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Abstract

Enhanced 0Oil Recovery (EOR) techniques have become crucial in extending the productive life of mature oil fields and
maximizing resource extraction. Among these, gas injection methods, particularly those involving CO,, nitrogen, and
hydrocarbon gases, have shown significant promise. This review focuses on the innovative synergies achieved by
combining gas injection with other EOR methods to enhance recovery efficiency and economic viability. Gas injection
techniques work by increasing reservoir pressure and reducing oil viscosity, facilitating easier flow and extraction.
When integrated with other EOR methods such as thermal, chemical, and microbial techniques, the synergistic effects
can lead to even greater enhancements in oil recovery. For instance, the combination of gas injection with thermal EOR,
like steam injection, can improve the displacement of heavy oils by simultaneously reducing viscosity and enhancing
thermal conductivity within the reservoir. Similarly, integrating gas injection with chemical EOR methods, such as
polymer flooding, can optimize the sweep efficiency by leveraging the mobility control provided by polymers and the
pressure maintenance by gases. Recent advancements in monitoring and simulation technologies have further
improved the effectiveness of these combined approaches. Real-time reservoir simulation and 4D seismic monitoring
allow for precise tracking of gas and fluid movements, enabling dynamic adjustments to injection parameters for
optimal performance. Smart well technologies, equipped with advanced downhole sensors, provide continuous data on
reservoir conditions, facilitating more responsive and adaptive EOR strategies. However, these innovative synergies are
not without challenges. Economic feasibility remains a significant concern, particularly given the high costs associated
with gas procurement and the integration of multiple EOR techniques. Additionally, managing the complex interactions
between different EOR methods and heterogeneous reservoir conditions requires sophisticated modeling and robust
operational protocols. In conclusion, the integration of gas injection with other EOR methods offers a promising
pathway to enhance oil recovery rates and extend the lifespan of mature reservoirs. Continued research and
development, coupled with cross-industry collaboration, are essential to overcoming the economic and technical
challenges associated with these innovative approaches. This review underscores the potential for gas injection
synergies to revolutionize EOR practices and drive sustainable growth in the oil and gas industry.
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1. Introduction

Enhanced 0il Recovery (EOR) refers to a set of techniques used to extract additional crude oil from an oil field after the
primary and secondary recovery stages have been exhausted (Milad, et. al,, 2021, Nikolova & Gutierrez, 2020). Primary
recovery relies on natural reservoir pressure and secondary recovery typically involves water flooding to maintain
pressure. However, these methods together typically recover only about 30-50% of the reservoir's original oil in place.
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EOR methods, therefore, are crucial for improving oil recovery rates, extending the productive life of oil fields, and
maximizing resource utilization.

Currently, EOR methods are categorized into three main types: thermal recovery, chemical injection, and gas injection.
Each technique has its specific mechanisms and applications, with varying degrees of effectiveness based on the
characteristics of the reservoir (Kudapa & Krishna, 2023, Onwuka, et. al,, 2023). Thermal recovery, such as steam
flooding, is effective in heavy oil fields. Chemical injection uses polymers and surfactants to reduce oil viscosity and
improve displacement efficiency. Gas injection, the focus of this paper, involves the injection of gases like CO,, nitrogen,
and hydrocarbon gases to enhance oil recovery by maintaining reservoir pressure and improving oil displacement.

Gas injection methods utilize various types of gases to improve oil recovery. CO, injection is the most common and
involves injecting carbon dioxide into the reservoir, which mixes with the oil, reduces its viscosity, and enhances its
flow (Karimov & Toktarbay, 2023, Malozyomoyv, et. al., 2023). Nitrogen injection uses nitrogen gas, which is less reactive
but effective in maintaining reservoir pressure. Hydrocarbon gas injection employs gases such as methane, ethane, or a
combination of hydrocarbon gases to improve oil displacement. Each gas type has distinct properties and suitability for
different reservoir conditions.

The primary mechanism of gas injection is the maintenance of reservoir pressure and the improvement of oil
displacement efficiency. Injected gases mix with the crude oil, reducing its viscosity and interfacial tension, thus
facilitating easier flow towards production wells (Kamyab, et. al.,, 2023, Osimobi, et. al., 2023). This technique can
significantly enhance oil recovery rates, particularly in reservoirs that have become uneconomical with primary and
secondary recovery methods. The benefits of gas injection include increased oil recovery, extended reservoir life, and
improved overall efficiency of the oil extraction process.

The purpose of this paper is to explore innovative approaches in enhanced oil recovery, specifically focusing on the
synergies between gas injection and other EOR methods. By combining gas injection with thermal, chemical, or
microbial EOR techniques, it is possible to leverage the strengths of each method to achieve superior recovery rates and
operational efficiencies. This examination will highlight the potential benefits and the mechanisms through which these
synergies can be realized.

The paper will also provide an overview of recent technological advancements in gas injection techniques, including
real-time reservoir simulation, 4D seismic monitoring, smart well technologies, and the integration of machine learning
and Al Furthermore, it will address the economic, technical, and environmental challenges associated with gas injection
and discuss potential solutions. By examining both the current state and future potential of gas injection synergies with
other EOR methods, this paper aims to contribute to the ongoing development and optimization of enhanced oil
recovery practices.

2. Gas Injection Techniques

Enhanced Oil Recovery (EOR) techniques, particularly gas injection methods, have revolutionized the oil industry by
significantly improving recovery rates and extending the productive life of reservoirs (Bajpali, et. al., 2022, Hassan, Azad
& Mahmoud, 2023). This paper explores three primary gas injection techniques: CO, injection, nitrogen injection, and
hydrocarbon gas injection, highlighting their mechanisms, benefits, and real-world applications.

CO; injection is one of the most widely used gas injection methods in EOR. The process involves injecting carbon dioxide
into an oil reservoir, where it dissolves in the crude oil, reducing its viscosity and interfacial tension (Ashry, et. al.,, 2022,
Sharma, et. al,, 2020). This enhances the oil’'s mobility and allows it to flow more easily towards production wells. The
primary benefits of CO, injection include: CO, injection can improve oil recovery by 10-20% beyond primary and
secondary methods. The injection of CO, helps maintain reservoir pressure, which is crucial for continuous oil
production. CO; injection also serves an environmental purpose by sequestering carbon dioxide, a greenhouse gas, thus
mitigating climate change impacts.

One notable example of successful CO; injection is the Weyburn-Midale CO, Project in Canada. Initiated in 2000, this
project involves injecting CO, captured from a coal gasification plant into the Weyburn oil field. Over the years, this
project has resulted in the recovery of an additional 130 million barrels of oil and has sequestered millions of tons of
CO,, demonstrating both economic and environmental benefits (Eyinla, et. al, 2023, Tan, et. al,, 2022). Another
significant application is the Permian Basin in the United States, where CO; injection has been extensively used since
the 1970s. The region has seen substantial increases in oil production, with some fields experiencing recovery rates
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exceeding 50%. These case studies underscore the effectiveness of CO, injection in enhancing oil recovery and
contributing to environmental sustainability.

Nitrogen injection is another EOR technique that involves injecting nitrogen gas into the oil reservoir (Matkivskyi &
Kondrat, 2021, Tovar, Barrufet & Schechter, 2021). Unlike CO,, nitrogen does not mix with the oil but acts primarily as
a pressure maintenance agent. Nitrogen helps maintain reservoir pressure, which is essential for sustaining production
rates. Nitrogen is abundant and relatively inexpensive compared to other gases, making it a cost-effective option for
EOR. The injection of nitrogen can improve sweep efficiency by displacing oil towards production wells.

The Cantarell Field in Mexico is a prominent example of nitrogen injection. In the late 1990s, the Mexican state oil
company, PEMEX, initiated a large-scale nitrogen injection project to enhance oil recovery from the Cantarell Field (Yu,
et. al,, 2022, Zheng, et. al,, 2022). This project involved injecting massive volumes of nitrogen into the reservoir, which
resulted in a significant increase in oil production, peaking at over 2 million barrels per day in the early 2000s. Although
production has since declined, the initial success highlighted the potential of nitrogen injection in boosting oil recovery.
Another example is the Ku-Maloob-Zaap field, also in Mexico, where nitrogen injection has been used to maintain
reservoir pressure and enhance oil production (Azuara Diliegros, 2021, Seyyedattar, Zendehboudi & Butt, 2020). The
success of nitrogen injection in these fields demonstrates its effectiveness as a pressure maintenance and oil
displacement technique.

Hydrocarbon gas injection involves injecting gases such as methane, ethane, or natural gas liquids into the oil reservoir
(Akbarabadi, et. al., 2023, Burrows, et. al.,, 2020). These gases mix with the crude oil, reducing its viscosity and improving
its flow characteristics. The benefits of hydrocarbon gas injection include: The injected gases mix with the oil, lowering
its viscosity and making it easier to extract. Similar to CO, and nitrogen, hydrocarbon gases help maintain reservoir
pressure. This method can make use of excess natural gas, which might otherwise be flared or wasted.

The Prudhoe Bay Field in Alaska is a prime example of hydrocarbon gas injection. Since the 1980s, gas injection,
primarily using natural gas, has been employed to enhance oil recovery from this giant oil field (Babarinde & Adio, 2020,
Cao, et. al,, 2020). The process has significantly boosted production rates and extended the field’s productive life. The
injection of natural gas has also helped to recycle and utilize associated gas produced alongside oil, reducing flaring and
environmental impact. In the North Sea, hydrocarbon gas injection has been utilized in several fields, including the
Magnus Field. Here, the injection of natural gas has led to increased oil recovery and better reservoir management. The
successful implementation of hydrocarbon gas injection in these fields highlights its viability and effectiveness in
enhancing oil recovery.

Gas injection techniques, including CO,, nitrogen, and hydrocarbon gas injection, have proven to be highly effective in
enhancing oil recovery from mature and challenging reservoirs (Hamza, et. al., 2021, Massarweh & Abushaikha, 2022).
Each method has its unique mechanisms and benefits, with numerous real-world applications demonstrating significant
improvements in oil production. Continued innovation and optimization in gas injection techniques will further enhance
their effectiveness and contribute to sustainable and efficient oil recovery practices.

3. Synergies with Other EOR Methods

Enhanced Oil Recovery (EOR) techniques have been instrumental in maximizing the extraction of oil from reservoirs
that have exhausted their primary and secondary recovery stages (Karimov & Toktarbay, 2023, Zhou, et. al.,, 2023).
Among the various EOR methods, gas injection has gained prominence due to its ability to improve oil displacement
efficiency. However, the synergistic application of gas injection with other EOR methods, such as thermal, chemical, and
microbial techniques, can further enhance oil recovery rates. This paper explores the synergies between gas injection
and other EOR methods, detailing their mechanisms, benefits, and real-world applications.

Steam injection is a thermal EOR method that involves injecting steam into the reservoir to reduce the viscosity of heavy
oil, making it easier to flow towards production wells. The heat from the steam lowers the oil’s viscosity, while the
pressure from the injected steam helps drive the oil towards the wellbore (Al-Qasim, Kokal & Al-Ghamdi, 2021, Albertz,
Stewart & Goteti, 2023). Cyclic steam stimulation, also known as "huff and puff," involves injecting steam into a well,
allowing it to soak into the reservoir, and then producing the heated oil. This process is repeated in cycles, enhancing
oil recovery by alternating between heating the reservoir and extracting the oil.

The combination of gas injection with thermal methods like steam injection can create synergistic effects that further

enhance oil recovery. For example, the combination of CO; injection with steam can improve oil displacement efficiency
due to the combined effects of thermal expansion, viscosity reduction, and the miscibility of CO, with crude oil (Davis,
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et.al, 2023, Jensen, et. al.,, 2023). One notable case study is the Duri Field in Indonesia, where the combination of steam
injection and CO, flooding has significantly increased oil recovery rates. The steam injection heats the reservoir,
reducing oil viscosity, while CO, injection enhances oil mobility and displacement efficiency. This synergy has resulted
in higher production rates and extended the economic life of the field.

Polymer flooding involves injecting water-soluble polymers into the reservoir to increase the viscosity of the displacing
water. This enhanced viscosity improves the sweep efficiency of the water, allowing it to push more oil towards
production wells (Godoi & dos Santos Matai, 2021, Vieira, et. al., 2020). Surfactant flooding uses surfactants to reduce
the interfacial tension between oil and water, facilitating the release of trapped oil droplets. This method improves the
displacement of oil by making it easier for the displacing fluid to mobilize and push the oil towards the wellbore.

The integration of gas injection with chemical EOR methods, such as polymer and surfactant flooding, can create
powerful synergies that enhance oil recovery. For instance, the combination of CO; injection with polymer flooding can
improve sweep efficiency and oil displacement by utilizing the complementary mechanisms of viscosity reduction and
interfacial tension reduction (Al-Rbeawi, 2023, Yao, et. al,, 2023). A notable example of this synergy is the Bell Creek
Field in Montana, where CO; injection combined with polymer flooding has significantly increased oil recovery. The CO,
injection reduces oil viscosity and enhances miscibility, while the polymer flooding improves sweep efficiency, resulting
in higher oil production rates and more efficient reservoir management.

Microbial EOR (MEOR) involves the use of microorganisms and their metabolic products to enhance oil recovery. These
microorganisms can produce biosurfactants, biopolymers, and gases that help mobilize trapped oil, reduce oil viscosity,
and improve sweep efficiency (Kumar, et. al., 2023, Shabib-As], Chen & Zheng, 2022). The combination of gas injection
with MEOR can create synergistic effects that enhance oil recovery. For example, the injection of CO, can stimulate the
growth and activity of specific microorganisms that produce biosurfactants and gases, further improving oil
displacement and mobility. One successful application of this synergy is the Elk Hills Field in California, where the
combination of CO, injection and MEOR has significantly increased oil recovery. The CO, injection provides the
necessary pressure and miscibility effects, while the microorganisms produce biosurfactants and gases that enhance oil
mobilization (Hampton, 2022). This integrated approach has resulted in higher production rates and more efficient
reservoir management.

The synergistic application of gas injection with other EOR methods, such as thermal, chemical, and microbial
techniques, offers significant potential for enhancing oil recovery (Mahdaviara, Sharifi & Ahmadi, 2022, Kheloufi &
Khatir, 2023). The combination of these methods leverages the unique mechanisms and benefits of each technique,
resulting in improved oil displacement efficiency, higher production rates, and more effective reservoir management.
Continued research and development in the integration of gas injection with other EOR methods will further advance
the field, providing more sustainable and efficient solutions for maximizing oil recovery from mature and challenging
reservoirs.

4. Technological Advancements

Enhanced 0il Recovery (EOR) is crucial for maximizing the extraction of oil from reservoirs that have reached the end
of their primary and secondary production stages. Among the various EOR techniques, gas injection has proven to be
particularly effective (Koshim, Sergeyeva & Yegizbayeva, 2022, Rakhmetov, et. al,, 2023). However, the integration of
gas injection with other EOR methods, complemented by technological advancements, can significantly enhance
recovery rates and operational efficiency. This paper discusses the technological advancements that have enabled
innovative approaches in EOR, focusing on real-time reservoir simulation, 4D seismic monitoring, smart well
technologies, and machine learning and Al integration.

Real-time reservoir simulation has revolutionized the way oil reservoirs are managed and developed. By providing
enhanced modeling capabilities, these simulations allow for more accurate and detailed representations of the
reservoir's characteristics (Ghasemi, et. al., 2020, Rylance, et. al., 2023). These models incorporate various data sources,
including geological, geophysical, and petrophysical data, to create a comprehensive understanding of the reservoir's
behavior. The integration of gas injection methods with real-time reservoir simulation enables operators to predict the
movement and interaction of injected gases with the reservoir fluids more accurately (Khalili & Ahmadi, 2023,
Nassabeh, et. al,, 2023). This predictive capability allows for the optimization of gas injection parameters, ensuring
maximum oil recovery and efficient resource utilization.

The ability to simulate reservoir behavior in real-time significantly improves decision-making processes. Operators can
evaluate different injection scenarios and their potential outcomes before implementation (Dziejarski, Krzyzynska &
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Andersson, 2023, Zhao, et. al,, 2023). This foresight reduces the risk of costly trial-and-error approaches and enhances
the overall efficiency of EOR operations. For instance, if a gas injection scenario predicts suboptimal results, operators
can quickly adjust the injection strategy, such as altering the gas composition or modifying the injection rate, to achieve
better outcomes. This dynamic and informed decision-making process is crucial for optimizing oil recovery and
minimizing operational costs.

4D seismic monitoring, which involves repeated seismic surveys over time, provides a real-time view of the changes
occurring within the reservoir. This technology is particularly useful for tracking the movement of gases and fluids
injected during EOR operations (McDonald, et. al., 2021, Sun, et. al., 2021). The continuous monitoring of gas and fluid
movements allows operators to observe the distribution and behavior of the injected gases within the reservoir. This
real-time tracking helps in identifying any anomalies or unexpected patterns that could affect the efficiency of the EOR
process.

By providing detailed insights into the reservoir dynamics, 4D seismic monitoring enables better management of EOR
operations. Operators can use this information to adjust injection strategies in response to real-time data, ensuring
optimal gas utilization and enhanced oil recovery (Karimov & Toktarbay, 2023, Nassabeh, et. al., 2023). For example, if
the seismic data reveals that the injected gas is bypassing certain reservoir areas, operators can modify the injection
pattern or increase the injection pressure to improve gas distribution. This proactive approach ensures that the injected
gases are effectively utilized to maximize oil recovery.

Smart well technologies, equipped with advanced downhole monitoring systems, provide real-time data on various
reservoir parameters, such as pressure, temperature, and fluid composition (Al-Shargabi, et. al., 2022, Massarweh &
Abushaikha, 2022). These systems enable continuous monitoring of the reservoir conditions, allowing for precise
control over the EOR processes. The integration of gas injection with smart well technologies allows for more accurate
control of the injection parameters. Operators can monitor the reservoir conditions in real-time and adjust the injection
rate, pressure, and composition to optimize oil recovery.

Smart well technologies enable the dynamic adjustment of injection parameters based on real-time data. This flexibility
allows operators to respond quickly to changing reservoir conditions, ensuring that the EOR process remains efficient
and effective (Kuang, et. al., 2021, Zhao, et. al., 2022). For instance, if the downhole monitoring systems detect a drop in
reservoir pressure, operators can increase the injection rate or modify the gas composition to maintain optimal pressure
levels. This dynamic adjustment capability enhances the overall efficiency of the EOR process and maximizes oil
recovery.

Machine learning and Al integration have brought significant advancements to EOR operations, particularly in
predictive analytics for reservoir behavior. These technologies can analyze vast amounts of data from various sources
to predict the reservoir's response to different EOR strategies (Kamyab, et. al., 2023, Osimobi, et. al., 2023). By
leveraging machine learning algorithms, operators can identify patterns and trends that may not be apparent through
traditional analysis methods. This predictive capability enables the optimization of gas injection parameters, ensuring
that the EOR process is tailored to the specific characteristics of the reservoir.

The integration of machine learning and Al in EOR operations has led to increased operational efficiency and higher
recovery rates. These technologies enable the automation of routine tasks, such as data analysis and parameter
adjustment, allowing operators to focus on more complex decision-making processes (Kurien & Mittal, 2022, Lépez-
Lorente, et. al,, 2022). For example, Al algorithms can continuously analyze real-time data from the reservoir and
automatically adjust the gas injection parameters to maintain optimal conditions. This automation reduces the need for
manual intervention, minimizes human error, and enhances the overall efficiency of the EOR process.

Technological advancements have significantly enhanced the effectiveness of gas injection methods in EOR operations
(Babalola, & Olawuyi, 2022, Wood, 2022). Real-time reservoir simulation, 4D seismic monitoring, smart well
technologies, and machine learning and Al integration have provided operators with powerful tools to optimize gas
injection strategies and maximize oil recovery. The synergies between these technologies and gas injection methods
have not only improved operational efficiency but also reduced the environmental impact and operational costs
associated with EOR. Continued research and development in these areas will further advance the field, providing more
sustainable and efficient solutions for maximizing oil recovery from mature and challenging reservoirs.
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5. Economic and Technical Challenges

Enhanced Oil Recovery (EOR) techniques are critical for maximizing oil extraction from reservoirs that have reached
the end of their primary and secondary production stages (Karimov & Toktarbay, 2023, Wang, et. al., 2023). Among
these techniques, gas injection has emerged as a promising method, especially when combined with other EOR methods.
However, the implementation of gas injection in EOR is not without its challenges. This paper discusses the economic
feasibility, technical hurdles, and environmental concerns associated with innovative approaches in gas injection and
its synergies with other EOR methods.

One of the primary economic challenges in implementing gas injection techniques is the high cost associated with
procuring and injecting gases such as CO,, nitrogen, and hydrocarbon gases (Kudapa & Krishna, 2023, Shahab-Deljoo,
et. al, 2023). The expenses involved in sourcing, transporting, and compressing these gases can be substantial.
Additionally, the infrastructure required for gas injection, including compressors, pipelines, and injection wells, further
adds to the costs. For instance, CO, injection requires a reliable supply of CO,, which may necessitate the construction
of pipelines from industrial sources to the oil fields. This infrastructure investment can be significant, especially for
fields located far from CO, sources. Similarly, nitrogen and hydrocarbon gas injections also involve high operational and
maintenance costs.

The economic viability of gas injection techniques is closely tied to the fluctuations in global oil prices. When oil prices
are high, the potential returns from enhanced oil recovery can justify the high costs of gas injection (Akbarabadj, et. al.,
2023, Karimov & Toktarbay, 2023). However, during periods of low oil prices, the economics of gas injection become
less favorable, as the revenue from additional oil recovery may not cover the costs. This dependency on oil prices makes
long-term planning and investment in gas injection projects challenging. Companies must carefully evaluate the
economic risks and potential returns before committing to large-scale gas injection projects. One of the technical
challenges associated with gas injection is ensuring the long-term stability of the injected gases within the reservoir.
Gases like CO, can dissolve in reservoir fluids or react with reservoir rocks, potentially affecting their ability to maintain
pressure and displace oil effectively (Eyinla, et. al., 2023, Lyu, et. al., 2021). Ensuring the stability of the injected gases
over extended periods is crucial for the success of the EOR process.

Reservoirs are often heterogeneous, with varying rock properties, fluid distributions, and pressure conditions (Ganat,
2020, Jinzhou, et. al., 2019). Managing these heterogeneous conditions is a significant technical hurdle in gas injection
EOR. The effectiveness of gas injection can be compromised if the gas does not distribute evenly throughout the
reservoir or if it bypasses areas with significant oil saturation. Advanced modeling and simulation technologies are
essential for understanding and managing these heterogeneous conditions. However, even with sophisticated tools,
accurately predicting the behavior of injected gases in complex reservoirs remains challenging.

Effective gas distribution and displacement are critical for maximizing oil recovery in gas injection EOR (Wang, et. al,,
2023, Yu, et. al., 2022). Achieving this requires precise control over the injection process, including the rate, pressure,
and composition of the injected gas. However, maintaining this level of control can be difficult, especially in large and
complex reservoirs. Technological advancements such as smart well technologies and real-time monitoring systems can
help address these challenges. However, these technologies also come with their own set of technical and operational
complexities.

One of the significant environmental concerns associated with CO, injection is the potential for CO, emissions (Kelemen,
et. al, 2019, Norhasyima & Mahlia, 2018). While CO; injection can help sequester carbon dioxide and mitigate climate
change, there is a risk of CO, leakage from the reservoir into the atmosphere. Ensuring the secure storage of CO, and
minimizing the risk of leakage is critical for the environmental sustainability of CO, injection EOR. Moreover, the
production and transportation of CO, also contribute to greenhouse gas emissions. The overall environmental impact
of CO, injection must be carefully assessed to ensure that the benefits outweigh the potential risks.

To address environmental concerns, there is a growing focus on developing eco-friendly and sustainable gas injection
methods. This includes exploring alternative gases with lower environmental impacts, such as nitrogen or flue gases
from industrial processes. Additionally, improving the efficiency of gas injection processes can help reduce the overall
environmental footprint (Leach, et. al., 2020, Osman, et. al., 2022). Research and development in this area are crucial for
making gas injection EOR more sustainable. Innovations such as carbon capture and utilization (CCU) technologies,
which convert CO, into valuable products, can also contribute to the environmental sustainability of gas injection
methods.
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Innovative approaches in gas injection for enhanced oil recovery hold significant promise for maximizing oil extraction
from mature reservoirs (Farajzadeh, et. al.,, 2022, Massarweh & Abushaikha, 2022). However, these techniques face
several economic, technical, and environmental challenges. The high costs associated with gas procurement and
injection, the economic viability in fluctuating oil markets, the technical hurdles of ensuring long-term stability and
effective gas distribution, and the environmental concerns related to CO, emissions and sustainability must all be
addressed. Addressing these challenges requires ongoing research, technological innovation, and industry
collaboration. By overcoming these obstacles, gas injection techniques can become a more viable and sustainable option
for enhanced oil recovery, contributing to the long-term success and sustainability of the oil industry.

6. Case Studies and Real-World Applications

Innovative approaches in Enhanced Oil Recovery (EOR), particularly those that synergize gas injection with other EOR
methods, have shown promising results in real-world applications (Hu, et. al.,, 2021, Panes, et. al., 2022, Tong, et. al,,
2023). This section explores successful implementations and lessons learned from these case studies, highlighting
increased recovery rates, improved reservoir management, and overcoming technical and economic challenges. The
Wasson Denver Unit in Texas is a notable example where CO; injection was combined with the Water-Alternating-Gas
(WAG) method (Duncan, I. (2022, Kumar, et. al., 2022). This synergistic approach significantly increased the oil recovery
rates. CO; injection helped to mobilize the residual oil, while the WAG method improved the sweep efficiency, ensuring
amore uniform distribution of CO, throughout the reservoir. The project reported an incremental oil recovery of around
15%, demonstrating the effectiveness of combining CO, injection with water injection techniques.

In Mexico’s Cantarell Field, nitrogen injection was used alongside secondary recovery methods to enhance oil
production (Karimov & Toktarbay, 2023, Malozyomov, et. al., 2023). The nitrogen injection helped maintain reservoir
pressure and displaced oil towards the production wells. This technique resulted in a substantial increase in recovery
rates, with production levels sustained over a longer period than traditional methods alone could achieve. The success
of this project underscores the potential of nitrogen injection to extend the productive life of mature oil fields.

In the North Sea, a major oil operator implemented smart well technologies in conjunction with gas injection EOR. By
using advanced downhole monitoring systems and dynamic adjustment of injection parameters, the operator achieved
real-time optimization of the gas injection process (Farajzadeh, et. al., 2022, Massarweh & Abushaikha, 2022). This
approach not only enhanced oil recovery rates but also improved reservoir management by providing valuable data on
reservoir behavior and fluid movements. The project highlighted how integrating smart technologies with gas injection
can lead to better operational decisions and increased efficiency.

In the Permian Basin, CO,-EOR projects have been optimized using advanced reservoir simulation tools. These tools
enabled accurate modeling of CO, flow and interaction with the reservoir rock and fluids (Hu, et. al., 2021, Panes, et. al.,
2022, Tong, et. al,, 2023). By integrating these simulations with field data, operators were able to fine-tune their
injection strategies, leading to improved oil recovery and more efficient use of CO,. This case study illustrates the critical
role of technological innovations in optimizing gas injection EOR processes.

The Weyburn-Midale CO, Project in Canada faced initial technical challenges related to CO, distribution and sweep
efficiency. By incorporating detailed geological modeling and real-time monitoring, the project team could adjust the
CO; injection strategy to address these issues. Additionally, the economic viability was enhanced through partnerships
and funding from government and industry stakeholders (Karimov & Toktarbay, 2023, Malozyomov, et. al., 2023). The
project demonstrated that collaborative efforts and technological adjustments are key to overcoming technical and
economic hurdles in gas injection EOR.

The Prudhoe Bay Field in Alaska utilized a combination of hydrocarbon gas and CO, for miscible flooding. The project
encountered challenges related to the heterogeneous nature of the reservoir and the high operational costs (Ganat,
2020, Jinzhou, et. al,, 2019). By employing advanced seismic monitoring and machine learning algorithms to predict
reservoir behavior, the project managed to optimize gas injection and enhance recovery rates. This case highlights the
importance of adopting cutting-edge technologies to address complex reservoir conditions and economic constraints.

The SACROC Unit in Texas implemented best practices in CO,-EOR by emphasizing continuous monitoring and adaptive
management. The project adopted a phased approach, starting with pilot tests to refine the injection parameters before
full-scale implementation (Hu, et. al,, 2021, Panes, et. al,, 2022, Tong, et. al., 2023). Regular data collection and analysis
allowed for ongoing adjustments, leading to sustained high recovery rates. This approach underscores the value of
iterative learning and adaptability in gas injection EOR projects.
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In the Lula Field, a combination of CO, and water injection was used to maximize oil recovery. The project integrated
comprehensive environmental monitoring to mitigate potential impacts, adhering to stringent environmental standards
(Karimov & Toktarbay, 2023, Malozyomov, et. al., 2023). This practice not only ensured regulatory compliance but also
enhanced the project's sustainability profile. Future gas injection projects can benefit from incorporating robust
environmental monitoring and management practices.

Real-world case studies and applications of gas injection synergies with other EOR methods demonstrate significant
potential for enhancing oil recovery rates and optimizing reservoir management. Lessons learned from these projects
highlight the importance of technological innovation, economic viability, and environmental sustainability (Farajzadeh,
et. al,, 2022, Massarweh & Abushaikha, 2022). By adopting best practices and addressing technical and economic
challenges, future gas injection EOR projects can achieve greater success and contribute to the long-term sustainability
of the oil industry.

7. Future Directions and Research Needs

Enhanced 0il Recovery (EOR) techniques, particularly those involving gas injection, have been pivotal in maximizing
the extraction of oil from mature fields (Karimov & Toktarbay, 2023, Malozyomov, et. al,, 2023). However, as the oil
industry continues to evolve, so too must the methods employed to sustain and improve recovery rates. The future of
gas injection in EOR lies in ongoing research, cross-industry collaboration, and a commitment to sustainable practices.
This section explores these areas in detail, outlining the path forward for the industry.

One of the primary areas of research in gas injection EOR is the development of innovative gas compositions and
injection methods. Traditional gases used in EOR, such as CO,, nitrogen, and hydrocarbon gases, have been effective but
present various challenges. Research is now focusing on creating optimized gas blends that can improve miscibility,
reduce costs, and enhance recovery efficiency (Hu, et. al, 2021, Ozowe, et. al., 2020, Panes, et. al., 2022, Tong, et. al,,
2023). For instance, the use of CO, mixtures with other gases, such as methane or ethane, is being explored to improve
the miscibility and reduce the amount of CO, required. This approach not only enhances oil recovery but also reduces
the overall carbon footprint of the operation. Additionally, research into supercritical CO,, which behaves as both a gas
and a liquid, shows promise in improving the efficiency of the gas injection process.

Technological advancements in monitoring and simulation are crucial for the future of gas injection EOR. Real-time
reservoir simulation and 4D seismic monitoring have already begun to transform the industry by providing detailed
insights into reservoir behavior and fluid dynamics (Farajzadeh, et. al., 2022, Massarweh & Abushaikha, 2022). Future
research will likely focus on further enhancing these technologies to offer even more precise and actionable data.

Developments in machine learning and artificial intelligence are particularly promising. These technologies can analyze
vast amounts of data from various sensors and monitoring devices, providing predictive analytics that help in
optimizing injection strategies and improving overall recovery rates (Karimov & Toktarbay, 2023, Malozyomov, et. al.,
2023). The integration of Al with real-time monitoring systems will enable operators to make more informed decisions
nd quickly adapt to changing reservoir conditions.

The complexities involved in gas injection EOR necessitate a collaborative approach that leverages the expertise of
multiple industries (Mohamed Almazrouei, et. al., 2023, Waqar, Othman & Gonzdalez-Lezcano, 2023). Cross-industry
collaboration can drive innovation, reduce costs, and address the multifaceted challenges associated with EOR projects.
For example, partnerships between oil companies and technology firms can accelerate the development and
deployment of advanced monitoring and simulation technologies. Collaborations with academic institutions can
facilitate cutting-edge research into new gas compositions and injection methods. Additionally, working with
environmental organizations can help ensure that EOR practices are sustainable and compliant with regulatory
standards.

Economic and environmental challenges remain significant barriers to the widespread adoption of gas injection EOR
(Karimov & Toktarbay, 2023, Wang, et. al., 2023). Joint efforts by industry stakeholders can help mitigate these
challenges. For instance, shared investments in research and infrastructure can reduce the financial burden on
individual companies and promote the adoption of best practices across the industry. Collaborative efforts are also
essential in addressing environmental concerns. By pooling resources and expertise, industry players can develop and
implement more eco-friendly gas injection techniques. Joint initiatives aimed at carbon capture and storage (CCS) can
help reduce the environmental impact of CO,-EOR projects, making them more sustainable in the long run.
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Sustainability is a critical consideration for the future of gas injection EOR. Research into greener gas injection
techniques aims to minimize the environmental footprint of EOR operations (Atilhan, et. al., 2021, Leach, et. al., 2020).
This includes the development of bio-based gases and other environmentally benign injection materials. One promising
avenue is the use of microbial EOR (MEOR), which involves the injection of nutrients to stimulate the growth of oil-
mobilizing microbes within the reservoir. This method can enhance oil recovery while reducing the need for chemical
additives and minimizing environmental impact (Ganat, 2020, Jinzhou, et. al,, 2019). Combining MEOR with traditional
gas injection techniques could offer a more sustainable and effective solution.

As environmental regulations become increasingly stringent, ensuring compliance is paramount for the oil industry.
Future research and development efforts must prioritize the creation of gas injection techniques that meet or exceed
regulatory standards (Assungao, et.al., 2021, Aravindan, et. al., 2023). This involves not only the development of cleaner
technologies but also the implementation of robust monitoring and reporting systems to track environmental impact.
Advanced monitoring technologies, such as real-time emissions tracking and automated reporting systems, can help
operators stay compliant with regulations and demonstrate their commitment to environmental stewardship.

The future of gas injection EOR lies in continuous innovation, collaboration, and a commitment to sustainability (Bajpai,
et. al, 2022, Hunt, et. al,, 2022). Ongoing research and development will drive advancements in gas compositions,
injection methods, and monitoring technologies. Cross-industry partnerships are essential for addressing economic and
environmental challenges, while sustainable practices will ensure the long-term viability of EOR projects. By embracing
these future directions, the oil industry can enhance recovery rates, reduce costs, and minimize environmental impact,
ultimately achieving a more sustainable and efficient approach to oil extraction.

8. Conclusion

Recent advancements in gas injection techniques have significantly enhanced the efficiency and effectiveness of
Enhanced 0il Recovery (EOR). These innovations include the use of optimized gas compositions, such as blends of CO,,
nitrogen, and hydrocarbon gases, which improve miscibility and oil displacement. Technological breakthroughs, such
as real-time reservoir simulation, 4D seismic monitoring, smart well technologies, and the integration of machine
learning and Al, have provided operators with more precise and actionable insights into reservoir behavior. These
advancements have led to improved decision-making processes and higher recovery rates.

Despite these advancements, several challenges persist in the application of gas injection EOR techniques. Economic
feasibility remains a critical concern, given the high costs associated with gas procurement and injection, as well as the
fluctuating nature of oil markets. Technical hurdles, such as ensuring the long-term stability of injected gases, managing
heterogeneous reservoir conditions, and achieving effective gas distribution and displacement, also pose significant
challenges. Environmental concerns, particularly related to CO, emissions and the development of sustainable gas
injection methods, require ongoing attention and innovative solutions.

Continued innovation is essential to address the challenges and capitalize on the opportunities presented by gas
injection EOR techniques. Ongoing research and development efforts are needed to further refine gas compositions,
enhance injection methods, and improve monitoring and simulation technologies. Innovations in these areas can help
reduce costs, increase recovery rates, and minimize environmental impact, making gas injection EOR a more viable and
sustainable option for oil recovery.

Cross-industry collaboration plays a crucial role in overcoming the economic, technical, and environmental challenges
associated with gas injection EOR. Partnerships between oil companies, technology firms, academic institutions, and
environmental organizations can drive the development and deployment of advanced technologies, share best
practices, and promote sustainable practices. Collaborative efforts can also facilitate the pooling of resources and
expertise, reducing the financial burden on individual companies and accelerating the adoption of innovative solutions.

Gas injection techniques have the potential to revolutionize EOR by significantly enhancing oil recovery rates and
extending the productive lifespan of mature reservoirs. The synergies between gas injection and other EOR methods,
such as thermal, chemical, and microbial techniques, offer exciting opportunities for further improvement. By
combining these methods, operators can achieve greater efficiency and effectiveness in oil recovery, ultimately
maximizing the value of existing resources.

As the oil industry continues to evolve, there is a pressing need to adopt sustainable and efficient oil recovery methods.

This requires a commitment to ongoing research and development, cross-industry collaboration, and the
implementation of environmentally responsible practices. Operators must prioritize the development and deployment
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of greener gas injection techniques, ensure compliance with environmental regulations, and leverage advanced
technologies to optimize EOR operations. By doing so, the industry can achieve a more sustainable and efficient
approach to oil recovery, balancing the need for energy production with the imperative to protect the environment.

In conclusion, the future of enhanced oil recovery lies in the innovative application of gas injection techniques and their
synergies with other EOR methods. By embracing continuous innovation, fostering collaboration, and committing to
sustainability, the oil industry can overcome existing challenges and unlock the full potential of gas injection EOR, paving
the way for a more efficient and environmentally responsible future.
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