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Abstract- The intersection of artificial intelligence 

(AI) and carbon capture, utilization, and storage 

(CCUS) technologies represents a transformative 

opportunity for decarbonizing the oil and gas 

industry, a sector responsible for a significant share 

of global greenhouse gas emissions. This article 

investigates the potential of AI to address critical 

challenges in CCUS, including high implementation 

costs, inefficiencies in carbon capture rates, and 

storage risks. Leveraging advanced AI techniques 

such as predictive analytics, real-time monitoring, 

and machine learning, the integration of these 

technologies promises improved operational 

efficiency, reduced costs, and enhanced storage 

safety. Case studies illustrate both the opportunities 

and obstacles in implementing AI-driven CCUS 

solutions. Key findings emphasize that while AI can 

revolutionize CCUS technologies, significant 

barriers remain. These include technical hurdles like 

computational demands and data inconsistencies, 

regulatory challenges stemming from unclear 

guidelines, and financial constraints linked to the 

high upfront adoption costs. This article calls for 

targeted investments, interdisciplinary collaboration, 

and supportive policy measures to overcome these 

obstacles and realize the large-scale integration of 

AI-CCUS systems. By bridging technical innovation 

with policy and societal acceptance, this article 

shows the critical role of AI-CCUS in achieving 

global decarbonization goals and advancement in the 

future of sustainable energy. 
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I. INTRODUCTION 

 

The oil and gas industry is one of the largest 

contributors to global GHG emissions, producing 

substantial amounts. In 2023, global greenhouse gas 

emissions reached 53.0 Gt CO2eq, excluding Land 

Use, Land Use Change, and Forestry, marking the 

highest level ever recorded with a 1.9% increase from 

2022 (EDGAR, 2024). This sector’s operations, 

ranging from upstream exploration to downstream 

refining, release significant volumes of carbon dioxide 

and methane—both potent GHGs. As global 

temperatures rise and climate change impacts 

intensify, reducing emissions from the oil and gas 

sector is pivotal to achieving international climate 

targets, including the goals set by the Paris Agreement 

to limit global warming to 1.5°C above pre-industrial 

levels. 

 

Decarbonization efforts within the industry have 

gained momentum, with Carbon Capture, Utilization, 

and Storage (CCUS) emerging as a cornerstone 

technology. CCUS involves capturing CO₂ from 

industrial processes or directly from the atmosphere, 

utilizing it for products like synthetic fuels, or storing 

it permanently underground in geological formations. 

This technology holds immense potential, as 

highlighted in the IEA's 2024 report. It forecasts that 

by 2030, around 435 million tonnes (Mt) of CO2 could 

be captured annually, with an announced storage 

capacity of approximately 615 Mt of CO2 per year 

(International Energy Agency, 2024). At present, more 

than 40 large-scale CCUS facilities are active 

worldwide, capturing approximately 45 million metric 

tons of CO₂ each year, a number that needs substantial 

growth to achieve decarbonization goals (Oqbi et al., 

2025). 

 

Despite its promise, CCUS adoption faces substantial 

challenges, including high capital expenditures, 

limited scalability, and risks associated with long-term 

CO₂ storage. The cost of capturing CO2 ranges from 
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approximately $15 to $120 per metric ton, with 

additional expenses for transportation and storage, 

often making such projects economically unfeasible 

without government incentives or carbon pricing 

mechanisms (Congressional Budget Office, 2023). 

Also, monitoring and verifying CO₂ storage over 

decades requires advanced technological solutions to 

ensure environmental safety and public confidence. 

Artificial Intelligence (AI) is increasingly seen as a 

transformative enabler for addressing these 

challenges. Leveraging advanced algorithms, machine 

learning, and data analytics, AI can optimize the 

performance and cost-efficiency of CCUS systems 

(Saxena et al., 2024). AI can improve the accuracy of 

subsurface modeling for CO₂ storage, enabling better 

site selection and risk assessment (United States 

Department of Energy, 2023). It can also enhance the 

efficiency of carbon capture processes through 

predictive maintenance, automated system controls, 

and real-time performance monitoring.  

 

The purpose of this article is to examine the integration 

of AI and CCUS technologies in the context of 

decarbonizing the oil and gas industry. It will analyze 

the unique challenges posed by this integration, 

including regulatory, economic, and technical barriers, 

and explore the opportunities it presents for achieving 

meaningful emission reductions. Through 

highlighting the synergies between AI and CCUS, this 

discussion aims to describe their potential to transform 

the oil and gas industry into a more sustainable sector 

while meeting global energy demands. 

 

II. LITERATURE REVIEW 

 

• Overview of CCUS Technologies 

Carbon Capture, Utilization, and Storage (CCUS) 

technologies are important in reducing emissions from 

industries reliant on fossil fuels. The technology 

comprises three primary stages: CO₂ capture, 

transportation, and either utilization or storage. 

Capture methods are broadly categorized into pre-

combustion, post-combustion, and oxy-fuel 

combustion technologies (Kyawo et al., 2023). Pre-

combustion carbon capture involves extracting CO2 

from a gas mixture before combustion, a technique 

often used in integrated gasification combined cycle 

(IGCC) power plants (DXP Engineering, 2022). Post-

combustion, the most widely used method, captures 

CO₂ from flue gases using solvents like amines, 

making it adaptable to existing facilities (Madejski et 

al., 2022). Oxy-fuel combustion uses oxygen instead 

of air for combustion, producing flue gases with a high 

concentration of CO₂, simplifying the capture process 

(Raho et al., 2022). 

 

Storage solutions include geological storage in 

depleted oil and gas reservoirs, saline aquifers, and 

basalt formations. The Sleipner CO₂ storage project in 

Norway has successfully demonstrated large-scale 

storage, sequestering about 1 million tons of CO₂ each 

year since 1996 (Vattenfall, 2024). Utilization options, 

though limited in scale, involve converting captured 

CO₂ into products like chemicals, polymers, 

construction materials, or synthetic fuels (Li et al., 

2022). However, Henson et al. (2025) noted scalability 

and economic feasibility remain barriers to the 

widespread adoption of CCUS, creating the need for 

innovative approaches to drive efficiency and cost 

reduction. 

 

• AI Applications in Energy 

Artificial Intelligence (AI) has revolutionized the 

energy sector by enhancing operational efficiency, 

enabling predictive maintenance, and optimizing 

energy consumption. Literature reveals significant 

advancements in applying AI to renewable energy, 

grid management, and fossil fuel operations. 

According to Onwusinkwue et al. (2024) AI leverages 

machine learning algorithms to process vast amounts 

of sensor data and historical performance records, 

identifying potential faults to minimize downtime and 

prolong the lifespan of renewable energy 

infrastructure. This proactive method leads to 

substantial cost savings and improved reliability and 

also enhances energy output by adapting to 

environmental changes, predicting production 

patterns, and optimizing resource allocation. Using AI 

in the oil and gas industry enhances efficiency, reduces 

environmental impact, and maximizes resource 

recovery (Chuka & Boma, 2024). AI-driven 

optimization in these operations effectively lowers 

greenhouse gas emissions, optimizes water usage, and 

reduces operational risks. 

 

AI provides advanced solutions for real-time 

monitoring, optimization, and management of carbon 

emissions and compliance processes (Bashir & 
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Nadeem, 2024). These AI-powered tools enhance the 

efficiency of carbon capture, utilization, and storage 

(CCUS) in the oil and gas sector by predicting CO2 

emissions based on historical data, weather patterns, 

and operational variables, allowing companies to 

anticipate and mitigate emissions proactively. 

However, large-scale case studies on AI-CCUS 

integration are scarce, with most research confined to 

laboratory simulations or pilot projects. 

 

• Knowledge Gaps 

While the literature emphasizes the promise of AI and 

CCUS integration, several knowledge gaps hinder its 

widespread adoption. First, there is a lack of 

comprehensive studies demonstrating AI’s scalability 

in real-world CCUS operations (Al-Sakkariet al., 

2024). Most existing research emphasizes theoretical 

models or controlled pilot projects, leaving questions 

about practical implementation unanswered. Second, 

the technical challenges of integrating AI into complex 

CCUS workflows, such as interoperability between AI 

algorithms and industrial hardware, and creating a 

policy environment that encourages innovation, 

remain underexplored (Ghulam & Badi, Sadi, 2024). 

Finally, regulatory and policy-oriented studies 

addressing the governance of AI-driven CCUS 

systems are limited, particularly in terms of data 

security, transparency, and public acceptance (Buure 

et al., 2024). 

 

• The Oil and Gas Industry’s Decarbonization 

Efforts 

Global Context 

Global commitments to reducing greenhouse gas 

emissions have increasingly influenced the oil and gas 

sector, pushing it toward adopting more sustainable 

practices. The Paris Agreement, signed by nearly 200 

nations, aims to limit global temperature rise to below 

2°C, with aspirations to cap it at 1.5°C (Environmental 

and Energy Law Program, 2023). These commitments 

have driven countries to introduce stringent 

regulations on carbon emissions, compelling oil and 

gas companies to align their operations with 

decarbonization targets. The Biden Administration's 

Inflation Reduction Act (2022) allocates a historic 

$369 billion investment in climate and energy funding, 

along with significant enhancements to the Internal 

Revenue Service section 45Q on carbon capture and 

storage (Global CCS Institute, 2022). This aims to 

incentivize industry-wide adoption of low-carbon 

technologies and support CCUS projects. Similarly, 

on 24 June 2021, the EU Climate Law (Green Deal) 

was adopted by Parliament, establishing a binding 

target to cut emissions by 55% by 2030 and reach 

climate neutrality by 2050 (European Parliament, 

2022). This step moves the EU closer to its goal of 

achieving negative emissions after 2050 and 

highlights its leading role in the global fight against 

climate change. 

 

These global policies are reshaping the strategic 

priorities of oil and gas operators. Companies like BP, 

Shell, and ExxonMobil have announced net-zero 

pledges, committing to substantial investments in 

renewable energy and emissions reduction 

technologies, including CCUS (Wang et al., 2023). 

Despite these commitments, the world continues to 

emit about 34 billion tonnes of CO2 annually from 

burning fossil fuels, with 45% from coal, 35% from 

oil, and 20% from natural gas, highlighting the 

immense scale of the challenge (World Nuclear 

Association, 2024). 

 

CCUS Adoption 

The adoption of Carbon Capture, Utilization, and 

Storage (CCUS) technologies in the oil and gas 

industry has gained momentum, with several high-

profile projects demonstrating its potential. Norway’s 

Sleipner project which has been operational since 

1996, successfully captures and stores nearly 1 million 

tons of CO₂ yearly in undersea reservoirs (Vattenfall, 

2024). Similarly, the Gorgon Project in Australia 

represents one of the largest CCUS initiatives 

globally, with a capacity to store 4 million tons of CO₂ 

annually (Institute for Energy Economics and 

Financial Analysis, 2022). In the United States, the 

Petra Nova project in Texas was a pioneering effort, 

capturing CO₂ from a coal-fired power plant for 

enhanced oil recovery (EOR). Despite its early 

success, economic and technical challenges forced its 

suspension in 2020, highlighting the limitations of 

CCUS adoption (Reuters, 2023). High costs remain a 

significant barrier, with capture and storage making 

projects economically viable only with substantial 

subsidies or carbon pricing mechanisms. Additionally, 

issues such as public skepticism, driven by concerns 

about long-term storage safety, have further slowed 

adoption. 
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Barriers to Decarbonization 

Despite advancements, several barriers continue to 

impede decarbonization efforts in the oil and gas 

sector. High implementation costs, exemplified by the 

Gorgon Project's $3 billion expense, spark criticism 

over economic feasibility and performance (Institute 

for Energy Economics and Financial Analysis, 2022). 

Without robust financial incentives, scaling these 

technologies remains challenging. Operational 

inefficiencies, such as capturing CO₂, transporting it to 

storage sites, and ensuring secure sequestration, are 

complex processes prone to issues like unexpected 

leaks, undermining the environmental benefits of 

CCUS (Bose et al., 2024). Public skepticism about the 

environmental and safety implications of CCUS 

technology is another barrier. A recent survey reveals 

that 42% of respondents see CCS technologies as an 

environmental hazard, highlighting the need for 

improved public engagement and education 

(Helmholtz Climate Initiative, 2023). Awareness of 

CCS varies, with 36% knowing nothing about it, 50% 

having heard of it, nearly half expressing concern 

about CO2 storage, and only 13% having no worries, 

while about 25% expect economic benefits. 

Additionally, inconsistent regulatory frameworks 

across regions hinder the widespread adoption of 

decarbonization technologies, necessitating clear 

guidelines on liability, monitoring, and verification for 

CO₂ storage to build trust and attract investments 

(Bose et al., 2024). 

 

III. THE ROLE OF AI IN ADVANCING CCUS 

TECHNOLOGIES 

 

A. Reducing Costs 

AI has emerged as a powerful tool for minimizing the 

high costs associated with Carbon Capture, 

Utilization, and Storage (CCUS) technologies. AI-

driven optimization models improve process 

efficiency, significantly reducing energy consumption 

during carbon capture. Advanced machine learning 

algorithms analyze operational data to adjust solvent 

concentrations, temperature, and pressure in real time, 

ensuring optimal energy use (Li et al., 2024). AI-

driven models are increasingly employed to optimize 

carbon capture, utilization, and storage (CCUS) 

processes, significantly reducing costs by identifying 

optimal storage sites, monitoring carbon capture 

systems in real time, and optimizing energy 

requirements through predictive analytics and 

machine learning algorithms (Ghulam & Sadi, 2024). 

AI-enabled dynamic control systems can reduce the 

energy requirements of post-combustion capture 

systems (U.S. Department of Energy. (2024) 

 

The potential for cost savings through AI-based 

process optimization can be observed in some case 

studies in carbon removal. In 2024, ExxonMobil 

Research and Engineering conducted a simulation in a 

pilot CCUS plant, and since February 2024, their 

direct air capture (DAC) pilot project has been 

operational at their manufacturing site in Baytown, 

Texas. DAC, as a negative-emission solution, could 

significantly contribute to achieving global net-zero 

goals. With the pilot in operation, the team aims to 

enhance DAC technology and, crucially, reduce its 

cost. The main challenge is the low concentration of 

atmospheric CO2, requiring the processing of 

approximately 2,000 tons of air to capture just 1 ton of 

CO2 (ExxonMobil, 2024). 

 

B. Improving Efficiency 

Efficiency is critical to making CCUS technologies 

viable on a large scale. AI excels in improving carbon 

capture rates by leveraging real-time data analysis and 

predictive modeling. Machine learning algorithms 

analyze vast datasets from sensors installed in capture 

systems, identifying patterns and anomalies that 

enable continuous performance optimization 

(Manikandan et al., 2024). In one instance, a research 

initiative in Canada employed AI-driven predictive 

analytics to enhance the efficiency of a post-

combustion capture system, achieving an 

improvement in CO₂ capture rates compared to 

traditional control methods (Ashraf & Dua, 2023). 

Additionally, predictive maintenance powered by AI 

is important in system reliability. Advanced 

algorithms in AI-based predictive maintenance 

systems analyze real-time data from sensors in 

manufacturing equipment to detect patterns, identify 

anomalies, and anticipate potential faults (Kaledio & 

Broklyn, Peter, 2024). Dimple (2024) also emphasizes 

that AI-powered predictive maintenance uses 

advanced machine learning algorithms, IoT sensors, 

and real-time data analytics to monitor equipment 

performance and predict breakdowns. This proactive 

approach helps reduce unplanned downtime, lower 
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maintenance costs, and extend the longevity of 

essential machinery. 

 

C. Mitigating Storage Risks 

The storage phase of CCUS presents significant risks, 

including potential leaks and uncertainties 

surrounding long-term CO₂ stability. AI addresses 

these challenges through advanced monitoring and 

analytics. AI-powered geospatial tools analyze 

geological data to assess the suitability of reservoirs 

for CO₂ storage (Hanson et al., 2025; Nassabeh et al., 

2024). These tools can identify optimal injection sites, 

evaluate reservoir integrity, and predict the behavior 

of stored CO₂ over time. The NETL (National Energy 

Technology Laboratory) with the D.O.E developed an 

AI-based monitoring system for CO₂ storage sites, 

capable of detecting microseismic events and gas 

leaks. Cryocap is a groundbreaking CO2 capture 

technology that utilizes a unique cryogenic process to 

separate gases at low temperatures. This adaptable 

technology allows customers to reduce their CO2 

emissions by up to 99% and efficiently utilize other 

molecules in the feed gas, such as CO and H2, 

significantly lowering the carbon footprint of 

production facilities (Global CCS Institute, 2023). 

These systems enhance safety and build public 

confidence in the technology by demonstrating 

reliable performance. 

 

AI also enables real-time surveillance of stored CO₂ 

using satellite-based geospatial analytics. The Sleipner 

project in Norway incorporated AI to analyze 

geophysical datasets, effectively identifying potential 

leakage areas and ensuring long-term containment. 

With correlated baseline and monitoring data in the 

overburden zone, using a cross-equalization process, 

the inversion process becomes more accurate and 

reliable (Brimas & Muhammad, 2023). These 

capabilities make AI indispensable in managing the 

environmental and financial risks associated with CO₂ 

storage. 

 

IV. CHALLENGES OF AI-CCUS 

INTEGRATION 

 

• Technical Barriers   

One of the primary technical challenges in integrating 

AI with CCUS technologies is the inconsistent quality 

and availability of data. AI models depend heavily on 

high-quality, comprehensive datasets for training and 

predictions (Nivedhaa, 2024). However, data from 

carbon capture processes and storage sites are often 

incomplete, inconsistent, or siloed across 

organizations. A report by the Global CCS Institute 

(2023) noted that only 40% of CCUS projects 

worldwide employ standardized data collection 

protocols, limiting the applicability of AI in 

identifying and addressing inefficiencies.  

Additionally, the computational demands of AI-driven 

simulations and predictions pose another significant 

barrier. Training machine learning algorithms for tasks 

like geospatial analysis or real-time optimization 

requires substantial processing power, which can be 

resource-intensive and costly (Casali et al., 2022; 

Ukoba et al., 2024). The development of AI models for 

reservoir suitability assessments often requires access 

to supercomputing resources, which are unavailable to 

smaller organizations. Al-Sakkari (2024) identified 

expensive computations as a significant technical 

challenge in implementing AI for carbon capture, 

utilization, and sequestration (CCUS) systems. 

 

• Regulatory Barriers   

The fragmented and underdeveloped regulatory 

landscape for AI applications in CCUS underscores 

the need for clearer, harmonized guidelines and 

enhanced collaboration among policymakers, industry 

stakeholders, and researchers (Buure et al., 2024). 

Many countries lack clear frameworks governing the 

deployment of AI-driven technologies in 

decarbonization efforts. There are limited global 

standards for AI ethics, data privacy, or liability in the 

context of CCUS operations, creating uncertainty for 

stakeholders (Pathak & Singh, 2023).  The absence of 

standardized guidelines also complicates cross-border 

collaborations, which are essential for large-scale 

CCUS projects. A report by White & Case LLP. 

(2024) emphasized that some nations had 

implemented comprehensive regulations for AI and 

digital technologies in the energy sector. Addressing 

this issue will require international cooperation to 

establish consistent policies, including rules on data 

sharing, algorithm transparency, and accountability.   

 

• Financial Constraints   

The integration of AI and CCUS technologies involves 

substantial upfront costs, including investments in 

infrastructure, software development, and skilled 
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personnel. It is estimated that constructing a power 

plant costs $1.5 billion while adding the necessary 

carbon capture equipment would require an additional 

$7 million (Allianz Commercial, 2023). The cost of 

constructing a single AI-enabled carbon capture 

facility can be significant. The Gorgon Project, a 

major natural gas endeavor in Western Australia, is 

estimated to cost approximately $55 billion, 

highlighting the substantial investment required for 

such projects (Milne, 2021). Additionally, maintaining 

and upgrading AI systems requires ongoing financial 

commitments, which can strain budgets, particularly 

for smaller operators. Despite these challenges, 

funding sources like government grants and private 

investments are increasingly available. The U.S. 

Department of Energy's Office of Fossil Energy in 

2020 announced up to $131 million in funding for 

carbon capture, utilization, and storage (CCUS) 

research and development projects (U.S. Department 

of Energy, 2020).  Similarly, private-sector initiatives, 

such as Microsoft’s $1 billion Climate Innovation 

Fund, aim to support scalable, AI-powered 

decarbonization technologies (Microsoft, 2020). PwC 

(2024) reported that energy sector startups have gained 

a larger share of climate tech funding, with AI-focused 

climate ventures raising $1 billion more in the first 

three quarters of 2024 compared to the entire year of 

2023, highlighting investors' recognition of AI’s 

potential to enhance productivity and efficiency. 

However, accessing these funds often requires 

meeting stringent criteria, further complicating 

implementation efforts.  

 

• Public Perception and Trust   

Public skepticism surrounding both AI and CCUS 

presents a significant barrier to widespread adoption. 

Concerns about the role of AI in decision-making, 

particularly regarding its lack of transparency, raise 

questions about accountability and trust. Dütschkea 

and Duscha (2022) highlight that while regulations 

lend legal credibility to CCUS technology, societal 

acceptance is crucial for broader legitimization. 

However, public awareness remains limited, with 

acceptance generally being moderate, and varying 

depending on the application, such as coal-fired power 

plants facing more resistance than integration in heavy 

industries, and CCU being viewed more favorably 

than CCS. Muhammad & Marina (2024) discussed the 

ethical considerations, biases in AI algorithms, and the 

potential for job displacement associated with AI 

implementation. Similarly, societal skepticism about 

CCUS as a viable solution for decarbonization 

persists. Critics argue that CCUS may serve as a 

“license to pollute,” enabling continued reliance on 

fossil fuels rather than ensuring a transition to 

renewable energy (Kleinman Center for Energy 

Policy, 2023). These concerns are exacerbated by 

high-profile incidents of CO₂ leaks, which undermine 

public confidence in storage safety. Building public 

trust will require robust stakeholder engagement, 

transparent communication about AI and CCUS 

capabilities, and demonstrable success in mitigating 

emissions and risks (Zendata, 2024). Public education 

campaigns, coupled with stringent oversight 

mechanisms, can help bridge this trust gap and 

facilitate broader acceptance of these technologies.   

 

V. OPPORTUNITIES FOR LARGE-SCALE AI-

CCUS INTEGRATION 

 

• Technological Innovations 

Advancements in AI technologies are unlocking new 

possibilities for large-scale integration with CCUS. 

Sinha et al. (2020) demonstrated that various machine 

learning architectures, including multi-layer 

feedforward networks, Long Short-Term Memory 

networks, and convolutional neural networks, can 

effectively identify leakages and provide early 

warnings. These warnings enable timely remedial 

measures to be taken. Neural networks and 

reinforcement learning have shown significant 

potential in enhancing carbon capture operations. 

Neural networks excel in pattern recognition, enabling 

real-time adjustments to optimize capture rates. 

Abdelhamid et al. (2021) demonstrated that using 

neural networks to monitor and predict solvent-based 

post-combustion capture (PCC) significantly reduced 

CO2 emissions. Their study developed machine 

learning models that accurately predicted key outputs 

of the PCC process, including system energy 

requirements (SER), capture rate (CR), and the purity 

of the condenser outlet stream (PU).  Reinforcement 

learning, a subset of machine learning, has also gained 

attention for its ability to develop adaptive strategies 

in dynamic environments. Sun (2020) demonstrated 

that a deep Q-learning network (DQN) agent, trained 

to maximize rewards by learning from high-

dimensional inputs and past experiences, can identify 
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optimal policies to maximize rewards within given 

risk and cost constraints. The study utilized deep 

multitask learning to expedite computation and found 

that the knowledge gained by the DQN agent in one 

environment was largely preserved when deployed in 

similar environments. 

 

• Collaboration and Partnerships 

Collaboration between governments, academia, and 

industry presents significant opportunities to 

accelerate AI-CCUS adoption. Public-private 

partnerships (PPPs) can pool resources, share 

expertise, and mitigate financial risks associated with 

large-scale projects. The Petra Nova project in Texas, 

a joint effort between NRG Energy and the U.S. 

Department of Energy, proved that AI could be 

effectively used for real-time monitoring and 

optimization. Before it was temporarily halted due to 

market conditions, the project successfully captured 

almost 4 million short tons of CO₂ (Power Magazine, 

2023; University of Texas at Austin, 2020). 

Academia also plays a critical role in advancing 

research and training the workforce needed to support 

AI-CCUS initiatives. Scientists at Heriot-Watt 

University are spearheading a £3 million project to 

leverage artificial intelligence (AI) for reducing 

carbon emissions. The ECO-AI project aims to 

implement carbon capture and storage techniques in 

hard-to-decarbonize industries, including steel, 

cement, and chemicals (Envirotec, 2023). Also, 

industry leaders such as Shell and BP are partnering 

with tech firms to integrate technology into their 

carbon capture operations and initiatives (Trellis, 

2020). These collaborations are pivotal for addressing 

technical and financial challenges while fostering 

innovation. 

 

• Policy Support 

Supportive policies, subsidies, and tax incentives are 

key to encouraging the large-scale integration of AI 

and CCUS technologies. Governments worldwide are 

increasingly recognizing the potential of CCUS in 

meeting net-zero goals and are implementing 

measures to stimulate investment. In the U.S., the 45Q 

tax credit provides incentives of up to $85 per ton of 

CO₂ captured and stored, significantly enhancing the 

economic viability of CCUS projects (Center for 

Carbon Removal, 2022). Policy frameworks that 

prioritize AI integration in decarbonization strategies 

can further catalyze growth. For example, the 

European Union’s Green Deal includes provisions for 

funding digital innovations, including AI-driven 

solutions for emissions reduction (European 

Commission, 2024). The Canadian Carbon Capture, 

Utilization, and Storage Act similarly emphasizes 

leveraging AI to maximize efficiency in carbon 

management (Natural Resources Canada, 2023). 

Additionally, governments can support large-scale AI-

CCUS integration through funding for pilot projects, 

grants for R&D, and infrastructure development. By 

aligning policy incentives with industry needs, these 

measures can drive adoption, reduce costs, and ensure 

long-term scalability. 

 

VI. CASE STUDIES 

 

Case Study 1: Implementation of AI-CCUS at the 

Gorgon Project, Australia 

The Gorgon Project, located on Barrow Island and 

operated by Chevron, is one of the largest integrated 

CCUS facilities in the world. As a critical component 

of Australia’s natural gas sector, Gorgon encompasses 

a three-train liquefied natural gas (LNG) facility with 

an annual capacity of 15.6 million tonnes and a 

domestic gas plant capable of supplying 300 terajoules 

of gas per day to Western Australia. Over its projected 

lifespan of 40-plus years, the project aims to mitigate 

more than 100 million tonnes of CO₂ through its 

carbon capture and storage (CCS) system, contributing 

significantly to global decarbonization efforts 

(Chevron Australia, 2024). 

 

AI technologies have played a pivotal role in 

enhancing the efficiency and sustainability of the 

Gorgon Project. By integrating advanced algorithms, 

the facility employs real-time monitoring systems that 

analyze extensive datasets generated by sensors across 

the operation. These AI models deliver actionable 

insights, enabling dynamic adjustments to operational 

parameters and optimizing carbon capture rates. 
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Fig 1: Gorgon At A Glance 

Source: Chevron Australia. (2024). 

 

One notable innovation includes the use of machine 

learning tools to assess geological reservoirs for long-

term CO₂ storage stability. The integrated workflow 

incorporates core-calibrated petrophysical data to 

support geological modeling, ensuring accurate 

predictions of reservoir behavior (Waugh et al., 2023). 

These technologies also aid in optimizing completions 

and production processes, thereby enhancing the 

overall operational efficiency of the facility. 

 

Since its inception, Gorgon has achieved significant 

milestones. To date, the project has injected over 10 

million tonnes of CO₂ into geological formations, 

marking it as the largest CO₂ injection initiative 

globally (Mark et al., 2021). The facility has 

constructed 17 wells and developed pipelines and 

compression facilities to support injection operations, 

which are underpinned by robust baseline monitoring 

systems. 

 

The incorporation of machine learning technologies 

has been instrumental in reducing equipment 

downtime and ensuring efficient resource utilization. 

These innovations not only strengthen the operational 

sustainability of the project but also reinforce its 

position as a cornerstone of Australia’s economy and 

global energy transition (Vilim et al., 2020). 

 

Case Study 2: Challenges in Scaling AI-CCUS at the 

Boundary Dam Power Station, Canada 

The Boundary Dam Power Station in Saskatchewan, 

operated by SaskPower, is recognized as one of the 

first commercial-scale CCUS facilities globally. 

Designed to capture 3,200 metric tons of CO₂ daily 

(slightly over 1 million metric tons annually), the 

project demonstrated significant progress in carbon 

capture technology. However, efforts to scale AI 

integration for process optimization encountered 

substantial challenges (Institute for Energy Economics 

and Financial Analysis [IEEFA], 2021). The project 

sought to incorporate AI-driven predictive 

maintenance and operational efficiency tools. 

Unfortunately, data inconsistencies from the aging 

infrastructure hampered the development and training 

of machine learning models. Moreover, the high 

computational power required for real-time 

monitoring surpassed the facility’s technological 

capabilities, necessitating costly infrastructure 

upgrades. Regulatory uncertainties further 

compounded these difficulties. The absence of clear 

guidelines on AI application in CCUS operations 

caused delays, as stakeholders navigated compliance 

and liability concerns. Public skepticism about the 

project's overall environmental benefits also 

introduced challenges, complicating efforts to secure 

additional funding for AI implementation. Boundary 

Dam’s long-term CO₂ capture rate averaged just 57% 

through the end of 2023, significantly below its design 

capacity, partly due to operational constraints and 

limited deployment of supporting technologies 

(IEEFA, 2024). SaskPower acknowledged these 

setbacks, emphasizing the need for modernized 

infrastructure and clear regulatory frameworks as 

prerequisites for successful AI-CCUS integration. 

Despite these obstacles, the Boundary Dam initiative 

provided valuable lessons. The project highlighted the 

critical importance of addressing infrastructure 

limitations, ensuring transparency, and engaging 

stakeholders to build public trust  (BNN Bloomberg, 

2024). These insights emphasize the complex but vital 

role of AI in enhancing CCUS technologies, even in 

challenging contexts. 

 

CONCLUSION 

 

The integration of artificial intelligence (AI) with 

carbon capture, utilization, and storage (CCUS) 

technologies presents transformative potential for 

decarbonizing the oil and gas industry. AI offers 

solutions to key challenges such as optimizing carbon 

capture processes, reducing operational costs, and 

managing storage risks through advanced analytics 

and machine learning algorithms. By addressing 

inefficiencies and enabling real-time decision-making, 

AI can significantly enhance the efficacy of CCUS 

systems, positioning them as indispensable tools in the 

global transition toward net-zero emissions. However, 
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realizing this potential requires overcoming persistent 

barriers. Regulatory ambiguity continues to hinder the 

adoption of AI-driven solutions, necessitating the 

establishment of clear frameworks that support 

innovation while ensuring compliance. Additionally, 

technical challenges, including data quality and 

computational demands, underline the need for 

modernized infrastructure and enhanced 

interoperability in CCUS facilities. Financial 

constraints, coupled with societal skepticism, further 

emphasize the importance of fostering public trust and 

securing investment from both public and private 

sectors. To achieve large-scale integration, concerted 

efforts must focus on advancing research into AI-

CCUS synergies, ensuring collaborations among 

governments, industries, and academia, and 

developing supportive policies and incentives. 

Prioritizing these actions would enable the oil and gas 

sector to leverage AI-CCUS technologies to meet 

decarbonization targets and establish a more 

sustainable and environmentally responsible 

operational model. Continued investment and 

innovation in this domain are essential for driving the 

global energy transition and securing a cleaner, 

greener future. 

 

Future Directions 

As the oil and gas industry continues its journey 

toward decarbonization, the intersection of artificial 

intelligence (AI) and carbon capture, utilization, and 

storage (CCUS) technologies offers promising 

avenues for innovation and improvement. Future 

research should explore the integration of AI with 

emerging carbon removal techniques, such as direct 

air capture (DAC), to extend the scope of CO₂ 

mitigation beyond industrial emissions. Through 

leveraging AI’s predictive analytics and optimization 

capabilities, DAC systems could achieve greater 

efficiency and scalability, enabling them to contribute 

significantly to global carbon reduction targets. The 

development of autonomous CCUS systems 

represents another critical area for exploration. AI-

driven automation could revolutionize CCUS 

operations, enabling facilities to self-regulate, adapt to 

changing environmental and operational conditions, 

and optimize performance with minimal human 

intervention. Such advancements would reduce 

dependency on manual processes, lower operational 

costs, and enhance the overall reliability of CCUS 

systems. 

 

Addressing the challenges of AI-CCUS integration 

will require a strong interdisciplinary approach. 

Collaboration between engineers, data scientists, 

policy experts, and environmental researchers is 

essential to bridge technical and regulatory gaps. 

Comprehensive studies focusing on harmonizing AI-

driven technologies with existing regulatory 

frameworks can provide the clarity needed to 

accelerate adoption. Furthermore, socio-economic 

research is crucial to understanding public perceptions 

of AI and CCUS technologies and developing 

strategies for fostering trust and acceptance.  

 

Investments in education and workforce development 

will also play a pivotal role. Building a pipeline of 

professionals skilled in AI, data analytics, and 

environmental engineering will ensure the industry is 

equipped to tackle the complex challenges of 

integrating AI with CCUS at scale. Ensuring a culture 

of innovation and interdisciplinary collaboration, the 

oil and gas sector can unlock the full potential of AI-

CCUS technologies, paving the way for a sustainable 

and decarbonized energy future. 
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