

  energies-17-01889




energies-17-01889







Energies 2024, 17(8), 1889; doi:10.3390/en17081889




Review



Impact of Regional Pressure Dissipation on Carbon Capture and Storage Projects: A Comprehensive Review



Haval Kukha Hawez 1,2 and Taimoor Asim 2,*





1



Department of Petroleum Engineering, Faculty of Engineering, Koya University, Koya KOY45, Kurdistan Region-F.R., Iraq






2



School of Engineering, Robert Gordon University, Aberdeen AB10 7GJ, UK









*



Correspondence: t.asim@rgu.ac.uk; Tel.: +44-(0)1224-262457







Citation: Hawez, H.K.; Asim, T. Impact of Regional Pressure Dissipation on Carbon Capture and Storage Projects: A Comprehensive Review. Energies 2024, 17, 1889. https://doi.org/10.3390/en17081889



Academic Editor: Jose Ramon Fernandez



Received: 12 March 2024 / Revised: 8 April 2024 / Accepted: 12 April 2024 / Published: 16 April 2024



Abstract

:

Carbon capture and storage (CCS) is a critical technology for mitigating greenhouse gas emissions and combating climate change. CCS involves capturing CO2 emissions from industrial processes and power plants and injecting them deep underground for long-term storage. The success of CCS projects is influenced by various factors, including the regional pressure dissipation effects in subsurface geological formations. The safe and efficient operation of CCS projects depends on maintaining the pressure in the storage formation. Regional pressure dissipation, often resulting from the permeability and geomechanical properties of the storage site, can have significant effects on project integrity. This paper provides a state-of-art of the impact of regional pressure dissipation on CCS projects, highlights its effects, and discusses ongoing investigations in this area based on different case studies. The results corroborate the idea that the Sleipner project has considerable lateral hydraulic connectivity, which is evidenced by pressure increase ranging from <0.1 MPa in case of an uncompartmentalized reservoir to >1 MPa in case of substantial flow barriers. After five years of injection, pore pressures in the water leg of a gas reservoir have increased from 18 MPa to 30 MPa at Salah project, resulting in a 2 cm surface uplift. Furthermore, artificial CO2 injection was simulated numerically for 30 years timespan in the depleted oil reservoir of Jurong, located near the Huangqiao CO2-oil reservoir. The maximum amount of CO2 injected into a single well could reach 5.43 × 106 tons, potentially increasing the formation pressure by up to 9.5 MPa. In conclusion, regional pressure dissipation is a critical factor in the implementation of CCS projects. Its impact can affect project safety, efficiency, and environmental sustainability. Ongoing research and investigations are essential to improve our understanding of this phenomenon and develop strategies to mitigate its effects, ultimately advancing the success of CCS as a climate change mitigation solution.
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1. Introduction


The 21st century presents an unprecedented set of challenges for humanity, with climate change standing out as one of the most pressing issues. The accumulation of greenhouse gases in the earth’s atmosphere, primarily carbon dioxide (CO2), has led to detrimental changes in global climate patterns, resulting in more frequent and severe weather events, rising sea levels, and disruptions to ecosystems and biodiversity. To mitigate the adverse effects of climate change, there is a critical need to reduce CO2 emissions and transition towards cleaner energy sources. In this context, carbon capture and storage (CCS) has emerged as a promising technology with the potential to significantly contribute to greenhouse gas reduction efforts.



Furthermore, as global energy demand continues to rise, traditional fossil fuels remain a primary source of energy, leading to persistent CO2 emissions [1]. While renewable energy sources are being rapidly developed, their complete integration into the energy mix is a gradual process [2]. In the interim, CCS presents a viable strategy to bridge the gap between current energy consumption patterns and a low-carbon future. By capturing CO2 emissions at their source, CCS can substantially reduce emissions from industrial sectors such as power generation, cement production, and steel manufacturing [3,4,5,6]. CCS involves capturing CO2 emissions from industrial processes and power plants, transporting the captured CO2 to suitable geological formations, and injecting it deep underground for long-term storage [7], as shown in Figure 1. During the capture phase, CO2 is separated from flue gases produced by industrial facilities or power plants [8,9]. The captured CO2 is then compressed and transported via pipelines or other means to geological storage sites [10]. In addition, geologic CO2 utilization and storage (GCUS) stands out as a leading solution, leveraging current technologies to significantly mitigate CO2 emissions into the atmosphere. GCUS involves the containment of captured CO2 from emission sources underground for extended periods, spanning hundreds to thousands of years [11]. These storage sites are typically deep geological formations, such as depleted oil and gas reservoirs, saline aquifers, or deep coal seams [12]. Deep saline aquifers exhibit the highest CO2 storage capacity among various CO2 injection formations. In China, deep saline aquifers are estimated to hold 1573 gigatons of CO2, with a 50% confidence level [13]. This capacity equals approximately 130 years of China’s total CO2 emissions. In North America, a conservative estimate places the total CO2 storage capacity of deep saline aquifers at 2379 gigatons, equivalent to around 600 years of North America’s total CO2 emissions. Despite the adoption of alternative energy sources, global carbon capture, utilization, and storage (GCUS) technologies must be universally implemented, emphasizing the imperative of their deployment alongside clean and efficient energy solutions. Once injected into these formations, the CO2 is intended to be trapped and stored for extended periods, contributing to a reduction in atmospheric CO2 concentrations [14]. This process prevents a substantial amount of CO2 from entering the atmosphere and exacerbates the global climate crisis. While CCS holds great promise, its widespread adoption demands rigorous investigation into its potential impacts on various geological, environmental, and operational aspects. Of particular concern is the regional pressure dissipation impact resulting from the injection and storage of large volumes of CO2 in geological formations [15].



Regional pressure dissipation refers to the spread and redistribution of pore pressure changes induced by the injection of fluids into subsurface formations [17]. When CO2 is injected into a reservoir, it displaces existing fluids and increases the overall pore pressure within the reservoir. This rise in pressure occurs because the injected CO2 occupies pore spaces that were previously filled with other fluids, such as brine or hydrocarbons [18]. Consequently, understanding how this increased pore pressure propagates through the subsurface and interacts with surrounding rocks and fluids is crucial for assessing the long-term viability and safety of CO2 injection projects [19,20].



The viability of CCS extends beyond emission reduction; it also facilitates the concept of “negative emissions”, wherein more CO2 is removed from the atmosphere than is emitted [21]. This is achieved through the combination of CCS with bioenergy, where plants absorb CO2 from the atmosphere during growth, and the resulting biomass is burned for energy with the CO2 emissions being captured and stored underground in the geological formations [22], as shown in Figure 2. Such an approach could potentially contribute to drawing down historical CO2 emissions, aiding in achieving the ambitious climate targets outlined in international agreements like the Paris Agreement which is a legally binding international treaty on climate change.



The process of injecting CO2 into geological formations for storage involves a high-pressure injection to ensure that the CO2 remains in a supercritical state, enhancing its density and reducing the risk of buoyant migration [23]. However, the injection of CO2 at high pressures can lead to significant pressure changes within the targeted storage formations over time. These pressure changes can have a range of effects that need to be thoroughly investigated to ensure the safe and effective implementation of CCS projects [24,25]. One of the primary concerns associated with pressure changes is the potential for induced seismicity [26]. The injection of fluids, including CO2, into subsurface formations can alter the stress distribution within the earth’s crust, potentially triggering earthquakes [27]. Understanding the relationship between pressure changes and induced seismicity is crucial for assessing the risk of seismic events and establishing safe injection practices [28,29,30]. Pressure changes can also influence the stability of the caprock—the impermeable layer of rock that seals the storage formation [31]. Changes in pressure can potentially impact the integrity of the caprock, leading to the creation of new pathways for CO2 migration or even surface leakage. Investigating the mechanical behaviour of the caprock under pressure changes is paramount to preventing unintended consequences [32].



Moreover, subsurface pressure changes can result in ground deformation, either uplift or subsidence. Such deformations can have far-reaching environmental and societal implications, including potential damage to infrastructure, altered groundwater flow patterns, and disruptions to ecosystems [33,34,35]. A comprehensive understanding of pressure-induced ground movements is crucial for effective planning, risk assessment, and the design of CCS projects. Therefore, effectively managing pressure within CO2 storage sites is a crucial aspect of safe and successful CCS implementation. The investigation will explore various operational strategies aimed at mitigating pressure build-up and dissipation. This includes examining optimal injection rates, pressure monitoring protocols, and the feasibility of implementing pressure management wells. Engineering solutions for pressure control, such as pressure release mechanisms and adaptive reservoir management, will also be investigated to provide practical insights for CCS project design and operation.



The investigation into the regional pressure dissipation impact of CCS requires a multidisciplinary approach that integrates geological, geomechanical, hydrogeological, and environmental perspectives [36,37]. The geological characteristics of the storage formation, such as porosity and permeability, play a significant role in determining how pressure changes propagate through the subsurface [38]. Geomechanical considerations are vital for understanding how pressure changes influence the mechanical behaviour of rock formations and caprock [39]. Therefore, hydrogeological studies are essential for comprehending the interactions between the injected CO2, existing fluids, and storage formation. These interactions can impact fluid flow patterns, alter the chemical composition of the fluids, and influence the overall pressure dynamics [40,41]. Moreover, an in-depth understanding of environmental factors is required to evaluate the potential consequences of pressure-induced ground movements on ecosystems, infrastructure, and land use [42,43].



To comprehensively investigate the regional pressure dissipation impact of CCS, a combination of theoretical, numerical, and experimental approaches is essential. Analytical models can provide fundamental insights into the processes governing pressure changes, allowing for the formulation of hypotheses and guiding the development of numerical simulations [44,45]. Numerical models, such as computational fluid dynamics simulations and geomechanical models, offer the capability to simulate complex interactions in realistic geological settings [46,47,48]. Laboratory experiments using rock samples and scaled models can validate the theoretical and numerical findings, offering empirical data that enhances the accuracy and reliability of the investigation’s outcomes [49,50]. Field studies that monitor ongoing CCS operations and their pressure-related effects provide real-world data that can be used to refine and validate theoretical and numerical models [51,52].



The investigation into the regional pressure dissipation impact of CCS holds significant importance for the successful deployment of this technology on a global scale. As governments, industries, and international organizations increasingly recognize the urgency of addressing climate change, the responsible deployment of CCS becomes integral to achieving emission reduction targets. This comprehensive study aims to delve into the intricate web of effects and implications surrounding the regional pressure dissipation phenomenon resulting from CCS activities.




2. Mechanism of Regional Pressure Dissipation


The injection of CO2 into geological formations is a central strategy in addressing the challenges of global climate change. This approach aims to sequester large amounts of CO2 in deep underground reservoirs, effectively preventing its release into the atmosphere and mitigating the impacts of greenhouse gas emissions. However, this process is not without its complexities, and a deep understanding of the pressure-related phenomena that occur within these geological formations is essential for ensuring the success and safety of CO2 storage over the long term.



When CO2 is injected into a geological formation, it is introduced as a highly pressurized fluid. This injection process itself contributes to an immediate increase in the overall pressure within the storage reservoir [53]. The increase in pressure can be substantial, depending on factors such as the injection rate, the geological characteristics of the formation, and the initial pressure conditions [54,55]. The injection-induced pressure increase has several implications. First, it affects the mechanical stability of the surrounding rock. As the pressure within the reservoir rises, it can alter the stress state of the rock formation [56,57,58]. This change in stress can potentially reactivate faults or fractures in the rock, leading to induced seismic activity. Additionally, the increased pressure can impact fluid properties, such as viscosity and density, potentially influencing fluid flow and migration within the formation [59]. For instance, the dissolution of calcite in the sandstone notably decreases, resulting in an enhancement of the CO2 storage capacity [60,61]. Simultaneously, the upward migration of CO2-rich fluid from the mantle advanced the precipitation of calcite cement within fractures of the mudstone caprock. This process facilitated self-sealing of the fractures, consequently augmenting the sealing capacity for CO2 storage [62,63].



One of the critical consequences of the injection-induced pressure increase is the alteration of pore pressure within the geological formation [64]. Pore pressure refers to the pressure exerted by fluids within the pore spaces of the rock [65]. As CO2 is introduced into the reservoir, it competes for space with the existing fluids, leading to changes in the pore pressure distribution [66]. Changes in pore pressure can have significant effects on the behaviour of subsurface fluids. If the injected CO2 displaces brine or other fluids, it can initiate a process of fluid migration [67]. Fluids tend to move from areas of high pressure to low pressure, and this pressure gradient can drive the movement of fluids through the porous rock matrix. This migration of fluids aims to restore equilibrium within the formation [41]. However, the movement of fluids to restore equilibrium can also trigger challenges. For instance, the migration of fluids might lead to the mobilization of dissolved substances or minerals within the reservoir [68]. This could result in the precipitation of minerals in different areas of the formation, potentially affecting pore connectivity and permeability. In extreme cases, fluid migration driven by pressure differences can even induce seismic events if the movement is significant enough to reactivate faults [69,70,71].



While the initial injection of CO2 contributes to the pressure increase, a substantial portion of the injected CO2 is expected to undergo phase changes over time [72]. Gaseous CO2 injected into the formation can dissolve into the formation fluids, forming a carbonic acid solution. This dissolution process is driven by the interactions between CO2 and the aqueous fluids present in the formation [73]. As CO2 dissolves, it transitions from the gaseous phase to the dissolved phase, resulting in a reduction in the volume of the gaseous CO2. Furthermore, CO2 can undergo a process known as mineralization or mineral trapping [74]. In mineralization, the dissolved CO2 reacts with minerals present in the geological formation. This chemical reaction leads to the formation of stable carbonate minerals [75,76]. This mineral trapping effectively removes CO2 from the gaseous phase, contributing to the long-term storage of CO2 within the geological reservoir. Both dissolution and mineralization play a crucial role in gradually reducing the pressure within the storage formation over time [77].



Understanding the mechanisms of pressure-related phenomena is vital for predicting the long-term behaviour of CO2 storage reservoirs. Mathematical models [78] and simulations [79] are essential tools in this regard, as described in Table 1. These models take into account various factors, such as the geological characteristics of the formation, fluid properties, injection rates, and the reactivity of minerals. By integrating these factors, researchers and engineers can simulate the evolution of pressure within the reservoir over extended periods [80,81,82]. In addition, predictive models allow for the assessment of potential risks associated with pressure changes. For instance, they can help in estimating the likelihood of induced seismicity due to changes in pore pressure and stress redistribution [83]. By understanding the relationship between injection rates, pressure changes, and induced seismicity, operators can tailor injection strategies to minimize the risks of triggering earthquakes.




3. Effect of Regional Pressure Dissipation


One of the primary concerns associated with increased pore pressure resulting from CO2 injection is the potential for regional pressure dissipation effects. As the pore pressure increases within the injection zone, it can propagate beyond the immediate area of injection, affecting the surrounding geological formations. This propagation occurs due to the interconnected nature of pores and the permeability of the rock. The extent of this pressure propagation depends on the geological characteristics of the reservoir and its connectivity with adjacent rock formations. This can result in a range of consequences that affect the integrity of the reservoir and the safety of neighbouring areas. Some of the key effects are illustrated in Figure 3.



3.1. Storage Capacity


One of the key factors that directly influence the success of CCS projects is the storage capacity of the chosen geological formation, typically an aquifer, where the CO2 is stored [24]. However, the effectiveness of CCS projects can be compromised by changes in regional pressure within the aquifer, as this directly impacts its storage capacity for CO2 [89].



The aquifer, which serves as the storage reservoir for CO2 in CCS projects, consists of porous and permeable rock formations that have the capacity to hold large volumes of CO2 [90]. The storage capacity is determined by various geological and physical characteristics, including the porosity of the rock, which is the measure of the void spaces within the formation, and the permeability, which refers to the ability of the formation to transmit fluids such as CO2 [91]. These formations are typically located deep underground and are often found in depleted oil and gas reservoirs or deep saline aquifers [92,93]. A crucial aspect of successful CO2 storage is the maintenance of sufficient pressure within the geological formation [54]. Pressure plays a pivotal role in keeping the CO2 in a dense and supercritical state, which is essential for it to remain in a liquid-like state and be effectively stored underground [94]. The pressure helps to counteract the temperature and keep the CO2 dense, preventing it from reverting to a gaseous state and leaking back to the surface [95]. This is why understanding and managing regional pressure changes within the aquifer is of utmost importance.



Over time, however, the regional pressure within the aquifer can change naturally due to a variety of factors, including the extraction of oil, gas, or other fluids from nearby reservoirs [96,97]. If the pressure in the aquifer significantly dissipates, it can lead to a reduction in the available pore space within the rock formation [98]. Pore space refers to the voids between rock particles where fluids like CO2 are stored. When this pore space diminishes due to pressure changes, the storage capacity of the aquifer for CO2 is reduced. In essence, the formation becomes less capable of accommodating the same volume of CO2 as it could when the pressure is higher. This reduction in storage capacity has direct implications for the CCS project’s overall effectiveness and duration [99].



CCS projects are designed to sequester large quantities of CO2 underground for extended periods, often decades to centuries. They play a vital role in achieving emissions reduction targets and mitigating the impacts of climate change [100]. However, if the storage capacity of the chosen aquifer decreases, the amount of CO2 that can be effectively stored within it also diminishes [24]. This can lead to several significant challenges: Firstly, the decrease in storage capacity restricts the amount of CO2 that can be injected and stored in the aquifer. This limitation can curtail the potential emissions reductions that the CCS project aims to achieve [101]. Then, the economic viability of the CCS project can be affected. A significant decrease in storage capacity might necessitate additional injections into multiple aquifers or the exploration of alternative storage sites. This can escalate costs and logistical complexities [102]. Another challenge is the duration over which the CCS project can effectively store CO2 is compromised. With limited storage space, the project’s operational life may be shortened, requiring more frequent interventions to manage and relocate the stored CO2 [8,103]. Finally, CCS projects often require substantial upfront investments. A decrease in storage capacity can introduce uncertainty and risk for investors, as the project’s long-term feasibility and potential returns are compromised [104,105].



To address these challenges, it becomes imperative to monitor and manage the regional pressure within the aquifer throughout the lifecycle of the CCS project. This involves ongoing geological monitoring, data analysis, and predictive modelling to anticipate pressure changes and adapt injection strategies accordingly. Additionally, it underscores the importance of thorough site characterization and selection, considering not only the initial storage capacity but also the potential for pressure changes over time.




3.2. CO2 Plume Migration


Understanding CO2 plume migration within aquifers is essential for ensuring the long-term integrity of CCS projects. When CO2 is injected into an aquifer, it ours differently from the liquid phase of water [106]. CO2 is less dense than brine, which is the predominant fluid in saline aquifers, and therefore tends to rise within the formation. This upward migration of CO2 is referred to as plume migration as shown in Figure 4 [107]. The plume migration process involves various complex physical and chemical interactions, including buoyancy, capillary forces, and mineral reactions [108,109]. Over time, the injected CO2 can migrate both vertically and laterally within the aquifer [110]. While some vertical migration is expected due to buoyancy, lateral migration can be influenced by the geologic properties of the formation, such as permeability and porosity [111].



One of the critical factors that can significantly influence the behaviour of the CO2 plume within the aquifer is regional pressure changes [86]. Aquifers are not static environments; they are subject to various external factors that can lead to changes in subsurface pressure. These changes in pressure can have profound effects on the migration of the CO2 plume [112]. When the pressure decreases significantly in certain areas of the aquifer, it can create preferential pathways for CO2 migration. This occurs because areas with lower pressure provide less resistance to the upward movement of CO2 [113]. As a result, the CO2 plume may preferentially migrate towards these regions, bypassing other parts of the aquifer. This phenomenon is a cause for concern, as it can reduce the effectiveness of containment and increase the risk of leakage [114]. Then, the migration of the CO2 plume towards areas of reduced pressure increases the risk of leakage. If the plume reaches the aquifer’s boundaries or breaches caprock seals, it can escape into shallower geological formations or potentially reach the surface. Leakage of CO2 is a significant environmental concern, as it can compromise the effectiveness of CCS and pose risks to human health and the environment [115].



To mitigate the impact of pressure changes on CO2 plume behaviour, monitoring systems are essential. Continuous monitoring of pressure within the aquifer can provide early warning of pressure decreases and potential preferential migration pathways [116]. In response to such monitoring, injection rates can be adjusted, or additional measures, such as pressure maintenance, can be implemented to maintain containment [14]. Some regions of the aquifer may have higher permeability and porosity, making them more susceptible to pressure changes and CO2 migration. Understanding the geology of the aquifer is essential for predicting and managing pressure-related impacts [117].



Researchers and industry stakeholders have been conducting extensive studies and research efforts to better understand the interaction between regional pressure changes and CO2 plume migration [8,118]. Several case studies have provided valuable insights into the real-world challenges and solutions related to this issue. The Sleipner Project in the North Sea is one of the pioneering CCS projects that have been operating successfully for years. It involves the injection of CO2 into a saline aquifer beneath the seabed. The project has demonstrated the feasibility of geological storage and highlighted the importance of pressure monitoring and control in ensuring safe containment [119].




3.3. Injectivity and Rates


Injectivity, in the context of CCS, refers to the rate at which CO2 can be injected into an underground geological formation, typically an aquifer, and is measured in metric tons per year (MT/yr) [120]. It is a critical parameter as it directly influences the feasibility, efficiency, and economics of CCS projects. A high injectivity rate allows for the rapid and efficient injection of large volumes of CO2, facilitating the achievement of emission reduction targets [121]. Conversely, a low injectivity rate can significantly slow down the injection process, making CCS projects less efficient and potentially less cost-effective [122].



Several factors influence the injectivity rate in CCS projects. Understanding these factors is crucial for designing and operating successful CCS initiatives [123,124]. The geological properties of the selected storage site play a fundamental role in determining injectivity. The porosity and permeability of the rock formation are critical factors [125]. High porosity allows for greater CO2 storage capacity, while high permeability facilitates the movement of CO2 within the rock. Sites with low porosity and permeability may have reduced injectivity rates, making them less suitable for CCS [126]. In addition, pressure and temperature conditions at the storage site are vital for maintaining CO2 in a supercritical state, which is essential for efficient injection [86]. High pressure and appropriate temperature conditions increase the density of CO2, enabling more of it to be injected into the formation [127]. Moreover, the caprock, an impermeable layer of rock that overlays the storage formation, prevents the upward migration of injected CO2. The integrity of the caprock is crucial in ensuring the safety and long-term storage of CO2. Any breaches or fractures in the caprock can reduce injectivity and pose a risk of CO2 leakage [21]. The depth of the reservoir also influences the injectivity rate. Deeper reservoirs often have higher pressures, which can enhance injectivity [128]. However, drilling and operation costs also increase with greater depth, impacting the overall economics of CCS projects [129,130]. Furthermore, in-situ stress conditions within the geological formation can affect injectivity. High-stress conditions may lead to the formation of fractures, which can either enhance or reduce injectivity, depending on their orientation and connectivity [131,132]. The properties of the injected CO2, including its density, viscosity, and impurities, can influence injectivity. Impurities in the CO2 stream can lead to clogging or fouling of injection wells, reducing injectivity over time [133,134].




3.4. Geomechanical Impacts


As pressure dissipates within the storage reservoir, it can induce geomechanical changes, primarily compaction and subsidence. These phenomena have the potential to impact the stability of the storage reservoir and surrounding formations [135]. Pressure reduction within the reservoir can lead to the compaction of sedimentary rocks. As the pore spaces between grains shrink due to increased stress, the rock volume decreases. Compaction can result in reduced porosity and permeability, potentially affecting the injectivity and storage capacity of the reservoir [136]. Subsidence refers to the sinking or settling of the ground surface above the storage reservoir due to geomechanical changes. This can occur as a result of compaction or the redistribution of stress within the subsurface. Subsidence can have significant consequences for infrastructure, ecosystems, and surface water resources [35]. In 1948, there were vertical movements recorded in various areas of the Las Vegas Valley that exceeded 2 m when compared to the data from 1935. This resulted in substantial harm to roads, residences, and other structures, as illustrated in Figure 5 [137].



In CCS operations, the sealing formations, often comprised of impermeable cap rocks or layers, play a crucial role in preventing the upward migration of injected CO2 [138]. Pressure dissipation can affect the integrity of these sealing formations in several ways such as fault activation and cap rock failure. Pressure changes may activate pre-existing faults or induce the creation of new fractures in the sealing formations. This can compromise their sealing capacity, allowing CO2 to escape or migrate into overlying geological strata [54]. Excessive pressure dissipation can lead to cap rock failure, where the impermeable layer that should contain the CO2 ruptures or develops permeable pathways. This scenario poses a significant risk to the long-term security of the storage site [139]. Table 2 displays a set of distinct applied projects about the impact of regional pressure dissipation on storage capacity, CO2 plume migration, injectivity, and geomechanics.





4. Investigation and Monitoring Strategies


A key aspect of managing pressure dissipation is the establishment of a robust pressure monitoring network. This network comprises a series of observation wells strategically placed within and around the storage reservoir. These wells provide real-time data on pressure changes, enabling project operators to detect any deviations from expected pressure behaviour promptly. Additionally, pressure monitoring can aid in understanding the movement and migration of CO2 within the reservoir. Modern technology, such as advanced downhole sensors and remote data transmission, has significantly improved the efficiency and accuracy of pressure monitoring [143].



In a case study from the Sleipner CCS project in the North Sea, a well-designed pressure monitoring network played a crucial role in preventing pressure build-up and induced seismicity [144]. By closely observing pressure changes, the operators were able to adjust injection rates and ensure that the reservoir’s pressure remained within safe limits. This proactive approach helped avoid potential caprock fractures and associated CO2 leakage [145].



Geomechanical modelling is another vital tool for assessing pressure dissipation and its potential impact [146]. It involves the construction of numerical models that simulate the behaviour of the storage reservoir and surrounding rock formations under varying pressure conditions. These models take into account factors such as rock porosity, permeability, and stress distribution [147]. By incorporating data from pressure monitoring networks and geological surveys, geomechanical models can predict how pressure changes may influence the stability of the storage reservoir and its containment structures.



The In Salah CCS project in Algeria offers an instructive example of effective geomechanical modelling. Here, simulations based on various pressure scenarios helped project planners determine optimal injection rates and pressure limits to prevent subsurface deformation and caprock failure [66,148]. These simulations also guided decisions on well placement and provided insights into potential pressure-related risks [43].



Pressure dissipation can trigger seismic events, commonly referred to as induced seismicity. These earthquakes, even if of low magnitude, can lead to public concern and impact project viability [149]. Advanced seismicity analysis involves closely monitoring and analysing seismic events associated with CCS operations. Seismic sensors deployed both near the injection well and in the vicinity of the storage reservoir can detect even minor tremors. By correlating seismic activity with pressure changes, operators can gain insights into the relationship between pressure dissipation and induced seismicity. In recent times, there has been a significant focus on the study of fault activation and induced seismic activity in connection with geological carbon sequestration (GCS) [150]. Most of the concerns revolve around the possibility of causing significant observable seismic events and how these events might affect both the long-term stability of a carbon dioxide (CO2) storage site and public perceptions of GCS (see Figure 6) [151].



The Hontomín CCS project in Spain exemplifies how advanced seismicity analysis can inform operational decisions [153]. By studying seismic events in conjunction with pressure data, project operators established thresholds beyond which injection rates were reduced or halted temporarily. This strategy allowed them to effectively manage induced seismicity while ensuring project continuity [154].



As CCS technology continues to evolve, ongoing research initiatives are exploring innovative ways to enhance pressure monitoring and mitigation strategies [14]. For instance, efforts are being made to incorporate machine learning algorithms to improve the accuracy of pressure forecasts based on historical data. Additionally, research is focused on developing real-time risk assessment frameworks that combine pressure, geomechanical, and seismic data to predict potential hazards [155].



In summary, pressure dissipation remains a central concern in CCS projects due to its potential to trigger adverse effects such as induced seismicity and caprock compromise. To tackle these challenges, comprehensive investigation and monitoring strategies are imperative. Pressure monitoring networks, geomechanical modelling, and advanced seismicity analysis collectively offer a robust approach to assessing and mitigating pressure-related risks. Through a combination of real-world case studies and ongoing research initiatives, the effectiveness of these strategies in predicting and managing pressure dissipation becomes evident. As the CCS field advances, the integration of these methodologies will be crucial for ensuring the safety and success of CCS projects worldwide. The pressure monitoring techniques and their impact on the Sleipner, In Salah, Quest, FutureGen 2.0, and Otway CCS projects are described in detail in Table 3. The efficacy, safety, and environmental sustainability of the Sleipner, In Salah, Quest, FutureGen 2.0, and Otway CCS projects are all enhanced by the different pressure monitoring techniques, as this extensive Table 3 demonstrates. To guarantee the successful execution of carbon capture and storage operations, each project makes use of a mix of these monitoring techniques.




5. Case Studies


Carbon capture and storage (CCS) has emerged as a promising technology to mitigate greenhouse gas emissions and combat climate change. The success of CCS projects heavily depends on understanding and managing geological conditions, particularly pressure dissipation effects, in the target storage sites. This section presents a comprehensive analysis of notable case studies from various regions where CCS projects have been established or are under consideration. These case studies emphasize the local geological conditions, the observed or anticipated pressure dissipation effects, and the investigative approaches employed to assess and manage these effects.



Case Study 1: Sleipner Project—North Sea, Norway: The Sleipner CCS project, initiated in 1996, has been a pioneering example of effective pressure management in geological formations [145]. Located in the North Sea off the coast of Norway and is one of the world’s pioneering CCS initiatives, the project involves capturing CO2 from natural gas production and injecting it into the Utsira Formation, a deep saline aquifer, as shown in Figure 7 [119]. The geological structure of the formation includes layers of sandstone and shale, providing potential storage capacity for CO2. One of the key concerns in the Sleipner project was the potential for pressure build-up in the storage formation due to CO2 injection [163,164]. To address this issue, extensive modelling and monitoring activities were conducted to assess pressure dissipation effects. The approach involved seismic imaging, well pressure monitoring, and reservoir simulation to understand the behaviour of the injected CO2 and ensure safe storage. Researchers have observed minimal pressure perturbation in the reservoir due to the highly permeable cap rock and the presence of natural fractures, which allows for effective pressure dissipation. Monitoring techniques such as time-lapse seismic imaging and pressure gauges have been employed to assess pressure changes over time. The success of the Sleipner project in managing pressure dissipation has been attributed to the thorough geological characterization and the permeability of the cap rock [165].



Geological Conditions: The storage site features a layered geological structure with a thick shale caprock overlaying a sandstone reservoir. The sandstone provides porosity and permeability for CO2 storage [69].



Pressure Dissipation Effects: The injected CO2 at Sleipner was found to cause pressure build-up within the reservoir over time. This raised concerns about potential caprock fracturing or CO2 leakage [166]. However, extensive monitoring and pressure modelling revealed that the caprock integrity remained intact, and the pressure increase was well within the geological formation’s capacity to withstand. The injected CO2 was gradually dissipated and mineralized within the formation [167]. The injection of CO2 into the saline aquifer has led to an increase in pore pressure within the formation. However, due to the relatively high permeability of the caprock, pressure build-up was observed to dissipate relatively quickly through vertical migration. Monitoring data indicated that the pressure changes did not significantly affect the integrity of the caprock [163]. Moreover, Injection-induced pressure changes were observed within the reservoir. The relatively low-permeability overburden slowed pressure dissipation, emphasizing the importance of understanding the local geological characteristics [113].



Investigative Approaches: To assess pressure dissipation effects, the project utilized a combination of seismic monitoring, pressure measurements, water chemistry alterations, and computer simulations [168]. Regular seismic surveys allowed researchers to visualize subsurface changes and identify potential fractures or deformation. Pressure measurements helped validate the model predictions and adjust injection rates if necessary. These approaches collectively provided insights into the reservoir’s response to CO2 injection and its capacity to manage pressure. These observations confirmed pressure dissipation and informed the long-term safety of the storage site [163].



Case Study 2: In Salah CCS Project, Algeria: The In Salah CCS project, situated in the Sahara Desert of Algeria, commenced injection operations in 2004 [112]. It involves capturing CO2 from natural gas production and injecting it into the Krechba Formation, a deep saline aquifer beneath the Sahara Desert as shown in Figure 8 [169]. The project aims to mitigate CO2 emissions from natural gas production operations. The Krechba Formation is characterized by a complex geological structure with varying permeability and porosity levels [170]. The project provides insights into pressure dissipation effects in a hydrocarbon reservoir, which differ from those in a saline aquifer. The geological conditions include a layered sequence of sandstone and shale formations [156]. Researchers encountered pressure build-up challenges due to the low permeability of the shale layers, causing limited pressure dissipation. To manage this, the project implemented a pressure management strategy that involved adjusting injection rates and pressures based on real-time monitoring data. This adaptive approach allowed the project to prevent excessive pressure build-up and mitigate potential leakage risks [171]. The geology of the site comprises sandstone formations that hold the CO2 within porous rock layers [172]. Managing pressure build-up and preventing CO2 migration were key challenges. An innovative aspect of this project was the use of a monitoring well that allowed for direct measurement of pressure and composition changes in the reservoir. This approach facilitated an accurate assessment of pressure dissipation effects and the behaviour of the stored CO2 [150]. The findings from the In Salah project informed future CCS projects about the importance of direct measurements and the interaction between the injected CO2 and the host formation.



Geological Conditions: The storage reservoir is a natural gas field with sandstone formations containing hydrocarbons. CO2 was co-injected with produced gas to maintain reservoir pressure and enhance hydrocarbon recovery [14].



Pressure Dissipation Effects: Similar to other projects, pressure build-up was a concern in the In Salah project. The presence of hydrocarbons affects pressure dissipation. CO2 dissolution and hydrocarbon expansion counteract each other, resulting in slower pressure decline compared to saline aquifers [156]. However, the operators observed that the injected CO2 was dissolving into the formation water and mineralizing, leading to a decrease in pressure over time. The project also faced challenges due to the possibility of CO2-induced brine migration, leading to changes in porosity and permeability [170]. This natural pressure dissipation mechanism contributed to the overall security of the storage.



Investigative Approaches: Geological studies, including core samples and well logging, were performed to understand the reservoir’s characteristics. Detailed reservoir simulations incorporated compositional modelling of CO2-hydrocarbon interactions [173]. Seismic monitoring and well data analysis were conducted to understand reservoir behaviour. The project demonstrated that CO2 storage can be effectively managed in hydrocarbon reservoirs, but specific considerations are needed due to the coexistence of CO2 and hydrocarbons [174].



Case Study 3: Quest Project—Alberta, Canada: The Quest CCS project, located in Alberta, Canada, has been operational since 2015, as shown in Figure 9 [158]. It focuses on capturing CO2 emissions from a bitumen-upgrading facility and injecting them into a deep saline aquifer within the Basal Cambrian Sands in Alberta. The local geological conditions comprise several permeable sandstone layers separated by impermeable shale formations. Researchers anticipated pressure build-up due to the limited lateral migration of CO2 within the reservoir [16]. To address this, the project incorporated a comprehensive pressure management strategy that involved continuous monitoring, regular assessment of pressure data, and adjustment of injection parameters. This strategy enabled the project to maintain safe pressure levels and prevent any adverse effects on the geological formations. This case study highlights the importance of regional geological variations on pressure dissipation.



Geological Conditions: The geology of the region includes a combination of sedimentary rock formations with varying permeabilities and porosities. The geological setting is characterized by thick sequences of sandstone and limestone. The storage site is characterized by thick layers of sandstone and shale. The injection site is beneath multiple geological layers, including a confining shale caprock [175].



Pressure Dissipation Effects: The injection of CO2 led to an initial pressure increase, followed by pressure stabilization due to caprock integrity and mineral trapping. However, regional geological variations led to uneven pressure distribution [176]. The geological conditions in Alberta presented a unique challenge due to the presence of multiple formations with varying permeabilities. This demanded an intricate understanding of pressure migration [158].



Investigative Approaches: A combination of geophysical surveys, reservoir modelling, and subsurface monitoring helped assess pressure distribution and caprock integrity. Comprehensive seismic surveys were conducted to map the subsurface geological structures and identify suitable storage sites [157]. A multi-phase pressure management strategy was implemented, including initial pressure build-up followed by controlled dissipation. Geomechanical modelling helped assess potential pressure-induced stress changes in the surrounding rock layers. Researchers emphasized the significance of understanding regional geological heterogeneity to ensure safe long-term storage [37,157,176].



Case Study 4: FutureGen 2.0 Project—Illinois, USA: The FutureGen 2.0 CCS project, under consideration, aims to retrofit an existing coal-fired power plant with CCS technology and store the captured CO2 in the Mount Simon Sandstone formation as shown in Figure 10. The geology of the region consists of multiple layered formations, including sandstone and shale layers. The geological formation of interest is a deep saline reservoir with layered sandstone and shale [159].



Geological Conditions: The geological conditions comprise layered sedimentary rocks with a thick caprock above the storage formation. Also, it consists of coal beds surrounded by various rock layers. Managing pressure build-up and ensuring the integrity of seals are critical aspects [154].



Pressure Dissipation Effects: Given the complex geological setting, predicting pressure dissipation effects is challenging. The project has focused on conducting thorough reservoir simulations and utilizing advanced geophysical techniques to understand subsurface behaviour [177]. While pressure build-up is expected, the project aims to ensure that caprock integrity remains intact [178]. Furthermore, numerical modelling assessed pressure propagation and migration pathways, guiding injection strategies [161].



Investigative Approaches: The FutureGen 2.0 project emphasizes a multidisciplinary approach to investigate pressure dissipation effects [179]. Advanced seismic imaging techniques, coupled with petrophysical analysis and laboratory experiments, are used to characterize the storage formation and assess its response to CO2 injection. Real-time pressure monitoring and continuous model refinement play a crucial role in ensuring the project’s success [180].



Case Study 5: Otway CCS Project, Victoria, Australia: The Otway CCS project, located in Victoria, Australia, involves injecting CO2 into a depleted gas reservoir within a sandstone formation for research purposes as shown in Figure 11 [181].



Geological Conditions: The geological conditions in this region involve a layered sedimentary sequence, with potential sealing mechanisms provided by shale layers [182].



Pressure Dissipation Effects: The Otway project emphasized studying the interactions between CO2 and rock formation to ensure pressure dissipation [162]. Monitoring indicated that CO2 was effectively adsorbed onto the rock surfaces, reducing the potential for excessive pressure build-up [183].



Investigative Approaches: Comprehensive laboratory experiments and field studies were conducted to understand CO2-rock interactions. This included analysing rock samples and measuring adsorption capacities to quantify the extent of CO2 immobilization and pressure reduction [183].



The perspective offered in the detailed study of carbon capture and storage (CCS) projects emphasizes the importance of knowing and regulating geological conditions, notably pressure dissipation effects, at the target storage sites. A comprehensive review of prominent case studies from diverse places reveals that successful CCS deployment is dependent on a thorough understanding of local geological characteristics and the use of appropriate investigative methodologies.



The case studies discussed, which include the Sleipner Project in the North Sea, the In Salah CCS Project in Algeria, the Quest Project in Alberta, Canada, the FutureGen 2.0 Project in Illinois, USA, and the Otway CCS Project in Victoria, Australia, each offer unique perspectives on the challenges and strategies associated with pressure management in CCS initiatives. Table 4 presents a more extensive assessment of each CCS project’s important outcomes and successes, focusing on CO2 storage capacity, operational duration, and key milestones.



One of the key takeaways from these case studies is the critical role of geological conditions in determining the efficacy of pressure dissipation mechanisms. For example, the Sleipner Project emphasizes the significance of highly permeable cap rock and natural fissures for effective pressure dissipation. In contrast, initiatives like the In Salah CCS Project faced difficulty due to limited permeability shale strata, necessitating adaptive pressure control systems.



Furthermore, the investigative tactics used in these projects demonstrate the interdisciplinary nature of CCS research, which includes techniques like seismic monitoring, reservoir simulation, geophysical surveys, and laboratory experimentation. These methods not only allow researchers to evaluate pressure dissipation effects, but they also provide useful information about CO2-rock interactions and possible storage capacity.



Furthermore, the case studies underscore the importance of ongoing monitoring and adjustment of injection settings to ensure the long-term safety and efficacy of CCS projects. The dynamic nature of pressure dissipation necessitates a proactive strategy to reduce possible dangers and increase storage efficiency.



Overall, the analysis highlights the intricate interplay of geological factors, pressure dissipation effects, and investigation methodologies in CCS projects. Researchers and policymakers can use the insights acquired from these case studies to establish solid strategies for reducing greenhouse gas emissions and combatting climate change using CCS technology. Consequently, localized injection strategies, zoning reservoirs for pressure management to enable focused monitoring and adjustment, improved reservoir characterization to comprehend geological features, pressure-dependent injection rates, horizontal wellbore utilization for accurate injection, geochemical tracer deployment to track CO2 movement, and integrated monitoring and control systems for proactive management are additional controls for regional pressure dissipation in CCS. By taking these steps, CCS operations can minimize pressure-related risks, optimize CO2 storage capacity, and assure effective pressure management.




6. Future Directions and Challenges


The future directions and challenges related to the impact of regional pressure dissipation on CCS projects, with a focus on its effects and investigations, are explored below.



6.1. Future Directions for Regional Pressure Dissipation in CCS


6.1.1. Advanced Monitoring Technologies


Future CCS projects will benefit from the development and integration of advanced monitoring technologies. These include real-time pressure sensors, satellite-based monitoring, and geophysical methods, allowing for continuous assessment of pressure changes and ensuring the early detection of anomalies [184].




6.1.2. Predictive Modelling


The use of predictive modelling and simulation tools will become increasingly crucial for estimating the regional pressure dissipation long-term effects. These models can help optimize injection rates and schedules to minimize pressure build-up and potential risks [185,186].




6.1.3. Risk Mitigation Strategies


Future CCS projects should incorporate robust risk mitigation strategies related to pressure dissipation. These may include the implementation of pressure relief systems, emergency response plans, and the use of natural barriers to contain CO2 [36].




6.1.4. International Collaboration


Collaboration at the international level will be necessary to address global challenges associated with CCS and regional pressure dissipation. Sharing best practices, data, and experiences can help enhance the safety and efficiency of CCS projects worldwide [121].





6.2. Challenges in Investigating Regional Pressure Dissipation in CCS


6.2.1. Lack of Long-Term Data


Long-term data on pressure dissipation effects in CCS projects are limited. Gathering extensive data over several decades is essential to understand how regional pressures evolve and the potential long-term consequences [36].




6.2.2. Environmental and Ecological Impacts


Investigating the environmental and ecological impacts of regional pressure dissipation is challenging. Researchers must assess how changes in pressure affect groundwater, local ecosystems, and human populations living near storage sites [187].




6.2.3. Regulatory and Policy Frameworks


The absence of comprehensive regulatory and policy frameworks for regional pressure dissipation in CCS is a significant challenge. Governments and international organizations need to establish clear guidelines to ensure the safe and responsible operation of CCS projects [188].




6.2.4. Public Perception and Engagement


Public perception and engagement are crucial for the success of CCS projects. Effective communication and transparency about the investigation and management of regional pressure dissipation can address concerns and build trust [189]. For example, surface uplift measurements at Salah yielded the initial evidence of geomechanical deformation, indicating displacements of approximately 1 cm per year cantered on each of the three injection wells, thereby constraining the magnitude and extent of this uplift, with studies revealing a surface rise of approximately 2 cm over a 5-year injection period [134].



The future of CCS projects relies on addressing the challenges and opportunities related to regional pressure dissipation. There are a number of obstacles facing future research on how regional pressure dissipation affects CCS projects. First, to accurately forecast pressure dissipation behaviour over extended periods of time, a better knowledge of the intricate interactions between injected CO2, adjacent aquifers, and geological formations is required. Furthermore, it is still difficult to create accurate predictive models that take subsurface conditions, fluid flow dynamics, and reservoir characteristics into account. In addition, a large investment and advancement in technology are needed to integrate cutting-edge monitoring technologies and data analytics tools into the current CCS infrastructure to enable real-time monitoring and control of pressure dynamics. Moreover, obstacles to the broad implementation of CCS projects include resolving policy and regulatory ambiguities about long-term liability, monitoring requirements, and stakeholder engagement. To enable the safe and successful adoption of CCS as a climate mitigation approach, overcoming these obstacles will ultimately need multidisciplinary collaboration, creative research, and coordinated efforts from business, academia, and regulatory organizations. Therefore, the development of advanced monitoring technologies, predictive modelling, and international collaboration will be critical for safe and effective CO2 sequestration. Investigating the effects of pressure dissipation and implementing risk mitigation strategies are essential steps in ensuring the success of CCS projects and their contribution to global climate change mitigation efforts. As the field of CCS continues to evolve, ongoing research and investigation into regional pressure dissipation will be crucial for its sustainability and effectiveness.






7. Conclusions


The impact of regional pressure dissipation on CCS projects is a critical consideration that affects the safety, efficiency, and overall feasibility of these endeavours. The variability in regional pressure dissipation must be addressed through careful site selection, comprehensive investigations, robust monitoring, and effective risk mitigation strategies.



Understanding and managing geomechanical effects, such as subsidence, fault activation, and induced seismicity, are essential to ensure the safety and sustainability of CCS projects. At Sleipner, 4D seismic datasets are utilized to monitor pressure variations, revealing negligible time-lapse travel-time variations outside the CO2 injection plume footprint, consistent with pressure increases up to 2006 of less than 0.1 MPa within distances of 500 m to 4000 m from the injection location. Moreover, surface uplift measurements at Salah project yielded the initial evidence of geomechanical deformation, indicating displacements of approximately 1 cm per year centred on each of the three injection wells, thereby constraining the magnitude and extent of this uplift, with studies revealing a surface rise of approximately 2 cm over a 5-year injection period. Furthermore, The Jurong depleted oil reserve, with its geological conditions, is subjected to artificial CO2 injection and storage through the use of numerical models. With a maximum volume of 5.43 × 106 metric tons, the injection is carried out over a 30-year period, resulting in a significant increase in formation pressure of up to 9.5 MPa. Over the 300 years that followed injection, CO2 moved and spread throughout the reservoir, with gas-phase CO2 saturation preserving stability and security.



Regulatory frameworks and public engagement are crucial components in addressing the potential effects of regional pressure dissipation and building trust within communities, as over 20 million tons of CO2 is stored in Sleipner and In Salah projects, and over 5 million tons of CO2 is injected in Quest project. However, precisely forecasting and controlling pressure dynamics throughout time is a major difficulty for all of these initiatives. Optimization of injection techniques and containment integrity is severely hampered by the complexity of subsurface interactions and uncertainty in reservoir behaviour and fluid flow. Addressing this challenge will necessitate further advances in predictive modelling, improved monitoring technology, and strong risk management techniques. Furthermore, establishing clear legal frameworks and addressing public perception concerns are critical for overcoming barriers and promoting wider acceptance of CCS as a viable climate mitigation approach.



Through international collaboration and knowledge-sharing, the global community can work together to advance CCS technology and accelerate its adoption as a critical tool in the fight against climate change. It is through these collective efforts that CCS can contribute significantly to reducing carbon emissions and mitigating the impact of global warming.
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Figure 1. Process of sequestering CO2 in deep saline aquifers [16]. Reproduced with permission from [16], Elsevier, 2012. 
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Figure 2. The utilization of bioenergy with CCS systems results in the establishment of a carbon flow that moves from the atmosphere into storage in a negative direction [22]. 
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Figure 3. Effects of regional pressure dissipation on future CCS projects. 
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Figure 4. The configuration of CO2 seepage within an abandoned well [106]. 
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Figure 5. (A) the elevation of drill pipes and (B) the destruction of a house in the Windsor Park District caused by land subsidence [137]. 
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Figure 6. A diagram of how fault reactivation induced by CO2 injection could potentially affect surface structures and how people perceive it [152]. 
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Figure 7. On the left side, a map showing the location. In the middle, there is a depiction of the Sleipner fields with the outline of the CO2 plume from 2013. On the right, there is a seismic cross-section demonstrating the size of the CO2 plume in 2013 [119]. Reproduced with permission from [119], Elsevier, 2012. 
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Figure 8. The In Salah Gas Field [164]. Reproduced with permission from [170], Elsevier, 2009. 
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Figure 9. The Quest CCS project’s location, with a dark red boundary outlining the Quest sequestration lease area, while the light red represents the underground pipeline [158]. Reproduced with permission from [158], Elsevier, 2019. 
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Figure 10. The CO2 storage site’s positions in the Illinois Basin (on the left) and within Morgan County (on the right) [159]. 
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Figure 11. The map indicates the location of the CO2 CRC Otway Project [181]. Reproduced with permission from [181], Elsevier, 2011. 
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Table 1. Summary of the progress of different models related to CO2 sequestration.
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	Numerical Model
	Full Name
	Descriptions
	Developers
	Reference





	ABAQUS-FEA
	ABAQUS-Finite

Element Analysis
	Geomechanical, single-phase, and two-phase fluid flow.
	SIMULIA
	[84]



	COMSOL
	COMSOL

Multiphysics
	Solver for general partial differential equations using finite element methods.
	COMSOL
	[85]



	COORES
	CO2 Reservoir

Environmental
	Multi-component, three-phase, and three-dimensional fluid flow in heterogeneous porous media.
	French Petroleum

Institute
	[86]



	TOUGH/TOUGH2
	Transport of water and heat in unsaturated ground conditions.
	Non-isothermal multiphase flow in both unfractured and fractured media.
	Lawrence Berkeley National Laboratory
	[87]



	FEHM
	Simulator for heat and mass transfer using finite element methods.
	Non-isothermal, multiphase flow in both unfractured and fractured media, incorporating reactive geochemistry and geomechanical coupling.
	Los Alamos National Laboratory
	[88]
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	Study
	Objective
	Characteristics
	Summary
	Reference





	Storage Capacity
	The objective is to be provided with a realistic showcase representing many potential storage sites and their surroundings in the North German Basin.
	A saline aquifer section at a sub-basin scale (approximately 50 km) from the North German Basin was utilized to simulate the injection of 25 Megatons of CO2 into an anticlinal dome structure.
	The increase in regional pressure has implications for the storage capacities of adjacent sites within hydraulically interconnected units. It can be inferred that storage capacities may be significantly over- or underestimated when attention is solely on an individual storage site.
	[140]



	Storage Capacity
	The objective is to offer an initial assessment of this investable potential and employ a global energy system model to investigate its implications for global and regional mitigation pathways.
	The analytical framework employed in this study is the TIAM-Grantham energy system model. It encompasses a diverse array of over 30 carbon capture and storage (CCS) technologies spanning various energy system sectors, such as fuel supply.
	The summary indicates that low-carbon scenarios, which presume ample CO2 storage, might significantly overstate the contribution of carbon capture and storage (CCS) to deep decarbonization, especially in critical regions like China and India.
	[89]



	CO2 Plume and Injectivity
	The impact of heterogeneities on the migration of the CO2 plume and reservoir storage capacity was investigated using Eclipse (E300) software, employing the dual permeability option.
	The geological model of the Hontomín site comprises a structural dome and encompasses under burden, reservoir, seal, and overburden layers. The reservoir limestone is situated at a depth of 1435 m in the injection well and spans 79 m in thickness, while the dolomite is encountered at a depth of 1514 m in HI and measures 41 m in thickness.
	The influence of fault transmissibility on reservoir pressure was evident only as the CO2 plume approached the vicinity.
	[90]



	CO2 Plume
	Modelling the spread of the CO2 plume in highly heterogeneous rocks involves incorporating anisotropic, rate-dependent saturation functions.
	Two geostatic models and a topographic cylinder model featuring top-seal topography were constructed to examine plume migration under various conditions. These models are focused on a vertical well serving as an injector, with a radius of approximately 0.75 km, extending beyond the well’s location up to a distance of 640 m.
	Noticeable distinctions in plume shape and saturation distribution emerge when utilizing the novel rate-dependent anisotropic saturation functions as opposed to conventional saturation functions.
	[117]



	Geomechanical
	Three commercial sites underwent comparison under the scenario of injecting 1 megaton/year of CO2, with the geomechanical response being scrutinized through geodetic methods, seismic reflection surveys, and micro seismic monitoring.
	Sleipner (Aquifer) in Norway, Weyburn (Depleted reservoir) in Central Canada, and Salah (Depleted reservoir) in Algeria
	Various monitoring techniques proved effective across different sites, emphasizing the need for tailored site characterization. Salah exhibited the most significant uplift, reaching up to 2 cm, attributed to injection into the water leg of the reservoir, distinguishing it from the other sites.
	[141]



	Geomechanical
	Conducting coupled hydromechanical simulations to assess CO2 injection rates entails studying the potential for shear failure and the activation of faults within the Puchkirken formation, which comprises sandstone, shale, and mudstones.
	A depleted gas reservoir located in Austria has an initial pressure of 16 MPa at a depth of 1.6 km.
	The Mohr–Coulomb criteria were applied, assuming the elastic response of the reservoir, to simulate the period from 1963 to 2004. Predictions indicated potential tensile deformation of up to 2.1 cm under a pressure of 20 MPa.
	[142]
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	Project
	Monitoring Methods
	Effects
	References





	Sleipner Project
	Downhole pressure gauges.

Formation pressure testing.

Geomechanical modelling
	Provides real-time data on pressure changes within storage reservoirs, allowing for early detection of anomalies and ensuring reservoir integrity.

Directly monitors pressure within the storage formation, verifying pressure data obtained through other monitoring techniques and assuring reservoir model accuracy.

Combines pressure data into complicated models to simulate reservoir behaviour and forecast future pressure trends for more efficient injection operations and reservoir management.
	[78,141,144]



	In Salah Project
	Downhole pressure gauges.

Surface pressure transducers.

Remote sensing and satellite monitoring.
	Enables ongoing surveillance of pressure conditions deep underground, which is critical for spotting possible hazards and guaranteeing safety.

Detects pressure fluctuations at the surface, identifies potential dangers or leaks, and ensures regulatory compliance.

Surface deformations are tracked, which helps to detect pressure changes and associated dangers to surface infrastructure and neighbouring communities.
	[67,156]



	Quest Project
	Downhole pressure gauges.

Formation pressure

transducers.

Distributed acoustic sensing.
	Allows for the modification of injection rates and operational settings to maximize storage capacity by providing insights into the behaviour and performance of reservoirs.

Provides validation for reservoir models and pressure data, guaranteeing the accuracy of monitoring outcomes and assisting with efficient storage operations.

Improves monitoring capabilities by identifying high-resolution spatial pressure fluctuations, which helps with risk reduction and long-term performance assessment.
	[157,158]



	FutureGen 2.0
	Downhole pressure gauges. Geomechanical Modelling.

Remote sensing and satellite monitoring.
	Makes it easier to monitor pressure changes in the storage reservoir in real-time, guaranteeing secure and efficient storage operations.

Simulates how a reservoir will react to injection operations using geomechanical models, maximizing storage effectiveness and guaranteeing long-term integrity.

Makes use of remote sensing to continuously monitor surface conditions to help identify any geohazards and guarantee operational safety.
	[159,160,161]



	Otway CCS
	Downhole pressure gauges. Surface pressure transducers. Distributed acoustic sensing.
	Offers constant reservoir pressure monitoring, enabling dependable and secure subterranean CO2 storage.

Helps to ensure the integrity of CO2 storage operations by facilitating surface pressure monitoring for risk assessment and mitigation.

Use distributed acoustic sensing technology to make sure storage operations are reliable by providing extensive reservoir pressure monitoring.
	[44,117,162]










 





Table 4. Summary of the quantitated outcomes of the case studies [144,145,156,157,158,161,162,171,182].
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	Project
	CO2 Storage Capacity (Million Tons per Year)
	Operation Duration (Years)
	Achievements





	Sleipner
	0.8
	Over 25
	First CCS plant on a commercial scale, a substantial decrease in CO2 emissions from natural gas production.



	In Salah
	1.2
	Over 15
	Successful injection and storage in deep saline aquifers are the largest onshore CCS project.



	Quest
	1.0
	Over 5
	Substantial decrease in CO2 emissions from the oil sands industry’s first CCS plant.



	FutureGen 2.0
	1.1
	Over 20
	Cutting-edge oxy-combustion technology strives for coal-fired power generation with almost no emissions.



	Otway CCS
	4
	Over 15
	CCS project on a pilot scale, in-depth analysis of CO2 storage behaviour and monitoring methods
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