure, which
may reduce the standard volumes required to fill a given reser-
voir volume as compared to actual project operation;

(3) complete recycling allows no loss of source carbon dioxide; and

(4) no provision is made for shrinkage of the in-place oil due to
pressure depletion during primary production. This effect would
be represented by a reduced value for Bys» thus decreasing
So and the COg9 floodable oil in place.

Field results reviewed in Gruy's work (1) and other industry data indicate
that source COg/0il ratios ranging from 6 Mcf/Bbl on up are more reason-
able than the values shown on Table 1.

In an attempt to develop more realistic assumptions for calculations
of incremental oil and ecarbon dioxide requirements, a revised series of
calculations were performed for the same group of reservoirs. To perform
these calculations, it was assumed that continuation of present practices
would recover 30 percent of original oil in place, and that residual oil
saturation after carbon dioxide flooding would be 10 percent of pore
space.

A comparison of key changes in the assumptions used is given below:

Table 1 Table 2
Quantitz Assumptions Assumptions
Average oil saturation (So) Remaining as Remaining after
of 1/01/80 30% recovery
Residual oil saturation (S,p) 5% 10%
Oil bank saturation (Sop) (1-8ye=-05) 1-Sywe

Assumptions regarding miscibility pressure, sweep efficiency, and produced
carbon dioxide recycling were the same.

12
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Results of these calculations are shown on Table 2. From comparison
with Table 1, it can be seen that incremental oil volumes are markedly
reduced with relatively minor changes in carbon dioxide requirements.
Hence, COg/oil ratios are higher and appear more realistic (considering
100-percent recycling) than the earlier values. This procedure was fol-
lowed for calculations performed for the remainder of the Permian Basin
reservoirs listed on Table C~1 of Appendix C.

PERMIAN BASIN ESTIMATES OF INCREMENTAL OIL RECOVERY AND CARBON

DIOXIDE REQUIREMENTS

As discussed above, a series of test -calculations indicated that
reasonable values for incremental oil from carbon dioxide flooding and
related carbon dioxide requirements would generally result from calcula-
tions using the assumption that present practices would recover 30 percent
of original oil in place and that residual oil saturation in the swept
volume of a carbon dioxide flood would be 10 percent. Results of calcu-
lations for 188 selected Permian Basin carbonate reservoirs in west Texas
and eastern New Mexico are given on Table 3. Each entry in this table
shows information on two pages. The first page contains data and results
of calculations of incremental oil recovery while the second (following)
page lists data and results of calculations of carbon dioxide requirements.
It may be noted that cumulative production from a number of reservoirs as
of January 1, 1980, exceeded 30 percent of calculated initial stock-tank
oil.  Calculations for these reservoirs used average oil saturation values
calculated from cumulative production using Equation (3).

DISCUSSION AND SUMMARY OF RESULTS

In summary, these calculations yielded results as follows:

Inc. Oil CO9 Required

Geol. Age No. Res. MMBbls BCF
Permian 120 9,152 48,352
Pennsylanian 35 749 5,543
Mississippian 1 61 282
Devonian 20 491 2,371
Silurian 6 42 276
Ordovician _ 6 62 333

Totals 188 10,557 57,157
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These statistics are obviously dominated by Permian Age reservoirs.
This principally reflects the large San Andres reservoirs, many of which
are now being pilot tested for carbon dioxide flooding potential and for

which large scale projects by major operators such as ARCO, Amoco, and
Shell are planned.

Valid calculations could not be performed for 31 reservoirs because of
various inconsistencies in basic data. Table 4 lists the reservoirs (from

Table C-1) for which no calculations were made and identifies reasons why
no calculations were performed.
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WILLISTON BASIN CALCULATIONS AND ESTIMATES

Geological and reservoir data compiled and reported - earlier (3) for
selected carbonate reservoirs in the Williston Basin of Montana, North and
South Dakota were used to calculate estimates of incremental oil recover-
erable by carbon dioxide flooding along with related carbon dioxide
requirements.

Basic data used for these calculations are summarized for reference on
Table C-2 of Appendix C.

DATA AND ASSUMPTIONS USED IN CALCULATIONS

In common with the Permian Basin calculations presented above, it was
assumed that pure carbon dioxide would be the injection fluid, allowing
volumetric data and miscibility pressures to be estimated knowing reservoir
temperature. Carbon dioxide solubility in the reservoir oil was considered
in the calculations but solubility in reservoir water was not. One hundred
percent recycling of produced carbon dioxide was also assumed.

As may be noted on Table C-2, cumulative production data for the
Williston Basin reservoirs were available only through 1978. Test calcu-
lations made using average oil saturations based on these cumulative
production figures generally resulted in optimistic incremental oil and
COg/oil ratios. Hence, calculations assuming 30-percent recovery from
present methods were considered more realistic. Assumptions regarding
sweep postulated 50-percent lateral sweep of the most permeable layer with
vertical sweep a function of thickness. The empirical function used, based
on very limited data, is shown on Figure 3.

WILLISTON BASIN ESTIMATES OF INCREMENTAL OIL AND CARBON DIOXIDE
REQUIREMENTS

The results of calculations for 68 selected carbonate reservoirs in
the Williston Basin of Montana, North Dakota, and South Dakota are given on
Table 5. Each reservoir entered in this table has information listed on
two successive pages. The first page contains data and results of calcula-
tions of incremental oil recovery while the second page provides data and
results of calculated carbon dioxide requirements. It may be noted that
cumulative production from a number of reservoirs exceeded 30 percent of
estimated original oil in place. Incremental oil calculations for these
reservoirs used average oil saturation values calculated from Equation (3),
using the cumulative production figures listed on Table C-2.
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Figure 3 —— Estimated vertical sweep as function of net pay
thickness — Williston Basin carbonate reservoirs.
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DISCUSSION AND SUMMARY OF RESULTS

The calculations listed in detail on Table 5 may be summarized by
states as follows:

Inc. Oil CO9 Required
State No. Res. MMBbls BCF
Montana 36 357 2,107
North Dakota 31 403 2,285
South Dakota 1 _6 23
Totals 68 766 4,415

These data show relatively equal potential for Montana and North Dakota
reservoirs, with only a minor contribution from the one South Dakota
reservoir.

Review of the data listed on Table C-2 of Appendix C showed a number
of reservoirs in which the estimated original oil in place was less than 10
million barrels. It was decided that -calculations for these reservoirs
would not be cost effective in terms of time versus results because the
likelihood of carbon dioxide flood projects being done in these small
accumulations seemed remote. Hence, no calculations were performed for the
36 reservoirs listed on Table 6. It can be seen from Table 6 that these
reservoirs had an aggregate original oil in place of 175 million barrels,
or less than 5 percent of the total original oil in place for all
reservoirs listed on Table C-2. We would expect the carbon dioxide
flooding contribution from these reservoirs would be an even less
percentage because of their individual small size.
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