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ABSTRACT 

In this thesis, the mutual interactions between a light crude oil and CO2 at the 

reservoir temperature were experimentally studied. The oil recovery mechanisms and 

asphaltene precipitation phenomenon in tight sandstone reservoir core plugs during 

immiscible and miscible CO2 flooding processes were examined. Meanwhile, the 

physicochemical properties of the produced oils and gases during CO2 flooding processes 

were thoroughly characterized. Furthermore, numerical simulation was performed to 

history match the experimental oil production data for the miscible CO2 coreflood tests.  

In experiment, first, a visualized saturation cell was used to determine the onset 

pressure of the asphaltene precipitation (Pasp). Second, the vanishing interfacial tension 

(VIT) technique was applied to determine the minimum miscibility pressure (MMP) and 

the so-called first-contact miscibility pressure (Pmax) between the original light crude oil 

and CO2. Meanwhile, the oil-swelling effect and initial quick light-hydrocarbons 

extraction were observed during the interfacial tension (IFT) measurements. The onset 

pressure of the initial quick light-hydrocarbons extraction (Pext) was determined. Third, 

the oil-swelling factor, CO2 solubility in the crude oil, and the saturation pressure of the 

light crude oil–CO2 system were measured by using a PVT cell. Then a total of five CO2 

coreflood tests, which represented the immiscible, near-miscible, and miscible flooding 

processes, were performed at the reservoir temperature. In the simulation work, an 

equation of state (EOS) model was built and tuned by using the CMG WinProp module. 

A 1-D model was generated by using the CMG GEM module to simulate the CO2 

coreflood tests. History matching was undertaken by using the CMG CMOST module to 

match the measured cumulative oil production in the miscible CO2 flooding processes.  
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The experimental results showed that the measured four important onset pressures of 

the light crude oil–CO2 system at the reservoir temperature were in the order of Pasp < Pext 

< MMP < Pmax. The MMP was determined to be 10.6 MPa by applying the VIT 

technique. In addition, the four onset pressures increased as the temperature increased. 

Also, it was found that the temperature had a less effect on the oil-swelling factor than on 

the saturation pressure. The CO2 coreflood test data showed that the oil recovery factor 

(RF) increased monotonically as the injection pressure increased during the immiscible 

CO2 flooding process. Once the injection pressure exceeded the MMP, the oil RF 

increased slightly and then reached an almost constant maximum value. Moreover, the oil 

RF after CO2 breakthrough (BT) increased slightly under the immiscible conditions but 

substantially in the miscible case. On the other hand, the measured average asphaltene 

content of the produced oil and the measured oil effective permeability reduction were 

found to be higher in the immiscible flooding process. They both reached some lower 

values in the miscible case. Furthermore, at a lower injection pressure, the produced oil 

became heavier and heavier during CO2 injection process in terms of its density, 

viscosity, molecular weight, and hydrocarbons (HCs). The produced gas contained up to 

84–96 mol.% HCs extracted from the light crude oil by CO2 at the beginning. At a higher 

injection pressure, the produced oil became much lighter and lighter with the pore 

volume of injected CO2 and the produced gas contained 20–75 mol.% HCs at the very 

beginning. Besides, the total oil RF was much higher at a higher temperature under the 

miscible conditions. Lastly, a good agreement was found between the simulated and 

measured oil production data in the miscible CO2 flooding processes. 
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CHAPTER 1 INTRODUCTION 

1.1 CO2 Enhanced Oil Recovery (CO2-EOR) 

Enhanced oil recovery (EOR) processes have become increasingly important to the 

petroleum industry. After the primary and secondary oil recovery, a typical residual oil 

saturation in a light or medium oil reservoir is still in the range of 50–60% of the original-

oil-in-place (OOIP) [Moritis, 2006]. Carbon dioxide (CO2) tertiary or even secondary oil 

recovery can be applied to further exploit the conventional oil reserves. After the 

secondary water flooding, many light and medium oil reservoirs are suitable for the 

miscible or even immiscible CO2 flooding. It is worthwhile to note that CO2 flooding can 

not only effectively recover the residual oil but also considerably reduce greenhouse gas 

emissions [Aycaguer, 2001]. Since the 1950s, a number of laboratory [Holm and Josendal, 

1974], field [Brock and Bryan, 1989], and numerical [Ko et al., 1985] studies have shown 

that CO2 can be an efficient oil-displacing agent in the reservoir formations. It has been 

found from a laboratory study that the ultimate oil recovery factor of a CO2 secondary 

flood is over 60% of the OOIP, which is significantly higher than the average oil recovery 

factor of 44% of the OOIP for a secondary water flood [Chung et al., 1988]. In general, a 

miscible CO2 tertiary flood can recover 8–25% of the OOIP in the field-scale pilot tests 

[Duncan, 1994; Pyo et al., 2003].  

1.2 Mutual Interactions between the Crude Oil and CO2 

Successful CO2 flooding is largely controlled by the mutual interactions (e.g., the 

interfacial tension and interfacial mass transfer) between the reservoir crude oil and the 

injected CO2. These interactions determine the overall performance of the CO2 EOR 
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process. For example, when CO2 is injected into an oil reservoir at a high reservoir 

pressure, the interfacial tension of a crude oil–CO2 system is significantly reduced [Yang 

and Gu, 2004a; 2004b; 2005b; Yang et al., 2005a; 2005b; 2005c; Nobakht et al., 2008a; 

2008b]. The reduced interfacial tension increases the viscous force–capillary force 

balance and thus lowers the residual oil saturation [Nobakht et al., 2007]. Usually, the 

injected CO2 cannot achieve the first-contact miscibility (FCM) with the reservoir crude 

oil. However, it can gradually develop the so-called dynamic miscibility through the 

multiple contacts under the actual reservoir conditions, which is also referred to as the 

multi-contact miscibility (MCM) [Green and Willhite, 1998]. In the latter case, mutual 

miscibility is achieved through a two-way interfacial mass-transfer process between the 

crude oil and CO2 [Holm and Josendal, 1974]. Therefore, it is important to thoroughly 

study the mutual interactions between the crude oil and the injected CO2. 

1.3 Asphaltene Precipitation 

After CO2 is injected into an oil reservoir, it contacts and interacts with the 

reservoir oil and thus changes the reservoir equilibrium conditions and fluid properties, 

which may lead to the precipitation of the heavy organic solids, primarily asphaltenes 

[Kokal and Sayegh, 1995].
 
Asphaltene precipitation may cause some serious production 

problems, such as reservoir permeability reduction, wettability alteration, and reservoir 

plugging. In particular, asphaltene precipitation problems are more common and serious 

in undersaturated tight light oil reservoirs, though generally the light crude oil has an 

extremely low asphaltene content [Akbarzadeh et al., 2007]. For example, production of 

Hass–Messaoud light crude oil in Algeria with asphaltene content of only 0.15 wt.% 

causes numerous operating problems due to asphaltene precipitation and deposition onto 
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the reservoir formation, downhole wellbore, and surface facilities [Sarma, 2003]. This is 

because of small pore throats in the tight light oil reservoir and a significant reduction of 

the resin–asphaltene ratio in the light crude oil as a result of substantial CO2 dissolution in 

it [Hamouda, 2009]. Therefore, it is of particular importance to study the asphaltene 

precipitation during CO2 flooding so that a better understanding of its effects on the 

residual oil displacement and oil recovery mechanisms can be achieved.  

1.4 Characterization of the Produced Fluids 

In the literature, some experimental efforts have been made to characterize the 

produced fluids through the conventional PVT studies and slim-tube tests [Shyeh, 1991; 

Ucok and Grigg, 1998]. However, it is not common to comprehensively characterize the 

produced oil and gas samples during the dynamic coreflood tests with the actual reservoir 

oil and brine samples and especially with the real reservoir core plugs. At present, it 

remains unknown to a large extent how the characteristics of the produced fluids change 

during CO2 injection and how they affect the CO2-EOR. On the other hand, the 

physicochemical properties of the produced fluids are among the most important 

parameters to be considered in the design and optimization of the production system and 

surface facilities for their production, separation, treatments, and transportation. 

Moreover, inaccurate and unreliable fluid characterization leads to a high uncertainty of 

the hydrocarbon volume estimate and has some negative impacts on the ultimate oil 

recovery prediction and asset value determination [Nagarajan et al., 2006].  
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1.5 Purpose and Scope of This Thesis Study 

The purpose of this thesis is to study the oil recovery mechanisms and asphaltene 

precipitation phenomenon in CO2 flooding processes at the actual reservoir temperature. 

The specific research objectives of this thesis are listed as follows: 

1. To measure the onset pressure of asphaltene precipitation in a light crude oil–

CO2 system and study the morphology of precipitated asphaltenes. 

2. To measure the equilibrium interfacial tensions (IFTs) versus equilibrium 

pressures of a light crude oil–CO2 system by applying the asxisymmetric drop 

shape analysis (ADSA) technique for the pendant drop case and determine its 

minimum miscibility pressure (MMP) by using the vanishing interfacial 

tension (VIT) technique.  

3. To visualize and analyze the oil-swelling effect and initial quick light-

hydrocarbons extraction from the crude oil to CO2 phase during the IFT 

measurements. 

4. To study the phase behaviour of a light crude oil–CO2 system by using a PVT 

cell. 

5. To conduct CO2 coreflood tests by using the reservoir oil, brine samples, and 

core plugs and measure the cumulative producing gas–oil ratio (GOR) and 

respective oil recovery factors at CO2 breakthrough (BT) and at the end of CO2 

injection. 

6. To measure the average asphaltene content of the produced oil and the oil 

effective permeability reduction after each CO2 coreflood test. 
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7. To characterize the produced oil and gas samples obtained during each CO2 

coreflood test by analyzing their physicochemical properties (i.e., density, 

viscosity, and molecular weight) and gas chromatography (GC) results. 

8. To history match the measured oil production data in the miscible CO2 

flooding process by using numerical simulations.  

1.6 Outline of the Thesis 

This thesis consists of eight chapters. More specifically, Chapter 1 gives an 

introduction to the thesis topic along with the purpose and the scope of this thesis study. 

Chapter 2 presents an updated literature review on the enhanced oil recovery (EOR) 

methods, mutual interactions between the crude oil and CO2, CO2-EOR mechanisms, and 

asphaltene precipitation phenomenon. At the end of this chapter, the problem statement 

of this thesis is provided. Chapter 3 describes the experimental details, which include the 

physicochemical analyses, GC analyses, crude oil–CO2 saturation tests, IFT tests, PVT 

tests, and coreflood tests. Chapter 4 studies the mutual interactions between the light 

crude oil and CO2, which includes the determination of the onset pressure of asphaltene 

precipitation and the MMP of the crude oil–CO2 system. Moreover, the oil-swelling 

effect and initial quick light-hydrocarbons extraction from the crude oil to CO2 are 

visualized during the IFT measurement. The saturation pressure, the oil-swelling factor, 

and the CO2 solubility in the crude oil are measured in several PVT tests. In addition, the 

effects of temperature on the four onset pressures and the phase behaviour of the crude 

oil–CO2 system are examined. In Chapter 5, a series of five coreflood tests are conducted 

under the immiscible, near-miscible, and miscible conditions to study the oil recovery 

performance (e.g., oil recovery factor and producing GOR) and asphaltene precipitation 
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phenomenon. The asphaltene content of the produced oil and the oil effective 

permeability reduction are specifically discussed. Chapter 6 presents the detailed 

physicochemical properties of the produced oils and gases obtained during each CO2 

coreflood test. Chapter 7 provides some important properties of the pseudo-components 

required in the equation of state (EOS) modeling and the history matching of the 

cumulative oil production data in the miscible CO2 flooding process. Chapter 8 

summarizes major scientific findings of this study and makes several technical 

recommendations for future studies.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Enhanced Oil Recovery (EOR) Methods 

Since 1865, waterflooding has been used as the simplest and cheapest secondary 

oil recovery method. After the secondary waterflooding, a typical residual oil saturation 

in a light or medium oil reservoir is still in the range of 50–60% of the original-oil-in-

place (OOIP) [Moritis, 2006].  Capillary force, which is due to the interfacial tension 

between the crude oil and water, is one of the most important factors that cause a large 

amount of the OOIP not to be recovered by waterflooding [Jennings Jr. and Newman, 

1971; Grattoni and Dawe, 2003; Masalmeh, 2003]. Increased energy needs force the 

world to apply different tertiary or enhanced oil recovery (EOR) methods not only to 

increase the oil recovery factor but also to accelerate the oil recovery process after 

waterflooding. In 2006, EOR projects produced a total of 650,000 barrels of oil per day 

(BOPD) in U.S.A. [Moritis, 2006]. Obviously, EOR has become increasingly important 

to the petroleum industry.  

Various EOR processes or methods are designed and applied to different kinds of 

oil reservoirs based on their applicabilities. In general, the EOR methods can be 

categorized into chemical methods and solvent injection methods for light and medium 

oil reservoirs and thermal-based methods for heavy oil reservoirs, respectively. The basic 

chemical EOR processes are alkaline, surfactant, and polymer (ASP) flooding. Both the 

alkaline and surfactant flooding processes are based on the similar mechanisms, such as 

the interfacial tension reduction between the reservoir fluids and the injected fluid to low 

or ultra-low values [Wang and Gu, 2005]. In the polymer flooding process, the increased 
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displacement efficiency is attributed to the increased displacing fluid’s viscosity. 

Therefore, mobility ratio is improved with a reduced relative permeability through 

plugging [Chang, 1978; Wang and Dong, 2007].  

In the solvent injection EOR methods, the liquefied petroleum gas (LPG) miscible 

process uses a slug of propane or other LPG tailed by natural gas, inert gas, and/or water.  

The LPG is miscible upon the first contact with the resident crude oil [Marrs, 1961; 

Sessions, 1963]. The lower injection pressure and wider reservoir applicability are the 

major advantages of this miscible solvent flood. However, expensive slug materials and 

difficulty in sizing slug because of dispersion are the limitations of this method [Moses et 

al., 1959; Klins, 1984; Frazier and Todd, 1984]. In the enriched gas miscible process, a 

slug of methane enriched with ethane, propane, or butane and tailed by lean gas/water is 

injected into the reservoir. This process relies on the multiple contacts between the crude 

oil and enriched gas so that a higher injection pressure is required in order for this process 

to be efficient [Kuo, 1985; Wu et al., 1986; Farouq Ali and Thomas, 1996]. A large slug 

size minimizes the slug design problems so that the cost of the solvent materials for the 

enriched gas process is cheaper than that for the LPG injection. However, this process has 

a lower sweep efficiency [Klins, 1984].  

For heavy oil reservoirs, thermal-based heavy oil recovery methods, such as steam-

assisted gravity drainage (SAGD) [Bulter and Mokrys, 1986], steam flooding [Connally 

and Marberry, 1974; Wu et al., 2011], cyclic steam stimulation (CSS) [Farouq Ali, 1994; 

Wang et al., 2011], and in-situ combustion (ISC) [Showalter, 1961; Moore et al., 1999], 

are often applied in oilfields to reduce the heavy oil viscosity and consequently enhance 

the heavy oil recovery.  
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As early as 1952, Whorotn and Brownscombe filed a patent for an oil recovery 

method by using carbon dioxide (CO2) [Whorotn et al., 1952]. CO2 tertiary or even 

secondary oil recovery can be applied to further exploit the conventional oil reserves. The 

recent research for U.S. oilfields found that about 23% of the oil remaining in 10 U.S. oil-

producing regions could be produced by using CO2 flooding, which could recover almost 

14 billion m
3
 (89 billion bbl) of oil [Al-Mjeni et al., 2011]. After the secondary 

waterflooding, many light and medium oil reservoirs are found to be especially suitable 

for the miscible or even immiscible CO2 flooding in the laboratory tests as well as field 

trials. It has been found from a laboratory study that the ultimate oil recovery factor of a 

CO2 secondary flood is over 60% of the OOIP, which is significantly higher than the 

average oil recovery factor of 44% of the OOIP for a secondary water flood [Chung et al., 

1988]. Some comprehensive experimental studies on the feasibility of CO2 miscible 

flooding for Weyburn oilfield, Canada, were conducted in the 1990s [Srivastava and 

Huang, 1997; Srivastava et al., 2000]. It was found that 20–30% of the OOIP could be 

recovered during CO2 tertiary coreflood tests. Eventually, the oil recovery of 13–19% of 

the OOIP was expected in Weyburn oilfield through the miscible CO2 tertiary flooding 

[Whittaker et al., 2004]. Another technically and economically successful CO2 miscible 

field project has been undertaken in Joffre Viking pool since 1984. A total of 12–25 % of 

the OOIP has been recovered during the CO2 tertiary oil recovery process [Pyo et al., 

2003].  In general, a miscible CO2 tertiary flood can recover 8–25% of the OOIP in the 

field-scale pilot tests [Duncan, 1994; Pyo et al., 2003]. Recently, experimental studies on 

the CO2-thickened polymer flooding in light oil reservoir core plugs were conducted in 

the laboratory. It was found that two commercial polymers, poly (vinyl ethyl ether) 
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(PVEE) and poly (1-decane) (P-1-D)-thickened CO2 flooding can further enhance oil 

recovery after a pure CO2 breakthrough. The CO2 breakthrough can be significantly 

delayed if polymer-thickened CO2 is injected directly [Zhang and Gu, 2011]. Also, it is 

worthwhile to note that CO2 flooding can not only effectively recover the residual oil but 

also considerably reduce greenhouse gas emissions [Aycaguer, 2001].  

2.2 Mutual Interactions in the Crude Oil–CO2 System under the Reservoir 

Conditions 

It has been found that CO2 EOR is largely controlled by the interfacial interactions 

between the injected CO2 and reservoir oil [Yang et al., 2005b], which determine the 

overall performance of CO2 flooding to a large extent. For example, a low interfacial 

tension (IFT) between the crude oil and CO2 leads to a low residual oil saturation in the 

CO2 flooding process [Yang et al., 2005b; Nobakht et al., 2008a; 2008b].  In addition, the 

multi-contact miscibility (MCM) of the crude oil–CO2 system is achieved through two-

way interfacial mass transfer between the crude oil and CO2 [Holm and Josendal, 1974]. 

This fact indicates that mass transfer plays an important role in developing the dynamic 

miscibility.  

  The interfacial mass transfer plays an important role in the CO2 EOR process. In 

general, a high first-contact miscibility (FCM) pressure (Pmax) is required for CO2 to 

become miscible at the first contact with a reservoir crude oil. Nevertheless, CO2 can 

reach the so-called dynamic miscibility with the crude oil through multiple contacts, 

which is referred to as the multi-contact miscibility. In the latter case, the miscibility is 

achieved through two-way mass transfer between the crude oil and CO2 [Green and 
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Willhite, 1998; Siagian and Grigg, 1998]. More specifically, during the displacement of a 

crude oil by using CO2, the dynamic miscibility may be reached due to one or two mass-

transfer processes, i.e., vapourizing and/or condensing, between the crude oil and CO2 

[Lake 1989; Green and Willhite, 1998; Jarrel et al., 2002]. In addition, the asphaltene 

precipitation may occur if a certain amount of CO2 is dissolved into the oil during the 

two-way mass transfer processes [Nobakht et al., 2008a]. 

In fact, the two-way mass transfer between the crude oil and CO2 occurs during the 

contact process of oil and CO2 phases, which can be in the forms of oil-swelling effect 

and light-hydrocarbons extraction. The previous findings show that although the two-way 

mass transfer occurs at all times across the interface between the oil and CO2 phases, at 

low equilibrium pressures, the initial CO2 dissolution into oil phase is dominant and 

accordingly results in oil-swelling effect [Yang and Gu, 2005a]. In contrast, at high 

equilibrium pressures, the initial quick light-hydrocarbons extraction is observed and 

considered to be an important physical phenomenon, in which the light hydrocarbons of 

the crude oil are rapidly extracted from the oil phase to CO2 phase at the beginning [Yang 

and Gu, 2005b; Yang et al., 2005a; Nobakht et al., 2008a]. Thus it is of great importance 

to determine the onset pressure of the initial quick light-hydrocarbons extraction (Pext).  

Miscible CO2 flooding has been proven to be an effective and economical means 

for enhancing or improving the oil recovery. The foremost technical issue in optimization 

or design of a CO2 flooding project is to determine the minimum miscibility pressure 

(MMP) between the crude oil and CO2 at the reservoir temperature [Dong et al., 2001]. 

The MMP of a given crude oil–CO2 system is defined as the minimum operating pressure 

at which CO2 can reach the dynamic or multi-contact miscibility with the crude oil [Green 
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and Willhite, 1998]. The commonly used experimental methods to measure the MMP of a 

crude oil–solvent system include slim-tube method, rising-bubble apparatus (RBA), and 

vanishing interfacial tension (VIT) technique. 

Slim-tube method 

The slim-tube method is used when the density difference between the crude oil 

and the injected solvent is small, which is the case for CO2 injection into a light or 

medium oil reservoir. The slim-tube method is the most commonly used technique for 

measuring the MMP between a crude oil and CO2 [Stalkup Jr., 1983; Randall and 

Bennion, 1988; Elsharkawy et al., 1992]. This method has become a standard method to 

determine the MMP in the petroleum industry. It is worthwhile to mention that the inner 

diameter of the slim tube should be small enough to minimize or eliminate the viscous 

fingering [Stalkup Jr., 1983; Flock and Nouar, 1984]. The oil recovery versus the 

injection pressure data are plotted to determine the MMP of the crude oil–CO2 system. 

The MMP is defined as the point at which a breakover occurrs, i.e., the intersection of the 

respective lines passes through the low-recovery and high-recovery regions [Elsharkawy 

et al., 1992; Dong et al., 2001]. The slim-tube method, if properly conducted, can be used 

to accurately measure the MMP of a crude oil–CO2 system. However, this method is 

expensive and extremely time-consuming.  

Rising-bubble apparatus (RBA) 

Another experimental method to measure the MMP between a crude oil and CO2 is 

by using the so-called rising-bubble apparatus (RBA) [Christiansen and Haines, 1987; 

Elsharkawy et al., 1992; Mihcakan and Poettmann, 1994; Zhou and Orr Jr., 1995; Dong 

et al., 2001]. In the RBA method, a small CO2 bubble is injected into a thin column of the 



13 

 

crude oil inside the RBA at a different pressure each time. As the CO2 bubble rises 

through the crude oil, its shape and motion are recorded with a video camera. The MMP 

is then inferred from the observed rising-bubble size–pressure dependence. The MMP is 

assumed to be reached when the rising CO2 bubble ultimately disappears in the oil phase 

under certain pressure. The RBA method is less expensive and faster and requires much 

smaller amounts of crude oil and CO2, in comparison with the slim-tube method [Dong et 

al., 2001; Thomas et al., 1994]. However, it is still not clear whether this method can be 

used to accurately determine the MMP when both vapourizing and condensing 

processes/mechanisms are involved [Zhou and Orr Jr., 1995]. 

Vanishing interfacial tension (VIT) technique 

Recently, a new experimental approach, named the vanishing interfacial tension 

(VIT) technique, has been developed and utilized to determine the miscibility conditions 

of different crude oil–CO2 systems [Rao, 1997; Rao and Lee, 2002; 2003; Nobakht et al., 

2008a; b]. The VIT technique is based on the concept that the interfacial tension (IFT) 

between the crude oil and a solvent must approach zero when these two phases become 

miscible. In experiment, the equilibrium interfacial tensions between the crude oil and 

CO2 are measured at different equilibrium pressures and a constant temperature. The 

MMP is then determined by extrapolating the measured equilibrium interfacial tension 

versus equilibrium pressure curve to zero equilibrium interfacial tension. Because the 

smallest amounts of oil and time are required, the VIT technique is the cheapest and 

fastest among the three experimental methods for determining the MMP. Its reliability 

and accuracy has been discussed in the literature [Rao, 1997; Rao and Lee, 2002; 2003; 
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Nobakht et al., 2008a; b]. In this study, the VIT technique is applied to determine the 

MMP between the crude oil sample and CO2. 

2.3 CO2 EOR Mechanisms 

The commonly-recognized oil recovery mechanisms for CO2 flooding include the 

oil viscosity reduction, oil-swelling effect, IFT reduction, light-hydrocarbons extraction, 

immiscible and miscible displacements [Holm and Josendal, 1974; Simon and Graue, 

1965; Mungan, 1981]. These mechanisms can play more or less important roles, 

primarily depending on whether the CO2 displacement is immiscible or miscible. For 

example, the oil viscosity reduction, IFT reduction, and immiscible displacement are 

more important oil recovery mechanisms for the immiscible CO2 flooding process, 

whereas the oil-swelling effect, light-hydrocarbons (HCs) extraction, and miscible 

displacement play more important roles in the miscible CO2 flooding process [Martin and 

Taber, 1992]. A number of experimental studies have been conducted to examine the 

ability of CO2 to extract some light hydrocarbons (HCs) from the crude oils [Grigg, 1995; 

Gardner et al., 1981; Holm et al., 1982].
 
In fact, the colour differences and compositional 

analyses of the produced oils indicate significant light-HCs extraction into CO2 phase 

during CO2 flooding. Moreover, the experimental results show that the oil recovery factor 

is reduced if the C5–19 mole fractions in the crude oil are reduced or the asphaltene 

content is increased [Huang, 1992]. Miscible CO2 flooding has been proven to be an 

effective and economical means for enhancing or improving the oil recovery. 
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2.4 Asphaltene Precipitation and Deposition 

After CO2 is injected into an oil reservoir, it contacts and interacts with the 

reservoir oil and thus changes the reservoir equilibrium conditions and fluid properties, 

which may lead to the precipitation of the heavy organic solids, primarily asphaltenes 

[Kokal and Sayegh, 1995].
 
Asphaltenes are the heaviest and most complicated fraction in 

a crude oil sample and consist of condensed polynuclear aromatics, small amounts of 

heteroatoms (e.g., S, N, and O), and some traces of metal elements (e.g., nickel and 

vanadium). They are generally characterized as insoluble materials in a low boiling-point 

alkane (e.g., n-pentane or n-heptane) [Speight, 2001]. It is of great importance to 

determine the onset conditions of asphaltene precipitation before a CO2 flooding process 

is applied. In the literature, several methods have been developed to determine the onset 

pressure of asphaltene precipitation (Pasp), which include the measurement of the 

electrical conductivity [Fotland et al., 1993], oil viscosity [Escobedo and Mansoori, 1995], 

light transmission [Idem and Ibrahim, 2002], interfacial tension [Vuong, 1985], and the 

visual method [Hirschberg et al., 1984].  

As one of the major technical issues, asphaltene precipitation has detrimental 

and/or possible beneficial effects on the solvent-based oil recovery process [Luo and Gu, 

2007; Luo et al., 2007a; b; 2008; Wang and Gu, 2010; 2011]. The precipitated 

asphaltenes may be deposited onto the porous medium and thus left behind in the 

reservoir. In this case, the produced crude oil is in-situ deasphalted and becomes less 

viscous and lighter, in comparison with the original crude oil [Brons and Yu, 1995]. On 

the other hand, asphaltene deposition can cause reservoir plugging and wettability 

alteration, which can greatly hinder the oil recovery [Buckley and Wang, 2002]. If the 
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precipitated asphaltenes are produced from the formation, they can severely plug the 

wellbore and cause some downstream surface treating and oil refining problems 

[Mansoori et al., 2006]. Hence, it is necessary to study asphaltene precipitation and 

deposition in order to provide some practical guidelines for designing an efficient CO2 

EOR process. 

In the literature, two methods have been successfully used to quantify the changes 

of the core properties. An X-ray computer-aided tomography (CAT) -scanning technique 

was utilized [Srivastava et al., 1999] to identify the pattern of deposited asphaltenes along 

the CO2-flooded cores, in which the CT number was used to represent the grain density 

of the matrix at a particular location in each scanned image. A relatively high CT number 

was found in the area where asphaltene deposition occurred. However, this method still 

cannot directly quantify the permeability reduction of the CO2-flooded cores due to 

asphaltene deposition.  

Another method was to characterize the permeability reduction by measuring the 

oil effective permeability at a different pore volume of oil injection [Mousavi Dehghani 

et al., 2007]. When two fluids flow simultaneously through a porous medium, each fluid 

has its own effective permeability, which depends on its saturation. The effective 

permeability is always less than the absolute permeability. In this thesis, the permeability 

reduction of the core plugs is quantified by measuring the oil effective permeability 

reduction after CO2 flooding to study the asphaltene precipitation phenomenon.  

2.5 Problem Statement 

As described in the preceding sections of this chapter, CO2-induced oil recovery 

mechanisms and asphaltene precipitation during CO2 flooding process are greatly 
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affected by the mutual interactions between the crude oil and CO2. In the literature, there 

are few experimental studies of the physicochemical properties of the produced oils and 

gases during CO2 flooding process. Moreover, the temperature effects on the four 

important onset pressures (Pasp, Pext, MMP, and Pmax) and on the CO2 EOR performance 

have never been studied before. The effects of asphaltene precipitation on CO2 flooding, 

e.g., oil recovery and permeability reduction, have not been quantified yet. Therefore, this 

thesis aims at studying the oil recovery mechanisms and asphaltene precipitation 

phenomenon in a CO2-based oil recovery process. 

In this study, first, the onset pressure of asphaltene precipitation was determined for 

a light crude oil–CO2 system by using a visual high-pressure saturation cell. Second, the 

dynamic and equilibrium interfacial tensions between the crude oil and CO2 were 

measured at different equilibrium pressures. The measured equilibrium interfacial tension 

versus equilibrium pressure data were also used to determine the MMP of the crude oil–

CO2 system by applying the VIT technique. In addition, the oil-swelling effect and light-

hydrocarbons extraction phenomenon were observed during the interfacial tension 

measurements. Third, PVT tests were conducted to measure the saturation pressure, the 

oil-swelling factor, and the CO2 solubility in the crude oil for the crude oil–CO2 system. 

Fourth, a total of five CO2 coreflood tests under the immiscible, near-miscible, and 

miscible conditions were performed to study the oil recovery mechanisms, asphaltene 

precipitation phenomenon, and the characteristics of the produced oils and gases. The oil 

recovery factor and producing gas–oil ratio (GOR) of each CO2 flooding test were 

measured. The permeability reduction was quantified by measuring the oil effective 

permeabilities before and after CO2 flooding. The physicochemical properties of the 
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produced oils and gases were thoroughly studied in terms of their densities, viscosities, 

molecular weights, and compositions. Finally, numerical simulation was performed to 

history match the measured cumulative oil production data in the miscible CO2 flooding 

process.  
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CHAPTER 3 EXPERIMENTAL 

3.1 Materials 

In this study, the original light crude oil was collected from the Pembina Cardium 

oilfield in Alberta, Canada. The obtained original crude oil was cleaned by using a 

centrifuge (Allegra X-30 Series, Beckman Coulter, U.S.A.) to remove any sands and 

brine. The density, viscosity, and molecular weight of the cleaned light crude oil were 

measured to be ,kg/m842.9ρ 3

oil   cP7.92μoil   at the atmospheric pressure and T = 

22.0C, and MWoil = 212. 2 g/mol. The asphaltene content of the cleaned light crude oil 

was measured to be wasp = 0.26 wt.% (n-pentane insoluble). The gas chromatography (GC) 

compositional analysis result of the cleaned light crude oil is given in Table 3.1. The 

reservoir brine sample was collected from the same oilfield, cleaned and analyzed. Its 

detailed physicochemical properties are listed in Table 3.2. A number of tight sandstone 

reservoir core plugs were collected from several wells located in the Pembina Cardium 

oilfield at the reservoir depth of 1,600–1,648 m, where the reservoir temperature was 

equal to Tres = 53.0C. The purities of carbon dioxide (Praxair, Canada) and n-pentane 

(VWR International, Canada) were equal to 99.998 and 99.76 mol.%, respectively.  

3.2  Asphaltene Content Measurement 

The asphaltenes were precipitated from the original crude oil or the produced oil 

samples and measured by using the standard ASTM D2007–03 method. More specifically, 

one volume of the oil sample was mixed with 40 volumes of liquid n-pentane, which was 

used as a precipitant.  The crude oil–precipitant mixture was agitated by using a magnetic  
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Table 3.1 Compositional analysis result of the original light crude oil with the asphaltene 

content of wasp = 0.26 wt.% (n-pentane insoluble). 

 

Carbon No. mol.% Carbon No. mol.% 

1C  0.00 27C  1.07 

2C  0.00 28C  0.94 

3C  0.20 29C  0.89 

4C  1.17 30C  0.64 

5C  3.67 
31C  0.68 

6C  5.01 
32C  0.59 

7C  10.67 33C  0.46 

8C  7.20 34C  0.38 

9C  7.61 35C  0.54 

10C  6.95 36C  0.47 

11C  5.75 37C  0.30 

12C  5.01 38C  0.27 

13C  4.59 39C  0.37 

14C  3.97 40C  0.28 

15C  3.74 41C  0.27 

16C  2.98 42C  0.22 

17C  3.08 43C  0.22 

18C  3.09 44C  0.20 

19C  2.01 45C  0.20 

20C  2.07 46C  0.15 

21C  1.96 47C  0.14 

22C  1.14 48C  0.13 

23C  1.55 49C  0.13 

24C  1.28 50C  3.35 

25C  1.27 Total 100.00 

26C  1.14   
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Table 3.2 Physical and chemical properties of the cleaned reservoir brine at P = 1 atm 

(Chemical analyses were conducted by Saskatchewan Research Council). 

 

Temperature ( C ) 15 20 40 

Density (g/cm
3
) 1.003 1.002 0.996 

Viscosity (mPa·s) 1.17 1.02 0.67 

pH at 20.0C 8.08 

Specific conductivity (S/cm) 7,250 

Refractive index at 25.0C 1.3339 

Chloride (mg/L) 1,130 

Sulphate (mg/L) 4.0 

Total dissolved solids (mg/L) 4,323 at C 180   

Potassium (mg/L) 17 

Sodium (mg/L) 1,690 

Calcium (mg/L) 17 

Magnesium (mg/L) 11 

Iron (mg/L) 0.021 

Manganese (mg/L) <0.001 

Barium (mg/L) 9.20 
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stirrer (SP46925, Barnstead/Thermolyne Corporation, U.S.A.) for 24 h. Filter papers 

(Whatman No. 5, England)  with pore size of 2.5 m were weighed by using a high-

precision electric balance (PR 210, Cole–Parmer, Canada) with an accuracy of 1 mg 

before they were used to filter the crude oil–precipitant mixture. The filter cake, which 

was primarily composed of precipitated asphaltenes, was rinsed with n-pentane until the 

precipitant remained colourless after it passed through the filter papers. The precipitated 

asphaltenes with the filter papers were slowly dried at T = 100.0C in an oven (OF-12G, 

JEIO TECH Ltd., Korea) until their weight did not change from the reading of the electric 

balance. With the measured weight change of the filter papers before and after filtration, 

the asphaltene content of the oil samples was determined accordingly.  

3.3 Oil Density, Viscosity, and Molecular Weight Measurements 

A high-pressure densitometer (DMA 512P, Anton Paar, U.S.A.) was used to 

measure the density of the original crude oil or each flashed-off produced oil sample at 

the atmospheric pressure and T = 22.0C. This densitometer has an accuracy of 0.1 kg/m
3 

and requires only a small amount of fluid sample (approximately 1 cm
3
). Moreover, the 

viscosity of the original crude oil or the flashed-off produced oil sample was measured by 

using a cone–plate viscometer (DV-II +, Brookfield Engineering Laboratories, U.S.A.) at 

the atmospheric pressure and T = 22.0C. The viscometer has an accuracy of 0.01 cP and 

only about 1.0 cm
3
 of the oil sample is required. The constant temperature of T = 22.0C 

during the density and viscosity measurements was maintained by using an immersion 

circulator (Polystat 3W11, Cole–Parmer, Canada) with an accuracy of 0.1C. The 

molecular weight of the original crude oil or the produced oil sample was measured by 
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using an automatic high-sensitivity wide-range cryoscope (Model 5009, Precision 

Systems Inc., U.S.A.) with a repeatability of 0.2% and only 2 cm
3
 of the oil sample was 

needed.  

3.4 Gas Chromatography (GC) Analyses of Oil and Gas Samples 

The gas chromatography (GC) compositional analyses of the original light crude 

oil, the produced oil and gas samples were undertaken by using a GC system (Agilent 

7890, Agilent Technologies, U.S.A.). The accuracy of the GC compositional analysis 

varies with the mole percentage of each component in the test sample. More specifically, 

the standard deviations are equal to 0.01, 0.04, 0.07, 0.08, and 0.1 mol.% for the mole 

percentages of 0–0.09, 0.1–0.9, 1–4.9, 5–10, and 10 mol.%, respectively. The overall 

mole percentage (yHC) of the gaseous hydrocarbons (HCs) in the produced gas was 

measured by using the GC system and the molecular weight (MWgas) of the produced gas 

was calculated from its GC compositional analysis result. The GC compositional analyses 

for the oil and gas, the molecular weight measurements for the oils, and the molecular 

weight calculation for the gas were undertaken by Core Laboratories in Calgary, Canada.  

3.5 Onset of Asphaltene Precipitation 

In this study, a visual method was applied to measure the onset pressure of 

asphaltene precipitation. Figure 3.1 shows a schematic diagram of the experimental set-

up used for measuring the onset pressure of the asphaltene precipitation for each light 

crude oil–CO2 system. The major component of this experimental set-up was a specially 

designed see-through windowed high-pressure saturation cell with a total volume of 310 

cm
3
. A digital photograph of the saturation cell is shown in Figure 3.2. In this saturation
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Figure 3.1 Schematic diagram of the experimental set-up used for measuring the onset 

pressure of the asphaltene precipitation from the light crude oil–CO2 system. 



25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Digital photograph of the see-through windowed high-pressure saturation cell 

used for measuring the onset pressure of asphaltene precipitation from the light crude oil–

CO2 system. 

cell, a thick stainless steel plate was machined and placed between two transparent 

acrylic plates to form a rectangular cavity (30.48 × 5.08 × 1.91 cm
3
). The maximum 

operating pressure of this saturation cell is equal to 7.0 MPa at T = 21
o
C. A light source 

and a glass diffuser (240-341, Dyna–Lume, U.S.A.) were placed beneath the saturation 

cell to provide sufficient and uniform illumination for CO2-saturated oil layer. A 

microscope camera (MZ6, Leica, Germany) was positioned above the saturation cell to 

capture the digital image of CO2-saturated oil layer inside the saturation cell at any time. 

The digital images of CO2-saturated oil layer under different equilibrium pressures were 

acquired in tagged image file format (TIFF) by using a digital frame grabber (Ultra II, 
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Coreco Imaging, Canada) and stored in a DELL desktop computer. 

Prior to the saturation test, the saturation cell was cleaned with kerosene, then 

flushed with nitrogen, and finally vacuumed. The high-pressure saturation cell was 

pressurized with CO2 to P = 3.0 MPa at the beginning. Then 5 cm
3
 of the crude oil was 

introduced into the saturation cell by using a programmable syringe pump (100DX, ISCO 

Inc., U.S.A.). This small amount of the crude oil was chosen and injected into the 

saturation cell so that a thin oil layer (0.032 cm) was formed onto the lower acrylic 

window of the saturation cell and thus could be sufficiently illuminated by using the light 

source. The CO2-saturated oil layer was observed through the acrylic windows of the 

saturation cell by using the microscope camera. The personal computer was connected to 

the microscope camera and used to acquire the digital image of CO2-saturated oil layer at 

any time. In this way, any asphaltene deposits on the lower acrylic window at a proper 

saturation pressure could be clearly observed. In particular, the corresponding onset 

pressure of the asphaltene precipitation from CO2-saturated oil layer was noted.  

3.6 Interfacial Tension Measurement 

Figure 3.3 shows a schematic diagram of the experimental setup used for 

measuring the equilibrium IFT between the light crude oil and CO2 by applying the 

axisymmetric drop shape analysis (ADSA) technique for the pendant drop case [Cheng et 

al., 1990]. The major component of this experimental set-up was a see-through windowed 

high-pressure IFT cell (IFT-10, Temco, U.S.A.). A stainless steel syringe needle was 

installed at the top of the IFT cell and used to form a pendant oil drop. The light crude oil 

and CO2 were stored in two transfer cylinders (500-10-P-316-2, DBR, Canada) and 

heated to the specific reservoir temperature of Tres = 53.0C. Afterwards, pure CO2 was 
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injected into the high-pressure IFT cell by using a programmable syringe pump (100DX, 

ISCO Inc., U.S.A.) until a pre-specified equilibrium pressure was reached. Then the 

original light crude oil was introduced from its transfer cylinder to the syringe needle by 

using another programmable syringe pump. A light source and a glass diffuser were used 

to provide uniform illumination for the pendant oil drop. A microscope camera was used 

to observe and capture the sequential digital images of the dynamic pendant oil drop 

surrounded by CO2 inside the IFT cell at different times. The high-pressure IFT cell was 

positioned horizontally between the light source and the microscope camera. The entire 

ADSA system and the IFT cell were placed on a vibration-free table (RS4000, Newport, 

U.S.A.). The digital image of the dynamic pendant oil drop surrounded by CO2 at any 

time was acquired in a tagged image file format (TIFF) by using a digital frame grabber 

(Ultra II, Coreco Imaging, Canada) and stored in a DELL personal computer. 

In the IFT measurement, the high-pressure IFT cell was first filled with CO2 at the 

pre-specified equilibrium pressure and the constant reservoir temperature. After the
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Figure 3.3 Schematic diagram of the experimental set-up used for measuring the 

equilibrium interfacial tension (IFT) between the light crude oil and CO2 by applying the 

axisymmetric drop shape analysis (ADSA) technique for the pendant drop case. 
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pressure and temperature inside the IFT cell reached their stable values, the original light 

crude oil was introduced from its transfer cylinder to the IFT cell to form a pendant oil 

drop at the tip of the syringe needle. Once a well-shaped pendant oil drop was formed and 

surrounded by CO2, the sequential digital images of the dynamic pendant oil drop at 

different times were acquired and stored automatically in the personal computer. Then the 

ADSA program for the pendant drop case was executed to determine the dynamic IFT 

between the dynamic pendant oil drop and CO2 phase at any time. The IFT measurement 

was repeated for at least three different pendant oil drops to ensure that a satisfactory 

repeatability of 
2mJ/m0.05  was achieved at each pre-specified equilibrium pressure and 

constant reservoir temperature. In this study, the crude oil–CO2 dynamic and equilibrium 

IFTs were measured at a constant reservoir temperature of Tres = 53.0 C  and fifteen 

different equilibrium pressures in the range of Peq = 1.7–19.1 MPa. Only the average 

value of the equilibrium IFTs of three repeated IFT measurements at each equilibrium 

pressure and the constant reservoir temperature was recorded and is presented in this 

thesis. Then the vanishing interfacial tension (VIT) technique was applied to determine 

the MMP of the light crude oil–CO2 system from the measured equilibrium IFT versus 

equilibrium pressure data. 

3.7 Oil-Swelling Phenomenon 

The see-through windowed high-pressure cell used in the IFT measurements makes 

it possible to visualize the interfacial interactions between the crude oil and CO2 under 

different equilibrium pressures up to 68 MPa. It was found that at low equilibrium 

pressures, there was an initial oil-swelling process. This process was revealed by volume 

increase of the dynamic pendant oil drop as CO2 was gradually dissolved into the oil 
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phase.  

3.8 Light-Hydrocarbons Extraction by CO2 

The process for the light-hydrocarbons extraction by CO2 was characterized by its 

volume reduction as the light hydrocarbons of the pendant oil drop were extracted into 

CO2 phase. At low equilibrium pressures, the initial CO2 dissolution into oil phase was 

dominant [Yang and Gu, 2005a] and then the subsequent slow light-hydrocarbons 

extraction from oil phase to CO2 phase became dominant [Nobakht et al., 2008b], though 

in fact the two-way mass transfer occured at all times across the interface between the oil 

and CO2 phases [Yang and Gu, 2005b].  

At high equilibrium pressures, the initial quick light-hydrocarbons extraction was 

observed and considered to be an important physical phenomenon, in which the light 

hydrocarbons of the crude oil were rapidly extracted from the pendant oil drop to CO2 

phase at the beginning. At a later time, then again the subsequent slow light-hydrocarbons 

extraction occurred. This indicates that the mass transfer from the oil phase to CO2 phase, 

i.e., an extraction or vapourizing process, is always dominant after the crude oil is made 

in contact with CO2 at high equilibrium pressures. Based on these observations, the onset 

pressure of the initial quick light-hydrocarbons extraction by CO2 was determined 

accordingly. 

3.9  PVT Test 

A mercury-free DBR PVT system (PVT-0150-100-200-316-155, DBR, Canada) 

was used to study the phase behaviour of the light crude oil–CO2 system at different 

saturation pressures and two different constant temperatures. A schematic diagram of the
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Figure 3.4 Schematic diagram of the DBR PVT system. 
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DBR PVT system is shown in Figure 3.4. The maximum operating pressure and 

temperature of the PVT cell are equal to 68 MPa and 200C, respectively. The major 

component of this system was a visual high-pressure PVT cell, which had a maximum 

sample volume of 130 cm
3
.  A glass tube was placed inside the PVT cell, where the fluid 

samples were separated from the hydraulic oil by a moveable piston. A high-pressure 

positive displacement pump (PMP-0500-1-10-MB-316-M4-C0, DBR, Canada) was used 

to apply a high pressure to move the piston downward or upward. A digital cathetometer 

with a vertical displacement resolution of 0.0025 cm can accurately measure the fluid 

sample height or volume in the PVT cell. A personal computer-based data acquisition 

system was used to record the height read from the cathetometer and the pump 

displacement rate. The PVT cell and the sample cylinders were placed inside the PVT 

system, whose temperature was controlled within the accuracy of 0.1C by using a 

microprocessor-based controller, in conjunction with a resistance temperature device 

(RTD) sensor.  

Prior to each test, the PVT cell and the fluids handling system were thoroughly 

cleaned with kerosene, flushed with nitrogen, and finally evacuated to remove any traces 

of the cleaning agents. The temperature of the PVT system was set at the pre-specified 

temperature 12 h before each measurement so that the sample cylinders and the PVT cell 

can reach the constant temperature. First, CO2 was compressed into liquid phase in a 

transfer cylinder (500-10-P-316-2, DBR, Canada) and then a given amount of the liquid 

CO2 is introduced into the PVT cell above its critical pressure and the room temperature. 

The density of liquid CO2 inside the PVT cell can be calculated by using the following 

equation [Yaws, 2003]: 
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where 
s is the density of CO2 in kg/m

3
, T is the temperature in K, Tc is the critical 

temperature of CO2 in K, h, l, and m are the coefficients for CO2 with the corresponding 

values of 0.4638, 0.2616, and 0.2903, respectively. It should be noted that Equation (3.1) 

is valid only at the temperature below the critical temperature for a given solvent. The 

volume of the crude oil is determined by using the cathetometer. It is measured by 

subtracting the injected CO2 volume from the total volume read from the cathetometer, 

assuming that there is no volume change due to the initial quick mixing of the injected 

crude oil and CO2. Thus the volumes and masses of both injected CO2 and crude oil can 

be obtained.  

The continuous depressurization method was used to determine the saturation 

pressure of the crude oil–CO2 system with a withdrawl rate of 3 cm
3
/h [Li et al., 2011] by 

moving the piston upward. Both the saturation pressure and the mixture volume at the 

saturation pressure can be read from the turning point in the P–vm diagram. As a result, 

the swelling factor of the crude oil at a given temperature is equal to the mixture volume 

at the saturation state divided by the volume of the crude oil at the atmospheric pressure 

and the given temperature:  

TV

TPV
SF

atm,1at  

,at  

oil

sat ,                                                 (3.2) 

where SF is the oil-swelling factor, Vsat is the mixture volume at the saturation state, and 

Voil is the volume of the crude oil at the atmospheric pressure and the given temperature.  
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3.10  CO2 Coreflood Test 

A schematic diagram of the high-pressure coreflood apparatus used in the CO2 

coreflood tests is shown in Figure 3.5. Prior to each test, the sandstone reservoir core 

plugs were thoroughly cleaned by using a Dean‒Stark extractor (09-556D, Fisher 

Scientific, Canada) for 4–7 days. An automatic displacement pump (PMP-1000-1-10-MB, 

DBR, Canada) was used to displace the crude oil, reservoir brine or CO2 through the 

composite reservoir core plugs inside a high-pressure coreholder (RCHR-2.0, Temco, 

U.S.A.). The tap water was pumped by using the programmable syringe pump to apply 

the so-called overburden pressure, which was always kept 3.0–5.0 MPa higher than the 

injection pressure. The composite reservoir core plugs used in the five CO2 coreflood 

tests were 8–10 long (L) and 2 in diameter (D). Four high-pressure cylinders (500-10-

P-316-2, DBR, Canada) were used to store and deliver the crude oil, reservoir brine, CO2, 

and tap water, respectively. These four transfer cylinders and the coreholder were placed 

inside an air bath. A thermocouple heating gun (HG 1100, Thankita, U.S.A.) and a 

temperature controller (Standard-89000-00, Cole–Parmer, Canada) were used to heat the 

air bath and keep it at the constant reservoir temperature of Tres = 53.0°C. A back-pressure 

regulator (BPR-50, Temco, U.S.A.) was used to maintain the pre-specified injection 

pressure during each CO2 flooding test and the BPR pressure was always set at 0.5–1.0 

MPa lower than the injection pressure. During the reservoir brine, original light crude oil, 

and CO2 injection processes, the differential pressure between the inlet and outlet of the 

coreholder was measured by using a digital differential pressure indicator (Type PM, 

Heise, U.S.A.). A digital video camera was used to record the cumulative volume of the 

produced oil. The cumulative volume of the produced gas was measured by using a gas
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Figure 3.5 Schematic diagram of the high-pressure CO2 coreflood apparatus.  
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flow meter (GFM17, Aalborg, U.S.A.). The differential pressure data and cumulative 

volumes of the produced oil and gas were measured, recorded, and stored automatically 

in a personal computer at a preset time interval of 10 seconds.  

The general procedure for preparing each CO2 coreflood test is briefly described as 

follows. The sandstone reservoir core plugs were placed in series inside the Dean–Stark 

extractor and cleaned with toluene, methanol, and chloroform in sequence to expectedly 

remove HCs, salts, and clays, respectively. After the sandstone reservoir core plugs were 

cleaned and dried, they were assembled in series in the horizontal coreholder and 

vacuumed for 24 h. Then the cleaned reservoir brine was injected to measure the porosity 

of the composite reservoir core plugs. Afterward, the cleaned reservoir brine was injected 

at different flow rates ( /mincm0.50.1 3

w q ) to measure the absolute permeability of 

the composite reservoir core plugs. The measured porosity and absolute permeability 

were in the ranges of ϕ = 12.7–16.1% and k = 0.8–1.7 mD, respectively.  

In a CO2 secondary oil recovery process (Tests #1–5), 1.5 PV of the original light 

crude oil was injected through the initially brine-saturated composite core plugs at a 

constant flow rate ( /mincm0.1 3

oil q ) until no more water was produced and the connate 

water saturation was achieved. It is worthwhile to note that in this study, the composite 

core plugs were saturated first with the reservoir brine and then with the original crude oil 

to finally reach the so-called connate water saturation and initial oil saturation at the lab 

temperature of T = 22.0C. In this way, a high initial oil saturation was obtained so as to 

model the actual oil reservoir case. The connate water saturation was found to be Swc = 

23.3–39.8% and the initial oil saturation was in the range of Soi = 60.2–76.7%. After the 

connate water saturation and initial oil saturation were reached, the entire coreflood 
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apparatus was placed inside the air bath, where it was heated and maintained at the 

constant reservoir temperature of Tres = 53.0C for at least two days. Then, a total of 3.0 

PV of the original light crude oil was injected at /mincm0.1 3

oil q
 
to pressurize the 

composite core plugs and ensure that the pre-specified injection pressure was reached and 

that a stable differential pressure between the inlet and outlet of the coreholder was 

achieved. During CO2 flooding, a constant volume injection rate of CO2 

( /mincm4.0 3

CO2
q ) was used at each pre-specified injection pressure and Tres = 53.0°C. 

In each coreflood test, CO2 injection was terminated after a total of 2.0 PV was injected 

and no more oil was produced. After the produced fluids passed through the BPR, the 

flashed-off oil was obtained and the digital video camera was used to record the 

cumulative volume of the produced oil. Meanwhile, the cumulative volume of the 

produced gas was measured and recorded by using the gas flow meter. In this study, no 

connate water was produced along with the produced oil in any CO2 coreflood test. 

After the produced fluids passed through the BPR, a total of four produced oil 

samples and five produced gas samples at different PVs of injected CO2 were collected 

during each coreflood test. It is worthwhile to mention that the produced gas sample was 

always collected before the produced oil sample was taken to avoid possible air 

contamination. More specifically, each produced oil sample was collected in a sealed 

glass tube and each produced gas sample was stored in a miniature sample cylinder (SS-

4CS, Swagelok, Canada). After each produced oil sample was collected, a new glass tube 

was used for next sample collection. Generally speaking, at least 6 cm
3
 of the produced 

oil sample was required for its complete characterization by applying the chosen 

analytical techniques.  



38 

 

In this work, the respective oil effective permeabilities were calculated from the 

measured stable differential pressures between the inlet and outlet of the coreholder 

during the initial original light crude oil injection before CO2 flooding and during its final 

reinjection after CO2 flooding at /mincm0.1 3

oil q and Tres = 53.0C. It was found that 

the measured respective differential pressures before and after CO2 flooding could reach 

their stable values during the initial oil injection (P1) and during the final oil reinjection 

(P2) after a total of 3.0 PV of the original light crude oil was injected. The differential 

pressure measured during the final oil reinjection after CO2 flooding was found to be 

always higher than that measured during the initial oil injection before CO2 flooding, i.e., 

P2 > P1. They were then used to calculate the oil effective permeabilities by applying 

Darcy’s law and the oil effective permeability reduction in percentage for each CO2-

coreflood test:  
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In Equations (3.3–5), ko1 and ko2 represent the oil effective permeabilities before and 

after CO2 flooding; qoil is the constant volume injection rate and o is the viscosity of the 

original light crude oil; A is the cross-sectional area and L is the length of the composite 

sandstone reservoir core plugs. 
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CHAPTER 4 MUTUAL INTERACTIONS BETWEEN THE LIGHT 

CRUDE OIL AND CO2  

4.1 Onset Pressure of Asphaltene Precipitation 

For this light crude oil, it was found that at P   5.3 MPa, there was no observable 

asphaltene precipitation, as shown in the first digital image in Figure 4.1 for P = 4.0 MPa. 

When the saturation pressure reached P = 5.3 MPa, the acquired digital image became 

darker, while the same light intensity was used. Then the saturation pressure was 

increased by 0.1 MPa in each step. At P = 5.8 MPa, a small amount of dark precipitated 

asphaltene particles was observed in the CO2-saturated oil layer. As the saturation 

pressure was further increased, the observed asphaltene deposits became relatively larger 

and darker. In this case, more asphaltene particles were precipitated and coagulated, as 

shown in the figure for P = 6.3 MPa. At P = 6.8 MPa, more precipitated asphaltene 

particles were observed in the CO2-saturated oil layer. At P > 6.8 MPa, the morphology 

of the precipitated asphaltene deposits remained almost unchanged with the saturation 

pressure. Therefore, the onset pressure of the asphaltene precipitation for the light crude 

oil–CO2 system is equal to Pasp = 5.8 MPa at C.53.0res T  After the saturation pressure 

was suddenly reduced to 4.0 MPa, the precipitated asphaltene deposits were almost 

redissolved into the crude oil phase at this starting pressure, as shown in the last digital 

image in Figure 4.1 for P = 4.0 MPa. This test proves that the asphaltene precipitation in 

the crude oil–CO2 system is partially reversible if the saturation pressure is quickly and 

suddenly reduced. 
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Figure 4.1 Digital images of the asphaltene precipitation from the light crude oil–CO2 

system onto the lower acrylic window of the high-pressure saturation cell at various 

saturation pressures, 40 magnification, and Tres = 53.0C.   
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4.2 Measured Equilibrium IFT and MMP 

In this study, the measured equilibrium IFTs between the light crude oil and CO2 at 

fifteen different equilibrium pressures of Peq = 1.7–19.1 MPa and a constant reservoir 

temperature of Tres = 53.0C are plotted in Figure 4.2. It is found from this figure that the 

measured equilibrium IFT is reduced almost linearly with the equilibrium pressure in two 

distinct pressure ranges: Range I (Peq = 1.7–8.3 MPa) and Range II (Peq = 8.3–19.1 MPa). 

In Range I, the equilibrium IFT reduction is solely attributed to the increased solubility of 

CO2 in the original light crude oil at an increased equilibrium pressure. In Range II, the 

pendant oil drop that was eventually formed at the tip of the syringe needle was mainly 

composed of the intermediate to relatively heavy HCs of the original light crude oil after 

the initial quick and subsequent slow light-HCs extraction by CO2 [Wang and Gu, 2010]. 

The above experimental data and observations indicate that different amounts of light to 

intermediate HCs are extracted from the original light crude oil to the CO2 phase at 

different equilibrium pressures. As a result, the measured equilibrium IFTs are between 

different intermediate to heavy HCs (i.e., the leftover) of the original light crude oil and 

the CO2 phase with different amounts of extracted light to intermediate HCs in the second 

and possibly first equilibrium pressure ranges.  

On the basis of the measured data in Figure 4.2, the equilibrium IFT )(mJ/m2

eq

is correlated to the equilibrium pressure Peq (MPa) by applying the linear regression in 

the above-described two equilibrium pressure ranges, respectively: 

),982.0,MPa3.8MPa7.1(63.2104.2 2

eqeqeq  RPP                 (4.1) 

).981.0,MPa1.19MPa3.8(15.731.0 2

eqeqeq  RPP                 (4.2) 

For the Pembina Cardium light crude oil–CO2 system, the linear regression equation of



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Measured equilibrium interfacial tensions of the Pembina Cardium light crude 

dead oil–pure CO2 system at different equilibrium pressures and Tres = 53.0C. 
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the measured equilibrium IFT versus equilibrium pressure data for Range I intersects 

with the abscissa (i.e., 0eq  ) at Peq = 10.6 MPa. Therefore, the MMP of this light crude 

oil–CO2 system is determined to be 10.6 MPa at Tres = 53.0C. In addition, the miscibility 

pressure between the intermediate to heavy HCs of the original light crude oil and CO2 is 

found to be Pmax = 23.1 MPa, which is extrapolated from the linear regression equation 

for Range II.  

4.3 Oil-Swelling Effect 

At a low equilibrium pressure (Peq < Pext), the pendant oil drop swelled slightly due 

to CO2 dissolution into the oil phase. The sequential digital images of the dynamic 

pendant oil drops and their volumes for the light crude oil sample at Peq = 3.5 MPa and 

Tres = 53.0C are shown in Figure 4.3(a) at three different times, t = 0, 30, and 100 s. It is 

clearly seen from this figure that the oil drop volume was increased slightly at the 

beginning (t  100 s) due to the initial oil-swelling effect.  

4.4 Light-Hydrocarbons Extraction Phenomenon 

At a high equilibrium pressure (Peq > Pext), the initial quick light-hydrocarbons 

extraction was observed at the beginning and then followed by the subsequent slow light-

hydrocarbons extraction. The sequential digital images of the dynamic pendant oil drops 

and their volumes for the light crude oil at Peq = 8.9 MPa and Tres = 53.0C are shown in 

Figure 4.3(b) at three different times, t = 0, 30, and 100 s. At the high pressure, the light 

hydrocarbons of each crude oil were rapidly extracted from the oil phase to CO2 phase at 

the beginning (t  30 s). The initial quick light-hydrocarbons extraction greatly 

accelerated the vapourization of the light hydrocarbons. Then the pendant oil drop kept 
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Figure 4.3(a) Sequential digital images of the pendant oil drops of the light crude oil 

surrounded by CO2 at Peq = 3.5 MPa and Tres = 53.0C during the initial oil-swelling 

process (0 < t < 100 s). 
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Figure 4.3(b) Sequential digital images of the pendant oil drops of the light crude oil 

surrounded by CO2 at Peq = 8.9 MPa and Tres = 53.0C during the initial quick light-

hydrocarbons extraction process (0 < t < 30 s) and the subsequent slow light-

hydrocarbons extraction process (30 < t < 100 s). 
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shrinking slowly due to the subsequent slow light-hydrocarbons extraction (t > 30 s). It 

should be mentioned that in this case, the final well-shaped pendant oil drop is primarily 

composed of the remaining heavy components, which have rather different 

physicochemical properties than those of the original crude oil. This fact indicates that at 

a high equilibrium pressure, the light-hydrocarbons extraction occurs at the beginning 

and the oil properties change dramatically. The light-hydrocarbons extraction from the oil 

phase to CO2 phase is always a dominant physical phenomenon at Peq > Pext. 

4.5 PVT Test Results 

Table 4.1 summarizes PVT tests conducted for the light crude oil–CO2 system at 

two different constant temperatures. By using the continuous depressurization method, 

the saturation pressure can be read from the turning point in the P–vm diagram [McCain, 

1990], which is shown in Figures 4.4(a and b). It is found from these two figures that the 

measured cell pressure is reduced linearly with the specific volume in two distinct ranges: 

Range I and Range II. In Range I, the measured cell pressure decreases drastically as the 

specific volume increases slightly. This is because CO2 and the crude oil remain in one 

phase during this pressure range, which is sensitive to the expanded volume of the mixed 

liquid due to its relatively low incompressibility. In Range II, the measured cell pressure 

decreases marginally while the specific volume increases substantially. Gas evolution is 

observed at the sudden change in the P–vm diagram. Once CO2 is released from the 

mixture, the cell pressure is slowly reduced with the expanded volume of the mixed 

liquid and gas.  

On the basis of the measured data in Figure 4.4(a), the cell pressure (Pcell) is 



 

 

Table 4.1 Measured oil-swelling factors, CO2 solubilities, and saturation pressures of the 

crude oil–CO2 system at two different constant temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test No. T (C) 
2COx  

Psat 

(MPa) 

SF  

at Psat 

 
2CO  at Psat 

(g CO2/100g oil)  

 wt.% mol.% 

1 53.0 10.4 35.9 6.49 1.16 11.6 

2 53.0 13.4 42.7 7.82 1.20 15.5 

3 53.0 18.2 51.7 9.58 1.28 22.2 

4 27.0 10.0 34.8 4.20 1.14 11.1 

5 27.0 12.9 41.6 4.89 1.19 14.8 

6 27.0 17.6 50.7 6.28 1.24 21.4 
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Figure 4.4(a) P–vm diagram for different feeds of the light crude oil and CO2 at Tres = 

53.0C.   
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Figure 4.4(b) P–vm diagram for different feeds of the light crude oil and CO2 at Tlab = 

27.0C.   
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correlated to the mass-based specific volume (vm) by applying the linear regressions in 

the two ranges at Tres = 53.0C, respectively: 

Range I1:  ),991.0(556.254952.330 2

mcell  RvP                           (4.3a) 

Range II1: ),998.0(533.10877.22 2

mcell  RvP                               (4.3b) 

Range I2:  ),949.0(12.292792.373 2

mcell  RvP                             (4.4a) 

Range II2: ),997.0(349.8281.18 2

mcell  RvP                                  (4.4b) 

 Range I3:  ),996.0(859.312162.396 2

mcell  RvP                            (4.5a) 

Range II3: ).999.0(448.7767.15 2

mcell  RvP                                  (4.5b) 

On the basis of the measured data in Figure 4.4(b), the cell pressure (Pcell) is 

correlated to the mass-based specific volume (vm) by applying the linear regressions in 

the two ranges at Tlab = 27.0C, respectively: 

Range I1:  ),984.0(439.406901.496 2

mcell  RvP                         (4.6a) 

Range II1: ),738.0(634.7492.15 2

mcell  RvP                               (4.6b) 

Range I2:  ),995.0(101.267155.332 2

mcell  RvP                          (4.7a) 

Range II2: ),969.0(212.3828.8 2

mcell  RvP                                 (4.7b) 

Range I3:  ),988.0(8.323249.397 2

mcell  RvP                             (4.8a) 

Range II3: ).937.0(198.2865.6 2

mcell  RvP                                 (4.8b) 

It is also found from Figures 4.5(a and b) that the saturation pressure increases as 

the mole percentage of CO2 increases due to CO2 dissolution into the crude oil. In 

addition, a linear regression of the measured saturation pressure versus CO2 mole 

percentage at Tres = 53.0C was undertaken and the linear correlation is also given in 

Figure 4.5(a). The correlation coefficient of R
2
 = 1.000 indicates that the measured



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5(a) Measured saturation pressure and oil-swelling factor of the light crude oil–

CO2 system at Tres = 53.0C. 
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Figure 4.5(b) Measured saturation pressure and oil-swelling factor of the light crude oil–

CO2 system at Tlab = 27.0C. 
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saturation pressure has a linear relation with the CO2 concentration in the range tested.  

It is well known that CO2 is highly soluble in the crude oil. The dissolution of CO2 

in the crude oil makes the oil swell and thus enhances the oil recovery. The more the oil 

swells, the more mobile it will be and the less residual oil is left in the reservoir. Table 4.1 

gives the measured CO2 solubilities in the crude oil and oil-swelling factors at three 

different saturation pressures and two different constant temperatures. It is found that the 

oil-swelling factor increases with the increased CO2 solubility in the crude oil. In addition, 

Table 4.1 shows that the dissolution of CO2 leads to an increased oil-swelling effect of the 

light crude oil. For example, the light crude oil swells around 1.28 times with dissolution 

of 51.7 mol.% CO2 at Tres = 53.0C. A large oil-swelling factor is beneficial for achieving 

better recovery performance of the CO2 flooding process. Moreover, Figures 4.5 (a and b) 

show that the measured oil-swelling factor increases almost linearly with the increased 

mole percentage of CO2 in the crude oil. A linear regression of the measured oil-swelling 

factor versus CO2 mole percentage at Tres = 53.0C was undertaken and the linear 

correlation is also given in Figure 4.5(a). The correlation coefficient of R
2
 = 0.988 

indicates an excellent linearity between the measured oil-swelling factor and the mole 

percentage of CO2 in the crude oil.  

4.6 Temperature Effects on Mutual Interactions between the Crude Oil and CO2 

Table 4.2 summarizes the four important onset pressures for the light crude oil–CO2 

system at two different constant temperatures (Tlab = 27.0
o
C and Tres = 53.0

o
C). It is found 

that the four onset pressures are in the order of Pasp < Pext < MMP < Pmax at both 

temperatures. Generally speaking, the four onset pressures increase with temperature due 

to the decreased CO2 solubility in the crude oil at an increased temperature [Whitson and



 

 

Table 4.2 Four important onset pressures of the light crude oil–CO2 system at two 

different constant temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Onset pressure Tlab = 27.0C Tres = 53.0C 

Pasp (MPa) 4.8 5.8 

Pext (MPa) 7.2 8.9 

MMP (MPa) 7.6 10.6 

Pmax (MPa) 13.0 23.1 
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Brule, 2000]. 

In the previous study [Wang et al., 2011], for the saturation test conducted at Tlab = 

27.0
o
C, the onset pressure of the asphaltene precipitation was found to be Pasp = 4.8 MPa, 

which is lower than Pasp = 5.8 MPa obtained at Tres = 53.0
o
C. This is because at a higher 

temperature, CO2 solubility in the crude oil is lower. In this case, a higher pressure is 

required for CO2 to reach certain concentration in the crude oil so that the asphaltene 

precipitation could occur at the actual reservoir temperature. On the other hand, more and 

larger asphaltene particles were observed at a lower temperature. Moreover, the CO2 

solubility in the crude oil decreases as the temperature increases so that a higher onset 

pressure of the initial quick light-hydrocarbons was observed at Tres = 53.0C. However, 

as the temperature and pressure increase, CO2 changes from gas into supercritical state, 

which leads to a stronger extraction ability of the light hydrocarbons by CO2. The 

measured equilibrium IFT between the light crude oil and CO2 is reduced almost linearly 

with the equilibrium pressure at each temperature. The reduced equilibrium IFT is found 

in three distinct pressure ranges at Tlab = 27.0
o
C and two distinct pressure ranges at Tres = 

53.0
o
C. At Tlab = 27.0

o
C, in Range II (Peq = 6.2 to 7.2 MPa), the equilibrium IFT was 

suddenly increased to a higher value at Peq = 6.2 MPa and then reduced quickly and 

linearly again as the equilibrium pressure was increased to Peq = 7.2 MPa. This is due to 

the asphaltene precipitation (at Peq > Pasp = 4.8 MPa) and initial quick light-hydrocarbons 

extraction (at Peq  Pext = 7.2 MPa) from the original light crude oil to CO2 phase in this 

pressure range [Nobakht et al., 2008; Yang and Gu, 2005]. As a result, the measured 

equilibrium IFT is between the relatively heavy components of the original light crude oil 

and CO2. At Tres = 53.0
o
C, Range II was absent because of a stronger light-hydrocarbons 
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extraction ability of supercritical CO2. The light and relatively light hydrocarbons were 

immediately extracted into the CO2 phase and the leftover was the intermediate to heavy 

hydrocarbons in this case.  

It is also found from Table 4.1 that the saturation pressure increases substantially as 

temperature increases at the same concentrations of the crude oil and CO2. However, the 

temperature has a marginal effect on the oil-swelling factor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

CHAPTER 5 CO2 COREFLOOD TEST RESULTS 

5.1 Oil Recovery Factor and Producing GOR 

A total of five CO2 coreflood tests for CO2 secondary oil recovery were carried out 

by using the Pembina Cardium tight sandstone core plugs in series at different injection 

pressures and Tres = 53.0C under the immiscible, near-miscible, and miscible conditions. 

More specifically, Tests #1 and #2 are immiscible CO2 flooding process, Test #3 is a near-

miscible CO2 flooding process, whereas Tests #4 and #5 are miscible CO2 flooding 

process. A constant CO2 volume injection rate of 
2COq = 0.4 cm

3
/min was used to examine 

the effect of the injection pressure on the secondary oil recovery process. The detailed 

physical properties of the composite cores plugs for the five coreflood tests are 

summarized in Table 5.1. The injection pressures of the five CO2 coreflood tests were 

chosen in the range of 7.2 MPa < Pinj < 14.0 MPa. Moreover, it is worthwhile to note that 

after the connate water saturation was reached through the initial original light crude oil 

injection, no more water was produced during the CO2 secondary oil recovery and during 

the final original light crude oil reinjection. The oil recovery factor (RF) at any PV of 

injected CO2 under the coreflood test conditions is defined as the ratio of the volume of 

the produced oil at any time to that of the initial original light crude oil in the composite 

core plugs.  

Figure 5.1(a) shows the measured oil RF versus the PV of injected CO2 for the 

coreflood tests at five different injection pressures. As expected, the oil RF is increased 

with the PV of injected CO2 at each injection pressure and finally reaches its maximum



 

 

Table 5.1 Physical properties of composite sandstone reservoir core plugs, experimental 

conditions, injected pore volumes (PVs) at CO2 breakthrough (BT), oil recovery factors 

and average asphaltene contents of the produced oils for five coreflood tests at the actual 

reservoir temperature of Tres = 53.0C.  

 

 

 

 

Test 

No. 

Pinj 

(MPa) 

ϕ 
(%) 

k 

(mD) 

Soi 

(%) 

Swc 

(%) 

CO2 BT 

(PV) 

Oil RF at 

CO2 BT (%) 
CO2 

RF (%) 

Δko/ko 

(%) 
wasp 

(wt.%) 

1 7.2 16.1 1.7 63.9 36.1 0.4 58.6 63.1 27.70 0.19 

2 9.2 15.9 1.0 70.7 29.3 0.9 64.1 69.0 15.81 0.20 

3 10.4 14.1 0.8 60.2 39.8 0.6 74.7 81.0 13.88 0.11 

4 12.1 12.7 1.5 76.7 23.3 0.3 71.6 85.3 10.68 0.12 

5 14.0 13.0 1.7 70.5 29.5 0.5 64.4 87.0 10.62 0.14 

Notes: Pinj: CO2 injection pressure 

 ϕ: porosity of the composite sandstone reservoir core 

plugs 

 k: absolute permeability of the composite sandstone 

reservoir core plugs 

 Soi: initial oil saturation 

 Swc: 

CO2 BT: 

Oil RF at CO2 BT: 

CO2 RF: 

ko/ko: 

initial connate water saturation 

injected pore volume (PV) at CO2 breakthrough (BT) 

oil recovery factor at CO2 breakthrough (BT) 

total oil recovery factor at 2.0 PV of injected CO2 

oil effective permeability reduction in percentage after 

CO2 flooding 

 wasp: average asphaltene content of CO2-produced oil 
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Figure 5.1(a) Measured oil recovery factor of CO2 secondary flooding versus the PV of 

injected CO2 in each coreflood test at /mincm 0.4 3

CO2
q and Tres = 53.0C.  
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Figure 5.1(b) Measured cumulative producing GOR of CO2 secondary flooding versus 

the PV of injected CO2 in each coreflood test at /mincm 0.4 3

CO2
q and Tres = 53.0C. 
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value after at most 1.3 PV of CO2 is injected.  In this study, each CO2 coreflood test was 

terminated at 2.0 PV of injected CO2 when no more oil was produced. A quick increase of 

the initial oil RF occurs at Pinj = 7.2 MPa. At Pinj = 9.2 MPa, the smallest increase of the 

initial oil RF is found and attributed to the increased solubility of supercritical CO2 in the 

light crude oil. When the injection pressure is close to or higher than the MMP, a 

relatively larger increase of the initial oil RF is achieved in comparison with that at Pinj = 

9.2 MPa. Also, a substantial increase of the oil RF is obtained at the end.   

The measured cumulative producing gas–oil ratio (GOR) versus the PV of injected 

CO2 is shown in Figure 5.1(b). It is found that the producing GOR was extremely low at 

a low injection pressure before CO2 breakthrough (BT) but increased drastically after 

CO2 BT. Early CO2 BT (0.4 PV) was observed at Pinj = 7.2 MPa when CO2 was in a gas 

phase. CO2 BT was significantly delayed to 0.9 PV of injected CO2 when the injection 

pressure was increased to 9.2 MPa. When the injection pressure was higher than 9.2 MPa, 

CO2 BT occurred at 0.3–0.6 PV of injected CO2. Furthermore, CO2 secondary oil 

recovery process was almost completed at CO2 BT and a small amount of the remaining 

oil was produced after CO2 BT under the immiscible conditions. However, a higher oil 

recovery factor was achieved at CO2 BT and a much larger amount of the remaining oil 

was recovered after CO2 BT under the miscible conditions. The producing GOR data in 

Figure 5.1(b) are in an excellent agreement with the measured oil recovery factors in 

Figure 5.1(a). In general, a higher injection pressure results in a higher oil recovery factor 

and a higher producing GOR at 2.0 PV of injected CO2. 
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5.2 Measured Asphaltene Content of the Produced Oil 

Figure 5.2 shows the measured asphaltene contents of CO2-produced oil versus the 

PV of injected CO2 for the coreflood tests at five different injection pressures. The 

measured asphaltene contents of the produced oil samples are all lower than 0.26 wt.% 

(n-pentane insoluble) of the original light crude oil. A lower asphaltene content of CO2-

produced oil means that some asphaltenes are precipitated and deposited onto the 

composite core plugs. In this study, only 2–3 produced oil samples collected before 1.0 

PV were nearly adequate for measuring their asphaltene contents. There was not enough 

produced oil sample collected after 1.0 PV in each test as a much smaller amount of 

produced oil sample was obtained at a higher PV. It can be clearly seen from the figure 

that the measured asphaltene content of the produced oil is decreased with the PV of 

injected CO2. The highest asphaltene content of the produced oil was always found at the 

beginning of CO2 injection. A small amount of asphaltenes was present in the produced 

oil at the end, especially during the near-miscible and miscible CO2 flooding processes 

(Tests #3, 4, and 5). This indicates that more and more asphaltenes are precipitated and 

left in the porous media as CO2 flooding process proceeds.  

In this work, it is speculated that more precipitated asphaltenes are left in the 

composite core plugs but more likely produced during the final original crude oil 

reinjection after CO2 flooding. To verify this speculation, a small amount of the 

remaining oil in the composite core plugs after CO2 flooding was purposely collected at 

the beginning of the final original light crude oil reinjection in Test #4 (Pinj = 12.1 MPa). 

Figures 5.3(a and b) show the compositional analysis results and grouped carbon number 

distributions of the remaining oil and the original light crude oil. It can be clearly seen
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Figure 5.2 Measured asphaltene content of CO2-produced oil versus the PV of injected 

CO2 in each coreflood test at /mincm 0.4 3

CO2
q and Tres = 53.0C. 
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Figure 5.3(a) Compositional analysis results of the original light crude oil and the 

remaining oil collected in Test #4 at Pinj = 12.1 MPa, /min,cm 0.4 3

CO2
q and Tres = 

53.0C. 
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Figure 5.3(b) Grouped carbon number distributions of the original light crude oil and the 

remaining oil collected in Test #4 at Pinj = 12.1 MPa, /min,cm 0.4 3

CO2
q and Tres = 

53.0C.  
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from these two figures that the light hydrocarbons (C3–5) are completely extracted and the 

intermediate hydrocarbons (C6–8) are also partially extracted from the original light crude 

oil due to the initial quick light-hydrocarbons extraction by CO2 at the high injection 

pressure. Therefore, more heavy hydrocarbons are present in the remaining oil. The 

remaining oil has a much higher mole percentage of the heavy hydrocarbons (C30+) and a 

much higher molecular weight (MW) than those of the original light crude oil.  

Moreover, Figure 5.4 shows that a relatively higher average asphaltene content of 

the produced oil is found during an immiscible CO2 flooding process, whereas a 

relatively lower value is obtained during a miscible CO2 flooding process. This is because 

the oil density increases as the injection pressure increases. Hence, the density of the 

original crude oil at a higher injection pressure is closer to that of asphaltenes so as to 

increase the solubility of asphaltenes in the oil [He et al., 2011]. In this case, a less 

amount of asphaltenes is precipitated and thus more asphaltenes remain in the produced 

oil. On the other hand, when the injection pressure is much higher in the miscible CO2 

flooding process, the distances between the asphaltene molecules are shortened. As a 

result, they tend to coagulate and precipitate so that the average asphaltene content of the 

produced oil is relatively lower at a higher injection pressure. In summary, an increased 

asphaltene solubility in the light crude oil is more pronounced at a lower injection 

pressure, whereas the shortened distances between the asphaltene molecules become a 

more important factor at a higher injection pressure [He et al., 2011]. 

5.3 Oil Effective Permeability Reduction 

In this study, the measured stable differential pressures before and after CO2 

flooding were used to calculate the oil effective permeabilities from Darcy’s law, 



 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5.4 Measured average asphaltene content of CO2-produced oil, total CO2 oil 

recovery factor, and oil effective permeability reduction versus the injection pressure of 

each CO2 secondary flooding test at 2.0 PV of injected CO2, /min,cm 0.4 3

CO2
q  and Tres 

= 53.0C.
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respectively. The calculated oil effective permeability reduction in percentage for each 

test is given in Table 5.1 and also plotted in Figure 5.4. It can be seen from the figure that 

the oil effective permeability reduction quickly decreases as the injection pressure 

increases from 7.2 to 10.4 MPa. At Pinj  12.1 MPa, the oil effective permeability 

reduction becomes small and reaches an almost constant value. It is worthwhile to 

mention that the reservoir core plugs may alter from water-wet to oil-wet after CO2 

flooding due to asphaltene precipitation and deposition. It is speculated that both the 

asphaltene precipitation and wettability alteration contribute to a larger oil effective 

permeability reduction for an immiscible CO2 flooding case. For a miscible CO2 flooding 

case, Figures 5.3(a and b) show that more heavy hydrocarbons, including the precipitated 

asphaltenes, are left in the composite core plugs but more likely produced during the final 

original crude oil reinjection after CO2 flooding. As a result, a smaller oil effective 

permeability reduction occurs in the second case.  

5.4 Oil Recovery Mechanisms 

The total oil recovery factor of each CO2 coreflood test at 2.0 PV of injected CO2 

versus the injection pressure is summarized in Table 5.1 and also plotted in Figure 5.4. 

More specifically, when the injection pressure is equal to 7.2 MPa, the total oil RF is the 

lowest. At this pressure, the injected CO2 is in a gas phase with an extremely low 

viscosity, which leads to an early CO2 BT (0.4 PV) and a relatively high equilibrium IFT 

( 2

eq mJ/m6.94γ ) of the light crude oil–CO2 system. When the injection pressure is in 

the range of Pinj = 9.2–12.1 MPa, the total oil RF increases substantially. This is caused 

by a reduced oil viscosity due to an increased CO2 solubility in oil, an increased CO2 

viscosity, and a reduced equilibrium IFT. The oil RF increases marginally when the 
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injection pressure exceeds 12.1 MPa. Figure 4.2 shows that the measured equilibrium IFT 

between the crude oil and CO2 remains low, even if the equilibrium pressure is higher 

than the MMP (i.e., 10.6 MPa). Therefore, it is the multi-contact miscibility (MCM) and 

the low equilibrium IFT that jointly make the total oil RF high and almost constant in the 

miscible case [Wang and Gu, 2011]. 

Figure 5.5 shows the oil RF at CO2 BT and the total oil RF at 2.0 PV of injected 

CO2 at each injection pressure. The difference between the total oil RF and the oil RF at 

CO2 BT under the miscible conditions is much larger than that under the immiscible 

conditions, especially at Tres = 53.0C. This is because under the miscible conditions, CO2 

can effectively extract light hydrocarbons from the original light crude oil so that a 

sufficient amount of the light hydrocarbons exists in the displacement front and the oil 

bank is miscibly displaced [Holm and Josendal, 1974]. In the CO2 flooding test, the 

extracted light hydrocarbons in the produced oil after CO2 BT can be easily identified 

because of their lighter colours, in comparison with the dark crude oil produced before 

CO2 BT. Thus a large increase of the oil RF is achieved after CO2 BT in this case [Wang 

and Gu, 2010, Cao and Gu, 2012a; b]. When the CO2 is in a gas phase or CO2 flooding is 

under the immiscible conditions, however, weak light-hydrocarbons extraction occurs 

and contributes to a small increase of the oil RF after CO2 BT. In summary, both the 

strong light-hydrocarbons extraction and the miscible displacement mechanisms 

contribute to a large increase of the oil RF after CO2 BT under the miscible conditions.   

Finally, it is well known that the MMP of the crude oil–CO2 system strongly 

depends on the crude oil chemical composition and molecular weight [Silva and Orr Jr., 

1987]. As shown in Figures 5.3(a and b), the remaining oil collected from the
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Figure 5.5 Total oil recovery factor at 2.0 PV of injected CO2 and oil recovery factor at 

CO2 breakthrough (BT) versus the injection pressure of each CO2 secondary flooding test 

at /mincm 0.4 3

CO2
q and two different temperatures. 
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composite core plugs after CO2 flooding in Test #4 has a much larger amount of heavy 

hydrocarbons (C30+) and a much higher molecular weight. This leads to an extremely 

higher MMP between the remaining heavy hydrocarbons and CO2. As the PV of injected 

CO2 increases, it becomes more and more difficult for the remaining intermediate to 

heavy hydrocarbons and CO2 to achieve their miscibility. This is why CO2 oil recovery 

usually diminishes after at most 1.3 PV of injected CO2 is injected in this study, 

irrespective of the injection pressure.  

5.5 Temperature Effect on Oil Recovery Factor 

In the previous study [Wang and Gu, 2011], several coreflood tests with the same 

crude oil, reservoir brine and core plugs were conducted at a laboratory temperature of 

Tlab = 27.0C. The MMP of the crude oil–CO2 system increases as the test temperature 

increases, e.g., MMP1 = 7.6 MPa at Tlab = 27.0C and MMP2 = 10.6 MPa at Tres = 53.0C. 

Figure 5.5 shows the measured total oil RF and oil RF at CO2 BT versus the injection 

pressure at each temperature. At the lower temperature, the total oil RF is slightly higher 

than the oil RF at CO2 BT. The largest increase of the total oil RF occurs under the near-

miscible conditions, largely due to CO2 gas-to-liquid phase change. At the higher 

temperature, the total oil RF is much higher than the oil RF at CO2 BT under the miscible 

conditions. This is because at the lower temperature, gas or liquid CO2 extracts the light 

hydrocarbons to form CO2-enriched oil phase. At the higher temperature, nevertheless, 

the supercritical CO2 has a much stronger ability to extract more and heavier 

hydrocarbons. As the injection pressure increases at the higher temperature, the extraction 

ability of CO2 becomes stronger and the total amount of the light to intermediate 

hydrocarbons to be extracted by CO2 is larger. Thus a longer contact time is needed for 
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the light crude oil and CO2 to reach the equilibrium or miscible conditions. This is why 

the oil RF before CO2 BT is much lower at the higher temperature because there is no 

sufficient time to achieve the miscible conditions. As MMP1 is lower at the lower 

temperature, a higher oil RF is obtained at the lower temperature when the injection 

pressure is below MMP2. Once the injection pressure exceeds MMP2, however, the total 

oil RF is higher at the higher temperature. This indicates that a higher reservoir 

temperature is preferred as long as the CO2 flooding is miscible [Cao and Gu, 2012 a; b].  
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CHAPTER 6 PHYSICOCHEMICAL CHARACTERIZATION OF 

CO2-PRODUCED OIL AND GAS 

6.1 Immiscible CO2 Flooding 

Figures 6.1 and 6.2(a–c) show the three measured physicochemical properties (i.e., 

density, viscosity, and molecular weight), carbon number distributions and grouped 

carbon histograms from the GC analysis results of two sets of the produced oils, which 

were collected at different PVs of injected CO2 at two injection pressures (Tests #1 and 

#2) below the MMP. The compositional analysis data for the produced oils are also 

compared with those for the original light crude oil. For Test #1, it is seen from Figure 

6.1(a) that in general, the three measured properties of the produced oil at each PV 

increase as the CO2 flooding proceeds and their highest values are achieved at 1.0 PV of 

injected CO2. For Test #2, Figure 6.2(a) shows that these three properties reach their 

lowest values near 0.6 PV and their highest values are also achieved at the end of 

production. The produced oils collected at the beginning of CO2 injection are essentially 

the same as the original light crude oil due to CO2 volumetric displacement, whereas 

heavier and more viscous oils are produced at the ends of these two CO2 coreflood tests 

under the immiscible conditions.  

As shown in Figures 6.1 and 6.2(b and c), the corresponding compositional 

analysis results of two sets of the produced oils at different PVs show that the lightest 

HCs (C3–5) are gradually extracted from the original light crude oil by CO2. During the 

initial quick light-HCs (C3–8) extraction, the smaller hydrocarbon molecules (C3–5) are 

more easily extracted by CO2 than the larger ones (C6–8). As a result, the lightest HCs



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1(a) Measured densities, viscosities, and molecular weights of the produced oils 

at T = 22.0C and P = 1 atm, which were obtained at different injected PVs in Test #1 

( /min,cm 0.4 3

CO2
q  Pinj = 7.2 MPa, and Tres = 53.0C).  
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Figure 6.1(b and c) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the produced oils, which were obtained at different injected 

PVs in Test #1 ( /min,cm 0.4 3

CO2
q Pinj = 7.2 MPa, and Tres = 53.0C).  
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Figure 6.1(d and e) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the gaseous hydrocarbons (HCs) in the produced gases (HCs + 

CO2), which were obtained at different injected PVs in Test #1 ( /min,cm 0.4 3

CO2
q Pinj 

= 7.2 MPa, and Tres = 53.0C). 
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Figure 6.2(a) Measured densities, viscosities, and molecular weights of the produced oils 

at T = 22.0C and P = 1 atm, which were obtained at different injected PVs in Test #2 

( /min,cm 0.4 3

CO2
q  Pinj = 9.2 MPa, and Tres = 53.0C). 
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Figure 6.2(b and c) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the produced oils, which were obtained at different injected 

PVs in Test #2 ( /min,cm 0.4 3

CO2
q Pinj = 9.2 MPa, and Tres = 53.0C).  
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Figure 6.2(d and e) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the gaseous hydrocarbons (HCs) in the produced gases (HCs + 

CO2), which were obtained at different injected PVs in Test #2 ( /min,cm 0.4 3

CO2
q Pinj 

= 9.2 MPa, and Tres = 53.0C). 
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(C3–5) are almost absent in the produced oils at 1.0 PV of injected CO2. On the other hand, 

a considerable reduction of the mole percentage of HCs (C6–8) occurs after CO2 BT (0.4 

PV at Pinj = 7.2 MPa for Test #1 and 0.9 PV at Pinj = 9.2 MPa for Test #2). During the 

subsequent slow light-HCs extraction, more HCs (C6–8) are extracted by CO2 even after 

CO2 BT [Wang et al., 2010; Cao and Gu, 2012c]. As more CO2 is injected and more oil is 

recovered, the mole percentages of the heavier HCs (C9–17, C18–C29, and C30+) in the 

produced oils at 1.0 PV of injected CO2 are higher than those in the original crude oil. 

More specifically, the mole percentages of the HCs (C9–17 and C18–29) in Test #1 are 

higher than those in Test #2. The above-described GC analysis result of the produced oil 

at each PV agrees well with its three measured physicochemical properties.  

 Based on the measured molecular weight (MWgas) of the produced gas and the 

measured mole percentage (yHC) of the gaseous HCs in the produced gas (HCs + CO2), 

the average molecular weight (MWHC) of the gaseous HCs and the mole percentage

)(
2COy  of CO2 in the produced gas at each PV can be determined from the following two 

equations, respectively: 

,gasCOCOHCHC 22
MWMWyMWy                                        (6.1) 

1.
2COHC  yy                                                                         (6.2) 

In Equation (6.1), 
2COMW
 
represents the CO2 molecular weight, which is equal to 44.0 

g/mol. It is found from Figures 6.1 and 6.2(d and e) that the light HCs (C3–8) are the 

dominant components in the produced gases from the beginning of CO2 injection (yHC = 

84.2 mol.% at 0.1 PV for Test #1 and yHC = 96.3 mol.% at 0.2 PV for Test #2) to CO2 BT. 

After CO2 BT, however, CO2 mole percentage increases drastically ( mol.%99.1
2CO y
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at 0.5 PV for Test #1 and mol.%37.7
2CO y  at 1.0 PV for Test #2). In addition, the 

measured MWgas gradually approaches that of pure CO2 as almost 100% pure CO2 is 

produced at the end of CO2 injection. These findings verify a statement made in the 

literature [Ucok and Grigg, 1998]
 
that the light-HCs extraction by CO2 is the strongest at 

the beginning of CO2 injection but the weakest at the end. Also, the calculated MWHC 

increases slightly as the PV of injected CO2 increases, which indicates that more light to 

intermediate HCs (C6–8) are extracted by CO2 from the original crude oil near the end of 

each CO2 coreflood test.  

6.2  Near-miscible CO2 Flooding 

Figures 6.3(a–c) give the three measured physicochemical properties (i.e., density, 

viscosity, and molecular weight), carbon number distributions and grouped carbon 

histograms from the GC analysis results of a series of the produced oils, which were 

collected at different PVs of injected CO2 for Test #3 under the near-miscible conditions. 

First, Figure 6.3(a) shows that the produced oil is slightly heavier than the original light 

crude oil at the beginning of CO2 injection. The highest values of the three 

physicochemical properties for the heaviest produced oil are found at 0.4 PV, which is 

followed by a relatively lighter produced oil after CO2 BT at 0.6 PV till 1.0 PV. Second, it 

can be clearly seen from Figures 6.3(b and c) that the lightest HCs (C3–5) are immediately 

extracted from the original crude oil by CO2 and thus are absent from the produced oil at 

the beginning of CO2 injection. Third, the mole percentage of light HCs (C6–8) gradually 

decreases as the PV of injected CO2 increases. A much higher mole percentage of HCs 

(C9–17) and lower mole percentages of HCs (C18–29 and C30+) are found in the produced oil 

at the end of CO2 injection. A relatively lighter oil is produced at the end of the near-



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3(a) Measured densities, viscosities, and molecular weights of the produced oils 

at T = 22.0C and P = 1 atm, which were obtained at different injected PVs in Test #3 

( /min,cm 0.4 3

CO2
q  Pinj = 10.4 MPa, and Tres = 53.0C). 
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Figure 6.3(b and c) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the produced oils, which were obtained at different injected 

PVs in Test #3 ( /min,cm 0.4 3

CO2
q Pinj = 10.4 MPa, and Tres = 53.0C).  
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Figure 6.3(d and e) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the gaseous hydrocarbons (HCs) in the produced gases (HCs + 

CO2), which were obtained at different injected PVs in Test #3 ( /min,cm 0.4 3

CO2
q Pinj 

= 10.4 MPa, and Tres = 53.0C). 
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miscible CO2 flooding.   

Figures 6.3(d and e) show that the light HCs (C3–8) are the major components in the 

produced gas (yHC = 56.8 mol.% at 0.2 PV and yHC = 37.9 mol.% at 0.4 PV) before CO2 

BT. A quick and substantial reduction of the mole percentage of the light HCs is found at 

CO2 BT (yHC = 1.5 mol.% at 0.6 PV). Moreover, an increased MWHC indicates that some 

relatively heavier HCs (i.e., C9–11) are also extracted into the CO2 phase as the PV of 

injected CO2 increases at this injection pressure.  

6.3 Miscible CO2 Flooding 

Figures 6.4 and 6.5(a–c) present the three measured physicochemical properties 

(i.e., density, viscosity, and molecular weight), carbon number distributions and grouped 

carbon histograms from the GC analysis results of two sets of the produced oils, which 

were collected at different PVs of injected CO2 at two injection pressures (Tests #4 and 

#5) above the MMP. During the miscible CO2 flooding process, the heaviest oil (i.e., the 

original crude oil) is produced at the beginning of CO2 injection, which is followed by a 

lighter and lighter produced oil till the end of production. Precisely speaking, Figure 

6.4(a) shows that in Test #4 (Pinj = 12.1 MPa), a sudden reduction of each measured 

physicochemical property occurs from 0.2 to 0.4 PV. In Figure 6.5(a), these three 

properties decrease almost constantly as the PV of injected CO2 increases in Test #5 (Pinj 

= 14.0 MPa) and their lowest values are found at the end of CO2 injection.  

As shown in Figures 6.4(b and c) for Test #4, the lightest HCs (C3–5) are 

immediately extracted by CO2 from the original crude oil during early CO2 flooding. The 

light HCs (C6–8) are also extracted by CO2 from the original crude oil to some extent. 

Much more intermediate HCs of C9–17 and much less heavy HCs (C30+) remain in the
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Figure 6.4(a) Measured densities, viscosities, and molecular weights of the produced oils 

at T = 22.0C and P = 1 atm, which were obtained at different injected PVs in Test #4 

( /min,cm 0.4 3

CO2
q  Pinj = 12.1 MPa, and Tres = 53.0C). 
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Figure 6.4(b and c) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the produced oils, which were obtained at different injected 

PVs in Test #4 ( /min,cm 0.4 3

CO2
q Pinj = 12.1 MPa, and Tres = 53.0C).  



88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4(d and e) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the gaseous hydrocarbons (HCs) in the produced gases (HCs + 

CO2), which were obtained at different injected PVs in Test #4 ( /min,cm 0.4 3

CO2
q Pinj 

= 12.1 MPa, and Tres = 53.0C). 
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Figure 6.5(a) Measured densities, viscosities, and molecular weights of the produced oils 

at T = 22.0C and P = 1 atm, which were obtained at different injected PVs in Test #5 

( /min,cm 0.4 3

CO2
q  Pinj = 14.0 MPa, and Tres = 53.0C). 
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Figure 6.5(b and c) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the produced oils, which were obtained at different injected 

PVs in Test #5 ( /min,cm 0.4 3

CO2
q Pinj = 14.0 MPa, and Tres = 53.0C).  
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Figure 6.5(d and e) Carbon number distributions and grouped carbon histograms from 

the GC analysis results of the gaseous hydrocarbons (HCs) in the produced gases (HCs + 

CO2), which were obtained at different injected PVs in Test #5 ( /min,cm 0.4 3

CO2
q Pinj 

= 14.0 MPa, and Tres = 53.0C). 
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produced oil. The GC analysis results for Test #5 in Figures 6.5(b and c) show similar 

trends. More heavy components (e.g., asphaltenes) are probably precipitated and 

deposited onto the reservoir core plugs. As a result, a lighter and lighter oil is produced 

till the end of CO2 flooding.  

Figures 6.4(d and e) for Test #4 show that the HC mole percentage is as high as yHC 

= 75.6 mol.% and the light HCs of C6–8 are the dominant components in the produced gas 

at 0.2 PV. Then the HC mole percentage is suddenly reduced to yHC = 1.6 mol.% at 0.3 

PV, at which CO2 BT occurs. Afterward, CO2 becomes the dominant component in the 

produced gas. Figures 6.5(d and e) depict that CO2 is the dominant component in the 

produced gas from the beginning of CO2 injection in Test #5 ( mol.%81.9
2CO y

 
at 0.2 

PV) and that more and more CO2 is in the produced gas. The measured MWgas data at 

different PVs also confirm the above findings.  

Figure 6.6 gives the grouped carbon histograms from the GC analysis result of the 

remaining oil obtained after Test #4, in comparison with those for the original crude oil. It 

can be clearly seen from these two figures that the lightest HCs (C3–5) are completely 

extracted and the light HCs (C6–8) are also partially extracted from the original light crude 

oil due to strong light-HCs extraction by CO2 at this high injection pressure. Therefore, 

more heavy HCs (C9–17, C18–29, and C30+) are present in the remaining oil. The remaining 

oil has a much higher mole percentage of the heaviest HCs (C30+) and a much higher 

molecular weight than those of the original light crude oil. These data confirm that more 

heavy components are precipitated and probably left onto the reservoir core plugs so that 

fewer heavy HCs are present in the produced oil if the injection pressure exceeds the 

MMP. Figure 5.4 shows that the produced oil has a relatively lower asphaltene content
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Figure 6.6 Grouped carbon histograms from the GC analysis results of the original oil 

and the remaining oil, the latter of which was obtained after Test #4 ( /min,cm 0.4 3

CO2
q  

Pinj = 12.1 MPa, and Tres = 53.0C). 
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under the miscible conditions and a relatively higher asphaltene content under the 

immiscible conditions [Cao and Gu, 2012 a; b; c].  
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CHAPTER 7 NUMERICAL SIMULATION RESULTS 

For the past six decades, a number of simulation studies have been conducted to 

predict the reservoir response to and oil recovery of CO2 injection process. The general 

classification of the reservoir simulation methods associated with CO2 flooding includes 

the black oil model and the compositional model. The essential differences between these 

two models lie in their treatments of the fluids and their phase properties. The 

assumptions involved in the black oil model are multiphase flow (gas, oil, and water), up 

to three components, and negligible dispersion. The assumptions in the compositional 

model are multiphase flow, two or more components, and negligible dispersion [Klins, 

1984; Turgay et al., 2001].  

The black oil model is capable of simulating systems where water, oil, and CO2 are 

present in any portions. For CO2 injection, traditional black oil simulators may be 

adequate in predicting the immiscible displacements only at low pressures. However, 

CO2 flooding process involves complex phase behaviour and compositionally dependent 

phase properties, such as density, interfacial tension, and viscosity, which are more 

critical to predicting the displacement efficiency than to predicting the viscous fingering 

and areal sweep efficiency. When the mass transfer among the phases is considered, the 

multi-contact miscibility development process cannot be simulated accurately by using 

the black oil model. When a recovery process involves the compositional changes, the 

compositional model is required. The multiple-contact miscible process is generally 

modeled with the compositional simulators, where a cubic equation of state (EOS) 

governs the PVT behaviour.  
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7.1 Equation of State (EOS) Modeling 

In this section, the measured experimental data, e.g., saturation pressure and oil-

swelling factor, were used to characterize the reservoir fluid properties by using CMG’s 

WinProp module (Version 2011.10, Computer Modelling Group Limited, Canada), which 

is an equation of state (EOS)-based fluid behaviour and PVT modeling package. In this 

module, the measured laboratory data can be used and an EOS can be tuned to match the 

reservoir fluid’s phase behaviour. The fluid phase behaviour can then be predicted and a 

fluid model can be created for the further use in the reservoir simulation.  

The required input parameters for the EOS modeling are the critical pressure Pc, 

critical temperature Tc, and Pitzer acentric factor  for each component of the fluids. A 

crude oil has an extremely complicated composition and contains a large number of 

chemical compounds. In practice, it is often represented by serveral pseudo-components, 

each of which is treated as a single pure component with definite values of Pc, Tc, and . 

In a light oil reservoir, especially with an ongoing EOR process, it is likely that more 

pseudo-components are necessary for modeling the intermediate phase changes, which 

may occur. This is because during CO2 injection, CO2 may vapourize some of the light 

hydrocarbons, while it will become miscible with the heavier ones. In this study, with the 

compositional analysis result of the original light crude oil given in Table 3.1, the original 

light crude oil was roughly divided into the following five pseudo-components: 

Component #1 (C3–4), Component #2 (C5–9), Component #3 (C10–18), Component #4 (C19–

29), and Component #5 (C30+).   

Some important properties of the five pseudo-components were determined by 

using the CMG WinProp module. More specifically, the molecular weight M, specific 
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gravity , critical pressure Pc, critical temperature Tc, and Pitzer acentric factor  for each 

pseudo-component were calculated directly from the CMG WinProp’s hydrocarbon 

component library. These properties of the five pseudo-components are listed in Table 7.1, 

which are required in order to match the measured saturation pressure and oil-swelling 

factor. 

The laboratory measured saturation pressure and oil-swelling factor of the light 

crude oil–CO2 system at the reservoir temperature were used to tune the PR–EOS model.  

The critical pressure Pc, the critical temperature Tc, and the Pitzer acentric factor  for 

these five pseudo-components, as well as the volume shift and the molecular weight MW 

of the Components #4 and #5 were regressed to match the laboratory data. The matched 

saturation pressures and the oil-swelling factors are provided in Tables 7.2 and 7.3. 

Afterward, the MMP of the PVT model was calculated by using the semi-analytical 

method, i.e., tie-line method. The calculated MMP is equal to 11.3 MPa. Then the 

interaction coefficients of CO2 and the five pseudo-components were adjusted to match 

the laboratory datum (MMP = 10.6 MPa). The adjusted binary interaction coefficients 

(BICs) are given in Table 7.1. Finally, the well-tuned EOS model was obtained to be an 

output file for the CMG GEM EOS modeling.  

7.2 CO2 Coreflood Modeling 

A one-dimension coreflood simulation model was generated by using the CMG 

GEM module, which is a compositional simulator. A grid system of 50  1  1 grid block 

is applied throughout the CO2 coreflood simulation, which is shown in Figure 7.1. Based 

on the laboratory tested composite reservoir core plugs, the cross-sectional flow area is 

equal to: 
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Table 7.1 Major properties of the five pseudo-components of the original light crude oil 

calculated by using the CMG WinProp module with the Peng–Robinson equation of state 

(PR EOS).  

Pseudo-component 
#1 

(C3–4) 

#2 

(C5–9) 

#3 

(C10–18) 

#4 

(C19–29) 

#5 

(C30+) 

Primary composition (mol.%) 1.3727 33.9512 36.2216 14.8266 13.6278 

Molecular weight MW (g/mol) 56.076 100.514 186.511 317.533 565.896 

SG ( = o/w) 0.57130 0.72960 0.82616 0.88182 0.93762 

Critical temperature Tc (K) 415.466 550.255 699.377 823.727 889.217 

Critical pressure Pc (atm) 37.9262 30.0931 20.2263 13.5371 9.9550 

Pitzer acentric factor  0.18491 0.29097 0.51045 0.81071 1.47070 

Binary interaction coefficient 

 of CO2 and each component 
0.1307 0.1985 0.1968 0.1994 0.1627 
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Table 7.2 Measured and calculated saturation pressures.  

Test 

No. 
2COx  

(mol.%) 

oilx  

(mol.%) 

Experimental 

Psat (kPa) 

Psat before 

regression 

(kPa) 

Psat after 

regression 

(kPa) 

Error 

(%) 

1 35.9 64.1 6,490 5,802.9 5,994.2 7.64 

2 42.7 57.3 7,820 7,312.7 7,452.6 6.49 

3 51.7 48.3 9,580 10,267 10,237 7.17 
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Table 7.3 Measured and calculated oil-swelling factors. 

Test 

No. 
2COx  

(mol.%) 

oilx  

(mol.%) 

Experimental 

SF 

SF before 

regression 

SF after 

regression 

Error 

(%) 

1 35.9 64.1 1.16 1.130 1.146 1.21 

2 42.7 57.3 1.20 1.174 1.195 0.42 

3 51.7 48.3 1.28 1.249 1.281 0.08 
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Figure 7.1 1-D view of the CO2 coreflood model. 
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,2rA                                                                  (7.1) 

Where r is the radius of the core plugs in inch. The Dj and Dk for j and k directions are 

assumed to be the same, which can be obtained: 

.ADD kj                                                        (7.2) 

Dj and Dk are the block widths of each grid in j and k directions, respectively. The size of 

each grid varies in different tests. For example, the grid size is equal to 0.50  4.40  4.40 

cm
3
 for Test #4 (Pinj = 12.1 MPa) and 0.50  4.39  4.39 cm

3
 for Test #5 (Pinj = 14.0 

MPa), respectively. 

7.3 History Matching 

In this section, history matching was conducted by using the CMG CMOST 

Module to match the simulated oil production data with the measured oil production data 

obtained in CO2 coreflood tests. In this study, the relative permeability curves were tuned 

to history match the experimental oil production data obtained in Tests #4 and #5, which 

were under the miscible conditions. 

Figures 7.2(a and b) show the tuned water and oil relative permeability curves as 

well as the tuned gas and liquid relative permeability curves for Test #4 (Pinj = 12.1 MPa), 

respectively.  As shown in Figure 7.2(a), the water relative permeability is extremely low 

at low water saturations ranging from 0.24 to 0.40, whereas the oil relative permeability 

is rather high at the same water saturation. Also, Figure 7.2(b) shows that the gas relative 

permeability increases slightly when the gas saturation is lower than 0.40. Figure 7.3 

presents the history matching results of the measured cumulative oil production for Test 

#4. At the beginning of CO2 production, the cumulative oil production is matched quite 
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well, whereas a large deviation of the simulated and measured results occurs afterward. 

The simulated ultimate oil production is found to be quite close to the experimental data. 

In general, there exists a good agreement between the simulation results and the 

experimental data.  

Figure 7.4(a and b) show the tuned water and oil relative permeability curves as 

well as the tuned gas and liquid relative permeability curves for Test #5 (Pinj = 14.0 MPa), 

respectively.  As shown in Figure 7.4(a), the water relative permeability is extremely low 

at the water saturations ranging from 0.28 to 0.92. The oil relative permeability is rather 

low in the high water-saturation range of 0.76 to 0.92. Figure 7.4(b) shows that the gas 

relative permeability increases slightly when the gas saturation is below 0.40. However, 

the oil relative permeability is rather low in the high gas-saturation range. The history 

matching result for Test #5 is shown in Figure 7.5, which shows that there exists a good 

agreement between the simulated results and the experimental data. The deviations 

between the simulated results and the measured data are attributed to the heterogeneity of 

the reservoir core plugs and the omission of the molecular diffusion in the simulation 

model. 
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Figure 7.2(a and b) Relative permeabilities versus water saturation for the oil–water 

system and relative permeabilities versus gas saturation for the oil–gas system used for 

simulating Test #4 (Pinj = 12.1 MPa).  
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Figure 7.3 Simulated and measured oil production data for Test #4 (Pinj = 12.1 MPa).  
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Figure 7.4(a and b) Relative permeabilities versus water saturation for the oil–water 

system and relative permeabilities versus gas saturation for the oil–gas system used for 

simulating Test #5 (Pinj = 14.0 MPa). 
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Figure 7.5 Simulated and measured oil production data for Test #5 (Pinj = 14.0 MPa).  
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

This thesis study examines the oil recovery mechanisms and asphaltene 

precipitation phenomenon in different CO2 flooding processes. The major conclusions 

that can be drawn from this study are listed as follows: 

1. The four important onset pressures are found in the order of Pasp < Pext < MMP < Pmax. 

The four important onset pressures increase as the temperature increases. 

2. The temperature has a stronger effect on the saturation pressure than on the oil-

swelling factor.  

3. It is found that the measured equilibrium interfacial tension (IFT) between the light 

crude oil and CO2 is reduced almost linearly with the equilibrium pressure in two 

different pressure ranges. The linear regression equation of the measured equilibrium 

IFT versus equilibrium pressure data for the first pressure range gives zero 

equilibrium IFT at the equilibrium pressure of Peq = 10.6 MPa, which is referred to as 

the minimum miscibility pressure (MMP) obtained by applying the vanishing 

interfacial tension (VIT) technique. 

4. The first-contact miscibility pressure is found to be Pmax = 23.1 MPa, which is 

extrapolated from the linear regression equation of the measured equilibrium IFT 

versus equilibrium pressure data for the second pressure range.  

5. When the injection pressure is between the onset pressure of asphaltene precipitation 

and the MMP, the oil recovery factor (RF) becomes higher at a higher pressure during 

the immiscible CO2 flooding. It reaches an almost constant maximum value in the 

miscible CO2 flooding.  
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6. The total oil RF is compared at two different temperatures: Tlab = 27.0C and Tres = 

53.0C. The total oil RF is much higher at the higher temperature under the miscible 

conditions. Therefore, a higher reservoir temperature is desired in order to obtain a 

higher oil RF, as long as the CO2 flooding is miscible at the actual reservoir 

temperature. 

7. The measured asphaltene content of the produced oil is reduced with the injected pore 

volume (PV) of CO2 in each coreflood test due to CO2-induced asphaltene 

precipitation. A higher average asphaltene content of the produced oil is found under 

the immiscible conditions, whereas a lower average asphaltene content of the 

produced oil occurs under the miscible conditions. 

8. The oil effective permeability reduction is higher at a lower pressure during the 

immiscible CO2 flooding and achieves an almost constant lowest value in the miscible 

CO2 flooding.  

9. In the immiscible CO2 flooding process, the produced oil has similar characteristics to 

the original light crude oil recovered at the beginning of CO2 injection, which is 

followed by heavier and more viscous produced oil as the PV of injected CO2 

increases. As a result, the heaviest and most viscous oil is produced at the end of CO2 

injection. Besides, extremely high mole percentages for the HCs of C3–8 are found in 

the produced gas before CO2 breakthrough (BT) and almost 100% CO2 is produced at 

the end of CO2 injection. 

10.  In the near-miscible CO2 flooding process, the produced oil is similar to the original 

light crude oil during the early CO2 injection process, which is followed by a 

relatively lighter produced oil till the end of production. Meanwhile, CO2 is the 
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major component in the produced gas at the very beginning and almost 100% CO2 is 

produced at the end of CO2 injection. 

11.  In the miscible CO2 flooding process, the original light crude oil is produced at the 

beginning. A lighter and lighter produced oil is obtained till the end of CO2 injection. 

The CO2 mole percentage in the produced gas is found to be extremely low at Pinj = 

12.1 MPa before CO2 BT, but much higher at the beginning of the CO2 injection 

when the injection pressure is equal to Pinj = 14.0 MPa. 

12.  It is found that that CO2 ability to extract heavier HCs increases as the injection 

pressure increases. The major HCs in the produced gas are C6–8 or even C9–11 at the 

injection pressure near or above the MMP, whereas the main HCs in the produced 

gas are C4–7 and C5–8 at the two injection pressures under the MMP. In addition, 

much more light HCs (C4–7) are found in the produced gas before CO2 breakthrough 

under the immiscible conditions.  

8.2 Recommendations 

1. Comprehensive characterization of CO2-asphaltenes and de-asphalted oils (i.e., CO2-

maltenes) is desired. If enough precipitated asphaltenes (i.e., with a reasonable yield) 

can be collected at the end of the saturation test, their morphology can be examined 

and their density, viscosity, and molecular weight can be measured. Furthermore, the 

hydrogen and carbon aromaticities of the light crude oil, CO2-asphaltenes and CO2-

maltenes can be determined by conducting NMR measurements. Similarly, the 

functional groups in these three samples can be characterized by performing FTIR 

analysis.  

2. CO2 coreflood tests with different live oil samples can be undertaken to examine oil 
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recovery mechanisms, asphaltene precipitation and deposition and its influence on 

CO2 EOR under the actual reservoir conditions. The permeability reduction should 

be thoroughly studied and then compared with the experimental data obtained from 

CO2 flooding with the dead oil in this study. 

3. The produced oils and gases can be obtained during CO2 coreflood tests with the live 

oil to examine the effects of the crude oil compositions on the physicochemical 

properties of the produced fluids and then compared with the experimental data 

obtained from CO2 flooding with the dead oil in this study. 

4. A series of CO2-EOR tertiary coreflood tests can be conducted at different injection 

pressures and the actual reservoir temperature for different immiscible and miscible 

CO2 flooding processes with different CO2 flooding timings and durations after 

waterflooding, in comparison with CO2 secondary coreflood tests in this study. 

5. A more comprehensive numerical modeling program can be undertaken by using the 

CMG GEM module to simulate CO2 coreflood tests conducted in this project. 

Furthermore, the reservoir simulations of the practical field-scale applications can be 

performed to study the optimum CO2-flooding timing after waterflooding, best 

production scheme and operating conditions; and 

6. An asphaltene precipitation model can be generated by using theoretical and 

numerical methods and incorporate into the future simulation work.   
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