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Introduction 
Global carbon dioxide (CO₂) emissions from human activities have reached 
approximately 40 gigatonnes (Gt) per year. This staggering figure contributes 
significantly to climate change, necessitating urgent action to reduce atmospheric CO₂ 
levels. Carbon Capture, Utilization, and Storage (CCUS) technologies are at the 
forefront of strategies aimed at mitigating these emissions. However, for CCUS to 
make a substantial impact, it must be scaled up dramatically, which presents 
considerable energy, economic, and infrastructural challenges. 

This article provides a comprehensive overview of leading CCUS technologies, 
examines their energy requirements, and analyzes the implications of scaling them up 
to address the 40 Gt CO₂ emissions challenge. 

 

Carbon Capture Technologies 
Carbon capture technologies are designed to capture CO₂ from various sources, 
including industrial processes, power generation, and directly from the atmosphere. 
The primary technologies are: 

1. Post-Combustion Capture 

Process Overview: 

• Method: Captures CO₂ from the exhaust gases after fossil fuels have been 
combusted. 

• Technique: Uses chemical solvents (typically amine-based) that selectively 
absorb CO₂ from flue gas. The CO₂-rich solvent is then heated to release CO₂, 
which is compressed for storage or utilization. 

Energy Requirements: 

• Thermal Energy: Requires 2 to 4 gigajoules (GJ) per tonne of CO₂ for solvent 
regeneration. 

• Electrical Energy: Needs 0.3 to 0.6 megawatt-hours (MWh) per tonne for 
CO₂ compression and pumping. 

• Energy Penalty: Reduces a power plant's net output by 20-30%, decreasing 
efficiency (e.g., from 38% to around 28% in coal-fired plants). 

Scaling Challenges: 



• Current Capacity: Approximately 40 million tonnes (Mt) of CO₂ captured 
annually, only 0.1% of global emissions. 

• Required Scale-Up: To capture 1 Gt CO₂ annually (2.5% of emissions), 
capacity must increase 25-fold; for 10 Gt, a 250-fold increase is needed. 

• Energy Demand: Capturing 1 Gt CO₂ requires an additional 2,000 to 4,000 
petajoules (PJ) of thermal energy—3.3-6.7% of global electricity generation. 

• Infrastructure Needs: Thousands of large-scale capture facilities and 20,000 
to 40,000 kilometers of new CO₂ pipelines. 

• Economic Costs: At $50 to $100 per tonne, annual costs for 1 Gt capture 
range from $50 to $100 billion. 

• Technological Limitations: Challenges in retrofitting existing plants due to 
space and structural constraints; solvent degradation increases operational 
costs. 

2. Pre-Combustion Capture 

Process Overview: 

• Method: Converts fuels into a mixture of hydrogen and CO₂ before combustion 
via gasification or reforming. 

• Technique: Separates CO₂ from hydrogen; hydrogen is then used as a clean 
fuel for energy production. 

Energy Requirements: 

• Energy Penalty: Lower than post-combustion, with an efficiency reduction of 
15-20%. 

• Hydrogen Production: Offers potential energy offsets by providing clean 
hydrogen fuel. 

Scaling Challenges: 

• Current Capacity: Limited to industrial applications, capturing less than 10 Mt 
CO₂ annually. 

• Required Scale-Up: Transitioning power generation to Integrated Gasification 
Combined Cycle (IGCC) plants with CCS. 

• Capital Costs: IGCC plants cost $2,500 to $4,000 per kilowatt (kW) installed, 
higher than conventional plants. 

• Infrastructure Transition: Developing a hydrogen economy necessitates 
extensive new infrastructure. 

• Timeframe: Building new plants and infrastructure could take decades, 
delaying emissions impact. 

3. Oxy-Fuel Combustion 

Process Overview: 

• Method: Burns fossil fuels in pure oxygen instead of air, producing flue gas 
primarily composed of CO₂ and water vapor. 

• Technique: Water vapor is condensed, leaving high-purity CO₂ for capture. 



Energy Requirements: 

• Energy Penalty: 15-20%, mainly due to energy-intensive oxygen production. 
• Air Separation Units (ASUs): Consume 0.2 to 0.4 MWh per tonne of oxygen 

produced. 

Scaling Challenges: 

• Current Capacity: Pilot projects capturing less than 1 Mt CO₂ annually. 
• Required Scale-Up: Scaling up by a factor of 1,000 or more requires new plant 

construction or major retrofits. 
• Oxygen Production Scaling: Would significantly increase global industrial 

oxygen production demands. 
• Technological Maturity: Requires further development and commercial-scale 

demonstrations. 

4. Direct Air Capture (DAC) 

Process Overview: 

• Method: Removes CO₂ directly from ambient air using chemical processes. 
• Techniques: Solid sorbent-based systems or liquid solvent-based systems 

that chemically bind CO₂. 

Energy Requirements: 

• Thermal Energy: 5 to 8 GJ per tonne of CO₂, depending on technology. 
• Electrical Energy: 1.5 to 2.0 MWh per tonne. 
• Total Demand for 1 Gt Capture: 5,000 to 8,000 PJ thermal and 1,500 to 2,000 

TWh electricity (6-9% of global generation). 

Scaling Challenges: 

• Current Capacity: Facilities capture approximately 10,000 tonnes CO₂ 
annually. 

• Required Scale-Up: A 100,000-fold increase to capture 1 Gt annually. 
• Cost: Current costs are $250 to $600 per tonne; annual costs for 1 Gt range 

from $250 to $600 billion. 
• Materials and Resources: Massive quantities of sorbents needed, posing 

potential resource constraints. 
• Deployment Rate: Unprecedented construction rates required; land area 

estimated in thousands of square kilometers. 
• Energy Source: Must use low-carbon energy to avoid negating CO₂ capture 

benefits. 

 

Carbon Utilization Technologies 



1. Enhanced Oil Recovery (EOR) 

Process Overview: 

• Method: Injects captured CO₂ into oil reservoirs to increase oil extraction 
efficiency. 

• Considerations: While it utilizes CO₂, it can lead to additional fossil fuel 
production. 

2. CO₂ to Chemicals and Fuels 

Process Overview: 

• Method: Converts captured CO₂ into chemicals like methanol or synthetic fuels. 
• Emerging Technologies: Electrochemical and thermochemical processes are 

in early commercialization stages. 

Scaling Challenges: 

• Energy Requirement: 5 to 7 MWh of electricity per tonne of CO₂ converted. 
• Global Impact: Converting 1 Gt CO₂ requires 5,000 to 7,000 TWh of electricity 

(20-30% of global generation). 
• Efficiency: Current conversion efficiencies are low (<20%). 
• Economic Feasibility: High energy costs make products less competitive with 

fossil-derived equivalents. 
• Renewable Energy Availability: Requires vast expansion to prevent 

additional emissions. 

3. Mineralization and Concrete Production 

Process Overview: 

• Method: Reacts CO₂ with minerals to form stable carbonates, potentially used 
in building materials. 

• Applications: Permanent sequestration and potential improvement of material 
properties. 

Scaling Challenges: 

• Material Requirement: 2 to 4 tonnes of silicate minerals per tonne of CO₂. 
• Energy Requirement: 1.4 to 2.4 GJ per tonne of CO₂ for mining and grinding. 
• Global Impact: Capturing 1 Gt CO₂ requires 2 to 4 Gt of minerals, increasing 

global mining output by 12-24%. 
• Environmental Impact: Significant land degradation, habitat loss, and 

pollution from increased mining activities. 

 

Carbon Storage Technologies 



1. Geological Storage 

Process Overview: 

• Method: Injects captured CO₂ into deep geological formations like depleted oil 
fields or saline aquifers. 

• Depth: Typically greater than 800 meters to ensure CO₂ remains trapped. 

Scaling Challenges: 

• CO₂ Storage Sites: For 1 Gt CO₂ over 20 years, approximately 1,000 storage 
sites are needed, each with a capacity of 50 Mt. 

• Infrastructure: Requires extensive pipeline networks and storage facilities. 
• Monitoring and Verification: Long-term monitoring needed to ensure CO₂ 

remains sequestered. 

2. Subsea Storage 

Process Overview: 

• Method: Stores CO₂ beneath the seabed in geological formations. 
• Advantages: Leverages vast offshore storage capacities and high containment 

potential. 

Scaling Challenges: 

• Technical Complexity: Requires specialized offshore infrastructure. 
• Environmental Concerns: Potential risks to marine ecosystems need to be 

managed. 

 

Emerging and Advanced CCUS Technologies 
1. Bioenergy with Carbon Capture and Storage (BECCS) 

Process Overview: 

• Method: Combines biomass energy production with carbon capture, resulting 
in net-negative emissions. 

• Biomass Requirement: Approximately 2 tonnes of dry biomass per tonne of 
CO₂ captured. 

Scaling Challenges: 

• Biomass Demand: Capturing 1 Gt CO₂ requires 2 Gt of biomass annually. 
• Land Use: Requires 200 million hectares (twice the size of Egypt), potentially 

impacting food production and ecosystems. 



• Supply Chain Logistics: Massive challenge in harvesting, transporting, and 
processing biomass. 

• Lifecycle Emissions: Emissions from land-use change and fertilizer use can 
reduce net CO₂ removal. 

2. Novel Solvents, Sorbents, and Membranes 

Process Overview: 

• Method: Utilizes advanced materials to improve CO₂ capture efficiency and 
reduce energy consumption. 

Scaling Challenges: 

• Material Production: Manufacturing millions of tonnes of advanced 
materials required. 

• Cost and Durability: High production costs and unproven long-term stability. 
• Deployment Timeframe: Commercialization could take 10-20 years. 

 

Quantitative Assessment of Scaling Challenges 
Total Energy Demand 

• Global Primary Energy Consumption: Approximately 600 exajoules (EJ) per 
year. 

• Capturing 10% of Emissions (4 Gt CO₂): 
o Post-Combustion Capture Thermal Energy: 8,000 to 16,000 PJ. 
o Electricity Required: 1,200 to 2,400 TWh. 
o Increase in Global Energy Demand: 2-4%. 

Infrastructure Requirements 

• CO₂ Pipelines: 
o Capacity: A large pipeline transports about 5 Mt CO₂/year. 
o Pipelines Needed for 1 Gt/year: 200 pipelines. 

• CO₂ Storage Sites: 
o Capacity per Site: 50 Mt over the site's lifetime. 
o Sites Needed for 1 Gt/year over 20 years: 1,000 sites. 

Economic Costs 

• Annual Cost for 1 Gt Capture: 
o Post-Combustion: $50 to $100 billion. 
o DAC: $250 to $600 billion. 

• Capital Investment: 
o Capture Facilities: $1 to $2 trillion over 20 years for 1 Gt/year capacity. 
o Transportation and Storage: Additional $300 to $600 billion. 



Materials and Resources 

• Sorbent Materials: 
o DAC may require production of millions of tonnes of sorbents annually. 

• Mineral Resources: 
o Mineralization could strain capacities by requiring mining of 2-4 Gt of 

minerals per year. 

 

Conclusion 
Scaling carbon capture technologies to significantly impact the 40 Gt of CO₂ emitted 
annually presents formidable challenges: 

• Energy Demand: 
o Substantial Increase in Consumption: Capturing 10% of emissions 

could require an additional 2-6% of global energy production. 
o Renewable Energy Expansion: Essential to power carbon capture 

processes without adding emissions. 
• Economic Costs: 

o High Annual Expenditures: Costs range from $50 billion to over $600 
billion per year. 

o Total Investment: Trillions of dollars needed over several decades. 
• Infrastructure Development: 

o Scale of Construction: Thousands of facilities, pipelines, and storage 
sites required. 

o Time Constraints: Rapid deployment necessary to meet climate goals. 
• Material and Resource Constraints: 

o Raw Materials: Massive quantities required, leading to potential 
shortages. 

o Land Use: Competes with agriculture and ecosystems, especially for 
BECCS and DAC. 

• Technological Readiness: 
o Emerging Technologies: Many are not yet commercially viable at scale. 
o Reliability: Long-term performance data is limited. 

• Environmental and Social Impacts: 
o Ecological Footprint: Potential harm from mining and land-use 

changes. 
o Public Acceptance: Local opposition may hinder development of 

storage sites and infrastructure. 

 

Path Forward 
To address these challenges and effectively scale carbon capture technologies: 

Accelerated Innovation 



• Invest in R&D: Improve efficiency and reduce costs of carbon capture 
technologies. 

• Breakthrough Technologies: Develop methods that lower energy 
requirements. 

Policy Support 

• Carbon Pricing Mechanisms: Implement to internalize the cost of emissions. 
• Subsidies and Incentives: Encourage adoption of low-carbon technologies. 

International Cooperation 

• Technology Sharing: Exchange best practices and innovations globally. 
• Collaborative Projects: Partner on cross-border CO₂ transport and storage 

solutions. 

Integrated Energy Planning 

• Renewable Energy Alignment: Expand renewable energy to power carbon 
capture processes. 

• Energy System Optimization: Reduce overall energy demand through 
efficiency measures. 

Sustainable Resource Management 

• Responsible Sourcing: Ensure materials are obtained sustainably. 
• Circular Economy: Promote recycling and reuse of materials. 

Public Engagement 

• Community Involvement: Include local stakeholders in planning and decision-
making. 

• Transparency: Address concerns openly to build trust and acceptance. 

 

Final Remarks 
Addressing the monumental challenge of reducing 40 Gt of CO₂ emissions annually 
requires a multifaceted approach. While no single technology can solve the problem, 
a combination of strategies—including emission reductions, energy efficiency 
improvements, renewable energy adoption, and the deployment of various carbon 
capture technologies—can collectively make a significant difference. 

Strategic planning, sustained investment, and international collaboration are essential 
to scale carbon capture technologies to the levels necessary for meaningful climate 
change mitigation. Recognizing the magnitude of the task is a critical first step toward 
mobilizing the resources and collective willpower needed to meet this global challenge. 
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