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ABSTRACT  

In this study, the impact of impurities/mixtures in CO2 streams during the CO2 injection 

process as an enhanced oil recovery technique in heavy oil formations was examined. 

For this purpose, detailed theoretical and experimental studies were conducted to explore 

the possible effect of impurities/mixtures on the performance and recovery mechanisms 

of the injection process. Three different mixtures of CH4–CO2 with a CH4 concentration 

of 15, 30 and 50%, N2–CO2 with an N2 concentration of 15%, and N2–CH4–CO2 with an 

N2–CH4 concentration of 15–25% were used. First, a thorough phase behavior analysis 

of the heavy crude oil–CO2 impurities/mixtures was conducted. The solubility of each 

mixture in heavy oil was measured and the results showed that among CH4–CO2 and N2–

CO2 mixtures, CH4–CO2 is more soluble in the heavy oil sample. However, pure CO2 is 

more soluble than CH4–CO2 and N2–CO2 and the presence of N2 in the CO2 mixture 

reduces the solubility the most. Moreover, it was observed that the solubility of mixtures 

increased as pressure increased while declined as the temperature increased. Thereafter, a 

series of pure and impure CO2 injection tests were designed and carried out at a constant 

temperature of T = 21 
o
C and constant operating pressure of Pop = 4.48 MPa. The results 

indicated that pure CO2 is able to recover 28–30% of OOIP, while 26–27% and 24–25% 

of OOIP was produced during the injection of CH4–CO2 and N2–CO2 mixtures, 

respectively. From the enhanced oil recovery point of view, it is unfortunate that the oil 

recovery factor was not improved at the given operating pressure and temperature. The 

inclusion of impurities in pure CO2 reduces solubility and, consequently, the oil recovery 

decreases during the injection process.  
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CHAPTER 1 : INTRODUCTION 

It is well known that the impurities in CO2 streams have significant impacts on CO2 

enhanced oil recovery (EOR) and geological storage when CO2 is used for EOR and 

sequestration purposes. In practice, the desired purity of CO2 varies considerably not 

only with its capture, transportation and short-term storage at the surface but also with its 

underground usage for CO2 EOR and/or sequestration. On the other hand, it is costly and 

time-consuming to achieve high-purity CO2. Therefore, obtaining an optimal CO2 EOR 

and sequestration becomes an economic and practical solution. 

Many companies are dealing with CO2 as an effective solvent used to recover light, 

medium and heavy oil from various reservoirs. Different injection schemes such as 

miscible/immiscible CO2 flooding, CO2 huff-and-puff, carbonated water flooding, and 

CO2-WAG flooding are utilized for different reservoirs. The main challenge in those 

aforementioned recovery processes is to have a reliable answer to how the injected CO2 

interacts with oil. 

Since 1950, numerous researchers have been trying to understand and face this challenge 

in different ways and of course industry and researchers have faced new challenges as 

the technology evolved and new techniques have been applied over time. Although 

operating companies are quite confident in their estimation, their calculations are mainly 

based on a pure CO2 stream (100% CO2 with no impurity). This assumption results in 

significant errors due to the possible high level of impurities in the injection stream that 

might affect critical parameters in the petroleum reservoir calculations such as MMP, 

viscosity, density, and dew-point pressure in CO2-oil mixtures. 



 

 

2 

 

 

Utilizing CO2 as the main solvent or co-solvent is one of the most widely-used recovery 

techniques in western Canada and especially in Saskatchewan, which is considered as 

having one of the largest CO2-EOR and storage projects in the world (Canadian 

Geographic Magazine). On the other hand, the source of CO2 is one of the main 

challenges for petroleum industry operators and different CO2 sources might have 

different CO2 qualities. Therefore, understanding the effects of different impurities on 

the performance of CO2 flooding is one of the key elements in the advancement of the 

CO2 projects. 

It is believed that different types of impurities in CO2 streams affect the oil recovery in 

various recovery processes where CO2 is utilized (e.g., CO2 flooding, CO2 WAG 

flooding, CO2 huff and puff, carbonated water flooding, etc.). The literature shows 

numerous studies on the effect of impurities on CO2 capture and transport processes and, 

finally, has led to some guidelines being established for the amount of impurities in a 

CO2 stream. The presence of impurities/mixtures in the main injection stream as well as 

the produced CO2 may have significant negative or positive impacts on enhanced oil 

recovery performance. 

1.1 Basics of Crude Oil 

According to the definition stated, crude oil is a mixture of hydrocarbons that exists in a 

liquid phase in natural underground reservoirs and remains liquid at atmospheric 

pressure [1, 2]. Small quantities of oxygen, nitrogen, sulphur and signs of metals may 

also be present in crude oil with carbon and hydrogen. Based on the oilfield, the 

chemical composition of crude oil may have variations of 83-87% carbon, 11-16% 
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hydrogen, 0-7% oxygen and nitrogen combined, and up to 4% sulphur [2]. Determining 

the composition of crude oil is very important, as the low hydrocarbons in crude oil are 

the most useful compounds for the production of fuels for applications. Also, the 

physical and chemical properties of crude oil are affected by the composition of crude 

oil, including the specific gravity and viscosity, and all changes in the properties of crude 

oil have a significant impact on oil recovery processes. 

The formation of crude oil happens in source rocks, which are deep geological 

formations. After the formation of crude oil, traces of hydrocarbon start to move upward 

using porous geological maps. The migration of crude oil stops when it reaches the 

surface or oil remains underground because of cap rock isolation. The confinement of oil 

made by a cap rock is called an oil reservoir. Reservoir rock holds all the oil that is 

accumulated under the cap rock. The geological structure of reservoir rock is porous, 

permeable and has a tendency to contain and transfer fluid. The reservoir rock pores 

contain grains in between them that are connected, forming a storage space for the rock  

Usually, reservoir rock has a porosity of 20%, but it can also vary from 3 to 40% [2]. 

The porosity of reservoir rock is dependent on three main factors: rock type, rock depth 

and the type of formation of its grains. During the formation of reservoir rock, 

hydrocarbons and natural gas makes its way within the pores of the reservoir rock. Also, 

with oil and gas, water is trapped in the sediment, and the trapped water is called connate 

water. The use of pressure in the reservoir can affect the flow of crude oil by changing 

the porosity, viscosity, and gravity, eventually having an impact on oil recovery 

operations.  
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1.2 Techniques of Oil Recovery 

Oil recovery techniques can be categorized into three main types, based on what kind of 

oilfield they are to be implemented in [3]. The three recovery techniques are primary, 

secondary and tertiary oil recovery. 

In primary recovery techniques, reservoir pressure is used with pumps to move the oil to 

the surface. The difference in pressure occurs between the bottom of the production well 

and reservoir; this difference enables the oil to flow in the direction of the well. This 

technique is applicable during the initial oil production phase. The flow oil drive towards 

the production well is called reservoir drive, which results due to a combination of four 

different natural drives: The four natural drives are as follows [2]: 

 The drive due to the rise of the water layer below the oil column in the reservoir, 

thus displacing oil upward into the well, is called the natural water drive. The 

main cause of this drive is the inflow of water into the reservoir from an adjacent 

underground layer of water. 

 The drive due to the expansion of natural gas at the top of the reservoir, above the 

oil column, which displaces the oil downward towards the direction of the 

producing wells, is called the gas cap drive. 

 The dissolution and expansion of gas initially dissolved in the crude oil results in 

the formation of dissolved gas drive. 

 Gravitational forces affect the movement of oil in the reservoir by driving the oil 

from the top to bottom, resulting in gravity drainage.  
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Due to the extraction of gas and oil the reservoir drive subsides, so in order to maintain 

the oil production pumping is used. The primary recovery is no longer effective when [1, 

2]: 

 The reservoir pressure is too low to maintain economic production rates. 

 Or when the ratio of gas/water to oil extraction is high. 

The primary oil recovery factor, which is the ratio between the oil produced and the 

original oil in place (OOIP) during the primary recovery depends on the viscosity of the 

oil and the reservoir pressure, and these factors are the main geological aspects of any 

reservoir. The primary recovery factor varies between 5-15% of OOIP. 

When we are no longer able to get results from the primary recovery method then 

secondary recovery methods are taken into consideration. Secondary recovery methods 

use an artificial driving force instead of a natural gas drive. An artificial driving force 

comes from an external source that is exerted into the reservoir in the form of fluid 

injection to increase reservoir pressure. This is usually done using water injection/water-

flooding in the reservoir using a number of injection wells. Nowadays, water flooding is 

widely considered a secondary oil recovery technique, while other fluids, i.e. liquids or 

gases, can also be injected into the reservoir to achieve the required goal. The volume of 

the gas in the reservoir can be increased by injecting natural gas in the gas cap, which 

will increase the reservoir pressure, thus driving oil towards the production well. 

Moreover, re-injecting natural gas into the reservoir can have a significant effect on the 

economics of an oil recovery project. Also, the re-injection of natural gas and water that 

is extracted during oil recovery back to the oil reservoir has been used successfully in the 

North Sea [1, 2]. The completion of the secondary oil recovery process is based on 
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economic factors. A normal recovery factor from the water-flooding process is about 

30%, depending on the oil properties and the reservoir rock characteristics. The recovery 

factor after primary and secondary oil recovery operations is averaged between 30 and 

50% [2, 4]. The oil recovery factor in the North Sea after primary and secondary 

recovery currently ranges between 45 and 55%, while in some fields it has approached 

70% [2, 5]. 

After primary and secondary oil recovery, tertiary oil recovery comes into play. This 

refers to a type of complex operations that are usually done when the life of an oilfield is 

about to end. The main purpose of tertiary oil recovery is to maintain oil production and 

produce an additional 5-15% OOIP. This is done to improve the flow of oil by changing 

the flow properties of crude oil and the rock-fluid interactions in the reservoir. One of 

these processes is CO2-EOR. A number of authors included CO2 displacement in the 

family of enhanced oil recovery techniques. 

Now, with so much information available on oil recovery techniques, keeping track of 

the order of the recovery process is difficult. This is why in an increasing number of 

reservoirs’ oil recovery processes, mostly for the recovery of heavy viscous oils, 

techniques that are named as ‘tertiary’, are applied first as they take the place of typical 

secondary oil recovery techniques. Therefore, the name ‘tertiary oil recovery’ was given 

little attention in the literature and thus was replaced by the term enhanced oil recovery 

or EOR. The term improved oil recovery, IOR, is also frequently used in comparison 

with EOR; however, it refers to a wider range of processes that lead to increased 

recovery, such as improved reservoirs [2]. 
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1.3 Carbon Dioxide-Based Enhanced Oil Recovery 

A noticeable amount of oil, i.e. more than half of the oil originally confined in the 

reservoir, is usually left untouched underground after secondary oil recovery. The 

residual oil that remains is mainly present as contained droplets trapped in the pores of 

the reservoir rock or as films around rock grains [2]. The oil saturation of the reservoir 

rock is about 20-35% in regions swept using a secondary recovery process i.e. water or 

natural gas, and the saturation of oil is relatively more in the untouched areas of the 

reservoir. So, in order to recover the remaining oil, an effective EOR process must be 

initiated so that these scattered oil films can flow towards the production wells. The 

accomplishment of this project should be done on the micro scale, at the pore level, and 

also on the macro-scale so that the highest possible volume of the reservoir can be swept. 

Now, CO2 injection in the reservoir can help drive this isolated oil. With the introduction 

of CO2 in the reservoir, interaction occurs between the chemical and physical properties 

of the reservoir rock and the stranded oil, resulting in favourable conditions that can 

improve oil recovery. These conditions are as follows [2]: 

(i) The reduction of the capillary forces that increase oil flow through the pores 

of the reservoir by decreasing the interfacial tension between the oil and the 

reservoir rock. 

(ii) The expansion of the volume of the oil and the corresponding reduction of its 

viscosity. 

(iii) The development of courage-able sophisticated phase changes in the oil that 

increases its movement. 
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(iv) Maintaining proper mobility composition for oil and CO2 to improve the 

volume sweep efficiency. 

In recent decades, CO2-EOR is one of the processes that has been introduced and is 

considered to improve oil recovery [2]. After the primary and secondary oil recovery, the 

crude oil properties, the reservoir rock structure and the oil saturation are different for 

different EOR projects. Because of the variation in different reservoir conditions, a 

number of EOR techniques have been introduced to further study the oilfield and they 

can be compared with CO2-EOR. Selection of the most viable EOR process for each 

project is based on different factors such as the composition of the oil, reservoir structure 

and available resources. In short, all these factors play a role in the feasibility and 

economy of the project, and in the end, result in the selection of the most accurate EOR 

process. Different types of EOR processes that can be compared with CO2-EOR are 

elaborated on briefly below using the definition provided [2, 6]: 

Processes that are based on the injection of chemicals such as surfactants or alkaline 

agents are called chemical processes. Chemical injection is suitable for heterogeneous 

reservoirs with high permeability. In chemical processes water is injected after the 

surfactant injection so that the effect of capillary forces can be reduced, thus making the 

way for the flow of oil. Moreover, chemical injection also improves macroscopic and 

microscopic oil sweep. The injection of viscous polymers is also included in chemical 

injection processes, the same as surfactant injection, and there are injected before water 

in order to overcome high permeability faults and reduce the injected water’s mobility.  

Polymer injection gives a more accurate and uniform volumetric sweep of the reservoir. 

Chemical processes are applicable in very limited cases because of their technical 
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complexity and chemicals’ availability in large amounts. Results obtained using 

chemical injections are not conclusive for the projects done so far [4]. Therefore, the 

chemical injection field is more favourable for future research. 

Processes that are used in order to reduce the viscosity of oil by increasing its 

temperature and altering its properties and composition through vaporisation and thermal 

cracking are called thermal processes. In thermal processes, hot fluid is continuously 

injected to increase reservoir temperature. Reservoir temperature can also be increased 

through the cyclic injection of hot fluid or by oil combustion within the reservoir. 

Thermal EOR is not effective in deep oil reservoirs with low oil viscosity; rather, it most 

widely used for heavy oil recovery. 

Further, miscible displacement processes, microbial processes and microwave processes 

are also very important. Miscible displacement processes are based on the injection of 

gases that are miscible with oil. In this process, the viscosity of oil is decreased due to 

the miscibility, thus increasing the oil recovery. Carbon dioxide, methane, liquefied 

petroleum gas (LPG), nitrogen and flue gases are widely used and suitable for the 

miscible displacement process. Miscible displacement techniques are widely used today 

in North seas. Moreover, the recovery of oil can also be increased by the injection of a 

solution of nutrients and micro-organisms that produce carbon dioxide, surfactants and 

different compounds; this process is called the microbial process. Unlike the microbial 

process, in the microwave process microwaves are applied in a reservoir to heat and 

drive the oil. However, results obtained using microbial and microwave processes were 

uncertain compared to miscible displacement. 
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In addition to EOR techniques, improvements in well drilling, well technologies, and 

reservoir management techniques can play an important role in increasing oil recovery. 

More effort and research in the above-mentioned areas have helped in the in depth study 

of the reservoirs which were affecting us economically in the past. Irrespective of the 

quality of CO2-EOR projects, a bad economic situation and other financial matters are 

some of the reasons for neglecting the project  

Despite the demand for increasing oil production and CO2 capture and storage, CO2-

EOR has not been implemented in many parts of the world. The initiation of such 

projects is blocked mainly by the shortage of the CO2 supply and inefficient economic 

performance and is also hindered by environmental concerns and unexplained 

legal/regulatory issues. Although technical issues are not the main reasons for not 

implementing CO2-EOR, they do need to be considered. These issues are discussed 

below in brief detail.  

This research, however, does not focus on subjects related to the separation and capture 

of CO2 or those related to conventional oil recovery. This has been discussed in detail in 

other studies on Carbon Capture and Storage (CCS), while CO2 oil recovery has long 

been the focus of industrial research. An important point which is related to carbon 

capture that is brought forward in this study is the quality specifications of CO2 required 

for EOR with quality limits on impurities in CO2 streams. The purity of CO2 streams has 

a significant effect on oil recovery. This requirement for CO2-EOR processes will have a 

significant impact on developing CO2 capture technologies with accurate capture 

efficiency. 

The principal hurdles in the wider implementation of CO2-EOR are: 
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 Technical 

o The geological structure and characteristics of the reservoirs 

o An incomplete understanding of the physical-chemical interactions between 

CO2 and the contents of the reservoir 

 Economics 

o CO2 supply cost 

o Shortage of income for CO2 storage 

 Alterations to infrastructure 

 Environmental concerns for CO2 storage in a safe manner 

 Legal / regulatory issues 

 Commercial hurdles 

1.4 Objectives of the Research 

Throughout this study, the effect of various impurities/mixtures on the performance of 

different CO2 flooding schemes will be investigated through a series of carefully 

designed PVT and core flooding experiments. The objectives of the study can be 

summarized as follows: 

1. Gather technical information on current CO2 specifications for CO2-EOR 

projects. 

2. Conduct a literature review on the sources of impurities in CO2 streams and their 

effects on CO2-saturated oil properties and reservoir characteristics. 

3. Prepare adequate volumes of candidate oil samples and CO2 streams with various 

qualities to perform PVT analysis and core flood tests. 
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4. Perform laboratory PVT experiments and modeling to determine the effect of 

impurities/mixtures on the solubility of CO2, viscosity, density and the dew-point 

pressure of CO2-oil mixtures. 

5. Conduct core-flooding experiments with different CO2 qualities (i.e., CO2 

containing various impurities/mixtures), and using heavy oil samples at different 

operating conditions (e.g., temperature and pressure). 

6. Interpret the findings, and make recommendations for future financial analysis 

and field applications. 

1.5 Organization of the Report 

The report is presented in five chapters. Chapter 1 provides a brief description of crude 

oil basics, different techniques for oil recovery, carbon dioxide-based oil recovery and a 

statement of the proposed research and its objective. In chapter 2 a literature review is 

presented on carbon dioxide oil displacement, the properties of carbon dioxide in heavy 

oil, reservoir fluids and rock properties, immiscible carbon dioxide techniques and 

impurities in carbon dioxide streams. The details of the experimental apparatus used for 

the present research and the experimental procedure employed to study the impact of 

carbon dioxide impurities on carbon dioxide solubility and carbon dioxide-based oil 

recovery are presented in chapter 3. Results of the conducted laboratory experiments 

showing the measured solubility and oil recovery are listed in chapter 4. Following the 

presentation of the results a detailed discussion of the results is presented in chapter 5. In 

the end, the major findings of this experimental research are presented under the 

conclusion heading following the proposed recommendations for future work.  
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CHAPTER 2 : REVIEW OF THE LITERATURE 

The focus of this chapter is to review all the research and study done by various 

researchers in the past related to CO2 oil displacement, CO2 sources and quality 

specification, and CO2 impurities/mixtures. 

2.1 Carbon Dioxide Oil Displacement Mechanism 

Oil displacement by carbon dioxide can be categorized in two types: miscible and 

immiscible oil displacement. In miscible oil displacement, carbon dioxide completely 

mixes with oil in all proportions and all mixtures remain a single phase, i.e. there are no 

interfaces [6]. It was analyzed that there are two types of mass transfer occurring during 

the miscibility of carbon dioxide and oil [7]. Those are the extraction of C5 to C30 

hydrocarbons from the original oil in place and dissolution in the original oil place by 

carbon dioxide. A necessary condition for miscible carbon dioxide displacement is that it 

takes place at high pressures. The pressure requirement for this type of displacement is 

above 7.5 MPa [8]. And this process is not applicable at low pressures for heavy oil 

reservoirs. 

In comparison to miscible carbon dioxide displacement, immiscible carbon dioxide can 

be used at low pressures, so that it is helpful for heavy oil reservoirs. The process of 

immiscible displacement is mainly influenced by internal and external forces such as 

viscosity, diffusivity, gravity, capillary and inertia. It was concluded that inertial forces 

have no significant effect during laminar flow of carbon dioxide in unstratified sand 

reservoirs at low or moderate superficial velocities [9]. It was suggested that capillary 

forces’ impact on oil recovery is low in highly viscous oil displacement when working in 
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unstratified sand reservoirs [10]. So, immiscible oil displacement is mainly dominated by 

viscosity, gravity and diffusivity. 

It was pointed out that the change in volumetric sweep efficiency is low for the ratio of 

gravitational and viscous forces and it is also low for high mobility ratios [11]. Also, 

diffusivity forces can overcome gravitational forces [9]. Moreover, findings showed that 

the molecular diffusion of carbon dioxide in oil was not high enough to mobilize a 

noticeable amount of oil from unswept zones. So, carbon dioxide flood can mainly be 

influenced by viscous forces [9]. They also stated that increased oil recovery from 

unstratified sands was achieved by oil expansion, a reduction in viscosity and reduced 

interfacial tension. 

2.2 Properties of Carbon Dioxide in Heavy Oil 

2.2.1 Physical Properties of Carbon Dioxide 

A stable carbon dioxide molecule contains one atom of carbon that is bonded with two 

atoms of oxygen with the physical properties listed below [70]: 

Molecular weight = 44.01 g/mole. 

Critical temperature = 31.06 
o
C. 

Critical pressure = 7.38 MPa. 

Critical volume = 0.0022 m
3
/kg. 

Relatively at atmospheric conditions, carbon dioxide is 50% heavier than air, making it a 

dense gas. Pressure and temperature are the main factors that affect its viscosity. At 
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various pressures and temperatures the viscosity of pure carbon dioxide is measured by 

[12]. Also, it is stated that at any given temperature the viscosity of carbon dioxide is 

higher than methane, ethane, propane, and hydrogen sulphide but lower than air and 

nitrogen [13]. 

2.2.2 Solubility of Carbon Dioxide in Oil and Water 

The measurement of solubility is one of the important aspects in the immiscible carbon 

dioxide displacement of oil. More oil can be recovered if the solubility of carbon dioxide 

in oil increases due as a result of more carbon dioxide and less oil being left behind in 

the oil phase [8]. 

The initial work presented that there is more carbon dioxide in 30.2
o
 API oil than air and 

natural gas [14]. Further, it is shown that carbon dioxide is more soluble in bitumen 

among methane and nitrogen [15]. However, nitrogen is the least soluble. 

Oil composition, gas purity, saturation pressure and reservoir temperature are governing 

factors in carbon dioxide solubility [8]. It was found that carbon dioxide solubility in 

heavy crude oils increased with pressure but decreased with temperature and API [16, 

17]. Later, it was discovered that carbon dioxide solubility is higher at lower 

temperatures [18]. It was observed that, due to the presence of methane in oil carbon 

dioxide, solubility was reduced [7, 17, 19]. Also, it was found that carbon dioxide did not 

possess the ability to displace all of the methane from oil [7]. It was pointed out that the 

solubility of pure carbon dioxide is higher than in the carbon dioxide-nitrogen mixture 

[20]. A negative effect due to the presence of nitrogen in carbon dioxide on the solubility 

of carbon dioxide was also observed, and carbon dioxide solubility increased due to the 



 

 

16 

 

 

presence of sulphur dioxide [21]. Recently, it has been shown that carbon dioxide is less 

soluble than ethane and propane in given heavy oil and its fractions at a constant 

temperature [22]. Also, it was shown that a (30 mole% nitrogen and 70 mole% carbon 

dioxide) mixture reduced the solubility of pure carbon dioxide by 40% at 1.0MPa and 

23
o
C [8]. 

The solubility of carbon dioxide in water is also an important factor to consider. 

Research has been shown that the solubility of carbon dioxide decreased with increasing 

temperature and salinity [23]. Further, it was shown that oil recovery reduced due to the 

loss of carbon dioxide to water [24].Therefore, it was suggested that carbon dioxide loss 

to water must be observed in tertiary recovery projects [25]. 

2.2.3 Carbon Dioxide Diffusivity in Oil  

In terms of the means of mass transfer, diffusion between carbon dioxide and oil is an 

important factor. Random molecular motion helps in the transport of mass, hence making 

diffusion possible. An increase in temperature showed an increase in diffusion [9]. Based 

on the findings, diffusion is an important factor in oil recovery using carbon dioxide 

flooding [26]. Also, carbon dioxide helps in oil penetration, restraining oil fingering, the 

late breakthrough of gas and increasing the oil rate [9, 26, 28, and 29]. 

In order to find the coefficient of the diffusion of molecules, an extensive research has 

been done [29-31]. To estimate the coefficient of the diffusion of carbon dioxide in 

natural fluids, an equation was proposed in terms viscosity reciprocal [32]. Also, it was 

observed that there is an increase in the coefficient of the diffusion of carbon dioxide 

with increasing pressure [33]. Moreover, it was discovered by [33-35] that carbon 
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dioxide diffusion in oil was five times greater at reservoir conditions [32, 33-35]. 

Further, the Schmidt correlation proposed that carbon dioxide diffusion depends on the 

viscosity of oil at certain temperatures [30, 36]. It was also indicated that carbon dioxide 

diffusion is slower in oil than in water at a given oil viscosity [32, 33]. 

The presence of impurities/mixtures in carbon dioxide also affect carbon dioxide 

diffusion in oil. In one research, a (10 mole% nitrogen and 90 mole% carbon dioxide) 

mixture was taken to measure diffusion [37]. It was found that carbon dioxide diffusion 

decreased in the presence of nitrogen. Also, it was shown that the pure carbon dioxide 

diffusion rate is greater than that of nitrogen-carbon dioxide mixtures [8]. Recently, in 

one investigation it was revealed that the carbon dioxide diffusion rate is lower than 

ethane and propane in heavy oil at reservoir conditions [22]. 

2.2.4 Carbon Dioxide Dispersion in Oil  

Fluid flow caused by the movements of fluids through a porous medium is called 

dispersion [27]. Based on a study, carbon dioxide dispersion in heavy oils is very low, so 

in the immiscible carbon dioxide displacement of oil, dispersion cannot wet the fingers 

of carbon dioxide [9]. 

2.3 Reservoir Fluids and Rock Properties Influenced by Carbon Dioxide 

2.3.1 Swelling of Oil 

Swelling factor can be defined as the ratio of the volume of CO2-saturated oil at a given 

pressure & temperature to the volume of oil without CO2 at an atmospheric pressure and 

temperature [17, 21, and 22]. 
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There is a direct relationship between swelling and carbon dioxide solubility [16, 17]. 

Also, they found a linear response of the swelling factor to the solubility of carbon 

dioxide in heavy oil. 

It is also believed that the presence of impurities affects oil swelling. It was presented 

that oil swelling decreased due to the presence of nitrogen and increased due to the 

presence of sulfur dioxide in carbon dioxide [21]. Also, it was confirmed that the higher 

the swelling, the lower will be the volume of oil left in the reservoir [38]. Moreover, it 

was stated that as impurities in carbon dioxide increased the swelling factor decreased 

[8]. 

2.3.2 Viscosity Reduction 

Carbon dioxide is more efficient in oil viscosity reduction than in other gases [8]. The 

main factor affecting viscosity reduction is carbon dioxide solubility in oil. It was 

reported that the viscosity of oil decreased by 94% at 6.8 MPa [16]. He also mentioned 

that a temperature increase results in increased viscosity reduction. Also, it was observed 

that there is a 98% decrease in viscosity at 7.55 MPa [39]. In the figures reported by 

[15], it can be seen that carbon dioxide reduces the viscosity of bitumen more than 

methane and nitrogen. It was also noted that the presence of nitrogen in carbon dioxide 

lowers viscosity reduction [20]. Observation shows that there was an increase in 

viscosity of about 33% when nitrogen-carbon dioxide mixtures were used [8]. 

2.3.3 Change in Permeability 

It was concluded that there would be an increase in permeability when carbon dioxide is 

used in the field [40]. However, it was pointed out that there will be a negative effect on 
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formation rock permeability during higher pressure drops when carbon dioxide is used 

[41]. Others also mentioned these negative effects [9, 42]. 

2.3.4 Interfacial Tension Reduction 

It was suggested that in heavy oils interfacial reduction is less important in comparison 

with light oils, but it does contribute in oil recovery [43]. 

There is a 38% reduction at a carbonation pressure of 5.2 MPa when carbon dioxide is 

used [43]. Also, it was found that interfacial tension was reduced by 36% at 5.5 MPa 

when carbon dioxide was used [9]. It was also mentioned that oil recovery improved due 

to a reduction in interfacial tension. Later, it was shown that there is an increase in 

carbon dioxide oil interfacial tension due to the presence of nitrogen in carbon dioxide 

[8]. 

2.3.5 Asphaltene Precipitation 

Asphaltene precipitation can be described in different ways but their physical structure 

remains the same [3, 45, 46]. However, it is also stated as the “dissolution of molecular 

entities in oil as collision particles or combination of both” [47].  

It was observed that asphaltene precipitation occurs when hydrocarbons and polar oil 

fraction lose their ability to disperse through collision [45]. Moreover, it was also noted 

that asphaltene precipitation in enhanced oil recovery occurred due to a drop in reservoir 

pressure [48]. 

Asphaltene deposition can produce negative effects on oil recovery by increasing 

hydrocarbon viscosity [48, 49]. As presented, the deposition of asphaltene has negative 
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effects on the economics, production and cost of projects done in the Midale unit in 

southeastern Saskatchewan [47]. Further, it was concluded that an increase in asphaltene 

content can decrease oil recovery [50]. 

2.4 Techniques of Immiscible Carbon Dioxide and Water Injection 

It was suggested that there are six types of immiscible carbon dioxide injection strategies 

that have been reported [8]. These six processes are carbonated water (brine) injection, 

continuous carbon dioxide gas injection, carbon dioxide slug strategy, simultaneous 

injection of carbon dioxide and water, WAG (alternate injection of slugs of carbon 

dioxide and water) and carbon dioxide huff ‘n’ puff. A discussion of these is given below 

2.4.1 Carbonated Water Injection 

The main goal of carbonated water injection is to saturate the reservoir with carbon 

dioxide and then the reservoir should be injected with a water-carbon dioxide mixture. It 

was concluded that this method could not show any improvements in oil recovery [40, 

51, and 52]. The reason behind this is the diffusion process and the lower reduction of 

viscosity. Also, due to the presence of carbonic acid, corrosion can occur. 

However, it has been shown that this method has a fair chance in fractured, low 

permeable and low gas-oil ratio oil reservoirs [53]. 

2.4.2 Continuous Carbon Dioxide Gas Injection 

In this process carbon dioxide is injected continuously until the required production is 

achieved. This process is believed to be impractical because of poor sweep and a lower 

amount of recovery [8]. This is because, as carbon dioxide bypasses a large amount of 
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oil, much carbon dioxide is needed to produce one standard cubic meter of oil. It was 

proposed that the amount of carbon dioxide required for this process is ten times greater 

than for the WAG process [38]. Experiments performed in a linear core using continuous 

carbon dioxide injection showed only 3% oil recovery, which is very low [54]. 

2.4.3 Carbon Dioxide Slug Process 

In this process, an already established volume of carbon dioxide is injected, which is 

followed by continuous water injection to move carbon dioxide slug. Immiscible 

displacement of carbon dioxide occurs, leaving behind carbon dioxide saturation in the 

reservoir [8]. It was observed that displacing oil by this method will recover a very low 

amount of oil [38]. 

2.4.4 Simultaneous Carbon Dioxide and Water Injection 

High recovery can be achieved by utilizing simultaneous carbon dioxide and water 

injection, as pointed out in simulation studies on this process [55]. But this process poses 

many threats and hurdles in terms of operating costs, completion costs, corrosion and the 

reduced injection of used fluids. 

2.4.5 CO2 - WAG 

The alternate injection of slugs of carbon dioxide and water technique consists of 

injecting slugs of carbon dioxide alternated with slugs of water until the predetermined 

volume of carbon dioxide has been injected [8]. After that, the continuous injection of 

water is performed until the desired water-oil ratio is reached. This process is considered 

very successful as it reduces carbon dioxide mobility and positively influences the 
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mixing of oil and carbon dioxide and carbon dioxide is uniformly distributed throughout 

the reservoir, leading to an efficient sweep. 

Work done has shown that this process can reduce financial hurdles, as it requires less 

carbon dioxide compared to the other four processes mentioned above [38]. Moreover, 

they showed that utilizing immiscible WAG (alternate injection of slugs of carbon 

dioxide and water) improves oil recovery. 

2.4.6 Carbon Dioxide Huff and Puff Process 

The carbon dioxide huff ‘n’ puff process is one of the research topics which has gained a 

lot of attention and popularity in recent years, mainly because of its quick provision of 

results [8]. This process shows many similarities to cyclic steam stimulation. In this 

method, carbon dioxide in large volumes is injected in a producing well and then the 

well is shut for a few weeks so that the well can be soaked with carbon dioxide (soak 

period). After the soaking process, production starts. The force applied by the release of 

gas helps drive the oil to the well. In this process, the recovery of oil is limited to two to 

three cycles. The efficiency of this process can be measured as the ratio of the volume of 

oil recovered to the volume of carbon dioxide injected. 

2.5 Carbon Dioxide Streams and their Impurities 

2.5.1 Sources of Carbon Dioxide Streams 

Capturing carbon dioxide requires comprehensive knowledge of carbon dioxide sources. 

Moreover, a source of carbon dioxide for capture mainly depends on different factors 
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such as volume, concentration and partial pressure, integrated systems aspects and the 

proximity of carbon dioxide to a suitable reservoir [56]. 

Sources contributing to the emissions of carbon dioxide are mainly from the industrial, 

residential and transportation sectors with fossil fuel combustion in the power 

generation. Among these sources, the industrial and power generation sectors emit a 

large amount of carbon dioxide, making them favourable sources for carbon dioxide 

capture. However, the rest of the sources are not as useful in capturing carbon dioxide. 

So far, the oxidation of carbon process is the only contributor in the largest emission of 

carbon dioxide [56]. Further, it was observed that the physical, chemical and biological 

transformation of materials in industrial processes is also a cause of carbon dioxide 

emission. According to the observation made, carbon dioxide emission is also part of 

petrochemical processes where fuels are used as feedstocks [57, 58]. Also, metals 

production from ores and cement production are also some of the causes of carbon 

dioxide emission [59-61]. Further, the findings suggested that there is a notable emission 

of carbon dioxide gas in natural gas processing installations [62]. 

2.5.2 Properties of Carbon Dioxide Streams 

As stated earlier, the partial pressure of carbon dioxide in gas streams and the 

concentration of carbon dioxide in gas streams is an important factor in the carbon 

dioxide capture process. They are also main factors in selecting a separation method.  It 

can be said that separation methods are more favourable when the partial pressure of the 

carbon dioxide gas stream is low [56]. The partial pressure of carbon dioxide and its 

corresponding concentrations are presented in Table 2.1, where it can be seen that carbon 
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dioxide from the industrial sector and power generation sector has low partial pressure. 

Therefore, they are the main clients of separation. Table 2.1 shows that natural gas fired 

boilers have a very low concentration of carbon dioxide, whereas carbon dioxide 

emissions from coal fired boilers have a fairly large amount of carbon dioxide 

concentration. Also, it is shown in Table 2.1 that the concentration of carbon dioxide 

from cement and metal production is higher than that found in the combustion process. 

Table 2.2 shows the partial pressure of carbon dioxide and it corresponding 

concentration. Carbon dioxide emissions from hydrogen and ammonia production have a 

very high partial pressure and therefore are not suitable for the separation process. By 

comparing the partial pressures listed in Table 2.1 and Table 2.2, it can be implied that 

the recovery of carbon dioxide from combustion processes will be more difficult. 
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Table 2.1 Sources and properties of carbon dioxide gas streams that are useful for the 

capture process [56, 59, 63-66]. 

Source 

CO2 

concentration

% vol (dry) 

Pressure of gas 

stream (MPa) 

CO2 partial 

pressure 

(MPa) 

CO2 from fuel combustion    

Power station flue gas:    

Natural gas fired boilers 7-10 0.1 0.007-0.010 

Gas turbines 3-4 0.1 0.003-0.004 

Oil fired boilers 11-13 0.1 0.011-0.013 

Coal fired boilers 12-14 0.1 0.012-0.014 

IGCC
a
: after combustion 12-14 0.1 0.012-0.014 

Oil refinery and petrochemical 

plant fired heaters 
8 0.1 0.08 

CO2 chemical transformation + fuel combustion 

Blast furnace gas:    

Before combustion
b 

20 0.2-0.3 0.04-0.060 

After combustion 27 0.1 0.027 

Cement kiln off-gas 14-33 0.1 0.014-0.033 

CO2 chemical transformation before combustion 

IGCC: synthesis gas after 

gasification 
8-20 2-7 0.16-1.4 

a
IGCC: Integrated gasification combined cycle 

b
Blast furnace gas also contains a significant amount of carbon monoxide that could be 

converted to CO2 using a so called shift reaction 
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Table 2.2 Sources and properties of carbon dioxide gas stream that are already an input 

to a capture process [57, 62, 66]. 

Source CO2 concentration% 

vol (dry) 

Pressure of gas stream 

(MPa) 

CO2 partial 

pressure 

(MPa) 

Chemical Processes 

Ammonia 

production
a 

18 2.8 0.5 

Ethylene oxide 8 2.5 0.2 

Hydrogen 

production
a 

15-20 2.2-2.7 0.3-0.5 

Methanol 

production
a 

10 2.7 0.27 

Other Processes    

Natural gas 

processing 

2-65 0.9-8 0.05-4.4 

a
The concentration corresponds to a high operating pressure for the steam methane 

reformer.  
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2.5.3 Capture Systems for Carbon Dioxide Streams 

Carbon dioxide capture systems can be divided into four basic types: Capture from 

industrial processes, pre-combustion capture, post-combustion capture and oxy-fuel 

combustion capture. 

Industrial process streams have been one of the sources of carbon dioxide capture for the 

last 80 years [67]. However, the amount of captured carbon dioxide is very large with a 

limited availability to store it. Therefore, most of the captured carbon dioxide from 

industrial process streams is released into the atmosphere. Examples of carbon dioxide 

captured from industrial process streams are natural gas purification, hydrogen 

containing synthesis gas production to manufacture alcohols, synthetic liquids and 

ammonia. Also, the production of metal and cement plays a role in capturing carbon 

dioxide from industrial process streams. 

It is stated that the capture of carbon dioxide using the pre-combustion process involves 

the reaction of a fuel with oxygen to get a synthesis gas (syngas) or fuel gas which is 

composed of carbon monoxide and hydrogen [56]. Later, carbon dioxide and more 

hydrogen are obtained by reacting carbon monoxide with steam in a shift reactor. After 

that, carbon dioxide is separated from hydrogen using different separation methods. 

Post-combustion involves carbon dioxide capture by the combustion of fossil fuels and 

biomass in air [56]. This captured carbon dioxide is then passed through special 

equipment in order to separate carbon dioxide from flue gas. The captured carbon 

dioxide is then stored in a reservoir and flue gases are discharged into the atmosphere. 
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Based on the facts reported, pure oxygen is used in the oxy-fuel combustion process 

instead of air so that the flue gas produced mainly consists of carbon dioxide and water 

[56]. In oxy-fuel combustion, when fuel is burnt in pure oxygen, the temperature of the 

flame is too high. So, recycling the produced gases can help moderate that temperature. 

The power plant systems in pre, post and oxy-fuel combustion are all the same. 

2.5.4 Impurities in Carbon Dioxide Streams  

Carbon dioxide source stream composition is an important feature to be considered for 

the assessment of carbon dioxide-based enhanced recovery processes. Different 

combinations of carbon dioxide sources and capture/separation techniques result in 

different types of impurities and impurity concentration levels in these source streams. It 

was reported that impurities such as hydrogen sulfide, nitrogen oxides, methane, 

nitrogen, and sulfur dioxide may be present in carbon dioxide source streams [68]. This 

can be said because it could be very difficult to separate impurities from the carbon 

dioxide source or they may be present there intentionally. Further, it was indicated that 

power plants that generate favorable amounts of carbon dioxide also generate sulfur 

dioxide [68]. As sulfur dioxide is a polluting gas, it might be of particular interest 

because their injection as an impurity with carbon dioxide, even in small amounts, could 

help enhance oil recovery processes based on carbon dioxide. 

Table 2.3 is comprised of data reported by IEA GHG in 2009. The data was based on the 

study done by [69]. It can be seen in Table 2.3 that the impurities differ with the sources 

of carbon dioxide streams. Hydrogen, hydrogen sulfide and methane, which are 

reductive impurities, are present in pre-combustion streams. Nitrogen oxides and sulfur 

oxides, which are oxides impurities, are present in oxy-fuel and post-combustion.   
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Table 2.3 Composition of carbon dioxide streams [69] and [70]. 

 

Component 

Pre-combustion Post-combustion Oxy-fuel 

Selexol Rectisol Com.1 Com.2 Com.3 Com.1 Com.2 Com.3 

CO2 (vol%) 97.95 99.7 99.93 99.92 99.81 85.0 98.0 99.94 

O2     (vol%) - - 0.015 0.015 0.03 4.70 0.67 0.01 

N2    (vol%) 0.9 0.21 0.045
* 

0.045
*
 0.09

*
 5.80 0.71 0.01 

Ar   (vol%) 0.03 0.15    4.47 0.59 0.01 

H2O(ppmv) 600 10 100 100 600 100 100 100 

NOx(ppmv) - - 20 20 20 100 100 100 

SO2 (ppmv) - - 10
^ 

10
^ 

20
^ 

50 50 50 

SO3 (ppmv) - -    20 20 20 

CO  (ppmv) 400 400 10 10 20 50 50 50 

H2S+COS(ppmv) 100 100 - - - - - - 

H2 1vol% 20ppm - - - - - - 

CH4 (ppmv) 100 100 - - - - - - 

NH3 (ppmv) - - - 50 - - - - 

CH3OH (ppmv) - 200 - - - - - - 
*
Total concentration of N2 + Ar 

^
Total concentration of SO2 + SO3 
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streams. Pre-combustion and post-combustion streams can also have some traces of 

mercury, but this is not shown in Table 2.3. Impurities like nitrogen, oxygen and argon, 

which are derived from air, are present in large levels in oxy fuel combustion streams, 

which have the highest total impurity levels among the three types of CO2 streams. IEA 

GHG has considered three compositions for CO2 purity from oxy fuel combustion 

streams: 

 Composition 1 – low-purity (CO2 purity between 85 - 90%) 

 Composition 2 – medium-purity (CO2 purity between 95 - 97%) 

 Composition 3 – high-purity (CO2 purity greater than 99%) 

Where nitrogen, oxygen and argon comprise the major part of the impurities. 

It was also identified that a considerable amount of potential impurities is present in the 

carbon dioxide streams from a number of different carbon dioxide sources [80]. 

2.5.5 Quality Limits for Impurities in Carbon Dioxide-based EOR 

After the capture process, carbon dioxide is moved to geological formations used for 

enhanced oil recovery. For the purpose of using the captured carbon dioxide in different 

applications, the capture systems need to provide the carbon dioxide stream as purely as 

possible. The expanse of purification depends on the end use of the carbon dioxide 

stream. As described by [77], the pipeline transport system for carbon dioxide would 

mainly require the removal of water, oxygen and sulfur oxides in order to prevent 

corrosion and other defects in the pipelines. In enhanced oil recovery in particular, very 

low oxygen contents are allowed because of the reaction of oxygen with the 

hydrocarbons within the oil field; this can cause overheating at the injection point, which 



 

 

31 

 

 

is also responsible for oxidation in the reservoir with a higher oil viscosity and increased 

extraction cost, and it can cause increased biological growth with unknown effects on oil 

production [77, 78]. It was also reported that there is a need to get rid of other expected 

impurities (e.g. nitrogen, nitrogen oxides and other chemicals) to prevent the interaction 

between the carbon dioxide product gas and these impurities under high pressure 

conditions, which will allow new products, which can have harmful effects on the 

surroundings. 

It is shown that all current projects using carbon dioxide-based enhanced oil recovery 

require a very high pure percentage of carbon dioxide, taking into consideration the 

source of the carbon dioxide gas (usually from gasification plants or natural sources) [77, 

78]. However, carbon dioxide captured from power plants (which have higher levels of 

impurities) mainly does not need purification. 

Table 2.4 shows different quality limits of impurities for carbon dioxide-based enhanced 

oil recovery. A higher allowable limit for oxygen of 100 ppmv is suggested by some 

sources, instead of 10 ppmv, because to estimate this value they probably used different 

experimental measurements or modeling tools [72, 73, and 77]. 

It can be seen from Table 2.4 that some of the impurities such as nitrogen, hydrogen and 

argon have similar allowable limits due the same three reasons. It was reported in 

reference to Table 2.4 that there are more restrictions on impurities levels in some 

applications than others, such as water and oxygen for pipeline transportation (to avoid 

corrosion) and in enhanced oil recovery (to avoid unwanted side reactions with oils) 

compared to geological storage application [77]. Overall quality limits 

(minimum/maximum) that cover the entire range of the three applications stated above 
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are shown in Table 2.5 (the minimum requirement is for the CO2 level and the maximum 

is for the impurities’ levels).  
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Table 2.4 Quality limits for impurities in carbon dioxide-based EOR [71-76]. 

Component Concentration (vol% / 

ppmv) 

Limitation 

H2O < 50 ppmv Technical: below the 

solubility limit of H2O in 

CO2. No significant cross 

effect of H2O and H2. 

Cross effect of H2O and 

CH4 is significant but 

within limits for water 

solubility 

H2S < 50 ppmv Health and Safety 

Considerations 

CO < 4 vol% Health and Safety 

Considerations 

O2
* 

<10 ppmv Technical: range for EOR 

because of a lack of 

practical experiments on 

the effects of O2 

underground 

pressure for EOR 

CH4
* 

< 2 vol%, Energy consumption for 

compression and 

miscibility pressure for 

EOR 

N2
* 

< 4 vol%, Energy consumption for 

compression 

Ar* < 4 vol%, Energy consumption for 

compression 

H2
* 

< 4 vol%, Further reduction of H2 is 

recommended because of 

its energy content 

SOx < 50 ppmv Health and Safety 

Considerations 

NOx < 50 ppmv Health and Safety 

Considerations 

CO2 > 95.5 vol% Balanced with other 

compounds in CO2 
*
The concentration limit of all non-condensable gases taken together, including O2, 

CH4, N2, Ar and H2, should not exceed 4 vol%. 

 

  



 

 

34 

 

 

Table 2.5 Overall quality limits for impurities in different applications based on carbon 

dioxide [77]. 

Component Concentration (vol% or ppmv) 

H2O < 50 ppmv 

H2S < 10-50 ppmv 

CO < 2000 ppmv 

O2
 

<10 ppmv 

Hydrocarbons
 

< 2 vol%, 

N2
 

< 4 vol%, 

Ar < 4 vol%, 

H2
 

< 4 vol%, 

SOx < 50 ppmv 

NOx < 100 ppmv 

CO2 > 95 vol% 
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2.5.6 Effects of Impurities on Carbon Dioxide Storage Capacity 

It was indicated that oxygen, in addition to nitrogen, sulphur dioxide and sulphur 

hydride, can have negative effects on the storage of carbon dioxide [81]. It was proposed 

that the impact of impurities increases with their level of concentration in the carbon 

dioxide streams [70], and also they stated that oxy-fuel streams have the highest levels of 

both non-condensable impurities (15 vol% N2, O2 and Ar) and most acidic impurities 

(NOx and SOx) as shown in Table 2.3. They presented an analysis using the high 

impurity carbon dioxide stream from oxy-fuel combustion to understand significant 

impurity effects. 

It was observed that the most important effect of impurities is the reduction of storage 

capacity [70]. A study was sponsored by IEA GHG on storage coefficients for CO2 

storage in deep saline formations and depleted hydrocarbon reservoirs to find a more 

accurate estimation of the storage capacity of available resources [70, 82]. Their findings 

were used to estimate the storage capacity of the different cases presented in Table 2.6. 

In Table 2.6, the storage conditions and storage coefficients for the different cases are 

presented; it can be seen that in the shallow formation with a depth of 895 m the carbon 

dioxide storage capacity falls to about 40% of that for pure CO2. It can be concluded that 

the storage of carbon dioxide from high impurity streams requires more than double the 

storage resources. Further, it can be seen that as the depth of the formations increases, 

the effect of impurities on carbon dioxide storage capacity decreases. As shown in Table 

2.6, at a depth of 3802 m, the capacity approaches 80% of that for pure CO2. 
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Table 2.6 Effect of impurities from a high impurity oxy-fuel combustion stream on 

carbon dioxide storage capacity [69]. 

Cases Depth 

(m) 

P 

(MPa) 

T 

(°C) 

T grad 

(°C/m) 

Ea 

(-) 

Storage  

Capacity 

Fb (-

) 

      Pure Impure  

Shallow-

Low Temp 

895 9.2 33  0.020 0.07 647.68 253.96 0.392 

Shallow-

Mid Temp 

895 9.2 38  0.025 0.10 540.97 231.20 0.427 

Shallow 

High Temp 

895 9.2 45  0.033 0.12 750.04 550.35 0.734 

Median-

Low Temp 

2338 24 62 0.020 0.13 675.00 493.67 0.731 

Median-

Mid Temp 

2338 24 75  0.025 0.13 675.00 493.67 0.731 

Median-

High Temp 

2338 24 92  0.033 0.13 584.92 432.23 0.739 

Deep-Low 

Temp 

3802 38.8 92  0.020 0.15 777.66 611.13 0.786 

Deep-Mid 

Temp 

3802 38.8 113  0.025 0.16 700.29 551.25 0.787 

Deep-High 

Temp 

3802 38.8 141  0.033 0.17 611.35 485.19 0.794 

a 
Storage coefficient. 

b 
Capacity factor given as the ratio of the CO2 storage capacity in the presence of 

impurities to that in the absence of impurities. 

Storage capacity given as a ratio of mass of CO2 in mixture and pure stream 
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2.5.7 Effects of Impurities on Carbon Dioxide Injectivity 

The effects of the impurities on carbon dioxide injectivity are shown in Table 2.7. As 

discussed, the injectivity is dependent on density and viscosity [60]. The viscosity of the 

impure carbon dioxide stream is low; therefore, a lower density effect is slightly 

compensated and the injectivity reduces by a small quantity compared with the storage 

capacity. It was reported that the density and viscosity increase with pressure and 

decrease with temperature, and the resultant injectivity is relatively insensitive to the 

depth of injection [70]. 

For the cases presented in Table 2.7, the analysis presented suggests that the relative 

injectivity at the median temperature changes little with increasing depth [70]. It was 

also observed that the relative injectivity is not very sensitive to temperature at greater 

depths. This can be confirmed, as the density difference of pure and impure carbon 

dioxide decreases with increasing pressure, and the viscosity difference decreases with 

increasing temperature, which relates to increasing depth. 
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Table 2.7 Effect of impurities from a high impurity oxy-fuel combustion stream on 

carbon dioxide injectivity [69]. 

Cases Depth 

(m) 

P 

(MPa) 

T 

(°C) 

T grad 

(°C/m) 

Viscosity
a 

(-) 

Injectivity
b 

(-) 

Shallow-Low 

Temp 

895 9.2 33  0.020 0.38  1.0 

Shallow-Mid 

Temp 

895 9.2 38  0.025 0.45 0.94 

Shallow-High 

Temp 

895 9.2 45  0.033 0.77 0.74 

Median-Low 

Temp 

2338 24 62 0.020 0.72 1.0 

Median-Mid 

Temp 

2338 24 75  0.025 0.75 0.98 

Median-High 

Temp 

2338 24 92  0.033 0.79 0.93 

Deep-Low 

Temp 

3802 38.8 92  0.020 0.81 0.97 

Deep-Mid 

Temp 

3802 38.8 113  0.025 0.83 0.95 

Deep-High 

Temp 

3802 38.8 141  0.033 0.87 0.91 

a 
Relative viscosity given as the ratio of the viscosity in the presence of impurities to 

that in the absence of impurities. 
b 

Relative injectivity given as the ratio of the injectivity in the presence of impurities 

to that in the absence of impurities. 
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2.5.8 Effects of Impurities on Carbon Dioxide Phase Behavior 

The presence of very small amounts of impurities may have a strong effect on the phase 

behavior of carbon dioxide. It was suggested that impurities can reduce the critical 

temperature, which in turn has effects on interfacial tension [68]. Moreover, changes in 

interfacial tension and impurities can also change the wettability of the rock, which could 

result in the rock needing different sealing capacities to contain the carbon dioxide and 

chemical impurities [83]. 

It was observed that oxygen and nitrogen have more of an effect on increasing the 

saturation pressure of the liquid and decreasing critical temperatures than sulfur dioxide, 

which decreases the saturation pressure and increases the critical temperature [81]. 

The IEA GHG report has calculated phase diagrams for the carbon dioxide streams 

compositions given in Table 2.3 using the following compositions [70]:  

a) Selexol (pre-combustion)  

b) Rectisol (pre-combustion)  

c) Post-combustion case 1 (99.93 vol% carbon dioxide) 

d) Post-combustion case 2 (99.81 vol% carbon dioxide) 

e) Oxy-fuel case 1 (85% carbon dioxide) 

f) Oxy-fuel case 2 (98% carbon dioxide) 

g) Oxy-fuel case 3 (99.94 vol% carbon dioxide) 

It was observed that impurities at high concentration levels affect the phase behavior 

significantly, such as the formation of two-phase regions, and alterations in the critical 

temperature and pressure. In cases of high-impurity oxy-fuel carbon dioxide streams 

containing about 15% nitrogen, oxygen and argon, in comparison with pure carbon 
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dioxide the critical temperature decreases by about 10°C and the bubble-point pressure 

increases by over 4 MPa. Low level impurity streams show little change in phase 

behavior. Particularly, for the two cases of post-combustion carbon dioxide streams and 

low-impurity oxy-fuel carbon dioxide stream (99.94% carbon dioxide). 

In order to study the effects of the specific impurity species, the IEA GHG report 

presents phase diagrams for several carbon dioxide streams, as shown in Figure 2.1. 

Comparison of the high-impurity oxy-fuel carbon dioxide stream of Table 2.3 containing 

5.8% N2, 4.7% O2, 4.47% Ar and other impurities at ppm levels is shown in Figure 2.1 

with the following compositions: 

1. Carbon dioxide stream from the oxy-fuel combustion process, containing 3 vol% 

oxygen, 2 vol% nitrogen, and 0.1 vol% ppm sulfur dioxide. 

2. Carbon dioxide stream from oxy fuel combustion suggested by [79] listed as 

CanmetENERGY, containing 5.2 vol% oxygen, 0.02 vol% carbon monoxide, 

0.14 vol% sulfur dioxide and 0.024 vol% nitrogen monoxide. 

3. The carbon dioxide stream proposed by [85] listed as CanmetENERGY, 

containing 1.05 vol% carbon monoxide, 1.7 vol% sulfur dioxide, 0.32 vol% 

hydrogen and 0.069 vol% sulfur hydride. 

4. The carbon dioxide stream from the Cansolv® absorption system containing 2.9 

vol% sulfur dioxide from the IEA GHG, 2004 report. 

Phase diagrams for carbon dioxide mixtures with 5 and 15 vol% argon are also shown in 

this figure. The 5% argon mixture is compared with cases 1 (3% oxygen and 2% 

nitrogen) and 2 (5.2% oxygen), and the 15% argon mixture is compared with the high-
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impurity oxy-fuel carbon dioxide (containing about 15% nitrogen + oxygen + argon), 

with regard to the effects of the three air-derived impurities. 
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Figure 2.1 Calculated phase diagrams for carbon dioxide mixtures [70] 
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As stated earlier, nitrogen, oxygen and argon are responsible for the increase in the 

saturation pressure and decrease in the critical temperature, which can be confirmed 

from Figure 2.1. It is also interesting to observe that the diagrams of the three cases with 

about the same content of the air-derived impurities (5.2% oxygen, 3% oxygen + 2% 

nitrogen and 5% Ar, respectively) practically coincide with each other, suggesting the 

effects of the three composition on the phase behavior are almost identical. Even at up to 

a 15% impurity concentration the effects are very close, as can be seen from the 

comparison of the diagrams of the high-impurity oxy-fuel carbon dioxide (containing 

about 15% nitrogen + oxygen + argon) and the 15% argon carbon dioxide mixture. 

On the contrary, sulfur dioxide shows a decrease in the vapor-liquid saturation pressure 

and an increase in critical temperature, because of the high critical temperature of pure 

sulfur dioxide. It can also be seen from Figure 2.1 that impurities with low 

concentrations, such as carbon monoxide and nitrogen oxides do not show noticeable 

effects on the phase behavior of carbon dioxide. 

2.5.9 Effect of Impurities on Oil Displacement 

Not much attention is given regarding the effect of different impurities on carbon 

dioxide-based heavy oil displacement; therefore, the literature does not provide an 

extensive background on this topic. However, data can be found on the independent 

effects of nitrogen and carbon dioxide and other gases on heavy oil recovery.  

 A study done by (Nguyen) shows the effect of nitrogen-carbon dioxide mixtures on 

heavy oil displacement [8]. This table shows that experiments were performed using 

lower viscosity oil i.e. 1058 mPa.s and 888 mPa.s with a nitrogen concentration of 
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4.98%, 9.99%, 15%, 20%, 25% and 30%. A comparison of the results from [8] is also 

provided in Table 2.8. 

The presence of nitrogen in carbon dioxide had a negative effect on oil recovery. It can 

be seen from Table 2.8 that oil recovery is low for carbon dioxide with higher nitrogen 

contents. Moreover, we have different values of oil recovery for two different oil 

viscosities. Oil with 888 mPa.s shows more oil recovery than that with 1058 mPa.s. 
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Table 2.8 Effect of carbon dioxide and nitrogen mixtures on oil displacement [8]. 

Run 

No. 

Avg. 

Por. 

{Ø} 

(%) 

Avg. 

Perm. 

{k} 

(darcy) 

Oil 

Vis. 

{µ} 

(mPa.s) 

Oil 

Sat. 

{Soi} 

(%) 

Water 

Sat. 

{Swc} 

(%) 

CO2 

Press. 

{pco2} 

(MPa) 

%N2 

In 

Mix 

CO2 

Volume 

Inj. 

(%HCPV) 

Avg. 

Flow 

Vel. 

(m/d) 

Total 

Recovery 

(%HCPV) 

1DT1 35.73 11.31 1058 94.98 5.02 0.95 4.98 19.00 0.984 49.8 

1DT2 35.82 10.70 1058 94.86 5.14 0.90 9.99 18.00 0.984 48.7 

1DT3 36.06 10.51 1058 92.44 7.56 0.85 15.00 17.00 0.984 47.6 

1DT4 35.59 10.77 1058 95.53 4.47 0.80 20.00 16.00 0.984 45.3 

1DT5 35.16 10.63 1058 95.28 4.72 0.75 25.00 15.00 0.984 45.0 

1DT6 35.70 10.73 1058 95.54 4.46 0.70 30.00 14.00 0.984 44.3 

1DT7 35.83 11.04 888 94.98 5.02 1.00 0.00 20.00 0.984 57.9 

1DT8 36.43 11.18 888 94.99 5.01 0.95 4.98 19.00 0.984 55.5 

1DT9 36.06 11.14 888 94.71 5.29 0.90 9.99 18.00 0.984 54.6 

1DT10 35.73 11.53 888 95.05 4.95 0.85 15.00 17.00 0.984 54.5 

1DT11 35.77 11.89 888 94.12 5.88 0.80 20.00 16.00 0.984 54.3 

1DT12 35.77 11.43 888 95.77 4.23 0.75 25.00 15.00 0.984 52.5 

1DT13 35.22 11.09 888 96.16 4.84 0.70 30.00 14.00 0.984 51.4 

Note: A total of N2-CO2 gas slug size of 20% HCPV at 1.0 MPa and 23 oC was employed in 4:1 WAG mode with 

ten equal slugs.  
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Also, in a study presented, both nitrogen and methane were used to analyze the oil 

recovery [86]. Methane and nitrogen with 50, 75 and 90% concentrations were used with 

carbon dioxide as gas mixtures. It was found that some CO2/N2 and CO2/CH4 mixtures 

yielded extraordinary results, such as recovering 2 to 3 times more than pure CO2. 

Mixtures with 75% CH4 and 75% N2 obtained maximum recovery [86]. 

Recently, 19 and 28% C3H8, 10 and 19% C4 were used with CO2 as mixtures gases to 

improve oil recovery [87]. It was observed that more oil was recovered from pure CO2 

than gas mixtures [87]. 

So, it can be concluded that it will be very difficult to recover more oil from highly 

viscous reservoirs. Therefore, more research should be done using different compositions 

of impurities that can result in a favourable amount of oil recovery.  
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CHAPTER 3 : EXPERIMENTAL PROCEDURE AND APPARATUS 

In this chapter, a detailed description of the procedures, materials and apparatus is given. 

Also, details will be given on how the solubility of carbon dioxide is measured in the 

presence of different impurities percentages. Later, in the case of displacement 

experiments, the packing and saturating procedure will be described with some 

discussion on the immiscible continuous injection of carbon dioxide and impurities. 

3.1 Experimental Apparatus 

Figure 3.1 presents an overview of the experimental apparatus used to measure 

solubility. It can be seen that the apparatus consists of a model cell, fluids and fluid 

injection systems. Moreover, Figure 3.2 outlines an overview of the apparatus used in 

immiscible carbon dioxide displacements experiments. It consists of a physical model, 

fluids and a porous medium, a fluid injection and production system and a data 

collection system. 

3.1.1 Model Cell for Solubility Measurement 

A linear model cell was used in the experiments to measure solubility. The model cell 

was built by the University of Regina’s engineering workshop and was made of stainless 

steel as shown in Figure 3.3. The model cell consists of injection and production ports. 

Swagelok types of fitting were used in order to properly seal the cell from two ends and 

also for different connections. This model cell has a measured volume of 388 ml. This 

model can be rotated for horizontal and vertical measurements. However, it was kept 

horizontal to obtain a larger contact area. Valves and pressure gauges were also attached 
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in order to monitor pressure. After completing the experiment, the cell was cleaned again 

to reuse it for the next experiment.  
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Figure 3.1 Schematic diagram for solubility measurement experimental set-up 
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Figure 3.2 Schematic diagram for immiscible displacement experimental set-up 
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Figure 3.3 Model cell used for solubility measurement 
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3.1.2 Sand Pack Model 

A linear physical model was used in the immiscible carbon dioxide displacements 

experiments. The model was built by Swagelok. The model consists of injection and 

production ports. Swagelok types of fittings were used in order to properly seal the cell 

from two ends and for different connections. A brief description of this model is given 

below and is shown in Figure 3.4: 

Shape: Cylindrical, 

 Length: 304 mm,  

Diameter: 25.4 mm 

 

Figure 3.4 Sand pack physical model (Courtesy of Pavlo Pantus) 
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3.1.3 Fluids and Porous Medium 

3.1.3.1 Oil 

In this study, one heavy oil sample was used to perform the experiments. The used oil 

sample was collected from the Plover Lake area in Saskatchewan, Canada. The oil's 

molecular weight, viscosity and the compositional analysis results of the cleaned oil 

sample are shown in Table 3.1 at the end of this chapter. The compositional analysis 

result of this sample was obtained by using simulated distillation, which shows that the 

composition of the light component under C7 is zero, which means there is no light oil 

component in the oil. Further, the density behaviour of the used heavy oil at the 

experimental temperature is plotted in Figure 3.5. It can be seen from the figure that 

there is a linear relationship between the temperature and density of the oil sample. The 

attempt was to measure and report the density data for the temperature of the 

experiments. However, a very good estimation can be made by this relationship for 

further studies.  
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Table 3.1 Result of the compositional analysis of the heavy oil sample with a viscosity of 

5000 mPa.s (Performed by Saskatchewan Research Council) 

Carbon 

Number 

Mol.% Carbon 

Number 

Mol.% Carbon 

Number 

Mol.% 

C1 0.0 C21 3.56 C41 0.57 

C2 0.0 C22 2.02 C42 0.56 

C3 0.0 C23 2.77 C43 0.72 

C4 0.0 C24 2.40 C44 1.12 

C5 0.0 C25 2.30 C45 0.54 

C6 0.0 C26 2.06 C46 0.52 

C7 2.15 C27 2.11 C47 0.52 

C8 0.95 C28 2.04 C48 0.52 

C9 0.84 C29 1.81 C49 0.51 

C10 0.73 C30 1.62 C50 0.93 

C11 3.33 C31 1.59 C51 0.41 

C12 2.84 C32 1.52 C52 0.41 

C13 3.43 C33 1.05 C53 0.44 

C14 3.8 C34 0.98 C54 0.35 

C15 4.54 C35 1.15 C55 0..35 

C16 4.16 C36 1.22 C56 0.36 

C17 3.99 C37 0.91 C57 0.35 

C18 4.06 C38 0.76 C58 0.36 

C19 3.57 C39 1.09 C59 0.28 

C20 3.21   C40 1.05 C60+ 0.28 

Molecular weight: 642.64 g/mol 
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Figure 3.5 Density of heavy oil sample at different temperatures 
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3.1.3.2 Methane-Carbon Dioxide Mixtures 

Different compositions of methane-carbon dioxide mixtures were used in all solubility 

and immiscible displacements experiments. The composition of methane in the mixtures 

was 15%, 30% and 50%. Due to the complexity and availability of the mixing apparatus, 

these mixtures were purchased from Praxair Regina, Saskatchewan. 

3.1.3.3 Nitrogen-Carbon Dioxide Mixtures 

A single composition of a nitrogen-carbon dioxide mixture was used in all solubility and 

immiscible displacements experiments. The composition of nitrogen in the mixture was 

15%. Due to the complexity and availability of the mixing apparatus, these mixtures 

were purchased from Praxair Regina, Saskatchewan. 

3.1.3.4 Methane-Nitrogen-Carbon Dioxide Mixtures 

A single composition of a methane-nitrogen-carbon dioxide mixture was used in all 

solubility and immiscible displacements experiments. The composition of nitrogen in the 

mixture was 15%, and the composition of methane was 25%. Due to the complexity and 

availability of the mixing apparatus, these mixtures were purchased from Praxair Regina, 

Saskatchewan. 

3.1.3.5 Brine 

A synthetic brine with 2 wt% NaCl concentration, density of              , and 

  = viscosity of 0.98 mPa.s at a temperature of T = 21 °C and atmospheric pressure was 

used as a representative of reservoir connate water in injection tests.  
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3.1.3.6 Porous Medium 

530 silica sand was used in order to represent the field porous medium. It has a mesh size 

of 40-200. Figure 3.6 shows the pore size distribution of the sand used. 

 

Figure 3.6 Pore size distribution of 530 silica sand 
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3.1.4 Fluid Injection and Production System 

3.1.4.1 Gas Injection 

All mixtures were injected using a Tele dyne syringe pump system and piston-like 

cylinder. The dual of this system controlled and measured the gas entering the model cell 

for the solubility and physical model. The flow rate was controlled by a Tele dyne 

syringe pump system and it also provided the amount of gas entering into the model cell 

and physical model. 

3.1.4.2 Oil Injection 

Oil was injected using a piston-like cylinder in conjunction with a Tele dyne syringe 

pump system. The oil flow rate was controlled by a syringe pump. 

3.1.4.3 Brine Injection 

Brine was injected using a brine container in conjunction with a Tele dyne syringe pump 

system. Brine flow rate was controlled by a syringe pump. 

3.1.4.4 Fluid Production 

The discharge of water and oil was collected in a glass cylinder at atmospheric 

conditions i.e. 21
o
C and 0.101325MPa. Because of their different densities they were 

already separated in a glass container but some did mix. So, in order to measure the 

original amount of oil and water produced, they were separated using heat. 
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3.1.5 Data Collection System 

Pressure at the production end was controlled by a Swagelok type back pressure 

regulator. Also attached were two pressure gauges to measure injection and production 

pressure.  

3.2 Experimental Procedures 

Experimental procedures for solubility and immiscible displacement are different in 

nature. First, the solubility measurement procedure will be explained in detail. Later, the 

procedure for immiscible displacement will be described. A few assumptions were also 

made such as zero gravity effects, calibrations errors, and accuracy errors. 

3.2.1  Solubility Measurement 

The procedure for conducting the solubility experiment in this study is a fairly new 

approach and is relatively simple. The procedure is as follows.  First, the model cell was 

vacuumed for two hours. Next, to obtain an exact oil volume of 20 ml in the model cell, 

a calibrated cylinder with the required amount of oil was used. Later, the model cell was 

vacuumed again with the required amount of oil in it. Afterwards, a syringe pump was 

filled with carbon dioxide using a high pressure carbon dioxide cylinder. Now, to fill the 

remaining cell volume, carbon dioxide was injected into the model cell using syringe 

pump at constant pressures of (1.03, 2.07, 3.45 and 4.48) MPa with constant 

temperatures of (21, 25 and 30) 
o
C, respectively. After (filling period), the volume of 

carbon dioxide in the syringe pump was recorded (initial volume vi) and the decrease in 

the volume of carbon dioxide in the syringe pump was observed. When no more of a 

decrease in carbon dioxide volume was observed after several days, the experiment was 
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stopped and the volume of carbon dioxide in the syringe pump was measured (final 

volume vf). And, at the end, the difference in volume was calculated. 

The above-mentioned procedure was also employed using methane, nitrogen, methane-

carbon dioxide mixtures, nitrogen-carbon dioxide mixtures and methane-nitrogen-carbon 

dioxide mixtures. 

3.2.2 Sand Packing 

Wet packing was used for the physical linear model. The packing procedure is easily 

understandable. First, the production end of the model was sealed and closed with 

Swagelok fittings and then it was inverted in a perfectly vertical position so that the 

injection end was up. The vertical position of the model was checked with a level gauge. 

The model was strapped with an air vibrator on one side. 530Silica sand was slowly 

poured into the model while being vibrated. Two to four hours was given to model 

vibration using sand. Afterwards, methanol was slowly poured into the model while 

being vibrated and again two to four hours was given so that model could be tightly 

packed. Then, the injection end of the sand pack was closed using Swagelok fittings. 

Later, in order to dry the sand, air was injected into the sand pack from the top end for 

two hours and then a vacuum was attached to the injection end for two hours so the best 

possible vacuum could be achieved. 

3.2.3 Brine Saturation and Pore Volume Determination 

At this particular point of time, the model could be used for brine saturation and pore 

volume determination. A prepared 2% brine solution in a calibrated glass container was 

used to fill a glass test tube, which was then connected to the bottom end of the sand 
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pack. As for the pressure difference between the sand pack and atmosphere, brine was 

drawn up into the sand pack. The initial and final volume of the brine was recorded. The 

difference in the volumes was calculated to get the pore volume. Another approach was 

also followed to measure the accurate pore volume. In this approach, brine was injected 

into the sand pack using a syringe pump at a constant flow rate. The initial and final 

volume of the brine was recorded, so that the difference in the initial and final volume 

could be calculated, which results in pore volume determination. Finally, porosity was 

calculated using the pore volume divided by the bulk volume of the physical model. 

3.2.4 Permeability Determination 

After the model was brine saturated, it could be used to find the permeability of the sand 

pack. Moreover, the sand pack was kept in a horizontal position to measure its horizontal 

permeability. Brine was injected into the sand pack at different specific flow rates and 

pressure gradients. To calculate the permeability, Darcy’s linear flow equation was used. 

3.2.5 Oil Saturation Determination 

As stated earlier, oil saturation was done using a piston-like cylinder in conjunction with 

a Tele dyne syringe pump system. The oil flow rate was controlled by a syringe pump. 

The physical model was placed in a horizontal position with the injection port on the 

right side and production port on the left side. Brine was injected into the model to make 

the model pressure equal to the experimental pressure. At this point, the production back 

pressure regulator (BPR) was closed. In order to bring the pressurized oil to the 

experimental pressure, oil was injected into the model but with the inlet valve closed. 

And when pressure of the entire model became stable, the inlet valve was fully opened. 
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Oil was injected into the model at a very slow rate. Oil injection was stopped just after 

the oil breakthrough occurred and the produced brine volume was recorded. The initial 

oil volume was predicted using the recorded volume of brine using the following 

equation. 

 
    

    

           
 (1) 

 

Or, particularly 

 
    

                                                   

           
      (2) 

 

Now, the model is oil saturated and ready for the oil displacement procedure. 

3.2.6 Oil Displacement Procedure 

Before starting the carbon dioxide flooding experiment, carbon dioxide gas was 

transferred from a high pressure (k type) cylinder to piston-like cylinder at a specific 

pressure which was in vertical position. The pressure was controlled using a Swagelok 

type pressure regulator attached to a high pressure (k type) cylinder. A piston-like 

cylinder was completely filled with carbon dioxide gas. A pressure gauge was attached 

to the piston-like cylinder on the top end to observe the pressure. Then, a syringe was 

completely filled with water. In order to move the piston, water was injected from the 

bottom end of the piston-like cylinder to move the piston. At this point the inlet valve 

and outlet of the physical model was closed. Also, the back pressure was controlled 

using a back pressure regulator. The pressure at the production end was a little bit lower 



 

 

63 

 

 

or equal to the injection pressure. Then, the initial volume of the water in the syringe 

pump was recorded, which corresponded to the gas volume in the piston-like cylinder.  

To start flooding, the inlet valve and outlet valve were opened fully and injection started 

at a constant flow rate. The model was observed for a few hours to make sure all oil 

produced and breakthrough occurred. At this time, the experiment was stopped and the 

volume of water was recorded in the syringe pump. Also, the amount of oil produced 

was collected in a calibrated glass tube. 

After the experiment was stopped, the physical model was opened to remove and dispose 

of the sand pack. Kerosene oil and toluene was used to clean the physical model, and the 

injection and production ports to make it ready for the next experiment. All the important 

data and values were recorded to analyze and determine various parameters related to the 

flooding experiment. 
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CHAPTER 4 : EXPERIMENTAL RESULTS 

This chapter presents all the experimental results in two parts. The first part lists the 

solubility measurement experimental results and in the second part all of the oil 

displacement experiments and results are described. A list of displacement experiments 

and related properties are presented in Table 4.1 at the end of this chapter. 

4.1 Solubility of Pure Carbon Dioxide in Heavy Oil 

In this research, different experiments were conducted, so that the solubility of pure 

carbon dioxide could be measured at different pressure and temperature conditions. 

Pressures of 1.03, 2.07, 3.45 and 4.48 MPa (150, 300, 500 and 650 Psi) were used in 

accordance with 21, 25, and 30 
o
C. The solubility data are presented as weight percent. 

Figure 4.1 presents the plot of the measured solubility of pure carbon dioxide for the 

constant temperature and varying pressure. It can be seen that the solubility of pure 

carbon dioxide increased linearly with an increase in pressure. Also, from Figure 4.2 it 

can be observed that the solubility of pure carbon dioxide decreased linearly with an 

increase in temperature as the pressure was kept constant. In the case of a pressure 

increase a solubility increase is significant, but for a temperature increase a solubility 

increase is less significant. 

It can be said based on the facts presented that the reason behind the solubility increase 

of carbon dioxide is due to pressure increase, as the carbon dioxide pressure dramatically 

reduces the viscosity of heavy oil, thus making it possible for more diffusion of carbon 

dioxide in heavy oil [15]. However, the trend is reversed in cases of temperature 
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increase, and it can be said that an increase carbon dioxide temperature has a negligible 

effect on heavy oil viscosity.  
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Figure 4.1 Solubility of pure carbon dioxide at 21 
o
C, 25 

o
C, and 30 

o
C for different 

pressure values 
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Figure 4.2 Solubility of pure carbon dioxide at 150 Psi, 300 Psi, 500 Psi, and 650 Psi for 

different temperature values 
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4.2 Solubility of Pure Methane in Heavy Oil 

The experiments to determine the solubility of methane in heavy oil were performed at 

four different pressures, 1.03, 2.07, 3.45 and 4.48 MPa (150, 300, 500 and 650 Psi) and 

three different temperatures, 21, 25, and 30 
o
C.  The data were taken first by maintaining 

a constant temperature and increasing the pressure, and then maintaining constant 

pressure and increasing the temperature. Solubility data is presented as a weight percent. 

Figure 4.3 presents a plot of the measured solubility of pure methane for constant 

temperature and varying pressure. It can be seen that the solubility of pure methane 

increased linearly with an increase in pressure. Also, from Figure 4.4 it can be observed 

that the solubility of pure methane decreased linearly with an increase in temperature as 

the pressure is kept constant. In cases of a pressure increase a solubility increase is 

significant, but for a temperature increase a solubility increase is less significant. 

It can be said based on the facts presented that the reason behind the solubility increase 

of methane due to pressure increase is that the methane pressure reduces the viscosity of 

heavy oil, thus making it possible for more diffusion of methane in heavy oil [15]. 

However, the trend is reversed in cases of temperature increase, and it can be said that an 

increase in methane temperature has a negligible effect on heavy oil viscosity. 
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Figure 4.3 Solubility of pure methane at 21 

o
C, 25 

o
C, and 30 

o
C for different pressure 

values 
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Figure 4.4 Solubility of pure methane at 150 Psi, 300 Psi, 500 Psi, and 650 Psi for different 

temperature values 
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4.3 Solubility of Methane and Carbon Dioxide Mixtures in Heavy Oil 

The experiments to determine the solubility of methane and carbon dioxide mixtures 

with methane concentrations of 15%, 30% and 50% in heavy oil were performed at four 

different pressures, 1.03, 2.07, 3.45 and 4.48 MPa (150, 300, 500 and 650 Psi) and three 

different temperatures, 21, 25, and 30 
o
C.  The data were taken first by maintaining a 

constant temperature and increasing pressure, and then maintaining a constant pressure 

and increasing the temperature. Solubility data is presented as weight percent. 

Figures 4.5 - 4.7 present plots of the measured solubility of 15%, 30% and 50% methane 

for constant temperature and varying pressure, respectively. It can be seen from the plots 

that the solubility of methane and carbon dioxide mixtures increased linearly with an 

increase in pressure. Also, from Figures 4.8 - 4.10 it can be observed that the solubility 

of methane and carbon dioxide mixtures decreased linearly with an increase in 

temperature as pressure is kept constant. In the case of a pressure increase a solubility 

increase is significant, but for a temperature increase a solubility increase is less 

significant. 

It can be said that the reason behind the solubility increase of methane and carbon 

dioxide mixtures due to a pressure increase is that the higher carbon dioxide 

concentration pressure reduces the viscosity of heavy oil, thus making it possible for 

more diffusion of the mixture in heavy oil. However, the trend is reversed in cases of 

temperature increase, and it can be said that an increase in mixture temperature has a 

negligible effect on heavy oil viscosity. 
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Figure 4.5 Solubility of 15% CH4 + 85% CO2 at 21 

o
C, 25 

o
C, and 30 

o
C for different pressure 

values 
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Figure 4.6 Solubility of 30% CH4 + 70% CO2 at 21 

o
C, 25 

o
C, and 30 

o
C for different 

pressure values 
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Figure 4.7 Solubility of 50% CH4 + 50% CO2 at 21 

o
C, 25 

o
C, and 30 

o
C for different 

pressure values 
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Figure 4.8 Solubility of 15% CH4 + 85% CO2 at 150 Psi, 300 Psi, 500 Psi, and 650 Psi for 

different temperature values 
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Figure 4.9 Solubility of 30% CH4 + 70% CO2 at 150 Psi, 300 Psi, 500 Psi, and 650 Psi for 

different temperature values 
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Figure 4.10 Solubility of 50% CH4 + 50% CO2 at 150 Psi, 300 Psi, 500 Psi, and 650 Psi for 

different temperature values 
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4.4 Solubility of Nitrogen and Carbon Dioxide Mixture in Heavy Oil 

The experiments to determine the solubility of a nitrogen and carbon dioxide mixture 

with a nitrogen concentration of 15% in heavy oil were performed at four different 

pressures, 1.03, 2.07, 3.45 and 4.48 MPa (150, 300, 500 and 650 Psi) and three different 

temperatures, 21, 25, and 30 
o
C.  The data were taken first by keeping the temperature 

constant and increasing the pressure, and then keeping the pressure constant and 

increasing the temperature. Once again, solubility data are presented as weight percent. 

Figure 4.11 presents a plot of the measured solubility of 15% nitrogen for a constant 

temperature and varying pressure. It can be seen from all the plots that the solubility of 

the nitrogen and carbon dioxide mixture increased linearly with an increase in pressure. 

Also, from Figure 4.12, it can be observed that the solubility of the nitrogen and carbon 

dioxide mixture decreased linearly with an increase in temperature as pressure was kept 

constant. In the case of a pressure increase the solubility increase is significant, but for a 

temperature increase a solubility increase is less significant. 

It can be said that the reason behind the solubility increase of the nitrogen and carbon 

dioxide mixture due to a pressure increase is that the higher carbon dioxide concentration 

pressure reduces the viscosity of heavy oil, making more diffusion of the mixture in 

heavy oil possible. However, the trend is reversed in the case of a temperature increase, 

and it can be said that an increased mixture temperature has a negligible effect on heavy 

oil viscosity. 
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Figure 4.11 Solubility of 15% N2 + 85% CO2 at 21 

o
C, 25 

o
C, and 30 

o
C for different pressure 

values 
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Figure 4.12 Solubility of 15% N2 + 85% CO2 at 150 Psi, 300 Psi, 500 Psi, and 650 Psi 

for different temperature values 
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4.5 Solubility of Methane, Nitrogen and Carbon Dioxide Mixture in Heavy Oil 

The experiments to determine the solubility of the methane, nitrogen and carbon dioxide 

mixture with a nitrogen concentration of 15%, and methane concentration of 25% in 

heavy oil were performed at four different pressures, 1.03, 2.07, 3.45 and 4.48 MPa (150, 

300, 500 and 650 Psi) and three different temperatures, 21, 25, and 30 
o
C.  The data were 

taken first by maintaining a constant temperature and increasing pressure, and then 

maintaining a constant pressure and increasing the temperature. Once again, solubility 

data are presented as weight percent. 

Figure 4.13 presents a plot of the measured solubility of 15% nitrogen, 25% methane for 

constant temperature and varying pressure. It can be seen from all the plots that the 

solubility of the nitrogen and carbon dioxide mixture increased linearly with an increase 

in pressure. Also, from Figure 4.14 it can be observed that the solubility of the nitrogen, 

methane and carbon dioxide mixture decreased linearly with an increase in temperature 

as pressure is kept constant. In the case of a pressure increase a solubility increase is 

significant but for a temperature increase a solubility increase is less significant. 

It can be said that the reason behind the solubility increase of the nitrogen and carbon 

dioxide mixture due to a pressure increase is that the higher carbon dioxide concentration 

pressure reduces the viscosity of heavy oil, making more diffusion of the mixture in 

heavy oil possible. However, the trend is reversed in the case of a temperature increase, 

and it can be said that an increase in mixture temperature has a negligible effect on heavy 

oil viscosity.  
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Figure 4.13 Solubility of 15% N2 + 25% CH4 + 60% CO2 at 21 

o
C, 25 

o
C, and 30 

o
C for different 

pressure values 
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Figure 4.14 Solubility of 15% N2 + 25% CH4 + 60% CO2 at 150 Psi, 300 Psi, 500 Psi, and 650 

Psi for different temperature values 
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4.6 Displacement of Pure Carbon Dioxide in Heavy Oil 

In this research, different displacements experiments were conducted, so that the 

recovery factory of pure carbon dioxide can be measured at different pressures and a 

constant temperature. Pressures of 3.45 and 4.48 MPa (500 and 650 Psi) were used in 

accordance with 21 
o
C. The recovery factory data are presented as a percentage ratio of 

cumulative oil production and the original oil in place. 

Figure 4.15 summarizes the results of two sets of continuous carbon dioxide injection 

experiments at a specific pressure and temperature. It can be observed from Figure 4.15 

that a cumulative oil recovery factor of 28.6% of OOIP was obtained for the first test. 

However, a cumulative oil recovery factor of 27.8% of OOIP was obtained for the 

second test. 

Also, it can be observed from the two tests that the pressure decrease resulted in low oil 

production. We can conclude that at higher pressures carbon dioxide produced more oil 

and helped in the reduction of original oil viscosity. 
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Figure 4.15 Oil production history for pure carbon dioxide at T = 21 
o
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4.7 Displacement of Pure Methane in Heavy Oil 

In this research, different displacements experiments were conducted, so that the 

recovery factor of pure methane can be measured at different pressures and a constant 

temperature. Pressures of 3.45 and 4.48 MPa (500 and 650 Psi) were used in accordance 

with 21 
o
C. The recovery factor data are presented as a percentage ratio of cumulative oil 

production and original oil in place. 

Figure 4.16 summarizes the results of two sets of pure methane injection experiments, at 

a specific pressure and temperature. It can be observed from Figure 4.16 that a 

cumulative oil recovery factor of 24.1% of OOIP was obtained for the first test and a 

cumulative oil recovery factor of 23.3% of OOIP was obtained for the second test. 

Also, it can be observed from the two tests that the pressure decrease resulted in low oil 

production. We can conclude that at higher pressures methane produced more oil and 

helped in the reduction of original oil viscosity. 
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Figure 4.16 Oil production history for pure methane at T = 21 

o
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4.8 Displacement of Methane and Carbon Dioxide Mixtures in Heavy Oil 

In this research, different displacements experiments were conducted, so that the 

recovery factor of methane and carbon dioxide mixtures with methane concentrations of 

15%, 30% and 50% in heavy oil can be measured at different pressures and a constant 

temperature. Pressures of 3.45 and 4.48 MPa (500 and 650 Psi) were used in accordance 

with 21 
o
C. The recovery factor data are presented as a percentage ratio of cumulative oil 

production and original oil in place. 

Figures 4.17 - 4.19 summarize the results of six sets of methane and carbon dioxide 

mixtures injection experiments at a specific pressure and temperature. It can be observed 

from Figures 4.17, 4.18 and 4.19 that the cumulative oil recovery factor of 27.1%, 23.2% 

and 18.6% of OOIP was obtained for the three tests conducted at an operating pressure 

of 4.48 MPa with a methane concentration of 15%, 30% and 50%, respectively. Also, 

according to Figures 4.17, 4.18 and 4.19 the cumulative oil recovery factor of 26.9, 22.9 

and 17.7% of OOIP was obtained for the three tests conducted at an operating pressure 

of 3.45 MPa with a methane concentration of 15%, 30% and 50%, respectively. 

Also, it can be observed from the six tests that the pressure decrease resulted in low oil 

production. We can conclude that at higher pressures three mixtures produced more oil 
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Figure 4.17 Oil production history for 15% CH4 + 85% CO2 at T = 21 

o
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Figure 4.18 Oil production History for 30% CH4 + 70% CO2 at T = 21 

o
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Figure 4.19 Oil production history for 50%CH4 + 50% CO2 at T = 21 

o
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4.9 Displacement of Nitrogen and Carbon Dioxide Mixture in Heavy Oil 

In this research, different displacements experiments were conducted, so that the 

recovery factor of the nitrogen and carbon dioxide mixture with a nitrogen concentration 

of 15% in heavy oil can be measured at different pressures and a constant temperature. 

Pressures of 3.45 and 4.48 MPa (500 and 650 Psi) were used in accordance with 21 
o
C. 

The recovery factor data are presented as a percentage ratio of cumulative oil production 

and original oil in place. 

Figure 4.20 summarizes the results of two sets of nitrogen and carbon dioxide mixture 

injection experiments at a specific pressure and temperature. It can be observed from 

Figure 4.20 that a cumulative oil recovery factor of 25.4% of OOIP was obtained for the 

test conducted at an operating pressure of 4.48 MPa with a nitrogen concentration of 

15%. And, according to Figure 4.20, a cumulative oil recovery factor of 24.9% of OOIP 

was obtained for the test conducted at an operating pressure of 3.45 MPa with a nitrogen 

concentration of 15%. 

Also, it can be observed from the two tests that the pressure decrease resulted in low oil 

production. We can conclude that at higher pressures the nitrogen and carbon dioxide 

mixture produced more oil. 
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Figure 4.20 Oil production history for 15% N2 + 85% CO2 at T = 21 

o
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4.10 Displacement of Methane, Nitrogen and Carbon Dioxide in Heavy Oil 

In this research, different displacements experiments were conducted, so that the 

recovery factor of the methane, nitrogen and carbon dioxide mixture with a nitrogen 

concentration of 15% and methane concentration of 25% in heavy oil can be measured at 

different pressures and a constant temperature. Pressures of 3.45 and 4.48 MPa (500 and 

650 Psi) were used in accordance with 21 
o
C. The recovery factor data are presented as a 

percentage ratio of cumulative oil production and original oil in place. 

Figure 4.21 summarizes the results of two sets of methane, nitrogen and carbon dioxide 

mixture injection experiments at a specific pressure and temperature. It can be observed 

from Figure 4.21 that the cumulative oil recovery factor of 22.3% of OOIP was obtained 

for the test conducted at operating pressure of 4.48 MPa with nitrogen concentration of 

15% and methane concentration of 25%. And according to Figure 4.21; the cumulative 

oil recovery factor of 19.9% OOIP was obtained for the test conducted at operating 

pressure of 3.45 MPa with nitrogen concentration of 15% and methane concentration of 

25%. Also, it can be observed from the two tests that the pressure decrease resulted in 

low oil production. We can conclude that at higher pressures the methane, nitrogen and 

carbon dioxide mixture produced more oil. 
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Figure 4.21 Oil production history for 15% N2 + 25% CH4 + 60% CO2 at T = 21 

o
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Table 4.1 Effect of impurities on oil displacement 

Exp 

No. 

Avg. 

Por. 

{Ø} 

(%) 

Avg. 

Perm. 

{k} 

(darcy) 

Oil 

Vis. 

{µ} 

(mPa.s) 

wate

r 

Sat. 

{Swc} 

(%) 

Oil 

Sat. 

{Soil} 

(%) 

Gas 

inj. 

Press. 

{pinj} 

(MPa) 

%N2 

In 

Mix 

%CH4 

In  

Mix 

Avg. 

Flow 

rate. 

(ml/

min) 

Total 

Recovery 

(%HCPV) 

1 41.46 6.52 5000 7.37 92.62 4.48 0 0 5 28.6 

2 40.35 5.98 5000 6.38 93.62 4.48 0 0 5 24.1 

3 41.03 6.36 5000 6.39 93.61 4.48 0 15 5 27.1 

4 40.69 6.13 5000 5.39 94.61 4.48 15 0 5 25.4 

5 39.98 5.94 5000 6.11 93.89 4.48 0 30 5 23.2 

6 40.50 6.01 5000 6.35 93.65 4.48 0 50 5 18.2 

7 40.66 6.24 5000 6.21 93.79 4.48 15 25 5 22.3 

8 41.12 6.19 5000 7.12 92.88 3.47 0 0 5 27.8 

9 41.05 6.30 5000 6.89 93.11 3.47 0 0 5 23.9 

10 41.23 6.45 5000 7.07 92.93 3.47 0 15 5 26.9 

11 40.45 6.11 5000 6.49 93.51 3.47 15 0 5 24.9 

12 39.95 5.98 5000 5.99 94.01 3.47 0 30 5 22.9 

13 40.13 6.14 5000 6.37 93.73 3.47 0 50 5 17.7 

14 40.75 6.23 5000 6.33 93.67 3.47 15 25 5 19.9 
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CHAPTER 5 : DISCUSSION OF RESULTS 

In this chapter the results presented in chapter 4 are discussed in detail. First, the effect 

of impurities with various concentrations on carbon dioxide phase behavior will be 

discussed. Second, the effect of impurities with various concentrations on carbon dioxide 

solubility will be analyzed. And, in the end, the effect of impurities with various 

concentrations on heavy oil recovery using continuous carbon dioxide injection will be 

presented. 

5.1 Effect of Impurities on Carbon Dioxide Phase Behavior 

In the present study, various concentrations of methane and nitrogen are used in to order 

to study the effect on phase behavior. All phase behavior diagrams are plotted using 

WINPROP.  

In Figure 5.1, the phase behavior of carbon dioxide is presented with a methane 

concentration of 15, 25, 30 and 50%. It can be observed that as we increase the amount 

of methane concentration, saturation pressure increases as well. It is interesting to note 

that the plot with a 50% methane concentration has the highest saturation pressure. On 

the other hand, a decrease in critical temperature is observed as the amount of impurity is 

increased. 
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Figure 5.1 Methane and carbon dioxide mixtures phase behaviour 
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In Figure 5.2, the phase behavior of carbon dioxide is presented with nitrogen 

concentrations of 15, 25, 30 and 50%. It can be observed that as we increase the amount 

of nitrogen concentration, saturation pressure increases, as was observed in the case of 

methane. Also, the plot with 50% nitrogen concentration has the highest saturation 

pressure. On the other hand, a decrease in critical temperature is observed as the amount 

of impurity is increased. But, it is interesting to note that the three cases, 15, 25 and 30% 

nitrogen, have a higher critical temperature than pure carbon dioxide. 
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Figure 5.2 Nitrogen and carbon dioxide mixtures phase behaviour 
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In Figure 5.3, a comparison of different methane, nitrogen and carbon dioxide 

compositions are plotted. It is quite observable that a unique composition of 15% 

nitrogen and 25% methane shows the highest saturation pressure. It is also interesting to 

note that the cases with 15% methane and 15% nitrogen almost coincide with each other. 

However, 15% nitrogen concentration has a higher saturation pressure and critical 

temperature than 15% methane. 
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Figure 5.3 Nitrogen, methane and carbon dioxide mixtures phase behaviour 
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5.2 Effect of Impurities on Carbon Dioxide Solubility in Heavy Oil  

The effect of impurities with various concentrations on carbon dioxide solubility will be 

analyzed using comparison analysis. 

In Figures 5.4 - 5.6, the solubility of pure carbon dioxide is compared with methane 

concentrations of 15, 30 and 50%, a nitrogen concentration of 15% and methane-

nitrogen concentration of 25%-15% at pressures of 150, 300, 500 and 650 Psi and 

temperatures of 21, 25 and 30 
o
C. 

As is shown, the presence of methane and nitrogen in carbon dioxide reduces the 

solubility of carbon dioxide in heavy oil. If we discuss each case one be one starting with 

P= 150 Psi and T= 21 
o
C in Figure 5.4, we can see that increasing the methane 

concentration from 15% to 30% and then to 50% reduces the solubility about 12% to 

44% and then to 50% of pure carbon dioxide. Moreover, we also observe that a nitrogen 

concentration of 15% reduces the solubility to about 17% of pure carbon dioxide. 

However, for a particular case of 15% nitrogen and 25% methane the solubility of pure 

carbon dioxide reduces to about 25%. For P= 300 Psi and T= 21 
o
C in Figure 5.4, we see 

that increasing the methane concentration from 15% to 30% and then to 50% reduces the 

solubility about 7% to 44% and then to 58% of pure carbon dioxide. Moreover, we also 

observe that a nitrogen concentration of 15% reduces the solubility to about 24% of pure 

carbon dioxide. However, for a particular case of 15% nitrogen and 25% methane the 

solubility of pure carbon dioxide reduces to about 30%. For P= 500 Psi and T= 21 
o
C in 

Figure 5.4, we see that increasing the methane concentration from 15% to 30% and then 

to 50% reduces the solubility about 10% to 40% and then to 57% of pure carbon dioxide.   
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Figure 5.4 Effect of impurities on CO2 solubility at T = 21 
o
C and different pressure 

values 
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Figure 5.5 Effect of impurities on CO2 solubility at T = 25 
o
C and different pressure 

values 
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Figure 5.6 Effect of impurities on CO2 solubility at T = 30 
o
C and different pressure 

values 
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Moreover, we also observe that a nitrogen concentration of 15% reduces the solubility to 

about 22% of pure carbon dioxide. However, for a particular case of 15% nitrogen and 

25% methane the solubility of pure carbon dioxide reduces to about 35%. For P= 650 Psi 

and T= 21 
o
C in Figure 5.4, we see that increasing the methane concentration from 15% 

to 30% and then to 50% reduces the solubility about 2% to 31% and then to 51% of pure 

carbon dioxide. Moreover, we also observe that a nitrogen concentration of 15% reduces 

the solubility to about 8% of pure carbon dioxide. However, for a particular case of 15% 

nitrogen and 25% methane the solubility of pure carbon dioxide reduces to about 23%. 

Now, for P= 150 Psi and T= 25 
o
C in Figure 5.5, we see that increasing the methane 

concentration from 15% to 30% and then to 50% reduces the solubility about 7% to 41% 

and then to 49% of pure carbon dioxide. Moreover, we also observe that a nitrogen 

concentration of 15% reduces the solubility to about 18% of pure carbon dioxide. 

However, for a particular case of 15% nitrogen and 25% methane the solubility of pure 

carbon dioxide reduces to about 24%. For P= 300 Psi and T= 25 
o
C in Figure 5.5, we see 

that increasing the methane concentration from 15% to 30% and then to 50% reduces the 

solubility about 6% to 44% and then to 59% of pure carbon dioxide. Moreover, we also 

observe that a nitrogen concentration of 15% reduces the solubility to about 26% of pure 

carbon dioxide. However, for a particular case of 15% nitrogen and 25% methane the 

solubility of pure carbon dioxide reduces to about 29%. 

For P= 500 Psi and T= 25 
o
C in Figure 5.5, we see that increasing the methane 

concentration from 15% to 30% and then to 50% reduces the solubility about 11% to 

46% and then to 60% of pure carbon dioxide. Moreover, we also observe that a nitrogen 
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concentration of 15% reduces the solubility to about 27% of pure carbon dioxide. 

However, for a particular case of 15% nitrogen and 25% methane the solubility of pure 

carbon dioxide reduces to about 34%. For P= 650 Psi and T= 25 
o
C in Figure 5.5, we see 

that increasing the methane concentration from 15% to 30% and then to 50% reduces the 

solubility about 7% to 34% and then to 53% of pure carbon dioxide. Moreover, we also 

observe that a nitrogen concentration of 15% reduces the solubility to about 14% of pure 

carbon dioxide. However, for a particular case of 15% nitrogen and 25% methane the 

solubility of pure carbon dioxide reduces to about 27%. 

Further, for P= 150 Psi and T= 30 
o
C in Figure 5.6, we see that increasing the methane 

concentration from 15% to 30% and then to 50% reduces the solubility about 12% to 

38% and then to 46% of pure carbon dioxide. Moreover, we also observe that a nitrogen 

concentration of 15% reduces the solubility to about 18% of pure carbon dioxide. 

However, for a particular case of 15% nitrogen and 25% methane the solubility of pure 

carbon dioxide reduces to about 26%. For P= 300 Psi and T= 30 
o
C in Figure 5.6, we see 

that increasing the methane concentration from 15% to 30% and then to 50% reduces the 

solubility about 10% to 42% and then to 58% of pure carbon dioxide. Moreover, we also 

observe that a nitrogen concentration of 15% reduces the solubility to about 25% of pure 

carbon dioxide. However, for a particular case of 15% nitrogen and 25% methane the 

solubility of pure carbon dioxide reduces to about 38%. For P= 500 Psi and T= 30 
o
C in 

Figure 5.6, we see that increasing the methane concentration from 15% to 30% and then 

to 50% reduces the solubility about 30% to 44% and then to 59% of pure carbon dioxide. 

Moreover, we also observe that a nitrogen concentration of 15% reduces the solubility to 
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about 31% of pure carbon dioxide. However, for a particular case of 15% nitrogen and 

25% methane the solubility of pure carbon dioxide reduces to about 36%. 

For P= 650 Psi and T= 30 
o
C in Figure 5.6, we see that increasing the methane 

concentration from 15% to 30% and then to 50% reduces the solubility about 15% to 

41% and then to 54% of pure carbon dioxide. Moreover, we also observe that a nitrogen 

concentration of 15% reduces the solubility to about 17% of pure carbon dioxide. 

However, for a particular case of 15% nitrogen and 25% methane the solubility of pure 

carbon dioxide reduces to about 21%. 

Going further, if we observe Figures 5.7 - 5.10, a comparison analysis presentation of the 

solubility of pure carbon dioxide in terms of constant pressure and varying temperature 

with a methane concentration of 15%, 30% and 50%, nitrogen concentration of 15% and 

for a particular case of 15% nitrogen, 25% methane concentration is also shown. 

Now, if analyze the data presented by [15], the solubility of methane and nitrogen in 

heavy oil is much less than pure carbon dioxide. Also, as stated by [8], nitrogen is 

considered a non-condensable gas; therefore, its mixture with carbon dioxide decreases 

carbon dioxide solubility in heavy oil. Moreover, both nitrogen and methane are much 

lighter than carbon dioxide; therefore, their mixture will decrease carbon dioxide density 

and thus the carbon dioxide solubility will be decreased. Hence, all the analysis 

presented above is showing the same trend as published by [8] and [15]. 
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Figure 5.7 Effect of impurities on CO2 solubility at P = 150 Psi and different temperature 

values 
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Figure 5.8 Effect of impurities on CO2 solubility at P = 300 Psi and different temperature 

values 
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Figure 5.9 Effect of impurities on CO2 solubility at P = 500 Psi and different temperature 

values 
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Figure 5.10 Effect of impurities on CO2 solubility at P = 650 Psi and different 

temperature values 

  

5

7

9

11

13

15

20 25 30

S
o

lu
b

il
it

y
 (

 w
t 

%
) 

Temperature ( C ) 

Pure CO₂ 

Pure CH₄ 

15% CH₄ 

15% N₂ 

30% CH₄ 

50% CH₄ 

15% N₂ + 25% CH₄ 



 

 

114 

 

 

5.3 Effect of Impurities on Carbon Dioxide Displacement in Heavy Oil 

The effect of impurities with various concentrations on carbon dioxide heavy oil 

recovery will be analyzed using comparison analysis. 

Figures 5.11 and 5.12 show a comparison of the recovery factors of methane and carbon 

dioxide mixtures with methane concentrations of 15%, 30% and 50% in heavy oil, 

nitrogen with a 15% concentration is also present in Figures 5.11 and 5.12 with a 

particular case where nitrogen and methane are mixed together with methane having a 

15-25% concentration. In Figures 5.11 and 5.12 recovery histories are shown for P = 650 

Psi, 500 Psi and T = 21 
o
C, respectively. 

In Figure 5.11, it can observed that the highest recovery is achieved by pure carbon 

dioxide, but as the concentration of methane in carbon dioxide increased the recovery 

started decreasing with the lowest recovery achieved by 50% methane. The recovery 

factor decreased by 5.2, 18.8 and 36.36% as the concentration of methane in carbon 

dioxide increased from 15, 30 and 50%, respectively. As is shown, the decrease in 

recovery factor is double as the methane concentration increased from 30 to 50%. 

If we take a look at 15% nitrogen the recovery factor is decreased by 11.1%, which is 

higher than 15% methane and lower than the 30% methane concentration. However, if 

we look at a particular case of the 15-25% nitrogen-methane concentration, the recovery 

factor is decreased by 22.07%. This is the second lowest recovery among the considered 

concentrations. 



 

 

115 

 

 

An identical phenomenon can be observed from Figure 5.12, showing the highest 

recovery factor from pure carbon dioxide and lowest from a 50% methane concentration.  
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Figure 5.11 Effect of impurities on heavy oil production history at T = 21 
o
C and P = 650 Psi 
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Figure 5.12 Effect of impurities on heavy oil production history at T = 21 
o
C and P = 500 Psi 
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One of the main reasons for the recovery decrease is the reduction in solubility of carbon 

dioxide in heavy oil. Also, it is explained by [8] that when non-condensable gases such 

as nitrogen and methane are mixed with a condensable gas such as carbon dioxide, a 

three-phase flow effect can occur with a lot of permeability taken by gas saturation. 

Because of this, a complete carbon dioxide solution is not achievable. 
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CHAPTER 6 : CONCLUSIONS 

6.1 Conclusions 

In the present study, the impact of impurities on CO2-based enhanced oil recovery is 

experimentally investigated.  

A detailed phase behaviour study on the mutual interactions of CH4-CO2, N2-CO2 gases 

systems was carried out. After that, several CH4-CO2, N2-CO2 solubility tests were 

designed and performed at different operating conditions using different impurities 

compositions. The effect of several parameters including operating pressures (Pop), and 

operating temperature (Top) were experimentally determined. In addition, the 

displacement of oil inside the porous medium due to CH4-CO2, N2-CO2 injection into the 

sand pack was investigated. The recovery factor using immiscible CH4-CO2, N2-CO2-

based enhanced oil recovery was also calculated for the heavy crude oil. The following 

are the conclusions extracted from the results obtained in the aforementioned studies: 

1 As we increase the amount of CH4 and N2 concentration in CO2 from 15% to 

50%, saturation pressure increases as well from 7380KPa to 10600KPa in the 

case of CH4 and from 7380KPa to 26000KPa in the case of N2.  

2 On the other hand, a decrease in critical temperature is observed as the amount of 

impurity increased.  

3 It is quite noticeable that a unique composition of 15% nitrogen and 25% 

methane shows the highest saturation pressure of 13500KPa among the 

impurities considered for this study.  
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4 It is also interesting to note that the cases with 15% methane and 15% nitrogen 

almost coincide with each other. However, the 15% nitrogen concentration has a 

higher saturation pressure and critical temperature than 15% methane. 

Several solubility measurement tests were performed at various operating pressures and 

temperatures ranging from Pop = 1.03 – 4.48MPa and Top = 21 – 30
o
C, and various CH4 

and N2 concentrations.  

 It was found that the presence of CH4 and N2 in CO2 reduces the solubility of 

carbon dioxide in heavy oil (case: Pop = 4.48MPa and Top = 21
o
C, the solubility 

of CO2 reduces to 51% in the case of CH4 and 8% in the case of N2). 

The effect of impurities on oil recovery using immiscible displacement was studied.  

 It was found that the highest recovery is achieved by pure carbon dioxide i.e. 

28.6% of OOIP. 

 But as the concentration of CH4 and N2 in carbon dioxide increased from 15% to 

50% in the case of CH4 and 15% in the case of N2, the oil recovery started 

decreasing with the lowest recovery achieved by 50% methane i.e. 18.6% of 

OOIP.  

6.2 Recommendations 

Based on the thesis presented, the following recommendations can be useful for future 

research: 

1 Investigating the impact of impurities on CO2-based enhanced oil recovery in 

three dimensional models using the results of this study is highly recommended. 
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Using three dimensional models for the impurities effect will greatly help 

understand gravity under ride/override and reservoir heterogeneity. 

2 Numerical simulation is also recommended in order to verify the experimental 

results and to gain a good understanding of impurities-related flooding. Also, 

the prediction of future results can be obtained from numerical study. 

3 Carbon dioxide impurities such as N2 and CH4 are used in the present research. 

The use of impurities like Ar, H2S to measure solubility and the recovery factor 

of each individual component of impurity in the oil is highly recommended for 

further research. This way, an elaborated comparison can be achieved. 

4 The effect of WAG and Huff-n-Puff techniques are recommended to improve 

the heavy oil recovery in future studies using the results from this investigation. 

Also, the techniques of miscible carbon dioxide and impurities injection should 

also be investigated in future studies. 

5 Study on the impact of impurities on oil viscosity, the diffusivity of impurities 

in oil, and dispersion of impurities is also highly recommended. 

6 The use of carbon dioxide impurities for enhanced oil recovery and its 

performance is dependent on the type of reservoir and required operating 

pressure and temperature, rock minerals and geology. It is recommended that 

the effect of such parameters be investigated in detail. 
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