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Abstract 

The utilizing of fossil fuels in power generation, cement production, fertilizer production, and 

other industrial sectors is one of the primary contributors to the significant amount of carbon 

dioxide emissions that are produced in India and the majority of other developing and developed 

nations. In order to bring down carbon dioxide emissions into the atmosphere, it is necessary to 

employ technologies like carbon capture and storage (CCS). In CCS methodologies, CO2 

geological sequestration (CGS) is the most effective method to dispose of CO2 permanently in 

subsurface formations. These formations include abandoned oil reservoirs to assist in enhanced oil 

recovery (EOR) and geological sites rich in minerals suitable for mineral carbonation. First, CO2 

is captured at large emission sources, thus preventing CO2 release into the atmosphere. Second, 

the captured carbon dioxide is transported to a geological storage location, and finally, it is injected 

into geological formations for permeant storage. According to the available lithological, 

petrophysical, and geochemical data, the Deccan Volcanic Province in India is one of the country's 

largest sinks for the geological sequestration of carbon dioxide. Approximately five million square 

kilometers of India are covered by Deccan basalt. This work presents the theoretical investigation 

of the feasibility of CO2 geological sequestrations in the Deccan basalt.  

The four trapping mechanisms determine the fate of injected CO2 during the CO2 Geological 

Sequestration (CGS) process. Once the CO2 is injected into the geological subsurface formation 

domain, due to its lower density corresponding to the resident reservoir fluid, it tends to rise due 

to the buoyancy effect, and the formation’s top impermeable caprock layer serves as the primary 

seal for the injected CO2. This way of CO2 trapping in the domain is known as the Structural 

trapping mechanism, which prevents the CO2 from escaping to the Earth's surface and traps it in 

the subsurface. During CO2 upward percolation through a porous formation, some quantity of CO2 
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is trapped in the migration pathway or confined within the porous structure. This trapped quantity 

of CO2 is classified as Residual trapped CO2. Further, the confined CO2 and structurally trapped 

CO2 will dissolve in resident water to form weak carbonic acid; the process of CO2 that underwent 

dissolution is classified as solubility trapping. Later, this weak carbonic acid will begin to react 

with mineral rocks, forming secondary carbonate minerals; this way, the mineral trapping 

mechanism will occur in the formation. 

The present work looks into the possibility of implementing CO2 geological sequestration in the 

Deccan Volcanic Province. The analysis is carried out by using the multiphase, multicomponent 

reactive transport modeling technique. The numerical simulation analysis is performed to 

investigate the effects of specific sequestration parameters, such as injection rate and injection 

point, as well as geological parameters, such as caprock morphology, petrophysical properties 

variation, and geological features, such as stairsteps traps and anticline, on CO2 plume migration 

in the subsurface formation domain. The effect of these sequestration and geological parameter 

variations on the trapping mechanisms, sweeping efficiency, and structural integrity for the 

considered synthetic subsurface domain is investigated over a geological time scale. The results of 

this study provide insight into the potential implementation of CGS as well as a future estimate of 

CO2 migration and entrapment of the considered geological formation domain. In addition, the 

impact of the fracture embedded in the caprock on the entrapment percentage and structural 

integrity are investigated on various morphological top surface domains. The impact of geological 

features on the cracked caprock is analyzed for structural integrity. 

Additionally, the crack on the caprock, embedded with the stairsteps feature domain, is analyzed 

to study its influence on solubility trapping. In a subsequent portion of the results, the Machine 

Learning approach is used for the CGS analysis to evaluate its viability in reducing time 
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consumption and computational load. Future research will concentrate on caprock leakage analysis 

incorporating different types of cracks, leakage implications on various entrapment mechanisms, 

and machine learning approaches to predict entrapment percentage, leakage, and structural 

integrity over long geological time scales. 

Keywords: Carbon Capture and Storage, Deccan Volcanic Province, CO2 Geological 

Sequestration, Reactive transport modeling, Structural trapping, Residual trapping, 

Solubility trapping, Mineral trapping, CO2 leakage 
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1 Introduction 

1.1 Perspective and Hypothesis 

CO2 Geological Sequestration (CGS), which involves injecting carbon dioxide into subsurface 

rock formations, is a promising strategy for mitigating the harmful impacts of CO2 emissions 

into the atmosphere, such as climate change, global warming, etc. The Deccan Volcanic 

Province in India, with its extensive Deccan basalt formation, represents a potential target for 

CO2 sequestration and countries' efforts to reach net zero carbon emissions, see Figure 1.2 [1]–

[9]. 

Research on CO2 geological sequestration in India is minimal [10]. There is considerable 

uncertainty regarding the geological capacity for CO2 sequestration in India. Certain studies 

suggest a potential CO2 mitigation capacity of around 48 gigatons, while others indicate a much 

higher value of up to 572 gigatons [10]. This uncertainty is mainly because of the lack of proper 

research studies based on saline aquifers and basalt formation, which encompasses significant 

areas of Indian geology [10]. In the Indian scenario, the research trends are only towards the 

experimental evaluation of the behavior of geological formations towards reaction with 

supercritical CO2 [8], [11]. However, success at the lab scale, field scale application, and risk 

analysis in geological time scales need a theoretical modeling approach. And modeling is the 

only way to understand the mineral rapping mechanism, where experiments have difficulty in 

implementation [12].  

Multiphase flow and Reactive Transport Modeling (RTM) acts as a tool to elucidate the 

dynamics of geochemical and petrophysical behavior of geological formations to understand 

the response of sequestration. Thus, success largely depends on the virtual and augmented 

reality of field study as well as on risk analysis. In any geological sequestration project, 

modeling the behavior of geological formations towards injected carbon dioxide is an 
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important step. These modeling studies give a thorough understanding of the fate of injected 

CO2 in geological time scales [13]. It is possible to model every aspect of geochemical 

sequestration, from the immediate effect of injection of CO2 into a reservoir to the geochemical 

changes taking place over days to several decades of sequestration. Geological sequestration is 

an operation that has high-risk factors, so it is not advisable to implement a CCS project without 

adequately understanding the detailed effects and long-term impacts of sequestration in a 

geological formation [13]. Finally, reactive transport modeling (RTM) is an essential tool for 

better understanding CO2 geological sequestration in the Deccan Volcanic Province. RTM can 

assist in informing choices concerning the feasibility and implementation of CO2 sequestration 

projects in India by giving a complete and integrated perspective of the subsurface environment 

due to various trapping and subsurface geological phenomena [14]–[22]. 

1.2 Overview of CO2 Geological Sequestration 

CO2 geological sequestration is a process in carbon capture and storage (CCS) that aims to 

store carbon dioxide (CO2) in deep subsurface geological formations. This technique holds the 

potential for mitigating climate change by effectively trapping and isolating CO2 in the 

geological subsurface over a long geological time. During CO2 geological sequestration, 

various trapping mechanisms come into play to ensure that the CO2 is trapped within the 

subsurface and prevent its escape into the atmosphere. The four trapping mechanisms are 

structural, residual, solubility, and mineral trapping [23]–[25]. Figure 1.1 illustrates 

schematics of the CGS process and its associated trapping mechanism. 

When CO2 is injected into the targeted subsurface region, the first trapping mechanism that 

comes into effect is structural trapping, where the impermeable caprock layer primarily traps 

the injected CO2. As the CO2 plume migrates and percolates from the injection point towards 

the top impermeable layer, a portion of the CO2 plume gets trapped in the pore spaces due to 
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capillary forces. This phenomenon is known as residual trapping. Over time, the CO2 trapped 

by the combined effect of structural and residual trapping mechanisms (collectively known as 

primary mechanisms) comes into contact with resident water in the subsurface reservoir and 

undergoes a dissolution reaction. This trapping mechanism is called solubility trapping. 

Furthermore, the dissolved CO2 forms weak carbonic acids, decreasing pH in the subsurface 

formation region. The lowered pH conditions promote mineral dissolution and precipitation, 

leading to the formation of stable carbonate minerals that can permanently immobilize the CO2 

in the subsurface formation. The trapping of CO2 through geochemical mineral interaction is 

categorized under the mineral trapping mechanism [23]–[25]. 

In any technology, there is always a possibility of failure, and in CGS technology, the leakage 

of CO2 from the subsurface formation domain is a crucial concern. Several factors can 

contribute to leakage, and understanding and mitigating these risks are of utmost importance. 

One potential cause of leakage is the presence of pre-existing or induced fractures in the storage 

formation, which can provide pathways for CO2 to escape to the surface. Another factor that 

can contribute to leakage is the potential failure or deterioration of the caprock, which is the 

impermeable layer that seals the storage formation. Suppose the caprock is compromised due 

to geological factors such as faulting, erosion, or human activities like drilling operations. In 

that case, it may establish a pathway for upward migration of CO2, leading to its escape into 

the earth's surface. A detailed analysis must be carried out to analyze the impact of cracks or 

fractures on the caprock on CO2 plume migration and safe storage during the pre-

implementation phase of CGS projects [26], [27].  
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Figure 1.1: Descriptive illustration of various trapping mechanisms that occur in the subsurface 

formation and CO2 leakage during CO2 geological sequestration. 

Conducting leakage analysis in parallel with the geological study provides valuable insights 

into the behavior of stored CO2 and its potential interaction with the surrounding rock 

formations, caprock, and other geological features. It enables the detection and quantification 

of leakage pathways, which can inform the design of mitigation strategies and help in the 

development of more effective storage practices [26], [27]. 

Simulations are the preferred choice for conducting CO2 geological sequestration analysis due 

to their ability to analyze geological processes over extended periods of time. Performing 
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experimental analysis of CO2 geological sequestration presents several challenges and requires 

careful consideration. Conducting long-term experiments to assess the behavior of CO2 in 

geological formations can be time-consuming and costly. The sequestration takes over 

extended periods, and studying the long-term effects requires continuous monitoring and 

observation. This necessitates dedicated research efforts, continuous funding, and patience to 

obtain meaningful data and insights. Additionally, the dynamic nature of geological systems 

and the potential for unexpected outcomes add further complexity to the analysis [26]–[29]. 

1.3 Research Motivation 

The geological sequestration of CO2 in the Deccan Volcanic Province is a viable strategy for 

lowering CO2 emissions and minimizing the effects of climate change. Due to its vast storage 

capacity and advantageous geological properties, the Deccan Volcanic Province is an ideal 

region for CO2 sequestration. The Deccan Volcanic Province has sequential layers of massive 

and vesicular basalts. The massive basalt can act as a cap rock that prevents CO2 escape. The 

petrophysical properties and characteristics of vesicular basalt can act as a targeted region for 

the injection of captured CO2 [30]. Figure 1.2 illustrates the spread of Deccan flooded basalt 

in the Deccan Volcanic Province. 

In addition, the Deccan Volcanic Province is situated in an area with significant CO2 emissions, 

positioning it in a strategic location that can help India mitigate the consequences of climate 

change, see Figure 1.2. It is feasible to store CO2 safely and effectively while simultaneously 

offering economic possibilities and contributing to energy security by adopting this technology. 

Because of its vast storage capacity and favorable geological properties, the Deccan Volcanic 

Province is an essential consideration for resolving the issue of growing atmospheric CO2 

levels [31], [32]. 
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Figure 1.2: Illustration of the spread of Deccan flood Basalt in the Deccan Volcanic Province of 

India [33]. 

Numerical analysis using multiphase flow and reactive transport modeling for CO2 geological 

sequestration investigation in the Deccan Volcanic Province aids in better understanding and 

prediction of CO2 behavior in the subsurface, including interactions with rock and fluid 

systems, as well as the potential risks associated with its storage. Reactive transport modeling 

provides a precise evaluation of CO2 storage stability in the subsurface and aids in identifying 

possible endangerments, such as CO2 leakage, that may harm the surrounding environment. 

Figure 1.3 illustrates the motivation for this numerical study of CO2 geological sequestration 

in the Deccan Volcanic Province that contributes to the scientific understanding of subsurface 

CO2 storage and to evaluate the feasibility of using this region as a potential site for CO2 

sequestration. Using numerical simulations, the aim is to investigate the geophysical and 

geochemical processes that govern CO2 storage in this region and to predict the behavior of 
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CO2 over time. This study has the potential to provide valuable intuitions into the technical and 

economic viability of CO2 geological sequestration and to form decision-making for mitigating 

greenhouse gas emissions. 

 

 

Figure 1.3: Illustrated flow chart of the research motivation and crucial aspects of the research. 

1.4 Research Gaps and Objectives 

Limited research has been conducted in India on CO2 geological sequestration, mostly in the 

context of small-scale laboratory experiments [11]. There is no pilot scale-based geological 

sequestration exploration in the Deccan Volcanic Province of India. And there is no research 

on the definite range of CO2 that can be stored in the Deccan trap region. Many researchers 
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have pointed out that the Deccan traps can be one of the most suitable regions for sequestration 

[10]. Still, plenty of exploration can be done at the appropriate depth range, or any desired 

caprock properties can be prescribed to safely guard the sequestrated carbon dioxide. There is 

no research investigation on the integrity of the caprock and formation domain during CO2 

geological sequestration. 

By adequately mapping layers and their respective thickness with their petrophysical properties 

in the domain, one can estimate the adequate amount of CO2 stored in the formation domain. 

By carrying out the CO2 sequestration simulation, the total safe storage CO2 capacity can be 

evaluated over a geological time scale. The appropriate percentage of efficiency of different 

trapping mechanisms can be calculated in the simulation. The mineral trapping mechanism 

occurs in the subsurface formation domain, takes nearly hundreds of years, and the experiment 

setup can’t be maintained for such long. The simulation analysis has the advantage of 

considering all the trapping mechanisms for analysis over a large geological time scale. 

A lack of caprock leakage analysis is associated with the Deccan volcanic region of Indian 

origin. The simulation of caprock leakage analysis is expected to yield detailed measurements 

of deformation changes within the domain resulting from CO2 injection. These studies can be 

helpful for the long-term storage of CO2 and can be used to analyze the integrity of the storage 

capacity of the formation domain. It can also provide a range of stress developed in the domain 

during and after CO2 injection. These studies can’t be conducted efficiently with the help of 

experiments. The simulations have the advantage of performing numerical research over a vast 

domain volume and continuing it over a long geological time. The following are the objectives 

of the current research analysis included in this thesis. 

1. Study the structural trapping of injected supercritical CO2 into the geological formation 

of Deccan Volcanic Province. 
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2. Study the residual trapping of injected supercritical CO2 into the geological formation of 

Deccan Volcanic Province. 

3. Study the solubility trapping of Supercritical CO2 into the formation liquid over the 

geological time scale at Deccan Volcanic Province. 

4. Study the mineralization at Deccan Volcanic Province after the CO2 sequestration in the 

geological formation domain for post-injection time scale. 

5. Study the different types of trapping mechanisms in the CO2 sequestration process with 

varying formation domain petrophysical properties over a geological time scale. 

6. Leakage analyses of CO2 sequestration into the geological formation of Deccan Volcanic 

Province.  

1.5 Contribution to the Scientific Research 

Performing numerical simulation and visualization of injected CO2 plumes in the Deccan 

Traps, which are stairsteps that look like traps, is novel in current research. This study will 

provide critical information about the CO2 plume migration in the domain after injection into 

the subsurface of the Deccan traps. Some crucial parameters are analyzed, such as influences 

on caprock morphology, petrophysical properties variation, reservoir pressure variation, and 

sweeping efficiency. 

CO2 sequestration knowledge: The study would increase knowledge about the potential of 

Deccan Volcanic Province as a suitable site for CO2 sequestration, and it would also increase 

knowledge about how geological phenomena such as caprock morphology, petrophysical 

heterogeneity, and structural integrity impact the effectiveness of CO2 sequestration. 

Progress in Reactive Transport Modeling: The study would demonstrate the use of reactive 

transport modeling as a tool to understand the behavior of injected CO2 in the subsurface and 
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how it interacts with the geological formations. This would be a considerable development in 

reactive transport modeling utilization with an unstructured grid structure, which 

approximately mimics the naturally formed geological subsurface formation domain. 

Improved CO2 Sequestration Techniques: The parametric study would provide insights into the 

various factors that influence the efficiency of CO2 sequestration and could be used to optimize 

CO2 sequestration techniques. These insights could be used in the selection of subsurface 

formation regions based on the assessment from the numerical analysis. This would advance 

the screening for the sequestration location for suitable implementation of CGS for the 

reduction of atmospheric carbon dioxide emissions. 

Better Understanding of Geological Phenomena: The research would give a better 

understanding of geological phenomena such as CO2 migration and movement with 

corresponding caprock morphology. It also helps analyze the CO2 sweeping efficiency, caprock 

morphology, and petrophysical heterogeneity and how these factors influence CO2 

sequestration. 

Overall, the study would contribute to the improvement of our knowledge and understanding 

of CO2 geological sequestration, as well as provide vital information that might be used in the 

creation of CO2 geological sequestration systems that are efficient and successful. 

1.6 Overview of Thesis 

The present thesis aims to provide a comprehensive overview of carbon dioxide (CO2) 

geological sequestration in the Deccan Volcanic Province, covering various aspects across 

multiple chapters. Chapter 1 introduces the research hypothesis, motivation, objectives, and 

contribution to scientific research. Chapter 2 provides a comprehensive literature review that 

delves into various aspects related to CO2 emissions. The review covers global CO2 emissions, 

existing technologies for emissions reduction, and carbon capture and sequestration (CCS) 
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technology, along with associated trapping mechanisms. Additionally, the review explores the 

potential for CO2 sequestration in the Deccan Volcanic Province of India as a study area. The 

chapter also discusses the utilization of multiphase flow and reactive transport modeling 

simulations and machine learning in this context. Chapter 3 focuses on multiphase flow and 

reactive transport modeling (RTM) for CO2 geological sequestration. Chapter 4 delves into 

investigating the trapping mechanisms involved in the CGS in Deccan Volcanic Province and 

investigating the influence of geological and sequestration parameters. 

Meanwhile, Chapter 5 evaluates the significant influences of caprock morphology and 

structural integrity in the solubility trapping mechanism. The influences of caprock 

morphology study are carried out by modeling two distinct caprock morphology with 

integrating geological features. Structural integrity simulation analysis examines the impact of 

caprock morphology on leaky caprock and entrapment, as well as CO2 leakage in the stairsteps 

domain. Chapter 6 delves into the utilization of machine learning techniques in the analysis 

of CO2 geological sequestration, exploring how machine learning can reduce computational 

time and effectively predict primary trapping mechanisms. Finally, in Chapter 7, the thesis 

concludes with discussions, conclusions, and suggestions for future research in the field of CO2 

geological sequestration. The overall contribution of the thesis lies in providing the feasibility 

of CO2 geological sequestration, covering various aspects such as literature review, reactive 

transport modeling, and machine learning analysis by offering insights for further research in 

this area. 
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2 Literature Review 

2.1 Introduction 

This chapter presents a comprehensive literature review on the topic of CO2 geological 

sequestration. The chapter begins with an overview of CO2 emissions and greenhouse gases in 

Section 2.2, which includes country-wise (Section 2.2.1) and industry-wise CO2 emissions 

(Section 2.2.2). Section 2.3 discusses the existing technology aimed at reduce CO2 emissions 

into the atmosphere, i.e., the concept of carbon capture and sequestration (CCS). The special 

focus on the CO2 storage method, CO2 geological sequestration, is presented in Section 2.4. 

The detailed literature study on the different trapping mechanisms involved in CO2 geological 

sequestration, such as structural trapping in Section 2.5.1, residual trapping in Section 2.5.2, 

solubility trapping in Section 2.5.3, and mineral trapping in Section 2.5.4, are comprehensively 

reviewed with the implication of caprock leakage in Section 2.5.5. The chapter further explores 

some notable projects worldwide on CO2 geological sequestration in Section 2.5.6. 

The feasibility and potential of CO2 geological sequestration in India are explained in Section 

2.6. The unique geological formations of basalt and the Deccan Volcanic Province, which hold 

promise for CO2 geological sequestration, are also discussed in this Section. The modeling, 

simulation, and analysis of CGS, as well as the accompanying feasibility and achievements 

using reactive transport modeling (RTM), are briefly discussed in Section 2.7, and the 

importance of geological and sequestration parametric studies in understanding the 

effectiveness of CO2 sequestration is highlighted in Section 2.8. Additionally, Section 2.9 

reviews the viability and benefit of the utilization of machine learning techniques for CO2 

geological sequestration analysis based on the existing literature. Through the comprehensive 

literature review, Chapter 2 aims to provide a thorough understanding of various aspects 
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related to CO2 geological sequestration, setting the foundation for the subsequent chapters that 

will delve into specific topics in greater depth. 

2.2 CO2 Emissions 

Carbon dioxide is one of the most influential greenhouse gases (GHG) for global warming [34]. 

Greenhouse gases like CO2, CH4, N2O, and fluorinated gases are accountable for the 

greenhouse gas effect, which absorbs the heat emitted by the Earth’s surface; additionally, it 

acts as a shield by reflecting the heat radiation from the sun. However, excessive release of 

greenhouse gases leads to global warming. It allows the heat radiation from the sun into the 

Earth’s atmosphere and restricts the heat escaping from the Earth’s surface. So, the average 

temperature rises on the Earth’s surface [35].  

As per the Paris Agreement, most developed and developing countries have pledged to 

decrease global warming below 2 °C, preferably below 1.5 °C [36]. To reach this goal, the use 

of CCS technology is considered vital. There are many proposed methods and adaptive habits 

to minimize the effects of global warming, for example, enhancing tree plantation, reducing 

the usage of fossil fuels, reducing the usage of energy, relying on only green energy like wind 

energy and solar energy, an adaption of a particular lifestyle of using plastic less-products, etc. 

However, the implementation of these adaptive methods and the benefit from their effective 

impact can take a significant time. Even if implemented successfully, it will take significant 

time to achieve the reduction of CO2 in the Earth's atmosphere. At present, the CO2 percentage 

in the atmosphere has crossed alarming levels. Global warming might also be a reason for the 

increased occurrence of natural calamities and climate change within the last two decades. 

Moreover, it is also recorded that during this period, the Earth’s average temperature change 

rose by 0.8 °C from its previous 0.4 °C [37]. The primary reason behind sudden changes in 

temperature and natural calamities may be the increasing CO2 in the Earth’s atmosphere. Most 
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environmentalists blame the Industrial sector for the constant emissions of CO2 into the 

atmosphere [38]. The energy and cement sectors, which rely heavily on fossil fuels, account 

for most CO2 emissions [39].  

2.2.1 Country-wise CO2 Emissions 

According to the latest survey, the top three countries for the most CO2 emissions in the world 

are China, the United States of America, and India; see Figure 2.1. These countries are 

responsible for more than fifty percent of global emissions. The major culprit for this emission 

is the utilization of fossil fuels, mainly coal, for power production. According to the 

International Energy Agency (IEA) published report, China is leading in CO2 emissions, 

followed by the United States of America (USA). However, it can be seen from Figure 2.1 that 

China's and India's emissions are increasing. In contrast, the USA's and European Union's (EU) 

emissions have been reduced over the last two decades. It was also observed that during the 

year 2020 [40], global CO2 emissions were dropping due to the pandemic; this trend was even 

observed for large emission countries like China and India; see Figure 2.1 [40]. 

 

Figure 2.1: Illustration of country-wise CO2 emissions of China, the European Union (EU), India, 

and the United States of America (USA) (adapted from IEA 2021 Report [40]). 
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Most of these emissions from developing and developed countries are from the energy 

production sector. Most of the high-emissions countries rely more on coal for energy 

production. The subsequent section illustrates the percentage of coal usage compared to other 

energy production technologies. It is challenging for high emission countries, especially 

developing countries, to reduce emissions without employing technologies like Carbon 

Capture Utilization and Sequestration (CCUS). The utilization of renewable energy sources 

alone proves insufficient to meet the energy requirements of developing nations; therefore, it 

is imperative for these countries to depend on conventional power plants and established 

technologies to fulfill their power demands while concurrently mitigating emissions 

adequately.[40]. 

2.2.2 Industry-wise CO2 Emissions 

Most of the industrial sector uses fossil fuels for power production. The countries rely mostly 

on coal for electricity production. According to the survey conducted, it was found that most 

of the coal utilization is in thermal power plants, followed by the metal industry, mainly the 

iron and steel industries, which uses the most coal and other fossil fuels after the thermal power 

plant. In the metal industry, fossil fuel is used in the boiler section for heat production [40].  

Figure 2.2A illustrates the percentage of global energy production by utilizing coal and low-

carbon technologies from the year 1971 [41]. For the past decade, low-carbon technologies 

have increased energy production, and it can also be observed that the reliance on coal has also 

decreased [41]. Figure 2.2B illustrates the utilization of various fossil fuels in the industrial 

sectors for various production processes. Compared to other fossil fuels, coal consumption is 

the most prevalent. Coal is primarily used in thermal power plants to generate electricity. After 

coal, oil and natural gas are the most commonly used fossil fuels in industrial sectors. 
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Figure 2.2: Illustration of (A) Percentage of coal usage and low-carbon technologies in energy 

production and (B) Usage of fossil fuels in the industrial sector and production of other essential 

products (adapted from IEA 2021 Report [40], [41]). 

The hard-to-abate sectors like cement, chemical, iron, and steel industries are trying to adapt 

new technology for heat production by adapting hydrogen technology. Relying on hydrogen is 

essential for net-zero emissions. This will reduce the CO2 emissions into the atmosphere and 

the reliance on fossil fuels like coal and petroleum. However, this technology is at a nascent 

stage, and deep research must be carried out for large-scale hydrogen production. Many 
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industrial and hard-to-abate sectors are looking towards other technologies to decarbonize 

power generation [41]. Carbon Capture Utilization and Sequestration (CCUS) technology 

stands as one of the dependable approaches to lower the CO2 concentration in the Earth's 

atmosphere[35], [42].  

2.3 Carbon Capture Utilization and Sequestration (CCUS) 

2.3.1 Carbon Capture and Utilization 

After CO2 is captured from the emission source, mostly from thermal power plants and the 

metallurgical industry, it is converted into other valuable products using CO2 utilization 

technologies. There are technologies like methanation, where the CO2 is chemically converted 

into methane through hydrogenation. The production of hydrogen from natural gas, coupled 

with carbon capture utilization and storage, is denoted as "blue hydrogen," serving as a low-

carbon substitute in the hydrogen production process. Utilizing hydrogen as a fuel in the metal 

industry can contribute to a decrease in fossil fuel consumption and CO2 emissions. Biofuel 

production uses artificial photosynthesis, where CO2 and water are converted into 

hydrocarbons and oxygen using artificial light or sunlight, and similarly, bioethanol production 

uses algae and captured CO2. Recently, other technologies have been combined with Carbon 

Capture and Storage or Sequestration (CCS) to reduce CO2 emissions. For example, BECCS 

(Bio-Energy with Carbon Capture and Storage), where biomass is used for energy production, 

and CO2 is emitted from this production process, is captured and sequestrated safely [43]. 

Carbon Capture and Utilization (CCU) is a technology where the captured CO2 may be utilized 

as a raw material for many industries to process and manufacture value-added products and 

materials [44], [45].  CCU has the ability to partially reduce the CO2 emission footprint from 

the majority of industrial sectors. Implementation of CCU in the industrial sectors can increase 

efficiency and reduce their dependence on the products and materials manufactured or 



20 

 

processed by non-renewable resources. This can build another industry sector and develop a 

market for carbon products [44], [45]. The following are common CO2 utilization technologies 

illustrated in Figure 2.3. 

Methane and methanol fuels are cleaner than traditionally available fossil fuels that are 

currently being used. The usage of both fuels ranges from domestic to industrial applications. 

Methane is used for the power generation section of the boiler in manufacturing plants, and in 

the coldest countries, methane is used for heating homes and cooking. In the industrial sector, 

methane is required in the chemical production of methanol, hydrogen, and various fertilizers. 

It is also observed to have a major use in the transportation sector as a fuel in the form of 

compressed and liquefied natural gas (CNG and LNG) [45], [46]. Methanol is the most 

versatile chemical for its utilization in chemical Industries. It is a potentially cleaner fuel 

because of its lower CO2 emissions than traditional fuels like gasoline and diesel. In the 

chemical industrial sector, it is utilized as a raw material in the chemical production of dimethyl 

ether, acetic acid, and formaldehyde. It is also used as a solvent for many industrial processes 

[47]. 

The captured CO2 can be used for the production of fuels like methane and methanol. CO2 is 

used as an intermediate chemical in the carbon dioxide reduction process, where synthesis gas 

is produced. Employing a chemical process like the Sabatier reaction, methane can be produced 

from captured CO2. Moreover, syngas may be produced from methanol during the carbon 

dioxide reduction process. The consumption of methane and methanol in the industrial process 

and recapturing of CO2 will create a closed-loop carbon cycle [47], [48]. Nonetheless, still, 

CO2 emission into the atmosphere is inevitable. Additionally, for each cycle, the CO2 has to be 

captured. It is financially expensive and may require a high-power input [45]–[47]. 
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Figure 2.3: Illustrates a flow chart of Carbon Capture Utilization and Sequestration classification. 

Only major categories are included in the flow chart. 

In some technologies and chemical processes, the captured CO2 can be used to produce 

intermediate chemicals that are essential feedstocks and building blocks for manufacturing and 

production industries. Products like plastic, rubber, resins, etc., are the final goods used in daily 

life, and their application ranges from household to industrial scale.  For the past decade, 

rigorous research has been done on utilizing captured CO2 in the manufacturing processes of 

these intermediate chemicals [45], [49]. Urea production is one such example of an 

intermediate chemical process that uses CO2. In the urea manufacturing process, CO2 reacts 

with ammonia to form ammonium carbamate, which is then hydrolyzed to generate urea. 
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Another example is the production of formic acid, a chemical that is utilized in several 

industrial processes. Through a series of chemical processes involving hydrogen, CO2 may be 

converted into formic acid. CO2 epoxides are used in polymer production by polymerization 

[45], [49]. In the hard-to-abate sector, Cement manufacturing contributes significantly to CO2 

emissions, accounting for approximately 7% of worldwide greenhouse gas emissions [45], 

[50]. The CO2 captured from emission sources such as power plants, metal industries, etc., can 

be used as raw materials in the cement manufacturing process. In the cement manufacturing 

process, CO2 combines with calcium and other minerals to generate solid carbonates, an 

important cement component. This technology has the potential to minimize CO2 emissions 

related to cement manufacturing while also providing a means to store carbon dioxide in solid 

form [45], [50]. 

In the refrigeration industry, Chlorofluorocarbons (CFCs), Hydrochlorofluorocarbons 

(HCFCs), and Hydrofluorocarbons (HFCs) have traditionally been employed as refrigerants. 

Traditional refrigerants like CFCs have an enormous global warming potential and contribute 

significantly to greenhouse gas emissions, which contribute to climate change. There has been 

a considerable rise in interest in using natural refrigerants for refrigeration, such as carbon 

dioxide (CO2). Compared to CFCs and HCFCs, CO2 is a non-toxic, non-flammable, and easily 

accessible refrigerant with a low global warming potential. CO2 is also well-suited for use in 

low- and medium-temperature refrigeration applications and has been used in commercial 

refrigeration systems for many years [51], [52].  

A supercritical power system is a form of power generation technology in which supercritical 

carbon dioxide (ScCO2) is used as the working fluid. Supercritical power systems operate at 

greater temperatures and pressures, increasing thermal efficiency and lowering fuel 

consumption [53]. Because of its advantages over conventional power plants, supercritical 

power systems are a viable technology for next-generation power plants.  
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2.3.2 Carbon Capture and Sequestration (CCS) 

Sequestration technologies, such as Enhanced oil recovery (EOR) and Enhanced coalbed 

methane recovery (ECMR), extract residual oil from depleted oil reservoirs by utilizing 

chemicals and water. It involves injecting water, gas, or chemicals into the reservoir to increase 

oil recovery. Enhanced oil recovery can employ captured CO2 to extract more oil from depleted 

reservoirs. Capturing industrial CO2 and injecting it into an oil reservoir enhances oil recovery. 

The injected CO2 acts as a solvent, reducing the viscosity of the oil and allowing it to flow 

more easily. The CO2 is then stored in the reservoir, where it remains trapped underground, 

reducing the amount of CO2 released into the atmosphere. Whereas in CO2-enhanced coalbed 

methane recovery (CO2-ECBM), CO2 is injected into the coal seam as part of the CO2-ECBM 

process in order to displace the coalbed methane and bring it to the surface [35]. 

CO2 sequestration and utilization are two approaches for mitigating greenhouse gas emissions 

and mitigating the impacts of climate change. While both approaches have advantages and 

disadvantages, some key differences and advantages of CO2 sequestration are described below. 

2.3.2.1 Economic Advantages of CCS 

Cost-effectiveness: CO2 geological sequestration can be a cost-effective option for mitigating 

greenhouse gas emissions, especially when integrated with other technologies. The cost of 

injecting and storing CO2 in subsurface geological formations is relatively low compared to 

the cost of other mitigation options, such as renewable energy or energy efficiency technologies 

[54]. 

Revenue generation: Due to the implementation of CCS technology, employment will mainly 

increase in the region. This leads to a positive economic impact. CCS technologies provide 

industries and the electricity sector with opportunities to reduce carbon emissions. Carbon 

capture and storage (CCS) technology can establish new industries to reduce carbon emissions 
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and global warming. There will be an increase in investment into CCS technology from other 

carbon emission companies to reduce carbon emissions and get subsidies from the carbon tax. 

This can lead to good economic activity among the companies [54]. In some cases, CO2 

geological sequestration can generate revenue by utilizing the captured CO2 to be sequestrated 

for use in enhanced oil recovery (EOR) operations, which can help offset the cost of CO2 

sequestration [54].  

2.3.2.2 Financial benefits over other alternative technologies 

Investment potential: CO2 geological sequestration projects can attract both public and private 

sector investment, providing funding for developing and deploying the technology. According 

to the Intergovernmental Panel on Climate Change (IPCC) report, the action toward a clean 

climate may be more expensive, up to 138%, without considering the CCS technology [54]. 

The cost for CCS can be reduced as the plant scale of implementation increases and attends the 

commercial scale approach. Many of the cost-benefit analyses of CCS have stated that the 

medium and sizeable commercial-scale plant is the best fit in terms of financial aspects [54]. 

Long-term benefits: CO2 geological sequestration provides a long-term solution for mitigating 

greenhouse gas emissions, which can attract investment from entities that prioritize long-term 

sustainability and mitigation of climate change [54]. 

2.3.2.3 Safety Assessment of CCS 

Long-term impact: CO2 geological sequestration has the potential to reduce greenhouse gas 

emissions for hundreds or thousands of years, making it a long-term solution for mitigating 

climate change. Indirectly, it will improve the health index of the population. This approach 

leads to positive vibrant in the establishment of a new organization in the country [54].  
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Safe storage: Geological formations have been safely storing natural CO2 and other gases for 

millions of years, making them an appropriate and safe option for the storage of captured CO2. 

CO2 geological sequestration projects typically include monitoring and verification systems to 

ensure the safety and security of the stored CO2 [10]. 

Large storage capacity: There is a large capacity for CO2 storage in subsurface geological 

formations, making CO2 geological sequestration a feasible option for mitigating large amounts 

of greenhouse gas emissions [10]. 

There is always a hindrance to any technology, and CCS technology is no exception. In order 

to inject the supercritical CO2 into the domain, an injection grid must be built at the injection 

point [55]. The injection grid is equipped with monitoring units and seismic sensors to monitor 

and study the integrity of the reservoir domain after injection. The site's monitoring operations 

must be carried out for at least ten years for safety monitoring analysis. The cost for the 

construction of an injection grid and monitoring unit is high, and it would be a financial burden 

in the case of some commercial-scale unit operations. In sizeable commercial-scale operations, 

the price of injection per ton of CO2 decreases as more storage resources are available [56], 

[57]. 

In carbon utilization, the captured CO2 has been a feedstock or raw material for the 

manufacturing or production of value-added products. During the production of value-added 

products like methane, methanol, cement, etc., greenhouse gas is emitted, and the energy 

utilization and reliability of this process increase the CO2 emissions into the atmosphere. This 

is the continuous close-loop carbon cycle. This way, the utilization and reliance on electricity 

will increase the burden on the energy sector, ultimately increasing the usage of fossil fuels. 

Moreover, the CCU techniques are still in the development phase. Integrating carbon capture 
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technology and handling storage of captured CO2 will be more expensive in CCU than in CCS  

[45], [49]. 

2.3.2.4 Summary 

Carbon Capture and Sequestration (CCS) is a viable technology that has the ability to decrease 

industrial CO2 emissions into the atmosphere. There are three main types of sequestration: 

ocean sequestration, terrestrial sequestration, and geological sequestration. In ocean 

sequestration, the captured CO2 will be injected into deep ocean floors. But it will increase the 

ocean's pH, further leading to ocean acidification. Whereas in terrestrial sequestration, the 

captured CO2 is released in the terrestrial site. This technology has minimal capacity for CO2 

sequestration compared to other types of sequestration. The captured CO2 is injected and stored 

in deep geological formations in geological sequestration. CO2 is stored in various geological 

formations like basalt, unmineable coal seams, shale formations, oil and natural gas reservoirs, 

and saline aquifers [58], [59].  

2.4 CO2 Geological Sequestration (CGS) 

In this technology, the CO2 emitted into the atmosphere is captured and transported into the 

injection grid, where the CO2 is injected into the geological subsurface formation domain for 

safe storage; see Figure 2.4. In CO2 geological sequestration, the captured CO2 is sequestrated 

in the supercritical state. The purpose of injecting in a supercritical state is to increase the 

storage quantity of CO2 with less volume [30]. The first commercial-scale CCS technology, 

famously known as the Sleipner project, was implemented in Norway [60], [61]. 

Once the CO2 is injected into the geological domain, several trapping mechanisms confine the 

CO2 within the geological formation and restrict it from escaping into the Earth’s surface. The 

four major trapping mechanisms that occur in the formation domain are structural trapping, 

residual trapping, solubility trapping, and mineral trapping. The injection of CO2 is generally 
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carried out at 800 m below the Earth’s surface. In most cases, the CO2 is injected in the 

supercritical phase, and in a few cases, CO2 is injected after dissolution in water [30], [58], 

[62], [63].  

The choice between injecting CO2 in a supercritical phase or dissolving in water for CO2 

geological sequestration depends on various factors, including the geological characteristics of 

the storage formation, the availability of injection and storage infrastructure, and the specific 

project requirements. Both injection methods have their advantages and disadvantages, and a 

thorough evaluation of the storage formation and project constraints is necessary to determine 

the optimal injection strategy [4], [6], [64]–[69]. 

Supercritical CO2 injection is preferred in cases where the storage formation has the capacity 

to retain supercritical CO2 without any significant leakage, and the injection infrastructure and 

operational costs are feasible. Supercritical CO2 has a high density and low viscosity, which 

enables it to fill the pore space of the storage formation efficiently. Moreover, the phase 

behavior of supercritical CO2 is predictable, and it exhibits high diffusion rates, allowing for 

rapid dissolution and mineral carbonation reactions [4], [67]–[69]. 

On the other hand, injecting CO2 dissolved in water, also known as a CO2 aqueous solution, is 

preferred in cases where the storage formation has low permeability and can retain CO2 only 

in the dissolved phase. CO2 aqueous solution has a lower density than supercritical CO2, 

making it less effective in filling the pore space. However, it can reduce the risk of buoyancy-

driven CO2 migration and ensure a more uniform CO2 distribution within the storage formation. 

Moreover, the injection of CO2 dissolved in water can facilitate the transport of CO2 to reactive 

minerals in the storage formation, enhancing mineral carbonation reactions [6], [64]–[66]. 
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Figure 2.4: Schematic of Carbon Capture Storage (CCS), Illustrating the CO2 capture point and 

geological injection grid. 

2.5  Trapping Mechanisms 

The captured CO2 is converted into a supercritical state and injected into a selected geological 

formation as part of the geological sequestration process. After supercritical CO2 (ScCO2) 

injection, the formation zone experiences hydrodynamic and geochemical phenomena. Due to 

these phenomena, the majority of injected CO2 is seized by various trapping mechanisms. They 

are structural, residual, solubility, and mineral trapping, as illustrated in Figure 1.1. These 

mechanisms cause the injected CO2 to dissolve in the formation liquid and become permanently 

trapped in the geological subsurface region [30], [58], [62], [63], [70]. 

Most naturally formed formation layers have impermeable layers with associated geological 

features embedded within them. The geological features are often in the form of domes, and in 

general, these are referred to as anticline and syncline sequences in the geology terminology 

[63], [71], [72]. These perturbations of anticline and syncline are the primary factors that 

influence the migration and movement of the CO2 plume in the subsurface region during the 

CO2 geological sequestration process [63], [71], [72]. These sequences of geological features 

of the anticline and syncline of a geological domain function like a trap, restraining carbon 
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dioxide migration within the observable domain [73]–[75]. This way, structural trapping takes 

place in the subsurface geological domain. While migrating through porous media, some 

amount of CO2 will get confined in the porous rock structure; this way, the residual trapping 

takes place. Solubility trapping takes place within a few days due to the dissolution of CO2 into 

the resident reservoir liquid. Due to the availability of the minerals in the subsurface rock 

formation, geochemical reactions occur; this way, the mineral trapping occurs in the subsurface 

region [8], [76]–[78]. A detailed description and literature review of each trapping mechanism 

are given in the subsequent sub-sections. 

2.5.1 Structural Trapping 

After the injection of CO2 in the geological formation, the CO2 plume tends to move and 

percolate upwards due to the buoyancy effect until the impermeable layer, or caprock structure, 

restricts it. This phenomenon of CO2 getting restricted or trapped under an impenetrable 

geological structure is known as a structural trapping mechanism. The quantity of CO2 

obstructed by the impermeable layer is categorized under structurally trapped CO2 [30], [72], 

[79], [80]; see Figure 1.1. 

The perturbations of anticline and syncline are the primary factors that influence the migration 

and movement of the CO2 plume when the injected CO2 has a tendency to migrate in a collateral 

direction with the top surface. These sequences of geological features of the anticline and 

syncline geological domain function like a trap, limiting carbon dioxide migration within the 

domain [73]–[75]. 

Hydrodynamic or structural trapping simulations can be utilized to estimate the quantity of CO2 

that can be safely confined in a formation. This is achieved through the simulation carried out 

on the synthetic geological three-dimensional grid domain of a realistic structure based on the 

available data. Through these simulations, the lateral spreading distance of injected 

CO2 beneath caprock can be assessed. This lateral spreading assessment can be utilized to 
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calculate the stressed caprock region and will aid in identifying the crucial area of the caprock. 

The structural trapping simulation can also be used to determine the influence of caprock shape 

on trapping and the effectiveness or capacity of considered subsurface structures. 

The fate of injected CO2 during the structural and residual trapping phases determines the 

effectiveness of CCS [81]. It is crucial to comprehend the movement and distribution of CO2 

in its many forms for a particular geological formation. As more CO2 is trapped in the rigid 

porous formation, a significantly higher amount of CO2 will undergo solubility-trapping, 

resulting in an increase in the formation of carbonic acid, which in turn increases the mineral 

reaction and mineral trapping in the rock formation region [25], [58], [82]. 

Deep geological formations' in-situ pressures and temperatures are favorable for operating the 

geological sequestration process in the supercritical state. Because of the in-situ pressure and 

temperature of the subsurface formation domain, CO2 injected at the deepest geological depth 

will remain supercritical [23]–[25]. The buoyancy force causes CO2 as a plume to travel 

upwards when injected deep beneath geological formations. In this process, as injected CO2 

percolates through the subsurface formation layer, it encounters porous channels and traps [83], 

[84]. The traps are generated as a result of tectonic forces within the more conspicuous 

geological structure, which serves as a storage place or mini reservoir [85]. 

The subsurface caprock topography of the formation region is one of the crucial geological 

parameters that can impact the structural integrity and safe storage of sequestrated CO2 [25], 

[30], [86]. The study by H. Lee et al., [71] described the effect of anticline structure on the 

selection of injection rate for CO2 sequestration. At a higher injection rate, it was noticed that 

the CO2 plume is directed towards the anticline structure. In contrast, at a lower injection rate, 

it was observed that the CO2 is immobilized in the migration pathway towards the anticline 

structure [30]. Prior research and analyses concentrated on the analysis of topographical 

parameters on the topography, explicitly pertaining to top-surface perturbations and 
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morphological structures that feature two distinct types of folds, namely asymmetrical and 

chevron folds. The influence of the folds on the top surface was observed with regard to their 

impact on structural entrapment and residual trapping [80]. Numerous academics and 

researchers have developed numerical tools to elucidate and explain the influences of various 

topographical surfaces on the geological sequestration of carbon dioxide [19], [74]. 

2.5.2 Residual Trapping  

Due to the low density of injected CO2 than the connate reservoir water, the CO2 plume moves 

upwards and infiltrates the pore network structure. While percolating upwards, tiny droplets of 

CO2 will get confined in the porous media migration pathway. This quantity of CO2 is 

categorized under residual trapping; see Figure 1.1 [30], [58], [80], [87]–[92]. 

The fate of injected CO2 during structural and residual trapping phases determines the CGS's 

effectiveness [81]. It is crucial to comprehend the movement and distribution of CO2 in its 

many forms for a particular geological formation. As more CO2 is trapped in the rigid porous 

formation, a greater amount of CO2 will undergo solubility trapping, resulting in an increase in 

the creation of carbonic acid, which in turn increases the mineral reaction and mineral trapping 

in the domain of the formation [25], [58], [82]. 

Most of the research on the residual trapping mechanism takes the aspect of  CO2 saturation to 

estimate the residual trapping efficiency in the geological domain [74], [93]–[95]. In most of 

the previous literature, the studies are mainly focused on studying the influence of parameters 

like pore aspect ratio [96], [97], rock type [88], capillary pressure [92], [98], [99], saturation 

[79], [83], interfacial tension forces [100], flow rate [101], [102], porosity [22], overburden 

pressure [89], [103], etc., on residual trapping mechanism. Most of this research was conducted 

using numerical simulations and experimentation by considering the smaller domain and 

controlled parameters [74], [104]. Most researchers employ experimental approaches, 

including core-flooding techniques and X-ray micro-tomography, to study the residual trapping 
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capacity at the lab scale [83], [89], [101], [105]. In the simulation approach, the residual CO2 

saturation in the geological domain and at the boundaries is considered to estimate the residual 

CO2 percentage [75], [95]. 

Simulation analysis of the flow dynamics of the CO2 plume along the migration pathway and 

the contact area of the CO2 plume with water largely depends on domain heterogeneity, which 

determines the residual- and solubility trapping percentage [71]. A similar conclusion was 

reached by A. Raza et al., [106]; it was found that aquifer heterogeneity influences the injection 

rate selection [106]. Z. Rasheed et al., [107] investigated the degree of acceptable heterogeneity 

for conducting safe CO2 sequestration using the petroleum Lorenz coefficient [107]. 

The effectiveness of the solubility trapping mechanism is primarily dependent on residual 

trapping. The greater the amount of CO2 trapped by residual trapping, the greater the amount 

of CO2 subjected to solubility trapping. If there is a greater amount of residual trapping, the 

caprock will have less burden. This is ensured due to the fact that the amount of CO2 that is 

able to reach the caprock will decrease as the extent of force that is exerted by the CO2 plume 

on the caprock. Most of the remaining trapping percentage is found in the formation domain 

with a narrower permeable range. A safe range of petrophysical data for injecting into the 

Indian geological domain can be evaluated by running the simulation for CO2 sequestration 

[30], [80]. 

2.5.3 Solubility Trapping 

The CO2 trapped under structural features and confined in the migration pathway will dissolve 

in the resident water and undergo geochemical reactions. The CO2 dissolved water gets denser 

and tends to move downwards, forcing the freshwater upwards, further interacting with the 

undissolved CO2. The movement of denser CO2 dissolved water moving downwards and 

freshwater moving upwards create fingering patterns, which are known as the solubility 
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fingering phenomena or simply fingering phenomena see Figure 1.1 [63], [71], [91], [108]–

[111].  

In a numerical simulation performed by Khudaida & Das. [112] to study the influence of 

heterogeneity on CO2 geological sequestration. It was noticed that most of the injected CO2 is 

stored in the homogeneous domain through solubility trapping. The CO2 plume moved in the 

lateral directions and spread efficiently, increasing the contact area with reservoir water and 

enhancing solubility trapping. In contrast to the homogeneous domain, the residual trapping 

percentage increases in the heterogeneous domain due to the restriction on the flow of CO2 

plume in the migration pathway [112].  

In the past decade, researchers' investigations have focused on parametric analyses to 

determine the geological and sequestration characteristics that influence the solubility trapping 

efficiency of a domain. Y. Zapata et al., [113] performed simulation analysis to investigate the 

effects of heterogeneity caused by petrophysical characteristics and the uncertainty present in 

the subsurface region, such as lithofacies. During the sequestration phase, the horizontal 

permeability, porosity, and injection rate were observed to affect the lateral spreading of 

injected CO2. The effect of petrophysical characteristics, irreducible water saturation, and 

capillary pressure on the solubility trapping was significant. Substantial amounts of CO2 

injected into the domain were under the category of free mobile [113]. The availability of the 

reservoir's water table also affects the efficiency of the solubility trapping [113].  

According to the experimental investigation by M. K. Abba et al., [108], a higher water table 

promotes solubility trapping in the geological subsurface region. In the CO2 sequestration 

process, the increase in solubility trapping would raise the overall trapping percentage. In 

addition, the author described solubility trapping as a secondary trapping process following 

structural and residual trapping. The solubility trapping efficiency can impact the long-term 
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security of CO2 entrapment; if CO2 dissolution increases, so will the percentage of CO2 trapped 

by mineral trapping increase [108]. 

The solubility trapping simulation, by considering the Indian-origin geological petrophysical 

data of the Deccan Volcanic Province, can give an idea about the feasibility of implementation 

and establishment of Carbon Capture and Sequestration (CCS) in India. By doing this 

simulation, the trapping efficiency of the solubility trapping mechanism can be estimated. An 

adequate time for the solubility trapping can be known, which is vital for post-sequestration 

analysis. 

2.5.4 Mineral Trapping 

The injected CO2, after undergoing solubility trapping, forms weak carbonate acids, and further 

reactions will decrease the pH of the domain. This decrease in the pH of the formation domain 

will trigger mineral reactions; see Figure 1.1. In this way, the deleterious CO2 is permanently 

eliminated. The order of dissolution and precipitation of minerals in the domain depends on 

the minerals available in the surface formation domain [8], [77], [78], [114]–[118].  

Numerous research has been performed to determine the parameters that influence the mineral 

trapping mechanism [8], [74], [113], [116], [119]–[124]. From the literature, it was determined 

that the reservoir temperature [74], reservoir pressure [74], the composition of the host rock, 

composition of reservoir water [74], pH in the subsurface region [74], water table, etc., had the 

most significant influence on mineral entrapment. The efficiency and effectiveness of mineral 

trapping mainly depend on the sequestration site and composition of mineral rock. 

According to prior research, the mineral trapping period varies based on the availability of rock 

minerals [8], [74], [113], [116], [119]–[124]. Mineral trapping mechanisms typically activate 

after a few hundred years. However, in a few experiments on basalt formation rock, mineral 

reactions were observed within a few months of injections [8], [11], [66], [78], [117], [118], 
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[125]–[128]. Certain investigations also observed that the experimental and simulation results 

disagreed, indicating the complexity of numerical mineral trapping studies [118]. 

Deccan Basalt is a type of rock that originated in India due to the cooling and solidification of 

molten lava produced as a byproduct of a volcanic eruption that occurred approximately 65 

million years ago. Almost 11 varieties of basalt rock formations are known in India, with new 

forms of basalt rock expected to be discovered. The core basalt formation in India is similar to 

the basalt formation in Iceland. The mineral groups Pyroxene, Plagioclase, and Olivine 

dominate the mineral composition of Deccan basalts [1], [64], [129]. 

Minerals such as Calcite, Dolomite, Aragonite, Magnesite, and Siderite are abundant in the 

Indian Deccan Traps formation. The basalt rock formation is mostly composed of divalent 

cations such as Ca2+, Mg2+, and Fe2+, which aid in the formation of secondary minerals [66]. 

Mineral precipitation reactions occur when these divalent cations react with a bicarbonate 

solution, and minerals such as calcite, magnesite, and siderite are formed. These divalent 

cations occur as a result of the dissolution of ultramafic basaltic rocks rich in calcium, 

magnesium, and iron silicates prior to the injection of CO2 into the formation area. These 

minerals form when CO2 is injected back into the domain by interacting with CO2-saturated 

water or carbonic solutions. The hazardous injected CO2 is thus permanently consumed from 

the region [3], [78], [118]. 

In basalt formation, secondary minerals are usually found in the rock's cavities, and these 

secondary minerals include amygdales, carbonates, aluminosilicates, and silica minerals. The 

Indian basalt rock formation is beneficial because around 25% of the mineral weight consists 

of calcium, magnesium, and iron oxides [78]. Basalt is an acceptable candidate for CO2 

sequestration due to the presence of these minerals. Compared to other sedimentary rocks, 

basalt rock may be more reactive to injected CO2 [78]. 
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The research by P. S. R. Prasad et al., [11] provides experimental observations regarding the 

likelihood of CO2 sequestration in the Picritic basalt formation collected from the Igatpuri 

basalt formation in India. Three samples of Picritic basalt formation IGP-29, 36, and 40 have 

been gathered for experimentation analysis. In the control experiment, supercritical CO2 is 

injected into a sealed container containing Picritic basalt. Throughout the experiment, 100 

degrees Celsius and 60 bars of pressure are maintained [11]. After five months, a secondary 

carbonate was observed to be formed. The formation of this secondary carbonate is analyzed 

using Fourier Transform Infrared (FTIR) spectroscopy; the resulting characteristic is 

comparable to that of the Ankerite (Fe-carbonate) mineral, and a release of SiO2 is observed 

from the three IGP-29,36,40 samples. In the experiment, it was also noticed that the reaction 

rate for the formation of secondary carbonates tends to rise when water is added [11]. 

Mineral Trapping provides a permanent solution for eradicating CO2. The efficiency of the 

mineral trapping is essential for the CGS, and to determine the expected mineral entrapment, 

numerical simulation is necessary. By doing the simulation, one will know the crucial minerals 

for the reaction with carbonic acids. The dissolution and precipitation reactions change the 

porosity and permeability of the formation domain. So, the relative change in porosity and 

permeability data can be calculated by doing a simulation. This simulation on mineral trapping 

is much needed during the post-injection period. 

2.5.5 Caprock Structural Integrity 

In carbon dioxide (CO2) geological sequestration, the caprock refers to a rock layer positioned 

above the CO2 storage reservoir, serving as an impermeable barrier against the upward 

migration of CO2 and other fluids [56], [57]. A caprock with high structural integrity is defined 

by several parameters, which encompass: 
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Thickness: An advantageous characteristic of an effective caprock is its substantial thickness. 

A thicker caprock layer provides a more formidable obstruction against CO2 leakage, 

enhancing containment [57]. 

Porosity and Permeability: Desirable caprocks possess low porosity and permeability to 

impede the upward movement of CO2 and other fluids, reinforcing containment within the 

reservoir [56]. 

Mechanical Strength: The mechanical strength of a caprock is crucial to withstand the pressure 

resulting from CO2 injection and the burden of the overlying rocks. High mechanical strength 

ensures stability and integrity [130], [131]. 

Geochemical Stability: A caprock must exhibit geochemical stability to avoid any potential 

reactions or alterations that could compromise its integrity. This stability prevents degradation 

over time, ensuring the long-term containment of CO2. A chemically stable caprock, resistant 

to interactions with CO2 or other fluids, is preferred to prevent dissolution and weakening [4], 

[7], [62]. 

Geomechanical Properties: Geomechanical properties, such as stress state, brittleness, and 

fracture density, impact the mechanical stability and long-term integrity of the caprock. 

Fracture Density: A caprock characterized by low fracture density is desirable, as it minimizes 

pathways for CO2 migration. Fewer fractures reduce the risk of leakage and improve the 

effectiveness of CO2 containment [130], [131]. 

Geological and Lithological Characteristics: The geological and lithological properties, 

including rock type and mineral composition, play a role in a caprock's structural integrity. 

Some rock types, such as dense and massive formations (like basalt or shale), exhibit a higher 

structural integrity. However, susceptibility to dissolution or alteration in the presence of CO2 

must also be considered [4], [57], [62]. 
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These parameters collectively contribute to the high structural integrity of a caprock, serving 

as a reliable seal for the CO2 storage reservoir and minimizing the potential for CO2 leakage 

into the surrounding formations or the atmosphere. It is important to note that specific 

parameters and characteristics of a caprock can vary based on geological context and project 

requirements [4], [7], [57], [62], [130], [131]. Geotechnical investigations and laboratory 

testing are typically conducted to evaluate and characterize the caprock's properties for a 

particular site or project. 

2.5.6 Worldwide CGS Projects 

The CGS is one of the prominent technologies that is gaining interest among various research 

and government institutions because of its ability to reduce CO2 emissions into the atmosphere. 

Over two dozen CGS plants are currently operating worldwide, ranging from small pilot 

projects to industrial scale. The crucial part of selecting any region for the CGS establishment 

depends on the subsurface geological characteristics. Some known subsurface geological 

storage options are mature natural gas and oil reservoirs, uneconomic organic shale coalbeds 

rich in oil and gas, deep aquifers, saline caverns, and flooded Basalt formations. 

As of 2021, there are 65 commercial-scale CGS projects worldwide; among these, 26 projects 

are currently under active status. The remaining projects are in various stages, from approval 

to construction. Furthermore, 34 pilot-scale projects were operational till 2020 [87], [132]; 

some important projects are illustrated in Table 2-1. The current capacity for all the CGS 

projects is approximately 40 million tons, and the world emissions are nearly 38 billion tons 

[132]. 

The Bio-Energy Carbon Capture and Storage facility was commencing in the United Kingdom. 

This facility is integrated with Drax Power Station. The Drax Power Station has undergone 

specific changes in power production. The power station will start relying on biomass, moving 

away from a traditional coal fire. Under this modification, the power station will be equipped 
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with a BECCS grid [133]. Moreover, it is estimated that around 4 million tons will be captured 

and stored annually in the North Sea, and this project is expected to commence operation in 

2030 [132], [133]. 

Santos Limited, an energy company in Australia, is constructing a CCS plant in the Moomba 

gas plant. It is expected to have about 1.7 million tons of capture and geological storage 

capacity annually [132]. A USA-based Enchant Energy in New Mexico has established 

integrated CCS and EOR projects. The CO2 will be captured from the Sa Juan power station 

and sequestrated in the Permian Basin. The estimated capacity is around 6 million tons per year 

[132]. Colorado-based cement company Lafarge Holcim is partnered with the other enterprises 

Svante, Oxy Low Carbon Venture, and Total. It has a capacity of 0.7 million tons per year 

[132].  
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Table 2-1: Notable CCS projects worldwide for CO2 geological storage. The asterisk next to the 

year indicates that the information is current as of that year [134]. 

Name of site 

location 
Country Year of Operations 

Storage Unit 

Type 

Storage 

Capacity 

Sleipner Norway 1996-2019* Saline aquifer 0.9 Mt per year 

Weyburn-

Midale 
Canada 2000-2019* 

Oil and gas 

reservoir 

3000-5000 tons 

per day 

Frio Brine 

Pilot Project 
Texas, USA 2004-2006 Saline aquifer 

1850 tons in 

total injected 

In Salah Algeria 2004-2011 
Oil and gas 

reservoir 

4000 tons per 

day 

Zama Canada 2006-2019* 
Oil and gas 

reservoir 
13 Mt per year 

Snøhvit Norway 2007-2019* Saline aquifer 0.7 Mt per year 

Otway Basin Australia 2008-2019* 
Oil and gas 

reservoir 

65445 tons per 

year 

Ketzin Germany 2008-2009 Saline aquifer 

67000 tons is 

the total 

injected 

Cranfield Mississippi, USA 2009-2019* 
Oil and gas 

reservoir 

1.5 Mt per year 

of CO2 

Ordos 
Inner Mongolia, 

China 
2010-2019* Saline aquifer 

3.6 Mt of CO2 

per year 

Citronelle Alabama, USA 2011-2019* Saline aquifer 
Average of 0.2 

Mt per year 

Decatur Illinois, USA 2011-2019* Saline aquifer 
1100 tons per 

day 

Northern Reef 

Trend 
Michigan, USA 2013-2019* 

Oil and gas 

reservoir 

Total injection 

restricted to 1 

Mt 

Port Arthur Texas, USA 2013-2019* 
Oil and gas 

reservoir 

220000 Tons of 

CO2 are 

injected 

Boundary 

Dam 

Saskatchewan, 

Canada 
2014-2019* Saline aquifer 

Average of 1 

Mt per year 

Alberta 

Carbon Trunk 

Line 

Alberta, Canada 2018-2019* 
Oil and gas 

reservoir 

14 Mt of CO2 

per year 

CarbFix, 

Iceland 
Hellisheidi, Iceland 2012-2019* Basalt 

12,000 tons of 

CO2 per year 

Wallula 

Basalt Pilot 

Washington State, 

USA 
2010-2015 Basalt 

1,000 tons is 

the total 

injected 
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Among the CO2 storage sites, the Sleipner project is the most famous. It was established in 

1996, and it is still active. It might be the first commercial-scale operating plant among the 

Scandinavian countries.  It is operated by Statoil offshore in Norway. The initiative for this 

project was to overcome the carbon tax that the Norwegian government has imposed to reduce 

carbon emissions. The CO2 is sequestrated into the Utsira saline formation, which is about 200-

250 m thick and at a depth of 800 m.  This site is still active for sequestration [60], [135], [136].  

The Snøhvit site has also started because of the effects of Norway's carbon tax exemption. It 

was built and operated by Statoil and allied partners of Statoil. Unlike the Sleipner site, the 

Snøhvit site doesn’t utilize an offshore grid for CO2 sequestration. The CO2 is pumped from 

the onshore grid to the offshore site through the pipeline. It is estimated that 0.7 Mt of CO2 is 

injected per year. The CO2 is injected into the Snøhvit aquifer [130], [137]. Weyburn–Midale 

is probably the world's largest site for the CCS-EOR in Canada. It started its operation around 

2000, and in this project, the captured CO2 is used for the reservoir's Enhanced Oil Recovery 

(EOR). The capacity of the injection is between 3000 and 5000 tonnes per day. Initially, it was 

operated by Cenovus Energy; later, the Petroleum Technology Research Centre (PTRC) was 

allotted for safe operation after an allegation of leakage in 2011. The EOR is carried out in two 

subsurface beds known as vuggy and marly beds [138], [139]. The Zama project is also a 

Canadian project that started its operations in 2006. In this specific project, CO2 with H2S is 

injected into the formation domain. This reduces the cost of the separation of CO2 and H2S; it 

was planned to sequestrate both at the time. It is operated by the Plains CO2 Reduction 

Partnership and Apache Canada.  The injection mixture contains 70% CO2 and 30% H2S. 

Approximately 1.3 Mt of CO2 and about 0.5 Mt of H2S are estimated to be injected into the 

domain [140], [141]. The Boundary Dam project, located in Saskatchewan, Canada, has been 

operational since 2014. It is one of the first commercial-scale plants where the carbon is 

extracted and captured from the post-combustion process; SaskPower operates the project. The 
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major source of carbon comes from the Weyburn field plant. The CO2 is injected about 3.4 km 

deep from the surface of the Earth in the brine-rich sandstone formation [138]. The Alberta 

Carbon Truck Line project, located in Alberta, Canada, is another Canadian CCS plant that has 

been operational since 2018. This CCS project is in virtue of surpassing the Weyburn-Midale 

site as the world's largest site for the CCS. The Alberta site was commissioned at the year 2018. 

It is estimated to have an injection capacity of about 14 Mt CO2 per year. It is operated by 

Enhance Energy Inc. [134], [142]. 

Frio Brine is a pilot project in Texas, USA, operated under the guidance of the Texas Bureau 

of Economic Geology. In 2004, 1600 tonnes of CO2 were injected at a depth of 1500 m; later, 

in 2006, an additional 250 tonnes of CO2 were injected at a depth of 1600 m [143]. This site is 

used for scientific research purposes [143]. The Cranfield site, located in Mississippi, USA, is 

operated by the Southeast Regional Carbon Sequestration Partnership (SECARB) and other 

government organizations of the USA. It has reached the milestone of injecting 3 Mt of CO2 in 

the Tuscaloosa formation at a depth of 3000 m [144]–[146]. Another American CCS project in 

Alabama, USA, is the Citronelle project. This project is also operating under SECARB. The 

Citronelle project has two operational formations in the subsurface region: Paluxy formation, 

which is held at a depth of 335 m, and another saline aquifer at a depth of 3000-3400 m; the 

source of carbon is obtained from the Barry power station [147], [148]. The Decatur storage is 

the scientific research site for CCS, operated by Archer Daniels Midland, the Midwest 

Geological Sequestration Consortium, and Richland County College, located in Illinois, USA. 

The sequestration is done in the Mount Simon sandstone formation. This formation is 

integrated with the Eau Claire shale. This research will help study the integrated wells with 

CO2 storage capabilities over the years [134], [149]. The Port Arthur project is a commercial 

project located in Texas. This project has one of the operational structures where the distances 

between the source and sink are very high. It has been functioning since around 2013. It is 
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operated and maintained by Air Products & Chemicals lnc, Denbury Onshore lnc, Bureau of 

Economic Geology at the University of Texas at Austin, and Valero Energy Corporation. The 

source of CO2 is obtained from the methane reformation plant operated by the Valero refinery. 

The carbon is injected in the EOR site at Oyster Bayou and the west hasting oilfield, which is 

120 km from the source site. It is estimated that more than 220000 Tonnes of CO2 is injected 

into the formation [134], [150]. The Northern Reef Trend is a research project operated by 

Midwest Regional Carbon Sequestration Partnership (MRCSP), DTE Energy, and allies 

located in Michigan, USA. The project started operations in 2013, with its life span expected 

to be 3-5 years till 2018. It has injected 1 Mt of CO2 into the subsurface reservoir [134], [151]. 

The Salah project in Algeria is operated by British Petroleum (BP) and Statoil. The CO2 that is 

obtained from the separation process of the produced natural gas is injected back into the 

Carboniferous Krechba sandstone formation at a depth of 1900 meters of the depleted gas field 

of the Salah project. The Sequestration capacity is almost 4000 tonnes of CO2 per day. 

Approximately 4 Mt of CO2 has been injected into the formation site until its decommissioning 

[102], [152], [153]. Due to the dread of well integrity of CO2 storage, the site was terminated 

for CO2 sequestration in 2011 [102], [152], [153]. 

Otway Basin is the pilot project operated by the Cooperative Research Centre for Greenhouse 

Gas Technologies (CO2CRC) under the observance of the Australian Government. It is located 

on the southern coast of Australia and started operations in 2008 [154]–[156]. This project 

might be the largest onshore project in the world. This project aims to conduct adequate 

research on CCS technology and study the impact of acceptance on the public. The 

sequestration is conducted at the Waarre Formation; the reservoir is a depleted gas reservoir 

[154]–[156]. 

The Ketzin partners and the German Research Centre for Geosciences in Germany started the 

Ketzin project. This site was operational from 2008-2009 for one year as a pilot project for 
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research purposes.  It is the first on-shore project in the European Union. The CO2 is 

sequestrated into the saline sandstone aquifer, which is 630 m below the surface. About 67000 

tonnes of CO2 was injected into the formation domain in one year. The source of the CO2 for 

injection is obtained from Schwarze Pumpe Power Station. The project is implemented to study 

the aftermath economics for site maintenance and post-sequestration monitoring for risk 

analysis [149], [157]. Ordos project is located in Inner Mongolia, China. First, it was 

established as a pilot-scale project in 2010 and was later upscaled to a full-scale project. It is 

operated by China’s largest coal company, Shenhua Group. This project started in the spirit of 

reducing CO2 emissions. To date, it is estimated that about 150000 tonnes of CO2 were injected 

into the geological subsurface [158], [159] 

2.6 Potentiality of CGS in India 

India is a developing nation that is aiming to reach its goal of self-reliance and self-sufficiency 

and build the one-place hub for manufacturing world supplies. During the pandemic of 2019-

2021, most countries relied on a single country to manufacture products and felt vulnerable. 

Hence, most countries chose or looked towards highly skilled and cost-effective manufacturing 

countries like Vietnam and India. Many companies enhanced their investments in India in the 

fiscal year 2020-2021. In the year 2022, it was observed that the surge of coal production was 

increased by 12 % for power production [10], [39], [160]. This scenario points to relying on 

the thermal power sector for power production and the increase of demand in India due to the 

new establishments for the manufacturing sector. [10], [39], [160]. 
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Figure 2.5: Notable locations across India where carbon may be stored [161]. 

Meeting the Paris Climate Agreement targets while simultaneously accommodating the rising 

power demand in India poses a significant challenge. The Indian government has the option to 

rely on CCS technologies for the reduction of CO2 in the atmosphere. Most Indian researchers 

aim to develop Carbon Capture and Utilization technologies, where the captured CO2 can be 

utilized to produce value-added products. Figure 2.5 illustrates India's possible sequestration 

sites with their approximate storage capacity [161]. As the development of reliable and cost-

effective CCUS technology is still in the emerging stage, the Indian government has to look 
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towards other alternative options [10], [39], [162], [163]. As per a survey conducted by R.V. 

Kapila et al.,[39], [164], the top priority of the Indian government is nuclear power plants and 

solar energy development projects. Alternative technologies for reducing CO2 emissions are 

the third priority of the Indian government. However, the Indian government is rolling out 

specific research projects through its research organizations, where the topics are directed 

towards developing CCUS technologies with industrial integration [39], [164]. 

P. Jain et al., [165] researched the source and sink for CO2 emission in Eastern India. The 

author has found three geological sites in eastern India for the geological sequestration that is 

Talcher Coalfield, IB River Coalfield, and Krishna-Godavari basin [165]. The research by A. 

Shukla et al., [126] addresses the potential CO2 sequestration on the Indian Peninsula. The 

author explains CO2 sequestration in the Cretaceous volcanic zone in this research. The Deccan 

Volcanic Province represents a minor portion of the Cretaceous area. The Deccan and 

Cretaceous regions possess essentially identical petrophysical characteristics. This area of the 

Cretaceous is generated by volcanic eruptions. Rajeshwari field (Barmer), Ingoli and Padhra 

fields (Cambay), and Razol formation in the KG basin are Cretaceous locations where CO2 

sequestration and hydrocarbon development are possible. For identifying hydrocarbons in the 

subsurface, techniques such as Pre-stacking and Depth Migration (PSDM) and Pre-stacking 

and Time Migration (PSTM) are utilized, and CO2 sequestration can be employed for 

exploration [126]. 

Author R. Chatterjee [166] and others did a geological assessment and concluded that the Jharia 

coalfield in India was the best location for CO2 sequestration. There is a lot of methane in this 

coalfield. CO2 is released into the atmosphere during the extraction of methane from coal. 

Enhanced CBM Recovery is the name given to this method (Enhanced Coal Bed Methane 

Recovery). Coal from the Jharia coalfield has a high concentration of vitrinite marcels, which 

makes it a good candidate for Enhanced Coal Bed Methane Recovery [166]. 
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Research on the Indian geological formations suitable for CO2 geological storage is currently 

limited, with little progress made in the field of geological sequestration. This can be attributed 

to the scarcity of adequate geological data regarding the aquifer and suitable formation 

domains, which represent a significant challenge to the advancement of this technology. Even 

in the available data, uncertainty arises on important parameters like thickness, rock density, 

petrophysical properties, surface layer fracture network, etc. These parameters play a crucial 

role in the safe storage of CO2 for an extensive period of time without any implications on the 

structural integrity of the formation layer. The current study primarily focuses on CO2 

geological sequestration in the Deccan Volcanic Province, where Basalt rock is predominant. 

2.6.1 Basalt Geological Formations 

Basalt formation is considered a good sink for the captured CO2. It can be confirmed by 

observing two pilot-scale CCS projects on the Basalt formations. BigSky partnership CCS 

project and CarbFix Iceland projects are pilot-scale projects established considering the 

continental flooded basalt as a CO2 sink. The BigSky partnership CCS project is under the 

observation of the Department of Energy of the United States, located in Southern Washington. 

The US’s first CCS project considered continental flooded basalt as a carbon sink. The injection 

bore drill was initiated in 2009, and the drill was of a precise depth of 1253 meters [2], [5], [6], 

[11]. The interflow zones of the subsurface basalt formation layers are considered the 

sequestration region. The CarbFix project is another project situated in Hellisheiði, Iceland. In 

this project, rather than injecting CO2 in the supercritical state, the CO2 dissolved water is 

injected into the geological domain. This way, the concern of CO2 leakage can be eliminated 

[2], [5], [6], [11].  

These basalt formations are formed due to sequences of volcanic eruption and cooling of lava. 

In basalt, depending on the cooling rate and release of gases during the cooling period during 
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a volcanic eruption, different types of basalt formations are formed. The Basalt, which contains 

vesicles, is ideal for the CCS. However, there is still uncertainty concerning petrophysical 

properties and subsurface fracture networks. The Columbia River basalt is estimated to have a 

carbon sink capacity of 10 to 50 GT [2], [5], [6], [11]. Many researchers and geologists believe 

that the subsurface basalt deposits are still to be explored. The basalt formations are available 

both onshore and offshore; the offshore basalt formation has additional security features with 

the presence of ocean water as a blank layer if sequestrated CO2 escapes from the surface 

region. The availability of reactivity based on the mineral compositions of basalt can be 

advantageous. Mineral trapping generally takes hundreds of years to take place, but in some 

research studies, it was found that the injected CO2 reacts with mineral rocks within 100 years. 

This ability of mineral reactivity can be advantageous as it will permanently eradicate the 

harmful CO2 in the domain [2], [5], [6], [11].              

2.6.2 Deccan Volcanic Province 

The Deccan Plateau, a vast elevated region in India, spans over 1.9 million square kilometers. 

Positioned between the Western and Eastern Ghats, the plateau is characterized by its higher 

elevation compared to surrounding coastal plains. The Godavari and Krishna rivers, among 

others, traverse this expanse, contributing to its hydrology. The Deccan Plateau does not have 

a distinct maritime boundary, but it transitions into coastal areas such as the Konkan coast 

along the Arabian Sea and the Coromandel Coast along the Bay of Bengal. This geographical 

concept encompasses both land and the adjacent coastal regions, forming a significant part of 

India's central and southern landscape [167]–[170]. Notably, the Deccan region is renowned 

for the Deccan Traps, a vast volcanic plateau formed by extensive lava flows. The Deccan 

Traps cover a substantial part of the plateau in the states of Maharashtra, Gujarat, Madhya 

Pradesh, Karnataka, and Telangana. They represent a significant geological feature in the 
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region's history. This geological phenomenon is a crucial aspect of the Deccan Plateau's 

landscape, adding to its complexity and historical significance [161], [171], [172]. 

As illustrated in Figure 2.5 and Figure 1.2, it can be observed that India has very good potential 

for the implementation of the CCS project. Figure 1.2 shows that in the Western Ghats region 

of India, a good portion is highlighted for the possible sink for the capture of CO2. This region 

is called the Deccan Volcanic Province; the basalt layers are found in the subsurface region.  

This Basalt formation is mainly observed in the Deccan Traps, which are spread around 

5,00,000 km2 [3], [173]. Basalt rocks are good for mineral trapping because they are highly 

reactive and contain high concentrations of calcium and magnesium ions that chemically react 

with CO2 to form stable carbonate minerals. Basaltic rocks are often fractured and porous, 

containing storage space for the mineralized CO2. Basalts contain high concentrations of 

calcium and magnesium ions that chemically react with CO2 to make calcite, dolomite, and 

magnesite. The presence of these chemical species will increase the mineral reactions, which 

accounts for mineral trapping. Basalt exhibits promising potential as a viable carbon sink site 

in India, owing to its capacity for secure subsurface geological storage and injection of CO2 

relative to other available options [2], [5], [177], [8], [10], [11], [32], [164], [174]–[176]. 

Some researchers have carried out a study on the Basalt obtained from different places in the 

Deccan Volcanic Province.  Experiments involving CO2 sequestration in the Picritic basalt 

formation from the Igatpuri basalt formation, India, were described in a report published by P. 

S. R. Prasad et al., [8], [11].  Three samples of Picritic basalt formation IGP-29, 36, and 40 

have been gathered for experimental testing. The experiment is conducted at a temperature of 

100 °C and a pressure of 60 bar [8], [11]. The Picritic basalt is placed in a sealed reactor, and 

supercritical CO2 is injected in a controlled manner. After five months, a secondary carbonate 

has formed. A release of SiO2 from the three samples of IGP-29,36,40 is noticed using Fourier-

transformed infrared spectroscopy (FTIR), similar to the Ankerite (Fe-carbonate) mineral's 
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characteristic. When water was added to the experiment, it was found that the reaction rate for 

secondary carbonates would increase [8], [11]. 

In the research conducted by O.P. Pandey et al., [31], the author expresses support for the 

concept that Deccan Volcanic Province is an excellent location for CO2 sequestration. The 

author used Killari bore (KLR-1) as an illustration. The bore well was drilled up to 617 meters 

from the Earth’s surface. Alternate structured layers of massive basalt and vesicular basalt 

(amygdaloidal basalt) were seen in this exploration. This is moulded due to successive volcanic 

eruptions and rapid cooling of the lava that occurred 65 million ago [3], [173]. These emerging 

phenomena from the volcanic eruption led to the formation of Basalt rock layers. The Mesozoic 

volcanic layer is succeeded by a layer of Mesozoic sediments in successive Basalt layers. 

According to the author, the sequestration of CO2 in Mesozoic sediments is optimal because of 

the massive and vesicular basalt on top and the Mesozoic volcanic strata at the bottom [31].  

2.7 Numerical Study of Reactive Transport Modelling (RTM) 

Reactive transport modeling is essential for evaluating the feasibility of CO2 geological 

sequestration to mitigate greenhouse gas emissions. Reactive transport modeling is a 

computational approach to simulate the interactions between fluid flow, mass transport, and 

chemical reactions in porous media. In the context of CO2 geological sequestration, it is used 

to understand the behavior of CO2 as it is injected into deep geological formations. The 

objective is to assess the fate of the CO2, including its migration and chemical reactions with 

the surrounding rock and fluid, to predict the long-term storage stability of the CO2. Reactive 

transport models are based on mathematical equations that describe the relevant physical and 

chemical processes and are solved using numerical methods. The models can assess the 

potential storage capacity of various geological formations and identify the most suitable sites 

for CO2 storage. Additionally, reactive transport models can help predict the performance of 
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CO2 storage projects over time and identify potential challenges or issues that may arise in the 

future [14]. 

Modeling of reactive transport can also aid in understanding the intricate interactions between 

the injected CO2 and the subsurface environment. The models can provide intuition on the 

possible concerns connected with CO2 storage, such as the chance of leakage and the likelihood 

of chemical reactions (that could affect CO2's stability during storage). By modeling the 

behavior of CO2 in the subsurface, reactive transport models may also be used to improve CO2 

injection tactics and develop and evaluate monitoring programs for long-term CO2 storage [14], 

[16], [18], [178], [179]. Following is a glimpse of the associated benefits of utilizing reactive 

transport modeling for evaluating CO2 geological sequestration study: 

Understanding the complex process: Reactive transport models can give a complete 

understanding of the complex interactions between fluid flow, mass transport, and chemical 

reactions in the subsurface, hence aiding in the prediction of CO2's behavior in the subsurface 

over time [14]. 

Critical implementation study: Reactive transport models may be used to examine various CO2 

injection scenarios and optimize CO2 storage project design and execution. Typically, the 

investigations entail comparing the findings of reactive transport simulations to field data or 

laboratory investigations and assessing the model's ability to represent essential physical and 

chemical processes. These studies ensure that the results of reactive transport simulations may 

be used to guide the design and execution of CO2 storage projects, as well as to anticipate the 

long-term performance of these projects over time by evaluating the reliability and 

dependability of the models [14], [16], [18], [22], [178], [179]. 
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Long-term evaluation: Reactive transport models may be used to evaluate the long-term 

stability of CO2 storage and to identify possible dangers, such as leakage or chemical reactions, 

that could affect the storage stability of CO2 [14], [16], [18], [22], [178], [179]. 

Predictive monitoring: Reactive transport models may be used to build and evaluate monitoring 

strategies for the long-term assessment of CO2 storage and identify the most crucial parameters 

to monitor to assess the effectiveness of CO2 storage projects over time [14], [16], [18], [22], 

[178], [179]. 

Cost-effectiveness: Reactive transport models may assist in reducing the costs of CO2 storage 

by improving injection tactics, minimizing the need for costly field experiments, and giving a 

complete knowledge of the subsurface environment to influence project design and execution 

[14], [16], [18], [22], [178], [179]. 

Overall, reactive transport modeling is essential for comprehending and controlling the risks 

associated with CO2 geological sequestration and assuring its safe and successful application 

as a climate change mitigation technique. Various geological and sequestration characteristics 

can be evaluated using reactive transport modeling before practical implementation with a low 

financial expense. 

2.8 Geological and Sequestration parametric studies 

The trapping mechanisms are affected by various geological and sequestration parameters 

during various stages. Numerous research has been carried out by performing experimental and 

numerical simulations to explore the dependence of these parameters on the trapping 

mechanisms. Despite this large quantity of research and assessments on various geological 

subsurface formations, some research gaps still exist in the assessments regarding the 

implementation of CCS. Following are some of the literature and research studies that are 

carried out on various geological and sequestration parameters 
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Various geological and sequestration characteristic parameters influence trapping mechanism 

efficiency during the CO2 geological sequestration process. The parameters such as 

petrophysical heterogeneity, well injection configuration, wettability, salinity, top subsurface 

perturbation, etc., are some of the crucial characteristic parameters that can influence and 

impact the entrapment percentage and structural integrity of the subsurface domain. E. A. Al-

Khdheeawi et al., [180]–[183] investigated wettability influences in the heterogeneous 

(variation in petrophysical parameters) domain. The purpose of this analysis is to investigate 

the impact of wettability during CO2 sequestration. 

Within the subsurface reservoir of the natural geological regions, the wettability can range from 

strongly water wet to strongly CO2 wet. The wettability primarily affects variables such as 

relative permeability, capillary pressure, CO2 residual saturation, and CO2 mass transfer into 

the connate reservoir water. However, because wettability mostly depends on the rock’s surface 

chemistry, the water’s composition in the connate reservoir, and the temperature of the 

reservoir, the extent of these influences may be unpredictable [180]–[184]. 

Another simulation analysis considers five distinct ranges of reservoir parameters of relative 

permeability-saturation and capillary pressure-saturation. They are strongly water-saturated, 

strongly CO2-saturated, intermediately saturated, weakly water-saturated, and weakly CO2-

saturated. According to the results of this numerical investigation, the vertical migration of 

injected CO2 was faster in the strongly CO2 wet domain than in the strongly water wet domain. 

However, lateral spreading was lower in the strongly CO2 wet domain than in the strongly 

water wet domain. As a result, residual CO2 entrapment was minimal in the strongly CO2 wet 

domain. In contrast, the solubility trapping and free mobile CO2 quantity were more significant 

in the strongly CO2 wet domain than in any other domain analyzed. The author suggests a 

strongly water-wet region is ideal and feasible for CO2 geological sequestration (CGS). This is 

because the CO2 plume takes longer to reach the caprock in the strongly water-wet domain than 
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in all other wetted domains [180]–[183]. The wettability simulation study is highly 

computationally intensive due to the requirement for an accurate mesh. Because of this, the 

wettability analysis was excluded from the current study since it is preferable to conduct by 

utilizing the mesoscale modeling technique and software [21]. 

E. A. Al-Khdheeawi et al., [185]–[187] have undertaken simulation analyses on injection well 

configuration [185] and salinity [186], [187] in addition to wettability. According to the 

injection well configuration analysis, horizontal injections are preferred to vertical injections. 

The lateral distribution of CO2 in the domain was increased during the horizontal well injection. 

Furthermore, it increases the contact area between the injected CO2 and the reservoir water. As 

a result, the residual and solubility entrapment in the domain increased. However, 

implementing and monitoring horizontal wells in the reservoir would be more difficult during 

operations [185]. The effect of salinity is investigated using four sets of simulated analyses 

considering four different salinity values. It was discovered that when the reservoir water 

salinity increased, so did the mobility and vertical migration distances of injected CO2. As a 

result, lesser salinity resulted in increased residual and solubility entrapment. The salinity 

greatly influences the domain's relative permeability and capillary pressure. As a result, less 

salinity is preferred for CO2 geological sequestration [186], [187]. 

A. Afanasyev et al., [188] investigated CO2 movement in a sloping aquifer in the undip 

direction. This is done by constructing governing equations for immiscible flow equations. The 

empirical equation's output is validated utilizing numerical simulations. The link between dip 

angle, porosity, permeability, and saturation function was analyzed. This methodology is 

utilized for leakage detection, risk assessment, and uncertainty quantification [188]. 

M. J. Rahman et al., [131] performed a research analysis on the caprock seal integrity. The 

investigation concentrated on the geomechanical features of shale caprock. The field-scale 
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analysis was performed on the overlaying Drake formation shales of the Early Jurassic Cook 

and Johansen formations situated offshore of Norway at the Horda Platform area. The field-

scale investigation used fifty exploration wells with 3D and 2D seismic lines. The Aurora 

injection location of the Drake formation was used for CO2 leakage investigation and risk 

assessment. It was discovered that the stress caused by CO2 injection was distributed by shale 

caprock. The risk assessment showed that the formation's top seal prevented CO2 leakage. The 

author also suggested that numerical simulations be used to assess risk factors with different 

macroscale parametric modifications [131]. 

2.9 Utilization of Machine Learning in CO2 Geological Sequestration Analysis 

Simulation analysis can be carried out using numerical techniques such as reactive transport 

modeling [21], [22]. Simulating such a complicated system with intricate relationships will be 

computationally expensive and will take more time [16, 74]. To address these issues, 

researchers began building Artificial Neural Network (ANN) models to predict the future value 

of the dependent variable based on historical input and output from experiments and simulation 

findings [189]–[192]. 

The employment of artificial neural networks (ANNs) within reservoir engineering has 

experienced a notable increase over the past ten years. The neural network is becoming more 

popular in fields ranging from finance to engineering. The use of neural networks will cut 

processing time while increasing accuracy. The use of neural networks has lowered the overall 

processing overheads required in simulation analysis. G.L.A.F.Arce et al., [192] employed a 

time series neural network to estimate CO2 storage in various sequestration approaches such as 

ocean, terrestrial, and geological sequestration [192]. D. Ma et al.,[190] performed CO2 leakage 

experiments and used time series neural networks NAR (Nonlinear Autoregressive Network) 

and NARX (Nonlinear Autoregressive Network with Exogenous Inputs) to forecast future CO2 
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leakage percentages based on experiment results. Wind speed, wind direction, and air 

temperature in the NARX are used as input factors in this analysis, with leaking CO2 

concentration as the target variable. The NARX model is found to be marginally more accurate 

than the NAR model in estimating CO2 concentration. Both neural network models performed 

admirably in terms of predicting a target variable. The author also said that the prediction 

accuracy depends on the type of NARX input variable data [190]. 

Y. Kim et al.[189] used the GEM-Computational Modeling to simulate CO2 sequestration. The 

numerical simulation data is used as input variable data in the Multilayer Perceptron (MLP) 

neural network. In this study, the Structural Trapping Index (STI), Residual Trapping Index 

(RTI), and Total Trapping Efficiency Index (TTEI) were predicted using three training 

algorithms: Levenberg-Marquardt, Scaled Conjugate Gradient, and Bayesian Regularization. 

The author noticed that Multilayer Perceptron - Levenberg-Marquardt (MLP-LM) produced 

good results with respectable R2 and RMSE values. This trained neural network was then 

utilized to predict a real-world case study of the Gorae V Structure in the South-Eastern Sea, 

Korea [189]. Y. Song et al., [193] created an Artificial Neural Network Geological CO2 

Sequestration (ANN-GCS); software like Python and Keras was used to create the ANN-GCS. 

The modeled synthetic domain of Pohang Basin, Coast of Pohang, South Korea, is used for the 

conventional numerical modeling of CO2 sequestration. GEM-CMG was used to simulate and 

analyze the Residual Trapping Index (RTI), Solubility Trapping Index (STI), and Total 

Trapping Efficiency Index (TTEI). The numerical simulation data is used for ANN-GCS 

analysis, and the author claims that ANN-GCS results have over 98% accuracy [193]. The 

research analysis carried out by G. Wen et al., [194] employed a deep neural network to predict 

the migration of CO2 plumes in the domain. The petrophysical parameters of a geological 

domain are fed into the neural network for CO2 plume forecasting. According to the author, 
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the created neural network has learned the significance of gravity, capillary force, viscous 

force, and buoyant force acting on CO2 plume movement [194].  

2.10 Chapter Summary 

The chapter provides a comprehensive literature review on CO2 geological sequestration, 

covering various aspects related to the topic. Below are several key bullet points from the 

chapter, presented in an illustrated format. 

• The CGS technology is the need of the hour; for developing countries, this option is 

viable to reach Net Zero Emission goals. 

• For the financial year 2022, India has seen a surge in coal demand by 12%. This surge 

is due to an increase in manufacturing plants due to local and foreign investors seeing 

India as a safe manufacturing hub [10], [39], [160]. 

• Low carbon emission technology can't satisfy the countries' energy demands alone. The 

CCS has to be integrated into the goal of net zero emissions. 

• Reliable CCS fields in India: Jharia coalfield (ECBM), Rajeshwari field (Barmer), 

Ingoli - Padhra fields (Cambay), Razol formation in the KG basin, and Deccan basalt 

formation [39], [161], [175], [176]. 

• In India, the basalt formation is mainly observed in the Deccan Traps, which are spread 

around 5,00,000 km2 [173]. 

• Basalt can be considered a potential candidate for the carbon sink due to the presence 

of a good quantity of silica minerals and a commendable range of Calcium, Iron, and 

Magnesium. 

• Due to the availability of vast basalt formations and commendable mineral reactivity, 

Deccan Volcanic Province is a good candidate for the implementation of CGS in India. 

• The availability of the mineral compositions of basalt can be advantageous. 
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• In certain research experiments on basalt, injected CO2 interacts with mineral rocks 

within 100 years. Mineral entrapment usually takes hundreds of years. 

• The mineral reactivity published by some researchers brings a sense of confidence for 

selecting Basalt formations as the Sequestration region. 

• CO2 geological sequestration research in India is limited to small-scale lab experiments. 

• There is minimal research on the geological morphology of the Deccan Volcanic 

Province. No research has determined the extract Deccan trap's CO2 storage range. The 

appropriate percentage of efficiency of different trapping mechanisms of the Deccan 

Volcanic Province needs to be analyzed. 

• The unique characteristics of the Deccan Traps and the potential of basalt formations 

for CO2 geological sequestration are explored. The mineral reactivity and geological 

morphology of the Deccan Volcanic Province are discussed in the context of CO2 

sequestration. Many academics believe the Deccan trap is ideal for sequestration. 

• The mineral trapping mechanism occurs in the formation, takes nearly hundreds of 

years, and the experiment setup can’t be maintained for such long. The simulation 

analysis has the advantage of considering all the trapping mechanisms for analysis over 

a geological time scale. 

• The importance of simulation analysis in considering all trapping mechanisms and 

analyzing caprock leakage is emphasized. 

• The location of the Deccan Volcanic Province in an area with significant CO2 emissions 

makes it crucial for mitigating the effects of climate change in India. 

The literature review has provided an extensive analysis of various aspects related to carbon 

capture and storage (CCS), ranging from the current state of CO2 emissions and the technology 

being used to mitigate them to the different CGS projects being implemented across the globe. 

The review also delves into the numerical modeling used to optimize and simulate the different 
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CGS methods. In the next chapter, the focus shifts to reactive transport modeling, a critical 

component in understanding the behavior of CO2 when injected into geological formations for 

storage. Reactive transport modeling involves simulating the complex interactions between 

CO2, the host rock, and any fluids present in the subsurface. This modeling approach enables 

researchers to predict how CO2 will behave over time and assess the potential risks associated 

with its storage. The next chapter aims to provide a more in-depth understanding of this crucial 

study area by discussing reactive transport modelling for CGS.   
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3 Multiphase and Reactive Transport Modelling for CO2 Geological 

Sequestration 

3.1 Introduction 

This chapter emphasizes the utilization of multiphase reactive transport modeling in the context 

of carbon dioxide (CO2) geological sequestration. The multiphase flow equations are used to 

elucidate the intricate fluid dynamics and transport phenomena that occur during CO2 injection 

and storage in subsurface formations. The Brooks-Corey relation, which characterizes the 

capillary pressure, saturation, and relative permeability relationship, is used to model the 

behavior of multiphase fluids in porous media. This chapter explains the reactive transport 

modeling that facilitates the multiphase interactions between CO2, water, and rock formations, 

including mineral dissolution, precipitation, and geochemical reactions. The chapter also 

discusses the estimation of trapping percentage, quantifying the amount of CO2 trapped due to 

major trapping mechanisms happening in the subsurface formations. In the end, the modeling 

approach of the synthetic computational domain is explained, which is used in the subsequent 

chapters for the modeling and simulation analysis of different geological morphological 

domains.   

3.2 Reactive Transport Modeling for CGS 

The present research analysis employs multiphase and multicomponent reactive transport 

modeling techniques to conduct this simulation analysis. CGS technology is a prominent topic 

because of its potential to reduce atmospheric CO2 levels due to its widespread interest in it 

and the need to model its effects and analyze various parameters that have gained significant 

interest among the research community. It plays a crucial role in examining the intricate 

interactions between geochemical reactions and fluid flow in porous media. Scientific 

institutions have collaborated to create numerical tools for simulating the effects of CO2 
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sequestration. Consequently, numerous software products have been developed to analyze 

geochemical and geomechanical factors. CruchFlow [16], [195], TOUGH2 [16], [196], PSU-

COALCOMP [197], TOUGHREACT [16], [198], and PFLOTRAN [16], [21], [22], [199] are 

some of the popular examples of reactive transport software [16].   

CrunchFlow, also known as CrunchTope, was developed by Carl I. Steefel at Lawrence 

Berkeley National Laboratory in 1988 [16], [195]. This open-source software package enables 

the simulation of reactive flow and transport in the Earth and environmental sciences. Its 

versatility lies in its capacity to incorporate a wide range of reactions, including mineral 

dissolution/precipitation, ion exchange, surface complexation, and microbial-mediated 

reactions. Based on the CrunchFlow reactive transport modeling framework, additional 

software repositories such as Chombo-Crunch have been developed in recent years [16], [195]. 

TOUGHREACT, another open-source software, was developed by Nic Spycher, Eric 

Sonnenthal, and Liange Zheng at Lawrence Berkeley National Laboratory [16], [198]. It is a 

numerical simulator specifically designed for chemically reactive non-isothermal flows of 

multiphase fluids in porous and fractured media [16], [198]. The reactive chemistry for 

multiphase flow was incorporated into its predecessor, TOUGH2 [16], [196]. PSU-

COALCOMP, developed by Manik and Ertekin in 1999 at Pennsylvania State University, is a 

simulator specifically built for CO2 sequestration in coal seams [197]. 

PFLOTRAN has been collaboratively developed by experts from renowned institutions such 

as Lawrence Berkeley National Laboratory, Pacific Northwest National Laboratory, Oak Ridge 

National Laboratory, Sandia National Laboratories, Argonne National Laboratory, and other 

prominent research organizations [16], [21], [199]. It stands out as an open-source, state-of-

the-art, massively parallel subsurface flow and reactive transport code. PFLOTRAN is 

specifically designed to address the complexities of multiphase, multicomponent, and 
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multiscale reactive flow and transport in porous materials. The software provides efficient 

solutions for solving the reactive transport equations using either a fully implicit Newton-

Raphson algorithm or the operator splitting method [16], [21], [199]. 

A significant application area of PFLOTRAN lies in the field of CO2 geological sequestration. 

Previous scientific publications from the core developers have demonstrated PFLOTRAN's 

capabilities in simulating the coupled system of mass and energy conservation equations for 

the two-phase system consisting of supercritical CO2 and H2O [21], [22]. The software enables 

researchers to assess the impact of injected CO2 on various parameters, including pH, CO2 

concentration within the aqueous phase, and mineral stability [21], [22]. The utilization of the 

PETSc parallel library package, based on MPI, enables effective parallelization, facilitating the 

efficient utilization of computational resources for large-scale field applications involving 

multi-component chemistry [16], [21], [199]. The extensive repositories, active community 

support, and preceding research on CO2 sequestration on PFLOTRAN made it the preferred 

choice for the current research study. 

To effectively assess CO2 storage in geological formations, it is necessary to consider a range 

of crucial characteristics of the CO2 sequestration process. Multiphase flow and Reactive 

transport modeling are key methods for analyzing the fate of CO2 following injection into a 

geological formation. It can analyze the system's behavior with coupled chemical, physical, 

and biological processes. The application of reactive transport modeling is sufficient for 

evaluating the fate of CO2 after its injection into a geological formation and examining the 

behavior and performance of injected CO2 during geological time. The reactive transport 

simulation can provide answers to numerous sequestration concerns about geological site 

selection and post-injection analysis [18], [20].  

 



64 

 

3.3 Multiphase Flow Equations 

The following illustrated mass and energy conservation equations are solved for a multiphase 

system. These equations, characterized by their partial differential nature, serve as the basis for 

computational analysis and modeling within this context. The interactions between the water 

and CO2 plume are investigated using multiphase and multicomponent mass and energy 

balance equations. The conservation equations describe the interactions between the water and 

the CO2 plume. In the illustrated conservation equations, see Eq. (3.1) and Eq. (3.2); the first 

term is affiliated with accumulation, the second is affiliated with net flux, and the third is 

affiliated with the source and sink terms. In the mass conservation equation, the first term states 

the accumulation of mass in the considered control volume, the second term states net flux in 

the control volume, and the third term states the injection of CO2 into the domain for current 

simulation analysis [16], [20], [21], [199]. In the following sub-sequential equations, the 

subscripts and superscripts l and g represent liquid and gas phases, respectively. Subscript w 

and c represents water and CO2, respectively. 

𝝏

𝝏𝒕
[𝝓(𝑺𝒍𝝆𝒍𝑿𝒘

𝒍 + 𝑺𝒈𝝆𝒈𝑿𝒘
𝒈

)] + 𝜵. [𝒒𝒍𝝆𝒍𝑿𝒘
𝒍 + 𝒒𝒈𝝆𝒈𝑿𝒘

𝒈
− 𝝓(𝑺𝒍𝑫𝒍𝝆𝒍𝜵. 𝑿𝒘

𝒍 + 𝑺𝒈𝑫𝒈𝝆𝒈𝜵. 𝑿𝒘
𝒈

)] = 𝑸𝒘

  

Eq. (3.1) 

𝝏

𝝏𝒕
[𝝓(𝑺𝒍𝝆𝒍𝑿𝒄

𝒍 + 𝑺𝒈𝝆𝒈𝑿𝒄
𝒈

)] + 𝜵. [𝒒𝒍𝝆𝒍𝑿𝒄
𝒍 + 𝒒𝒈𝝆𝒈𝑿𝒄

𝒈
− 𝝓(𝑺𝒍𝑫𝒍𝝆𝒍𝜵. 𝑿𝒄

𝒍 + 𝑺𝒈𝑫𝒈𝝆𝒈𝜵. 𝑿𝒄
𝒈

)] = 𝑸𝒄  

Eq. (3.2) 

Porosity is symbolically denoted by 𝜙. The terms saturations, density, and molecular density 

are represented by Sl or g, ρl or g, and Dl or g in the mass conversation equations. The mole fraction 

of water and CO2 for both phases are represented by 𝑋𝑤
𝑙 𝑜𝑟 𝑔

 and 𝑋𝑐
𝑙 𝑜𝑟 𝑔

, respectively. The 

source or sink terms are denoted by Qw and Qc, representing the injection and extraction of CO2 
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or water from the domain. The subscript p in the subsequent represents the phases. The Darcy 

velocity for both phases is obtained from the following Eq. (3.3). 

𝒒𝒑 =
−𝒌𝒌𝒓𝒑

𝝁𝒑
𝜵. (𝑷𝒑 − 𝝆𝒑𝒈𝒛)        Eq. (3.3) 

From the above Eq. (3.3), the variables permeability, pressure, mass density, and fluid viscosity 

are symbolized by krp, Pp, ρp, and µp, respectively. Absolute permeability, acceleration due to 

gravity, and vertical height are represented by k, g, and z, respectively. 

3.4 Brooks-Corey Relation 

 The current simulation analysis utilized the Brooks Corey function to characterize the relations 

between saturation and capillary pressure. Furthermore, the Brooks Corey Burdine function is 

utilized to establish the relations between saturation and relative permeability for reservoir 

simulations [22], [200]. The following Eq. (3.4) describes the relationship between saturation 

and capillary pressure.  

 𝑺𝒆𝒇𝒇 = (𝜶𝑷𝒄)−𝝀         Eq. (3.4) 

The effective saturation for both phases is shown in Eq. (3.5) and Eq. (3.6). The terms 𝑆𝑙, 𝑆𝑙
𝑟 

and 𝑆𝑔
𝑟 represent liquid saturation, residual liquid saturation, and residual gas saturation, 

respectively. 

𝑺𝒍
𝒆𝒇𝒇 =

𝑺𝒍−𝑺𝒍
𝒓

𝟏−𝑺𝒍
𝒓           Eq. (3.5) 

𝑺𝒈
𝒆𝒇𝒇 =

𝑺𝒍−𝑺𝒍
𝒓

𝟏−𝑺𝒍
𝒓−𝑺𝒈

𝒓         Eq. (3.6) 

The effective saturation can be used to evaluate the relative permeability of both phases using 

the following illustrated formulae. The α and λ are empirical constants. The relative 



66 

 

permeability of both phases, the liquid phase “krl” and gas phase “krg”, are formulated as Eq. 

(3.7) and Eq. (3.8). 

𝒌𝒓𝒍 = (𝑺𝒍
𝒆𝒇𝒇)𝟑+𝟐/𝝀         Eq. (3.7) 

𝒌𝒓𝒈 = (𝟏 − 𝑺𝒍
𝒆𝒇𝒇

)
𝟐

[𝟏 − (𝑺𝒈
𝒆𝒇𝒇

)
𝟑+𝟐/𝝀

]       Eq. (3.8) 

The capillary pressure is evaluated from the pressure extended by wetting and non-wetting 

fluids, illustrated in the following Eq. (3.9). The relationship between phase saturation and 

mole fraction for both phases is described as follows Eq. (3.10) and Eq. (3.11). 

𝑷𝑪 = 𝑷𝒏𝒘 − 𝑷𝒘         Eq. (3.9) 

𝑺𝒍 + 𝑺𝒈 = 𝟏          Eq. (3.10) 

𝒙𝒈 + 𝒙𝒍 = 𝟏          Eq. (3.11) 

The following, illustrated in Eq. (3.12), is the energy balance equation that has been used in 

the simulation analysis. 

 
𝝏

𝝏𝒕
[𝝓(𝑺𝒍𝝆𝒍𝑼𝒍 + 𝑺𝒈𝝆𝒈𝑼𝒈) + (𝟏 − 𝝓)𝝆𝒓𝑪𝒓𝑻] + 𝜵. (𝒒𝒍𝝆𝒍𝑯𝒍 + 𝒒𝒈𝝆𝒈𝑯𝒈 − 𝜿𝜵𝑻) = 𝑸𝒆 Eq. (3.12) 

The terms Ul or g and Hl or g are represented by internal energy and enthalpy, respectively, for 

both phases. The rock density and heat capacity of the porous rock formation are denoted by 

ρr and Cr, respectively. The terms 𝜅 and T represents thermal conductivity and temperature, 

respectively. The source or sink terms is represented by Qe; it indicates the thermal changes at 

the injection point in the formation domain.  

3.5 Reactive Transport Modelling 

The multicomponent reactive transport equation (see Eq. (3.13)) is coupled with the 

conservation equations to incorporate the geochemical reaction in the simulation analysis [20], 
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[21], [199], [200]. In the subsequent text, subscript j indicates the primary species, subscript i 

the secondary species, and m denotes the minerals.  

𝝏

𝝏𝒕
[𝝓 (𝑺𝒍𝝍𝒋

𝒍 + 𝑺𝒈𝝍𝒋
𝒈

)] + 𝜵. (𝝕𝒋
𝒍 + 𝝕𝒋

𝒈
) = − ∑ 𝝊𝒋𝒎𝜤𝒎𝒎      Eq. (3.13) 

The terms 𝜓, ϖ, 𝜐𝑗𝑚, and I represents species concentration, flux, stoichiometric coefficients, 

and dynamic rate of reaction. The concentration of primary species j at their respective phase 

p is illustrated as follows; see Eq. (3.14). 

  𝝍𝒋
𝒑

= 𝜹𝒍
𝒑

𝑪𝒋
𝒑

+ ∑ 𝝂𝒋𝒊𝑪𝒊
𝒑

𝒊         Eq. (3.14) 

The net flux of primary species j at their respective phase p is illustrated as follows; see Eq. 

(3.15). The term phase diffusivity coefficient is represented by Dp.  

𝝕𝒋
𝒑

= (−𝝉𝝓𝑺𝒑𝑫𝒑 + 𝒒𝒑)𝝍𝒋
𝒑
        Eq. (3.15) 

The following equation, Eq. (3.16), illustrates the dynamic rate of reaction 𝐼𝑚 formula, whereas 

terms kinetic rate constant of a mineral, surface area of the minerals, and activity of the ith 

species symbolic denotes as Km, 𝐴𝑚𝜙 and ai. 

 𝑰𝒎 = −𝑲𝒎𝑨𝒎𝝓[∏ 𝒂𝒊
𝒏𝒊

𝒊 ](𝟏 − 𝑲𝒎𝑸𝒎)       Eq. (3.16) 

The ion activity product, Qm, is evaluated using the following formula, see Eq. (3.17). 

𝑸𝒎 = ∏ (𝜸𝒋
𝒑

𝑪𝒋
𝒑

)
𝝊𝒋𝒎

𝒋          Eq. (3.17) 

PFLOTRAN possesses the capability to simulate thermal-hydrological-chemical (THC) 

coupled processes in three-dimensional spatial dimensions, encompassing non-isothermal 

conditions and variable saturation for flow in the porous media. In the present simulation 

analysis, a multiphase fluid flow system is modeled, incorporating multicomponent reactive 

transport of gaseous, aqueous, and mineral species for a CO2 geological sequestration 
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simulation study [21], [22]. PFLOTRAN consists of two modules, namely PFLOW and 

PTRAN. The PFLOW module is responsible for handling fluid flow within the system, while 

the PTRAN module manages the multicomponent geochemical reactive transport for the 

simulation system. Within the PFLOW module, mass and energy conservation equations are 

solved, whereas the PTRAN module focuses on solving the multicomponent reactive transport 

equation [16], [19]–[22], [200].  

The multicomponent geochemical reactive transport module considers homogeneous aqueous 

and heterogeneous gaseous speciation reactions, along with mineral dissolution, precipitation, 

ion exchange, and surface sorption reactions. The fluid flow module (PFLOW) and reactive 

transport module (PTRAN) are sequentially coupled to perform the current transient model 

simulation of CO2 geological sequestration [21], [22]. To model the flow behavior of 

multiphase fluids in porous media, the Brooks-Corey relation is used to evaluate the domain's 

capillary pressure, saturation, and relative permeability. In the PFLOW module, flow 

velocities, saturation, pressure, and temperature are evaluated at each time step and submitted 

to the PTRAN module [21], [22]. Based on the submitted values, the multicomponent reactive 

transport equation is solved, resulting in corresponding changes in mineral volume fraction 

within each grid cell. The mineral volume fraction values are then utilized to update the 

porosity and permeability of the grid cells, which, in turn, influence the migration pathway of 

CO2 within the domain [21], [22]. 

In the PTRAN module, the aqueous speciation reactions are typically considered homogeneous 

in the reactive transport module, assuming local chemical equilibrium due to their fast reaction 

rates. However, when the solid phase of minerals is involved, heterogeneous reactions occur, 

and the rates of mineral reactions are governed by factors such as mineral surface area, initial 

mineral volume fraction, and kinetic rate constants of the reactions [16], [19]–[22], [200].  
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In the structural and residual trapping mechanism simulation study, only the PFLOW module 

is utilized to model dual-phase fluid flow in the porous media [21], [22], [30], [80]. However, 

both the PFLOW and PTRAN modules are employed in the simulation of the solubility 

trapping mechanism. The PTRAN module specifically considers gaseous and aqueous 

reactions while excluding mineral components and their associated dissolution and 

precipitation reactions [21], [22], [63], [111]. The complete routine of PFLOW and PTRAN, 

which involves multiphase multicomponent reactive transport, is employed to 

comprehensively evaluate the mineral trapping mechanism [21], [22]. 

PFLOTRAN utilizes the PETSc (Portable, Extensible Toolkit for Scientific Computation) to 

solve the system of equations. The PFLOW module employs Scalable Nonlinear Equation 

Solvers (SNES) from PETSc for solving the nonlinear system of equations, while the PTRAN 

module utilizes the Krylov Subspace iterative method (KSP) algorithm [21], [22]. As PFLOW 

and PTRAN are sequentially coupled, both modules' routines are executed sequentially. 

However, the PTRAN module requires considerably smaller time steps compared to the 

PFLOW module. Consequently, the interpolated calculated field variables from PFLOW are 

submitted to PTRAN at its smaller time step [21], [22]. 

3.6 Estimation of trapping percentage 

Using conservation of mass, a modified version of Darcy's law, relative permeability is utilized 

to quantify the flow in the reservoir domain. The porosity, pore volume, and CO2 saturation of 

the grid cells are taken into consideration in the process of performing calculations for the 

entrapment percentage. The quantity of CO2 that remains after structural and residual trapping 

is referred to as the movable plume [30], [80]. The term nf denotes the total number of cells in 

the grid arrangement. CO2 saturation and residual CO2 saturation are represented by SCO2 and 

SrCO2, respectively. Vs and Vr represent the cell volumes of structural traps and residual traps, 
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respectively. The top surface perturbation cell vertex heights are evaluated and analyzed for 

structural traps. Following Eq. (3.18) and Eq. (3.19) are the formulas for calculating the 

structural and residual trapping. 

𝑺𝒕𝒓𝒖𝒄𝒕𝒖𝒓𝒂𝒍 𝒕𝒓𝒂𝒑𝒑𝒊𝒏𝒈 = ∑ (𝝓𝑽𝒔𝝆𝒄𝒐𝟐
) × 𝒎𝒊𝒏 (𝑺𝒄𝒐𝟐

,
𝒏𝒇
𝒏=𝟏 𝑺𝒓𝒄𝒐𝟐

)   Eq. (3.18) 

𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍 𝒕𝒓𝒂𝒑𝒑𝒊𝒏𝒈 = ∑ (𝝓𝑽𝒓𝝆𝒄𝒐𝟐
) × 𝒎𝒊𝒏 (𝑺𝒄𝒐𝟐

,
𝒏𝒇
𝒏=𝟏 𝑺𝒓𝒄𝒐𝟐

)      Eq. (3.19) 

The top caprock perturbations are integrated on the mesh surface by utilizing MATLAB 

Gaussian noise function. The height differences between each mesh surface cell are 

determined. The structural traps are then recognized, and the sequential cells are saved and 

evaluated as structural trapping cells during simulations. The active cells for residual trapping 

computation are the remaining cells of a domain other than the structural trapping cells. For 

the calculation of entrapment, only immobile CO2 saturation cells are included. The remaining 

cell saturations are considered in the calculations for the mobile plume. The analysis of 

solubility trapping involves an investigation of both the aqueous CO2 and gaseous CO2 within 

the geological simulation domain. The analysis of mineral volume fraction is conducted in 

conjunction with the assessment of domain saturation and aqueous CO2 concentration to 

estimate mineral trapping. This analysis involves various numerical simulations incorporating 

diverse geological and sequestration parameters [30], [63], [80], [111]. The following Table 

3-1 presents a concise overview of vital equations in Multiphase flow and Reactive Transport, 

and auxiliary equations, aiming to offer readers a quick reference. 
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Table 3-1: Multiphase flow and reactive transport model equations for CO2 geological 

sequestration [22]. 

Multiphase Flow and Reactive Transport Modelling Equations 

Name of the Equation Equation 
Eq. 

No 

Multiphase flow equations 

Water phase, mass balance 

equation 

𝜕

𝜕𝑡
[𝜙(𝑆𝑙𝜌𝑙𝑋𝑤

𝑙 + 𝑆𝑔𝜌𝑔𝑋𝑤
𝑔

)] + 𝛻

⋅ [𝑞𝑙𝜌𝑙𝑋𝑤
𝑙 + 𝑞𝑔𝜌𝑔𝑋𝑤

𝑔
    − 𝜙(𝑆𝑙𝐷𝑙𝜌𝑙𝛻𝑋𝑤

𝑙 + 𝑆𝑔𝐷𝑔𝜌𝑔𝛻𝑋𝑤
𝑔

)]

= 𝑄𝑤 

3.1 

Darcy velocity of the water phase  𝑞𝑙 =
−𝑘𝑘𝑟𝑙

𝜇𝑙
𝛻(𝑝𝑙 − 𝜌𝑙𝑔𝑧) 3.1a 

ScCO
2
 phase, mass balance 

equation 

𝜕

𝜕𝑡
[𝜙(𝑆𝑙𝜌𝑙𝑋𝑐

𝑙 + 𝑆𝑔𝜌𝑔𝑋𝑐
𝑔

)] + 𝛻

⋅ [𝑞𝑙𝜌𝑙𝑋𝑐
𝑙 + 𝑞𝑔𝜌𝑔𝑋𝑐

𝑔
− 𝜙(𝑆𝑙𝐷𝑙𝜌𝑙𝛻𝑋𝑐

𝑙 + 𝑆𝑔𝐷𝑔𝜌𝑔𝛻𝑋𝑐
𝑔

)]

= 𝑄𝑐 

3.2 

Darcy velocity of gas phase  𝑞𝑔 =
−𝑘𝑘𝑟𝑔

𝜇𝑔
𝛻(𝑝𝑔 − 𝜌𝑔𝑔𝑧) 3.2a 

Energy 

balances equation 

𝜕

𝜕𝑡
[𝜙(𝑆𝑙𝜌𝑙𝑈𝑙 + 𝑆𝑔𝜌𝑔𝑈𝑔) + (1 − 𝜙)𝜌𝑟𝐶𝑟𝑇] + 𝛻 ⋅ (𝑞𝑙𝜌𝑙𝐻𝑙 + 𝑞𝑔𝜌𝑔𝐻𝑔 − 𝑘𝛻𝑇)

= 𝑄𝑒 
3.12 

Axillary Equations 

Saturation relation for all phases 

for a singular component 
∑ 𝑆𝑝 = 1 3.10 

Brooks–Corey-Mualem model: 

the relationship between relative 

permeability to effective 

saturation 

𝐤𝐫𝐥 = (𝐒𝐥
𝐞𝐟𝐟)𝟑+

𝟐
𝛌 

 

𝐤𝐫𝐠 = (𝟏 − 𝐒𝐥
𝐞𝐟𝐟)

𝟐
[𝟏 − (𝐒𝐠

𝐞𝐟𝐟)
𝟑+𝟐/𝛌

] 

3.7 

 

3.8 

Brooks-Corey relationship 

between the effective saturation 

and capillary pressure 

𝑆𝑙
𝑒𝑓𝑓 =

𝑆𝑙 − 𝑆𝑙
𝑟

1 − 𝑆𝑙
𝑟  

𝑆𝑔
𝑒𝑓𝑓 =

𝑆𝑙 − 𝑆𝑙
𝑟

1 − 𝑆𝑙
𝑟 − 𝑆𝑔

𝑟 

3.5 

 

3.6 

Capillary pressure 𝑃𝑐(= (𝜌𝑙 − 𝜌𝑔)𝑔ℎ = ∆𝜌𝑔ℎ) 3.9 

Reactive Transport Equations 

Multicomponent reactive 

transport equation 

𝜕

𝜕𝑡
(𝜙 (∑ 𝑠𝑙𝛹𝑗

𝑙

𝑙

)) + 𝛻. ∑ 𝛺𝑗
𝑙

𝑝

= − ∑ 𝑣𝑗𝑚𝐼𝑚

𝑚

 

Where, − ∑ 𝑣𝑗𝑚𝐼𝑚𝑚
 is the Rate of reaction equation, j refers to the primary 

species 

3.13 

Total concentration  𝜓𝑗
𝑝

= 𝛿𝑙
𝑝

𝐶𝑗
𝑝

+ ∑ 𝜈𝑗𝑖𝐶𝑖
𝑝

𝑖  3.14 

Total flux 𝜛𝑗
𝑝

= (−𝜏𝜙𝑠𝑙𝐷𝑙𝛻 + (
𝑘𝑘𝑙

𝜇
𝑙

𝛻(𝑊𝑙𝜂𝑙
− 𝜌

𝑙
𝑔𝑧))) 𝛹𝑗

𝑙
 3.15 

Trapping estimation 

Structurally trapped CO
2
 

quantity 
𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 − 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 = ∑(∅𝑉𝑠𝜌𝑐𝑜2

) × min (𝑆𝑐𝑜2
,  

𝑛𝑓

𝑛=1

𝑆𝑟𝑐𝑜2
) 3.18 

Residually trapped CO
2
 quantity 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 − 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 = ∑(∅𝑉𝑟𝜌𝑐𝑜2

) × min (𝑆𝑐𝑜2
,  

𝑛𝑓

𝑛=1

𝑆𝑟𝑐𝑜2
) 3.19 
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3.7 Modeling of Synthetic Domain: Methodology and Approaches 

The Deccan Volcanic Province is known for its vast volcanic rock formations, making it a 

potential site for CO2 geological sequestration (CGS). The multiphase flow and reactive 

transport modeling equations are comprehensively presented in Table 3-1. The geological 

domain considered in the chapter is based on the Deccan Volcanic Province in the Saurashtra 

region of India. The geological data was obtained from D. N. Murthy et al. [201]. Modeling of 

the synthetic domain from Deccan Volcanic province data is presented in subsequent 

subsections. For the structural- and residual-trapping simulations, Section 3.7.1 presents the 

procedure of computation domain modeling, and the procedure for solubility- and mineral-

trapping is presented in Section 3.7.2. The next chapter focuses on various factors that can 

influence trapping efficiency in the Deccan Volcanic Province. 

3.7.1 Synthetic geological domain for Structural- and Residual-trapping 

The Deccan Volcanic Province of India is spread across a total area of 500,000 km2 [173]. 

Because of its petrophysical and geochemical characteristics, it is one of the greatest sinks in 

India for the geological sequestration of CO2. In 1970, the Indian government proposed to store 

nuclear waste in these traps; however, the concept was scrapped because of environmental 

concerns and the possibility that it might contaminate the underground water. According to the 

results of a prior investigation that the Indian government carried out in conjunction with the 

Pacific Northwest National Laboratory (PNNL), it was estimated that approximately Deccan 

Volcanic Province might store 150 Gt of captured CO2 through the implementation of strategic 

CO2 sequestration [10].  

These basalt rock formations resemble the basalt formations that can be seen in Iceland and the 

Columbia River basalts found in the northwestern United States. Because of this factor, the 
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Deccan traps have the ability to be evaluated as a possible option for the sequestration of carbon 

dioxide [2], [6], [66], [103], [116], [126], [177], [202], [203]. The geological data for modeling 

a synthetic domain that was considered in this research was of Saurashtra Peninsula, with the 

precise position being between 21.50° N and 23° N latitude and between 69.75 ° E and 71.50° 

E longitude, see Figure 3.1A. It is anticipated that the Deccan traps would cover the majority 

of the Saurashtra Peninsula. The geological data of the region was obtained from D. N. Murthy 

et al., [201]. 

In order to model structural and residual trapping, the synthetic domain is modeled. To begin, 

the top surface of the domain is modeled initially for a synthetic domain. The elevation of the 

structure can be reconstructed with the use of a contour map obtained from the relevant research 

by applying a MATLAB image processing technique. The top surface of the domain is then 

modeled in MATLAB by superimposing a visualization of the mesh grid on top of elevation 

data, see Figure 3.1B and Figure 3.1C. In addition to that, the whole structure of the grid is 

modeled. The geological fractures and cracks that occur naturally in the domain were not 

included in the modeled domain since their presence would have increased the complexity of 

the simulation and made it more challenging to complete. The territory covers an area that is 

160 kilometers wide, 160 kilometers deep, and 1.8 kilometers high. Each of the 2,56,000 grid 

cells of the modeled synthetic domain is discretized into 160 × 160 × 10, and the physical 

dimension itself is divided into these cells; see Figure 3.1B, C, and D [30], [63], [80], [111].  
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Figure 3.1:  The figure illustrates different components: (A) Contour plots sourced from literature 

D. N. Murthy et al., [201], (B) Contour plot of the modeled geological domain, (C) Three-

dimensional grid structure, and (D) The distribution of porosity and permeability within the 

domain, used for simulating Structural and Residual trapping [30], [111] 



75 

 

The top surface topography of the modeled synthetic domain is about as described. An effort 

was made to create a model of the domain that provided an appropriate representation of the 

real-world scenario. The range of porosity that is considered is with respect to the Deccan 

basalt. The porosity range that is kept between 0.2 and 0.4 is maintained for the modeled 

synthetic geological domain, and this value is obtained from the literature [173], [203]. The 

Gaussian function arbitrarily assigns porosity values to each grid cell in the matrix. Utilizing 

the Carmen-Kozeny relation allows for the evaluation of the permeability to its respective 

porosity range. In the modeled domain, the permeability values range from 10 to 1500 mD; see 

Figure 3.1D [30], [63], [80], [111].  

3.7.2 Synthetic geological domain for Solubility- and Mineral-trapping 

The simulation of solubility and mineral trapping was conducted in a specific geographical 

region, defined by the coordinates 21.50° N, 22.40° N, 69.75° E, and 71.50° E. The simulation's 

data and inputs were obtained from D. N. Murthy et al., [201], as represented in Figure 3.2A 

and Figure 3.2B. The considered simulation region is highlighted with the red rectangle box 

in Figure 3.2A, and for the same region, the top surface is modeled as shown in Figure 3.2B. 

Detailed visualizations of the discretized domain can be found in Figure 3.2B, Figure 3.2C 

and Figure 3.2D, offering a comprehensive view of the region's characteristics. To carry out 

the simulation effectively, the region was discretized into a grid with dimensions of 80 

kilometers in width, 160 kilometers in length, and 1.8 kilometers in depth. The resulting grid 

comprised 80 × 160 × 10 cells, totaling 128,000 individual cells [30], [63], [80], [111]. The 

reactions illustrated in Table 3-2 are the possible reactions that tend to happen in the subsurface 

basalt rock formation. The Keq term in the following table denotes the equilibrium constant 

[66], [78], [118]. 
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Figure 3.2: Figure shows (A) contour plots extracted from literature, D. N. Murthy et al., [201], (B) 

contour plot of the geological domain modeled, (C) three-dimensional grid structure, and (D) 

distribution of porosity and permeability in the domain used for the Solubility trapping simulation. 
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Table 3-2: Subsurface geochemical reactions of solubility and mineral trapping mechanisms [204]. 
M
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Minerals/ 

Dissolution 
Reaction 

Keq 

(mol/m2. 

sec) 

Mineral 

vol. 

fraction 

Solubility 

trapping 

reactions 

𝐻2𝑂 ↔ 𝐻+ + 𝑂𝐻− 1 ×10-4  

𝐶𝑂2 − 2𝐻+ + 𝐻2𝑂 ↔ 𝐻𝐶𝑂3
− 2 ×10-4 

𝐶𝑂2 − 2𝐻+ + 𝐻2𝑂 ↔ 𝐶𝑂3
2− 2 ×10-4 

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
− 2 ×10-4 

𝐶𝑂2 + 𝑂𝐻− ↔ 𝐻𝐶𝑂3
− 2.7 ×10-3 

Albite 𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8 + 4𝐻+

⇌ 𝐴𝑙3+ + 𝑁𝑎+ + 2𝐻2𝑂

+  3𝑆𝑖𝑂2(𝑎𝑞) 

1 ×10-12 0.09 

Anorthite 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 8𝐻+

⇌ 2𝐴𝑙3+ + 𝐶𝑎2+ + 4𝐻2𝑂

+ 2𝑆𝑖𝑂2(𝑎𝑞) 

1 ×10-11 0.09 

Aragonite 𝐶𝑎𝐶𝑂3 + 𝐻+ ⇌ 𝐶𝑎2+ + 𝐻𝐶𝑂3
− 1 ×10-6 0.01 

Calcite 𝐶𝑎𝐶𝑂3 + 𝐻+ ⇌ 𝐶𝑎2+ + 𝐻𝐶𝑂3
− 1 ×10-6 0.09 

Clinochlore-

14A 

(𝑀𝑔5𝐴𝑙(𝐴𝑙𝑆𝑖3𝑂10)(𝑂𝐻)8) + 16𝐻+

⇌ 2𝐴𝑙3+ + 5𝑀𝑔2+ + 12𝐻2𝑂

+  3𝑆𝑖𝑂2(𝑎𝑞) 

1 ×10-12 0.01 

Diopside 𝑀𝑔𝐶𝑎𝑆𝑖2𝑂6 + 4𝐻+

⇌ 𝑀𝑔2+ + 𝐶𝑎2+ + 2𝐻2𝑂

+ 𝑆𝑖𝑂2(𝑎𝑞) 

1 ×10-11 0.01 

Dolomite 𝐶𝑎𝑀𝑔(𝐶𝑂3)2 + 2𝐻+

⇌ 𝐶𝑎2+ + 𝑀𝑔2+ + 2𝐻𝐶𝑂3
− 

1 ×10-6 0.01 

Saponite-Ca  

𝐶𝑎0.25(𝑀𝑔, 𝐹𝑒)3((𝑆𝑖, 𝐴𝑙)4𝑂10)(𝑂𝐻)2. 𝐻2𝑂

+ 7𝐻+

⇌ 0.38𝐴𝑙3+ + 3𝑀𝑔2+

+ 0.16𝐶𝑎3+ + 4.6𝐻2𝑂

+ 3𝑆𝑖𝑂2(𝑎𝑞) 

1 ×10-26 0.05 

Quartz 𝑆𝑖𝑂2 ⇌ 𝑆𝑖𝑂2(𝑎𝑞) 1 ×10-15 0.5 

3.8 Simulation Methodology 

The chapter focused on the application of multiphase flow and reactive transport modeling of 

CO2 geological sequestration in the Deccan Volcanic Province. The comprehensive overview 
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of simulation methodology adapted to elucidate the geological sequestration phenomena is 

explained as follows. 

In Chapter 4, simulations were conducted on Deccan traps to understand and analyze the four 

trapping mechanisms and their relative contributions to overall CO2 storage. To explain 

primary trapping mechanisms, in Section 4.2, simulations are conducted using the multiphase 

flow equations, Table 3-1: Eq. 3.1, 3.2, and 3.12 with auxiliary equations for the relationship 

between porosity, permeability, capillary pressures, and phase saturations, Table 3-1: Eq. 3.6, 

3.8, 3.9, and 3.10.  To explain the solubility trapping of primarily trapped CO2, simulations are 

performed, see Section 4.3, the equations Eq. 3.1-3.20 (Table 3-1) are utilized for the 

simulation by incorporating only the reaction mechanisms of CO2 dissolution in water. Finally, 

mineral trapping mechanism simulations are presented in Section 4.4, using equations Eq. 3.1-

3.20 (Table 3-1) by incorporating the solubility trapping reactions and the mineral speciation 

reactions as mentioned in Table 3-2.  

In Chapters 5 and 6, additional synthetic domains are arbitrarily modeled to conduct the 

parametric studies; these synthetic domains are modeled in a similar way as mentioned in 

Section 3.7. In Chapter 5, the study was focused on investigating the influence of caprock 

morphology and crack on the CO2 plume migration and CO2 entrapment due to solubility 

trapping in the domain by excluding the mineral trapping mechanism. In Chapter 6, the primary 

trapping mechanism simulations were conducted in a synthetic domain with anticline and 

syncline geological features. The data obtained from these simulations are used to train and test 

machine learning models to predict future forecasts. 

In the simulations, the injection of CO2 into each synthetic domain occurs at depths below 800 

meters from the Earth's surface. Beyond this depth, the natural temperature and fluid pressures 

surpass the critical point of CO2 in most locations on Earth. Consequently, CO2 injected at this 
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depth or deeper will maintain a supercritical state due to the prevailing temperatures and 

pressures. Supercritical CO2, being denser and exhibiting more liquid-like behavior than gas, 

offers the potential for efficient storage. 

As the simulation domain is sloping and has stairstep features, an initial reservoir pressure 

uniform for the whole simulation domain cannot be assumed. The terrain modeled for this 

study is sloping in nature. Hence, the initial pressure of the reservoir varies in relation to the 

depth parameter 'h' associated with each grid cell. The formula ρgh is utilized to determine the 

initial reservoir pressure. The initial reservoir pressure is derived using the formula ρgh. Due 

to the constant density of water throughout the geological domain, the pressure only depends 

on the depth factor, h. No flow conditions are applied at the top surface as the caprock is 

impermeable. Neumann boundary conditions are considered for the remaining surfaces of the 

synthetic computation domains. 

Additionally, in all the numerical simulations conducted in this thesis, the initial thermal 

conductivity of formation rock is considered as 2.5 W/mK [205]–[207], with a rock density of 

2.7 × 103 Kg/m3 [206], [208], and a heat capacity of rock is assumed as 1 × 103 J/Kg K [209], 

[210]. These properties remain consistent across simulation time, while structural and residual 

trapping simulation analysis is due to neglecting geochemical reactions. Whereas in mineral 

trapping simulation, the previously mentioned parameters are subjected to change due to 

geochemical reaction consideration in the simulations. 
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4 Investigation of Trapping Mechanisms in Deccan Volcanic Province 

4.1 Introduction 

The definition of various trapping mechanisms -structural, residual, solubility, and mineral 

trappings are explained in previous chapters. From the literature, it is understood that each 

mechanism follows the geological time scale. The order of occurrence is first, the structural 

and residual trapping of injected CO2; second, the solubility trapping of structural and residual 

trapped CO2; and finally, the mineral trapping of solubility trapped aqueous CO2. Therefore, 

for a better understanding of the fate of CO2 by each trapping mechanism, simulations are 

conducted for the aforementioned order.  

First, the structural and residual trapping simulations for injected CO2 are presented in Section 

4.2. In the parametric simulation study, the numerical simulation investigation is initially 

performed by considering primary trapping mechanisms (Structural- and Residual Trapping 

mechanisms, Section 4.2). For this, first, the base case scenario on primary trapping 

mechanisms is explored in Section 4.2.1. Next, the investigation delves into how the 

heterogeneity of petrophysical properties, such as porosity and permeability, can impact 

primary trapping mechanisms in the Deccan Volcanic Province (Section 4.2.2). Furthermore, 

the influences of injection point selection (Section 4.2.3) and injection rate (Section 4.2.4) on 

primary trapping mechanisms of the Deccan Volcanic Province are examined. These factors 

can significantly affect the distribution and movement of CO2 within the rock formations, thus 

influencing trapping efficiency. 

Second, the solubility trapping mechanism is investigated (Section 4.3), which involves the 

dissolution of CO2 in water and subsequent migration through the rock formation. The primary 

and solubility trapping mechanisms are compared to understand their relative contributions to 

long-term CO2 storage in the Deccan Volcanic Province (Section 4.3.1). Additionally, the 
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analysis includes how the heterogeneity of petrophysical properties (Section 4.3.2) and 

injection point selection (Section 4.3.3) can influence solubility trapping efficiency in the 

Deccan Volcanic Province. 

Finally, the investigation delves into the mineral trapping mechanism (Section 4.4), which 

involves the geochemical reaction between CO2 and minerals in the rock formation, as another 

crucial and potential mechanism for safe CO2 storage in the Deccan Volcanic Province. By 

thoroughly investigating these trapping mechanisms in the Deccan Volcanic Province, this 

chapter aims to provide valuable insights into the factors that can influence trapping efficiency, 

thus contributing to the development of effective CGS strategies in Deccan Volcanic Province 

formations. 

4.2 Investigation of Structural- and Residual Trapping Mechanisms in CGS 

The geological formations, particularly anticline and syncline sequences depicted in Figure 

4.1, are crucial for understanding structural- and residual-trapping phenomena affecting CO2 

migration. These formations act as traps, hindering CO2 movement within the anticline dome 

during sequestration. Initially, the injected CO2 will form a plume and have a movement in the 

domain, and it is referred to as a movable plume, see Figure 4.1B. This CO2 plume, while 

migrating through porous media, will displace water in the pores. During injection, structural 

and residual trapping mechanisms become significant factors in CO2 migration, see Figure 

4.1A-E. The injected CO2, after reaching the caprock, moves laterally, see Figure 4.1C, and 

once the injection is ceased, it gets structurally trapped under anticline domes, see Figure 4.1E. 

Residual trapping occurs as some CO2 remains confined in the porous structure, favoring 

mineralization over time, see Figure 4.1D and Figure 4.1E. The fate of CO2 injection during 

the post-injection period is depicted in Figure 4.1E, transforming from a movable plume to 

structural- and residual trapping [30], [76].  



83 

 

 

Figure 4.1: Illustration of the categorization of structural trapping, residual trapping mechanisms, 

and movable plume in geological sequestration: (A-E) depicting the fate of CO2 during and after 

injection into the geological formation [30]. 

The behavior of CO2 plume during the initial stages can influence the structural and residual 

entrapment, which further affects the effectiveness of CO2 geological sequestration (CGS). As 

a result, having solid insight into the movement of CO2 plumes and their diffusion in various 

forms is essential for a particular geological formation. As a greater quantity of carbon dioxide 

is sequestered in the rigid porous formation, a more significant portion of carbon dioxide will 

undergo solubility trapping, which will lead to an increase in the production of carbonic acid. 

This will eventually lead to an increase in mineral reaction and mineral trapping within the 

formation domain. The estimated structural and residual trapping percentage data can provide 
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a robust interpretation of the solubility and mineral trapping data. Therefore, this section aims 

to understand the structural- and residual trapping mechanisms for CO2 storage in the 

subsurface formation area. The investigation of structural and residual trapping alone will help 

us understand what happens to CO2 in the geological formation domain and will assist in 

additional studies on the use of field-scale technology [30], [76].  

4.2.1 Base Case Scenario 

This section describes a numerical simulation for the base case scenario of CO2 injection at 

injection point B of the synthetic computation domain. Continuous CO2 injection is performed 

for the initial 20 years at a volumetric flow rate of 99 × 105 m3/day. Three thousand years of 

simulations were performed to observe the structural and residual trapping phenomena in the 

considered synthetic domain. The geological domain consists of a distinct range of 

perturbations corresponding to a peak known as an anticline dome. A comprehensive 

assessment and illustration of the fate of CO2 due to structural- and residual trapping in the 

geological domain is depicted in Figure 4.2, which comprises two congener outcomes. The 

first column indicates the CO2 saturation in the transparent three-dimensional domain, which 

may be used to analyze the dispersion and displacement of CO2 plume in the geological 

domain. The second column illustrates the height of saturated CO2 in the domain. During the 

initial stage of a project for commercially viable CO2 sequestration, the lateral spreading should 

be high in order to cover a significant volume of the geological domain. This substantial 

spreading can positively affect the economics of CO2 sequestration by reducing the need for the 

number of injection points. 
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Figure 4.2: The fate of CO2 through structural- and residual trapping phenomena across 

geological time is represented by the height of saturated CO2 from the surface; the injection point is 

displayed by the letter I and (ii) CO2 saturation in the 3D domain. A total of 7.227 X 1010 m3 of CO2 

was injected for the first 20 years [30]. 
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The histogram, see Figure 4.3, displays the proportions of structural trapping, residual 

trapping, and mobile plume on a geological time scale. In this particular outcome, the CO2 

plume produced by CO2 injection has travelled towards the highest elevation zone of an 

anticline dome. Because the injection force, in addition to the buoyancy forces, operates on the 

CO2 plume, the movement was rapid up to the injection period (till the initial 20 years), see 

Figure 4.2. It was observed that within 500 years, the CO2 plume reached the peak of the 

anticline dome. Still, it takes around 2500 years for the CO2 plume to spread across the 

anticline's top surface. This observation suggests that the injection force plays a crucial role in 

the lateral spread of the CO2 plume during the initial stage of CO2 injection. During the post-

injection period, when the injection force gradually decreases, the movement of CO2 

significantly slows down in the synthetic domain. Due to this, the CO2 plume tends to get 

trapped in the structural traps or in the porous migration pathway. So, from Figure 4.3, one 

can observe the moveable plume's transition into structural trapping and residual trapping. 

Further, there could be a transition from structural to residual trapping after an extended period 

of time. Figure 4.3 illustrates this occurrence of percentage growth in structural trapping and 

residual trapping across a geological time span. Particularly, an increase in the percentage of 

residual CO2 will promote the coexistence of CO2 and water in the form of an emulsion, hence 

promoting the dissolution of CO2 and triggering solubility trapping phenomena. 
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Figure 4.3: The percentage of CO2 trapped in structural trapping, residual trapping, and movable 

plume is represented by a histogram. It was reported that the structural trapping and residual 

trapping contributions increased after injection [30]. 

4.2.2 Influence of Heterogeneity –Petrophysical properties 

This simulation studied the impacts of petrophysical properties such as porosity and 

permeability on the sweeping efficiency in the geological domain. For these simulations, two 

sets of porosity and permeability ranges are considered. These simulations are conducted at 

injection site B with an injection rate of 99 × 105 m3/day for the first 20 years, with the next 

2980 years set aside for post-injection analysis. The porosity ranges for simulation set-1 are 

0.05 to 0.1, while the permeability range is 1 to 10 mD. For simulation set-2, the range of 

porosity and permeability are 0.2 to 0.4 and 10 to 1500 mD, respectively. The selection of 

porosity ranges for both simulation sets was made arbitrarily based on insights from existing 

literature studies [203], [206], [211], [212]. The objective was to investigate the variations in 

CO2 migration, sweeping, and corresponding entrapment when injecting CO2 into formations 
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with low-range petrophysical properties compared to those with normal-range petrophysical 

properties.  

The sweeping efficiency is termed as the space covered by the non-wetting or injection fluid 

that spreads laterally throughout the geological region. As lateral spreading increases, so does 

the CO2 sweeping efficiency, reducing the number of injection points necessary for the 

expansion of CGS. This will eventually have a positive impact on the financial aspects of the 

implementation of the CO2 sequestration project. Figure 4.4A demonstrates that simulation 

set-1 has a lower sweeping efficiency than simulation set-2 for the same injection rate of 99× 

105 m3/day at injection site B. This difference in sweeping efficiency results from the different 

range of petrophysical parameters considered in the two simulation sets. Due to the 

incorporation of a low range of petrophysical properties in simulation set-1, the injected CO2 

will encounter considerable restriction while percolating through the porous domain, hence 

reducing the lateral spread of CO2 in the geological domain. As lateral spreading and plume 

displacement are minimal, the percentage of CO2 trapped by structural and residual trapping 

will decrease over geological time. Due to the slow movement of the CO2 plume, it will take 

time to explore the traps in the geological domain. This behavior is evident in Figure 4.4B's 

histogram plots, which depict the structural- and residual trapping percentage for a geological 

time at the end of the 3000th year. 

The sweeping efficiency directly influences the percentage of entrapment recorded for 

structural and residual trapping, as represented in Figure 4.4. The CO2 lateral movement 

(Sweeping efficiency) in simulation set-2 is observed to be higher than that of simulation set-

1 because more CO2 will percolate and explore more traps in the domain. As a result, the 

structural- and residual entrapment percentages are higher in simulation set-2 than in 

simulation set-1; these results are clearly illustrated in Figure 4.4B. Because of the low range 

of petrophysical properties in simulation set-2, the lateral movement of injected CO2 is low in 
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the simulation domain, resulting in the movable plume dominating in the lateral years 

compared to simulation set-1. The minimal lateral movement of CO2 in the geological 

sequestration process might affect the structural integrity of the geological domain due to the 

low range of petrophysical properties. Even if the geological storage of structural arrangement 

remains unaffected, the CO2 will undergo solubility and mineral reaction in the region. If the 

dissolution reaction dominates the mineral reactions, it may weaken the injection well point 

and the surrounding region. If precipitation reactions dominate, decreasing porosity may have 

an impact on storage capacity. 
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Figure 4.4: A) Comparison of Sweeping efficiency for two distinct porosity and permeability ranges 

B) Comparison of Structural trapping, Residual trapping, and movable-plume percentages between 

the two petrophysical ranges [30]. 

4.2.3 Influences of Injection Point Selection 

The injection location significantly influences CO2 sequestration in a geological domain. 

Figure 4.5 illustrates the dynamic evolution of the entrapment of CO2 during pre-injection and 

post-injection periods at each injection point. Figure 4.5 reveals two insightful observations, 
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namely that the movable plume gradually decreases over geological time. In addition, structural 

and residual trapping are increasing over geological time. At each injection point, the 

progression of structural and residual trapping is in a different order. This distinction is a result 

of the topographical variation and injection site location [30]. 

To explain the effects of topographical variation, the modeled domain is divided into three 

parts: the flat bottom of the domain is the first part, the sloping traps are the second part, and 

the highest elevation of the structural domain is the third part. When CO2 is injected at C, E, 

and F injection points at the highest elevation point, as shown in Figure 4.6, the trapping 

percentage is low due to the limited availability of migration pathways and traps, as shown in 

Figure 4.5 [30]. 

To investigate the effects of the sloping traps, two injection points are chosen: one at the lowest 

point of the sloping traps (Injection point B) and another at the top section of the sloping traps 

(Injection point A). According to the results, the entrapment percentage recorded at injection 

point B is the highest of all injection points. When CO2 is injected at the lowest point, it takes 

more time to migrate upwards, and the plume encounters a greater number of structural and 

residual traps than when the injection is carried out in injection point A. As a result, despite 

injecting on the sloping trap region, injection point A has a lower entrapment percentage than 

injection point B. When CO2 is injected at the flat bottom (at injection point D), it does not 

migrate as far as it does at injection point B. The injection force has an enormous influence on 

the lateral spread of the CO2 plume at injection point D. However, in addition to the injection 

force, the slope of the domain aids in achieving more migration and lateral spreading at 

injection point B [30].  

By the end of the post-injection phase, the total entrapment percentage for A, B, C, and D 

injection points is also significantly higher than for E and F injection points. This is due to the 
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location of injection points and CO2 plume migration in the synthetic domain. The injection 

point far from the anticline dome takes much longer in the migration, and as a result, the 

movable plume decreases over time. This significant observation implies that positioning the 

injection points near the sloping traps region results in a higher amount of trapping due to 

higher CO2 migration. However, when CO2 is injected at the top of the anticline, the lateral 

movement of the CO2 plume decreases, resulting in a lower percentage of entrapment. From 

the preceding explanation, it is clear that topographical variation and injection point selection 

play a significant role in the implementation of CO2 geological sequestration [30]. 

 

Figure 4.5: Dynamic evolution of Structural trapping, Residual trapping, and Movable plume 

when CO2 is injected at A, B, C, D, E, and F injection points of the synthetic geological domain 

[30]. 
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The vast majority of the naturally accessible geological domains in the Deccan Volcanic 

Province are made up of geological stripes, also known as geological steps or traps. In the 

current synthetic computation domain, these stripes (all surface traps have been highlighted in 

white in Figure 4.6) are elevated in the direction of an enormous anticline dome, which also 

influences the sloping geological domain. Some CO2 will be trapped in the geological steps 

during these CO2 movements through the geological domain. The simulation outcomes of 

various injection points, as shown in Figure 4.6, illustrate that the CO2 plume is travelling 

away from the injection site and towards the highest elevation point (highlighted dark red 

point); this suggests that the height of the anticline dome dominates the movement of the 

injected CO2 through the sloping traps. When CO2 passes through these sloping traps, a greater 

amount of CO2 is expected to be trapped, ultimately benefiting the solubility- and mineral 

trapping mechanisms. These observations lead to the conclusion that topographic features such 

as slope and geological domain perturbation substantially affect the structural- and residual 

trapping mechanisms and CO2 storage in the geological formation. These observations 

illustrate the significance of selecting a geological site based on geological configurations and 

topography [30]. 
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Figure 4.6: Geological topography has an impact on structural and residual entrapment. The 

diagram depicts the migration of CO2 when it is introduced at various spots in the computation 

domain [30]. 
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4.2.4 Influences of Injection Rate 

Figure 4.7 depicts a histogram of the trapping percentage to comprehend the impact of 

injection rates on the geological domain. The results indicate that as the injection rate 

decreases, the percentage of entrapment does not change across all injection rates. In contrast, 

the residual trapping contribution increases while the movable-plume contribution is drastically 

reduced. Because the geological domain contains a finite number of traps, increasing the 

injection rate results in a greater quantity of CO2 being injected into the domain. However, the 

geological domain can only trap a finite amount of CO2 plume. The remaining portion of the 

plume will move freely within the domain. As a result, as the injection rate decreases, a slight 

upward trend in the trapping percentage is observed, whereas the movable plume declines [30]. 

The structural- and residual trapping mechanisms play an essential role in facilitating the 

interaction with the aqueous phase for solubility- and mineral trapping mechanisms in CO2 

sequestration. As a result, more structural- and residual trapping than movable-plume at any 

time for any point of injection represents favorable CO2 sequestration, see Figure 4.5 and 

Figure 4.7 [30]. 
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Figure 4.7: Illustration of Structural trapping, Residual trapping, and Movable-plume at injection 

points B and C for varying injection rates 123.75 × 105 m3/day, 99 × 105 m3/day, 49.5 × 105 m3/day, 

24.75 × 105 m3/day, and 12.375 × 105 m3/day [30]. 

4.3 Investigation of Solubility Trapping Mechanism in CGS  

The solubility-trapping mechanism is a crucial aspect of CO2 geological sequestration, 

contributing significantly to the safe disposal of injected CO2. When CO2 is injected, it forms 

a stable plume under the injection pressure and migrates upwards, spreading laterally beneath 

the impermeable caprock. During this process, a thin interface layer gradually develops 

between the CO2 plume and the reservoir water as CO2 dissolves into the water. Once this 
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interface layer reaches a certain thickness, fluid channelling occurs. These channelling effects 

arise due to density differences between the CO2-dissolved water and reservoir water, leading 

to diffusive convection within the pore space [213], [214]. 

This convective movement gives rise to a geological anastomosing pattern called the solubility 

fingering phenomenon. Here, dissolved CO2 fluid moves downwards due to gravitational 

forces acting on the higher-density fluid, causing the CO2 plume to come into contact with 

fresh water. Consequently, more CO2 dissolves into the subsurface domain. This convective 

process continues to enhance solubility-trapping until the pH and density of the formation 

domain reach equilibrium [213], [214]. 

After dissolving in the reservoir water, the CO2 readily engages in CO2-Water-Rock 

interactions with the surrounding rock. This interaction sets off a sequence of geochemical 

reactions that ultimately lead to the trapping of CO2 in the subsurface through a mineral-

trapping mechanism [198, 199]. In the mineral-trapping process, the formation rock undergoes 

several geochemical reactions with the neighbouring CO2 and reservoir water. Detailed 

coverage of this mineral trapping phenomenon can be found in the subsequent section of the 

present chapter. 

The percentage of solubility trapping directly impacts the efficiency of mineral trapping, 

thereby influencing the overall effectiveness of Carbon sequestration technology. Hence, the 

phenomena of solubility trapping play a significant role in enhancing CO2 geological storage. 

Continued research and investigation into these mechanisms are essential to further advance 

the field of CO2 sequestration and ensure its successful implementation. 

In this simulation analysis, it is assumed that no mineral reactions occur within the domain. 

The focus is solely on the dissolution of injected ScCO2 and the resulting pH fluctuations. To 

achieve this, all the multiphase flow equations (Table 3-1: Eq. 3.1, 3.2, and 3.12), along with 
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the Auxiliary equation (Table 3-1: Eq. 3.6, 3.8, 3.9, and 3.10), are solved. In the context of 

multicomponent reaction transport equations (Table 3-1: Eq. 3.13, 3.14, and 3.15), the mineral 

reaction terms are considered inert, indicating that no mineral reactions take place. 

Consequently, petrophysical parameters such as porosity and permeability remain static across 

geological time due to the absence of the mineral trapping process. 

The effects of geological and sequestration parameters, such as petrophysical properties and 

caprock morphology, on the solubility trapping mechanism were investigated in this current 

section of simulation analysis. Two synthetic domains with two distinct ranges of petrophysical 

properties were considered to assess the influences of petrophysical properties. Four injection 

points were chosen at distinct parts of the synthetic geological domain to explore the impact of 

caprock shape on CO2 plume migration and sweeping efficiency at these injection locations of 

the synthetic geological domain, see Figure 3.2C. This simulation study also gives insight into 

the selection of injection locations with a suitable range of petrophysical parameters to perform 

CGS safely, considering solubility trapping [111]. 

It should be noted that no flow boundary conditions are applied to the top and bottom faces of 

the domain, which effectively act as impermeable layers. This setup ensures that the injected 

CO2 is prevented from escaping the domain during vertical migration. In the simulations, the 

Neumann boundary conditions are applied. For simulation purposes, the density and viscosity 

of water considered are 975.86 kg/m3 and 0.3086 × 10-3 Pa.s, respectively, whereas those of 

CO2 considered are 686.54 kg/m3 and 0.0566 × 10-3 Pa.s, respectively. 

4.3.1 Comparison between Primary and Solubility trapping mechanisms 

Two simulation sets are considered in the base case scenario. Only primary trapping 

mechanisms, such as structural and residual trapping, are considered in the first simulation set. 

The solubility trapping mechanism, in addition to the structural- and residual trapping 
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processes, is considered in the second simulation set. The CO2 injection was performed at 

injection point B, as shown in Figure 3.1C and Figure 4.8A. At the same time, the variation 

of petrophysical properties, which was illustrated in Figure 3.2D, is considered for both 

simulation sets. With a volumetric injection rate of 77.2 × 103 m3/day, with a cyclic injection 

manner. The injection was carried out over the first 80 years, with a one-year interval between 

injections, while the remaining 2920 years were set aside for post-injection analysis.  

 The simulation's injection rate was determined by considering the tensile and compressive 

strength of the Deccan basalt. If the injection rate is too high, pressure may build up in the 

targeted location, resulting in structural integrity failure. The strength of Deccan basalt varies 

depending on location; tensile strength ranges from 12 to 20 MPa [215], and uniaxial 

compressive strength is roughly 80 MPa [215], [216]. 

After the injection of CO2 into the domain, it has been found that the CO2 plume tends to rise 

due to the buoyancy effect. Due to the presence of structural elevation, the CO2 plume migrates 

in the direction of the elevation of the domain. As soon as the CO2 plume reaches the top 

caprock, its upward motion will be impeded since the surface is impermeable. Then, it spreads 

in a lateral direction parallel to the impermeable layer. 

During the injection period, the injection force acts on the CO2 plume, increasing CO2 plume 

movement in the migration pathway while decreasing residual trapping in the synthetic domain. 

When the injection into the domain stopped, the injection force on the CO2 plume gradually 

faded away, resulting in CO2 confinement in the migratory pathway and structural traps. 

Furthermore, structurally trapped CO2 and CO2 contained in the migration pathway would 

dissolve in the surrounding reservoir water, contributing to solubility trapping. Figure 4.8A 

depicts the top view of the synthetic domain, where the CO2 saturation on the domain's top can 

be observed. Figure 4.8A and Figure 4.9 show that following the injection, CO2 moved 
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towards the highest elevation zone from the injection location. The saturation profile results 

reveal that the direction of CO2 migration in the domain is comparable in both simulation sets. 

However, due to the addition of solubility trapping in simulation set-2, the saturation of CO2 

on top of the domain is lower than in simulation set-1. Figure 4.8B shows that the structural 

trapping observed was low compared to residual trapping over the geological time scale. 

Because the injected CO2 spends a significant portion of its time migrating towards the 

elevation formed by the stairsteps trap, and only a small portion of the CO2 is trapped in the 

stratigraphic traps. Even at the end of the simulation time, the CO2 plume is still migrating 

through the domain's stairsteps traps. The residual trapping percentage may grow even after 

the injection is stopped in the domain. 
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Figure 4.8: (A) Comparison of CO2 saturation for two simulation sets, (B) Structural-, Residual 

trapping and Movable plume percentage variation, and (C) Structural-, Residual-, Solubility 

trapping and Movable plume percentage variation over geological time scale [111]. 

Figure 4.9 depicts the variation in liquid CO2 mole fraction in the domain for both simulation 

sets. The injected CO2 plume can be noticed traveling towards the domain's highest elevation 

region in both simulation sets. The solubility fingering phenomenon can be observed in 
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simulation set-2 due to the consideration of geochemical reactions, as illustrated in Figure 4.9. 

Due to the exclusion of the geochemical reactions, no solubility fingering phenomena are 

visible in simulation set-1. The instability between the fluid densities caused the solubility 

fingering phenomenon, which resulted in convection mixing in the domain. During the post-

injection phase, CO2 migration to higher elevations improved sweeping efficiency. In addition, 

the gradual decrease in the momentum of the CO2 plume increases the contact duration between 

CO2 and water, leading to an increase in CO2 dissolution and solubility trapping in the domain; 

see Figure 4.8C and Figure 4.9. The first appearance of solubility fingering in simulation set-

2 was detected at the 1500th year, and solubility fingering increased in the domain by the end 

of the simulation duration (3000th year). 

 

Figure 4.9: Comparison of CO2 mole fraction in both simulation sets at 1500th and 3000th year. 

This result illustrates the solubility fingering phenomena observed in simulation set-2. In the 1500th 

year, the first sight of solubility fingers was observed in simulation set-2 [111]. 

4.3.2 Influence of Heterogeneity –Petrophysical properties 

This section investigated the influence of geological domain heterogeneity resulting from 

variations in petrophysical properties. The influence of two distinct ranges of petrophysical 
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properties on the solubility trapping for the same caprock morphology and structural features 

was investigated. This simulated research will better understand the CO2 plume movement, 

sweeping efficiency, and structural integrity of the geological domain during CO2 

sequestration. In this investigation, two synthetic domains with distinct petrophysical 

properties are considered. As depicted in Figure 3.2D, one synthetic model has a porosity 

ranging from 0.2 to 0.4, while the permeability ranges from 10 to 1500 mD. The simulation on 

this synthetic domain will be referred to as Simulation set-1. In another model, the range of 

porosity and permeability are 0.05 to 0.1 and 1 to 10 mD, and the simulation on this synthetic 

domain will be referred to as Simulation set-2. In both simulation sets, the mechanism of 

solubility trapping is considered. Using the Gaussian function in MATLAB, arbitrary 

petrophysical properties are assigned to the synthetic domain grid cells. The remaining 

simulation parameters are identical to the previous section. 

Figure 4.10A depicts the CO2 mole fraction variation and pH variation findings in the 

simulated domain for both simulation sets across a geological time scale. The CO2 plume in 

simulation set-2 was more resistant to CO2 spreading in the synthetic simulation domain than 

the CO2 plume in simulation set-1. This resistance to CO2 movement in the domain is 

attributable to the simulation set-2's inherent low range of porosity and permeability. Because 

of the slow migration of CO2 in the reservoir, the contact time for CO2-water interaction was 

quite long. The synthetic domain's reservoir pressure has also increased due to the CO2 

injection in the lower porosity domain. This increase in contact duration and reservoir pressure 

would eventually favor faster CO2 dissolving into the reservoir water. As a result, solubility in 

simulation set-2 has revealed a more significant amount of CO2 to dissolve in the in-situ 

reservoir water than in simulation set-1. The CO2 solubility trapping results in Figure 4.10B 

support these findings. Although the solubility trapping reported in simulation set-2 is greater 

than that recorded in simulation set-1, it is assumed that simulation set-1 contains the requisite 
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range of petrophysical parameters. Because the average reservoir pressure recorded in 

simulation set-1 is lower than that recorded in simulation set-2, this may be helpful in terms of 

structural integrity and safe CO2 storage. 

 

Figure 4.10: (A) Illustration of the CO2 liquid mole fraction migration and pH variation at the end 

of simulation time (3000th year), (B) Total CO2 solubility trapping, (C) Reservoir pressure variation, 

and (D) Reservoir temperature variation for two simulation sets over geological time scale [111]. 

As shown in Figure 4.10D, the average reservoir pressure obtained in simulation set-2 is 

approximately 33% higher than what was observed in simulation set-1. As a result of the CO2 

injection, the average pressure in the reservoir shoots up during the injection time in both 

simulations. However, in simulation set-2, because of the low porosity and permeability range, 

the pore pressure of the reservoir will be high. This, in turn, adds to the normal reservoir 
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pressure being higher than it would have been without the injection pressure. Because of this, 

it is clear that the average pressure in the reservoir during simulation set-2 was significantly 

higher than the pressure during simulation set-1 (see Figure 4.10A). On the other hand, there 

was hardly any difference in the average temperature of the reservoir between the two different 

simulation sets (see Figure 4.10C). 

Figure 4.10A depicts the effects of petrophysical properties on the synthetic domain. In the 

findings of both simulation sets, a certain domain volume was covered by a low pH range. This 

drop in the simulation domain's pH range indicates both solubility trapping and solubility 

fingering. The pH range observed was between 3 and 6, considered optimum for triggering 

mineral dissolution, and at lateral, once the alkaline pH range returns, the mineral precipitation 

reaction takes place within the domain and contributes directly to the mineral trapping 

mechanism [69]. In simulation set-1, a more significant proportion of the simulated domain 

was covered by a lower pH range than in simulation set-2. As the low pH zone increases, more 

aqueous CO2 produced during the solubility trapping phase will be consumed during the 

mineral trapping period, minimizing the danger of CO2 injection. 

4.3.3 Influences of Injection Point Selection 

In order to investigate the impact of the selection of injection points on the solubility trapping 

mechanism on the various sections of considered caprock morphology, four injection points 

located in different parts of the synthetic domain are taken into consideration. These injection 

points are spread out across the synthetic domain. These specific injection point locations were 

chosen in order to provide intuition into various positions and sections of the synthetic 

geological domain that was being considered. Figure 3.2C shows that injection point A can be 

found on the stairsteps traps, injection point B can be found on the bottom of the stairsteps 

traps, injection point C can be found on the top surface of the synthetic domain, and injection 
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point D can be found on the top of the stairsteps trap. Injection point A has a coordinate of 

(38273, 127914, 1584), Injection point B's coordinates are (22158, 126907, 1452), Injection 

point C's coordinates are (51367, 35252, 1474), and Injection point D's coordinates are (69496, 

92662, 1166). It is assumed that the parameters for the CO2 injection will be the same as those 

for the previous section. These simulation results have highlighted the critical role of selecting 

an injection point site in CO2 geological sequestration (CGS). When the appropriate injection 

points are chosen at a specific section of the domain, it is possible to enhance the amount of 

CO2 that can be stored within the domain, and it is also possible to lessen the worries regarding 

the structural integrity that will occur during the process of CO2 sequestration. 

Figure 4.11 depicts the domain's CO2 mole fraction and pH fluctuation for all injection 

locations. The sweeping efficiency for injection point B was found to be high in this simulation 

analysis. Because the increased sweeping efficiency makes the contact area between CO2 and 

water more prominent, this results in more CO2 dissolving into the domain. As a result, the 

CO2 solubility trapping for the B injection point was more pronounced when compared to the 

other injection points; see Figure 4.12A. Figure 4.11 depicts the sweeping efficiency and 

migration of the CO2 plume in the domain for all injection points. The effects of CO2 

dissolution at all injection points are shown in the pH fluctuation in the domain (see Figure 

4.11). Injection point B covers most of the domain volume with a low pH range, followed by 

injection points A and C. The low pH will enhance the dissolution of CO2 in the domain. 

Subsequently, when the pH returns to an alkaline level, mineral reactions occur, leading to the 

precipitation of carbonate minerals. The dissolution and precipitation of minerals, following 

solubility trapping, can impact the porosity and permeability of the formation domain, thereby 

influencing the flow path of the CO2 plume. 
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Figure 4.11: Illustration of the CO2 liquid mole fraction migration and pH variation at 1st, 1500th, 

and 3000th year. In the 1500th-year result, most of the injection points displayed solubility fingering 

[111]. 

Figure 4.12A depicts the outcomes of CO2 solubility entrapment, which indicates that at the 

end of the simulation duration (3000 years), the B injection point recorded a larger CO2 
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solubility entrapment. By picking the injection point in the bottom portion of the traps, the 

injected CO2 will tend to rise due to the elevation of the stairsteps traps. Due to the injection 

force, this motion would be rapid during the injection period. Consequently, the contact time 

between CO2 and water during the injection phase would be limited. After ceasing injection, 

however, CO2 migration would gradually decrease, promoting CO2 sequestration. This is why 

CO2 solubility trapping was lower during the first injection phase and higher during the post-

injection period. Figure 4.12A demonstrates that during the post-injection period, the 

dissolution of CO2 at injection point B was greater than at other injection points due to 

decreasing momentum, rapid sweeping, and longer contact time. 
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Figure 4.12: (A) Total CO2 solubility trapping and (B) Reservoir pressure variation for all injection 

points over a geological time scale [111]. 

By studying the results depicted in Figure 4.12B for reservoir pressure, injection point B at the 

bottom of the stairsteps traps proved to be the superior injection point. Maximum and average 

reservoir pressure results for injection site B were within the reasonable limit. The pressure in 

the natural reservoir increases with depth. Even if injections were performed in the lower region 

of stairsteps traps, the pressure did not rise by more than 5% compared to other injection points. 
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This may be the result of the quick upward migration of the injected CO2 plume and increased 

CO2 plume spreading, which results in the rapid equilibration of injection pressure with normal 

reservoir pressure. Figure 4.12B demonstrates that the pressure increases until the end of the 

injection time; following the injection period, the pressure stabilizes at the reservoir 

pressure and declines gradually. All injection points exhibit the same trend, as observed.  

In this simulation study, a multicomponent reactive transport equation integrated with a 

multiphase flow equation is used to model the solubility trapping process. This is accomplished 

by incorporating only CO2 dissolving in resident water in the simulation analysis. In the 

subsequent step, a simulation of combined structural, residual, solubility and mineral trapping 

processes is carried out by including both the solubility reactions and the mineral speciation 

reactions for the simulation analysis. 

4.4 Investigation of Mineral Trapping Mechanism in CGS  

A simulation model is established by taking major flooded basalt minerals into the domain. It 

is necessary to thoroughly study and analyze the mineral volume fraction over the geological 

time scale in order to conduct an analysis of the mineral reactions that occur during the process 

of CO2 sequestration in the domain. The minerals considered in this simulation analysis are 

obtained from Kumar & Shrivastava [118]. A total of nine minerals are considered in this 

simulation: Albite, Anorthite, Aragonite, Calcite, Clinochlore-14A, Diopside, Dolomite, 

Quartz, and Saponite. The modeled synthetic domain consists of irregularity and heterogeneity, 

which resemble the naturally available sub-surface domain. The temperature and pressure of 

the domain are maintained at 75°C and 85 bars. The total amount of injected CO2 is 774.6 

metric megatons at the rate of 38.7 metric megatons at every one-year relaxation for every one 

year of injection for up to 40 years. The simulation results were analyzed for up to 2000 years. 

The petrophysical properties considered for formation domains are in the range of 20-40 % 
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porosity and 10 - 1500 mD of permeability, see Figure 3.2D. The pH was initiated at 5 before 

the simulation started; after initiation, the pH increased to around 6. The mean pH of the domain 

was maintained at about 6.2 pH.  

Figure 4.13 results show that the migration and momentum of the CO2 plume along the 

caprock are slow due to the top surface topography and petrophysical property variation. This 

heterogeneity helps the CO2 plume to have low momentum, which will increase the reactive 

time and further increase the consumption of injected CO2 through mineral reaction held during 

the mineral trapping period (see Figure 4.13).  

 

Figure 4.13: Illustration of the CO2 liquid mole fraction migration and pH variation in the 

1st, 40th, and 2000th year. 

At the migration pathway, where the CO2 plume moves in bulk in the pure supercritical state, 

the pH is reduced to 5.4 from 6.2 (see Figure 4.13). The change in the mineral volume fraction 

was observed in this migration pathway; it means that mineral reactions are happening in the 
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migration pathway (see Figure 4.13). This indicates that the weak carbonic acid formed during 

the initial interaction of the CO2 plume with water contributes to the mineral reactions. Figure 

4.14 shows that the calcite mineral precipitates at a higher rate in the synthetic domain, 

followed by the dolomite. In contrast, Aragonite dissolves at a greater pace compared to other 

minerals in the synthetic domain. Chinochlore-14A and diopside minerals have minimal 

volume fraction variation; quartz and saponite-Ca are negligibly reactive. The porosity change 

in the domain is calculated by considering the volume fraction of the minerals; the porosity 

change results have not shown much variation. The obtained simulation results show that the 

change in mineral volume fraction is observed at a more commendable rate during the higher 

pH range of the domain. This conclusion from the simulation analysis has gained substantiated 

support from experimental research conducted by some researchers acquired from the literature 

study. N. Rani et al., [217] led the experimental research on the basalt samples collected from 

the Mandla lobe of the Eastern Deccan Volcanic Province. The experiments were conducted at 

the initial conditions of 5 and 10 bar CO2 pressure and 100 °C and 200 °C temperatures. It was 

observed that the secondary minerals were formed for the sample treated at 5 bar and 100 °C 

for the duration of 70 and 80 hours. The secondary minerals observed were Calcite, Magnesite, 

Siderite, and Aragonite. This basalt alteration and secondary mineral formation were detected 

by using X-ray powder diffractograms (XRD). A similar kind of study was referred to by N. 

Rani et al., [217] and carried out by A. P. Gysi et al.,[218]. This study was conducted on the 

basalt samples collected at the Stapafell and Vellankatla of Iceland. The experiments were 

conducted for the three different temperatures with varying initial dissolved CO2 

concentrations. The considered temperatures were 75 °C, 150 °C, and 250 °C. This research 

stated that a temperature below 100 °C and an alkaline pH range for basalt rocks is suitable for 

implementing the CGS [218]. From this simulation analysis and literature study, it is 
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understood that an initial alkaline range pH range and temperature below 100°C are preferable 

conditions to attain good mineral trapping in basalt rock.  

 

Figure 4.14: The figure illustrates the results of dynamic mineral volume fraction evolutions 

4.5 Summary 

The chapter investigates factors influencing trapping efficiency in the Deccan Volcanic 

Province for CO2 geological Sequestration. CO2 sequestration simulations are conducted on 

Deccan traps of the Saurashtra region in India. The investigation is carried out by modeling the 

synthetic domain of Deccan traps obtained from the literature [201]. In Section 4.2, Primary 

trapping mechanisms, i.e., structural and residual trappings, are investigated to elucidate the 

multiphase flow patterns of CO2 and water. The base case scenario is initially presented by 

injecting CO2 with an appropriate injection rate at a predetermined injection point. Based on 

the simulation findings, the structural- and residual trapping percentages are analyzed and 
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studied for the different parametric variations such as injection point, injection rate, and 

petrophysical parameters. The analysis presented in this research primarily concerns the effects 

of geological characteristics such as topography, petrophysical properties, and injection point 

selectivity on improving structural- and residual trapping mechanisms. This research will 

provide an understanding of events throughout geological time scales influenced by subsurface 

topography and the lateral flow of injected CO2 in a sizeable geological area with top surface 

perturbations and anticline structure. This simulation investigation has provided insight into 

the structural- and residual trapping dependence on the geological and sequestration 

parameters.  

In Section 4.3, The solubility trapping mechanism, involving CO2 dissolution in water and 

migration through the rock formation, is investigated and compared to primary trapping 

mechanisms. Solubility trapping entrapment depends on sweeping efficiency and primary 

trapping mechanisms, while petrophysical property variations affect reservoir pressure 

distribution and structural integrity. Petrophysical property heterogeneity and injection point 

selection are analyzed for their effects on solubility trapping efficiency. 

In Section 4.4, the mineral trapping mechanism involving geochemical reactions between CO2 

and minerals in the rock formation is explored as another potential mechanism for safe CO2 

storage. The investigation of the mineral trapping mechanism needs further investigation that 

includes i) the comprehensive mineralogy of Deccan traps and ii) high computation times to 

understand the CO2 and mineral interactions over an expanded geological time scale. 

Key results show that natural reservoir perturbations and top surface morphology affect CO2 

movement and entrapment percentages in structural and residual trapping. The presence of 

stairsteps landscape in Deccan traps provides advantages for safe CO2 trapping over an 

extended period. Injection point selection near the stairsteps exhibits higher integrity compared 
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to other points. Increasing injection rates decrease structural and residual trapping entrapment 

due to finite trap availability. Petrophysical properties significantly impact sweeping 

efficiency. Mineral trapping reveals slight changes in porosity, lower pressure build-up 

compared to solubility trapping, and different precipitation and dissolution rates for various 

minerals. Chinochlore-14A and Diopside show minimal variations in volume fractions, while 

Quartz and saponite-Ca exhibit negligible reactivity.  

This chapter investigated different trapping mechanisms in the Deccan Volcanic Province, 

including structural, residual, solubility, and mineral trapping mechanisms. It provided 

valuable insights into trapping mechanisms and their influencing factors, contributing to the 

development of effective CGS strategies in Deccan volcanic basalt formations. The following 

chapter examines the role of caprock morphology and structural integrity in the solubility 

trapping mechanism. 
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5 Investigating the Role of Caprock Morphology and Structural Integrity 

on the Solubility Trapping Mechanism  

5.1 Introduction 

In the preceding chapter, a comprehensive understanding of solubility trapping was presented. 

The visualization of CO2 entrapment within the domain has given insight into the significance 

of solubility fingering phenomena in enhancing overall CO2 entrapment. Moving on to the 

present chapter, the focus is shifted to examining the impact of caprock morphology and its 

integrity on CO2 plume sweeping and migration beneath it. The analysis and investigation of 

caprock morphology help understand its role in influencing CO2 movement and distribution 

and further influencing the entrapment of CO2 in the domain, especially during the presence of 

cracks in the caprock. This in-depth analysis of caprock morphology and its influence on CO2 

movement and entrapment contributes valuable insights to the broader understanding of 

effective CO2 sequestration strategies linked to the selection of injection sites and structural 

integrity of caprock. 

The comprehensive analysis begins with the modeling of synthetic domains, allowing the 

examination of different scenarios and facilitating an investigation into the impact of caprock 

morphology on solubility trapping efficiency (Section 5.2). Next, a comparison between 

primary trapping and solubility trapping mechanisms is conducted in the base case scenario to 

understand their relative contributions to long-term CO2 storage (Section 5.2.2). Solubility 

fingering phenomena involving the dissolution of CO2 in water and its migration through the 

pore spaces of the rock formation are also examined (Section 5.2.2.1). 

Furthermore, a comparison study is conducted between two different caprock morphologies to 

analyze their impacts on CO2 migration and solubility trapping (Section 5.2.3). The influence 

of structural integrity on solubility trapping is also analyzed, as the presence of structural 
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defects in the caprock can create preferential pathways for CO2 leakage (Section 5.3). Finally, 

the impacts of caprock morphology on CO2 leakage in the stairsteps domain (Sections 5.3.2 

and 5.3.3), a hypothetical CO2 storage site, are explored. By thoroughly investigating these 

aspects, this chapter aims to provide valuable insights into the role of caprock morphology and 

structural integrity in the solubility trapping process, contributing to the development of 

effective CGS strategies for long-term CO2 storage. 

5.2 Influence of caprock morphology on the solubility trapping  

5.2.1 Modeling of synthetic geological domains 

In this simulation analysis, two synthetically modeled geological domains are examined for the 

numerical geochemical analysis in order to comprehend the impact of caprock shape on the 

interaction between the CO2 plume and connate reservoir water for the solubility trapping 

mechanism. Figure 5.1 depicts the three-dimensional domains and distributions of 

petrophysical characteristics used for the simulations. The two synthetic geological domains 

with a disguised feature are considered in this simulation investigation. One domain possesses 

a caprock anticline structure, while the other domain has no structural features. These synthetic 

domains include the same amount of perturbations and a similar distribution of porosity and 

permeability petrophysical properties. This simulation analysis will aid in assessing the 

domains' injected CO2 storage and entrapment potential through solubility and structural 

entrapment. The injection point coordinates considered in these simulations are (4000, 4000, 

950), depicted in Figure 5.1 in dark red with the letter I. 

The synthetic domains have physical dimensions of around 10 km × 10 km × 0.15 km and are 

discretized into 50 × 50 × 10 grid cells (25,000 grid cells). For the distribution of petrophysical 

parameters, the porosity ranges from 20 to 40%, and the permeability ranges from 10 to 1500 

mD [30], [63], [111]. Figure 5.1 depicts the distribution of porosity and permeability for both 
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synthetic domains. In the current numerical analysis, the essential assumptions are set such that 

only the solubility reactions and not the mineral reactions are considered. Before beginning the 

injection of ScCO2, the initial concentrations of CO2 and H2O for the entire domain are 4.610-

12 M and 55.508 M, respectively. The initial pH of the whole domain is preserved at 5.6. 

 

Figure 5.1: Illustration of a schematic diagram of the three-dimensional grid structure of both the 

domains and petrophysical properties distribution [63]. 

5.2.2 Base Case Scenario 

The CO2 entrapment in the formation zone can be visualized by analyzing the simulation results 

of the CO2 mole fraction and pH fluctuations. Here, CO2 mole fraction distributions for the 

entire domain illustrate the migration of CO2. The pH variation within the domain facilitated 

the visualization of solubility fingering phenomena and solubility trapping within the domain. 

In addition, the average reservoir pressure, average reservoir temperature, and CO2 trapped in 

the various stages have provided sufficient insight into the effect of caprock morphology. This 
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simulation analysis studies and shows the impact of caprock morphology on the amount of CO2 

captured by the solubility trapping mechanism in the domain. Continuous CO2 injection is 

performed for the first 30 years at a mass flow rate of 0.31 Mt/year. In the simulations, the 

viscosity and fluid density of water are 0.3086 ×10-3 Pa.s and 975.86 kg/m3, respectively, while 

those of CO2 are 0.0566×10-3 Pa.s and 686.54 kg/m3, respectively [39]. The initial temperature 

of the reservoir is fixed at 75 degrees Celsius. As noticed in Figure 5.1, the reservoir depth 

begins at 800 m, indicating that CO2 sequestration in the simulated region happens 800 m 

below the Earth's surface. In this research investigation, the synthetic domain considered is a 

sloping landscape. Hence, the depth value 'h' for each grid cell varies. The initial reservoir 

pressure is derived using the formula ρwgh. Assuming that the density of water (ρw) in the 

geological domain is constant, the pressure only depends on depth (h). The reservoir pressure 

in the geological domain ranges from 77 to 84.6 bars. The tortuosity values of the rock 

formation are assumed to be 1, and the rock density is assumed to be 2900 kg/m3 [208]. For 

the simulation examination of solubility trapping, the starting pH of the domain is kept at 5.6.  

A synthetic anticline domain (Figure 5.1) was used as a base case scenario to explore solubility 

trapping phenomena. Two sets of simulation analyses were performed, one considering 

primary trapping mechanisms and the other considering solubility trapping in addition to 

primary trapping mechanisms. The simulation set that considers only primary trapping 

mechanisms (does not include geochemical reactions) will be referred to as simulation set-1 in 

the following paragraphs. In the simulation setup, the solubility trapping, in addition to 

structural and residual trapping (geochemical reactions are evaluated), will be referred to as 

simulation set-2. These simulations are performed at the same injection rate and injection point. 

In Figure 5.2A, the third row shows the saturation values of simulation set-1, whereas the 

fourth row depicts the CO2 saturation distribution of simulation set-2. 
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Figure 5.2: (A) Comparison of top view saturation of Structural- and Residual trapping only 

(Simulation set-1) and Structural-,Residual-, and Solubility trapping (simulation set-2) at 1st , 30th, 

and 3000th year (B) Structural- and Residual trapping variation (Without geochemical reactions), 

and (C) Structural-, Residual- and Solubility trapping (With geochemical reaction) variation over 

geological time scale [63]. 
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Due to the absence of geochemical reactions in simulation set-1, the injected CO2 percolates 

through the domain and becomes structurally and residually trapped. At the 3000th year of 

simulation set-1, it is observed in Figure 5.2A that the CO2 plume is left behind on the top 

surface of the domain along the migration pathway. In simulation set-2, the ScCO2 dissolves 

into the resident reservoir water and undergoes solubility trapping, in addition to structural and 

residual trapping. Consequently, the saturation of CO2 on the top surface of the domain is more 

apparent in simulation set-1 compared to simulation set-2 (see Figure 5.2A). Figure 5.2B 

depicts the variance in structural and residual trapping, whereas Figure 5.2C depicts the 

fluctuation in aqueous CO2 concentration across geological time. Figure 5.2B illustrates 

the structural and residual trapping that have been nearly consistent for 1000 years. Once the 

injected CO2 plume completely reaches the anticline dome and becomes stagnant, the CO2 

plume is prevented from moving laterally. This limiting of the CO2 plume inside the domain 

will reduce the residual entrapment. In contrast, when the CO2 plume has stagnated beneath 

the anticline dome, there will eventually be the dissolution of CO2 into the resident water. From 

Figure 5.2C, it is evident that the aqueous CO2 concentration in the region increased during 

geological time. 

 Solubility fingering phenomena 

The fingering phenomenon happens due to the dissolution diffusion convection (DDC) process 

during the solubility trapping mechanism. The solubility fingers that form during solubility 

trapping enhance the solubility trapping efficiency. More CO2 comes in contact with fresh 

formation water as a result of the fingering phenomenon. Figure 5.3 depicts the illustrative 

outcomes of the fingering phenomena. During the injection period, the CO2 concentration is 

greater near the injection well, and dissolution does not dominate in the domain for 30 years; 

see Figure 5.3. During the post-injection period, the plume's sweeping over a geological 

timescale generates a greater CO2-water contact, which facilitates the CO2 dissolution 
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phenomenon. The fingering phenomenon is observed beneath the anticline dome, where the 

CO2 maximum plume migration is observed. Figure 5.3 illustrates the 200- and 3000-year 

observations for the progression of the number of fingers over the geological time scale. This 

phenomenon of the solubility trapping effect is illustrated in Figure 5.2 for the comparison of 

CO2 saturation in residual trapping-only and residual- and solubility trapping. 

Figure 5.3 and Figure 5.4 depict the fate of CO2 at discrete geological times as a CO2 mole 

fraction over the domain based on simulation findings. After reaching the impervious caprock, 

the plume expands laterally beneath it. During this time, the CO2 mole fraction was found to 

be steadily decreasing. This is due to residual and solubility trapping, which operate in unison 

to improve CO2 trapping in the domain. Within one year, the plume reaches the caprock, and 

towards the completion of the injection period, it begins to move gently towards the anticline 

dome. Assuming that the domain's top layer is impermeable, it will prevent CO2 from flowing 

through it and enable it to move towards the anticline. Throughout the migration process, the 

momentum of the CO2 plume decreases due to insufficient injection force and perturbation on 

the caprock. This leads to an increase in the duration of contact between CO2 and water, as well 

as the quantity of CO2 that becomes trapped within the domain. After the injection phase, a 

gradual drop in the mole fraction of CO2 and a rise in the total amount of CO2 in the aqueous 

phase indicate that the solubility trapping mechanism traps CO2. 
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Figure 5.3: Solubility fingering phenomenon during CO2 geological sequestration and their 

evolution over geological time scale [63]. 

Figure 5.4 displays the CO2 mole fraction and pH change results. The entire domain is initially 

assigned a pH of 5.6. As CO2 flows upstream and percolates through the porous formation 

layer, it begins to dissolve in connate reservoir water, decreasing pH inside the domain. Figure 

5.4 shows that a considerable portion of the synthetic domain is occupied with a low pH. This 

occurs owing to lateral spreading and the solubility fingering phenomena of the CO2 plume 

inside the domain. The pH decreases to 3.5, suggesting solubility trapping events with safe 

entrapment of injected CO2 within the domain. The pH of the domain plays a crucial role during 

the mineral trapping mechanism. For example, a low pH range with a high concentration of H+ 

ions on the reactant side is desired to facilitate the dissolution of silicate minerals. In order for 

precipitation to occur, a slightly higher pH is preferred. It is preferable to have an appropriate 

pH range for efficient sequestration trapping. 
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Figure 5.4: Illustration of CO2 Mole Fraction and pH variation over geological time scale during 

CO2 geological sequestration [63]. 

5.2.3 Comparison study between two distinct caprock morphology 

The simulation research is carried out in this section to investigate the effect of caprock 

structure on CO2 geological sequestration. The first set of simulations was performed on the 

synthetic domain, which has an anticline dome incorporated into it; this modeled synthetic 

domain will be referred to as synthetic domain-1 in the following text. The second set of 

simulations considers a synthetic domain without containing any caprock morphological 

features, such as an anticline dome; this will be referred to as synthetic domain-2. The CO2 

mole fraction distribution for both synthetic domains is depicted in Figure 5.5. According to 

Figure 5.5A, towards the end of the simulation time, the CO2 mole fraction distribution in 
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synthetic domain-2 is lesser than in synthetic domain-1. It might be attributable to synthetic 

domain-2's great lateral spreading and displacement efficiency. Because of the significant 

lateral spreading, a considerable amount of CO2 came into contact with connate water, 

triggering a dissolution reaction and initiating the fingering phenomena. As a result, the total 

aqueous phase CO2 amount detected in the synthetic domain-2 was more prominent, whereas 

the free mobile CO2 quantity was lower, as shown in Figure 5.6C. 

Figure 5.5A and Figure 5.5B illustrate the enhanced solubility of injected CO2 in synthetic 

domain-2 compared to synthetic domain-1. In Figure 5.5B, the simulation results for pH 

change reveal that a greater proportion of synthetic domain-2 is enveloped with lower pH than 

synthetic domain-1. In synthetic domain-1, the volume covered and displacement efficiency of 

the injected CO2 plume are lesser than in synthetic domain-2. Because the CO2 plume's 

migration path towards the center of the anticline is congested and narrowed. Due to the 

absence of an anticline dome in synthetic domain-2, the injected CO2 plume causes more 

sweeping in the lateral direction, resulting in more CO2 dissolution. In addition, it contributes 

to the fingering phenomena, which accelerates CO2 dissolution along the depth axis and leads 

to vertical spreading.  

Figure 5.6A illustrates the average reservoir pressure of both synthetic domains. It is observed 

that the average pressure recorded in synthetic domain-1 is greater than in synthetic domain-2 

at the end of the simulation. Because of the constrained flow channel and the accumulation of 

CO2 in the center of the dome, the normal reservoir pressure will be maintained in synthetic 

domain-1. During the course of the CGS simulations, it was noticed that the average 

temperature of the reservoir did not demonstrate any significant fluctuations. The temperature 

impacts and variation observed over the course of geological time are minimal (see Figure 

5.6B).  
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Figure 5.5: Influence of caprock morphology on (A) CO2 Mole Fraction and (B) pH variation over 

a geological time scale [63]. 

The solubility trapping data, displayed from the aqueous CO2 results and shown in Figure 

5.6C, show that over a geological time scale, a greater quantity of aqueous CO2 was recorded 

in synthetic domain-2 compared to synthetic domain-1. This is because the synthetic domain-

2 has a high lateral spreading, further resulting in increased trapping along the migration path. 

Due to the presence of anticline structure in synthetic domain-1, the lateral spreading of the 

CO2 plume was lower in synthetic domain-1 than in synthetic domain-2. This, in turn, resulted 

in a reduction in the amount of residual and solubility entrapment that occurred.  
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Figure 5.6: Influence of caprock morphology on (A) Average reservoir pressure, (B) Average 

reservoir temperature, and (C) Aqueous and gaseous phase CO2 quantity variation over geological 

time scale [63]. 
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When compared to synthetic domain-1, the overall quantity of free mobile CO2 is significantly 

lower in synthetic domain-2 (see Figure 5.6C). However, when the injection rate was 

increased, synthetic domain-2 demonstrated that a significant amount of CO2 was moving out 

from the observable domain. Suppose the injected CO2 is to be contained within the bounds of 

the accessible domain (to contain the CO2 plume from exploring geological fractures, faults, 

and other features), synthetic domain-2 caprock morphology would be the better option. The 

risk factor and the financial aspects of the operation of CGS in synthetic domain-2 can rise due 

to the poor availability of storage volume and the low injection rate. 

5.3 Influence of Structural Integrity Analysis on the Solubility Trapping 

Studies on the structural stability of geological formations are essential prior to the initial 

deployment of carbon capture and storage. The comprehensive risk assessment with parametric 

analysis needs to be considered before CGS can be accepted or implemented in any region. 

The risk assessment involves the study of numerical simulation to analyze CO2 migration in 

the subsurface formation domain to determine structural integrity and the probability of leakage 

in the domain. The subsurface formation is a complex structure for simulating the influence of 

various reservoir parameters, such as CO2 migration and entrapment, in order to evaluate the 

structural integrity and safety of CGS. One of the significant disadvantages of numerical 

simulation is the lack of geological subsurface data for simulations. 

The numerical analysis of caprock morphology in the previous section demonstrates its 

influences on the primary and solubility trapping processes. The presence of geological features 

such as anticline and syncline altered the migration pathway and demonstrated that geological 

structures with varying caprock morphologies affect sweeping efficiency. The sweeping 

efficiency has been observed to influence the solubility entrapment; when the sweeping is high, 

more CO2 plume will come into contact with the connate water, increasing the solubility 
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trapping. The CO2 plume was safely confined under an anticline dome, which caused the 

contact area between CO2 and water to be low, which led to slower solubility entrapment in 

the domain. But, when the CO2 plume is stored inside specific geological boundaries, it would 

cut monitoring costs. 

In the current section, the simulation study aimed to investigate the effects of caprock leakage 

on CO2 entrapment and study the influence of caprock morphology on the leakage analysis of 

CGS. Additionally, the research aimed to investigate the influence of caprock morphology on 

the leakage analysis of CGS. In order to accomplish this, an investigation into the effect of 

geological structures and features on entrapment and structural integrity is conducted using 

three synthetic geological domains. Each of these geological domains has a distinct caprock 

morphology from the others. By monitoring the CO2 mole fraction and pH distribution 

throughout the domain, CO2 migration and sweeping efficiency can be analyzed. The 

investigation into the structural integrity was carried out by monitoring the CO2 mole fraction 

and the entrapment of solubility trapping. Evaluation of the reservoir pressure distribution 

throughout the domain was an essential part of the structural integrity study that was carried 

out. 

5.3.1 Modeling of synthetic geological domains 

In the current research analysis, the first two synthetic domains taken into consideration are 

partially adapted from the previous study and partially similar to the previous section's 

synthetic domain [63]. In the current section, the synthetic domains are incorporated with the 

fault caprock. Figure 5.7 shows the synthetic domain-1 incorporated with anticline structure, 

whereas synthetic domain-2 does not incorporate any geological features apart from the 

perturbation. The synthetic domain-3 has been modeled based on the data that is currently 

available for the Deccan basalt region. Based on the available geological data, the stairsteps 
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morphology was incorporated in modeling the synthetic domain [30], [111], [201]. For 

modeling the first two synthetic domains, the 50×50×20 grid, which is comprised of 50,000 

grid cells, has been used; see Figure 5.7. The synthetic domains 1 and 2 each have a physical 

dimension of 10 km ×10 km × 350 m. Both synthetic domain-1 and -2 have injection points 

situated in nearly identical locations. The physical dimension of the synthetic domain-3 is 10 

km ×10 km × 800 m, see Figure 5.7. The sloping nature of the anticline dome can be found 

within the synthetic domain-3, along with the stairsteps traps that are embedded within it. 

Geological features similar to these can be found in the Deccan Volcanic Province [30], [111], 

[201]. 

The CO2 was injected at the rate of 0.63 Mt/year into the synthetic domain-1 and -2. The 

injection was conducted for an initial 30-year period, while the subsequent 2970 years of the 

simulation were kept for post-injection observations. In synthetic domain-3, a fixed injection 

rate of 0.36 Mt/year was maintained for a period of 60 years. The subsequent simulation time 

of 2940 years was allocated for the purpose of post-injection analysis. Approximately 18.9 Mt 

of ScCO2 was injected into the synthetic domain-1 and -2, while in the synthetic domain-3, the 

total injection was around 21.6 Mt. The initial reservoir pressure and temperature conditions 

considered for the current section simulation study are the same as mentioned in Section 5.2.2. 
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Figure 5.7: Illustrates a schematic diagram of the three-dimensional grid structure, the top view of 

the domain, and the distribution of petrophysical properties of three considered synthetic domains. 

In column two, the three-dimensional domain is made transparent in order to view the crack on the 

caprock from the top view. 

Figure 5.7 illustrates the three-dimensional grid structure and petrophysical variation in all 

three considered synthetic domains. The first column of Figure 5.7 depicts the three-

dimensional grid structure of synthetic domains. The synthetic domain-1 and 2 begin at a depth 

of approximately 600 meters, while the caprock is positioned at approximately 800 meters. In 

synthetic domain-3, the domains begin at 200 meters, and similar to synthetic domain-1 and -

2, the caprock is located at approximately 800 meters. The slope of synthetic domain-3 

resembles the Deccan traps of the Deccan Volcanic Province. The second column illustrates 

the top view of the domain's transparent grid structure by highlighting the caprock crack. The 
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third and fourth columns display the synthetic domains' porosity and permeability distribution. 

The values for porosity and permeability are arbitrarily assigned to each grid cell of the 

synthetic domain. All synthetic domains share the same range of petrophysical properties, with 

porosities ranging from 0.2 to 0.4 and permeability between 10 and 1500 mD, see Figure 5.7. 

5.3.2 Impacts of caprock morphology on leaky caprock and CO2 entrapment 

This simulation analysis investigates the impact of caprock morphology on CO2 plume 

migration, sweeping efficiency, and CO2 leakage. In simulation 1, the synthetic domain-1 is 

used, while in simulation 2, the synthetic domain-2 is utilized. The caprock cracks are located 

at the same location for both domains. In simulation 1, the anticline dome in the synthetic 

domain is positioned near the crack in order to assess its effect on CO2 leakage. The injection 

site, rate, and other simulation parameters are identical in both simulations. The sole variation 

between the two synthetic domains is the top caprock morphology.  

 Figure 5.8 depicts the simulation outcomes of the first two synthetic domains. Following CO2 

injection, the CO2 plume moves towards the elevated region. In simulation 1, due to the 

presence of an anticline dome, most of the plume moves along a confined path and stagnates 

in the anticline dome. In simulation 2, the synthetic domain-2 lacks geological structures, and 

the injected CO2 has spread in the lateral direction beneath the caprock.  

While comparing two sets of simulations, Figure 5.8 results reveal that the CO2 leakage is 

greater in simulation 1 than in simulation 2. Due to high sweeping efficiency in synthetic 

domain 2 (simulation 2), only a small amount of CO2 reached the crack. In contrast, due to the 

CO2 accumulating in the close vicinity of the anticline in simulation 1, where the crack was 

present, a greater quantity of CO2 leaked from simulation 1. This revealed the disadvantage of 

having cracks and leakage faults near geological features with elevation, such as anticline 
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domes. The leakage rate may also be high if the crack is located along the CO2 plume migration 

path. 

 

Figure 5.8: Illustration of (A) CO2 Mole Fraction and (B) pH variation over geological time scale 

during CO2 geological sequestration. 

The CO2 leakage can be visualized from the CO2 mole fraction and pH variation results in 

Figure 5.8A and Figure 5.8B, which depict the incorporation of leaky caprock into the 
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domains. The line crack is placed near the anticline dome of the synthetic domain, which acts 

as a systematic geological fracture crack. The CO2 liquid mole fraction results at 30 years 

indicate that after CO2 migrates into the bottom caprock anticline dome, it rapidly escapes to 

the top section of the synthetic domain due to the presence of a caprock fracture. The top 

caprock is free of cracks and will prevent injected CO2 from escaping to the Earth's surface. In 

order to study the structural integrity of the domain during CO2 sequestration in the presence 

of leaky caprock, parameters such as reservoir pressure, sweeping efficiency, and solubility 

entrapment are analyzed. For example, the solubility fingering phenomenon at the bottom 

caprock is effective from around the 500th year, while at the top caprock, it is triggered around 

the 1000th year (see Figure 5.8). This could be a result of the height of the CO2 plume 

stagnating in the dome and the reservoir pressure distribution with respect to reservoir depth. 

The solubility trapping close to the caprock crack is essential because it may result in mineral 

precipitation, which may lessen the intensity of caprock leakage. 

As shown in Figure 5.8B, synthetic domain-2 has a more significant portion of the domain 

covered by low pH in the bottom section of the domain than synthetic domain-1. When 

comparing synthetic domains 1 and 2, synthetic domain-1 has a smaller volume covered and a 

lower displacement efficiency in the bottom section of the domain than synthetic domain-2. 

It's because the CO2 plume's migration path became narrower as it approached the anticline's 

center. The injected CO2 plume has enhanced spreading in the lateral direction under the 

caprock in the bottom section of the synthetic domain-2, which increases CO2 dissolution 

because the absence of an anticline dome in synthetic domain-2 increases the contact area 

between the CO2 plume and reservoir resident water, due to which the solubility trapping will 

be high. The fingering phenomenon helps to improve the vertical spreading in the depth axis 

by contributing to convection mixing. Assume the pH range of the domain is within acceptable 

limits. In that case, the low pH region created during the solubility trapping phase may result 
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in a mineral reaction for the mineral trapping mechanism. After CO2 leaked to the top section 

of the synthetic domain-1, the CO2 plume stagnated in the top section's anticline dome. After 

a while, it was clear that solubility trapping and a low pH region predominated in the area. 

Once the pH range returns to the alkaline level, it could be advantageous if the mineral reaction 

near the crack of the bottom section caprock can contribute to crack healing. 

Figure 5.9 depicts the average reservoir pressure, temperature, and percentage of solubility 

entrapment over a geological time scale. The pressure variation in the average reservoir 

pressure results in both synthetic domains following a similar trend. However, the average 

pressure in simulation 1 for the synthetic domain-1 decreased slightly at the end of the 

simulation time. This could be because of a crack in the anticline dome. If there is no crack 

near the anticline dome, the pressure would be similar to or greater than that of the synthetic 

domain-2. Because the CO2 plume's flow will be constrained in a narrow pathway, the CO2 

will eventually accumulate in the dome's center. This confined CO2 plume would increase 

pressure at that point, but the pressure would be released if a crack was present, see Figure 

5.9A. In simulation 1, a high amount of CO2 solubility entrapment was recorded in the top 

section of the domain compared to simulation 2 because more CO2 escaped to the top section 

of the domain. In simulation 2, in the absence of geological features, a large amount of CO2 

was spread in all directions, resulting in only a small amount of CO2 reaching the crack and 

leaking into the top section of the domain, see Figure 5.9C. In the domain, the temperature 

variation was minimal and considered nearly negligible, see Figure 5.9B. 
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Figure 5.9: Influence of caprock morphology on (A) Average reservoir pressure, (B) Average 

reservoir temperature, and (C) Solubility trapping of CO2 variation over geological time scale. 
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5.3.3 CO2 leakage in the stairsteps domain 

In this section, an analysis of CO2 leakage was conducted in the synthetic domain-3. CO2 

leakage analysis in this synthetic domain-3 will provide insight into plume migration, solubility 

trapping, and leakage prediction in a domain with stairsteps geological features. The synthetic 

domain-3 contains anticlines, stairsteps, and a sloping orientation. Once the ScCO2 is injected 

into the domain, due to the influence of the stairsteps feature, the CO2 tends to spread laterally; 

when this plume comes under the influence of the anticline structure, the plume tends to rise 

toward the high elevated region. During CO2 migration, it encounters the crack near the 

anticline dome, through this, the CO2 plume escapes to the top section of the synthetic domain. 

Figure 5.10B depicts the pH variation in the subsurface formation. It can be noticed that the 

pH of the domain was low in the migration pathway, indicating solubility trapping in the 

migration pathway. A substantial portion of the bottom section of the domain is covered with 

low pH. Comparing Figure 5.8A, Figure 5.8B, Figure 5.10A, and Figure 5.10B, it is clear 

that the solubility trapping was more rapid in the bottom section than in the top. It could be 

because of the pressure distribution in the simulation domain. As it is well known that reservoir 

pressure increases with reservoir depth, solubility trapping will occur more rapidly at greater 

reservoir depth. 
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Figure 5.10: Illustration of (A) CO2 Mole Fraction and (B) pH variation over geological time scale 

during CO2 geological sequestration. 

The average reservoir pressure for the top section, bottom section, and entire domain is 

depicted in Figure 5.11A. As illustrated by the results of the average reservoir pressure, it is 

observed that the reservoir pressure increases with depth. The top section's average reservoir 

pressure is low compared to the bottom section's average reservoir pressure, and the entire 

domain's average reservoir pressure is in between the pressure variations of the top and bottom 

sections. The injection was conducted approximately 1100 meters below the Earth's surface; 

this is the reason for the increase in average reservoir pressure compared to simulations 1 and 

2. Figure 5.11B illustrates that the domain's temperature has not changed significantly. 
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Figure 5.11: Influence of caprock morphology on (A) Average reservoir pressure, (B) Average 

reservoir temperature, and (C) Solubility trapping of CO2 variation over geological time scale. 
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Figure 5.11C depicts the solubility trapping recorded on a geological scale. This observation 

suggests that solubility trapping is greater in the bottom section than in the top section. As 

shown in Figure 5.10A and Figure 5.10B, the majority of the CO2 plume spread in a lateral 

direction and underwent solubility trapping, which may explain these observations. In addition, 

the reservoir pressure in the bottom section was elevated, which increased solubility 

entrapment in the bottom section. Comparing the results of synthetic domain-1 and -2 from 

Section 5.2.3, it can be noticed from the solubility trapping results that the top domain 

solubility of synthetic domain-1 and -2 was greater than that of synthetic domain-3 in terms of 

total injection quantity. This analysis also provides insight into the selection of injection 

location relative to the location of a crack, taking geological features and slope into account to 

analyze CO2 plume migration in the domain. The migration of the CO2 plume is one of the 

most critical parameters that must be analyzed to assess the structural integrity and CO2 leakage 

from the injected formation domain. 

5.4 Summary 

The objective of this chapter was to investigate the impact of caprock leakage on CO2 

sequestration as well as the influence of top surface morphology on CGS leakage analysis. 

Three synthetic geological domains with different caprock morphologies are used to assess the 

impact of geological features and fault characteristics on entrapment and structural integrity. 

The CO2 mole fraction and pH distribution in the domain are used to investigate CO2 migration 

and sweeping efficiency. Monitoring the CO2 mole fraction and entrapment of solubility traps 

was used to conduct the structural integrity assessment and leakage analysis. The reservoir 

pressure distribution in the domain was evaluated as part of structural integrity research. 

During the analysis of caprock morphology's effects on the solubility trapping mechanisms, 

the presence of geological features, such as anticline structures, has influenced the migration 



142 

 

path of the CO2 plume. It demonstrated that geological features with varying caprock 

morphologies impact sweeping efficiency, further effecting the CO2 entrapment in the domain. 

When the sweeping efficiency is high, a greater quantity of the CO2 plume will be in contact 

with the connate water, which will increase the solubility entrapment [63], [111]. 

The top subsurface caprock morphology has the potential to influence the migration of CO2 

plumes and the percentage of entrapment of CO2 in the domain. The selection of the desired 

top surface and the appropriate injection point plays a significant role in the secure and cost-

effective implementation of the CGS. For instance, the crack was incorporated into the ongoing 

simulation analysis somewhere in close proximity to the anticline domain. Because of this, the 

rate at which CO2 leakage from the bottom formation layer will be rapid. If the same crack 

were located away from the migration pathway and the anticline dome, the percentage of 

leakage would be significantly reduced. The chapter broadly analyzed the influence of caprock 

morphology and structural integrity on the solubility trapping mechanism and its impact on 

leaky caprock and entrapment. The next chapter investigates the use of machine learning in 

analyzing CO2 geological sequestration. 
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6 Utilization of Machine Learning in the CO2 Geological Sequestration 

Analysis 

6.1 Introduction 

CO2 Geological Sequestration (CGS) is a potential technology, but carrying out the research 

on this technology by means of experiments would be extremely unfeasible from both a 

financial and a scientific point of view. When dealing with simulation analysis of a complicated 

geometrical model, using traditional numerical approaches proved to be both time-consuming 

and resource-intensive for research. Therefore, the incorporation of machine learning into the 

simulation study offers a promising avenue to minimize computational load and time, making 

CGS research more viable and efficient.   

The study unfolds through the integration of traditional numerical approaches with machine 

learning. The outcomes of numerical simulations serve as input data for machine learning, 

enabling an assessment of future trends of the targeted parameters. Initially, conventional 

multiphase flow simulations are carried out over the geological time span, and the results of 

these simulations become the input for the time series neural network, anticipating the post-

injection trends of the target variable. The validity of the findings is ensured through validation 

against previously generated numerical simulation results of output parameters at the same 

temporal range. The current investigation aims to explore the effects of heterogeneous caprock 

morphology on forecasting future structural and residual trapping percentages. Furthermore, 

the present research delves into exploring how caprock morphological heterogeneity influences 

the forecasting capabilities of the time series neural network, introducing an intriguing 

dimension to this study. 

This chapter begins with modeling the computational domain to create synthetic scenarios for 

studying CO2 sequestration (Section 6.2). The numerical simulation results obtained serve as 
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data for training and testing machine learning algorithms (Section 6.3). Subsequently, the focus 

shifts to utilizing machine learning, particularly time series neural network analysis, to examine 

the simulation results and extract valuable insights (Section 6.4). Time series neural networks 

possess a remarkable ability to capture temporal dependencies in the data, enabling the 

identification of patterns and trends present in traditional numerical simulations in significantly 

less time. For this, the NARX and NAR models are preferred as the initial choice due to their 

straightforward implementation and relatively low prediction requirements compared to other 

models. This makes them ideal for preliminary stage analysis and data exploration. [190], 

[219]. 

6.2 Modeling of synthetic geological domains 

In this study, the CO2 geological sequestration was analyzed with the help of PFLOTRAN. The 

amount of CO2 trapped beneath the top surface structural topography is referred to as structural 

trapping. The amount of CO2 trapped in the migration pathway is evaluated as residual 

trapping. The moveable plume is the excess CO2 that is not structurally or residually trapped. 

For assessing the structural trapping, residual trapping, and moveable plume, the saturation and 

the amount of CO2 plume that is present are considered [30], [219].  

A synthetic domain was modeled to be utilized in the numerical simulations. The modeled 

synthetic domain has a physical dimension of 10 km × 10 km × 150 m and is discretized into 

25,000 cells. The top surface of the simulated domain is characterized by heterogeneous 

irregular perturbation morphology. The considered domain's porosity and permeability ranges 

are 0.2 to 0.4 and 10 to 1500 mD, respectively [30], [80]. The domain pressure is initiated by 

establishing the datum at 801 m deep for 70 bars with hydrostatic pressure conditions, and the 

temperature was initiated at 75°C in the whole domain. In the simulations, the water and CO2 

densities are considered as 975 kg/m3 and 686.54 kg/m3, respectively, and their viscosities as 
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0.308×10-3 Pa.s and 0.056×10-3 Pa.s, respectively [30], [80]. Figure 6.1A depicts the three-

dimensional grid structure with perturbations and heterogeneous morphology, whereas Figure 

6.1B depicts the distribution of corresponding petrophysical properties in the domain grid 

structure. As shown in Figure 6.1A, CO2 was injected in the center of the domain at the 

coordinates (5000, 5000, 816), highlighted by the letter “I”. The injection rate is fixed at 3,600 

m3/day for a duration of 30 years, whereas 370 years was kept for post-injection analysis [219]. 

 

Figure 6.1: (A) Three-dimensional grid structure with physical dimensions and computational 

cells; (B) Petrophysical properties distributions. The bold red letter I in the current figure is the 

injection point [219]. 
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6.3 Numerical Simulation Results 

The injection force and the elevation of the surrounding anticline dome both have an impact 

on the movement of the CO2 plume as it travels through the domain. In Figure 6.2A, one can 

see an illustration of the saturation profile of CO2 as it enters the domain. According to the 

saturation profile, the CO2 plume gradually makes its way into the adjacent anticline domes. 

Figure 6.2B depicts the number of partially or entirely CO2-saturated cells on a geological time 

scale. Figure 6.2B illustrates the number of CO2-saturated cells across geological time. 

Between 200 and 400 years, an inconsistency in the number of CO2-saturated cells can be 

noticed. During CO2 migration, the CO2 spreads laterally in many cells. After the injection is 

ceased, the injection force decreases, and the CO2 plume in the plunging syncline zone will 

travel under the effect of elevation to stagnate under the anticline dome. The CO2 saturation of 

the cells will drop in the syncline plunging zone, whereas it will increase in the anticline region. 

This suggests that the CO2 plume in the vicinity of the syncline plunge is migrating and 

stagnating under the anticline dome. Figure 6.2B shows that the number of saturated cells 

decreases after 200 years, primarily due to perturbations in the caprock shape [219]. 
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Figure 6.2: (A) CO2 plume migration in the geological domain, the results illustrated for 1, 30, 300, 

and 400 years, and (B) the number of CO2 saturated cells variation over geological time scale 

[219]. 

The average reservoir pressure during geological time is shown in Figure 6.3A. During the 

injection period, the average reservoir pressure rises by approximately 30 MPa. The average 

reservoir pressure gradually drops and stabilizes in the domain following injection. The average 

reservoir temperature has increased by approximately 0.45 °C from the baseline temperature 

(see Figure 6.3A). The structural and residual trapping data, shown in Figure 6.3B, show that 

CO2 structural trapping has increased from the initial years. When there are heterogeneous 

perturbations on the top surface (Figure 6.2A), the CO2 plume flows, spreads laterally, and 

becomes trapped in the structural perturbations. The CO2 is confined in the migration pathway 

in the case of residual trapping. The effects of injection force on the CO2 plume and the residual 

entrapment percentage were marginally visible during the injection time, as shown in Figure 

6.3B. The injection force's impact on the CO2 plume will progressively decrease after the 

injection phase. After 30 years, the residual entrapment percentage seems to be increasing (see 

Figure 6.3B), as the capillary effects will trap CO2 in the migration pathway during this period. 

The percentage of mobile plumes decreases throughout geological time, as observed in Figure 
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6.3B. This decline in moveable plume suggests that structural- and residual trapping has 

increased in the domain over the geological time during post-injection [219]. 

 

Figure 6.3: (A) Average reservoir pressure and temperature variation; and (B) structural and 

residual trapping and movable plume variation over geological time scale [219]. 

6.4 Utilization of Machine Learning: Time Series Neural Network Analysis 

In order to make a reasonable forecast of the target variables, NARX and NAR algorithms were 

implemented using the neural network toolbox in MATLAB. The NARX and NAR models are 

the preferred choices owing to their simplicity in implementation and their ability to provide 

accurate forecasts with minimal data requirements. These models are particularly well-suited 

for initial stage analysis. The input parameters required for these models are acquired using 

traditional techniques by solving the multiphase flow equations, as described in the previous 

section. The percentages of CO2 trapped structurally and residually are considered target 

variables. The NARX and NAR architecture are shown in Figure 6.4A and Figure 6.4B, using 

the structural entrapment percentage as the target variable [219]. 
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Figure 6.4: (A) Nonlinear Autoregressive Network with Exogenous Inputs (NARX) architecture; 

(B) Nonlinear Autoregressive Network (NAR) architecture. The figure illustrated the structural 

trapping as the target variable. In the case of NARX, if the residual trapping is selected as the 

target variable, then the structural trapping will be considered under the input variable [219]. 

The NARX model considers average reservoir pressure, average reservoir temperature, number 

of CO2 saturated cells, a geological time in years, moveable plume percentage, and structural 

or residual trapping percentage as input parameters. Structural trapping and residual trapping 

are used interchangeably. If structural trapping is the target variable, residual trapping is 

considered for the input variable, as shown in Figure 6.4. Meanwhile, in the NAR neural 

network architecture, only a target variable is employed, and no input variables are considered, 
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as shown in Figure 6.4B. For example, suppose structural trapping is the parameter of interest. 

In that case, future values of the target variable are projected based on previous values of the 

target variable, as shown in Figure 6.4B. The design of both neural networks includes two 

hidden layers and ten neurons. Initially, the network is trained in an open-loop environment, 

and then it is changed to a closed-loop environment to predict the future values of the target 

variable. Multistep prediction is only possible in a closed-loop network in NAR and NARX. 

This research investigates twelve training function algorithms to determine the best method for 

predictive trapping percentage analysis (see Figure 6.5) [219]. 

 

Figure 6.5: Comparison of different training function algorithms used with the NARX neural 

network. Levenberg-Marquardt has shown low deviation from simulation target data [219]. 

Levenberg-Marquardt (LM) has performed well among all training models (see Figure 6.5).  

As shown in Figure 6.6A and Table 6-1, the Nonlinear Autoregressive Network with 

Exogenous Inputs-Levenberg-Marquardt (NAR-LM) has a smaller deviation for structural 

trapping simulation results than the Nonlinear Autoregressive Network with Exogenous Inputs-
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Levenberg-Marquardt (NARX-LM). Table 6-1 presents the R2 value and root mean square 

deviation (RMSE) obtained for NARX-LM and NAR-LM. The R2 value for NARX-LM is 

0.9001, while the RMSE is 0.0582. On the other hand, the R2 value and RMSE for NAR-LM 

are 0.9801 and 0.0515, respectively. Because structural trapping and residual trapping are 

comparable data types, the NAR-LM and NARX-LM are utilized to anticipate residual trapping 

percentages in the future forecast (see Figure 6.6B).  

 

Figure 6.6: Comparisons of NAR-LM and NARX-LM with numerical results for (A) Structural 

trapping percentage variation and (B) Residual trapping percentage variation. NAR-LM has a very 

low deviation from target data at the same geological time scale [219]. 

In general, the NARX forecast should have better prediction compared to the NAR forecast 

[19]. But, in the present scenario, NAR has a somewhat better performance than NARX. 
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Because NARX depends on the input variables, there was an irregularity in the data for the 

number of saturation cells (see Figure 6.2B). This inconsistency may have impacted the 

structural- and residual entrapment percentage forecasts, as observed in Figure 6.6. While 

NARX relies on the target variable's prior values to forecast future values, NAR has produced 

more dependable findings. Figure 6.6 compares the predictive forecast of NAR-LM and 

NARX-LM with convectional numerical simulated data. This investigation shed light on the 

sensitivity of neural networks in the perturbed and diverse domain's future forecast [219]. 

Table 6-1: Comparison of R-squared and RMSE values of different training function algorithms 

for structural trapping [219]. 

Algorithm Name R-Squared 
Root-mean-

square deviation 
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Levenberg-Marquardt 0.9001 0.0582 

Bayesian Regularization 0.7045 0.3763 

BFGS Quasi-Newton 0.7434 0.4386 

Resilient Backpropagation 0.5781 0.4130 

Scaled Conjugate Gradient 0.8741 0.4440 

Conjugate Gradient with Powell/Beale 

Restarts 
0.8900 0.4402 

Fletcher-Powell Conjugate Gradient 0.8189 0.2604 

Polak-Ribiére Conjugate Gradient 0.8052 0.4621 

One Step Secant 0.8784 0.4680 

Variable Learning Rate Gradient Descent 0.8804 0.4534 

Gradient Descent with Momentum 0.0111 2.1304 

Gradient Descent 0.2620 4.1181 

Nonlinear Autoregressive (NAR): 

Levenberg-Marquardt 
0.9801 0.0515 

 

The results of this study provide valuable insights into the impact of heterogeneous caprock 

morphology on future structural and residual trapping percentage forecasting. The use of 

numerical simulation and time series neural network analysis has proven to be effective in 
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predicting the behavior of the target variables on the synthetic domain. The two architectures, 

NARX and NAR, have demonstrated their capability to capture the underlying dynamics and 

trends of the system. Overall, this research contributes to a better understanding of the 

complexity involved in CO2 sequestration for forecasting the primary trapping mechanisms. 

Further studies can build upon this work to explore other aspects of the system and enhance 

the accuracy of the predictions. 

6.5 Summary 

This chapter focuses on integrating traditional numerical approaches with ANN to investigate 

the future trend of primary trapping mechanisms in CO2 geological sequestration (CGS). 

Traditional numerical simulations are time-consuming and resource-intensive, so machine 

learning is a potential alternative to analyze simulation results and extract valuable insights. 

Numerical multiphase flow simulation results are performed to generate data for training and 

testing of time series neural network models. Time series neural network models, NARX and 

NAR, were used to forecast the structural and residual trapping percentage using input and 

target variables. Twelve training algorithms were used for both NARX and NAR models. 

Among all algorithms, the Levenberg-Marquardt algorithm has shown superior prediction for 

the provided data type. The impact of input data on the NARX prediction is observed as the 

change in saturation profile influences the forecast of trapping percentages, whereas this 

influence was excluded in the NAR model.  Both models have obtained an adequate range of 

R2 and RMS values for the Levenberg-Marquardt algorithm. Overall, the NAR has recorded 

higher accuracy compared to NARX. 

▪ NARX-Levenberg-Marquardt: R2 = 0.9001 and RMS = 0.0582 

▪ NAR-Levenberg-Marquardt: R2 = 0.9801 and RMS = 0.0515 
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7 Conclusions 

7.1  Realistic geological subsurface domain- Saurashtra, Gujarat, India 

Geological formations at depths ranging from several hundred meters to a few thousand meters 

below the surface are generally considered suitable for CO2 sequestration. This range of depth 

provides assurance that the CO2 would be stored securely and, hence, effectively isolated from 

the atmosphere. [220], [221]. The target geological formations should possess the necessary 

porosity and permeability to accommodate the injected CO2. The location of the storage 

formation should be suitable in terms of proximity to CO2 sources, transportation 

infrastructure, and other factors that could affect the viability and cost-effectiveness of the CGS 

project [32], [39], [162], [165]. It is important to note that the specific conditions for CO2 

geological sequestration can vary depending on the characteristics of the target storage 

formation and the specific project requirements. Thorough site characterization, including 

geophysical surveys, well drilling, and monitoring, is typically conducted to assess the 

suitability and safety of a potential CO2 storage site [32], [39], [162], [165]. 

The Basalt formation’s petrophysical properties considered in this research have displayed 

great potential in the long-term storage of CO2. The basaltic formation available in Deccan 

Volcanic Province, India, has characteristics similar to the Columbia River Basalt region for 

the implementation of CO2 sequestration [3], [11], [222], [223].  

Due to the lack of subsurface geological data on the entirety of the Deccan Volcanic Province, 

ongoing research and interest were limited to the Saurashtra Peninsula. Detailed mapping of 

the potential subsurface layers for CO2 sequestration can give a little more insight into the 

implementation of CO2 sequestration in the Deccan Volcanic Province. A more accurate 

analysis of the mineralogy of the subsurface could potentially lead to a better estimation for 

the overall implementation of CGS in the Deccan Volcanic Province.  
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7.2 Structural- and Residual Trapping 

A comprehensive study is conducted to relate the dependence of structural- and residual 

trapping on certain sequestration parameters like the petrophysical properties, injection rate, 

and injection point. Maximum storage for a longer period of time may be achieved without 

affecting the integrity of the caprock, provided CO2 is injected at the optimal injection rate and 

at the ideal injection site. During the research study, the following were prominent 

observations: 

• Structural- and residual trapping contribute considerably to store CO2 for a significant 

period. In this primary trapping simulation analysis, it was observed that the percentage 

of structural- and residual trapping of the structure decreased upon an increase in the 

injection rates. This trend would be consistent across all injection locations due to the 

finite amount of trap capacity.  

• Residual trapping is further impacted by the proximity of formation traps to the 

respective injection sites. This is due to the fact that formation traps often operate as 

mini-reservoirs and greatly contribute to the overall trapping phenomenon. 

• It was also observed that the range of both porosity and permeability values 

significantly impacts the sweeping efficiency. Simulation results indicated that a 

geologically modeled domain's lower petrophysical characteristic range exerted a 

greater constraint on CO2 flow. Thus, this result demonstrated that the structural- and 

residual trapping depended on the petrophysical properties.  

• This simulation analysis also provided a few insights into the selection of optimal 

injection points based on the percentage of structural- and residual trapping occurring 

within the formation region. The closer the structural traps are to a specific injection 

point, the higher the chances of structural- and residual trapping specifically. 
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7.3 Solubility Trapping 

In addition to primary trapping mechanisms, solubility trapping and its associated geochemical 

reactions were also considered in these simulation studies to better understand the effect of 

injection site and petrophysical characteristics upon the solubility trapping mechanism. It was 

evident that the choice of injection location significantly impacts the subsequent migration and 

sweeping of CO2. The major observations from the simulation study on Solubility trapping 

analysis are as follows: 

• Simulation studies involving the selection of injection points provided valuable insights 

into the migration and sweeping of CO2 after injection. These results revealed an 

assessment of the structural integrity and storage capacity.  

• Among all the considered injection points, injection point B exhibited the best solubility 

trapping. Furthermore, the average reservoir pressure at point B was found to be within 

an acceptable range. 

• An apparent pressure increase was observed in the modeled domain in a study on the 

influences of petrophysical properties that incorporated a low range of petrophysical 

properties. As a result of this high pressure, CO2 was also observed to dissolve into the 

connate water at a greater amount throughout the domain.  

• The rise in the pressure in the reservoir, due to the low range of petrophysical properties, 

would cause a buildup of stress on the formation domain, which would ultimately have 

an effect on the structural integrity of the entire subsurface structure.  

• During the mineral trapping mechanism, the reservoir pressure and domain pH, both of 

which are influenced by the solubility trapping mechanism, could have an effect on the 

processes of mineral dissolution and precipitation [68], [116], [117]. 
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A comparative simulation study was conducted to investigate the impact of caprock 

morphology on solubility trapping, and the study was performed by considering two synthetic 

simulation domains, one with incorporating an anticline dome and another without 

incorporating any geological structural features. During the research study, the following were 

prominent observations: 

• It was observed that the presence of the anticline dome decreases the solubility trapping 

efficiency but increases the injection rate range.  

• From the simulation study, it has been observed that the solubility fingering phenomena 

greatly influence the injected CO2 trapping in the domain.  

• The average reservoir pressure observations have provided insight for two comparison 

simulation model sets, which assisted in analyzing the effective storage of CO2 injected 

into the formation domain.  

• The CO2 plume migration was observed to have safely stagnated in the anticline dome, 

but the solubility entrapment observed was moderate compared to another simulation 

set.  

• In any case, the CO2 plume that is stored within certain geological features like anticline 

domes will cut down on the expenses associated with monitoring during the post-

injection period.  

• The current study provided insight into the use of naturally occurring geological 

subsurface features for CGS for safely storing captured CO2 [63], [111]. 

7.4 Mineral Trapping  

In basalt rocks, mostly secondary minerals like carbonates, aluminosilicate, and silica are found 

in the rock’s cavities and amygdales [78]. The Indian basalt rock formation is considered 

advantageous as it contains about 25% of the mineral weight of Calcium, Magnesium, and Iron 
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oxides. Consisting of these minerals makes basalt a suitable candidate for CO2 sequestration. 

Basalt rock can react more to the injected CO2 than other sedimentary rocks [78]. When the 

ScCO2 is injected into the formation domain, the domain's pH will decrease due to the solubility 

trapping of CO2 into the reservoir fluid. Once the pH gradually returns to an alkaline level, it 

triggers the mineral reaction with divalent cations. These cations react with carbonate solution 

and form secondary minerals due to precipitation reactions [66], [224].  

The multiphase and multicomponent reactive transport modeling is used in the current research 

analysis to study the influence of mineral trapping on the CGS. Mineralogy plays a significant 

role in the determination of effective mineral trapping in the geological subsurface. In naturally 

available basalt formation, numerous minerals are found [2], [4], [6], [8], [66], [73], [117], 

[126], [127], [225]. However, the study considered nine minerals due to the unavailability and 

limitation of mineral repositories. During simulations in the modeled synthetic domain, the pH 

of the domain was observed to increase except in the migration pathway. This is due to the 

formation of weak carbonic acid, which further leads to mineral dissolution and precipitation 

at this migration pathway. The dissolution and precipitation of minerals in the domain depends 

mainly on the other minerals present in the domain. The mineral trapping simulation results 

reveal that Calcite mineral precipitation occurs at a faster rate in the synthetic domain, with 

Dolomite following closely. 

On the other hand, Aragonite dissolves at a significantly higher pace than other minerals in the 

synthetic domain. Chinochlore-14A and Diopside minerals exhibit minimal volume fraction 

variation, while Quartz and Saponite-Ca show negligible reactivity. The porosity changes in 

the domain have not shown much variation. This all depends on the mineral composition 

present in the subsurface domain. From literature and current numerical simulation analysis, it 

is observed that mineral trapping is optimal at temperatures around 100 °C and at an alkaline 

range of pH for the basalt rock [116], [117]. 
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7.5 Structural Integrity 

 The structural integrity simulations were carried out to investigate the influence of caprock 

morphology and caprock crack, with its subsequent impact on CO2 entrapment and CO2 

leakage during CGS. The presence of a crack in the migration pathway affects critical attributes 

such as entrapment percentage, structural integrity, and safe storage, all of which are critical 

for the safe implementation of CGS [56], [57], [226]. Three synthetic geological domains with 

different caprock morphologies are considered in this analysis to investigate the influence of 

geological structures and features on entrapment and structural integrity. These simulations 

provided insight into CO2 leakage for various morphological features. This study has explained 

the influence of geological structures and blended geological morphology features on plume 

migration in the presence of a crack, as well as its implications on entrapment percentage and 

structural integrity. Following are some of the major observations of this study 

Compared to synthetic domain-1 and -2, the presence of anticline structure in the domain 

reduces the sweeping efficiency of the injected CO2 plume, further influencing solubility 

trapping. Because of the higher lateral sweeping in synthetic domain-2 compared to synthetic 

domain-1, significantly less CO2 plume reached the fault in synthetic domain-2, and the leakage 

recorded was lower. However, this study would also highlight the significance of geological 

features; if the crack were not located near the anticline dome, synthetic domain-1 might be a 

safer option for sequestration. 

The investigation of the synthetic domain-3, which was constructed using existing geological 

data of the Deccan Volcanic Province, offers insights into the migration of CO2 plumes and the 

impact of geological features, such as an anticline dome. A crack in close proximity to the 

anticline structure may result in CO2 leakage. During the first few years, the stairstep structure 

influenced CO2 movement; during this period, the CO2 plume mainly spread horizontally in a 
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single stripe of the trap. When the CO2 plume comes under the influence of the anticline dome 

elevation, the CO2 plume tends to move up-dip direction, passing through stairsteps traps. This 

observation shows that geological structure dominates in influencing CO2 plume movement in 

the subsurface geological domain.  

When comparing CO2 leakage into the top section of a domain in all of the synthetic modeled 

domains, it can be observed that the leakage of CO2 into the top section was most significant 

in synthetic domain-1 and -2 when compared to synthetic domain-3. Because the CO2 plume 

migrated and percolated through stairsteps, traps were subjected to primary trapping, and only 

a small amount leaked into the domain's top section. This provides insight into CO2 migration 

and leakage in a domain that is embedded with geological features and structures. 

7.6 Machine Learning Technique in CGS 

The financial and scientific impracticality of performing CGS analysis through experiments is 

enormous. Complex geometric models have been found to be computationally costly and slow 

when utilizing traditional numerical methodologies [16], [227]. In this work, conventional 

numerical simulation results are integrated with machine learning methodologies to forecast 

the future trend of target parameters. A time series neural network is used to anticipate the trend 

of target parameters throughout the post-injection period, with the CO2 sequestration parameter 

values serving as both the input and the target for the network. Validation is accomplished 

using target parameter simulation data that already exists. This study evaluates the influence of 

heterogeneity on top subsurface morphology on the neural network time series forecast [219].  

Amongst the twelve employed algorithms, the Levenberg-Marquardt algorithm has exhibited 

superior predictive performance for the given data type. Both the NARX and NAR architecture 

models have achieved a satisfactory range of R2 and RMS values when utilizing the Levenberg-

Marquardt algorithm. The forecasting outcomes of the NARX model underscore its 
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dependence on input data; irregularities in the saturation profile have led to deviations in the 

projections for the predicted years. In aggregate, the NAR architecture has demonstrated higher 

accuracy in comparison to NARX. Here are the specific metrics for both cases: 

• NARX-Levenberg-Marquardt: R2 = 0.9001, RMS = 0.0582 

• NAR-Levenberg-Marquardt: R2 = 0.9801, RMS = 0.0515 

This study offers a concise summary of the use of ANN with convectional simulation data. 

Many aspects, including the training function technique, the number of neurons, the number of 

hidden layers, and so on, can influence the accuracy of a time series analysis. The forecast in 

this study is impacted by the input and target variable data [219]. 

7.7 Overall conclusions 

Structural and residual trapping processes considerably contribute to the storage of CO2 for a 

very prolonged duration. The performed simulation study reveals that reducing injection rates 

increases the percentage of structural and residual trapping. Due to the limited capacity of the 

traps, this tendency was constant across all injection locations. The dominance of residual 

trapping is determined by the proximity of formation traps to injection locations, as formation 

traps function as mini-reservoirs and significantly contribute to the overall trapping 

phenomenon. Utilizing the optimal injection rate at the ideal injection position can result in 

maximum storage for extended periods without jeopardizing the caprock's structural integrity. 

The essential insight garnered from the caprock morphological study is that it can influence the 

migration pathway of the injected ScCO2 in the geological domain, ultimately influencing the 

solubility trapping. The current research analysis has shed light on the influence of the 

caprock's sweeping efficiency and caprock morphology on the solubility trapping over a 
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geological time. The solubility fingering during lateral migration in the stairsteps traps provides 

insight into the effect of geological features on the solubility trapping mechanism. 

Petrophysical heterogeneity in geological formations has significantly impacted the CO2 

trapping mechanisms during CO2 geological sequestration (CGS). Heterogeneity refers to 

variations in the distribution of porosity and permeability within the storage formation [63], 

[80], [111]. It affects the overall storage capacity and the distribution of CO2 within the 

formation. Heterogeneity can influence the occurrence and relative contributions of trapping 

mechanisms, such as structural, residual, and solubility trapping mechanisms [63], [80], [111], 

[228], [229]. Highly heterogeneous formations may exhibit variations in the dominance of 

these trapping mechanisms, impacting the long-term storage capacity and the potential for CO2 

leakage [63], [80], [111], [228], [229]. 

The mineralogy of the target storage formation plays a significant role in ensuring the long-

term stability and effectiveness of the storage site. Suitable mineralogy for CO2 geological 

sequestration typically includes minerals that can chemically react with CO2 and undergo 

mineral carbonation [4], [114], [120], [230], [231]. Minerals such as Olivine, Serpentinite, 

basalt, and certain types of ultramafic rocks are considered favorable due to their high 

magnesium, calcium, and iron content [4], [6], [8], [73], [78], [117], [126], [225]. These 

minerals can react with CO2, forming stable carbonate minerals through mineral carbonation. 

The mineral carbonation of CO2 helps to immobilize and store the carbon dioxide in a solid 

form, reducing the risk of CO2 leakage and providing long-term storage. Additionally, silica-

rich minerals, such as quartzite, can contribute to the sealing capacity of the storage formation, 

enhancing the containment of CO2. It is essential to consider the mineralogical composition of 

the storage formation to ensure favorable conditions for successful and secure CO2 geological 

sequestration [4], [6], [8], [73], [78], [117], [126], [225]. 
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Numerous minerals are discovered in naturally occurring basalt formation. Due to limitations 

and the unavailability of mineral repositories for simulations, only a small number of minerals 

are used in this study. The pH was observed to rise in the three-dimensional domain except in 

the migration pathway. In addition, weak carbonic acid formation causes minerals to dissolve 

and precipitate along this path. The dissolution and precipitation of minerals in a domain are 

largely determined by the presence of other minerals in the domain. When H+ predominates 

within a domain, calcite is observed to precipitate. Changes in the domain's porosity have 

exhibited little variation. This is contingent upon the mineral composition of the subsurface 

domain. 

The geological formation must exhibit stability to avoid the risk of structural failure or 

displacement of the stored CO2. Stability is assessed by evaluating factors such as geological 

history, tectonic activity, and the absence of active faults or fractures that could compromise 

the integrity of the storage reservoir [57], [85]. The presence of a crack in the migration 

pathway affects critical attributes such as entrapment percentage, structural integrity, and safe 

storage, all of which are essential for the successful implementation of CGS risk-free. This 

analysis offered some valuable insights into leakage analysis for a number of different 

morphological features. This research has explained the role that geological structures and 

aspects of geological morphology play in plume migration when there is a crack present in the 

area. Additionally, this analysis has provided a description of the implications that this has for 

the percentage of further entrapment and structural integrity. 

Table 7-1 presented below provides an illustration of the principal governing parameters that 

exert an influence on their respective trapping mechanisms. These major governing parameters 

have been considered based on the authors' preliminary understanding while acknowledging 

that additional parameters may also impact trapping. It is important to note that each formation 
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layer possesses distinct characteristics; therefore, its influence on trapping may vary 

accordingly. 

Table 7-1: Illustration of major governing parameters influencing the corresponding trapping 

mechanisms [56], [58], [184]–[187], [204], [232], [63], [80], [109], [111], [180]–[183]. 

Trapping 

Mechanisms Major Governing Parameters 

S
tr

u
ct

u
ra

l 

T
ra

p
p

in
g
 • Porosity and permeability distribution within the storage formation 

• Caprock morphology and subsurface caprock features 

• Presence of faults, fractures, and sealing mechanisms 

• Selection of injection location for CO2 sequestration 

• Geological structure and stratigraphy characteristic  

R
es

id
u

a
l 

T
ra

p
p

in
g
 

• Porosity and permeability distribution within the storage formation. 

• Pore aspect ratio and pore network connectivity of the subsurface formation 

layer. 

• The water table of the subsurface domain 

• Selection of injection location for CO2 sequestration 

• Injection scheme for CO2 injection 

• Caprock morphology and sweeping distance of CO2 plume 

• Reservoir fluid density and average reservoir pressure 

S
o
lu

b
il

it
y
 

T
ra

p
p

in
g
 

• Capillary pressure and interfacial tension between CO2 and the reservoir fluid 

• Entrapment percentage of primary trapping mechanisms 

• pH variation of the subsurface formation 

• The availability of water and salinity of the domain 

• Pore size and pore network connectivity 

• Wettability characteristics of the rock surfaces 

• The presence of low-permeability barriers or trapping layers 

M
in

er
a
l 

T
ra

p
p

in
g
 

• Availability and reactivity of minerals capable of carbonation Surface area 

and accessibility of reactive minerals 

• Entrapment percentage of primary and solubility mechanisms 

• pH variation of the subsurface formation 

• Reaction kinetics influenced by temperature and pressure conditions 

• The presence of dissolved CO2 in water facilitates mineral reactions 

 

The utilization of Machine Learning models was explored to streamline the analysis process in 

CO2 geological sequestration. This involved investigating the reduction of time and 

computational intensity required for analysis. The study focused on modeling and analyzing 

intricate geometric models, which traditionally necessitate costly and rigorous numerical 
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methods. Consequently, an attempt was made to integrate machine learning and numerical 

simulation to forecast significant parameter trends. The results obtained from the numerical 

simulation were considered to validate the findings. While the time series results closely 

resembled the simulated numerical outcomes, it was observed that input variables such as 

petrophysical heterogeneity and top subsurface morphology impacted the neural network's 

ability to forecast accurately [219]. 

7.8 Limitations of the Research 

The modeled simulation domain does not depict the naturally available structure. The 

simulation domain must include the geological faults, cracks, and minor geomorphological 

structures to identify the structure's durability for CO2 sequestration. The realistic modeling of 

the synthetic domain incorporating various geological features like lenses, laminates, faults, 

cracks, etc., can lead to the analysis of various other phenomena and their influences on the 

CO2 trapping and integrity of the subsurface geological structure. 

The current simulation analysis is limited in its ability to analyze and simulate microscale 

phenomena. This is particularly relevant in a realistic case, where cracks in the subsurface 

region can create secondary porosity and have a significant impact on fluid flow in the porous 

domain. Unfortunately, due to a lack of geological data, the simulation analysis cannot 

incorporate the influence of these cracks. Additionally, the unavailability of data about the 

mineral composite of the resident rock results in less accurate predictions. Several crucial 

pieces of data are also unavailable, including information about the geological subsurface water 

table, the stretch of the underground water network, and the rock strength around the network. 

More data is needed to gain a better insight into the different top surface caprock morphologies 

and their impacts, such as elevation, slope angle, and types of folds. Without access to this 
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important data, the simulation analysis is limited in its ability to accurately model and predict 

real-world behavior. 

7.9 Future Research scope 

The Basalt formation petrophysical properties considered in this research, for its good porous 

structure, have displayed great potential in the long-term storage of CO2. The Basaltic 

formation available in Deccan Volcanic Province, India, has similar favorable characteristic 

properties to the Columbia River Basalt region for the implementation of CO2 sequestration 

[3], [5], [222], [223]. The results of trapping mechanisms are promising to conduct future 

theoretical studies on the feasibility of implementing CGS by considering more minerals in the 

Deccan Volcanic Province. The following illustrates some potential future areas of work in 

CO2 sequestration, including the Deccan Volcanic Province and other studies on sequestration 

parameters. 

• The scope of future work should be on carrying out the development of multiphase 

reactive transport simulations for CO2 sequestration simulation incorporating more 

minerals of Deccan basalts [8], [11], [162], [203]. These simulations can provide a more 

accurate estimation of a reservoir's storage capacity and feasibility for the 

implementation of CO2 sequestration.  

• The research on Enhanced Oil Recovery simulations in the Indian subsurface regions 

has to be studied to estimate the carbon sink capacity.  

• The influences of subsurface water tables on the CGS and mostly on the entrapment 

mechanisms, especially on the solubility trapping, will be crucial studies to conduct. 

The influence of microbial surface formation on the CGS has to be performed. 
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• Investigate the effects of geological heterogeneities such as faults, fractures, and 

discontinuities on CO2 storage capacity, injection rates, and pressure accumulation. 

This can give useful information for risk evaluation of CO2 storage activities.  

• Study the long-term fate of stored CO2 under various environmental circumstances such 

as temperature, pressure, and geochemistry. This can help to improve knowledge of 

long-term storage integrity and potential leakage.  

• Investigate the possibility of integrating CGS with other energy technologies such as 

enhanced oil recovery (EOR), geothermal energy generation, or hydrogen production. 

This has the potential to bring significant economic benefits while also increasing the 

overall efficiency of the CGS system. 

This thesis is a thorough and comprehensive analysis of CO2 geological sequestration that 

delves into multiple aspects, including reactive transport modeling, caprock morphology, and 

machine learning techniques. The literature review provides a panoramic view of existing 

technologies and worldwide CGS projects, highlighting the immense potential of CGS in India. 

The investigation of trapping mechanisms in the Deccan Volcanic Province explored various 

crucial factors that influence successful CO2 sequestration, such as injection point selection, 

heterogeneity-petrophysical properties, and injection rate. The chapter on caprock morphology 

and structural integrity provided an insightful analysis of the solubility trapping mechanism 

and CO2 leakage, giving significant consideration to the Stairsteps domain. Finally, the 

utilization of machine learning techniques provided valuable insights into time series neural 

network analysis in CO2 geological sequestration. In conclusion, this thesis is a significant 

contribution to scientific research and lays the groundwork for future studies in CO2 emissions 

reduction.  
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