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ABSTRACT 

 

This research aims to enhance our understanding of the CO2 interactions with the 

reservoir oil and brine and, consequently, improve the methods for monitoring and tracking CO2 

distribution within the reservoir via P-wave velocity responses in a seismic survey. The research 

was motivated by the growing importance of CO2 utilization for enhanced oil recovery (EOR) 

and subsequent sequestration. As for the outcome, this study quantifies the effect of CO2 mixing 

with reservoir fluids on the elastic reservoir properties to further evaluate the hypothesis from a 

previous study (Oduwole 2022) that showed that not accounting for compositional changes in oil 

during CO2 injection would lead to an underestimation of the magnitude of the bulk modulus of 

the actual response. 

This study uses a compositional reservoir simulator software, GEM (from Computer 

Modelling Group, CMG) to simulate CO2 injection and its subsequent effects on the fluid and 

petrophysical properties, specifically, the reservoirôs bulk modulus and acoustic velocity.  This 

research employed two different fluid systems to compare a heavier oil composition with a 

lighter compositionðboth in miscible and immiscible conditions to determine the effect of fluid 

segregation during flooding. Additionally, the study compares two different approaches that 

implement Gassmann fluid substitution calculations to estimate bulk modulus and acoustic 

velocity based on the compositional reservoir simulation results: a black oil approach of 

Gassmann fluid substitution calculations and a compositional approach. 

As for numerical modeling and solution, several issues need careful attention. The first 

one is the fact that CO2 dissolves in brine substantially, and the second item is the grid-

orientation effect on the position and distribution of the fluid-displacing front.  For instance, in 
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this thesis, a nine-point finite difference approach was implemented instead of a five-point finite 

difference in the solution of the flow equations. The latter distorts the injection fluid front due to 

the higher mobility of the displacing phase in comparison with reservoir fluids. In addition, 

accounting for CO2 solubility in brine delays the displacing front and reduces the concentration 

of CO2 dissolved in hydrocarbon phases. 

The findings of this study show that in a three-phase system, the velocity change is 

predominately influenced by the supercritical CO2 phase. However, the supercritical CO2 phaseôs 

density and bulk modulus are significantly influenced by the components from the oil phase. 

Heavier oils result in the CO2 absorbing more heavy components, whereas lighter oils lead to the 

supercritical CO2 absorbing more lighter components. Therefore, the supercritical CO2 phase 

density varies from the injection site to the production as it mobilizes different components from 

the oil phase. 

The changes in saturated bulk modulus, acoustic P-wave velocity, and acoustic 

impedance are initially significantly different when the Gassmann black oil approach is 

compared to the compositional approach. These differences are more pronounced for miscible 

conditions than for immiscible conditions. This is a result of the supercritical CO2 mixing within 

the oil phase at the displacement front, which the black oil Gassmann approach is incapable of 

capturing. This leads to an underestimation of the location of the front that is behind the actual 

front in years for the miscible model and months for the immiscible. Additionally, due to the 

increasing purity of the injected CO2 as time elapses, the models start aligning with each other 

despite the changes in the oil density and bulk modulus.  
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CHAPTER 1  

INTRODUCTION 

1.1 Overview 

With the increasing importance of reducing emissions globally, there is also an increasing 

demand for finding and refining methods of slashing carbon emissions. CO2 sequestration and 

utilization are methods that could support the current lifestyle of the global population as they 

allow for the use of fossil fuels while also removing the side effects of producing CO2. Thus, 

improving the monitoring methods related to CO2 sequestration is vital. 

Oduwole (2022) showed that the changing oil composition during CO2 injection for 

enhanced oil recovery (EOR) has effects on the reservoir seismic response interpretation. She 

used the Gassmann Equation to show that not accounting for the oil compositional changes can 

lead the forward seismic models to overestimate the bulk modulus and P-wave velocity of the 

fluids. Because a black-oil approach of the Gassmann fluid substitution calculation creates an 

assumption that the oil composition is not getting heavier while it is increasing in density due to 

the mobilization of its lighter components by the injected CO2. Thus, this effect must be further 

investigated and quantified to allow the development of better tracking and monitoring 

techniques for CO2 plumes in EOR or carbon sequestration processes. 

This research will focus on evaluating the effects of fluid segregation and how it impacts 

seismic response due to changes in elastic properties during CO2 flooding. Building on the 

foundational work of the previous literature, this study will employ a dual-composition 

framework. The research will contrast heavier oil with lighter counterparts in miscible and 
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immiscible conditions to dissect segregation effects on the estimated bulk modulus and P-wave 

velocity responses. 

In addition, the research will focus on highlighting important reservoir compositional 

modeling parameters that are often overlooked. The first and most important parameter during 

CO2 flooding is changing the simulation numerical parameters from a five-point finite difference 

approach to a nine-point finite difference for the numerical solution of the flow equations. This 

allows the model to become more accurate in simulating the behavior of the fluid displacing 

front. Furthermore, this work highlights the importance of accounting for the solubility of CO2 in 

the brine when running these simulation models.  

The research aims to track the compositional changes caused by CO2 on models that 

differ in their oil composition, miscibility condition, and CO2 solubility in brine. A 3D 

compositional model using CMG GEM can help simulate a field case to investigate the CO2 

effects. Generating data that is then used in a Python code to calculate the new bulk densities and 

the saturated bulk modulus using the Gassmann Equation. Thus, this will pave the way for 

understanding the seismic significance. 

1.2 Objective of Study 

The primary objective of this study is to investigate the effects of CO2 injection on the 

bulk modulus and P-wave velocity of oil reservoirs with heavier and lighter oil compositions. 

Specifically, the study aims to address the following questions: 

Å How does hydrocarbon composition segregation during CO2 injection influence the 

elastic seismic properties in heavier and lighter oil reservoirs? This study evaluates 
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miscible and immiscible reservoir conditions and two different approaches to calculate 

the elastic properties using the Gassmann Equation. 

Å How does the traditional approach of the Gassmann Equation that considers only phase 

saturations (the black-oil approach) differ to a compositional approach in implementing 

the Gassmann Equation? This study aims to quantify the differences between the 

compositional and traditional approaches in the Gassmann Equation implementation. 

Å How does considering the CO2 solubility in brine affect the prediction of composition 

reservoir simulation models in terms of the location of the displacement front? 

1.3 Significance of Study 

Addressing the questions holds significant importance for several reasons. Some of the 

significance that the study hopes to achieve: 

Å Tracking CO2-Oil Compositional Zones: The integration of compositional reservoir 

simulation with seismic monitoring techniques will enable more convenient tracking of 

the CO2-oil compositional zone and CO2 storage locations within the reservoir. This 

capability is crucial for monitoring and verifying the effectiveness of CO2 flooding 

operations. 

Å Integration of Reservoir Engineering and Geophysical Monitoring: The study emphasizes 

the importance of integrating reservoir engineering with geophysical monitoring. This 

interdisciplinary approach enhances the ability to monitor reservoir changes in real-time, 

leading to more informed decision-making and improved management of CO2 injection 

projects. 
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1.4 Thesis Organization 

This thesis is organized into several chapters, each dedicated to a specific aspect of this 

study. The chapters will cover aspects of the introduction, literature review, methodology, 

results, discussion, conclusion, and appendix. This is to ensure that a logical flow of information 

is given so that there is a comprehensive understanding of the study. 

Chapter 1 covers the introduction and presents the overview, objectives, and 

organization. Chapter 2 consists of a literature review on CO2 flooding, solubility in brine, fluid 

substitution, and previous work. Chapter 3 will present the set-up of the fluid model, reservoir 

model, and Python code. Chapter 4 will cover the results and discuss where the findings will be 

interpreted. Chapter 5, the conclusion chapter, summarizes the essential findings and the 

significance of them while also suggesting areas for future research. The appendices, which 

include supplementary material that supports the main discussion and the Python code used for 

data processing, are appended at the end. 

 

  



 

5 

 

CHAPTER 2  

LITERATURE REVIEW 

2.1 CO2 Background 

CO2 can be an environmental concern as it is considered a greenhouse gas. Being a 

greenhouse gas means that the CO2 absorbs light reflected from the Earthôs surface and reflects it 

into the atmosphere, where the heat remains trapped instead of escaping into space. This causes a 

heating effect on the Earthôs atmosphere that will lead to an increase in natural disasters. The 

CO2 in the atmosphere is currently at 418.5 ppm, which is 100 ppm higher than its level in 1960, 

which was around 315 ppm (NOAA 2023). This means that in just 63 years, the atmosphere's 

carbon dioxide increased by 33%. Thus, a solution is needed to lower carbon emissions to 

mitigate the effects of global warming. 

In 2019, the U.S. averaged around 12.23 million barrels per day of oil produced, and 0.3 

million barrels were from CO2 injection. This means CO2 EOR only contributes 2.5% of the total 

U.S. oil production (Wallace 2021, Geary 2020). However, it is estimated that the utilization of 

CO2 for EOR will increase as reservoirs deplete with increasing oil demand, providing an 

incentive to conduct EOR techniques to increase production. Additionally, CO2 flooding 

achieves the incentive to increase oil from underperforming reservoirs while also allowing the 

site to be used for sequestration of CO2 (Kuuskraa et al. 2013). However, despite having a 

minimal percentage of production, the clean CO2 injection is even lower because out of the 3 Bcf 

purchased in 2019 for CO2 EOR, only 1 Bcf was from industrial sources, and the others were 

from natural CO2 sources. Thus, this makes the already low CO2 EOR of 2.5% a lower value of 

0.8% considering CO2 that is helping the environment. Nonetheless, future CO2 plans are mostly 
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going to be conducted using industrial sources as the demand for CO2 soars, and trends have 

already proven that CO2 from industrial sources went up by 30% in 2019 compared to 2013 

(Wallace 2021). 

2.2 CO2 EOR 

CO2 flooding is an emerging EOR technique that is currently at the front of the 

environmental agenda because it helps boost oil production while also allowing for the potential 

of reducing emissions. This process is called Carbon Capture Utilization and Sequestration 

(CCUS) where carbon is captured from industrial emission sources, utilized to increase oil 

production in declining oil fields, and the CO2 is then permanently sequestered in the geologic 

formation (Thomas 2008). 

There are multiple injection strategies employed for CO2 EOR depending on the reservoir 

attributes. The conventional methods that are employed include continuous CO2 injection and 

water alternating CO2 gas (WAG-CO2) injection. Continuous gas injection for CO2 is when a 

continuous stream of CO2 is steadily injected into the reservoir to mobilize the oil. In contrast, 

WAG injection injects gas for a period and then alternates it with water injection to improve 

sweep efficiency and reduce gas channeling.  Production is then enhanced due to the increase oil 

flow from the CO2 interaction, which helped its mobilization (Thomas 2008).  

The most conventional techniques used in CO2 flooding are the WAG-CO2 and 

continuous CO2 flooding, both of which have their advantages and disadvantages depending on 

the purpose of the injection. A simulation study by Al-Ghnemi et al. (2024) on a light oil 

carbonate reservoir analyzed WAG-CO2 and continuous CO2 flooding. The authors report that, 

as expected, the WAG-CO2 flooding had a better sweep efficiency, which caused it to produce a 

higher amount of oil than continuous CO2 flooding. The numerical simulation demonstrated that 
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WAG-CO2 can yield up to 75% more incremental oil production than continuous CO2 injection. 

However, the gross and net CO2 utilization ratios were lower in the WAG-CO2 injection, 

indicating that less CO2 is required per barrel of oil produced, but less CO2 is sequestered. 

Consequently, the continuous CO2 injection achieved 83% more CO2 sequestered than the 

WAG-CO2 injection.  

CO2 injection is considered an EOR method due to its ability to facilitate the mobilization 

of oil, leading to higher production. CO2 interacts with the reservoir oil by dissolving into it. This 

causes changes to the oil properties wherein, the oil undergoes a process called oil swelling, 

which increases the volume and simultaneously, reduces the viscosity and density of the oil. 

Subsequently, oil swelling causes the oil to have enhanced mobility and relative permeability 

within the reservoir, leading to higher production (Mehana et al. 2017). Heavy oils tend to have 

mobility issues due to their lower viscosity; consequently, CO2 enhancement is critical to 

improving heavy oil production. CO2 causes an exponential decline in the viscosity of the oil 

(Zhu et al. 2018). This exponential decline can be visualized in Figure 2.1, which is a laboratory 

experiment that captured the viscosity reduction for a heavy oil sample and a dead oil sample to 

illustrate the viscosity reduction of oil when CO2 is injected (Chen et al. 2013). It also 

emphasizes how most of the viscosity reduction happens at the start of the injection period. Chen 

et al. (2013) also claims that there was a 54% volume increase in response to the injection. 
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Figure 2.1 Visualizing the response of oil viscosity to CO2 injection (Chen et al. 2013). 

 

Miscibility is an essential concept in CO2 flooding as it can significantly enhance 

recovery once a pressure threshold is met. Once the miscibility pressure threshold is met, which 

is referred to as the Minimum Miscibility Pressure (MMP), the oil and the injected CO2 lose their 

interface and can mix at all proportions as they become fully compatible with each other. Usual 

oil reservoirs do not require high pressures during CO2 injection as they do with other types of 

gas injection to achieve CO2 miscibility, but this depends on the oil gravity (Thomas 2008). 

However, CO2 usually does not achieve miscibility upon first contact with the oil. 

Instead, it undergoes a process called multiple contact miscibility (MCM), where the oil and CO2 

gas are not immediately miscible and slowly mix through a series of mass transfer processes, 

with CO2 dissolving in the oil and hydrocarbon components vaporizing into the CO2, until  they 

achieve a homogeneous state where the interfacial tension vanishes. This means that the CO2 
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gradually mixes with the oil to reach miscibility, causing it to have a transition zone when being 

injected in miscible conditions (Thomas 2008).  

In contrast, for immiscible injection, the CO2 dissolves in the oil, but partially because 

the interfacial tension is still present, preventing complete mixing. Although not as efficient as 

miscible CO2 injection, it is still an effective method that can reduce viscosity by more than 10% 

through the process of oil swelling because CO2 has a high solubility in oil (Fakher et al. 2020).  

2.3 Compositional Modeling 

Computer Modelling Group (CMG) offers a collection of software solutions for 

petroleum reservoir simulations. GEM is one of the compositional modeling software solutions 

that was created for advanced compositional reservoir simulations. This software can capture 

scenarios involving CO2 injection, as it is highly influenced by the composition of the oil. Thus, 

users can perform a detailed analysis of the interaction between the CO2 and the different 

components of the hydrocarbons that GEM encompasses (Computer Modelling Group n.d.-a). 

For compositional model with CMG GEM, the approach is different, with the model 

accounting for the conservation of each component in the gas and liquid phases. Equation 2.1 

shows the residual term for the i component which iterates through all the components, where i = 

1, 2,.... nc, with nc representing the total number of components. This equation treats each 

component individually and looks at the first term making up the equation describes the 

component flow within the oil phase by looking at the pressure and density differences. 

Afterwards, the second term looks at the component flow within the gas phase, which adds an 

additional term for capillary pressure between the oil and the gas phases. The third term looks at 

the source/sink term for injection or production of the i component. Lastly, the fourth term 

represents the conservation of mass where it uses an implicit method of tracking the changes per 
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grid volume.  The summation of all the terms is equal to zero to respect the laws of 

thermodynamics (Computer Modelling Group n.d.-b).  

The second equation looks at the water interactions using the term nc+1 which adds an 

additional component to the total amount of components to represent the water separately. This 

is because water behaves differently than the hydrocarbon components.  Equation 2.2 analyzes 

the behavior of water within the formation by starting with a term that looks at the water flow 

which includes capillary effects between the water and the oil in addition to the pressure and 

gravity differences. The second term is the source/sink term for injection and production. The 

third term is the conservation of mass to conserve the amount of components of water. The 

summation is equal to zero as to respect the mass conservation (Computer Modelling Group n.d.-

b). 

‪ḳῳὝ ώέ ῳὴ ‎ῳὈ ῳὝ ώὫ ῳὴ ῳὖέὫ ‎ ῳὈ ή

                                                        ὠȾῳὸὔ ὔ πὭ ρȟȣȟὲ                                            (2.1) 

  ‪ ḳὝ ῳὴ ῳὖύέ ‎ῳὈ ή ὠȾῳὸὔ ὔ π  (2.2) 

Traditional five-point finite difference simulations often yield inconsistent results due to 

grid orientation. In contrast, the nine-point finite difference method developed by Yanosik and 

McCracken (1978) addresses these discrepancies. The five-point method only allows movement 

to adjacent grids, while the nine-point method includes diagonal movement, reducing unrealistic 

channeling in the x and y directions because of higher gas mobility. This refinement reduces the 

error between grid orientations to a 1.5% difference in recovery curves. Furthermore, the five-

point method is unreliable in scenarios with unfavorable mobility ratios, such as gas injection in 
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oil reservoirs. Thus, incorporating the nine-point finite difference method is crucial for avoiding 

unrealistic fluid distributions in gas injection simulations. 

Henryôs Law is an essential concept in reservoir modeling as it quantifies the solubility of 

a gas in liquid mixtures. The law states the proportionality of the component fugacity to its 

concentration (Equation 2.3). This can accurately predict the behavior of components in mixtures 

(Danesh 1998). Additionally, Henryôs constant is experimentally measured and is a function of 

temperature and pressure, independent of concentration. In the reservoir simulator, CMG GEM, 

the solubility of CO2 in brine is calculated at a specific temperature and brine salinity using Li et 

al. (1986) method and Henryôs Law constant correlation. 

                                                                             Ὢ Ὄὼ                                                                          (2.3) 

Henryôs Law is essential in the numerical modeling of CO2 sequestration. The study by 

Rathmaier et al. (2024) created a dynamic reservoir model in CMG GEM based on a 3D seismic 

model on Mount Simon Sandstone. The study found that about 19% of the injected CO2 will  

dissolve in the brine over the simulation period. This highlights the role of solubility trapping 

and its importance to be included in simulation models. This ensures that the numerical 

simulation reflects a more realistic behavior of CO2 in the reservoir.  

Li  et al. (1986) developed a series of equations that relate the cubic equation of state 

(Peng Robinson EOS) to a chemical-association theory. The equation of state was fitted to 

experimental data on methane, ethane, propane, n-butane, n-pentane, n-octane, nitrogen, carbon 

dioxide, and carbon monoxide. The author claims that the fitted Peng Robinson EOS with 

Henryôs law is applicable for a temperature of up to 200 ºC and a pressure of 100 MPa. The 

central equation used to calculate henryôs law constant for a multicomponent system is listed in 

Equation 2.4. 
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                                              ὰὲ ὌᶻȾὪ ὃ ὄ ὅ                                        (2.4) 

2.4 Fluid Substitution  

Predicting rocks' seismic velocity response changes after changing the fluid from initial 

fluid to final fluid is a fluid substitution problem. It is an important issue because it helps extract 

fluid effects on seismic velocity and can help create predictions about responses, which play an 

important part in reservoir monitoring. These problems are solved with equations that depend on 

the assumptions and the situations. The most basic equation is the Gassmann Fluid Substitution 

equation, which works with the saturated bulk modulus (Mavko 2020). 

The Gassmann Equation relates the bulk modulus of a rock to its pore, frame, and 

saturating fluid properties. The importance of the Gassmann is that a direct prediction can be 

made by calculating the saturated bulk modulus after fluid substitution. The Gassmann Equation 

is listed in Equation 2.5, which defines the saturated bulk modulus (Ksat) and is an essential 

relationship to understanding how fluid type and saturation levels can affect the seismic response 

of the subsurface. In a reservoir with different fluids and saturations, it is vital to incorporate 

these differences in the Gassmann Equation; thus, Equation 2.6 provides the step for accounting 

for all the different fluids in the system in a harmonic averaging method (Smith et al. 2003). In 

this case, harmonic averaging will cause the gases to overtake the liquids as they have a smaller 

bulk modulus. 

                                                          ὑ ὑᶻ
ᶻ

 z                       (2.5) 

                                                               ὑ В                                                        (2.6) 
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Additionally, another fundamental equation for relating the saturated bulk modulus to 

velocity is the bulk density equation listed in Equation 2.7. Similarly, just as with the Gassmann 

Equation, for different fluids in the medium, Equation 2.8 shows the summation method to 

incorporate different fluid densities. Furthermore, since CMG does not directly calculate fluid 

bulk modulus, Equation 2.9 shows a fundamental equation that is used to derive the bulk 

modulus of the fluid from the compressibility of the fluid. With this, all the necessary 

components can be calculated to find the seismic velocity response from Equations 2.10 and 2.11 

(Smith et al. 2003). 

                                                         ” ” ρ ‰ ”‰                                                   (2.7) 

                                                               ” В Ὓ”                                                          (2.8) 

                                                                                 ὑ                                                                  (2.9) 

                                                                   ὠ                                                         (2.10) 

                                                                      ὠ                                                              (2.11) 

To understand how seismic velocities will be affected as they travel through a medium, 

the acoustic impedance equation (Equation 2.12) is employed. The equation estimates wave 

reflection and transmission as it looks at how the wave interacts with a boundary. Thus, 

employing it is essential to further understanding how changes in the fluid will look like to 

seismic waves (Smith et al. 2003). 

                                                                      ὤ ”ὠ                                                           (2.12) 
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2.5 Case Study: Weyburn 

The Weyburn project can serve as a case study as it demonstrates the integration of 

geophysical methods, particularly seismic monitoring, with reservoir flow models ï especially - 

since it was an EOR project turned to sequestration. The Weyburn was discovered in 1954 with 

1.4 billion barrels of original oil in place and undergoing WAG-CO2 from the year 2000. 

Afterward, the IEA GHG initiated a project to test the feasibility of turning it into a storage 

location while undergoing EOR (Meadows and Cole 2013). Numerous studies have been 

conducted on the Weyburn that have used seismic monitoring alongside reservoir flow models to 

enhance the interpretation. This integration is vital for ensuring accurate and efficient operations 

that fulfill regulatory requirements. 

International regulatory agencies require CO2 storage site operators to demonstrate 

conformity between monitored and simulated CO2 plume behavior. This helps ensure that CO2 is 

properly stored not just by the structural and stratigraphic sites but by residual, dissolution, and 

mineral trapping (Kühn et al. 2013). I addition, the models are usually calibrated continuously 

with monitored data. For example, in the Weyburn field, repeated 3D seismic surveys provided 

comprehensive images of the CO2 plume. This aided in visualizing the plumeôs extent and 

migration, which helped calibrate their reservoir flow models (Chadwick and Noy 2015). 

Full conformity between monitored and simulated plume behavior is challenging because 

noise and resolution affect the monitoring data. In addition, reservoir simulations are constrained 

by geological uncertainties and the simplification inherent in numerical models (Oreskes et al. 

1994). Understanding what can realistically be achieved under these conditions is vital. For 

example, performance criteria such as footprint area, lateral migration distance, plume volume, 
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and similarity index are employed to assess the quality of conformance between monitoring data 

and reservoir simulations (Chadwick and Noy 2015). 

White (2008) conducted a comprehensive geophysical monitoring as part of the 

Weyburn-Midale CO2 Monitoring and Storage Project. During Phase I (2000-2004) of the 

project, a variety of static and time-lapse seismic were employed to document the response of the 

reservoir to the injection of CO2. The objectives of the monitoring were to track CO2 saturation 

and distribution and assess the interaction of injected CO2 with reservoir fluids. In addition, they 

were determining the pressure variations, identifying off-trend flows, and ensuring the 

containment of CO2 within the reservoir. The surveys performed at the Weyburn helped identify 

significant time-delay anomalies and amplitude differences associated with certain parts of the 

reservoir under CO2 injection. Upon simulating a reservoir flow model to examine the CO2 

saturations, it was found that the anomalies were due to porosity differences and fracture 

channeling. 

Davis and Benson (2003) contributed to the storage project by using high-resolution, 

time-lapse, multicomponent seismic data monitoring the CO2 in the Weyburn. Their work 

focused on characterizing the fracture zones within the reservoir. The study revealed that natural 

fractures significantly affect fluid movement within the reservoir. Multicomponent seismic 

surveys helped achieve detailed monitoring of the fractures. Therefore, creating a fracture 

network by integrating the shear wave anisotropy into the reservoir model helped improve the 

accuracy of reservoir simulations and understand the severity of the channeling for CO2.  

The Weyburn project serves as an excellent example of the importance of integrating 

geophysical monitoring with reservoir engineering. This was the case because it was an EOR 

project converted to sequestration. The project highlights the accuracy added to the CO2 flood 
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monitoring and prediction by coupling the different departments. This leads to a project that is 

compliant with regulatory requirements and ensures proper CO2 storage.  

2.6 Previous Work 

Previous work by Oduwole (2022) investigated the seismic response changes due to 

variable oil component saturation, contrasting it with models treating oil uniformly. Her 

research, focusing on the Bell Creek Field, leverages the use of CMG GEM to predict depletion 

patterns. Afterward, the Gassmann fluid substitution equation is incorporated to calculate the 

new fluid bulk modulus, which can be used to estimate the p-wave impedance. 

The workflow of Oduwole (2022) started with a CMG GEM reservoir simulation. The 

simulator was run on a 5-spot well pattern across a stratified geological model consisting of a 

group of layers representing a siltstone matrix and a group of layers representing a sandstone 

matrix, with each group having a distinct porosity and permeability. The oil in the reservoir has 

an API gravity of 37º, and water is assumed at the irreducible saturation. The authors observed 

that the oil components were displaced at different rates, as summarized in Figure 2.2, where the 

heavier components of oil were less depleted than the lighter components.  
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Figure 2.2 Showing the simulator output of Oduwole (2022) work where the oil components 

are displaced at different rates. 

 

The CMG model results were used to generate compressibility and density values for 

fluids, which are then used in the Gassmann Equation (Equation 2.5) along with data derived 

from the logs. However, not all the grid blocks were selected. Only 25 blocks were used to 

represent the entire field. To compare the effects of these component separations, the traditional 

Gassmann Equation only considered the saturation change of the fluid, which the CMG model 

generated with a base constant value for the fluid bulk modulus used for the gas (including 

supercritical CO2) and the oil. The improved Gassmann Equation used a bulk modulus that 
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considers the change in saturations and the compositional change of the oil, with the difference 

between the two summarized in Figure 2.3, where it shows that the composition effects decrease. 

Using the new K modulus, the P-wave impedance can be calculated with the new velocities  

 

 

Figure 2.3 Illustrating the differences in the saturated bulk modulus for the traditional 

Gassmann model that only considers changes in saturations, whereas the new model incorporates 

saturation and fluid composition effects (Oduwole 2021). 

 

This research aims to signify the seismic response to fluid segregation in reservoirs, 

focusing on how changes to oil composition influences elastic seismic properties. Building on 
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the work of Oduwole (2022), this study will be contrasting heavier oil with lighter oil to study 

the segregation effects in different flooding conditions. In addition to including the effects of 

incorporating CO2 brine solubility and using a nine-point finite difference solver rather than a 

five-point finite difference solver as was the case in the previous work.  
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CHAPTER 3  

METHODOLOGY 

 This chapter outlines the methodological approach adopted in this study, detailing the 

generation and analysis of the fluid models and their properties and the setup for the reservoir 

simulation. Commercial tools such as PVTSim Nova 5 and CMG GEM are employed to 

represent the reservoir fluid behaviors and interaction with the injected CO2. These are then 

exported into a simple geophysical simulator that uses the Gassmann Equation to create a link 

between the changes in fluid components and their respective bulk modulus. Figure 3.1 

summarizes the flow of work the methodology will follow. 

 

 

Figure 3.1 Flowchart summarizing the methodology. 
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3.1 Fluid Model 

This section details the development and analysis of the fluid models using commercial 

software PVTSim Nova 5. PVTSim Nova 5 is an advanced reservoir fluid PVT simulator that 

uses empirical generation of fluid properties compatible with CMG GEM. These models are 

crucial for correctly simulating the behavior of different oil types under the CO2 injection 

scenarios. The process includes generating fluid models, determining the reservoir fluid 

properties, and combining the fluid components into representative pseudo components in a 

lumped composition for simulation efficiency (i.e., reducing the number of equations needed to 

model the compositional fluid flow process). 

3.1.1 Fluid Model Generation 

To create a comparative analysis of different fluid component transport during CO2 

injection, two fluid models were created using a Gaussian distribution to ensure realistic fluid 

behavior. The selected API gravities, 24 ºAPI for the heavier oil and 34 ºAPI for the lighter oil, 

were chosen. Figures 3.2 and 3.3 show the composition of each of the fluid models. The API 

gravity was calculated by taking the liquid components at standard pressure and temperature.  

Afterward, the fluid compositions were combined after C6 into seven pseudo components 

following, according to Danesh 1998, for simulations of CO2 flooding. A summary of the 

combination can be found in Figures 3.4 and 3.5 for the 24 and 34 ºAPI models, respectively. 

This lumping process combines the components that behave similarly to each other to help with 

the performance of the simulation while also respecting the behavior of the components. 
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Figure 3.2 24 ºAPI fluid composition chart for each component name and concentration 

within the oil. 

 

 

 

Figure 3.3 34 ºAPI fluid composition chart for each component name and concentration 

within the oil. 
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Figure 3.4 24 ºAPI lumped composition chart and their concentration within the oil. 

 

 

 

 

 

Figure 3.5 34 ºAPI lumped composition chart and their concentration within the oil. 
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3.1.2 Reservoir Fluid Properties 

As for the reservoir properties of the fluid, a PT diagram is generated to show the 

reservoir phase behavior estimated for each fluid model. The generated PT diagram can be seen 

for the 24 ºAPI and 34 ºAPI models in Figure 3.6. These diagrams are crucial to understanding 

the bubble point, dew point, and critical point constraints on the reservoir and how the 

components affect the fluid's behavior.  

 

 

Figure 3.6 24 and 34 ºAPI PT phase behavior diagrams. 

 

The figures explain the behavior of the fluid in reservoir conditions. Since most reservoir 

temperatures do not exceed 400 ºF, both models will exhibit a black oil reservoir fluid behavior. 

This is because the model ºAPI is low at stock tank conditions. The shift in the critical point 
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between the models of 24 ºAPI and 34 ºAPI is because of the difference in the concentration of 

heavier components. 

The MMP is a key parameter to determine the simulation constraints that set the 

conditions for either miscible or immiscible CO2 flooding. The MMP is generated directly from 

PVTSim Nova 5 calculations. Leading to the results of 2950 psi and 1520 psi, respectively, for 

the 24 and 34 ºAPI modelsô MMP. Both models were set at the same initial reservoir temperature 

of 150 °F.  

The rock-fluid model was developed using CMG GEM software to simulate the relative 

permeabilities and fluid interactions. Figure 3.7 shows how the oil and water interact with the 

rock where the residual water saturation is 25%, and the residual oil saturation is 18%, making it 

a water-wet rock. As for the gas, Figure 3.8 shows the interaction between the liquid and the gas, 

where the gas residual saturation is at 10%. The gas cannot go below a liquid saturation of 60% 

is that the gas cannot displace the liquids after a certain saturation.  
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Figure 3.7 Displaying the water-oil relative permeability plot. 

 

 

Figure 3.8 Displaying the liquid-gas relative permeability plot. 
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3.2 Reservoir Simulation Set-up 

The reservoir simulator is run using CMG software GEM for compositional modeling. 

Furthermore, the program was enhanced by changing the numerical parameter settings from a 

five-point finite difference to a nine-point finite difference, to correct the gas (including 

supercritical phase) distribution and displacement front location during the gas (including 

supercritical phase) flooding process. The results from the fluid properties are exported from 

PVTSim Nova 5 directly into CMG GEM. 

Six different models were developed to study the CO2 flooding process. The models start 

with a 24 ºAPI and a 34 ºAPI model, which then branch off into miscible and immiscible 

conditions of CO2 flooding. Subsequently, a soluble CO2 in brine model is included for one 

immiscible and miscible case of the 24 ºAPI fluid to analyze the effects of considering CO2-

water solubility into the model. Figure 3.9 summarizes the simulation cases considered for each 

model. 

 

 

Figure 3.9 Summary of model cases to create the study with heavier oil referring to a 24 

ÜAPI oil and lighter oil referring to a 34 ÜAPI oil the conditions of miscibility referring to the 

CO2 and the solubility refers to CO2-brine solubility. 

 

Assuming a constant reservoir temperature, the compositional reservoir simulator 

calculates as primary variables the distribution of reservoir pressure and phase saturations for oil, 

gas (including supercritical phase), and water phases by solving the flow equations for each 
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component. At each time step, the compositional simulator also performs thermodynamic vapor-

liquid equilibria calculations to determine changes in the composition of the phases due to mass 

transfer processes between the liquid and gas (including supercritical phase) phases. The phase 

composition is used to calculate fluid properties such as density and compressibility. The 

injection of CO2 disrupts the thermodynamic equilibrium of the reservoir fluids promoting the 

mass transfer of components between the phases. After performing the compositional 

simulations, the data is exported, and additional calculations are performed in Python. 

The CMG model initialization is summarized in Table 3.1, where all the data that is 

constant throughout the different models remain the same. The other data that differs from one 

model to the other are discussed in later segments. One of the most important details is that the 

model will be an inverse five-spot pattern, as illustrated in Figure 3.10. This is because the 

injector well is the center of the study. Therefore, it makes more sense to have the injector be in 

the center of the model. As for the pattern area is extended to 80 acres, while usual CO2 EOR 

projects inject 40 acres. Sequestration projects use longer spacing and 80 acres, which will help 

create a larger area to conduct the study and avoid early influences from production.  

Furthermore, the production wells can produce from all reservoir layers, but the injector 

only injects at the fourth (deeper) layer since the CO2 could flow upwards due to gravity 

segregation. CO2 injection begins after the first year of production to create a slight decline in 

pressure and displace some of the oil close to the producer. Additionally, there is an attempt to 

keep CO2 above supercritical conditions. However, it will not be used as a constraint but rather 

through injection rate as the model is allowed to drop below supercritical CO2 conditions before 

CO2 injection. 
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Table 3.1 Common data used in the reservoir modeling for all six models. 

 

Pattern Inverse 5-spot  - 

Area 80 acres 

Well spacing ~1350 ft 

Reservoir Thickness 10 ft 

Block size 44.4x44.4 ft 

Layers 5 # 

Temperature 150 F 

Porosity 0.16 fraction 

Permeability I, J 20 mD 

Permeability K 2 mD 
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Figure 3.10 Reservoir model consisting of an inverse five-spot well pattern. 

 

3.2.1 Reservoir Simulation Model Set-up 24 ºAPI Miscible 

 The 24 ºAPI miscible modelôs set up configurations are listed in Table 3.2.   The bottom 

hole pressure is maintained above the MMP pressure by placing a constraint on the production 

wells to keep the pressure above 2600 psi. The initial bottom-hole pressure is 3200 psi, with an 

injection rate of 0.6 MMSCF/d, 3.85% pore volume injected, and a production liquid rate of 400 

bbl/d. The minimum BHP for production is 800 psi. 
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Table 3.2 Listing the data used in the reservoir simulation for the 24 ºAPI miscible model. 

 

API gravity 24 ºAPI 

CO2 EOR type Miscible - 

Top Depth  7500 ft 

Bottom hole pressure 

(initial) 

3600  psi 

Injection rate 1.1 MMSCF/d 

%Pore volume injected  4.47 % 

Production liquid rate  400 bbl/d 

Production minimum BHP 2600 psi 

 

3.2.2 Reservoir Simulation Model Set-up 24 ºAPI Immiscible 

For the 24 ºAPI immiscible model, as summarized by Table 3.3, the production pressure 

is maintained below the supercritical pressure of CO2 to avoid reaching the oil bubble point. The 

initial bottom hole pressure is 2400 psi, with an injection rate of 0.6 MMSCF/d, 3.85% pore 

volume injected, and a production liquid rate of 400 bbl/d. The minimum BHP for production is 

800 psi. 
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Table 3.3 Listing the data used in the reservoir simulation for the 24 ºAPI immiscible 

model. 

 

API gravity 24 ºAPI 

CO2 EOR type Immiscible - 

Top Depth 5000 ft 

Bottom hole pressure 

(initial) 

2400 psi 

Injection rate 0.6 MMSCF/d 

%Pore volume injected 3.85 % 

Production liquid rate 

surface 

400 bbl/d 

Production minimum BHP 800 psi 

 

3.2.3 Reservoir Simulation Model Set-up 34 ºAPI Miscible 

As summarized by Table 3.4, the 34 ºAPI miscible model features CO2 EOR at a top 

depth of 2300 ft with an initial reservoir pressure of 1100 psi. The injection rate is 1 MMSCF/d, 

with 5.93% pore volume injected and a production liquid rate of 400 bbl/d. The minimum BHP 

for production is 1100 psi. 
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Table 3.4 Listing the data used in the reservoir simulation for the 34 ºAPI miscible model. 

 

API gravity 34 ºAPI 

CO2 EOR type Miscible - 

Top Depth  2300 ft 

Bottom hole pressure 

(initial) 

 1100 psi 

Injection rate  1 MMSCF/d 

%Pore volume injected  7.91 % 

Production liquid rate  400 bbl/d 

Production minimum BHP 1600 psi 

 

3.2.4 Reservoir Simulation Model Set-up 34 ºAPI Immiscible 

In the 34 ºAPI immiscible model, as summarized by Table 3.5, the top depth is 2300 ft, 

and the initial bottomhole pressure is 1100 psi. The injection rate is 0.4 MMSCF/d, with 7.41% 

pore volume injected and a production liquid rate of 200 bbl/d. The minimum BHP for 

production is set at 800 psi. 
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Table 3.5 Listing the data used in the reservoir simulation for the 34 ºAPI immiscible 

model. 

 

API gravity 34 ºAPI 

CO2 EOR type Miscible - 

Top Depth 2300 ft 

Bottom hole pressure 

(initial) 

1100 psi 

Injection rate 0.4 MMSCF/d 

%Pore volume injected 7.41 % 

Production liquid rate 200 bbl/d 

Production minimum BHP 800 psi 

 

3.3 Python code set-up 

 A Python code was developed to process results from the reservoir simulation cases in 

terms of compressibility, saturation, and density of the fluid for each timestep. The code 

implemented calculations using the Gassmann Equation to estimate the bulk modulus, velocity, 

and acoustic impedance for each cell of the reservoir model.  

3.3.1 Grid Cell Processing 

 The Python code will take in the grid cell by cell from the exported reservoir simulation 

results file and create a 3D array with the format of {k, i, j} where ókô will represent the layer, óiô 

will be the x-axis and ójô is the y-axis. Figure 3.11 shows an illustration of the outputs that start 

from {k, 0, 0} to {k, 43, 43} for the selected {k} value, which goes from 0 to 4, representing the 

five layers of the formation. 
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Figure 3.11 Showing the grid set-up for the Python code with grids {0,0}, {0,43}, {43,0}, and 

{43,43} representing the production nodes and {22,22} representing the injection nodes. 

 

3.3.2 Gassmann Black Oil Approach Assumptions 

One issue that arises when determining the fluid phase properties for the Gassmann black 

oil approach is getting the correct fluid property assumptions to represent the oil and gas 

(including supercritical phase). This is because the pressure changes from year to year by 

multiples during flooding, which creates a need to find a constant value for the fluid properties 

that changes with the pressure change. The best approach to minimize the errors in the Gassmann 

black oil approach is to use a cell that is not flooded throughout the entire flooding period to 
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represent the oil and a cell that is almost 100% pure CO2 to represent the supercritical CO2. 

Thus, the best representative cell for the oil is at the edge of the layer at grid # {22,0}, and for 

the CO2, use the injection site directly at the block as that contains the purest CO2 in the reservoir 

at {22,22}. Checking the CO2 density with NIST data, the error rate ranges from 1 to 10% by 

using this method, with the highest error being around 2200 ï 3200 psi ranging from 5 to 10% 

and the rest of the pressures ranging from around 1 to 4%. 

3.3.1 Equations Set-up 

To start with the Gassmann Equation, the compressibility is first converted to bulk 

modulus by taking the inverse of compressibility (Equation 3.1). This is done for the water, oil, 

and gas (including supercritical phase) compressibility. The fluid bulk modulus is then calculated 

using Equation 3.2 considering the saturation of the phases. Afterwards, the saturated rock bulk 

modulus is calculated using the Gassmann Equation (Equation 3.3). With the assumption that the 

bulk modulus of the dry porous rock frame, Ὧᶻ is 12.25 GPa (Zhang et al. 1999) and bulk 

modulus of the mineral matrix, Ὧ, is 36 GPa which are values typical for a sandstone reservoir, 

with around 5% or less shale (Smith et al. 2003).  

                                                                       ὑ                                                                                      (3.1) 

                                                                 ὑ В                                                        (3.2) 

                                                           ὑ ὑᶻ
ᶻ

 z                                                           (3.3) 

Before calculating the velocity, the overall density needs to be calculated using Equation 

3.4. As for the P-wave velocity, since the shear modulus data is not available, simple algebra is 
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needed to create an equation that only uses bulk modulus and density. This is done using the 

relationship between the P-wave velocity and S-wave velocity.  

                                                              ” ” ρ ‰ ”‰                                                (3.4) 

To derive the P-wave velocity, the following Equations, 3.5 and 3.6, are used: 

                                                                ὠ                                                               (3.5) 

                                                                       ὠ                                                                 (3.6) 

Given the following ratio between the P-wave and the S-wave for sandstone (Mavko 2020): 

                                                                       ρȢχ                                                               (3.7) 

Adjusting the S-wave equation to solve for the shear modulus from Equation 3.6: 

                                                                             ' 6 ʍz 

Afterwards, substituting the P-wave to S-wave ratio into the shear modulus equation: 

                                                      '
Ȣ

ʍz 

Then applying the previous changes on Equation 3.6 to the P-wave equation listed in Equation 3.5: 

                                                       6 Ȣ
ᶻ

 

Simplifying: 
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                                                6
Ȣ
ᶻ

 

                                                   6
Ȣ

 

                                                 ρ
ᶻȢ

6  

The velocity can now be calculated directly from the saturated bulk modulus and density through 

Equation 3.8: 

                                                             ὠ
ᶻ

ᶻȢ

                                                         (3.8) 

Finally, the impedance Zp is calculated with the following Equation 3.9: 

                                                                    ὤ ”ὠ                                                                 (3.9)  
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CHAPTER 4  

RESULTS AND DISCUSSION 

This chapter will discuss the results for each of the six models. The models consist of 24 

ºAPI miscible, 24 ºAPI immiscible, 24 ºAPI miscible with CO2-brine solubility, 24 ºAPI 

immiscible with CO2-brine solubility, 34 ºAPI miscible, and 34 ºAPI immiscible. The miscibility 

conditions refer to CO2 with the oil, and unless mentioned otherwise, the models do not have 

CO2 solubility in brine. Creating an analysis on both miscible and immiscible in this study is 

important to help study the response of differing vaporization of components between the 

injected fluid and the oil. Allowing for an examination of how compositional changes within the 

oil are influenced by varying mechanisms. 

All the models were simulated using a nine-point finite difference simulator. This is 

because before using a nine-point finite difference simulator, the simulation results showed 

unrealistic behaviors where the injected fluid was moving in a straight line from the injector 

towards the boundaries that are away from the producers. Therefore, the movement was 

motivated by the square cell geometry of the model rather than the pressure drop from the 

production. Furthermore, its pattern was not circular at the start of the injection, which is 

unrealistic. The errors could be minimized by turning the geometry by 45 degrees, but since 

CMG allows for running the model in a nine-point finite difference, this issue was avoided. 

The results will be differentiated from the original oil composition for the models listed. 

Thus, the word ódifferenceô coupled with the results will refer to the chosen year compared to the 

first year before injection. 
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4.1 Miscible 24 ºAPI 

For the heavier 24 ºAPI miscible model, three points of interest are used: {4,4}, {8,8}, 

and {19,19} on the fourth layer. These points are selected to create a quick comparison of the 

data and to be representative of the conditions surrounding them. The criterion for the selection 

is for the points to represent conditions for the near-production {4,4} , the second highest point of 

difference for the front of advance of the injected fluid {8,8} , and the near-injection {19,19} 

conditions for the 24 ºAPI miscible model.  

Table 4.1 summarizes key data used to analyze the first model. This data includes the 

time of breakthrough, which is determined when the production wells start reading CO2 in their 

production figures above a cutoff point of 75 ft3/day. Subsequently, the location of the CO2 

displacement front is based on a cutoff point of 3% global CO2 mole fraction.  

 

Table 4.1 Summary of the data for the 24 ºAPI miscible flooding model at year 5 of 

flooding with the differences referring to the difference in value between the compositional 

model and the black oil model. 

 

Breakthrough Timelapse 4 years and 3 months of flooding 

Layer of interest 4 

Frontline at snapshot (Year 4) { 6,6}  3% 

Grids of interest {4,4}  { 8,8}  {19,19} 

 

Figure 4.1 illustrates oil density, gas (including supercritical phase) density, pore 

pressure, and oil saturation at the fourth layer during the 4th year of injection. Oil density 

distribution in the figure changes because of CO2 injection. The difference between points {4,4} 

and {8,8} shows that the oil density at the front does not decrease much, as it only dropped from 
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56.7 to 56.5 lb/ft3. After {8,8}, the density continues to drop, but then it increases the closer it 

gets to the injector at {19,19}, reaching a high 63.5 lb/ft3. The increase in density is attributed to 

the CO2 mixing which mobilized most of the lighter and intermediate oil components, thereby 

leaving behind the heavier oils. As for the pressure distribution, from {4,4} to {8,8}, the pressure 

difference is 246 psi and 321 psi between {4,4} to {19,19}. This shows that the pressure drops 

steeply around production wells. This may cause some readings to be affected, especially values 

that use the black oil assumption since the pressure is changing rapidly. The oil saturation 

reading shows no changes to the oil saturation ahead of the displacement front, which makes it 

impossible for the traditional black oil application of Gassmann models to capture the details of 

the displacement front as it relies on saturation changes only. The supercritical CO2 density 

shows that it is exchanging components with the oil, leading to a distribution of its density that 

gets heavier at the front. 

Figure 4.2 shows the bulk modulus of the oil and supercritical CO2 and the responding 

saturated bulk modulus for both the compositional and the black oil model. In the figure, it is 

observed that the oil bulk modulus decreases significantly at {8,8} from the original modulus 

shown in {4,4} due to CO2 dissolution. In contrast, the bulk modulus increases at the injection 

site {19,19} as oil loses compatibility with the CO2. The supercritical CO2 bulk modulus is 

higher at {10,10} and gets lower towards the injection. As for the comparison between the two 

models, the compositional model captures the CO2 effect on oil, while the black oil model 

underestimates the location of the CO2 injection front due to the black oil model not accounting 

for mixing at the front. 

To assess the difference on the displacement front, previous timelines are analyzed. This 

analysis aims to demonstrate how neglecting the compositional mixing front can lead to an 
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underestimation of the displacement frontôs location. The location of the black oil model 

showing that the displacement front is at point {10,10} coincides with the compositional 

approach when it was at 2 years 6 months of flooding. Thus, not accounting for the mixing front 

has caused the model to underestimate the location of the displacement front by approximately 1 

year and 6 months. 

Figure 4.3 shows the P-wave velocity and impedance for the compositional and 

traditional models. It is observed that the velocity significantly changes for the oil phase at the 

front compared to the undisturbed oil phase. The difference is even higher in the velocity case 

because the density is now being considered with the bulk modulus. The impedance shows a 

similar response because there is a greater emphasis on the density due to the nature of the 

equation. It is also observed that the displacement front is not being captured as expected by the 

traditional model. However, the near-injection region is almost the same in its response, even 

though the oil density and composition have significantly changed.  
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Figure 4.1 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

4 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation.  

(c) Pore Pressure (d) Oil Saturation 

(a) Oil Density (b) Supercritical CO2 
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Figure 4.2 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

4 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk 

modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 

 

 

(c) Saturated Bulk Modulus 

Change 
(d) Saturated Bulk Modulus 

(Black Oil) 

(a) Oil Bulk Modulus 

(b) Supercritical CO2 Bulk 

Modulus 
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Figure 4.3 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

4 of flooding for (a) velocity difference for the compositional model, (b) velocity difference for 

the black oil model, (c) impedance difference for the compositional model, and (d) impedance 

difference of the black oil model. 

 

As for the 24 ºAPI model after the breakthrough, part of the results is represented in 

Figure 4.4. The first observation from the oil density plot shows that a breakthrough has 

occurred. In addition, the oil density has become more dense near the injection as a result of the 

mobilization due to CO2 favoring the lighter components more than the heavier components. As 

for the pressure, it is smaller in the difference between the points from {4,4} to {19,19} since it 

(c) Impedance Difference 
(d) Impedance Difference 

(Black Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 

{4}{4} = ул m/s 
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is now only around 212 psi. This means that it is a smaller factor in this case than in the previous 

case regarding its effect on the results. The supercritical CO2 density is still heavier further from 

the injection site, but it is losing that attribute as the injection continues. In addition, the oil 

saturation has not yet shown a breakthrough because the breakthrough happened by the oil that is 

miscible with the supercritical CO2, which becomes part of the oil phase. Furthermore, the oil 

saturation in the near injection significantly differs from the others, where it is 8% saturation and 

contains only heavy components. 

The bulk moduli change is illustrated in Figure 4.5. The oil and supercritical CO2 bulk 

moduli shows a change similar to the one observed within the oil and supercritical CO2 densities. 

On the other hand, the saturated bulk modulus does not reflect those changes when comparing 

the saturation model to the compositional model. The only observed difference is that the 

saturation model does not show that a breakthrough has been achieved, which means it is lagging 

and has been for almost a year. Despite that, the changes in magnitude due to the compositional 

changes are barely noticeable in the model where there is a gas (includes the supercritical CO2) 

and an oil phase. Looking at the calculations of the fluid bulk modulus change, it is observed that 

the effects of the changes in the composition of the oil causing it to be a lighter oil and the effects 

of the gas becoming a heavier supercritical CO2 cancel out and lead to a result where the analysis 

can be mistakenly concluded that there are no differences. As for the section in the middle, closer 

to the injection site, the differences are caused by the fact that there is a significant difference 

between the oil and the supercritical CO2, and the supercritical CO2 dominates the fluid bulk 

modulus equation. 

Going on to the velocity and impedance in Figure 4.6. The velocity and the impedance 

show a similar result to the bulk modulus. The slight difference between the numbers, as 
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opposed to the bulk modulus, where they were almost similar in values, is because the density 

used does not change as easily to cancel out as the harmonic averaging done by the fluid bulk 

modulus calculation. However, the differences are still minor, especially considering that the 

total impedance value for the reservoir is around 8.3 million Rayl.  

 

Figure 4.4 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

6 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation. 

 

(c) Pore Pressure (d) Oil Saturation 

(a) Oil Density (b) Supercritical CO2 Density 
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Figure 4.5 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

6 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk 

modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 

 

 

 

(c) Saturated Bulk Modulus 

Change (Compositional) 
(d) Saturated Bulk Modulus 

(Black Oil) 

(a) Oil Bulk Modulus 
(b) Supercritical CO2 Bulk 

Modulus 
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Figure 4.6 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

6 of flooding for (a) velocity difference for the compositional model, (b) velocity difference for 

the black oil model, (c) impedance difference for the compositional model, and (d) impedance 

difference of the black oil model. 

 

(c) Impedance Difference 
(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 
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4.2 Immiscible 24 ºAPI 

The grid representation for this model chosen is {4,4}, {9,9}, and {19,19}. The reason 

behind the {9,9} is because it is directly at the front of the flood. Block {10,10} will be chosen to 

represent the supercritical CO2 models. The {4,4} and {19,19} are chosen because they are the 

near producer and near injector sites as previously used. The layer will be the first for all the 

models because that is where the breakthrough occurs. This is a direct result of the immiscible 

conditions that cause gravity segregation to take effect. 

Table 4.2 summarizes part of the results of the immiscible 24 ºAPI model, which include 

the chosen representative grids, the time of breakthrough, the layers of interest, and the extent of 

the displacement front. It is observed that the front took six years and eight months. Furthermore, 

there is a steep decline in the CO2 global mole fraction at the front, unlike the miscible model. 

 

Table 4.2 Displaying a summary of the data for the 24 ºAPI immiscible flooding model at 

year 6 of flooding. 

 

Breakthrough Timelapse 7 years and 8 months of flooding  

Layer of interest 1 

Displacement front at snapshot 

(Year 6) 

{ 9,9} with 4% CO2 

Grids of interest {4,4}  {9,9}  {19,19} 

 

The initial set of figures for the immiscible CO2 EOR flooding in the 24 ºAPI case are 

presented in Figure 4.7. This figure indicates that the pressure difference from the near injection 

site to the producer is 138 psi. Although the conditions are not miscible, oil density changes are 

still occurring but not as pronounced as in the miscible case. This is a result of mixing between 
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the oil and the supercritical CO2, where the supercritical CO2 picks up the light and medium 

components. It is observed that the density gets heavier behind the front and lighter at the front. 

This is because there are intermediate components that get mobilized after the lighter 

components. From the saturation point, the displacement of the oil is less than that of the 

miscible case. 

Figure 4.8 shows the bulk modulus changes. Before looking at the result of the Gassmann 

Equation, which gives the saturated bulk modulus, the oil bulk modulus and the supercritical 

CO2 bulk modulus changes can help give an idea of how the model will react. Upon analyzing 

the figures, it is concluded that the oil bulk modulus is getting lighter throughout the flooding 

regime and heavier near the injector. This is because the CO2 is dissolving with the oil enough to 

cause the bulk modulus to drop by almost 50%. However, the displacement of the components is 

causing the injector site to increase in bulk modulus as the heavy components become the 

remainder of the oil. The supercritical CO2 bulk modulus, on the other hand, is similar to the 

density decrease in the injector because the supercritical CO2 is losing its capability of mixing 

with the oil at the same scale as it used to. In addition, the yellow ring afterward is the heaviest 

because the lighter components are the first to be mobilized, followed by the heavy components 

in the back. This leads to a phenomenon where the supercritical CO2 starts light, then heavy, and 

light again at the front.  

Figure 4.8 illustrates the change in bulk modulus. The oil bulk modulus for this model is 

getting lighter throughout the flooding regime and heavier near the injector. The supercritical 

CO2 bulk modulus shows a similar pattern to the density because of the different components 

that it is picking up. The near injector region is losing more of the components that it can easily 

mobilize to the supercritical CO2 phase, which is causing it to become lighter and purer. As for 
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the Gassmann Equation results, it is observed that the difference between the black oil model and 

the compositional model is one grid block, which is less than its miscible counterpart.  

To assess the difference on the displacement front, previous timelines are analyzed. This 

analysis aims to demonstrate how neglecting the compositional mixing front can lead to an 

underestimation of the displacement frontôs location. The timeline coinciding at point {10,10} 

indicates that 5 years and 7 months of flooding have elapsed. This finding suggests that the black 

oil Gassmann model is behind the compositional approach by approximately 6 months.  

A similar conclusion is made for Figure 4.9, which looks at the velocity and impedance 

between the two models. Only at the displacement front do the changes occur between the black 

oil and the compositional model. The velocity does not place as big of an emphasis on density; 

therefore, the difference seems to be small. As for the impedance, despite the emphasis on 

density, the differences are still negligible outside of the displacement front. 

Figure 4.9 examines the velocity and impedance for the compositional and black oil 

models. Despite the emphasis on density, the results and conclusions are similar to the bulk 

modulus. However, unlike the miscible model, the near injection sites in this case differ more 

than they did in the miscible case. This is believed to be a result of more of the components 

being taken into the supercritical CO2 phase, which has an overall effect on the bulk modulus 

than in the miscible case.  

Similar to the miscible case, after the breakthrough, the compositional model becomes 

more identical to the black oil model and will continue to do so as the flooding continues. This is 

shown in Figure 4.10, where the bulk modulus for supercritical CO2 and oil and the resulting 

saturated bulk modulus for the compositional and black oil models are shown. The injection is 
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getting sufficiently similar between the two cases, whereas the movement of lighter components 

is causing some changes at the {8,8} point, an effect not reciprocated by the miscible case. 

 

 

Figure 4.7 Showing the summary results for the miscible 24 ºAPI immiscible condition at 

year 6 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation. 

 

 

 

 

 

(c) Pore Pressure (d) Oil Saturation 

(a) Oil Density (b) supercritical CO2 Density 
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Figure 4.8 Showing the summary results for the immiscible 24 ºAPI miscible condition at 

year 6 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated 

bulk modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 
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(Black Oil) 
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Modulus 
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Figure 4.9 Showing the summary results for the miscible 24 ºAPI immiscible condition at 

year 6 of flooding for (a) velocity difference for the compositional model, (b) velocity difference 

for the black oil model, (c) impedance difference for the compositional model, and (d) 

impedance difference of the black oil model. 
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Figure 4.10 Showing the summary results for the miscible 24 ºAPI immiscible condition at 

year 8 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated 

bulk modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 

 

4.3 Miscible 24 ºAPI Soluble 

This model follows the same formatting as the miscible 24 ºAPI model to spot the 

differences between a model without CO2 solubility in brine and with. Thus, the grids selected 

remain {4,4}, {8,8}, and {19,19}, with the layer selected representing the fourth layer. Table 4.3 

summarizes the selections and other findings, and the first observation is that the displacement 

(c) Impedance Difference (d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 
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front has been delayed by a month.  In addition, the position of the displacement front was 

behind in location in the case where CO2 solubility in brine is considered as compared to the case 

where CO2 solubility in brine was neglected. 

Table 4.3 gives a quick summary for parts of the results about breakthrough and 

displacement front advancement. The breakthrough occurred after four years and four months of 

flooding. Illustrating how the inclusion of CO2 brine solubility has delayed the breakthrough by a 

month for the miscible case. In addition, for the snapshot chosen for Figure 4.11 to 4.13, they 

were shot at year 4 of flooding. The table lists the actual displacement front at the fourth year of 

flooding to be at the grid {7,7} where cutoff of 3% CO2 mole global mole fraction was chosen to 

represent the displacement front. Showing the effects of including aqueous solubility to delay the 

flooding slightly. 

 

Table 4.3 Displaying a summary of the data for the soluble 24 ºAPI miscible flooding model 

at year 5 of flooding. 

 

Breakthrough Timelapse 4 years and 4 months of flooding  

Layer of interest 4 

Displacement front at snapshot 

(Year 4) 

{ 7,7}   

Grids of interest {4,4}  {8,8}  {19,19} 

 

Figure 4.11 shows the figures for oil, supercritical CO2, water densities, and pore 

pressure. The oil density figure shows how adding the water solubility has delayed the 

movement of the displacement front by a grid block while also reducing the intensity of the 

mixtureôs effects within the oil phase. This is because CO2 interacts with water, influencing the 
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overall flood. The supercritical CO2 density also shows signs of being slowed by a grid block in 

comparison to the non-soluble model. As for the pressure, it remains relatively unchanged to the 

previous case. The total CO2 mole fractions dissolved in the water are around 2-2.3%, depending 

on the pressure, and its bulk modulus remains unchanged. For the conditions in the subsequent 

plots, the CO2 mole fraction in the water was 2.3%, and the water density increased by 

approximately 0.7 lb/ft3, representing a 1.1% increase. This increase in density of the water 

conforms with the findings of previous literature (Garcia 2001), which indicated a change in 

water density of 2-3% when CO2 is introduced.  

Figure 4.12 illustrates the bulk modulus of the phases and the saturated bulk modulus. 

Observing the oil bulk modulus, the reading is higher than the previous model. It was 0.63 GPa 

on the non-soluble model, whereas here, it has a higher reading of 0.77 GPa. This is due to the 

delay of the displacement front caused by the interactions between the oil and supercritical CO2. 

As for the supercritical CO2 bulk modulus, the supercritical CO2 advance is also slowed due to 

the interactions. The water bulk modulus remained unchanged even with the change in pressure 

from pre-injection to post-injection, regardless of the density increase. As for the saturated bulk 

modulus, it is hard to conclude as the two blocks of {8,8} and {9,9} can be averaged to the value 

recorded on the non-soluble model. Therefore, the displacement front changes are inconclusive 

as the slowing of the advance can cause it to give different readings as if the reading was being 

taken on a different date. The injection site gives a similar value to the oil and supercritical CO2 

moduli changes, which were not high enough.  

Figure 4.13 displays the velocity and impedance results for the compositional and 

traditional models. In these plots, it is observed that the velocity shows no change in response to 

considering the water solubility with the CO2. However, the impedance emphasizes the density, 
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which should show the effects of the increase in water density. The change is only 2,000 rayl, 

which is a small change considering that the formation is in the millions of rayl. The 

displacement front is still inconclusive because it has been slightly slowed by the interactions 

with the water, making it hard to compare the two cases. 

 

 

Figure 4.11 Showing the summary results for the soluble miscible 24 ºAPI miscible condition 

at year 4 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) 

water density. 

 

(c) Pore Pressure (d) Water Density 

(a) Oil Density (b) Supercritical CO2 Density 
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Figure 4.12 Showing the summary results for the soluble miscible 24 ºAPI miscible condition 

at year 4 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated 

bulk modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 
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(d) Saturated Bulk Modulus 

(Black Oil) 

(a) Oil Bulk Modulus 
(b) Supercritical CO2 Bulk 

Modulus 
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Figure 4.13 Showing the summary results for the soluble miscible 24 ºAPI miscible condition 

at year 6 of flooding for (a) velocity difference for the compositional model, (b) velocity 

difference for the black oil model, (c) impedance difference for the compositional model, and (d) 

impedance difference of the black oil model. 

 

4.4 Immiscible 24 ºAPI Soluble 

This model follows similar formatting to the immiscible 24 ºAPI model to spot the 

differences between a model without aqueous solubility for the supercritical CO2. Thus, the grids 

selected are changed only for the breakthrough, but the rest remain the same: {4,4}, {10,10}, and 

{19,19}, with the layer selected representing the first layer. In addition, as observed in Table 4.4, 

(c) Impedance Difference 
(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 
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the displacement front has been delayed by three months due to the interactions between the CO2 

and the water, delaying the displacement front. 

 

Table 4.4 Displaying a summary of the data for the soluble 24 ºAPI immiscible flooding 

model at year 6 of flooding. 

Breakthrough Timelapse 6 years and 11 months of flooding  

Layer of interest 1 

Displacement front at snapshot 

(Year 6) 

{9,9}  with 10% CO2 

Grids of interest {4,4}  {10,10} {19,19} 

 

The Immiscible soluble model will not have the same points chosen as there are barely 

any effects on the {9,9} mark, so instead, {10,10} is a chosen representative. Starting with 

Figure 4.14, it is observed that the model is almost at the same line as the previous model but 

less developed on the displacement front. This indicates that the water has caused a retardation 

effect on the flooding. The pressure difference, however, is almost 100 psi on all points, which 

would lead to slight differences in the reading. This is believed to be the reason why the 

supercritical CO2 is 0.3 lb/ft3 lower than the non-soluble model. As for the oil, it is most likely 

not because of the pressure since point {4,4} does not show any changes; thus, it is an effect of 

the water interacting with the CO2. As for the water density, the density is mostly at 63.5 lb/ft3, a 

0.6 lb/ft3 increase from the original due to the solubility of CO2 at a water mole fraction of 0.14% 

to 0.19%. 

Aside from the effects of delaying the displacement front, the next set of Figures barely 

shows any changes. In Figure 4.15, the supercritical CO2 and oil bulk moduli changes could be 
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caused by the higher pressure. As for the saturated bulk modulus, it seems to be the same value. 

From Figure 4.16, the velocity is unchanged; however, the impedance shows a change of 1,000 

Rayls. This is believed to result from the water density as the velocities and the bulk modulus 

conform with the previous findings. 

 

 

Figure 4.14 Showing the summary results for the soluble immiscible 24 ºAPI miscible 

condition at year 6 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, 

and (d) water density. 

 

(c) Pore Pressure (d) Water Density 

(a) Oil Density (b) Supercritical CO2 Density 
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Figure 4.15 Showing the summary results for the soluble immiscible 24 ºAPI miscible 

condition at year 6 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) 

saturated bulk modulus of the compositional model, and (d) saturated bulk modulus of the black 

oil model 

 

 

 

 

(c) Saturated Bulk Modulus 

Change 

(d) Saturated Bulk Modulus 

(Black Oil) 

(a) Oil Bulk Modulus 

(b) Supercritical CO2 Bulk 

Modulus 
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Figure 4.16 Showing the summary results for the miscible 24 ºAPI miscible condition at year 

6 of flooding for (a) velocity difference for the compositional model, (b) velocity difference for 

the black oil model, (c) impedance difference for the compositional model, and (d) impedance 

difference of the black oil model. 

 

4.5 Miscible 34 ºAPI 

The grids chosen to represent different parts of the reservoir are {4,4}, {8,8}, and 

{19,19}. Where the first represents the behavior of the reservoir that is not flooded. {8,8} is 

representing a part in the displacement front and {19,19} is for the behavior of near the injection. 

{9,9} is chosen for the supercritical CO2 as it lags on the front. This is summarized in Table 4.5, 

(c) Impedance Difference 
(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 

{10}{10} = -799k Rayls 
{10}{10} = -778k Rayls 
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which also lists the displacement front at the snapshots used in the later figures, which is at 

{6,6}.  

 

Table 4.5 Displaying a summary of the data for the 24 ºAPI miscible flooding model at year 

5 of flooding. 

 

Breakthrough Timelapse 5 years and 3 months of flooding  

Layer of interest 4 

Displacement front at snapshot 

(Year 4) 

{ 6,6}  at 3%  

Grids of interest {4,4}  {8,8}  {19,19} 

 

The first collection of results is shown in Figure 4.17, which shows the oil and 

supercritical CO2 densities along with the oil saturation and corresponding pore pressure before 

the breakthrough. It is seen that the oil density is leading the front while the supercritical CO2 

density is lagging behind the displacement front. There is no supercritical CO2 present at and 

after the front, which is why data is not shown for the same points. The oil density is observed to 

be lighter at the displacement front due to the mixing of CO2 with the oil, becoming a single 

phase with most of the lighter components present. As for the center, oil is observed to be getting 

heavier despite still interacting with CO2 because the lighter components are displaced away 

almost completely, leaving only the intermediate and heavy components. The oil saturation has 

decreased to around 40% through the displaced regions and 12% near the injector from 75%. The 

pore pressure change results are surprising in that the drop from the majority of the reservoir is 

not high. There is a 100-psi difference between points {4,4} to {19,19} when the difference 
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between the injector and the producer is almost 400 psi. This means that the pressure effect on 

the data is small and will not be the driving force in change. 

The results of the Gassmann Equation are plotted in Figure 4.18 for both the 

compositional and black oil models. Oil and supercritical CO2 bulk moduli are also shown since 

they are the driving force behind the Gassmann Equation changes. It is observed that the 

compositional Gassmann not only captures the displacement front due to the changes in the oil 

properties, but it also captures the changes experienced by the supercritical CO2 due to the 

mixing between the supercritical CO2 and the oil components that is occurring. This is shown by 

the gradual changes seen in the results plotted in Figure 4.19, where the compositional model 

shows a gradient decrease from after the displacement front to the injector, which is not 

witnessed in the black oil model. Thus, the traditional models fail to account for the gradient 

changes seen within the supercritical CO2 plume, which can show a change in properties that can 

range between 6-12%. In addition, the traditional models failed to capture where the advance is 

by three grid blocks, translating to around 120-150 ft. 

Assessing the underestimation caused by not incorporating a compositional Gassmann to 

capture the front. It is observed that the compositional Gassmann shows the location of the front 

at 2 years and 8 months of flooding in the {10.10} point that coincides with the results of the 

black oil model at the 4 year of flooding mark. This illustrates that the black oil Gassmann 

application underestimates the front by 1 year and 4 months. 

Continuing with the after-breakthrough models, it is observed that the compositional 

models match the black oil model. Figure 4.20 shows that the compositional change that 

influenced velocity and impedance by around 10% is now less than 2%. The compositional 

model continues to get closer and closer to the black oil model as the years continue after the 
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breakthrough. Furthermore, the front gets less pronounced after breakthrough as there is less 

mixing due to the supercritical CO2 following the path of least resistance. Therefore, the 

differences between the compositional and black oil models become less pronounced after the 

breakthrough. 

 

 

Figure 4.17 Results for the miscible 34 ºAPI simulation case at year 4 of flooding for (a) oil 

density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil saturation. 

 

 

 

 

(c) Pore Pressure (d) Oil Saturation 

(b) supercritical CO2 Density (a) Oil Density 
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Figure 4.18 Results for the miscible 34 ºAPI simulation case at year 4 of flooding for (a) oil 

bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk modulus of the 

compositional model, and (d) saturated bulk modulus of the black oil model. 
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Figure 4.19 Results for the miscible 34 ºAPI simulation case at year 6 of flooding for (a) 

velocity difference for the compositional model, (b) velocity difference for the black oil model, 

(c) impedance difference for the compositional model, and (d) impedance difference of the black 

oil model. 

 

 

 

(c) Impedance Difference 

(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 
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Figure 4.20 Results for the miscible 24 ºAPI simulation case at year 6 of flooding for (a) 

velocity difference for the compositional model, (b) velocity difference for the black oil model, 

(c) impedance difference for the compositional model, and (d) impedance difference of the black 

oil model. 

 

4.6 Immiscible 34 ºAPI 

Table 4.6 shows a summary of parts of the results. The breakthrough time in this data set 

was cutoff at 3%, which leaves it at {11,11}. The points of interest are, therefore, {4,4}, {1 1,11}, 

and {19,19} for the unflooded reservoir, displacement front, and near injection conditions. 

 

(c) Impedance Difference 

(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 
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Table 4.6 Displaying a summary of the data for the 24 ºAPI miscible flooding model at year 

3 of flooding. 

 

Breakthrough Timelapse 2 years and 3 months of flooding  

Layer of interest 1 

Displacement front at snapshot 

(Year 3) 

{ 11,11}  at 5%  

Grids of interest {4,4}  { 11,11}  {19,19} 

 

Figure 4.21 shows the densities, saturations, and pressure changes in the CO2 injection. 

The pressure is higher than the critical pressure of CO2, barely sustaining it closer to the 

production site, but it is under miscible conditions. The oil density decreases only around the 

displacement front, with the rest being closer to the initial value, and the production site is only 

1.2 lb/ft3 higher in density. The supercritical CO2 density shows a similar pattern, with the 

density being low only at the front and the rest closer to the value of the near injection site of 

12.3 lb/ft3.  

The bulk modulus in Figure 4.22 shows an overall decrease in all the oil bulk modulus. 

The reason is that CO2 replaces the light components, creating a lighter oil mixture. Because 

there is not much compositional change, the bulk modulus for both the black and compositional 

models shows a similar response near the injector. However, it is unable to pick up the exact 

displacement front as it cannot see the changes in the oil phase, which occurs at around one cell 

away from the saturation changes with the supercritical CO2 phase.   

To assess the inability of the black oil Gassmann application to properly estimate the 

location of the displacement front, previous timelines are analyzed. It is observed that the 

compositional Gassmann shows the actual front to be at the point of {11,11} whereas the black 
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oil Gassmann shows the position to be at {12,12}. The timeline where the compositional model 

agrees with the black oil Gassmann is at 1 year and 10 months of flooding which means that the 

black oil model is 2 months behind. 

The impedance and P-wave velocity plots are displayed in Figure 4.23. The velocity 

does, unlike the bulk modulus, slightly vary due to it accounting for the density increasing. This 

is concluded by looking at the near injection sites. The impedance reflects the same conclusions. 

Furthermore, Figure 4.24 shows the behavior after the breakthrough, and it is observed that the 

two models are already similar in the results. 
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Figure 4.21 Results for the immiscible 34 ºAPI simulation case at year 2 of flooding for (a) oil 

density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil saturation. 

 

 

 

(c) Pore Pressure 
(d) Oil Saturation 

(a) Oil Density (b) Supercritical CO2 Density 

{11}{11} = 47.7 lb/ft 3 {11}{11} = 6.2 lb/ft 3 

{11}{11} = 1167 psi 
{11}{11} = 0.75 
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Figure 4.22 Results for the immiscible 34 ºAPI simulation case at year 2 of flooding for (a) oil 

bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk modulus of the 

compositional model, and (d) saturated bulk modulus of the black oil model. 

 

 

 

(c) Saturated Bulk Modulus 

Change 

(d) Saturated Bulk Modulus 

(Black Oil) 

(a) Oil Bulk Modulus (b) Supercritical CO2 Bulk 

Modulus 

{11}{11} = 0.48 GPa {12}{12} = 6.9 MPa 

{11}{11} = -0.14 GPa {12}{12} = -1.62 GPa 
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Figure 4.23 Results for the immiscible 34 ºAPI simulation case at year 2 of flooding for (a) 

velocity difference for the compositional model, (b) velocity difference for the black oil model, 

(c) impedance difference for the compositional model, and (d) impedance difference of the black 

oil model. 

 

 

(c) Impedance Difference (d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black 

Oil) 

{11}{11} = -16 m/s {12}{12} = -182 m/s 

{11}{11} = -43k Rayls {12}{12} = -489k Rayls 
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Figure 4.24 Results for the immiscible 34 ºAPI simulation case at year 2 of CO2 flooding for 

(a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk modulus of the 

compositional model, and (d) saturated bulk modulus of the black oil model. 

 

  

(c) Saturated Bulk Modulus Change (d) Saturated Bulk Modulus (Black 

Oil) 

(a) Oil Bulk Modulus (b) Supercritical CO2 Bulk Modulus 

{11}{11} = 0.31 GPa {11}{11} = 4.9 MPa 

{11}{11} = -1.67 GPa {12}{12} = 1.66 GPa 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

The objective of this study was to analyze the compositional segregation during CO2 

injection and its influence on the elastic seismic properties. This is done for a heavier oil sample 

and a lighter oil sample that are simulated at 24 ºAPI and 34 ºAPI respectively in both miscible 

and immiscible conditions. Therefore, a compositional reservoir simulation model was created to 

capture the effects of the CO2 flood on the composition of the oil phase and the supercritical CO2 

phase because of the mixing between the oil and supercritical CO2. The data from the 

compositional reservoir simulation model was then used to create a comparison between a 

traditional application of the Gassmann Equation which only considers phase saturations and an 

approach that considers compositional changes of the phases. Additionally, this study 

investigated the effect of CO2 solubility in the brine on the predicted CO2 distribution and its 

effects on the location of the displacement front. 

The models only exhibited a realistic flooding behavior due to the transformation of the 

model to a 9-point finite difference. This is because the injected supercritical CO2 is highly 

mobile and requires calculations to be done diagonally. It also alleviates the need to adjust the 

grids to minimize error. 

 In a three-phase fluid system, the acoustic velocity is influenced predominantly by the 

supercritical CO2 phase. This is expected because sound travels significantly slower in the 

supercritical CO2 phase than the liquid phase. This effect is captured by the harmonic averaging 

relationship between the fluids in the Gassmann Equation. Furthermore, the density and bulk 
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modulus of the injected supercritical CO2 phase are subject to changes when influenced by the 

presence of the oil phase. Specifically, heavier oil results in supercritical CO2 picking up more 

heavier components, whereas lighter oil results in the supercritical CO2 picking up more lighter 

components. The distribution pattern for the immiscible displacement front differs from that of 

the miscible displacement front. The immiscible front mobilizes the lighter components on the 

supercritical CO2 phase first, then the intermediate, and finally, the heavier components. 

Meanwhile, the components are picked up at a similar rate in a miscible flood. This interaction is 

only captured during compositional modeling and decreases over time when the breakthrough 

occurs. 

Table 5.1 shows a summary of the approximation of the delay caused by incorporating a 

black oil Gassmann in comparison with a compositional Gassmann. It is observed that the 

subsequent underestimation of the location of the front by using a black oil Gassmann matches 

with prior years of the compositional model that differ from different models. It is observed that 

the miscible models underestimate the front by more than a year whereas the immiscible model 

only differ by months. These comparisons should not be contrasted because the models are under 

different HCPV and injection rates. 

 

Table 5.1 Summarizing the observed delay in the reading caused by running the Gassmann 

Equation with black oil assumption in comparison to a compositional approach. 

 

Oil ºAPI Supercritical CO2 Condition Delay 

24 ºAPI 
Miscible 1 year and 6 months 

Immiscible 6 months 

34 ºAPI 
Miscible 1 year and 4 months 

Immiscible 2 months 
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 After the breakthrough, the differences between the compositional and black oil models 

became more aligned despite the increased oil density and bulk modulus. This is due to the 

influence of saturation and harmonic averaging of the phases mitigating the impact of 

compositional changes. 

Additionally, accounting for CO2 solubility in brine can play a crucial role in the flooding 

process. The water phase interacts with the CO2 enough to slow down the advance of the 

miscible displacement front and increase the overall density of the water. Furthermore, the 

interactions between the injected CO2 and the water causes the CO2 to interact slightly less with 

the other phases, which can cause the response to a slight decrease in the oil and supercritical 

CO2 phases.  

 

5.2 Recommendations 

This study assumed a perfectly homogeneous model with no channeling effects. Future 

studies should focus on the issues with incorporating an extended black oil model for CO2 

flooding and comparing it with a compositional model when fracture channeling and viscous 

fingering are present. The extended black oil models treat the CO2 miscible phase as a solvent 

that can mix with the oil and they are used in order to avoid the added costs of using a 

compositional model. 
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APPENDIX A 

SUPPLEMENTARY FIGURES 

This section will include supplementary material for the main discussion. The first set of 

figures from Figure A.1 to A.4 show the normalized component changes for the oil and gas 

phases in the miscible and immiscible 24 ºAPI models. As for Figures A.5 to A.10, they 

represent the additional figures of breakthrough that were not included during the discussion due 

to redundancy in the conclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 

 

 

Figure A.1 Showing the normalized component change in supercritical CO2 for the miscible 

24 ºAPI year 4. 
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Figure A.2 Showing the normalized component change in oil for the miscible 24 ºAPI at year 

4. 
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Figure A.3 Showing the normalized component change on the supercritical CO2 phase for 

the immiscible 24 ºAPI at year 6. 
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Figure A.4 Showing the normalized component change in oil for the immiscible 24 ºAPI 

model at year 6. 
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Figure A.5 Showing the summary results for the immiscible 24 ºAPI miscible condition at 

year 8 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation. 
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Figure A.6 Showing the summary results for the immiscible 24 ºAPI miscible condition at 

year 8 of flooding for (a) velocity difference for the compositional model, (b) velocity difference 

for the black oil model, (c) impedance difference for the compositional model, and (d) 

impedance difference of the black oil model. 
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Figure A.7 Showing the summary results for the miscible 34 ºAPI miscible condition at year 

6 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation. 
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Figure A.8 Showing the summary results for the miscible 34 ºAPI miscible condition at year 

6 of flooding for (a) oil bulk modulus, (b) supercritical CO2 bulk modulus, (c) saturated bulk 

modulus of the compositional model, and (d) saturated bulk modulus of the black oil model. 
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Figure A.9 Showing the summary results for the immiscible 34 ºAPI miscible condition at 

year 4 of flooding for (a) oil density, (b) supercritical CO2 density, (c) pore pressure, and (d) oil 

saturation. 
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Figure A.10 Showing the summary results for the immiscible 34 ºAPI miscible condition at 

year 4 of flooding for (a) velocity difference for the compositional model, (b) velocity difference 

for the black oil model, (c) impedance difference for the compositional model, and (d) 

impedance difference of the black oil model. 

 

 

(c) Impedance Difference 

(d) Impedance Difference (Black 

Oil) 

(a) Velocity Difference (b) Velocity Difference (Black Oil) 



 

95 

 

APPENDIX B 

PYTHON AND CMG CODE  

This appendix contains the Python code for the application of the Gassmann Equation 

and its subsequent conversion to velocity and impedance as shown in Chapter 3. The rest of the 

codes for the other models are included in the supplementary material within the dissertation 

database. Those include the codes for the lighter miscible and immiscible and the heavier 

miscible and immiscible along with the heavier miscible and immiscible with CO2 solubility in 

brine.  

The CMG Builder and PVTSim Nova 5 fluid export files discussed are included in the 

supplementary material for the different models. They include the files for the lighter fluid 

properties and heavier fluid properties from the PVTSim Nova 5. In addition to the CMG Builder 

files for the lighter miscible and immiscible and the heavier miscible and immiscible along with 

the heavier miscible and immiscible with CO2 solubility in brine. 

B.1 Miscible 24 ºAPI code 

#Author: Abdullah Dashti  

#Creation: April 13, 2024  

#Last edit: June 18, 2024  

#Purpose: Find the values for the saturated bulk modulus, velocity, 

and impedance for a given data set.  

#Data set for this model: 24 ºAPI  MISCIBLE (n/a solubility)  

 

import numpy as np  

import os  

k_chosen = 4  

#main function, needs to be called upon to work.  

def parse_values_for_k(file_path, k_value):  

    # Initialize variables  

    data_for_k = []  # Stores all values in a layer  

    current_k_index = None  

    temp_values = []  #stores values temporarily  
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    # Open the file and read lines  

    with open(file_path, 'r') as file:  

        lines = file.readlines()  

 

    # Iterate over each line in the file  

    for line in lines:  

        if line.startswith('** K = '):  

            # check if within k  

            if current_k_index == k_value and temp_values:  

                # If so, append them to the data_for_k  

                data_for_k.append(temp_values)  

                temp_values = []  # Clear temporary values  

 

            # Extract K index /w new line  

            current_k_index = 

int(line.split('=')[1].split(',')[0].strip())  

             

        elif current_k_index == k_value:  

            # If we are within the correct K index:  

            if line.strip() and not line.startswith('**'):  

                # Check if its a index line  

                if line.startswith('** K = '):  

                    # append data to data_for_k  

                    if temp_values:  

                        data_for_k.append(temp_values)  

                        temp_values = []  # Start a new J index 

row  

                else:  

                    # check for lines split  

                    temp_values.extend([float(value) for value 

in line.split()])  

                     

    # remaining temp_values - > append them to data_for_k  

    if temp_values:  

        data_for_k.append(temp_values)  

    return np.array(data_for_k)  

small_num = 1e - 12 #constant for later use to check for zeros  

k_value_to_extract = 5 #How many layers to extract  

 

# Function to retrieve information on oil mass density for a 

given year  

def retrieve_oil_mass_density(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Oil Mass Density 

{2000 + year} - Jan - 01.txt"  

    else:  
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        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Oil Mass 

Density {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_OD = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_OD.append(extracted_values)  

     

    return output_OD  

 

#for water  

def retrieve_pore_pressure(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Pressure {2000 + 

year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Pressure {2000 

+ year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_PP = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_PP.append(extracted_values)  

     

    return output_PP  

 

# Loop through years 0 to 14  

for year in range(0, 13):  

    exec(f'Y{year}_Pp = retrieve_pore_pressure({year}, 

k_value_to_extract)')  

 

# Loop through years 1 to 14  

for year in range(0, 13):  

    exec(f'Y{year}_OD = retrieve_oil_mass_density({year}, 

k_value_to_extract)')  

 

#for Gas  

def retrieve_gas_mass_density(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Gas Mass Density 

{2000 + year} - Jan - 01.txt"  
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    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Gas Mass 

Density {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_GD = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_GD.append(extracted_values)  

     

    return output_GD  

 

# Loop through years 1 to 14  

for year in range(0, 13):  

    exec(f'Y{year}_GD = retrieve_gas_mass_density({year}, 

k_value_to_extract)')  

 

     

#for water  

def retrieve_water_mass_density(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Water Mass Density 

{2000 + year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Water Mass 

Density {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_WD = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_WD.append(extracted_values)  

     

    return output_WD  

 

# Loop through years 0 to 1 3 

for year in range(0, 13):  

    exec(f'Y{year}_WD = retrieve_water_mass_density({year}, 

k_value_to_extract)')  

 

# Function to retrieve information on oil saturation for a given 

year  

def retrieve_oil_saturation(year, k_value_to_extract):  

    if year == 0:  
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        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Oil Saturation {2000 

+ year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Oil Saturation 

{2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_OS = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_OS.append(extracted_values)  

     

    return output_OS  

 

# Loop through years 0 to 13  

for year in range(0, 13):  

    exec(f'Y{year}_OS = retrieve_oil_saturation({year}, 

k_value_to_extract)')  

 

#for Gas  

def retrieve_gas_saturation(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Gas Saturation {2000 

+ year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Gas Saturation 

{2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_GS = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_GS.append(extracted_values)  

     

    return output_GS  

 

# Loop through years 1 to 14  

for year in range(0, 13):  

    exec(f'Y{year}_GS = retrieve_gas_saturation({year}, 

k_value_to_extract)')  

 

     

#for water  
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def retrieve_water_saturation(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Water Saturation 

{2000 + year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Water 

Saturation {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_WS = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_WS.append(extracted_values)  

     

    return output_WS  

 

# Loop through years 0 to 13  

for year in range(0, 13):  

    exec(f'Y{year}_WS = retrieve_water_saturation({year}, 

k_value_to_extract)')  

 

# Function to retrieve information on oil compressibility for a 

given year  

def retrieve_oil_compressibility(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Oil Compressibility 

{2000 + year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Oil 

Compressibility {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_OC = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_OC.append(extracted_values)  

     

    return output_OC  

 

# Function to calculate bulk modulus from compressibility data  

def calculate_bulk_modulus(compressibility_data):  

    k_modulus = []  

    for layer in compressibility_data:  
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        inverted_layer = np.where(layer != 0, 1 / layer, 0)  

        scaled_layer = inverted_layer * 6894.75729  # Convert to 

pascal  

        k_modulus.append(scaled_layer)  

     

    return k_modulus  

 

for year in range(0, 13):  

    #  compressibility data  

    exec(f'Y{year}_OC = retrieve_oil_compressibility({year}, 

k_value_to_extract)')  

     

    # Calculate bulk modulus  

    exec(f'Y{year}_OK = calculate_bulk_modulus(Y{year}_OC)')  

 

 

#Gas 

def retrieve_gas_compressibility(year, k_value_to_extract):  

    if year == 0:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Gas Compressibility 

{2000 + year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Gas 

Compressibility {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_GC = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_GC.append(extracted_values)  

     

    return output_GC  

 

for year in range(0, 13):  

    # compressibility data  

    exec(f'Y{year}_GC = retrieve_gas_compressibility({year}, 

k_value_to_extract)')  

     

    # Calculate bulk modulus  

    exec(f'Y{year}_GK = calculate_bulk_modulus(Y{year}_GC)')  

     

#Water  

def retrieve_water_compressibility(year, k_value_to_extract):  

    if year == 0:  
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        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y0 Water 

Compressibility {2000 + year} - Jan - 01.txt"  

    else:  

        file_name = f"inverse 24 API 2 

lowerPV_SGMOD_injectivitynoDTcompressible_Y{year} Water 

Compressibility {2000 + year} - Jan - 01.txt"  

    file_path = os.path.join(os.getcwd(), file_name)  

 

    output_WC = []  

    for k in range(1, k_value_to_extract + 1):  

        extracted_values = parse_values_for_k(file_path, k)  

        output_WC.append(extracted_values)  

     

    return output_WC  

 

for year in range(0, 13):  

    #  compressibility data  

    exec(f'Y{year}_WC = retrieve_water_compressibility({year}, 

k_value_to_extract)')  

    # Calculate bulk modulus  

    exec(f'Y{year}_WK = calculate_bulk_modulus(Y{year}_WC)')  

     

#for CO2 dry values black oil  

for year in range(0, 13):  

    globals()[f'Comp_ CO2_{year}'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_GC'][4][21][21])  

    globals()[f'Bulk_ CO2_{year}'] = 

calculate_bulk_modulus(globals()[f'Comp_ CO2_{year}'])  

    globals()[f'Density_ CO2_{year}'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_GD'][4][21][21])  

    globals()[f'Y{year}_Black_OK'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_OK'][4][0][21])  

    globals()[f'Y{year}_Black_WK'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_WK'][4][0][21])  

    globals()[f'Y{year}_Black_OD'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_OD'][4][0][21])  

    globals()[f'Y{year}_Black_WD'] = 

np.full(np.array(Y0_GS).shape, 

globals()[f'Y{year}_WD'][4][0][21])  

 

zeroth = np.full(np.array(Y0_GS).shape, 0)  
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#bulk modulus function  

def calculate_ksat(Y_OS, Y_OK, Y_GS, Y_GK, Y_WS, Y_WK):  

    phi = 0.16 #in Pascal  

    d = 1 -  phi  

    k_star = 12.25 * 10**9  

    k = 36 * 10**9  

    k_fl = []  

 

    for layer in range(len(Y_OS)):  

        temp_layer = []  

        for i in range(len(Y_OS[layer])):  

            temp_row = []  

            for j in range(len(Y_OS[layer][i])):  

                # check for oil ==0  

                if Y_OS[layer][i][j] == 0 or Y_OK[layer][i][j] 

== 0:  

                    #check for gas ==0  

                    if Y_GS[layer][i][j] == 0 or 

Y_GK[layer][i][j] == 0:  

                        #check for water ==0  

                        if Y_WS[layer][i][j] == 0 or 

Y_WK[layer][i][j] == 0:  

                            #if o,g,w ==0 then append 0.  

                            temp_row.append(0)  

                             

                        else:  

                            #if g,o ==0 but not w, calculate w  

                            temp_row.append((Y_WS[layer][i][j] 

/ Y_WK[layer][i][j]) ** - 1)  

                             

                    else:  

                        #check for water ==0  

                        if Y_WS[layer][i][j] == 0 or 

Y_WK[layer][i][j] == 0:  

                            #if g,w ==0 then append g.  

                            temp_row.append((Y_GS[layer][i][j] 

/ Y_GK[layer][i][j]) ** - 1)  

                             

                        else:  

                            #if o ==0 but not g,w calculate g&w  

                            

temp_row.append(((Y_WS[layer][i][j] / 

Y_WK[layer][i][j])+(Y_WS[layer][i][j] / Y_WK[layer][i][j])) ** -

1)  

                 

                #if oil is there check for gas==0  
























































