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EXECUTIVE SUMMARY

Carbon dioxide (Cg@ has been used commercially to recover oil from geologic formations by
enhanced oil recovery (EOR) technologies for over 40 yearsUT8eDepartment of Energy
Office of Fossil Energyand its predecessarganizationshave supported a large number of
laboratory and field projects over the past decades in an effort to improve the oil recovery
processincluding investments to advancedsevoir characterization, mobility control, and
conformance of C&flooding.

Currently, CQ EOR provides about 280,000 barrels of oil per day, just over 5 percent of the
total U.S. crude oil production. Recently €@dooding has become so technically and
eonomically attractive that COsupply, rather tharCO, price, has been the constraining
developmental factor. Carbon dioxide EOR is likelgxpandn the United States in upcoming
year s due to WAhigho crsaucte avalability, ghrpossibdeslarge nat |
anthropogenic C@sources through carbon capture and storage (CCS) technology advances.

A national resource assessment for, GOR (NETL 2011)indicated:

1 iNext Ge n e 5 BOR ican rprdvid€ T37 billion barrels of additional technycall
recoverable domestic oil, with about half (67 billion barrels) economically recoverable at
an oil price of $85 per barrel.

1 This volume of economically recoverable oil is sufficient to support nearly 4 million
barrels per day of domestic oil productidh35 billion barrels per year for 50 years),
reducing oil imports by onthird.

1 Federal/state treasuries would be a large beneficiary, receiving $21.20 of the $85 per
barrel oil price in the form of royalties on Federal /state lands plus severancepraanval
and corporate income taxes. Total revenues to Federal/state treasuries would equal
$1,420 billion.

1 The general U.S. economy would be the largest beneficiary, receiving $25.80 of the $85
per barrel of oil price, in the form of wages and material paseb. Total revenues would
equal $1,730 billion.

1 Nearly 20 billion metric tons of CQOwould need to be purchased by €BOR operators
to recover the 67 billion barrels of economically recoverable oil. Of this, at least 18
billion metric tons would need tiee provided by anthropogenic @€aptured from coal
fired power plants and other industrial sources.

ANext Generationo t ec hngihjectipn ekkmes lyc50% ar enore, i n c
drilling horizontal wells for injection or production, improginmobility ratio and flood
conformance, extending the conditions under which miscibility between the oil anda@®e
achieved, and applying advanced methods for monitoring flood performance.

Despite its welestablished ability to recover oil, the €BPOR process could be improved if the
high mobility of CQ relative to reservoir oil and water can be effectively and affordably
reduced. The COEOR industry continues to use wadternatingwith-gas (WAG) as the
technology of choice to control GOmobility and/or mechanical techniques (e.g., cement,



packers, well control, infield drilling, and horizontal wells) to help control the, @a»d
conf or mance. | f t,EGR tdrgeteok G7 biljom bagrelsaig to berrealized,O
new solutions are eeled that can recover significantly more oil than thie20@6 of the original

oil in place associated with current flooding practices.

This literature review concentrates on the history and development ainGi@lity control and
profile modification tebnologies in the hope that stimulating renewed interest in tesaical
techniqueswill help to catalyze new efforts to overcome the geologic and process limitations
such as poor sweep efficiency, unfavorable injectivity profiles, gravity override,raigis of

CO, to oil produced, early breakthrough, and viscous fingering. Carbon dioxide mobility control
technologies are idepth, longterm processes that cause Q®exhibit mobility comparable to

oil. Profile modification andconformance control arachieved by a neawvellbore, shorterm
process primarily intended to greatly reduce the permeability of a thief zone.

The premise of this report is that a thorough review of the literature related to the past successes
and failures of laband fieldsale efforts to reduce GOnobility using CQ thickeners, foams,

and gels will provide a baseline understanding of the remaining challenges and the research
needed to advance this technology. Solving these challengingfl@iding problems will
ultimatelyincrease domestic oil production via €BOR.This review has highlighted a number

of successed-or example:

There has been considerable-tatale progress i(direct) thickeningof CO,, most notably with
the fluoroacrylatestyrene copolymer polyFAST arsilicone oittoluene solutions. ®#yFAST is
capable of significantly increasing the viscosity of £L@10fold) flowing through Berea
sandstone at reservoir conditions in dilute concentratidhst(%).

There have been a multitude of successfulsiedie tests involvingwatersoluble surfactants
capable of stabilizingcO.-in-brine foams. These achievements led to 13 published reports of
pilot tests conducted between 1984 and 1994, most of which were aimed at attaining
conformance control. Fivef theseprojects were considered to be successful technical efforts
and favorable economic assessmentewassociated with most of them.

It appears that the emergence of rolgedtbased conformance techniqug@scluding monomer
solutions that polymerize andosslink (gel) in situ, polymer solutions that crosslink in situ,
foams that gel in situ, and pfermed particle gel dispersionspupled with WAG for mobility
control may have led to a decline in the use of foams as a conformance control technique,
esped@lly in extremely high permeability flow paths where foams are generally ineffective.
These gel methods appear to be more effective and robust thdoddi3, as demonstrated in a
series of generally successful field tests conducted beginning in tHO®Ae and continuing to

the present day.

A large number of lalscale studies were directed at the desigmnafepth mobility control
foams This led to two pilot tests aimed solely at £@obility control, one of which indicated
that a 60% increase indhapparent viscosity of GQoccurred where the foam formed, and
several pilot tests that were designed to both increase the apparent viscosityaofdGilibck a
high permeability zone, one of which clearly demonstrated thatf@®ns could simultaneously



enhance conformance control and mobility control. Although, @@s not used as the
displacement gas, it is important to note that the biggest and most successful mobility control
foam field demonstration occurred Seawhdl®er sk
analysis concluded that the alternating injection of surfactant slugs and hydrocarbon gas slugs
contributed to 250,000 In(1.6 million barrels) of oil recovery while consuming only
approximately $1,000,000 of surfactant.

Recently, CQfoams @nerated withCO,-soluble nonionic surfactantsave been successfully
tested in the lab andhrough an ongoing pilot test. Further, lafcale testing of foam
stabilization withwaterdispersible nanoparticlesas been initiated in an attempt to circuntven
problems often associated with surfactant solutions flowing for extending periods of time
through a porous medium, such as adsorption losses and chemical instability of the surfactant.

The results of 40 years of research and field tests clearly iadita mobility and conformance
control for CQ EOR with thickeners, foams, and gels can be technically and economically
attainable for some fielgdoweversignificantly more research needs to be conduictéprove

the technology and the economi@$efollowing Game Changer technologies are recommended
as primary candidates for further research, based on this literature review.

CO, EOR Game Changer Candidate #1: C@Viscosifiers (Direct Thickeners)

An affordable C@thickener has been recognizedaa&ameChanging technology for over 25
years, but has not yet been developethe design of such a thickener is a much more
challenging problem than was envisioned several decades ago primarily due to the jow CO
solubility, or complete C@insolubility, ¢ compounds that contain the chemical groups
responsible for viscositgnhancing intermolecular associations. However, the development of a
CO; thickener that could change the g€@scosity to that of the oil being displaced would have
profound effects oail recovery and is worth pursuing.

A CO, thickener would be a particularly effective mobility control agent because the viscosity of
the thermodynamically stable, G@ch solution could be manipulated simply by varying the
thickener concentration. Ukk CQ foams, the C@viscosity change induced by a thickener
would not be dependent on rock characteristics, oil and brine properties, or fluid saturations and
flow rates. It has been demonstrated that C&h be thickened with high molecular weight
silicone oil at reservoir conditions in the presence of significant amounts of an organiget

such as toluene; although this thickened, @@s shown to improve oil recovery from cores, the
co-solvent requirement (roughly 10%-solvent, 90% Cg) made piot-testingcostsprohibitive.
DOE-funded research has led to the identification of the only known thickener that does not
require a cesolvent: a fluoroacrylatstyrene copolymer (polyFAST). Several other compounds
that provide only modest increasesviacosity have also been developed, such as a fluorinated
telechelic ionomer, a tri(serfiuorinated alkyl) tin fluoride, a surfactant with two twiailed
fluorinated tails, and a high molecular weight fluoroacrylate homopolymer. In these cases the
compaind is highly fluorinated, extremely expensive, and high concentrati@w{%o) of the
compound is required to achieve a modé<t @ld increase in C@viscosity. Only polyFAST

was capable of significantly increasing the viscosity of, ¢€10-fold) flowing through Berea
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sandstone at reservoir conditions in dilute concentrations (~1wt%) in the absencesohang
but the cost of the fluoroacrylate monomer makes polyFAST prohibitively expensive.

Subsequent research on potentiainfluorous polymeric thickeners including poly(benzoyl
vinylacetate), a nofluorous analog of polyFAST, showed that these copolymers did not
dissolve in CQunless pressures far in excess of the minimum miscible pressure (MMP) were
applied. The omoing thickener researchdt is being funded by the DOE is directed at small
compounds that sessemble into viscosiHgnhancing rods or helices in dense,C®rogress in

the design of small molecular thickeners forGimpeded by their very low solubility in GO

Even if a CQ thickener, whether a polymer or small molecule, is identified, operational
constraints may face operators who would try to implement the technology in-gepilotFirst,

nearly every promising COthickener is a solid at ambient temperature ancheans of
introducing a powder into the GGstream must be therefore employed, possibly by first
dissolving the thickener in an organic solvent in order to form a concentrated, viscous, pump
able solution. Second, higiressure mixing tanks would be recpd if static, inline mixers are
insufficient to rapidly dissolve the thickener in the £®@herefore, it will be important for
researchers to begin to investigate the process engineering aspects of field operations while
continuing to seek a lowost thtkener.

CO, EOR Game Changer Candidate #2: NeakVellbore Conformance Control with CO,
Foams and Gels

The improved performance of the gel technologies in blocking flathis, enhanced gel
robustness, the lack of a pressing need to reverse foam camfoenctontrol treatments, and
operatoro6s ability to apply gelghipermeableopemt s i
flow pathshas made gels popular tools for conformance control during af@dd. It appears

that unless significant advancase made, persuading operators to consider,@onformance
contr ol foams as a fAgame changingo alternat
successes and disappointments during a decade pt&@@®@rmance control foam field tests and

the refinemet of robust, alternative technologies based on chemical gels. However, there seems
to be a consensus that the £€nformance control foams are less expensive and more readily
reversible (via water injection, if desired) than any of these gel treatnt@ivsn the ability of

foams to be designed for conformance control and/or mobility control, it may be prudent to
combine the two technologies where gels are employed for conformance control gimtt CO
brine foam (rather than WAG) is used for mobility cohtro

Carbon dioxidan-brine foams are generated in situ, usually via the simultaneous injection of
CO, and an aqueous surfactant solution in-dahble tests, and via the alternating injection of
surfactant and C©Oslugs (surfactaraftergas or SAG)in the field. The capability of foam to

form more readily and effectively in higher permeability rock layers is desirable to reduce the
flow of CO, into previously waterflooded, or GOlooded, high permeability layers, while
promoting the flow of C@ into lower permeability odrich zones. Because the surfactant
required to stabilize the aqueous lamellae is typically dissolved in water (which is a very strong
solvent for compounds with polar or ionic groups) numerous inexpensive surfactants have been



idertified in the lab of which only a few (Chaser CD 1045, Alipal CD 128, and Chaser CD 1040)
were used extensively in pilot tests.

Foam generation requires interactions between the porous medium and the injected fluids, thus a
multitude of labscale studige directed at understanding the effects of temperature, pressure,
surfactant type, surfactant concentration, flow rate, foam quality, brine salinity, rock type, rock
wettability, matrix permeability, presence of fractures, degree of heterogeneity, preSengs,

oil composition, and oil saturation on the performance of these foams were conducted.
Laboratory foam mobility results for various porous media indicated that foams are typically
most readily formed in higher permeability, watest to mixed wehbility, fracturefree cores.

Carbon dioxide foams have been found to reduce the residual oil saturation beyond that achieved
by CG, floods when the foam flood occurred after the,Glood in cores initially containing

high oil and residual water satumat.

Eleven field testsising foamsvere conducted beginning in the ri@80s that focused primarily

on blocking thief zones and impeding gravity override. There was a good deal of variability in
the degree of technical and economic success ascribleds®s ¢conformance control tests. About

half of these projects were considered to be successful technical efforts, and favorable economic
assessments were associated with most of them. However, about half of the field tests reported
problems that renderedehechnical results as either unsuccessful or inconclusive. Problems
noted during these field tests included the dilution of @&@m by subsequently injected water,

the inability of foam to be effective in formations containing fractures or extremely hig
permeability open flow paths, the very short propagation of thef@@ the injection well, cold
weather ice and hydrate formation, unacceptably large decreases in injectivity associated with
coinjection, and ot her u n s phe mabiiity ® dletefmn@ Rova t 1 ¢
much incremental oil was associated with application of the f6@m was also cited as an
impediment to providing an accurate assessment of the pr@mssific conformance control

field testresultsinclude:

91 During the Uhocal/Long Beach Oil Dev. Co. Wilmington Immiscible Trial at Long
Beach, California in 1984, a SAG conformance control @latcessfullydiverted flow
into the T zone. Gas and water injection profiles indicatedttteall zone received as
much as 43.3% othe injected gas, a dramatic increase from the 1.3% value prior to
SAG.

1 Chevron initiated a CONAG flood at their Rangeley Weber Sand Unit in Colorado. The
operators found the results encouraging in that the foam pyojeach resulted in the
incrementalproduction of roughly 50 BOPD during April and May 188paid out in

two months.
1 One of the best documented field tests ob@Gbrine foams occurred during 1992 in the
Phillipsd East Vacuum Grayburg/ San Andre

tha 14,700 bbl. and 4,460 bbl. of incremental oil were produced as a result of the first
and second SAG tests, respectively.

T During Amocobs Wasson ODC Uni t conbtor ma
breakthrough was delayed from 8 to 22 days and @@dwtion was reduced from
roughly 20002500 Mscf/d to 10001500 Mscf/d.
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f During Mobil s Sl aughter Fi el dnjectigthgpeofie Mal |
logs indicated that fluids were completely diverted from the thief aokd@il production
in the entire pattern increased by about 26%, or 19 BOPD.

The decline of interest in GQoams may also have been due in part to the emergence of other
conformance control techniques, including monomer solutions that polymerize and crosslink
(gel) in situ, plymer solutions that crosslink in situ, foams that gel in situ preformed

particle gel dispersions. Marked reductions in mobility have frequently been reported for these
gel technologies, especially in extnely high permeability flow paths whereafos are generally
ineffective. These gel methods appear to be more effective and robust thafoah3, as
demonstrated in a series of generally successful field tests conducted beginning in the late 1970s
and continuing until the present day:

T At A mdert digddtenwells were treated with gethatextended the economic life
of the field by two years, enabling the production of 35,000 to 140,000 barrels of oil per
pattern.

1 Eighty percent of the 49 wells treated with gels at Rargédper Sand Unit étween
1994 and 1997 were considered successes. The $2,060,500 investment yielded 685,000
incremental barrels of oil, which resulted in a 365% rate of return andnaonth
payout period.

1 Due to severe channeling of both water and solvent through a dimief @ lignosulfonate
gel conformance control project was i mpl
South Swan Hills Miscible Unit located in Alberta, Canada. Thirteen producers had a
significant increase in incremental oil, and the total incremeiltaroduction from this
project wa estimated to be 3,300,000 barrels.

1 Two problem injection wells at the Lick Creek field were treated with a low viscosity,
aqueous monomer solution that contained an organic crosslinkeemental oil
production attrilntable to these treatments was 65 BOPD, totaling 25,000 bbl. by
November 1985.

CO, EOR Game Changer Candidate #3: IRDepth Mobility Control CO , Foams

Research results have demonstrated that surfadtaliced CQ foams are an effective method

for moblity control in CQ, foam flooding, but have potential weaknesses. Because the foam is by
nature ultimately unstable, its lostigrm stability during a field application is difficult to
maintain. Nonetheless, one can make a convincing argument that thégaeO, mobility
control foams has not been fully explored in pilot tests, especially givamthense body of
promising labscale technical knowledge that has been reported. Carbon disgidble
surfactants, which are currently being tested infie&el at SACROC, ensure that the surfactant
appears (and the foam forms) only where the, @@ws. These provide a modest degree of
conformance and mobility control, are easy to implement even for operators who only employ
continuous C@injection, and mayreatly reduce the need for alternating slugs of brine. New
nanoscience technologies may also provide an alternative for the generation of staple CO
foam. Using nanopatrticles instead of surfactant to stabilize f6@m may overcome the long

term instabiity and surfactant adsorption loss issues that affect surfadtaséed CQ EOR
processes.
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Although a large number of ledrale studies were directed at the design afejpth mobility
control foams, only two field tests were specifically designed sesssthe performance ofin
depth mobility control foams using G@s the injected gas.

1 The 1990 mobility control trial at Joffre Viking was unsuccessful because the foam
propagated only a few feet from the injector.

1 The 1984 Rock Creek trial was somewlnconclusivesincereservoir fluids and the in
situ generated foam did not flow past the observation well as anticipated, although
pressure measurements indicated that a 60% increase in the apparent viscosigy of CO
was attained in regions where therfoformed.

Several other foam trials, such as the successful Mobilteisdtat EMU 31, recognized that €0
foams could be used to simultaneously improve both conformance and mobility control.

Although CQ was not used as the displacement gas, it portant to note that the biggest and
mo s t successful mobility control foam field
Field in the North Sea.

The injection gas at Norsk Hydrods Snorre F
with apprximately 70% methane gas content. -tfepth mobility control foams were used
successfully and profitably to recover substantial amounts dfloilleling results indicatethat

the SAG contribution to oil recovery was 250,00dahoil whereas a material tmice indicated

that as much as 350,000 of oil could have been displaced by injected methane gas. Because
the cost of the surfactant treatment was only $1,000,000, this project was considered a technical
and economic success.

The very favorable resugltof the Snorre Field mobility control foam flood did not translate into
renewed interest in GAnobility control foams in the United States, however. Other successful
hydrocarbon gas mobility control foam field tests include:

T AtSi gnal ta Reismal/r@stsroa cPoedmbd G fthe heaidn ofRwoe | d
surfactant slugs was sufficient to increase oil production from %8 to 33 ni/d for
three months.

T Hydrocarbon miscible gas foam was inject e
0AOb Fielch | Baseline injectivity waslater reestablished, indicative that the
hydrocarbon miscible gas foams would not induce permanent changes in injectivity and
that the foams could be dissipated by water injection.

Thereareno reports of C@foam pilot ests using bringoluble surfactants for mobility control

after 1990. This may be attributable to a combination of factors including the unsuccessful Joffre
Viking test; the modest to inconclusive mobility control results at Rock Creek; several literature
studies that warned of the great difficulty in maintaining the integrity of a mobility control foam
of specified quality deep within the formation; the North WBsles pilot that lauded the
reduction of compression costs associated with &@ling via caomformance control over the
attempts to enhance areal sweep and increase oil recovery via mobility control; the relative
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difficulty associated with forming weak foams of specified mobility in low permbegring
zones compared to generating strong foamsigh perm, wateout zones; and demanding
logistics of SAG mobility control treatments, especially for cycles of very short duration.

Given the multitude of lalscale efforts conducted to understand and design @ability

control foams and the very sthnumber of mobility control piletests, CQ@ mobility control

foams may remain a promising area for future field testing. Gels are designed for dramatic
increases in viscosity, and are therefore incapable of being used for mobility control purposes,
leaving SAG CQ mobility foams as a viable alternative to WAG. These mobility control foams
could even be used in conjunction with -galsed conformance control techniques. The
performance of such processes could be contrasted with the currerdfshegert of or get

based and mechanical techniques for conformance control combined with WAG for mobility
control.

There has beenlanited andvery recent rekindling of interest in G@ams associated with an

old idea: CQ@-soluble surfactants. The objediis to dissolve the surfactant in the injected, CO
rather than in alternating slugs of brine. Given the large amounts of brine in the pore space, the
foams could still be generated in situ; thus it should be possible to reduce or possibly eliminate
the reed for alternating injections of brine. Further, unlike SAG, this process wosidethat

the surfactant would be present where the, @@ws in the formation. Finally, this technique
could also be employed by companies that only conduct continuopgf@ctions rather than

WAG.

Extensive surfactant studies conducted at the University of Texas at Austin have resulted in
promising singlewell injectivity pilot test results using a Dow Oil & Gas surfactant at SACROC
in 2010, and have led to the expamm to a fowwell oil recovery pilot at the same field. Results
from the first phase showed a consistent increase in the cumulatpreole injected versus

time at constant injection pressure indicating that (for the duration of this test) the foam
propagated through the matrix for 500 hours following the introduction of surfactant. Further,
injection profiles indicated that about 30% of the injected @&s diverted to a lower portion of

the formation while only 1% of the G@lowed into the lower zee prior to the addition of the
surfactant. Favorable ladrale results froman Office of Fossil EnerdgyUniversity of Pittsburgh
project are leading to the identification of inexpensive-8@uble, nonionic surfactants from
other chemical suppliers.

New nanescience technologies may also provide an alternative for the generation of stable CO
foam. Studies show that small solid particles such as fumed silica can adsorb at fluid/fluid
interfaces to stabilize drops in emulsions and bubbles in foams.ndheparticles readily
disperse in water and this dispersion is capable of flowing through unconsolidated porous media.
Using nanoparticles instead of surfactant to stabilize f&6@m may overcome the losigrm
instability and surfactant adsorption lossues that affect surfactamased C@foams. Recent
laboratoryscale tests show promise, but no nanoparsitdéilized core, lalscale oil recovery,

pilot, or field tests have yet been reported because this technology is still in its infancy.



Furtheri ng t he MANext EOR®esaatch ono of CO

Despite industrybs best ef f or flodds haper beenioolyu s a
partially successful for conformance control (these technologies have not been widely accepted
for a variety of reamns) and less successful for @@obility control.

DOE6s Office of F o #\ationkal Eremyye Techyology habaratogyn(NETL) e
awarded a number of new projects in 2010 seeking to further next generatiddOEO0 the
point of pilot (small) sale testing. Three of thegesearch activitiegre related to mobility
control in CQ flooding; two are focused on nanoparticle technologies and one grsdile
surfactants.

The University of Texas (Austin) is evaluating inexpensive alternative naticipasources to
provide the large volumes needed for foam stabilization in-fietde CQ floods. The study

ent ail s usi ng |l ow cost, commercially avail
polyethylene glycol (PEG) coating-lmouse to producew-cost alternatives as well as the use of
natural nanoparticles (e.g., fly ash) to develop am.

A New Mexico Institute of Mining and Technologyesearch activityis conducting

complementary research on the use of nanopatrticles to increaslt@Dsweep efficiency. The
effects of particle retention on core permeability and porasiliybe investigated using lonrg
term core flooding experiments and nanoparstiilized CQ foams. Additionally, surfactant
molecule effects on the stability and fsemance of nanoparticleased C@ foams will be

examined and evaluated for field application.

Anotherresearch activity (also at the University of Texas) is focusimghe development of
mobility control agents using surfactants injected with carboride (CQ) rather than with

water for CQ enhanced oil recovery (EOR) in heterogeneous carbonate and sandstone
reservoirs.

A fourth research activitys field testing gels for conformance control. The remaining awards
supported projects designed to delp advanced computer simulation and visualization
capabilities for C@ EOR, an electromagnetic (EM) monitorirgfort to track the CQ flood
front, and a field case study of an existing,@l0od targeting the residual oil zone. Residual (or
stranded) di exists in the transition zone below the traditionalvaditer contact in many
domestic oil reservoirsThis resource has not previously been included in any official domestic
oil resource database but in some cases appears to be amenabl&E©@RCO

The DOEsupporteahis CQ mobility control and conformance control literature review in the
hope of stimulating renewed interest in generating new ideas to advance the technologies that
would overcome the geologic and process limitations of EOR. The rport premise assumes

that a thorough literature review related to past successes and failures ahdafieldscale

efforts to reduce COmobility using chemical additives will provide a better understanding of
future research needed to advance thisielcyy.



OBJECTIVE AND PREMIS E OF THIS LITERATURE
REVIEW

The Department of Energy is interested in the development and implementation of eahnomic
nextgeneration C@floods that can recover significantly more th&@%4L 20% OOIP associated

with the WAG process. There has been great interest in chemical techniques for improving
mobility and/or conformance control of G@loods. These chemical techniques for improved
CO, mobility control are the main topic of this reportAlthough there are also numesou
mechanical strategies for enhancing oil production such as infill drilling, horizontal wells, etc.,
these techniques fall outside of the scope of this report.

The use of thickeners and foamsnasbility controlagentsfor the suppression of fingering o
channeling will be emphasized in this report. For example, irregularities of flo@Xs
associated with multipteontact miscibility displacements will typically occur at locations and in
directions governed by the permeability variations within thervesr, but the rate of growth is
influenced by t he mo bifolm dueto instalilities at the ffof, whilg e r s
i channel;®rm indifih per@eability heterogeneities that are correlaiede direction

of flow. Fingers and chamfs that exhibit close lateral spacing are typically not problematic
because transverse dispersion can mitigate the concentration differences and suppreasdinger
channel growth. However, widely spaced fingers or channels can continue throughahtihéfe
displacement. In this case, €@obility must be reduced on a largeale. Further, the depth of
the flow patterns behind the front that feed into the fingers are proportional to their transverse
dimension; the larger the finger, the larger tegion of unfavorable flow patterns behind the
front. As a result, the gpression of fingering must baccomplishedon a large scale.
Therefore it should be expectethat a very substantial fraction of the £Will be made less
mobile (whether by diredhickener or foam) [Heller, 1994]it is unlikely that the injection of a
small pore volumgPV) slug of thickenedCO, or foam will suppress fingering and channels
throughout the lifeof the CQ flood. In general, mobility control methods involve relatly

large CQ slugs (e.g., 0.1 PV [Dellinger et al., 1984]) containing dilute amounts of additives that
decrease the mobility of the G@o a level comparable to that of the oil (M ~ 1), thereby
suppressing fingers and channels without causing excessisgupe drop.The less mobile CO

will also improve conformance ctiol by evening the flow distoution between layers.

The secondary objective of this report is to assess chemical techniques that are designed
primarily to improve conformance control bglectively blocking high permeability flow paths in
oil-depleted zonesThis can be accomplished, in general, by the use of smaller vobfrfiesls

that can grefy reduce the permeability of open voids, fractures, vugs, and high permeability
streaksusing very low mobility foams formed with high concentrations of surfactant, foam gels,
gels, or prormed particle gels.

Ultimately, the goal of this literature review is to stimulate the reader to generate new insight
into, and propose and develop neechnology that coultielp CO, EOR make the transition to
O0next g,game changin@o n e cids that maygcreasedomestic oil production.
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1.0* E+(8
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LITERATURE REVIEW

1. Introduction to CO, Enhanced Oil Recovery

Carbon dioxide (Cg enhanced oil recovery (EOR), also known as,QGOR (improved oil
recovery) is anevolving set of technologies for increasing oil production. The (historical)
development of COEOR [Grigg and Schechter, 199Jarrell, et al., 2002jn the 1950s saw

some of the earliest research on,@Ad flue gas for oil recovery and continued witdngicant
laboratory research during the 1960s that included some field pilots. Results from some of the
early pilots (some successful and others not) encouraged major expansion in the 1970s with
development of C@pipelines to the Permian Basin. Durithgg 1980s some projects sucltlaes

flood of the Weber Sand in the Rangely Field of Colorado were implemented. There are plateaus
in CO, EOR production (Figure 1.1) where oil prices and the availability of k@e limited
production [Hargrove, 20087abe, Martin, and Seright, screeningarts 1 and 2, 1997
However, additional quantities of G@ave become availableithin the last few years and have
permitted development of GQAloods in Mississippi, Alabama, and southeast Texas (Jackson
Dome as C@ source), as well as development of additional fields in Wyoming where
ExxonMobil strips CQ from natural gas [Moritis, 200Woritis, 2003 Moritis, 2008; Moritis,

2010].
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Figure 1.1. U.S. Enhanced Oil Recovw with Gases over thepast decades Koottungal, 2010 ].

The first commercial COEOR flood occurred in Scurry County, Texas in 1972, in what was
known as the SACROC Unit (Scurry Area Canyon Reef Operators Committee). SACROC used



anthropogenic C@captured from Val Verde natirgas plants (South Texas) as the,G@Qurce.

The technical success of this project, coupled with the high oil prices (at the time) of the late
1970s and early 1980s, led to the construction of three majppip€lines connecting Permian
Basin oil fieldswith natural underground CGOsources located at the Sheep Mountain and
McEImo Dome sites in Colorado and Bravo Dome in northeastern New Mexico. The
construction of these pipelines spurred an acceleration gfr(Eation activity in Permian Basin
clastic and carbonates fields. The process is often illustrated schematically by Figure 1.2
(Lindley, 1960s) as a GOVAG (water alternating gas) flood where alternate slugs of &d

water (operated as either miscible [as shown] or immiscible conditions) atetaiskive oil

from aninjector toa producing well. As shown, Figure 1.2 neglects the differences in dexisity
fluids, which cause gravity override, and in viscosity, which cause fingering of fluids, and
neglects reservoir geolodyncluding higher andower permeability porous roghll of which
influence the sweep efficiency and recovery of oil with,COQhis report attempts to summarize

the literature that addresses some of the chemical syssat® resolve these deficiencies.

CARBON DIOXIDE FLOODING

This method is a miscible displacement process applicable to many reservoirs. A CO; slug followed
by alternate water and CO, injections (WAQ) is usually the most feasible method.
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Injection of flue gas () CO,) had essentially been replaced by @® 1980. Oil production by
thermal EOR oil peaked in 1986 at 480,000 b/d. Chemical flooding has been declining for
decades and, althouginacticed, is rarely reported by operators. In contrast, oil production from



gas floods, especially miscible G@loods, has been steadily increasing over the last two
decades, as has the number of projects (shown in Figure 1.1).

Oil and Gas Journa{OGJ)published its first EOR survey on May 3, 1971, andublentarily
contributedsurvey data has been published biennially since 19Bféd.2010survey [Moritis,
2010; Koottungal, 201pshows United States (U.S.) EOR production from the preceding year
(2009)accounted for 663,431 barrels of oil per day (BOPD). This accounts for 12.2% of total
U.S. crude oil production that averaged 5,451,000 barrels per day (b/d) in 2009 [EIA, 2010].
Thermally produced heavy oil contributed 291,992 b/d, cher&@& 70 b/d,and gas injection
371,369 b/d. Carbon dioxide miscible produced 272,109 b/d from 109 projects gnd CO
immiscible produced 9,160 b/d from five projects. Combined they account for 5.1% &f.®tal

oil production. U.S. EOR production has averaged ab@ii 11% for nearly two decades and
was in slow decline as late as 2008. Carlimxide EOR should experience a significant
increase wheit is reported in the 2012 OGJ survey, as a number of new projects in Wyoming,
Texas, and Louisiana have been initiséad reservoir filup is underway.

About 74.4% of the CQused for EOR is provided by gas treating and processing facilities
associated with the production of &€ich natural gas from formations, while 19.4% originates

in natural gas plants, 4.8% froancoal synfuel plant, and the remainftem various chemical

and petroleum facilities. For example, the Permian Basin projects draw much of th&ioGO
McEImo Dome, Sheep Mountain, Bravo Dome, West Bravo, and the Century Plant. The most
significantsources of C@outside of the Permian Basin include LaBarge in Wyoming, Jackson
Dome in Mississippi, and the Great Plains Coal Plant in North Dakota [Hargrove 201)].

The dehydrated, higpressure C@from these sources is transported to oilfieldsere it is
compressed to the desired injection pressure, combined with recycle@i@Onjected into the
reservoir.

Although CQ has been used commercially to recover oil from geologic formations for nearly 40
years, there remain some classic textste subject in addition to those that cover EOR. SPE
Monograph 8, AMIi sci bl e Di spl ac a dasgicton misciple Fr e
displacement (C® and hydrocarbon). The monograph examines miscible and immiscible
flooding, the concepts beldnminimum miscibility pressure (MMP), and the influence of oil
composition, temperature, pressure, salinity, and capillary number. The monograph examines
basic principles and key laboratory and figldl performance through the early 1980s. The
monograp predicts performance of miscible processes, with an emphasis on the reservoir
engineering aspectS PE Monograph 22, A PHlaccd d icrad 0 A[sJeercrt
2002] updates by 20 years the lessons learned ip fl@@ding and serves as a logicguide to

the practicing engineer focused on the,; Ahow
flooding. The book outlines the entire project development sequence from conception and
justification through field design and operation. The monograplviges current (2002),
practical CQ flooding technologies and industry experiences; also, targets are described
including planning, designing, and implementing LCfods. Monograph 22 contains 5
appendices, including a compendium of practical, fsgdcfic publications, and some screening
models in CQ Prophet (results from a DOE funded project in the CLASS program that is a first
pass screening tool for GEOR).



Implementation ofCO, EOR requires significantlymproved understanding arkchowledge of
reservoir characterization. It was this lack of knowledge of fluid flow in reservoirs and in
understanding reservoir internal architecture that caused the problems encountered in many of
the EOR floods (including chemical and gas floods) that promptedctbation of the
DOE/industry funded program on Reservoir Depositional Classificgatiom e O CLASS6 Pr
Program resultand copies of all the archive repoftor t he ¢ CL aeSaSadlabléhr o g r &
CD collections DOE NETL library) or online (vww.netl.doe.goy as individual reports within

the DOE NETL Knowledge Management Database (KMOJsen, Schatzingerand Koons,

2008]. Better understanding of reservoimarateristicsequired bettedownholediagnostics and
imaging tools for logging and drilling /completioRResults of these R&D investigations are
archievedvi t hi n N E Twiwd.rsetl.ddeévbby[Qlsen, et al., September 2008].

Sandstone and limestone reservoirs best suddedniscible CQ floods contain oil with a
viscosity as high as ~16P, but averaging about 1.5 cp. Immiscible £fbods can be
conducted with reservoir oils of 100,000 & viscosity. The API gravity for miscible floods is
typically greater than 3&nd averages ~3pwhich corresponds to a G@ensity value of 0.876

g/ml or less, and an average density of 0.845 g/ml. Immiscible floods can have API gravity
values as low as 22PI or density values as high as 0.922 g/ml. Oil saturation should exceed
20% and typically has a value of ~55%. The pressure required to attain miscibility is a function
of CO, purity, the amount and identity of gasgsich as Chland N) in the CQ, reservoir
temperature, and the oil composition as measured by thie@gz) content [Enick, Holder et al

1988]. The MMP increases from roughly 1,400 to 1,600 psia & 2d to 3,000 to 4,000 psia

at 100°C. A more accurate estimate of the MMP can be obtained by first determining the CO
density required for effective oil gi|acement. This density value increases from ~0.4 g/ml to
~0.8 g/ml as the (£Cso) content of the oil decreases from 100% to 50% [Holm and Josendal,
1982]. The MMP is then estimateds the pessure required tattain this density at reservoir
temperatue. Formations must be deep enough to have fracturing pressures greater than the
MMP; therefore, reservoirs in which G@niscible floods are conducted are typically 3,600
7,000 ft. in depth.

The introduction of dense GOnto these sandstone or carbte formations pressurizes the
reservoir, simultaneously swells and reduces the viscosity of oil, and (for miscible floods) can
develop multiplecontact miscibility with lighter oils. These multiple mechanisms result in the
very efficient displacement a€sidual oil (95%100%) in the portions of the reservoir that are
swept by CQat pressures at or above the MMP. The efficacy of oil recovery byc@@bined

with the availability of large amounts of natural £@ growing network of C@pipelines
feedingnew projects, the lack of any residue associated withupon its depressurization, and

the ease of COseparation from produced fluidisr recyclingto injection wells have resulted in

CO;, flooding becoming a vibrant, proven, improved oil recovery (I@&&hnology.

Despite its longstanding success as an IOR techniqugfl@fding does not recover all of the

oil in the formation regardless of whether the reservoir has been previously waterflooded.
Typically, primary recovery results in the productioh 6% 15% OOIP, while secondary
recovery is responsible for an additional 2@8% OOIP. Although C&is capable of displacing
nearly all of the oil from the portion of the porous media through which it flows, miscibje CO
floods typically recover 10920% d the OOIP via the injection of a volume of dense,CO


http://www.netl.doe.gov/
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equivalent to ~80% of the hydrocarbon (oil) pore volume (HCPV). Not surprisingly, immiscible
CO; floods recover only 5%d10% OOIP because of the interfacial tension between thea@G®
viscous oil. As aresult, 35%65% of the OOIP remains unrecovered after,Gl0oding.
Further, based on the domestic totals of three billion scf/gd d@@sumed for the production of
280,000 BOPD, the average domestic,@@lization ratio is 10,700 scf of CQbarrel of al. At
typical reservoir conditions, this corresponds to ~6 bbl. of densgp€Charrel of oil recovered

(a much larger than desired ratio of solvent th olil

The fundamental causes of this disappointingly low oil recovery can be trad¢eddertsity and
viscosity of dense CLFigures 1.3 and 1.4). First, the low density of igbssure C@relative

to oil promotes gravity override of the GQeducing oil recovery in the lower portions of the
formation. Second, the low viscosity of derdguid or supercritical carbon dioxide at typical
CO;, flooding conditions is ~ 0.09.10 cP, a value so much lower than typical oil and brine
viscosity values that it results in an unfavorable mobility ratio. This leads to viscous fingering,
which in tun leads to early CObreakthrough, high CQOutilization ratios, delayed CO
production, depressed oil production rates, and low percent OOIP recovery. These problems can
be exacerbated when the injection well is completed in two or more producing #enésy
viscosity of CQ promotes its flow into the more permeable layers that have been effectively
waterflooded, while small amounts of génter the lower permeability zones that contain more
recoverable oil.
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Mobility and conformance issues are generally acknowledged to be the most serious concerns
associged with CQ flooding. It should be noted, however, that there are other problems that
may diminish the effectiveness of a £od. For example, it may not be feasible to attain the
minimum miscibility pressure within the formation, resulting in theovecy of CQ via an
immiscible process that leaves behind undesirably high residual oil saturations. Additionally,
during the development of miscibility with crude oil in the formation, asphaltene precipitation
may occur within the porous media, possibigdering the flow of C@into oil-rich zones of the
formation or leading to asphaltene deposition on the surfaces of the production and processing
equipment. Further, when higltessure C@and water or brine come into contact, a small
amount of CQ dislves in the aqueous phase, and a portion of that dissolvedli€sdciates

and forms carbonic acid. The pH of the water will drop to values less than 3, and the acidic brine
can react with and dissolve carbonate media, forming high permeability flow foat6Q that
exacerbate conformance control issues. (The reader is encouraged to review Appendix A, which
details the properties and attributes of,GO

This literature review, as it applies to €EOR, has two major parteataddress chemical rather
than mechanical control of GO

1 Mobility control

1 Conformance control/profile modification



While there are other ways to address sweep and areal conformance (such as infill drilling,
horizontal wells, and various completion practices and use of cemegmickers for isolation
etc.) these are outside the scope of this review.

Mobility control of CQ attempts to overcome some of the density and viscosity differences
between C@and reservoir fluids. Despite more than 20 years of R&D, only a single @i@ct
viscosifier (soluble at conditions where most{EDR floods operate) has been designed that is
capable of significaht increasingviscosity (~16fold) at dilute concentration, but it is not cost
effective and is environmentally persistent. Sevethér CQ thickeners have been designed,

but their effect on viscosity is modest and they typically require pressures much greater than
MMP to attain even dilute levels of solubility. The €BOR industry continues to use water
alternating with gas (WAG)sathe technology of choice or mechanical means such as packers,
well control, cement, infield drillingand horizontal wells [Taber and Seright, 1992] to control
CO; floods.

Conformance control/profile modification is a much broader technology set int ttiegs to
address reservoir heterogeneity (both nalyigegologia@lly controlled and mamade) as a result

of drilling, completion, and production operations, including injection of &l water. Profile
modification is applied in primary productiowaterflooding,and EORin an attempt to control

fluid fronts and unwanted production of water and injected fluids [Smith and Ott, 2006 a,b,c;
Seright et al., 2003; Reyes et, &010]. Industry and DOE have funded a tremendous volume of
R&D. Recently, SE published a book by Sydansk and Roméeoon [2011] entitledReservoir
Conformance Improvementvherein technologies, including those specifically for ,CO
conformance, were reviewed.

There have been a wide variety of successfully demonstrated conferncantrol/profile
modification technologies, both mechanical and chemical. Despite there being many successful
chemical profile modification technologies (even with reported good economics, as
demonstrated in pilots documented in the literature) theréaafewer papers detailing where a
specific technology was widely adopted and applied falte. This scarcity of literature could

have multiple causes. For example, there are many impediments to successfully transitioning
from a successful pilot to mhdroader application either within the same field or company or to
other companies and fields. Numerous practitioners and developers of the chemical profile
technology that produced good pilot performance encountered similar challenges (independent of
company or technology) iadvancingt. Nonetheless, failure to transititnom successful pilot

to widespread application is a significant challenge that many practitioners view as an obstacle to
the development of the technology. There are exceptionst/ynvathin a few major companies

or national oil companies. One example of widespread implementation (within a company and a
field) was highlighted in a paper by Soliman et al., [2000] where more than 900 wells,in CO
floods in the Permian Basin were ti@é Similar but not widely published G@onformance

has occurred in the Weber Sandstone Unit, Rangely, Colorado and the Salt Creek field of
Wyoming.

The role that CCS can play in expanding:E®DRwas highlighted aan MIT and Texas Bureau
of EconomicGeology sponsoredy mposi um hel d on June 23, 20
Enhanced Oi |l Recovery in Accelerating the D



[MIT -BEG, 2010]. If legislation is passed requiring the disposal of €&ptured from exigtg
coakfired power plants and new integrated gasification combined cycle (IGCC) plants, initial
attempts to sequester the anthropogenig &® very likely to be associated with supplementing
the current sources of G@or enhanced oil recovery [Merchar010]. This will enable the
simultaneous geologic sequestration of,®Othe same formation from which oil is recovered.
Further, the sequestration and monitoring o, @@ring EOR would build a knowledge base that
would enhance the design of facesito sequester massive amounts of anthropogenigi@O
deep saline aquifers

The objective of this report is to review chemical means for addressiadl@@@ing mobility

and conformance control problems that stem from the low density and viscosu),oat
reservoir conditions. Unfortunately, one cannot alter the density of thee@tering the
formation significantly via the addition of a GGoluble additive or the implementation of an
injection strategy. The density of @@ essentially a furion solely of temperature and
pressure, and the mitigation of gravity override must be accomplished by mobility or
conformance control. It is possible, however, to alter the mobility of dengsdf@ducing its
relative permeability via watalternatimg-gas injection strategies, increasing its viscosity via the
addition of direct C@thickeners, or decreasing its mobility by generating-@®cbrine foams.

It is also possible to favorably alter the distribution of the injected O a layered formatn,
especially if the injected fluids are diverted from high permeability, watered out thief zones into
lower permeability, o#rich zones. Although conformance control is achieved to some extent by
each of the mobility control strategies, there are tsbniqued such as gels, foam gels, or
dispersions of swellable, pfermed particle gels (PPG)designed specifically to effectively
block high permeability zones.



2. Potential Recovery Benefits of Mobility Control

The primary advantage of improving the niiby ratio is the reduction of viscous fingering.

Over 50 years ago, elegant lgpressure miscible displacement experiments were conducted by
Habermann that quantified the effect of mobility ratio on solvent breakthrough and oil recovery
as a function ofpore volumes of solvent injected [Habermard®60]. Although these
experiments were conducted with miscible liquid solvents in a homogeneous, unconsolidated
porous medium, the results accurately reflect how unfavorable mobility ratios, such as those that
occur during CQ floods, impede efficient oil recovery. Furthéne results illustrate how an
improvement in the mobility ratiaill improve the efficiency of the displacement. For example,
Figure 2.1 [Habermann 1960] can be used to estimate the amtooh solvent injectedat
breakthrouglduring a miscible flood
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Figure 2.1 Sweep efficiency at breakthrough for miscible displacement based on physical
model [Habermann, 1960]

For example, at a mobility ratio of 30, breakthrough of the solvent ocder2&f6 PV solvent
is injected.

Figure 2.2 represents a similar plot, but it also includes oil recovery after breakthrough as a
function of mobility ratio and misciblsolvent PVI [Claridge1972;Dyes1954 Koval, 1963]
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Figure 2.2 Smoothed resuls for the effect of mobility ratio on solvent breakthrough and post
breakthrough oil recovery as a function of solvent injectedClaridge, 1972]

Consider a miscible displacement example where the mobility ratio of solvent to oil is 20.0,
meaning that théow viscosity solvent is 20 times more mobile than the oil. At the beginning of
the flood, a unit of oil is produced for each unit of solvieected. This continues untiligt
under 0.2isplaceable pore volumeBY() of solvent have been injected. Whe.2 Dv have

been injected, however, the solvent breaks through. This is the first time at which both solvent
and oil appear in the product. After breakthrough, less than one unit of oil is prquirosoit

of solvent injectedecause an ewvémcreasng fraction of solvent is being produced with the oil.
For example, after 0.50 Dv of solvent have been injected, only 0.42 unitsapépibduced; the

0.30 Dv solvent injected after breakthrougas yielded 0.22 units of oil and 0.08 units of
solvent. After 0.80 Dv solvent have been injected, only 0.56 units aireiproduced along with

0.24 Dv of solvent; the 0.60 Dv solvent injected after breakthrinaglyielded 0.36 units of oil

and 0.24 Dv of solvent.

Now let us assume that we have developadeans to reduce the mobility ratio to unity in an
attempt to inhibit the effects of viscous fingering. In this case, solvent breakthrough does not
occur until 0.65 Dv of solverttasbeen injected. After the injection of 0.80 Dv solvent, the oil
recovey is 0.75 Dv; the 0.15 Dv solvent injected after breakthrough has yielded 0.10 Dv oil and
0.05 Dv solvent.

There are numerous other techniques based on scaled pmysibels[Lewis et al, 2008] and
reservoir simulations that have been used to quamE\effect of improved mobility ratio on oil

10



recovery These correlative and predictive tools may also include the effects of pressure, solvent
composition, oil composition, coreor field-scale heterogeneities, viscetasgravity ratio,
transverse Peclatumber, and well configuration. ddeling of laboratory and fieldscale
displacementssi not the main topic of this report. There is a general consensus, however, that
significant reductions in the mobility ratigill improve theareal sweep efficiencsgs illustrated

by this simple exampland Figure.3and2 4.

A notable decrease in the mobility of €€hould also improve vertical sweep efficiency during
the multiplecontact miscible displacement of oil by €d5ravity override is driven by a density
difference between the injected solvent and the oil and brine in the formation. Unfavorable
mobility ratios can exacerbate the low vertich$placementefficiency of solvent tongues,
however. Consider the simple case ademondary oil recovgrsolventdisplacing oil from a
single, homogeneous layer with equal horizontal and vertical permeabitiy flow rates
corresponding tdlow regimes where only a single gravity tongue formi&he results obtained

with a physical model of such a system dhastrated inFigure 5[Craig, 1971; Craiget al,

1957. At any given value othe xaxis, which represents the ratio of visceogravity forces
increased solvent mobility (i,eincreasing values of the mobility ratio M) decreases vertical
sweep efficieng a't breakt hrough. y/ Peguds 16, vexticgh $weept wh e r
breakthrough increases from ~9% to ~75% as the mobility ratio decreases from 50 to unity.

Figure 2.3 Vertical sweep efficiency as a function of the viscous:gravity force rit and the
mobility ratio in single layer, uniform, isotropic porous medium [Craig, 1971]

Vertical sweep efficiency is also diminishetliring secondary and tertiary oil recovery
stratified formations, especiallyhen the mobility ratio is unfavorable-or example, consider
the immiscible pistonlike displacement obil by wateras described by the continuous, feal
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