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Appendix A 

Chemical and Gas Injection EOR methods 

 

A.1 Chemical EOR methods  

 

Chemical EOR methods involve the injection of specific liquid chemicals that 

effectively displace oil because of their phase behaviour properties, which often result 

in decreasing the IFT between the displacing liquid and oil, or improving the relative 

mobility of the oil. In other words, the goal of these chemical methods is to reduce the 

IFT between oil and water or reduce the mobility of water, generally to displace 

discontinuous trapped oil that remains after a water flood. Because it is approximately 

10 times more difficult to replace trapped oil than continuous oil, the surfactant or 

polymer slugs for these processes must be very efficient (Taber et al, 1996). 

 

The combined surfactant/polymer process, illustrated in Figure A.1, has been 

demonstrated to have the most potential in terms of ultimate oil recovery in this 

category of EOR methods. In this process, the primary displacing liquid slug is a 

complex chemical system called a micellar solution. This solution contains a surfactant 

(usually a petroleum sulfonate), co-surfactant (an alcohol), oil, electrolytes, and water. 

The surfactant slug is relatively small, typically 10% pore volume (PV). The surfactant 

slug is followed by a mobility buffer, a solution that contains polymer at a concentration 

of a few hundred parts per million (ppm). This polymer solution is often graded in 

concentration, becoming more dilute in polymer as more of the solution is injected. The 

total volume of the polymer solution is typically up to 1 PV. 
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Figure A.1: Surfactant/polymer (chemical) EOR Method (U.S. DOE, 1986) 
 

The micellar solution has limited solubility with the oil and is designed to have an ultra 

low IFT with the oil phase. When this solution contacts residual oil drops, the drops are 

deformed as a result of the low IFT and are displaced through the pore throats. 

Coalescence of oil drops results in an oil bank that, along with water, moves ahead of 

the displacing chemical slug. The micellar slug is also designed to have a favourable 

mobility ratio with the oil bank and the water flowing ahead of the slug to prevent 

viscous fingering of the slug into the oil bank and thus increase the macroscopic 

displacement efficiency. 

 

The polymer solution mobility buffer is injected to displace the micellar solution 

efficiently. The IFT between the polymer and micellar solutions is quite low, and only a 

small residual saturation of the micellar slug is trapped. The existence of a favourable 

mobility ratio between the polymer and micellar solutions also contributes to an 

efficient displacement. In this process, the displacements are immiscible; that is, 

complete solubility does not exist between the micellar solution and oil or between the 

micellar and polymer solutions. A low IFT between displacing fluids is desirable at both 

ends of the micellar slug. A low IFT between the micellar solution and oil is required to 

mobilize discontinuous oil drops or films. At the back of the micellar slug, a low IFT 
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results in minimal trapping and bypassing of the micellar solution (Green & Willhite, 

1998). 

 

The surfactant processes have significant potential to increase both the volumetric and 

the displacement efficiencies. There are important problems, however. The process is 

complex technologically and can be justified only when oil prices are relatively high 

and when residual oil after waterflooding is substantial. The chemical solutions, which 

contain surfactant, co-surfactant, and sometimes oil, are expensive. Chemical losses can 

be severe. Such losses can occur as a result of adsorption, phase trapping, and bypassing 

owing to fingering if mobility control is not maintained. These losses must be 

compensated for by increasing the volume of micellar solution injected. The stability of 

surfactant systems in general is known to be sensitive to high temperatures and high 

salinity. Systems that can withstand these conditions must be developed if the process is 

to have wide applicability. For example, early applications have essentially excluded 

carbonate reservoirs, in part because of the high salinity usually associated with such 

formations. Also, this method cannot be used in deep oil reservoirs, because of the high 

reservoir temperature.   

 

Other types of chemical EOR methods have also been developed, for example alkaline 

flooding. In this process alkaline chemicals are injected and react with certain 

components in the oil to generate a surfactant in situ. The process has potential but 

apparently is limited in scope of application. There have been some technical successes 

in the field; however, there have been fewer economic successes because the cost of the 

injectant is too high. Therefore, there has been an effort to lower the injectant cost by 

adding more alkali and less surfactant or co-solvent to the formulations during the past 

few years. These mixtures can be injected because the cost is low compared with the 

classic micellar formulations. The alkali costs much less than the surfactant or co-

solvent, and it helps to lower the IFT and reduce adsorption of the surfactant on the rock 

(Taber et al, 1996).  
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A.2 Gas injection EOR methods:  

 

Gas injection with the aim of achieving miscibility with the crude oil to efficiently 

recover the oil in place is one of the oldest EOR methods, and it is the most generally 

successful EOR technology. After years of extensive laboratory and field experience, 

the gas EOR methods are now well understood, and screening criteria can be 

recommended with more confidence than before. Although studied most extensively for 

carbon dioxide, the concept of minimum miscibility pressure (MMP) explains the 

efficient oil displacements by nitrogen, hydrocarbons, and carbon dioxide. As long as 

this MMP can be achieved in the reservoir, good oil recovery [greater than 90% original 

oil in place (OOIP) in the region swept] should result, although carbon dioxide 

displacements are usually more efficient than nitrogen or CH4 (Taber et al, 1996). Even 

though the oil gravity, pressure, and depth (MMP) requirements are different for the 

three gases. Any of the methods should work in a high percentage of the deeper 

reservoirs, and the final choice often depends on the local availability and cost of the 

gas to be injected. 

 

The primary objective in a miscible gas injection method is to displace oil with a fluid 

that is miscible with the oil (i.e., forms a single phase when mixed at all proportions 

with the oil) at the conditions existing at the interface between the injected fluid and the 

oil bank being displaced. There are two major types in this process. The first one, called 

a first contact miscible (FCM) process, the injected fluid is directly miscible with the 

reservoir oil at the conditions of pressure and temperature existing in the reservoir. 

Figure A.2 illustrates the FCM process. A relatively small slug of a hydrocarbon fluid, 

such as liquified petroleum gas (LPG), is injected to displace the oil. The primary slug 

size would be about 0.1 to 0.15 PV. The LPG slug is displaced by a larger volume of a 

less expensive gas that is high in methane concentration (dry gas). In some cases, water 

may be used as the secondary displacing fluid. The process is effective primarily 

because of miscibility between the primary slug and the oil phase. Primary slug/oil 

interfaces are eliminated, and oil drops are mobilized and moved ahead of the primary 

slug. Miscibility between the primary slug and the secondary displacing fluid is also 
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desirable. Otherwise, the primary slug would be trapped as a residual phase as the 

process progresses. 

 
Figure A.2: First contact miscible process (Green & Willhite, 1998)  

 

The other variation of the miscible processes is the multiple contact miscible (MCM) 

process. In this, the injected fluid is not miscible with the reservoir oil on first contact. 

Rather, the process depends on the modification of composition of the injected phase, or 

oil phase, through multiple contacts between the phases in the reservoir and mass 

transfer of components between them. Under proper conditions of pressure, 

temperature, and composition this composition modification will eventually generate 

miscibility between the displacing and displaced phases in situ (Green & Willhite, 

1998). 

 

There are different types of gases which are used to enhance the recovery from oil 

reservoirs: 

Nitrogen and flue gas injection: Nitrogen and flue gas are the cheapest gases 

(especially in terms of volumes at reservoir temperatures and pressures) that can be 

injected. They are considered together because their pressures requirement (MMP) for 

good displacement is similar (Emmons et al 1986), and it appears that they can be used 

interchangeably for oil recovery. However, corrosion is a problem (especially for flue 
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gas from internal combustion engines), and on many occasions companies have 

switched to nitrogen injection with good results. In addition to its low cost and 

widespread availability, nitrogen is the most inert of all injection gases. Unfortunately, 

it has the highest MMP, so miscible displacement is possible only in deep reservoirs 

with light oils. 

 

Hydrocarbon injection: As one of the oldest EOR methods, hydrocarbon injection was 

practiced for years before the MMP concept was well understood. When a surplus of a 

low-molecular weight hydrocarbon exists in some fields, they are often injected to 

improve oil recovery. This is particularly favoured where flaring is not permitted and 

there is no export option. 

 

Carbon dioxide flooding: Carbon dioxide flooding depends on the properties of the 

injected gas, where density decreases with increasing temperature and therefore the 

solubility of carbon dioxide in oil decreases, so the MMP required for a given oil must 

increase with higher temperatures (Heller et al, 1986). Since the reservoir temperature 

normally increases with depth, the MMP must also increase with depth. The carbon 

dioxide miscible process illustrated in Figure A.3 is one such process. A volume of 

relatively pure carbon dioxide is injected to mobilize and displace residual oil. Through 

multiple contacts between the carbon dioxide and oil phase, intermediate and higher 

molecular weight hydrocarbons are extracted into the carbon dioxide rich phase. Under 

proper conditions, this carbon dioxide rich phase will reach a composition that is 

miscible with the original reservoir oil. From that point, miscible or near miscible 

conditions exist at the displacing front interface. Under ideal conditions, this miscibility 

condition is reached very quickly in the reservoir and the distance required to establish 

multiple contact miscibility initially is negligible compared with the distance between 

wells. Carbon dioxide volumes injected during a process are typically about 0.25 PV. 
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Figure A.3: Carbon dioxide (miscible) injection EOR method (U.S. DOE, 1986) 

 

The critical temperature of carbon dioxide is 87.8°F (31°C), and thus, in most cases it is 

injected as a fluid above its critical temperature. The viscosity of carbon dioxide at 

injection conditions is small, about 0.06 to 0.10 cp, depending on reservoir temperature 

and pressure. Oil and water are therefore displaced by carbon dioxide under 

unfavourable mobility ratio conditions in most cases. This leads to fingering of the 

carbon dioxide through the oil phase and also to poor macroscopic displacement 

efficiency. One approach to overcoming this difficulty has been to inject slugs of carbon 

dioxide and water alternately. This method is called the water alternating gas (WAG) 

process. The purpose of the water injection is to reduce the relative permeability to 

carbon dioxide and thereby to reduce its mobility. Another advantage of the WAG 

process is that it spreads the demand for carbon dioxide over time. Other methods of 

mobility control are being tested. These include the use of foams and polymers in 

conjunction with carbon dioxide injection. Another problem with the carbon dioxide 

process results from the density difference between carbon dioxide and water and 

sometimes between carbon dioxide and the oil. At injection conditions, carbon dioxide 

has a specific gravity of about 0.4 according to the specific reservoir conditions. 

Depending on oil density, carbon dioxide can tend to move to the top of the formation 
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and to override the displaced fluids. In some cases, this gravity effect is exploited by 

flooding from the top of the reservoir and displacing fluids down dip, but this can be 

done only where the reservoir structure is suitable (Green & Willhite, 1998).  


