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ABSTRACT

Carbon Capture and Storage Technologies play as key role in reducing Carbon Dioxide (CO2) from air
help to fight against climate change. This technology captures Carbon released from industrial processes
and power generation then by transporting it and storing it securely underground prevents the release of
carbon into the atmosphere. Recent advancements such as Direct Air Capture (DAC), Bioenergy with
carbon Capture and storage CBECCS) and improved carbon mineralization techniques have significantly
enhanced. By bringing together renewable energy and developing cost-effective sorbent strengthened its
potential. However, regardless of this CCS faces challenges like large scale implementation, high cost and
energy requirement and risk of CO: leakage. Also, there is a need of better infrastructure to transport and
Store CO2 safely. This paper discusses both the advancements and challenges in CCS technology and
how it can contribute to a more sustainable future if the existing barriers are addressed.

1.Introduction
Climate change remains one of the most urgent global challenges, with rising greenhouse gas (GHG)
emissions driving temperature increases, extreme weather events, and environmental instability. Carbon
dioxide (CO2) is the largest contributor to global warming, primarily released through fossil fuel
combustion in power plants, industrial processes, and transportation. Despite global efforts to transition to
renewable energy, industries such as cement, steel, and chemicals continue to rely on carbon-intensive
processes, making it difficult to achieve net-zero emissions solely through energy transition strategies.
This has led to an increased focus on Carbon Capture and Storage focus on Carbon Capture and Storage
(CCS) as a critical tool for mitigating climate change.
CCS is a technological process that captures CO2 emissions before they reach the atmosphere, transports
them through pipelines or other methods, and securely stores them in geological formations such as
depleted oil and gas fields or deep saline aquifers. Recent advancements in CCS technologies, including
Direct Air Capture (DAC), Bioenergy with Carbon Capture and Storage (BECCS), and enhanced
mineralization techniques, have improved the efficiency and feasibility of carbon sequestration.
Moreover, CCS is now being integrated with hydrogen production and industrial decarbonization, offering
new pathways to reduce emissions in hard-to-abate sectors However, despite its potential, CCS faces
several economic, technical, and societal challenges. High operational costs, significant energy
consumption, concerns over long-term CO- storage safety, and the lack of supportive policies hinder
large-scale deployment. Additionally, public skepticism and limited infrastructure further slow its
adoption. Addressing these challenges requires continued research, policy innovation, and collaboration
between governments, industries, and research institutions.
This paper explores both the advancements and challenges in CCS technologies, highlighting recent
innovations, case studies, and policy considerations. By evaluating both the opportunities and barriers to
CCS deployment, this study aims to provide a comprehensive understanding of its role in achieving
global climate goals.

2. Literature Review
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Carbon Capture and Storage (CCS) has been extensively studied as a potential solution to mitigate
climate change by reducing carbon dioxide (CO:) emissions from industrial and energy sectors.
This section reviews existing literature on CCS technologies, recent advancements, ongoing
challenges, and policy frameworks that influence its implementation.

CARBON CAPTURE UTILIZATION AND STORAGE (CCUS)

2.1 Overview of CCS Technologies
Several studies have explored different CCS methods, including pre-combustion, post-combustion, and
oxy-fuel combustion capture techniques.
According to Boot-Handford et al. (2014), post-combustion capture is the most widely researched due to
its compatibility with existing power plants, while oxy-fuel combustion offers higher CO2 purity but
requires significant energy input. Recent research by Fennell & Shah (2020) highlights improvements in
solvent-based absorption, membrane separation, and solid sorbent technologies, which have enhanced

CO: capture efficiency and reduced energy consumption.
2.2 Advancements in Carbon Capture Technologies
Emerging technologies, such as Direct Air Capture (DAC) and Bioenergy with Carbon Capture and
Storage (BECCS), have gained significant attention in recent years. Fasi hi et al. (2019) found that DAC
technologies, developed by companies like Clime work and Carbon Engineering, can remove CO: directly
from the atmosphere, though costs remain high. On the other hand, BECCS has been recognized as a
promising negative-emission technology, capable of producing energy while simultaneously reducing
CO2 concentrations (IPCC, 2021).
Further research has explored the use of metal-organic frameworks (MOFs) and advanced sorbents to
improve capture efficiency. Studies by Wang et al. (2022) indicate that MOFs can selectively adsorb CO2
at lower energy costs, making them a potential breakthrough in carbon capture.

2.3 Carbon Storage and Sequestration Methods

Carbon Sequestration Options
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The long-term storage of captured CO: is crucial for the effectiveness of CCS. Geological storage in
saline aquifers, depleted oil and gas reservoirs, and basalt formations has been widely studied. According
to Benson & Cole (2008), saline aquifers offer the largest potential storage capacity, but concerns over
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CO: leakage and seismic risks require further monitoring. Research by Matter et al. (2016) has
demonstrated that mineralization in basalt formations can permanently convert CO- into solid carbonates
within a few years, enhancing storage security.
Additionally, studies on carbon utilization have explored the potential of converting captured CO2 into
value-added products, such as synthetic fuels, chemicals, and building materials (Hepburn et al., 2019).
However, the commercial viability of these applications remains limited due to high costs and market
demand constraints.2.4 Challenges and Barriers to CCS Deployment
Despite technological advancements, several barriers hinder widespread CCS adoption. The high cost of
capture technologies is one of the most significant challenges, with studies estimating that CCS can
increase electricity generation costs by 30-50% (Rubin et al., 2015). Energy requirements for capture and
compression also reduce overall plant efficiency, making it less attractive for industries without strong
financial incentives.
Regulatory and policy challenges also play a critical role. According to Zak k our & Hei dug (2019),
inconsistent policies and the lack of carbon pricing mechanisms slow CCS deployment.
While regions like Europe have introduced carbon credits and financial incentives for CCS projects, many
countries still lack clear regulatory frameworks for CO: storage.
Public perception remains another major issue. Research by Shackley & Evar (2012) suggests that many
communities oppose CCS projects due to concerns about CO: leakage, environmental risks, and the belief
that CCS prolongs reliance on fossil fuels rather than promoting a shift to renewable energy.
2.5 Summary of Research Gaps
While significant progress has been made in CCS rese remain: several gaps 1. Cost Reduction Strategies:
Further research is needed to develop low-cost, energy-efficient capture technologies.
2. Long-Term Storage Security: More studies are required to assess the stability and safety of CO- storage
sites.
3. Policy and Market Mechanisms: Additional research is needed on economic incentives and regulations
that can accelerate CCS deployment.
4. Public Awareness and Acceptance: More studies on effective communication strategies to improve
public perception of CCS are necessary.
This literature review highlights the advancements and ongoing challenges in CCS technologies.
Addressing these gaps through continued research, policy support, and technological innovation will be
essential for CCS to become a viable climate change mitigation strategy.

3.Methodology
This section outlines the approach used to analyze the advancements and challenges in Carbon Capture
and Storage (CCS) Technologies. The methodology includes a literature-based review, comparative
analysis of existing CCS technologies, and an assessment of case studies to evaluate the effectiveness and
limitations of CCS in combating climate change.
3.1 Research Approach
This research adopts a qualitative and analytical approach by reviewing peer-reviewed scientific literature,
government reports, and industry white papers on CCS technologies. The study examines advancements
in carbon capture methods, storage techniques, and recent innovations, while also identifying challenges
related to economic feasibility, policy frameworks, and technical limitations.
The following steps were followed:
1. Literature Review: Collection of relevant research papers from databases such as Google Scholar,
ScienceDirect, IFFE Xplore, and IPCC reports.
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2. Comparative Analysis: Evaluation of different CCS technologies, including post-combustion, pre-
combustion, oxy-fuel combustion, Direct Air Capture (DAC), and Bioenergy with Carbon Capture and
Storage (BECCS).

3. Case Study Assessment: Analysis of real-world CCS projects such as the Sleipner Project (Norway),
Boundary Dam (Canada), and Petra Nova (USA) to understand implementation challenges and success
factors.

4. Data Interpretation: Identification of trends, technological gaps, and policy-related barriers that impact
CCS adoption on a global scale.

3.2 Data Collection Sources

The data for this research is collected from multiple sources, including:

* Scientific Journals: Articles from journals such as Energy & Environmental Science, International
Journal of Greenhouse Gas Control, and Nature Climate Change.

* Government & Institutional Reports: Reports from IPCC, International Energy Agency (IEA), U.S.
Department of Energy (DOE), and European Commission on CCS policies and projects.

* Industry & Technical Reports: Studies from organizations such as Carbon Capture Coalition Global CCS
institute, and World resources institute (WRI)and Nature Climate Change.

* Government & Institutional Reports: Reports from IPCC, International Energy Agency (IEA), U.S.
Department of Energy (DOE), and European Commission on CCS policies and projects.

* Industry & Technical Report :- The data for this research is collected from multiple sources, including

* Scientific Journals: Articles from journals such as Energy & Environmental Science, International
Journal of Greenhouse Gas Control, and Nature Climate Change.

* Government & Institutional Reports: Reports from IPCC, International Energy Agency (IEA), U.S.
Department of Energy (DOE), and European Commission on CCS policies and projects.

* Industry & Technical Reports: Studies from organizations such as Carbon Capture Coalition Global
CCS institute, and World resources institute (WRI)and Nature Climate Change.

* Government & Institutional Reports: Reports from IPCC, International Energy Agency (IEA), U.S.
Department of Energy (DOE), and European Commission on CCS policies and projects.

* Industry & Technical Reports Studies from organizations such as Carbon Capture Coalition, Global CCS
Institute, and World Resources Institute (WRI).

All data sources are critically analyzed for reliability, relevance, and credibility.

3.3 Comparative Analysis of CCS Technologies

To evaluate CCS advancements, this study compares different carbon capture methods based on key

parameters:

Technology CO: Capture | Energy Cost Current

Efficiency Requirement Deployment
Post-Combustion 85-90% High High Widely used
Pre-Combustion 90% Medium Medium | Limited to IGCC plants
Oxy-Fuel Combustion 95% High Very Requires new

High infrastructure
Direct Air Capture 75-80% Very High High Emerging technology
BECCS 90% Medium Medium | Limited
commercial use

This analysis helps determine which CCS technologies offer the best trade-offs between efficiency, cost,
and feasibility.
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3.4 Case Study Evaluation
To understand real-world CCS implementation, this research examines successful CCS projects:
1. Sleipner Project (Norway): The world's first commercial CCS project, successfully storing CO2 in a
deep saline aquifer.
2. Boundary Dam (Canada): A coal-fired power plant retrofitted with CCS, capturing over 1 million tons
of CO2 annually.
3. Petra Nova (USA): A large-scale CCS project demonstrating the use of captured CO: for Enhanced Oil
Recovery (EOR).
Each case study is analyzed based on:
* Project efficiency and captured CO- volume
* Economic viability and funding sources
* Public perception and regulatory challenges
* Technical issues and operational risks
3.5 Limitations of the Study
While this study provides a comprehensive review of CCS advancements and challenges, some limitations
exist
* Data Availability: Some industry reports and pilot project results are proprietary, limiting access to
detailed performance data.
* Economic Uncertainty: The cost
projections of CCS vary due to fluctuating energy prices and evolving carbon pricing policies.
* Long-Term Storage Risks: Limited long-term monitoring data is available on geological storage
stability, making future risk assessments uncertain.
3.6 Ethical Considerations
This research ensures academic integrity and ethical compliance by:
* Using only credible and peer-reviewed sources.
* Citing all references properly in IEEE/APA format.
* Avoiding bias in technology comparisons by relying on objective data.
3.7 Summary
The methodology follows a structured research approach combining literature review, comparative
analysis, and case studies to evaluate CCS advancements and challenges. By integrating data from
scientific research, government reports, and real-world implementations, this study provides a
comprehensive understanding of CCS as a climate change mitigation strategy.

4. Technological Advancements in Carbon Capture and Storage (CCS)
As global efforts to mitigate climate change intensify, advancements in Carbon Capture and Storage
(CCS) technologies have significantly improved the efficiency, cost-effectiveness, and feasibility of
carbon sequestration. Innovations in carbon capture methods, CO: transport systems, and geological
storage solutions have contributed to making CCS a viable option for large-scale deployment. This section
discusses key technological advancements in CCS that enhance its role in climate change mitigation.
4.1 Advancements in Carbon Capture Technologies
Carbon capture is the first and most critical step in CCS, where COx is separated from industrial emissions
before being stored. Recent advancements in capture methods have focused on increasing efficiency while
reducing energy and cost requirements.
4.1.1 Post-Combustion Capture Enhancements
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* Advanced Amine-Based Solvents: Traditional chemical absorption using mono ethanol amine (MEA) is
energy-intensive. Recent developments in blended amines, ionic liquids, and enzyme-based solvents have
improved CO: absorption efficiency while reducing regeneration energy.

* Membrane Separation: New polymeric, ceramic, and hybrid membranes offer faster and more selective
CO: separation, reducing operational costs compared to conventional chemical scrubbing (Zhao et al.,
2022).

* Cryogenic Carbon Capture (CCC): A

novel approach that freezes CO: from flue gas, allowing for efficient separation without chemical
solvents, leading to lower energy consumption and cost.

4.1.2 Pre-Combustion Capture Innovations

* Pressure Swing Adsorption (PSA) and Chemical Looping Combustion (CLC): These techniques allow
for more efficient CO: removal before fuel combustion, especially in Integrated Gasification Combined
Cycle (IGCC) power plants.

* Metal-Organic Frameworks (MOFs): Advanced materials that offer superior CO: selectivity and
adsorption capacity compared to traditional sorbents.

4.1.3 Direct Air Capture (DAC) Developments

* DAC has emerged as a promising technology to remove CO: directly from ambient air, rather than
point-source emissions. Companies like Clime works and Carbon Engineering have developed modular
DAC systems that use advanced sorbents and renewable energy to improve efficiency.

* Low-Energy Solid Sorbents: Novel materials such as hydroxide-based sorbents and metal oxides have
significantly reduced the energy intensity of DAC systems.

How direct air capture works
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4.1.4 Bioenergy with Carbon Capture and Storage (BECCS)
* BECCS integrates biomass energy production with CCS, providing net-negative CO2 emissions. Recent
advancements include:
* Genetically modified bioenergy crops with higher CO2 absorption rates.
* Improved biomass gasification techniques for better carbon conversion efficiency.
4.2 Advancements in CO2 Transportation and Infrastructure
Once CO: is captured, it must be transported to storage sites. Recent advancements in transportation
include:
Supercritical CO: Pipelines: New
* materials and coatings have been developed to reduce corrosion risks and improve the durability of CO2
pipelines.
» Ship-Based CO- Transport: Innovations in cryogenic storage systems allow for the long-distance
shipment of liquefied CO., expanding storage options for countries without suitable geological
formations.
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4.3 Innovations in CO- Storage and Utilization

4.3.1 Enhanced Geological Storage Techniques

* Improved Monitoring Systems: Advanced satellite imaging, seismic sensors, and fiber-optic monitoring
ensure the long-term security of CO2 storage sites.

* Mineralization in Basalt Rock:
Research by Matter et al. (2016) has shown that CO: injected into basalt formations rapidly mineralizes
into solid carbonates, reducing leakage risks.

"“"“"‘?.'.f;;".‘f:!?;‘.,. F, Production Well

=

* Enhanced Oil Recovery (EOR)
Optimization: Al and machine learning models are being used to improve CO: injection efficiency in oil
reservoirs, increasing storage capacity.

4.3.2 Carbon Utilization and Circular Economy Approaches

* CO2-to-Fuels and Chemicals:

Researchers have developed catalysts that convert CO: into valuable products like methanol, ethanol, and
synthetic fuels, creating a closed-loop carbon economy.

» Carbon-Based Building Materials: Startups like Carbon Cure are integrating captured CO: into concrete
production, strengthening materials while permanently storing CO2 » Artificial Photosynthesis: Scientists
are exploring ways to mimic natural photosynthesis to convert CO: into useful organic compounds using
solar-powered electrochemical cells.

4.4 Future Prospects and Emerging Technologies

As CCS continues to evolve, several breakthrough technologies are under development:

 Hybrid Renewable Energy + CCS Systems: Combining CCS with wind, solar, and hydrogen production
to create carbon-negative energy solutions.

* Plasma and Photocatalytic Carbon Capture: Experimental techniques that use light and plasma reactions
to capture CO: more efficiently.

» Carbon-Nanotube-Based Storage Materials: Nanomaterials designed to adsorb and store CO2 with ultra-
high capacity.4.5 Summary

The advancements in CCS technologies have made significant progress in improving capture efficiency,
reducing costs, and expanding storage options. However, further research is needed to scale these
innovations, integrate CCS with renewable energy, and develop policies that support widespread

A N E L E O E E N E L E N E O E N E O EE N E O EE N E L EE L EEE L EEEEEEEFEEFEE TS

Quarterly Journal ~ Peer Reviewed Journal ISSN No. 2394-8426 Page 58
Indexed Journal Referred Journal http://www.gurukuljournal.com/



Gurukul International Multidisciplinary
Research Journal (GIMR])with

e-ISSN No. 2394-8426

International Impact Factor 8.357 Monthly Issue
Peer Reviewed Journal APR-2025
https//doi.org/10.69758/ GIMR]/250415V XIIIP000S Issue-1V, Volume-XIII

adoption. Addressing these factors will be crucial in making CCS a practical and scalable solution for
climate change mitigation.

5. Challenges and Barriers to Carbon Capture and Storage (CCS) Deployment

Despite significant technological advancements, Carbon Capture and Storage (CCS) faces multiple
economic, technical, regulatory, and societal barriers that hinder its large-scale adoption. This section
explores key challenges that must be addressed for CCS to become a viable climate change mitigation
strategy.

5.1 Economic and Financial Challenges

5.1.1 High Costs of CCS Implementation

* Capture Costs: The capture phase

accounts for nearly 70-80% of total CCS expenses, with high energy consumption and costly
sorbents/materials (Rubin et al., 2015).

* Transportation & Storage Expenses: Infrastructure development for CO2 pipelines and storage facilities
requires substantial capital investment, making CCS less attractive for industries.

* Operational Costs: Continuous maintenance, monitoring, and energy demand for CO: compression
increase long-term expenses.

5.1.2 Lack of Financial Incentives and Market Viability

» Carbon Pricing Uncertainty: Many countries lack strong carbon pricing policies or emissions trading
schemes to make CCS financially competitive.

* Limited Private Investment: The absence of guaranteed returns discourages industries and investors from
funding large-scale CCS projects.

* Competition with Renewable Energy:

The declining costs of solar and wind energy make CCS seem like a less favorable investment.

5.2 Technical and Infrastructure Challenges

5.2.1 Energy Penalty and Efficiency Loss

* CCS reduces the efficiency of power plants and industrial facilities due to the additional energy required
for CO2 capture, compression, and transport.

* Studies show that CCS can reduce a power plants efficiency by 20-30% leading to higher consumption
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5.2.2 Storage Safety and Leakage Risks
* CO2 Leakage Concerns: Improperly
sealed reservoirs could lead to CO: escaping into the atmosphere, negating climate benefits.
* Seismic Risks: Large-scale CO2

Reservoir

injection could induce seismic activity, raising environmental concerns (Zoback & Gorelick, 2012).

* Long-Term Monitoring Issues: Ensuring storage security for hundreds to thousands of years requires
advanced monitoring technologies and strict regulations.

5.2.3 Infrastructure and Transport Limitationse Insufficient CO: Pipeline Networks:

The lack of widespread pipeline infrastructure limits the scalability of CCS.
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* Storage Site Availability: Not all regions have suitable geological formations for long-term CO2 storage.
5.3 Regulatory and Policy Challenges
5.3.1 Weak Policy Support and Legal Uncertainty
* Many countries lack clear policies and regulations governing CO- storage, making companies hesitant to
invest in CCS.
* Uncertain Liability Rules: In case of leakage or environmental damage, responsibility and financial
liability remain unclear in most legal frameworks.
5.3.2 Slow Government Action and Public Funding Gaps
* Limited Public Funding: Unlike renewable energy, CCS receives less government support due to its high
costs and association with fossil fuel industries.
* Slow Policy Implementation:
Bureaucratic delays in approving CCS projects reduce investment interest.
5.4 Societal and Public Perception Challenges
5.4.1 Public Skepticism and Opposition
* Fear of CO: Leakage: Concerns over safety risks associated with underground COs: storage led to public
resistance.
* Perception as a Fossil Fuel "Lifespan Extender": Some environmental groups argue that CCS prolongs
reliance on fossil fuels instead of promoting renewables.
* Lack of Awareness and Education: Many people are unfamiliar with CCS technology, leading to
misconceptions and resistance.
5.4.2 Social and Environmental Justice Concerns
* Some communities oppose CCS projects due to land use disputes, potential health risks, and lack of
local benefits.
* Equitable Deployment Issues: CCS projects may disproportionately benefit industrialized nations while
poorer regions bear environmental risks.
5.5 Summary and Potential Solutions
Despite its potential, CCS still faces economic, technical, regulatory, and societal challenges. To
overcome these barriers:
* Governments must introduce strong carbon pricing mechanisms and increase financial incentives for
CCS projects.
* Further research should focus on reducing energy penalties and improving CO: storage security.
* Expanding public awareness campaigns can help build trust in CCS as a viable climate solution.
* Regulatory frameworks must be clarified and standardized to ensure long-term accountability and safety.
Addressing these challenges is crucial for CCS to play a significant role in reducing global carbon
emissions and combating climate change.

6. Real-Time Examples of Carbon Capture and Storage (CCS) Projects
Several large-scale CCS projects around the world have demonstrated the feasibility of capturing and
storing CO- from industrial and power generation processes. These real-time examples highlight both
success stories and challenges faced in implementing CCS.
6.1 Successful CCS Projects
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6.1.1 Sleipner Project (Norway) The World's First Commercial CCS Project

* Operational Since: 1996

* Industry: Offshore Natural Gas Processing

* CO2 Captured: ~1 million tons per year

* Storage Site: Deep saline aquifer in the North Sea

* Key Takeaway:

* This project proved that offshore CO: storage is technically feasible and safe.

* Norway's carbon tax policy encouraged early CCS adoption.

6.1.2 Boundary Dam CCS Project (Canada) - First CCS on a Coal Power Plant

* Operational Since: 2014

* Industry: Coal-Fired Power Generation

* CO2 Captured: ~1 million tons per yeare Storage & Utilization: Some CO: used for Enhanced Oil
Recovery (EOR), the rest stored underground.

* Key Takeaway:

» Showed that CCS can work on coal power plants, but high costs remain a challenge. * The project faced
economic difficulties, leading to debates on CCS viability for fossil fuels.

6.1.3 Petra Nova (USA) == = Y/

A Large-Scale Power Plant CCS Project

* Operational Since: 2017 (suspended in 2021 due to economic issues)

* Industry: Coal-Fired Power Generation Enhanced Oil Recovery (EOR)

* CO: Captured: ~1.4 million tons per year

* Storage & Utilization: CO: used for

* Key Takeaway:

* Demonstrated the potential for commercial-scale CCS.

* However, it shut down due to low oil prices and lack of strong carbon pricing policies.

A N E L E O E E N E L E N E O E N E O EE N E O EE N E L EE L EEE L EEEEEEEFEEFEE TS

Quarterly Journal Peer Reviewed Journal ISSN No. 2394-8426 Page 61
Indexed Journal Referred Journal http://www.gurukuljournal.com/



Gurukul International Multidisciplinary
Research Journal (GIMR])with

e-ISSN No. 2394-8426

International Impact Factor 8.357 Monthly Issue
Peer Reviewed Journal APR-2025
https//doi.org/10.69758/ GIMR]/250415V XIIIP000S Issue-1V, Volume-XIII

B e R R R L N L L e L L EE L E Rl e Ll L L S L e L L L L L LSSt

6.1.4 Gorgon CCS Project (Australia) —
The Largest CCS Project in the Worlds Operational Since: 2019
* Industry: Liquefied Natural Gas (LNG) Processing
* CO: Captured: Designed for 4 million tons per year, but underperformed in initial years.
* Storage Site: Deep saline reservoir beneath Barrow Island.
* Key Takeaway:
* One of the most ambitious CCS projects globally.
* Faced technical difficulties, including CO, injection issues, leading to delays in meeting capture targets.
6.2 Emerging and Innovative CCS Projects
6.2.1 Clime works Direct Air Capture (DAC) Plant - Orca (Iceland)
* Operational Since: 2021
* Technology: Direct Air Capture (DAC) + Mineralization
* CO2 Captured: ~4,000 tons per year
* Storage: CO: injected into basalt rock formations, where it turns into solid carbonates.
* Key Takeaway:
* A pioneering project for carbon-negative technology.
* DAC is still expensive but has great long-term potential.
6.2.2 Northern Lights CCS Project (Norway) - Europe's CO: Transport and Storage Hub
* Expected Start: 2024
* Industry: Multi-sector CCS (industrial emissions from cement, steel, waste-to-energy)
* CO: Storage Capacity: ~1.5 million tons per year in the North Seae This project aims to create a shared
CO: storage network, making CCS accessible to industries across Europe.
* [t is part of Norway's broader Longship CCS initiative.
6.3 Lessons Learned from Real-World CCS Projects
» Carbon Pricing Matters: Projects in Norway and Canada benefited from government incentives (e.g.,
carbon taxes, subsidies).
* Technical Challenges Still Exist:
Issues with CO: transport, injection, and storage capacity have caused delays in projects like Gorgon
CCS.
* CCS Costs Must Be Reduced:
Economic viability is a major challenge, as seen in Petra Nova's shutdown.
* Direct Air Capture is Emerging:
Projects like Clime works' Orca plant show potential for negative emissions but need cost While CCS has
improvements.
6.4 Summary
While CCS has been successfully implemented in various sectors, scalability, cost, and policy support
remain key challenges. Future CCS projects must integrate new technologies, government incentives, and
industry collaboration to become a viable global climate solution.
7. Future Outlook and Recommendations for Carbon Capture and Storage (CCS)
As the world moves towards decarbonization, Carbon Capture and Storage (CCS) is expected to play a
crucial role in mitigating climate change. However, its large-scale deployment depends on overcoming
economic, technological, and regulatory challenges. This section outlines the future outlook of CCS and
key recommendations for improving its feasibility and adoption.
7.1 Future Outlook for CCS
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7.1.1 Increasing Role of CCS in Global Climate Goals

* CCS is recognized by the IPCC (Intergovernmental Panel on Climate Change) as essential for achieving
net-zero emissions by 2050.

* Countries and industries are incorporating CCS into their Nationally Determined Contributions (NDCs)
under the Paris Agreement.

7.1.2 Advancements in Carbon Capture Technologies

* Next-Generation Sorbents and Membranes: Ongoing research into metal-organic frameworks (MOFs),
enzyme-based solvents, and hybrid membranes aims to reduce energy consumption and increase capture
efficiency.

* Direct Air Capture (DAC) Scaling Up: Companies like Clime works and Carbon Engineering are
expanding DAC plants, making it a viable option for large-scale CO- removal.

* Al and Machine Learning in CCS: Advanced computational models will optimize CO: injection,
monitoring, and risk assessment to improve long-term storage security.

7.1.3 Expanding CO: Utilization and Circular Economy

 Carbon-to-Value Solutions: Research is advancing in converting captured CO: into useful products like
synthetic fuels, building materials, and chemicals.

* Integration with Hydrogen Production (Blue Hydrogen): CCS is expected to be widely used in hydrogen
production, enabling low-carbon hydrogen (blue hydrogen) as a clean fuel.

7.1.4 Development of CCS Infrastructure and Global Network

s* CO: Transport Hubs: Projects like Northern Lights (Norway) are pioneering CO- shipping and storage
networks to serve multiple industries.

* Regional CCS Hubs: The creation of shared CO2 pipelines and storage sites will lower costs and
improve accessibility for industrial sectors.

7.1.5 Stronger Policy and Regulatory Support

» Governments worldwide are expected to introduce carbon pricing mechanisms, tax credits, and subsidies
to encourage CCS investment.

* The U.S. Inflammation Reduction Act (IRA) and EU Green Deal declare already boosting CCS storage
and deployment 7.2 Key Recommendations for Accelerating CCS Adoption

7.2.1 Reducing Costs and Improving Efficiency

* Invest in R&D: Governments and industries should increase funding for new capture materials, energy-
efficient processes, and low-cost storage solutions.

* Optimize Energy Use: Advancements in waste heat recovery, process integration, and renewable-
powered CCS can reduce the energy penalty of CCS.

7.2.2 Expanding Policy and Financial Support

* Implement Carbon Pricing and Credits: Stronger carbon taxes or cap-and-trade systems will make CCS
economically viable.

* Increase Public-Private Partnerships: Collaboration between governments, industries, and research
institutions will accelerate technology development.

* Develop Clear Regulatory Frameworks: Legal certainty regarding CO- storage liability, site monitoring,
and long-term safety is needed to attract investors.

7.2.3 Enhancing Public Awareness and Acceptance

* Educational Campaigns: Governments and organizations must increase public understanding of CCS
benefits and safety measures.

N E L E O E L E L E L E L EE L E L EE L EE L EE N EE EEEE N EEEEEE L EEE L EEEF

Quarterly Journal Peer Reviewed Journal ISSN No. 2394-8426 Page 63
Indexed Journal Referred Journal http://www.gurukuljournal.com/



Gurukul International Multidisciplinary
Research Journal (GIMR])with

e-ISSN No. 2394-8426

International Impact Factor 8.357 Monthly Issue
Peer Reviewed Journal APR-2025
https//doi.org/10.69758/ GIMR]/250415V XIIIP000S Issue-1V, Volume-XIII

* Community Engagement: Local communities should be involved in CCS project planning to address
concerns and build trust.
7.2.4 Scaling Up CO: Utilization Technologies
* Promote Carbon-to-Products Solutions: Support industries that convert CO: into fuels, chemicals, and
materials to create a circular carbon economy.
* Encourage Industrial Clusters: CCS deployment should be high-emission industrial zones to maximize
impact.
7.2.5 Strengthening concentrated in International Collaboration
* Global CCS Partnerships: Countries must work together on cross-border CO2 storage and knowledge-
sharing initiatives.
* Standardized Regulations: Unified global safety and monitoring protocols will ensure the secure and
ethical deployment of CCS.
7.3 Conclusion
The future of CCS looks promising, with advancements in technology, policy support, and industrial
applications. However, cost barriers, infrastructure challenges, and public acceptance must be addressed
to make CCS a scalable climate solution. By implementing strong policies, increasing R&D investment,
and fostering global cooperation, CCS can become a key pillar in achieving a low-carbon future.

8. Conclusion
Carbon Capture and Storage (CCS) is a crucial technology for mitigating climate change by reducing CO2
emissions from power plants and industrial processes.
Despite significant technological advancements, CCS still faces economic, technical, regulatory, and
societal challenges that hinder its large-scale adoption. However, with continued research, stronger
policies, and increased investments, CCS can play a vital role in achieving global climate goals and net-
Zero emissions.
To accelerate CCS deployment, governments must implement carbon pricing, provide financial
incentives, and establish clear regulations to attract investment. Technological innovations such as next-
generation capture materials, direct air capture (DAC), and CO: utilization in industrial applications will
help reduce costs and improve efficiency. Additionally, public awareness and acceptance must be
improved to gain support for CCS projects.
While challenges remain, the expanding global interest in CCS, coupled with increasing collaboration
between industries and policymakers, indicates a promising future. By integrating CCS with renewable
energy, hydrogen production, and carbon utilization technologies, we can create a sustainable and low-
carbon future.
Ultimately, CCS should be seen not as a standalone solution, but as part of a comprehensive climate
strategy that includes energy efficiency, renewable energy expansion, and sustainable industrial practices.
The success of CCS will depend on global cooperation, technological breakthroughs, and proactive
policy implementation.
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