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What is carbon dioxide?

Carbon dioxide (CO,) in its naturai state
is a coloriess, odoriess, non-expiosive gas,
the common product of burning carbon-
containing fueis and respiration of animais.
Carbon dioxide cycies through the earth by
continualiy entering the atmosphere in a

the waters of some geysers and minerai
springs. Carbon dioxide is acommon com-
ponent of natural gas, with a concentration
between 1 and 2%. However, the high con-
centrations (greater than severai percent,
which req i before can
be used commerciaily) and iarge quantities
of carbon dioxide that occur in Wyoming are

variety of ways (e.g., animai voi-
canic activity, naturai and man-made com-
bustion, etc.) and continuaiiy being
removed by photosynthesis in piants, de-
posited by forming organic-rich or carbon-
ate rocks, and by forming the caicium
carbonate shelis of marine animais. it ex-
ists in soiid form (dry ice) at 1 atmosphere
at -78.5°C (Figure 1). Above this tempera-
ture, it subiimates (turns directly back into
the gaseous state). At 1 atmosphere, oniy
solid and gaseous carbon dioxide forms can
exist. Liquid carbon dioxide can oniy exist
at pressures higher than 5.2 atmospheres
[Figure 1). At room temperature, the gas
must be compressed to about 16 atmo-
spheres to become iiquid.

Where is carbon dioxide found?

Carbon dioxide is present in the atmo-
sphere to the extent of about 0.03%; it is
about 1.5 times more dense than air. Large
amounts of the gas are found disscived in
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Figure 1. Phase diagram of carbon dioxide showing
ts triple point. Modified from Sienko and Plane, 1971.
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What are the uses for carbon dioxide?

Soiid carbon dioxide subiimes (changes
directiy from soiid to gaseous state, with-
out going through an intermediate iiquid
state} at -173°F (-78.5°C) under 1 atmo-
sphere of pressure. This form of carbon
dioxide is a convenient, ciean refrigerant
caiied dry ice. Water saturated with carbon
dioxide at 3 to 4 atmospheres of pressure
is caiied carbonated water, and is the foun-
dation for the huge soda-water beverage in-
dustry. Carbon dioxide does not support
combustion and gaseous or liquid carbon
dioxide under about 60 atmospheres of
pressure in cyiinders is used to extinguish
fires. Gaseous carbon dioxide is aiso used
lo prepare food, to purge tanks and pipe-
lines, to manufacture aspirin, to weid, to
propei aerosois, to stimuiate respiration, to
manufacture carbonates, and to produce an
inert atmosphere.

in Wyoming, another very significant use
for produced carbon dioxide is in enhanced
oil y (EOR) projects. Some EOR
projects inject iiquid carbon dioxide to re-
cover additionai oii ieft behind in reservoirs.
Typicaily, 50 to 60% of the original oil is left
in the reservoir rocks after primary and sec-
ondary operations are completed. This re-
maining oii is the target for EOR operations,
which include injection of carbon dioxide.

Where are the main sources of carbon
dioxide in Wyoming?

Several reservoirs in large existing gas
fieids in Wyoming have relativeiy high con-
centrations and contain significant re-
sources of carbon dioxide in their natural
gases. In 1961, Mobil Oii Company discov-
ered very large carbon dioxide resources
inthe Madison Limestone (Figure 2) as weii
as in severai other Paieozoic-age formations
at La Barge anticiine in southwestern Wyo-
ming (Figure 3). However, deveiopment of

Why are there high concentrations of
carbon dioxide in Wyoming?

The higher concentrations and larger
quantities of carbon dioxide in some Wyo-
ming naturai gas reservoirs probabiy re-
suited from more than one of the foliowing
processes:

1) Carbon dioxide gas couid have migrated
from Quaternary intrusive voicanic rocks
on the northern end of the Rock Springs
upilift (the Leucite Hiiis voicanic fieid) into
Paleozoic reservoirs in the Greater Green
River Basin (Stilweii, 1989). Carbon di-
oxide is generaily the principal carbon-
based gas from fumeroies in volcanic
areas (Krauskopf, 1967).

2) Thermai degradation of iiquid hydrocar-
bons forms carbon dioxide aiong with
methane, water, nitrogen, and hydrogen
suifide (H,S) (Orr, 1974).

3) Anhydrite (anhydrous calcium suifate)
can provide suifate anions that react with
methane (CH,) to form carbon dioxide
and hydrogen suifide (Hiii, 1990). Anhy-
driteis p it in mostF forma-
tions in Wyoming and couid easiiy
contact methane in gas reservoirs.

4) Suifuric acid forms when hydrogen sui-
fide is oxidized. The suifuric acid in turn
reacts with carbonates to produce car-
ben dioxide (Hiii, 1990). Paleozoic for-
mations in Wyoming contain iarge

(or are posed entirely) of
carbonate rocks and most naturai gas
reservoirs with high carbon dioxide con-
centrations contain hydrogen sulfide as
weli.

1986. The La Barge plant (Cover photo-
graph) produces approximately 435 miiiion
cubic feet (MMCF) of carbon dioxide and 135
MMCF of methane per day. Only about 250
MMCF per day is saieabie because of iim-
ited compression capacity. The piant aiso
processes H,S into suifur from the raw gas.
The piant is the iargest sulfur preducer in
Wyoming and the iargest heiium producer
in the U.S.

in 1985, Monsanto Oii Company discov-
ered iarge carbon dioxide resources in the
Madi Lil t at Madden anticiine
(Figure 3) in the northern Wind River Basin
(Brown and Shannon, 1989). Buriington
R is now deveioping this
(Figure 4). Four weiis produce naturai gas
from the Madison Limestone beiow 24,000
feet; severai more welis are pianned. This
gas preduction is the d in the Rocky
Mountain region. The Lost Cabin gas pro-
cessing piant (Figure 5) thatwas built to pro-
cess this gas is presentiy producing
approximately 90 MMCF of methane aiong
with 25 MMCF of carbon dioxide per day
An expansion of the piant, scheduied for
completion in 2002, wili increase output of
carbon dioxide to approximateiy 60 MMCF
per day.

When is carbon dioxide used in oil
fields?

Primary production occurs after a weii
is compieted. Production from the reser-
voir is by naturai energy (gas cap, soiution
gas, or water drive) that resuits in fiowing
welis, or welis on a pump with oii fiowing
freeiy by gravity to the weli bore. As pro-
duction proceeds, energy is iost and a natu-
rai decline occurs (Figure 6). Secondary
production is the extraction of oil from a
fieid beyond what can be recovered by nor-
mai methods of fiowing or pumping. Water
fiooding and gas injection are two second-
ary methods. As oii left from primary pro-

these resources by Exxon Corp (now
ExxonMobii) did not begin untii the La Barge
gas pr g piant was in iate

duction is contacted by the injected fiuid,
production peaks and then deciines. Ter-
tiary production from carbon dioxide once
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again increases production and then pro-
duction deciines to an uneconomical iimit

How does a carbon dioxide flood re-
cover additional oil?

There are severai ways that carbon di-
oxide reacts within an oli reservoir to in-
crease recovery. The most important
mechanisms are: 1) Viscosity reduction of
the oii; 2) voiumetric increases within the
reservoir; 3) biowdown recovery/soiution
gas drive, and 4) permeabiiity increases in
carbonate reservoirs. These mechanisms
are discussed beiow.

Viscosity reduction

Unlike water, iiquid carbon dioxide and
crude oii are miscibie (two fiuids are mis-
cibie when they can be mixed together and
they form one phase—i.e., there are no vis-
ible contacts between the two fiuids and no
interfaciai tension). When carbon dioxide
is introduced into an oii reservoir, it dis-
soives in the oil. This reduces the viscos-
ity (a fiuid’s resistance to fiow) of the crude
oii from 10 to 100 times. The decreased oii
viscosity makes the oli-carbon dioxide mix-
ture more mobiie, which resuits in increased
sweep efficiency when producing the res-
ervoir.

Volumetric Increases

Depending on the pressure, tempera-
ture, and composition of the crude oii, up
to 700 cubic feet of carbon dioxide wiii dis-
soive in one barrei of crude oii, giving a 10
to 40% increase in the oii voiume. The re-
siduai oii saturations ieft behind the dis-
piacement front (when carbon dioxide is
injected into the reservoir) wiil be in the
swolien state and consequently wili occupy
more reservoir voiume than untreated oii.
In effect, carbon dioxide rather than oii wiil
occupy some of the originai oii volume in
the reservoir.

Blowdown recovery

This mechanism aiiows for additionai oii
recovery when the pressure of a reservoir
is reduced after the carbon dioxide fiood is
terminated. As the reservoir pressure is
reduced, carbon dioxide comes out of so-
iution in gaseous form, and provides a so-
iution gas drive which aids in the recovery
of additionai crude oii.

Permeabliity Increases In carbonates

Experiments have shown that the per-
meabiiity of carbonates increases when

Figure 4. Parker Brothers’ (now Unit Drilling’s) Rig
No. 201 on location at a Madden deep test. The ultra-
deep rig is one of the largest land-based drilling rigs
in the world, capable of drilling to depths of 30,000
feet. Arrow points to man standing at ground sur-
face, some 50 feet below the rig floor. Photograph
by Rodney H. De Bruin, summer, 1996.



carbon dioxide is introduced into the reser-
voir. Carbon dioxide injection (“fiood™”) may
cause a significant permeabiiity increase in
the immediate vicinity of the injection weli
(Figure 7), which may increase the efficiency
of the fiood. it shouid be noted that some
crude oiis might deposit asphaits when con-
tacted by carbon dioxide. Crude oiis from
the fieid where a carbon dioxide ficod is
contempiated shouid be tested for this ef-
fect before a fiood begins.

What criteria determine if a field can
successfully be flooded with carbon di-
oxide?

Two preiiminary factors determine if a
carbon dioxide fiood wiii be successfui: the
amount of crude oii ieft in the ground after
waterflooding; and the ability of the carbon
dioxide to contact the crude oii. Usuaily,
good waterflood reservoirs are aiso good
candidates for carbon dioxide fioods. A
good reservoir description and an under-
standing of a reservoir’s previous produc-
tion performance wiii heip in estimating how
weli carbon dioxide will contact the residuai
oil.

High inter-weii continuity, iateraily and
verticaily uniform reservoir rock, a high fre-
quency of verticai fiow barriers, and high
permeabiiity are properties that make for
carbon dioxide fiood success (Exxon Com-
pany USA, 1986). Additionai generai screen-
ing guidelines inciude a reservoir depth of
at ieast 2500 feet, an oii gravity of at ieast
27° APi (American Petroieum Institute), an
oii viscosity of iess than 12 centipoise (a
measure of viscosity expressed as 1/100
dyne-second per square centimeter), and a
residuai oil saturation after waterflood of at
ieast 20% in those areas swept. In most
cases, these guideiines can be modified if
one or more of the parameters are favor-
abie for a carbon dioxide fiood, i.e., higher
oii gravity or iower oii viscosity.

(continued on reverse side)



Figure 5. The Lost Cabin gas MM{MMM mmmmmmmwwm

sion project (right). Photograph by Jim Eckroth,

How much carbon dioxide does it take
to produce a barrel of oil, and how much
Wyoming oil can be recovered with this
process?

Generaily it takes € to 10 thousand cu-
bic feet (MCF) of gaseous carbon dioxide
to produce one barrei of oii. The 400 MMCF
per day of carbon dioxide produced at
ExxonMobil’'s La Barge gas piant couid in-
crease Wyoming's oli production byllﬂ,m
to 67,000 k is per day, g that

¥ g es, March 2001.

der River Basin (Figure 3) to further utiiize
the carbon dioxide produced at the La Barge
gas piant. The company estimates that oii
fields in Wyoming that are candidates for a
carbon dioxide fiood contained a total of
over B billion barrels of original oil in place.
Major oii fieids in Wyoming that had 50 mii-
lion or more barrels of original oil in place
(Figure 3), as weli as many smaiier fieids in
the state, would also be candidates for car-
bon dicxide fiooding.

Carbon dioxide fioods typicaily are suc-

enough oii fieids can use this p
When the expansion of the Lost Cabin piant
is compiete in 2002, Wyoming wili have an
additionai 60 MMCF of carbon dioxide pro-
duction, which couid increase oii produc-
tion by an additional 6000 to 10,000 barreis
per day.

Petro Source Corporation Is planning to
extend a pipeiine from Bairoii to the Pow-

ful in ing 5 to 15% of the origi-
nal oii in piace. Assuming 8 biilion barreis
of originai oii in piace, this transiates into
400 miiiion to 1.2 billion barrels of additionai
producibie oii that wouid otherwise be ieft
in abandoned fields. To recover 400 miilion
barrels of oii wouid require 2.4 to 4.0 triilion
cubic feet (TCF) of carbon dioxide. To re-
cover 1.2 biilion barreis of oii wouid require
7.2 to 12 TCF of carbon dioxide. For com-
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Figure 6. Production decline curves for an ofl field showing production stages and effects of secondary and
tortiary recovery techniques.
parison, from on the La Barge anticiine had aiready pro-

oii p
Wyoming through ﬂhmr 2000 was 6.7 bii-
lion barreis.

Does Wyoming have enough carbon di-
oxide to recover up to 1.2 billion barrels
of additional oil?

Wyoming has abundant suppiies of car-
bon dicxide. E)ur.mﬂnbi operates one of

the i g fieids
in the wor!d at La Barge armnilm IHgIme
3). The pany currently prod about

muMGFdearbondimﬁdepordwfmm
16 weiis in the Madison Limestone at the
Lake Ridge and Fogarty Creek units. The
naturai gas, which contains about 67% car-
bon dioxide, is processed at the La Barge
gas piant (Cover photograph and Figure 3).
De Bruin (1991) has documented Wyoming's
carbon dioxide resources in severai of the
state’s gas fieids. The two most important
areas in terms of reserves and current pro-
duction are the La Barge anticiine and the

duud 2.0 TCF of carbon dioxide from the
M Lii The Madison reservoir
(Figure 2) underlies most of thirty townships
and averages 400 feet thick. Remaining re-
coverable carbon dioXide, based on a 50%
recovery rate is over 55 TCF. The Madison
reservoir is much smaller at Madden Fieid
and only ins 19% jioxide. The
reservoir only underiies about three town-
ships and averages 145 feet thick. Remain-
ing recoverable carbon dioxide, based ona
50% recovery rate, is siightly more than 0.5
TCF.

What are the major economic consider-
ations for a carbon dioxide flood?

Probably the main economic consider-
ation for a carbon dioxide fiood is the price
of crude oil. in general, a price of $18.00
per barrei of crude oii is required to make
an economic carbon dioxide fiood. Amajor
cost in a carbon dioxide fiood is the gas
ing piant needed to handle pro-

Madden Fieid (Figure 3). Through the year
2000, the two previously mentioned units

duudhytl‘ronarbongu.hly'llnumondl-
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Figure 7. Schematic crass section of a typical carbon dioxide flood project and the surface facilities re-
quired. Diagram modified from Exxon Company USA (1986), used with permission.

oxide, that panies oil producti
However, in many fieids where the natural-
soiution gas production is iow, the pro-
duced gas can usuaiiy be mixed with
additional purchased carbon dioxide and re-
injected without significant adverse effects
(Exxon Company USA, 1986).

Other investments required for a carbon
dioxide fiood inciude a fieid carbon dioxide
distribution system, possibiy a gathering
system, and welibore work for carbon diox-
ide injection or production weils. Another
major cost is for purchase of carbon diox-
ide and its associated transportation to the
fieid. Other costs may inciude corrosion
treating and added workovers on the welis.

The State of Wyoming presentiy has
written an incentive for tertiary projects into

ered at Lost Soidier Field in 1916 by Bair
Oii Company and at Wertz Fieid in 1920. in
1975, A Production Company pur-
chased the fieids and initiated a waterflood.
A plant to recycle carbon dioxide was fin-
ished in 1986 and injection of carbon diox-
ide originaiiy purchased from Exxon began.
Merit Energy Company purchased the prop-
erty in 1999 and continues with carbon di-
oxide injection. Most EOR production from
carbon dioxide injection at Wertz and Lost

its statutes. The pertinent statute reads that
any tertiary project certified by the Wyoming
Oil and Gas Conservation Commission by
March 31, 2001 is exempt from two percent-
age points of the regular severance tax of
6% (severance tax is therefore 4% rather
than 6%) on the produced oil. The 4% rate
is in effsct for five years from the date of
first production. This incentive was not re-
newed by the 2001 Wyoming State Legisia-
ture, so new projects wiii be subject to the
6% tax rate.

Have carbon dioxide floods been tried
in Wyoming?

The oniy carbon dioxide fioods in Wyo-
ming were tried at Lost Soidier and Wertz
fields (Figure 8) at Bairoil. Oil was discov-

Soidier fieids has been from the Tensieep
Sandstone. Pians are to fiood the Darwin
Sandstone Member and Madison Limestone
as weli. Tertiary recovery from the Tensiesp
at the two flelds so far has been 10% of the
original il in place (Table 7) (Don Spence,
Merit Energy, personai communication,
2000). Carbondioxide produced at La Barge
is aiso pipeiined to the Rangely Fieid, Coio-
rado where it has been used with some suc-
cess since the late 1980s.

Figure 8. The carbon dioxide

processing plant at Balroll recovers and recycles carbon dioxide (from La
wwkwummum Photograph by A.J. VerPloeg, Wyoming State Geologi-

Table 1. Resuits of carbon dioxide flooding af the Lost Soldier and Wertz Fields, Wyoming. Source: Merit

Energy, 2000.
Q0IP! Primary & Secondary Tertiary Recovery
Fieid MBO? MBO %00IP MBO %00IP
Lost Soldler Field 400,700 174,964 44 44,483 1
Wertz Fleid 208,900 95,169 46 17,245 8
Totai Bairoii 609,600 270,133 44 61,728 10

'00iP=original oil in piace; 2MBO=miilion barrels of oii.

£
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State of Wyoming agencies to contact
about carbon dioxide:

P.O. Box 2640
777 West First Street
Casper, Wyoming 82602-2640
Phone: (307) 234-7147
Fax: (307) 234-5306
Web site: http://wogcc.state.wy.us

P.O. Box 3008
Laramie, Wyoming 82071-3008
Phone: (307) 766-2286
Fax: (307) 766-2605
Emaii: wsgs@wsgs.uwyo.edu
Web site: http://lwsgsweb.uwyo.edu

Others to contact about carbon
dioxide:

5051 Westheimer Road, Suite 1400
Houston, Texas 77056

Phone: (713) 624-9500
Web site: http://www.br-inc.com

U.S. West

P.O. Box 4358

Houston, Texas 77210-4358

Web site: http://lwww.exxonmobii.com

48 Market Street, Suite 220
Sait Lake City, Utah 84101
Phone: (713) 972-2000
Fax: (713) 972-2035
Web site: http://www.petrosourcecorp.com

951 Werner Court, Suite 100
Casper, Wyoming 82601

Phone: (307) 234-5333
Web site: http://www.pawyo.org

Cover photograph. ExxonMobil's La Barge natu-
ral gas plant.  This plant processes about 435
million cubic feet (MMCF) of carbon dioxide and
135 MMCF of methane per day from gas wells on
the La Barge anticline. Photograph courtesy of
J.C. Knoll, ExxonMobll Production.




