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EXECUTIVE SUMMARY  

 

Carbon dioxide (CO2) has been used commercially to recover oil from geologic formations by 

enhanced oil recovery (EOR) technologies for over 40 years. The U.S. Department of Energy 

Office of Fossil Energy and its predecessor organizations have supported a large number of 

laboratory and field projects over the past decades in an effort to improve the oil recovery 

process including investments to advanced reservoir characterization, mobility control, and 

conformance of CO2 flooding. 

 

Currently, CO2 EOR provides about 280,000 barrels of oil per day, just over 5 percent of the 

total U.S. crude oil production. Recently CO2 flooding has become so technically and 

economically attractive that CO2 supply, rather than CO2 price, has been the constraining 

developmental factor.  Carbon dioxide EOR is likely to expand in the United States in upcoming 

years due to ñhighò crude oil prices, natural CO2 source availability, and possible large 

anthropogenic CO2 sources through carbon capture and storage (CCS) technology advances.  

 

A national resource assessment for CO2 EOR (NETL 2011) indicated:  

¶ ñNext Generationò CO2 EOR can provide 137 billion barrels of additional technically 

recoverable domestic oil, with about half (67 billion barrels) economically recoverable at 

an oil price of $85 per barrel.  

¶ This volume of economically recoverable oil is sufficient to support nearly 4 million 

barrels per day of domestic oil production (1.35 billion barrels per year for 50 years), 

reducing oil imports by one-third.  

¶ 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 severance, ad valorem 

and corporate income taxes. Total revenues to Federal/state treasuries would equal 

$1,420 billion.  

¶ 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 purchases. Total revenues would 

equal $1,730 billion.  

¶ Nearly 20 billion metric tons of CO2 would need to be purchased by CO2 EOR operators 

to recover the 67 billion barrels of economically recoverable oil. Of this, at least 18 

billion metric tons would need to be provided by anthropogenic CO2 captured from coal-

fired power plants and other industrial sources.  

 

ñNext Generationò technologies include  increasing CO2 injection volumes by 50% or more, 

drilling horizontal wells for injection or production, improving mobility ratio and flood 

conformance, extending the conditions under which miscibility between the oil and CO2 can be 

achieved, and applying advanced methods for monitoring flood performance. 

 

Despite its well-established ability to recover oil, the CO2 EOR process could be improved if the 

high mobility of CO2 relative to reservoir oil and water can be effectively and affordably 

reduced. The CO2 EOR industry continues to use water-alternating-with-gas (WAG) as the 

technology of choice to control CO2 mobility and/or mechanical techniques (e.g., cement, 
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packers, well control, infield drilling, and horizontal wells) to help control the CO2 flood 

conformance.  If the ñnext generationò CO2 EOR target of 67 billion barrels is to be realized, 

new solutions are needed that can recover significantly more oil than the 10ï20% of the original 

oil in place associated with current flooding practices.   

 

This literature review concentrates on the history and development of CO2 mobility control and 

profile modification technologies in the hope that stimulating renewed interest in these chemical 

techniques will help to catalyze new efforts to overcome the geologic and process limitations 

such as poor sweep efficiency, unfavorable injectivity profiles, gravity override, high ratios of 

CO2 to oil produced, early breakthrough, and viscous fingering.  Carbon dioxide mobility control 

technologies are in-depth, long-term processes that cause CO2 to exhibit mobility comparable to 

oil. Profile modification and conformance control are achieved by a near-wellbore, short-term 

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 lab- and field-scale efforts to reduce CO2 mobility using CO2 thickeners, foams, 

and gels will provide a baseline understanding of the remaining challenges and the research 

needed to advance this technology.  Solving these challenging CO2 flooding problems will 

ultimately increase domestic oil production via CO2 EOR. This review has highlighted a number 

of successes. For example: 

 

There has been considerable lab-scale progress in (direct) thickening of CO2, most notably with 

the fluoroacrylate-styrene copolymer polyFAST and silicone oil-toluene solutions. PolyFAST is 

capable of significantly increasing the viscosity of CO2 (~10-fold) flowing through Berea 

sandstone at reservoir conditions in dilute concentrations (~1wt %).  

 

There have been a multitude of successful lab-scale tests involving water-soluble surfactants 

capable of stabilizing CO2-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.  Five of these projects were considered to be successful technical efforts 

and favorable economic assessments were associated with most of them.  

 

It appears that the emergence of robust gel-based conformance techniques (including monomer 

solutions that polymerize and crosslink (gel) in situ, polymer solutions that crosslink in situ, 

foams that gel in situ, and pre-formed particle gel dispersions) coupled with WAG for mobility 

control may have led to a decline in the use of foams as a conformance control technique, 

especially in extremely high permeability flow paths where foams are generally ineffective. 

These gel methods appear to be more effective and robust than CO2 foams, as demonstrated in a 

series of generally successful field tests conducted beginning in the late 1970s and continuing to 

the present day. 

 

A large number of lab-scale studies were directed at the design of in-depth mobility control 

foams. This led to two pilot tests aimed solely at CO2 mobility control, one of which indicated 

that a 60% increase in the apparent viscosity of CO2 occurred where the foam formed, and 

several pilot tests that were designed to both increase the apparent viscosity of CO2 and block a 

high permeability zone, one of which clearly demonstrated that CO2 foams could simultaneously 
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enhance conformance control and mobility control.  Although CO2 was not used as the 

displacement gas, it is important to note that the biggest and most successful mobility control 

foam field demonstration occurred at Norsk Hydroôs Snorre Field in the North Sea where 

analysis concluded that the alternating injection of surfactant slugs and hydrocarbon gas slugs 

contributed to 250,000 m
3
 (1.6 million barrels) of oil recovery while consuming only 

approximately $1,000,000 of surfactant.   

 

Recently, CO2 foams generated with CO2-soluble nonionic surfactants have been successfully 

tested in the lab and through an on-going pilot test.  Further, lab-scale testing of foam 

stabilization with water-dispersible nanoparticles has been initiated in an attempt to circumvent 

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 indicate that mobility and conformance 

control for CO2 EOR with thickeners, foams, and gels can be technically and economically 

attainable for some fields; however significantly more research needs to be conducted to improve 

the technology and the economics. The following Game Changer technologies are recommended 

as primary candidates for further research, based on this literature review. 

 

CO2 EOR Game Changer Candidate #1:  CO2 Viscosifiers (Direct Thickeners) 

 

An affordable CO2 thickener has been recognized as a Game-Changing technology for over 25 

years, but has not yet been developed. The design of such a thickener is a much more 

challenging problem than was envisioned several decades ago primarily due to the low CO2 

solubility, or complete CO2 insolubility, of compounds that contain the chemical groups 

responsible for viscosity-enhancing intermolecular associations. However, the development of a 

CO2 thickener that could change the CO2 viscosity to that of the oil being displaced would have 

profound effects on oil recovery and is worth pursuing. 

 

A CO2 thickener would be a particularly effective mobility control agent because the viscosity of 

the thermodynamically stable, CO2-rich solution could be manipulated simply by varying the 

thickener concentration.  Unlike CO2 foams, the CO2 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 CO2 can be thickened with high molecular weight 

silicone oil at reservoir conditions in the presence of significant amounts of an organic co-solvent 

such as toluene; although this thickened CO2 was shown to improve oil recovery from cores, the 

co-solvent requirement (roughly 10% co-solvent, 90% CO2) made pilot-testing costs prohibitive.  

DOE-funded research has led to the identification of the only known thickener that does not 

require a co-solvent: a fluoroacrylate-styrene copolymer (polyFAST).  Several other compounds 

that provide only modest increases in viscosity have also been developed, such as a fluorinated 

telechelic ionomer, a tri(semi-fluorinated alkyl) tin fluoride, a surfactant with two twin-tailed 

fluorinated tails, and a high molecular weight fluoroacrylate homopolymer.  In these cases the 

compound is highly fluorinated, extremely expensive, and high concentration (3ï6wt%) of the 

compound is required to achieve a modest 2ï4 fold increase in CO2 viscosity.  Only polyFAST 

was capable of significantly increasing the viscosity of CO2 (~10-fold) flowing through Berea 
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sandstone at reservoir conditions in dilute concentrations (~1wt%) in the absence of a co-solvent, 

but the cost of the fluoroacrylate monomer makes polyFAST prohibitively expensive.  

 

Subsequent research on potential non-fluorous polymeric thickeners including poly(benzoyl 

vinylacetate), a non-fluorous analog of polyFAST, showed that these copolymers did not 

dissolve in CO2 unless pressures far in excess of the minimum miscible pressure (MMP) were 

applied.  The on-going thickener research that is being funded by the DOE is directed at small 

compounds that self-assemble into viscosity-enhancing rods or helices in dense CO2.  Progress in 

the design of small molecular thickeners for CO2 is impeded by their very low solubility in CO2.   

 

Even if a CO2 thickener, whether a polymer or small molecule, is identified, operational 

constraints may face operators who would try to implement the technology in a pilot-test.  First, 

nearly every promising CO2 thickener is a solid at ambient temperature and a means of 

introducing a powder into the CO2 stream 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, high-pressure mixing tanks would be required if static, in-line mixers are 

insufficient to rapidly dissolve the thickener in the CO2. Therefore, it will be important for 

researchers to begin to investigate the process engineering aspects of field operations while 

continuing to seek a low-cost thickener.   

 

CO2 EOR Game Changer Candidate #2: Near-Wellbore Conformance Control with CO2 

Foams and Gels   

 

The improved performance of the gel technologies in blocking flow paths, enhanced gel 

robustness, the lack of a pressing need to reverse foam conformance control treatments, and 

operatorôs ability to apply gel treatments in formations with fractures or highly permeable open 

flow paths has made gels popular tools for conformance control during a CO2 flood.    It appears 

that unless significant advances are made, persuading operators to consider CO2 conformance 

control foams as a ñgame changingò alternative technology may be difficult given the mixed 

successes and disappointments during a decade of CO2 conformance control foam field tests and 

the refinement of robust, alternative technologies based on chemical gels. However, there seems 

to be a consensus that the CO2 conformance control foams are less expensive and more readily 

reversible (via water injection, if desired) than any of these gel treatments. Given 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 and CO2-in-

brine foam (rather than WAG) is used for mobility control.       

 

Carbon dioxide-in-brine foams are generated in situ, usually via the simultaneous injection of 

CO2 and an aqueous surfactant solution in lab-scale tests, and via the alternating injection of 

surfactant and CO2 slugs (surfactant-after-gas 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 CO2 into previously waterflooded, or CO2 flooded, high permeability layers, while 

promoting the flow of CO2 into lower permeability oil-rich 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 
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identified 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 lab-scale studies 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, presence of vugs, 

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, water-wet to mixed wettability, fracture-free cores.  

Carbon dioxide foams have been found to reduce the residual oil saturation beyond that achieved 

by CO2 floods when the foam flood occurred after the CO2 flood in cores initially containing 

high oil and residual water saturation.  

 

Eleven field tests using foams were conducted beginning in the mid-1980s 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 ascribed to these 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 rendered the technical results as either unsuccessful or inconclusive.  Problems 

noted during these field tests included the dilution of CO2 foam by subsequently injected water, 

the inability of foam to be effective in formations containing fractures or extremely high 

permeability open flow paths, the very short propagation of the CO2 from the injection well, cold 

weather ice and hydrate formation, unacceptably large decreases in injectivity associated with 

co-injection, and other unspecified ñoperational problems.ò  The inability to determine how 

much incremental oil was associated with application of the CO2 foam was also cited as an 

impediment to providing an accurate assessment of the process. Specific conformance control 

field test results include:  

  

¶ During the Unocal/Long Beach Oil Dev. Co. Wilmington Immiscible Trial at Long 

Beach, California in 1984, a SAG conformance control pilot successfully diverted flow 

into the T zone. Gas and water injection profiles indicated that the T zone received as 

much as 43.3% of the injected gas, a dramatic increase from the 1.3% value prior to 

SAG. 

¶ Chevron initiated a CO2 WAG flood at their Rangeley Weber Sand Unit in Colorado. The 

operators found the results encouraging in that the foam projectðwhich resulted in the 

incremental production of roughly 50 BOPD during April and May 1989ðpaid out in 

two months.   

¶ One of the best documented field tests of CO2-in-brine foams occurred during 1992 in the 

Phillipsô East Vacuum Grayburg/San Andres Unit (EVG/SAU). The operator estimated 

that 14,700 bbl. and 4,460 bbl. of incremental oil were produced as a result of the first 

and second SAG tests, respectively.    

¶ During Amocoôs Wasson ODC Unit conformance control foam test in 1994, CO2 

breakthrough was delayed from 8 to 22 days and CO2 production was reduced from 

roughly 2000ï2500 Mscf/d to 1000ï1500 Mscf/d.   
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¶ During Mobilôs Slaughter Field, East Mallet Unit, Well 31 test in 1991, injection profile 

logs indicated that fluids were completely diverted from the thief zone and oil production 

in the entire pattern increased by about 26%, or 19 BOPD.  

 

The decline of interest in CO2 foams 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, polymer solutions that crosslink in situ, foams that gel in situ, and pre-formed 

particle gel dispersions.  Marked reductions in mobility have frequently been reported for these 

gel technologies, especially in extremely high permeability flow paths where foams are generally 

ineffective. These gel methods appear to be more effective and robust than CO2 foams, as 

demonstrated in a series of generally successful field tests conducted beginning in the late 1970s 

and continuing until the present day: 

 

¶ At Amocoôs Wertz field ten wells were treated with gels that extended the economic life 

of the field by two years, enabling the production of 35,000 to 140,000 barrels of oil per 

pattern.   

¶ Eighty percent of the 49 wells treated with gels at Rangely-Weber Sand Unit between 

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 and an 8-month 

payout period. 

¶ Due to severe channeling of both water and solvent through a thief zone, a lignosulfonate 

gel conformance control project was implemented in nine injection wells at Amocoôs 

South Swan Hills Miscible Unit located in Alberta, Canada. Thirteen producers had a 

significant increase in incremental oil, and the total incremental oil production from this 

project was estimated to be 3,300,000 barrels.  

¶ Two problem injection wells at the Lick Creek field were treated with a low viscosity, 

aqueous monomer solution that contained an organic crosslinker Incremental oil 

production attributable to these treatments was 65 BOPD, totaling 25,000 bbl. by 

November 1985.   

 

CO2 EOR Game Changer Candidate #3: In-Depth Mobility Control CO 2 Foams  

 

Research results have demonstrated that surfactant-induced CO2 foams are an effective method 

for mobility control in CO2 foam flooding, but have potential weaknesses. Because the foam is by 

nature ultimately unstable, its long-term stability during a field application is difficult to 

maintain. Nonetheless, one can make a convincing argument that the potential of CO2 mobility 

control foams has not been fully explored in pilot tests, especially given the immense body of 

promising lab-scale technical knowledge that has been reported. Carbon dioxide-soluble 

surfactants, which are currently being tested in the field at SACROC, ensure that the surfactant 

appears (and the foam forms) only where the CO2 flows. These provide a modest degree of 

conformance and mobility control, are easy to implement even for operators who only employ 

continuous CO2 injection, and may greatly reduce the need for alternating slugs of brine. New 

nano-science technologies may also provide an alternative for the generation of stable CO2 

foam. Using nanoparticles instead of surfactant to stabilize CO2 foam may overcome the long-

term instability and surfactant adsorption loss issues that affect surfactant-based CO2 EOR 

processes. 
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Although a large number of lab-scale studies were directed at the design of in-depth mobility 

control foams, only two field tests were specifically designed to assess the performance of in-

depth mobility control foams using CO2 as the injected gas.   

 

¶ The 1990 mobility control trial at Joffre Viking was unsuccessful because the foam 

propagated only a few feet from the injector.  

¶ The 1984 Rock Creek trial was somewhat inconclusive since reservoir 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 viscosity of CO2 

was attained in regions where the foam formed.   

 

Several other foam trials, such as the successful Mobil pilot-test at EMU 31, recognized that CO2 

foams could be used to simultaneously improve both conformance and mobility control. 

 

Although CO2 was not used as the displacement gas, it is important to note that the biggest and 

most successful mobility control foam field demonstration occurred at Norsk Hydroôs Snorre 

Field in the North Sea.   

 

The injection gas at Norsk Hydroôs Snorre Field in the North Sea was a hydrocarbon mixture 

with approximately 70% methane gas content. In-depth mobility control foams were used 

successfully and profitably to recover substantial amounts of oil. Modeling results indicated that 

the SAG contribution to oil recovery was 250,000 m
3
 of oil whereas a material balance indicated 

that as much as 350,000 m
3
 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 results of the Snorre Field mobility control foam flood did not translate into 

renewed interest in CO2 mobility control foams in the United States, however.  Other successful 

hydrocarbon gas mobility control foam field tests include: 

 

¶ At Signalta Resourcesô Pembina/Ostracod óGô Pool Field in 1987, the injection of two 

surfactant slugs was sufficient to increase oil production from 25 m
3
/d to 33 m

3
/d for 

three months.     

¶ Hydrocarbon miscible gas foam was injected during 1987 at Dome Petroleumôs Triassic 
óAô Pool Field.  Baseline injectivity was later 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.  

 

There are no reports of CO2 foam pilot tests using brine-soluble 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 Ward-Estes pilot that lauded the 

reduction of compression costs associated with CO2 cycling via conformance 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 perm, oil-bearing 

zones compared to generating strong foams in high perm, water-out zones; and demanding 

logistics of SAG mobility control treatments, especially for cycles of very short duration.  

 

Given the multitude of lab-scale efforts conducted to understand and design CO2 mobility 

control foams and the very small number of mobility control pilot-tests, CO2 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 CO2 mobility foams as a viable alternative to WAG. These mobility control foams 

could even be used in conjunction with gel-based conformance control techniques.  The 

performance of such processes could be contrasted with the current state-of-the-art of or gel-

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

control.  

  

There has been a limited and very recent rekindling of interest in CO2 foams associated with an 

old idea: CO2-soluble surfactants.  The objective is to dissolve the surfactant in the injected CO2 

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 need for alternating injections of brine.  Further, unlike SAG, this process would ensure that 

the surfactant would be present where the CO2 flows in the formation. Finally, this technique 

could also be employed by companies that only conduct continuous CO2 injections rather than 

WAG.    

 

Extensive surfactant studies conducted at the University of Texas at Austin have resulted in 

promising single-well injectivity pilot test results using a Dow Oil & Gas surfactant at SACROC 

in 2010, and have led to the expansion to a four-well oil recovery pilot at the same field. Results 

from the first phase showed a consistent increase in the cumulative CO2 volume 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 CO2 was diverted to a lower portion of 

the formation while only 1% of the CO2 flowed into the lower zone prior to the addition of the 

surfactant. Favorable lab-scale results from an Office of Fossil Energyï University of Pittsburgh 

project are leading to the identification of inexpensive, CO2-soluble, nonionic surfactants from 

other chemical suppliers.  

 

New nano-science technologies may also provide an alternative for the generation of stable CO2 

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. The nanoparticles readily 

disperse in water and this dispersion is capable of flowing through unconsolidated porous media.   

Using nanoparticles instead of surfactant to stabilize CO2 foam may overcome the long-term 

instability and surfactant adsorption loss issues that affect surfactant-based CO2 foams. Recent 

laboratory-scale tests show promise, but no nanoparticle-stabilized core, lab-scale oil recovery, 

pilot, or field tests have yet been reported because this technology is still in its infancy. 
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Furthering the ñNext Generationò of CO2 EOR Research 

 

Despite industryôs best efforts, previous attempts for controlling CO2 floods have been only 

partially successful for conformance control (these technologies have not been widely accepted 

for a variety of reasons) and less successful for CO2 mobility control.  

 

DOEôs Office of Fossil Energy through the National Energy Technology Laboratory (NETL) 

awarded a number of new projects in 2010 seeking to further next generation CO2 EOR to the 

point of pilot (small) scale testing. Three of these research activities are related to mobility 

control in CO2 flooding; two are focused on nanoparticle technologies and one on CO2 soluble 

surfactants. 

 

The University of Texas (Austin) is evaluating inexpensive alternative nanoparticle sources to 

provide the large volumes needed for foam stabilization in field-scale CO2 floods.  The study 

entails using low cost, commercially available ñbareò silica nanoparticles and applying a 

polyethylene glycol (PEG) coating in-house to produce low-cost alternatives as well as the use of 

natural nanoparticles (e.g., fly ash) to develop CO2 foam.  

 

A New Mexico Institute of Mining and Technology research activity is conducting 

complementary research on the use of nanoparticles to increase CO2 flood sweep efficiency. The 

effects of particle retention on core permeability and porosity will be investigated using long-

term core flooding experiments and nanoparticle-stabilized CO2 foams. Additionally, surfactant 

molecule effects on the stability and performance of nanoparticle-based CO2 foams will be 

examined and evaluated for field application.   

 

Another research activity (also at the University of Texas) is focusing on the development of 

mobility control agents using surfactants injected with carbon dioxide (CO2) rather than with 

water for CO2 enhanced oil recovery (EOR) in heterogeneous carbonate and sandstone 

reservoirs.  

 

A fourth research activity is field testing gels for conformance control. The remaining awards 

supported projects designed to develop advanced computer simulation and visualization 

capabilities for CO2 EOR, an electromagnetic (EM) monitoring effort to track the CO2 flood 

front, and a field case study of an existing CO2 flood targeting the residual oil zone. Residual (or 

stranded) oil exists in the transition zone below the traditional oil-water contact in many 

domestic oil reservoirs.  This resource has not previously been included in any official domestic 

oil resource database but in some cases appears to be amenable to CO2 EOR.  

 

The DOE supported this CO2 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 CO2 EOR. The report premise assumes 

that a thorough literature review related to past successes and failures of lab- and field-scale 

efforts to reduce CO2 mobility using chemical additives will provide a better understanding of 

future research needed to advance this technology.  
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OBJECTIVE AND PREMIS E OF THIS LITERATURE 

REVIEW  

  
The Department of Energy is interested in the development and implementation of economical, 

next-generation CO2 floods that can recover significantly more than 10%ï20% OOIP associated 

with the WAG process.  There has been great interest in chemical techniques for improving 

mobility and/or conformance control of CO2 floods.  These chemical techniques for improved 

CO2 mobility control are the main topic of this report.  Although there are also numerous 

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 foams as mobility control agents for the suppression of fingering or 

channeling will be emphasized in this report.  For example, irregularities of CO2 fronts 

associated with multiple-contact miscibility displacements will typically occur at locations and in 

directions governed by the permeability variations within the reservoir, but the rate of growth is 

influenced by the mobility ratio.  ñFingersò of CO2 form due to instabilities at the front, while 

ñchannelsò of CO2 form in high permeability heterogeneities that are correlated to the direction 

of flow.  Fingers and channels that exhibit close lateral spacing are typically not problematic 

because transverse dispersion can mitigate the concentration differences and suppress fingers and 

channel growth.  However, widely spaced fingers or channels can continue through the life of the 

displacement.  In this case, CO2 mobility must be reduced on a large-scale.  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 the region of unfavorable flow patterns behind the 

front.  As a result, the suppression of fingering must be accomplished on a large scale.  

Therefore, it should be expected that a very substantial fraction of the CO2 will be made less 

mobile (whether by direct thickener or foam) [Heller, 1994].  It is unlikely that the injection of a 

small pore volume (PV) slug of thickened CO2 or foam will suppress fingering and channels 

throughout the life of the CO2 flood.  In general, mobility control methods involve relatively 

large CO2 slugs (e.g., 0.1 PV [Dellinger et al., 1984]) containing dilute amounts of additives that 

decrease the mobility of the CO2 to a level comparable to that of the oil (M ~ 1), thereby 

suppressing fingers and channels without causing excessive pressure drop.  The less mobile CO2 

will also improve conformance control by evening the flow distribution between layers.  

The secondary objective of this report is to assess chemical techniques that are designed 

primarily to improve conformance control by selectively blocking high permeability flow paths in 

oil-depleted zones.  This can be accomplished, in general, by the use of smaller volumes of fluids 

that can greatly reduce the permeability of open voids, fractures, vugs, and high permeability 

streaks using very low mobility foams formed with high concentrations of surfactant, foam gels, 

gels, or pre-formed particle gels. 

Ultimately, the goal of this literature review is to stimulate the reader to generate new insight 

into, and propose and develop new technology that could help CO2 EOR make the transition to 

ónext generation, game changingô technologies that may increase domestic oil production. 
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LITERATURE REVIEW  

1. Introduction to CO 2 Enhanced Oil Recovery 

 

Carbon dioxide (CO2) enhanced oil recovery (EOR), also known as CO2 IOR (improved oil 

recovery) is an evolving set of technologies for increasing oil production. The (historical) 

development of CO2 EOR [Grigg and Schechter, 1997; Jarrell, et al., 2002] in the 1950s saw 

some of the earliest research on CO2 and flue gas for oil recovery and continued with significant 

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 CO2 pipelines to the Permian Basin.  During the 1980s some projects such as the 

flood of the Weber Sand in the Rangely Field of Colorado were implemented. There are plateaus 

in CO2 EOR production (Figure 1.1) where oil prices and the availability of CO2 have limited 

production [Hargrove, 2008; Taber, Martin, and Seright, screening -parts 1 and 2, 1997].  

However, additional quantities of CO2 have become available within the last few years and have 

permitted development of CO2 floods in Mississippi, Alabama, and southeast Texas (Jackson 

Dome as CO2 source), as well as development of additional fields in Wyoming where 

ExxonMobil strips CO2 from natural gas [Moritis, 2001; Moritis, 2003; Moritis, 2008; Moritis, 

2010]. 

 

Figure 1.1.  U.S. Enhanced Oil Recovery with Gases over the past decades [Koottungal, 2010 ]. 

 

The first commercial CO2 EOR flood occurred in Scurry County, Texas in 1972, in what was 

known as the SACROC Unit (Scurry Area Canyon Reef Operators Committee). SACROC used 
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anthropogenic CO2 captured from Val Verde natural gas plants (South Texas) as the CO2 source. 

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 major CO2 pipelines connecting Permian 

Basin oil fields with natural underground CO2 sources located at the Sheep Mountain and 

McElmo Dome sites in Colorado and Bravo Dome in northeastern New Mexico. The 

construction of these pipelines spurred an acceleration of CO2 injection activity in Permian Basin 

clastic and carbonates fields. The process is often illustrated schematically by Figure 1.2 

(Lindley, 1960s) as a CO2 WAG (water alternating gas) flood where alternate slugs of CO2 and 

water (operated as either miscible [as shown] or immiscible conditions) are used to drive oil 

from an injector to a producing well. As shown, Figure 1.2 neglects the differences in density of 

fluids, which cause gravity override, and in viscosity, which cause fingering of fluids, and 

neglects reservoir geology (including higher and lower permeability porous rock) all of which 

influence the sweep efficiency and recovery of oil with CO2.  This report attempts to summarize 

the literature that addresses some of the chemical systems used to resolve these deficiencies. 

 

 

Figure 1.2 Simplif ied Illustration of a CO2 Flood [Lindley, 1960s]. 

 

Injection of flue gas (N2, CO2) had essentially been replaced by CO2 by 1980. Oil production by 

thermal EOR oil peaked in 1986 at 480,000 b/d. Chemical flooding has been declining for 

decades and, although practiced, is rarely reported by operators. In contrast, oil production from 
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gas floods, especially miscible CO2 floods, has been steadily increasing over the last two 

decades, as has the number of projects (shown in Figure 1.1). 

Oil and Gas Journal (OGJ) published its first EOR survey on May 3, 1971, and the voluntarily 

contributed survey data has been published biennially since 1974. The 2010 survey [Moritis, 

2010; Koottungal, 2010] shows 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, chemical EOR 70 b/d, and gas injection 

371,369 b/d.  Carbon dioxide miscible produced 272,109 b/d from 109 projects and CO2 

immiscible produced 9,160 b/d from five projects.  Combined they account for 5.1% of total U.S.  

oil production.  U.S. EOR production has averaged about 10%ï11% for nearly two decades and 

was in slow decline as late as 2008.  Carbon dioxide EOR should experience a significant 

increase when it is reported in the 2012 OGJ survey, as a number of new projects in Wyoming, 

Texas, and Louisiana have been initiated and reservoir fill-up is underway.  

 

About 74.4% of the CO2 used for EOR is provided by gas treating and processing facilities 

associated with the production of CO2-rich natural gas from formations, while 19.4% originates 

in natural gas plants, 4.8% from a coal synfuel plant, and the remainder from various chemical 

and petroleum facilities.   For example, the Permian Basin projects draw much of their CO2 from 

McElmo Dome, Sheep Mountain, Bravo Dome, West Bravo, and the Century Plant.  The most 

significant sources of CO2 outside of the Permian Basin include LaBarge in Wyoming, Jackson 

Dome in Mississippi, and the Great Plains Coal Plant in North Dakota [Hargrove et al., 2010]. 

The dehydrated, high-pressure CO2 from these sources is transported to oilfields where it is 

compressed to the desired injection pressure, combined with recycled CO2, and injected into the 

reservoir.   

 

Although CO2 has been used commercially to recover oil from geologic formations for nearly 40 

years, there remain some classic texts on the subject in addition to those that cover EOR. SPE 

Monograph 8, ñMiscible Displacementò by Fred Stalkup [1983] remains a classic on miscible 

displacement (CO2 and hydrocarbon). The monograph examines miscible and immiscible 

flooding, the concepts behind minimum miscibility pressure (MMP), and the influence of oil 

composition, temperature, pressure, salinity, and capillary number.  The monograph examines 

basic principles and key laboratory and field-trial performance through the early 1980s. The 

monograph predicts performance of miscible processes, with an emphasis on the reservoir 

engineering aspects. SPE Monograph 22, ñPractical Aspects of CO2 Floodingò [Jarrell, et al., 

2002] updates by 20 years the lessons learned in CO2 flooding and serves as a logical guide to 

the practicing engineer focused on the ñhow toò and ñwhyò of miscible and immiscible CO2 

flooding. The book outlines the entire project development sequence from conception and 

justification through field design and operation. The monograph provides current (2002), 

practical CO2 flooding technologies and industry experiences; also, targets are described 

including planning, designing, and implementing CO2 floods. Monograph 22 contains 5 

appendices, including a compendium of practical, field-specific publications, and some screening 

models in CO2 Prophet (results from a DOE funded project in the CLASS program that is a first 

pass screening tool for CO2 EOR).  
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Implementation of CO2 EOR requires significantly improved understanding and knowledge 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 prompted the creation of the 

DOE/industry funded program on Reservoir Depositional Classificationðthe óCLASSô Program. 

Program results and copies of all the archive reports for the óCLASSô Program are available in 

CD collections (DOE NETL library) or online (www.netl.doe.gov) as individual reports within 

the DOE NETL Knowledge Management Database (KMD) [Olsen, Schatzinger, and Koons, 

2008]. Better understanding of reservoir charateristics required better downhole diagnostics and 

imaging tools for logging and drilling /completion. Results of these R&D investigations are 

archieved within NETLôs KMD (www.netl.doe.gov) [Olsen, et al., September 2008]. 

 

Sandstone and limestone reservoirs best suited for miscible CO2 floods contain oil with a 

viscosity as high as ~10 cP, but averaging about 1.5 cp.  Immiscible CO2 floods can be 

conducted with reservoir oils of 100ï1,000 cP viscosity.  The API gravity for miscible floods is 

typically greater than 30
o 
and averages ~36

o
, which corresponds to a CO2 density 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 22
o 

API 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 CO2 purity, the amount and identity of gases (such as CH4 and N2) in the CO2, reservoir 

temperature, and the oil composition as measured by the (C5 ï C30) content [Enick, Holder et al., 

1988].  The MMP increases from roughly 1,400 to 1,600 psia at 25 
o
C and to 3,000 to 4,000 psia 

at 100 
o
C.  A more accurate estimate of the MMP can be obtained by first determining the CO2 

density required for effective oil displacement.  This density value increases from ~0.4 g/ml to 

~0.8 g/ml as the (C5ïC30) content of the oil decreases from 100% to 50% [Holm and Josendal, 

1982].  The MMP is then estimated as the pressure required to attain this density at reservoir 

temperature.   Formations must be deep enough to have fracturing pressures greater than the 

MMP; therefore, reservoirs in which CO2 miscible floods are conducted are typically 3,000 ï 

7,000 ft. in depth. 

  

The introduction of dense CO2 into these sandstone or carbonate formations pressurizes the 

reservoir, simultaneously swells and reduces the viscosity of oil, and (for miscible floods) can 

develop multiple-contact miscibility with lighter oils.  These multiple mechanisms result in the 

very efficient displacement of residual oil (95%ï100%) in the portions of the reservoir that are 

swept by CO2 at pressures at or above the MMP. The efficacy of oil recovery by CO2 combined 

with the availability of large amounts of natural CO2, a growing network of CO2 pipelines 

feeding new projects, the lack of any residue associated with CO2 upon its depressurization, and 

the ease of CO2 separation from produced fluids for recycling to injection wells have resulted in 

CO2 flooding becoming a vibrant, proven, improved oil recovery (IOR) technology.  

 

Despite its longstanding success as an IOR technique, CO2 flooding 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 production of ~5%ï15% OOIP, while secondary 

recovery is responsible for an additional 20%ï40% OOIP. Although CO2 is capable of displacing 

nearly all of the oil from the portion of the porous media through which it flows, miscible CO2 

floods typically recover 10%ï20% of the OOIP via the injection of a volume of dense CO2 

http://www.netl.doe.gov/
http://www.netl.doe.gov/
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equivalent to ~80% of the hydrocarbon (oil) pore volume (HCPV). Not surprisingly, immiscible 

CO2 floods recover only 5%ï10% OOIP because of the interfacial tension between the CO2 and 

viscous oil.  As a result, 35%ï65% of the OOIP remains unrecovered after CO2 flooding.  

Further, based on the domestic totals of three billion scf/d CO2 consumed for the production of 

280,000 BOPD, the average domestic CO2 utilization ratio is 10,700 scf of CO2 /barrel of oil.  At 

typical reservoir conditions, this corresponds to ~6 bbl. of dense CO2 per barrel of oil recovered 

(a much larger than desired ratio of solvent to oil). 

 

            The fundamental causes of this disappointingly low oil recovery can be traced to the density and 

viscosity of dense CO2 (Figures 1.3 and 1.4).  First, the low density of high-pressure CO2 relative 

to oil promotes gravity override of the CO2, reducing oil recovery in the lower portions of the 

formation.  Second, the low viscosity of dense liquid or supercritical carbon dioxide at typical 

CO2 flooding conditions is ~ 0.05ï0.10 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 turn leads to early CO2 breakthrough, high CO2 utilization ratios, delayed CO2 

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 zones; the low 

viscosity of CO2 promotes its flow into the more permeable layers that have been effectively 

waterflooded, while small amounts of CO2 enter the lower permeability zones that contain more 

recoverable oil.  

 
Figure 1.3. CO2 density as a function of temperature and pressure [data from NIST web book] 
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Figure 1.4. Viscosity of CO2 as a function of temperature and pressure [data from the NIST 

web book]   

 

Mobility and conformance issues are generally acknowledged to be the most serious concerns 

associated with CO2 flooding. It should be noted, however, that there are other problems that 

may diminish the effectiveness of a CO2 flood.  For example, it may not be feasible to attain the 

minimum miscibility pressure within the formation, resulting in the recovery of CO2 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, possibly hindering the flow of CO2 into oil-rich zones of the 

formation or leading to asphaltene deposition on the surfaces of the production and processing 

equipment.  Further, when high-pressure CO2 and water or brine come into contact, a small 

amount of CO2 dissolves in the aqueous phase, and a portion of that dissolved CO2 dissociates 

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 paths for CO2 that 

exacerbate conformance control issues. (The reader is encouraged to review Appendix A, which 

details the properties and attributes of CO2.) 

 

This literature review, as it applies to CO2 EOR, has two major parts that address chemical rather 

than mechanical control of CO2:   

¶ Mobility control  

¶ Conformance control/profile modification 
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While there are other ways to address sweep and areal conformance (such as infill drilling, 

horizontal wells, and various completion practices and use of cement or packers for isolation, 

etc.) these are outside the scope of this review. 

 

Mobility control of CO2 attempts to overcome some of the density and viscosity differences 

between CO2 and reservoir fluids.  Despite more than 20 years of R&D, only a single direct CO2 

viscosifier (soluble at conditions where most CO2 EOR floods operate) has been designed that is 

capable of significantly increasing viscosity (~10-fold) at dilute concentration, but it is not cost-

effective and is environmentally persistent.  Several other CO2 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 CO2 EOR industry continues to use water 

alternating with gas (WAG) as the technology of choice or mechanical means such as packers, 

well control, cement, infield drilling, and horizontal wells [Taber and Seright, 1992] to control 

CO2 floods. 

 

Conformance control/profile modification is a much broader technology set in that it tries to 

address reservoir heterogeneity (both naturally/geologically controlled and man-made) as a result 

of drilling, completion, and production operations, including injection of CO2 and water. Profile 

modification is applied in primary production, waterflooding, and EOR in 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 al., 2010]. Industry and DOE have funded a tremendous volume of 

R&D.  Recently, SPE published a book by Sydansk and Romero-Zeron [2011] entitled Reservoir 

Conformance Improvement wherein technologies, including those specifically for CO2 

conformance, were reviewed.  

 

There have been a wide variety of successfully demonstrated conformance control/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) there are far fewer papers detailing where a 

specific technology was widely adopted and applied field-wide. This scarcity of literature could 

have multiple causes.  For example, there are many impediments to successfully transitioning 

from a successful pilot to much broader 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) in advancing it.  Nonetheless, failure to transition from successful pilot 

to widespread application is a significant challenge that many practitioners view as an obstacle to 

the development of the technology.  There are exceptions, mostly within 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 CO2 

floods in the Permian Basin were treated.  Similar but not widely published CO2 conformance 

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

Wyoming.  

 

The role that CCS can play in expanding CO2 EOR was highlighted at an MIT and Texas Bureau 

of Economic Geology sponsored symposium held on June 23, 2010, covering the ñRole of 

Enhanced Oil Recovery in Accelerating the Deployment of Carbon Capture and Sequestration,ò 
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[MIT -BEG, 2010]. If legislation is passed requiring the disposal of CO2 captured from existing 

coal-fired power plants and new integrated gasification combined cycle (IGCC) plants, initial 

attempts to sequester the anthropogenic CO2 are very likely to be associated with supplementing 

the current sources of CO2 for enhanced oil recovery [Merchant, 2010].  This will enable the 

simultaneous geologic sequestration of CO2 in the same formation from which oil is recovered.  

Further, the sequestration and monitoring of CO2 during EOR would build a knowledge base that 

would enhance the design of facilities to sequester massive amounts of anthropogenic CO2 in 

deep saline aquifers.     

 

The objective of this report is to review chemical means for addressing CO2 flooding mobility 

and conformance control problems that stem from the low density and viscosity of CO2 at 

reservoir conditions.  Unfortunately, one cannot alter the density of the CO2 entering the 

formation significantly via the addition of a CO2-soluble additive or the implementation of an 

injection strategy.  The density of CO2 is essentially a function 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 dense CO2 by reducing its 

relative permeability via water-alternating-gas injection strategies, increasing its viscosity via the 

addition of direct CO2 thickeners, or decreasing its mobility by generating CO2-in-brine foams.  

It is also possible to favorably alter the distribution of the injected CO2 into a layered formation, 

especially if the injected fluids are diverted from high permeability, watered out thief zones into 

lower permeability, oil-rich zones.  Although conformance control is achieved to some extent by 

each of the mobility control strategies, there are also techniquesðsuch as gels, foam gels, or 

dispersions of swellable, pre-formed particle gels (PPG)ðdesigned specifically to effectively 

block high permeability zones. 
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2. Potential Recovery Benefits of Mobility Control 

 

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

Over 50 years ago, elegant low-pressure miscible displacement experiments were conducted by 

Habermann that quantified the effect of mobility ratio on solvent breakthrough and oil recovery 

as a function of pore volumes of solvent injected [Habermann, 1960].  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 CO2 floods, impede efficient oil recovery.  Further, the results illustrate how an 

improvement in the mobility ratio will improve the efficiency of the displacement.  For example, 

Figure 2.1 [Habermann, 1960] can be used to estimate the amount of solvent injected at 

breakthrough during a miscible flood. 

 
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 occurs after 26% 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 miscible solvent PVI [Claridge, 1972; Dyes 1954; Koval, 1963]. 
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Figure 2.2. Smoothed results for the effect of mobility ratio on solvent breakthrough and post-

breakthrough oil recovery as a function of solvent injected [Claridge, 1972] 

 

Consider a miscible displacement example where the mobility ratio of solvent to oil is 20.0, 

meaning that the low 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 solvent injected. This continues until just 

under 0.20 displaceable pore volumes (Dv) of solvent have been injected.  When 0.20 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 produced per unit 

of solvent injected because an ever-increasing fraction of solvent is being produced with the oil.  

For example, after 0.50 Dv of solvent have been injected, only 0.42 units of oil are produced; the 

0.30 Dv solvent injected after breakthrough has yielded 0.22 units of oil and 0.08 units of 

solvent.  After 0.80 Dv solvent have been injected, only 0.56 units of oil are produced along with 

0.24 Dv of solvent; the 0.60 Dv solvent injected after breakthrough has yielded 0.36 units of oil 

and 0.24 Dv of solvent.   

 

Now let us assume that we have developed a means 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 solvent has been injected.  After the injection of 0.80 Dv solvent, the oil 

recovery 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 physical models [Lewis et al., 2008] and 

reservoir simulations that have been used to quantify the effect of improved mobility ratio on oil 
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recovery.  These correlative and predictive tools may also include the effects of pressure, solvent 

composition, oil composition, core- or field-scale heterogeneities, viscous-to-gravity ratio, 

transverse Peclet number, and well configuration.  Modeling of laboratory- and field-scale 

displacements is not the main topic of this report.  There is a general consensus, however, that 

significant reductions in the mobility ratio will  improve the areal sweep efficiency as illustrated 

by this simple example and Figures 2.3 and 2.4. 

 

A notable decrease in the mobility of CO2 should also improve vertical sweep efficiency during 

the multiple-contact miscible displacement of oil by CO2.  Gravity 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 vertical displacement efficiency of solvent tongues, 

however.  Consider the simple case of a secondary oil recovery solvent displacing oil from a 

single, homogeneous layer with equal horizontal and vertical permeability with flow rates 

corresponding to flow regimes where only a single gravity tongue forms.  The results obtained 

with a physical model of such a system are illustrated in Figure 5 [Craig, 1971; Craig et al., 

1957].  At any given value of the x-axis, which represents the ratio of viscous to gravity forces, 

increased solvent mobility (i.e., increasing values of the mobility ratio M) decreases vertical 

sweep efficiency at breakthrough.  For example, when (ȹPh/ȹPv) equals 10, vertical sweep at 

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 ratio and the 

mobility ratio in single layer, uniform, isotropic porous medium [Craig, 1971] 

  

Vertical sweep efficiency is also diminished during secondary and tertiary oil recovery in 

stratified formations, especially when the mobility ratio is unfavorable.  For example, consider 

the immiscible, piston-like displacement of oil by water as described by the continuous, real-


































































































































































































































































































































































































